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ABSTRACT It has been known that bac-
teriorhodopsin, the retinal protein in
purple membrane which functions as a
light-driven proton pump, undergoes
reversible spectroscopic changes at
acid pH. The absorption spectra of
various bacteriorhodopsin species
were estimated from measured spectra
of the mixtures that form at low pH, in
the presence of sulfate and chloride.
The dependency of these on pH and
the concentration of CI™ fit a model in
which progressive protonation of pur-
ple membrane produces ‘‘blue mem-
brane’, which will bind, with increasing

affinity as the pH is lowered, chloride
ions to produce ‘‘acid purple mem-
brane." Transient spectroscopy with a
muitichannel analyzer identified the
intermediates of the photocycies of
these altered pigments, and described
their kinetics. Blue membrane pro-
duced red-shifted KL-like and L-like
products, but no other photointerme-
diates, consistent with earlier sugges-
tions. Unlike others, however, we found
that acid purple membrane exhibited a
very different photocycle: its first
detected intermediate was not like KL
in that it was much more red-shifted,

and the only other intermediate detect-
able resembled the O species of the
bacteriorhodopsin photocycle. An M-
like intermediate, with a deprotonated
Schiff base, was not found in either
of these photocycles. There are re-
markable similarities between the
photoreactions of the acid forms of
bacteriorhodopsin and the chloride
transport system halorhodopsin, where
the Schiff base deprotonation seems to
be prevented by lack of suitable aspar-
tate residues, rather than by low pH.

INTRODUCTION

Bacteriorhodopsin, located in the purple membrane, is a
light-driven electrogenic proton pump in the halobacteria
(Stoeckenius et al., 1978; Stoeckenius and Bogomolni,
1982; Lanyi, 1984a). Near neutral pH the absorption
maximum of the all-trans form of this retinal-protein is at
568 nm, and it is a millisecond time-scale cyclic reaction
(photocycle), initiated by the absorption of a photon by
this chromophore, which results in the translocation of a
proton across the membrane. The photocycle under these
conditions includes the reactions, BR'h»— K —
KL L M N O BR, where K
and KL are bathoproducts in the picosecond and nano-
second time-range, respectively (e.g., Shichida et al.,
1983), and M contains a deprotonated Schiff base. The
thermal reactions of the photocycle are driven by the
13-trans to cis isomerization of the retinal at the initial
step; in K, KL, L, M, N, but not in O and BR, the
chromophore is in the 13-cis configuration.

At pH near 3 in the presence of buffer or sait (Fischer
and Oesterhelt, 1979; Mowery et al., 1979; Edgerton et
al., 1980), or at pH near 5-6 when all cations except H*
are removed (Kobayashi et al., 1983; Chang et al., 1985;
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Kimura et al., 1984), BR undergoes a red-shift to 605 nm,
giving rise to the “blue membrane.” There is considerable
evidence to suggest that the effect of the cations is to
control the surface potential, and thus the relationship of
surface pH to bulk pH (Szundi and Stoeckenius, 1987,
1988; Duifiach et al., 1988a and b). The purple to blue
transition is thought to reflect the protonation of acidic
groups in the protein and/or the lipids of the purple
membrane. Unlike bacteriorhodopsin at higher pH, the
altered pigment in the blue membrane does not produce
an M intermediate upon illumination (Kobayashi et al.,
1983; Chang et al., 1985; Chronister et al., 1986; Ohtani
et al., 1986), and blue membranes do not transport
protons (Drachev et al., 1978). Blue membrane at acid
pH will be reconverted to purple membrane by raising the
pH. Upon addition of certain anions, such as chloride, the
blue membrane is converted to a purple pigment, even at
low pH (Fischer and Oesterhelt, 1979; Renthal, R.,
personal communication). The latter is similar to, but not
quite identical with, BR in'its absorption maximum and
resonance Raman spectrum (Smith and Mathies, 1985),
and upon photoexcitation produces no M intermediate
(Chronister and El-Sayed, 1987; Chronister et al., 1986).
The photoreactions of the blue membrane and the “acid
purple membrane” are not well understood. Some esti-
mates of the absorption spectra of the photointermediates
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of blue membrane, and their kinetics, have been made on
the basis of flash-induced difference spectra in the visible
(Mowery et al., 1979; Kobayashi et al., 1983; Ohtani et
al., 1986) and time-resolved resonance Raman frequen-
cies (Chronister et al., 1986). Less is known about the
photocycle of acid purple membranes.

An understanding of the mechanism of proton trans-
port by bacteriorhodopsin requires description of the path
of the transferred proton in the protein during the photo-
cycle. Since in numerous recent reports specific sugges-
tions are made as to which groups are protonated and
deprotonated at each event in the BR photocycle, we have
examined the behavior of the pigment at acid pH, where
some of these groups might not be able to participate in
proton transfer since the pH is below their pK,, i.e., they
are permanently protonated. Asp-85 and asp-96 may be
such groups. These residues (Mogi et al., 1988; Marinetti
et al., 1989; Braiman et al., 1988b), but not others also
implicated in proton transport (e.g., asp-212, tyr-185),
are absent in halorhodopsin (Blanck and Oesterhelt,
1987), where proton transfer in the absence of an external
proton acceptor (Hegemann et al., 1985; Lanyi, 1986)
does not take place. The results, obtained with a time-
resolved multichannel analyzer in this report, confirm
earlier suggestions (Kobayashi et al., 1983; Ohtani et al.,
1986; Chronister et al., 1986) that blue membrane under-
goes a photocycle in which the initial events are unper-
turbed, but the later steps are absent. This photocycle
greatly resembles the photocycle of halorhodopsin in the
presence of chloride. The purple pigment produced by
addition of chloride at low pH, on the other hand, exhibits
a photocycle in which the initial events are bypassed, but
the later steps are present. This photocycle is nearly
identical with the nontransporting photocycle of halorho-
dopsin in the presence of nitrate.

MATERIALS AND METHODS

Purple membranes were isolated from Halobacterium halobium strain
S9 according to a standard procedure (Oesterhelt and Stoeckenius,
1974). To prevent aggregation at low pH values, the samples were
included in 4-mm-thick polyacrylamide gel slabs, using a method
described by Mowery et al. (1979). The 570-nm absorbance of the
purple-membrane—containing gels was 0.8. Their spectra agreed, within
error, with spectra of purple membrane suspensions. Before the mea-
surements, the gel slabs were equilibrated overnight in solutions of the
pH of interest. These were made by appropriately mixing 1 M Na,SO,
with 1 M H,SO,, and their pH was confirmed with a glass electrode
(ORION combination pH-electrode 91-05; Orion Research, Inc., Cam-
bridge, MA), calibrated at pH < 2 with HCl. When required, S M NaCl
was added to obtain the stated chloride concentration.

All measurements were carried out at 22°C after light adaptation (5
min, yellow light from a 150-W tungsten-halogen source) of the
bacteriorhodopsin. Absorption spectra were obtained on a spectropho-
tometer (model 250 UV-Vis; Shimadzu Scientific Instruments, Inc.,
Columbia, MD) connected to an IBM-XT computer. Transient spectra

were measured as described elsewhere (Zimanyi et al., 1989), with a
gated optical multichannel analyzer (Princeton Instruments, Princeton,
NJ). The excitation of the sample was with a nitrogen laser pumped dye
laser (model LN 1000/102; Photochemical Research Associated, Lon-
don, Ontario, Canada). The data analysis was with an AST 286 desktop
computer, using Lotus 1-2-3 software, which provided the means for
fitting all spectra simultaneously to equations containing the concentra-
tions of BR species, protons, chloride ions, and equilibrium constants.

RESULTS

Absorption spectra of BR at low pH
and in the presence of chloride

First, a detailed spectroscopic study of BR was made in
the pH range of 7-0.5, at nearly constant ionic strength
provided in the form of Na,SO, plus H,SO,. The samples
were then remeasured with chloride added to concentra-
tions between O and 0.8 M. The spectra (not shown)
revealed the three transitions observed before in similar
experiments (Fischer and Oesterhelt, 1979; Mowery et
al., 1979): a small blue-shift and band-broadening as the
pH was lowered from 4 to 2, a large red-shift at still more
acidic pH but in the absence of chloride (blue mem-
branes), and a blue-shift upon adding chloride to the blue
membranes (acid purple membranes). The spectra, which
in most cases represented mixtures, were decomposed to
obtain estimated spectra for the pure species (the method
of calculation is described below). The four different
spectral species obtained in this way are shown in Fig. 1.
Conditions were found to produce three of them in almost
pure states (designated here! as BR, BRy,., and
BRcid purpie)» While the fourth, BR,4, appeared always in a
mixture with the others, with a maximal contribution of
~35% to the spectrum at pH 3. BR under these conditions
appeared at neutral pH. Its spectrum was independent of
the ion content of the solution, and the absorption maxi-
mum was at 569 nm. The absorption maximum of BR, 4
was at 558 nm; this species was implied by earlier results
(Mowery et al., 1979), but was not explicitly discussed.
The spectrum of BRy, was obtained at pH 1.5; as
reported (Szundi and Stoeckenius, 1988), it showed no
further shift at pH as low as 0.5 in the absence of chloride.
This species had an absorption maximum at 603 nm,
similar to the earlier described maximum of 605 nm.
Large amounts of BR, . purpe Were produced at pH 0.5 by
adding NaCl (Fischer and Oesterhelt, 1979; Renthal, R.,
personal communication).

The calculated spectra for BR, BR, 4, and BRy,,. were
obtained from spectra in the absence of chloride. As

! Abbreviations used in this paper: BR, bacteriorhodopsin species above
pH 4; BR,u4, BRyy., and BR, g purpier bacteriorhodopsin species defined
by their spectra in Fig. 1. BRy,, and BR g purpe are often referred to as
blue membrane and acid purple membrane. MES, 2-(N-morpholino)
ethanesulfonic acid.
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FIGURE 1 Calculated spectra for various bacteriorhodopsin species at
acid pH. The measured spectra at different pH and ionic conditions
were deconvoluted as described in the text. Spectra: » BR;
ceeceenes, BRyGgs s v » BRyue; ===+ BRycid purpie- Amplitudes are shown
relative to the amplitude of the absorption band of BR.

shown in Fig. 2 A, the measured spectra in sulfate could
be described as containing only BR at pH 5, only BR,,,. at
pH 1, but also containing BR,q near pH 3. The spectrum
for the latter species could be calculated by linear decom-
position of the measured spectrum at pH 3.5, where only
BR and BR, 4 exist. Similarly, from the changes in the
spectra at pH 0.5 with increasing chloride concentration,
up to 0.8 M (cf. Fig. 2, B and C, for two of these), it was
possible to obtain estimates for the spectrum of
BR,cid purpie-  Extrapolation of these to infinite chloride
concentration along a chloride-binding curve yielded a
pure spectrum for BR,q purpe- At 0.8 M chloride the
measured spectrum was within 5% of this calculated
spectrum. Although the calculated spectrum of the BR, 4
purple 1S similar to that of the BR, it is not identical to it: the
former has an absorption maximum at 563 nm, lower
amplitude, and somewhat greater half-width (Fig. 1).
The measured spectra could be reconstructed from linear
combinations of the calculated spectra in Fig. 1, to within
+ 2%.

The pH-dependent interconversions in these spectra
suggest increased protonation of the pigment with
decreasing pH. As noted also by Renthal (personal com-
munication), the effect of chloride on the absorption
spectra increased with decreasing pH. We suggest that
the simplest model to account for this is to postulate the
existence of two spectroscopically indistinguishable BRy,,
forms, which are in pH-dependent equilibrium with one
another, and which have different association constants
for chloride. Hyperbolic dependence of the changes with
chloride concentration argues that it is the binding of a
single Cl~ that brings about the spectroscopic changes.
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FIGURE2 The pH- and chloride-dependent equilibria that govern the
relative concentrations of the various bacteriorhodopsin species at low
pH. Conditions: (4) 1 M Na,SO, solutions mixed with 1 M Na,SO,
solutions to give the indicated pH; (B) as 4, but with 0.2 M NaCl added;
(C) as A, but with 0.8 M NaCl added. Symbols: —O—, BR; ---0O---,
BR,ug; + -+ A« -, BRyy plus BRyyy; — -- —@— ~- —, BR,y purpie Plus
BRcid purpie- The lines were calculated from Scheme 1.

The lines in Fig. 2, A-C, were fitted to the data, to within
+5%, according to Scheme 1.

Mowery et al. (1979) found that the pH dependency of
spectroscopic features indicative of these transitions were
too steep to be accounted for by the protonation of single
groups.

H* + H*

BR e N gr S g

- BRacid - BRblue"‘_‘ BRblue

[

Rucid purple Racid purple

In our model also, we required more than one proton in
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each step. The lines in Fig. 2, which fit all of the data,
were calculated with the following parameters: BR ——
BR,u4, PK: = 4.2, 1.4 protons; BR,is —— BRy,., PK, =
3.8, 1.4 protons; BRyw,. —— BRy.. pKa = 0.5, 2.3
protons; BRy,e — BR ¢4 purpler Koi = 1.3 M, a single CI~;
BRpye — BRicig purpies Kot = 0.10 M, a single C1™. The
noninteger numbers of protons suggest that the color
changes in BR may be caused by cooperative processes,
involving perhaps electrostatic interactions at or near the
BR surface (as suggested by Szundi and Stoeckenius,
1987, 1988).

Photochemical reactions of
various BR species at low pH

The photochemical reactions of the species in Fig. 1 were
determined with a gated optical multichannel analyzer,
described before (Zimanyi et al., 1989). Spectra of the
photointermediates and the kinetics of their formation
and decay were calculated from difference spectra,
obtained at various delay times after the flash, as in our
earlier publications (Zimanyi et al., 1989; Zimanyi and
Lanyi, 1989). The spectra of the photocycle intermediates
for gel-encased BR, and their kinetics, in 0.025 M MES
buffer pH 6.0 (not shown) were essentially the same as
those published earlier for free, suspended purple mem-
branes using the same instrumentation (Zimdanyi et al.,
1989), and agreed with what has been reported by many
other groups. For BR in 1 M Na,SO, at pH 6.0 (Fig. 3),
however, the M intermediate was followed by a species
that absorbed at 550-560 nm instead of near 640 nm, i.e.,
the O form was replaced by an intermediate that could be
identified as the N species observed by others (Kouyama
et al., 1988). N probably decayed to BR via O, since a
very small quantity of O could be observed in the late
spectra, near the end of the decay of N (not shown in Fig.
3 B). Upon addition of 0.8 M NaCl to 1 M Na,SO, the
only observed change in the photocycle was a slowing, by
about one order of magnitude, in the decay of the L form,
and correspondingly in the rise of M (not shown). This
had the effect that under these conditions the M state did
not accumulate to the maximum fractional concentration
of 1, but only to about 0.7. It should be noted that in Fig.
3, and in every case when we determined the spectrum of
the M intermediate, we observed a broad band between
500 and 550 nm, in addition to the main peak near 410
nm. Such a feature can be seen in at least one reported
spectrum for M (Hess and Kuschmitz, 1977).

When the pH was lowered to 3.5 in 1 M Na,SO, (Fig.
4), the N form was replaced by O in the millisecond
time-range. At this pH also, the spectra of the interme-
diates (Fig. 4 4) and the kinetics (Fig. 4 B) were similar
to those observable in the complete absence of salt (not
shown). An increase in the amount of O in the photocycle
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FIGURE 3 Photocycle intermediates (4) and their kinetics (B) for
purple membrane in 1 M Na,SO, at pH 6.0. The spectra of the
intermediates are shown relative to the spectrum of the parent species.
Species identified: O, , BR (absolute maximum at 570 nm);
0O, ----- , KL (absolute maximum at 593 nm); @, -.---. , L (absolute
maximum at 548 nm); A, -.-e-e-e-e- , M (absolute maximum at 408
nm); A, ----- , N (absolute maximum at 556 nm). The origin of the
additiona! low amplitude band in the spectrum of M is not identified.

with decreasing pH was observed also by others (Li et al.,
1984); its cause seems to be specific pH-dependent
changes in the rate constants of the interconversions
involving M, N, O, and BR (Vard, G., A. Duschl, and
J.K. Lanyi, manuscript in preparation). Although at pH
3.5in 1 M Na,SO, the pigment exists as a mixture of BR
and BR, 4 (Fig. 2 4), no evidence of heterogeneity in the
photocycle was observed (Fig. 4).

AtpH 1.5, with 1 M Na,SO,, BRy, is present virtually
as the only species (Fig. 2 4). The photocycle under these
conditions is considerably simplified. Fig. 5 contains
difference spectra in the only two time-domains where
transitions were observed. The difference spectra resem-
ble, qualitatively at least, earlier point-by-point differ-
ence spectra at selected delay times for BRy,,, (Mowery et
al., 1979; Kobayashi et al., 1983; Ohtani et al., 1986). The
calculated spectra of the intermediates that participate in
these transitions are like the KL and L forms of BR (Fig.
6 A), except that the spectra of the intermediates are
red-shifted by 25-30 nm, similar to BR,,. relative to BR.
A small discrepancy in the difference spectra necessitated
that a species that absorbs below 500 nm be introduced.
This arises from L in the amount of ~5% (Fig. 5 B). The
formation of L is about as rapid as at pH 7, but its decay is
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FIGURE 4 Photocycle intermediates (A4) and their kinetics (B) for BR
plus BR,; in 1 M Na,SO, at pH 3.5. The spectra of the intermediates
are shown relative to the spectrum of the parent species. Species
identified: O, , BR plus BR,, (absolute maximum at 569
nm); O, ----- , KL (absolute maximum at 582 nm); @, -+ - , L (absolute
maximum at 545 nm); A, -e-e-e-e-e- , M (absolute maximum at 405
nm); A, ----- , O (absolute maximum at 636 nm). The origin of the
additional low amplitude band in the spectrum of M is not identified.
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FIGURES Time-resolved difference spectra for BRy,. The flash-
induced absorption changes are shown in the 100-ns to 2.5-us (4) and
the 1- to 15-ms (B) time ranges. Conditions, Na,SO, plus H,SO, (total
1 M), pH 1.5.
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FIGURE6 Photocycle intermediates (4) and their kinetics (B) for
BRy,. plus BRy, in 1 M Na,SO, at pH 1.5. The spectra of the
intermediates are shown relative to the spectrum of the parent species.
Species identified: O, 5 BRyg plus BRy,,.(absolute maximum
at 603 nm); O, ----- , KL (absolute maximum at 627 nm); @, «---- ,L
(absolute maximum at 572 nm). Arising near 0.1-1 ms a small
unidentified species was seen (A), which absorbs below 500 nm.

two decades slower; hence, unlike at pH 7, here L persists
between 5 and 500 us (Fig. 6 B).

At pH 0.5 plus 0.8 M NaCl, where most of the pigment
is in the BR,ig pupe form (Fig. 2 C), the photocycle
showed dramatic changes. Fig. 7 contains difference
spectra in the two time-domains where transitions were
seen. The first transition (Fig. 7 A4), in <1 pus, is between
two red-shifted intermediates with nearly the same spec-
tra. It involves an intermediate considerably red-shifted
from KL (Fig. 8 A4); its spectrum resembles that of the
KO form of halorhodopsin (Zimanyi and Lanyi, 1989).
This form, which we designate here also as KO, decays to
a species similar to the O intermediate of BR (Fig. 8 4).
The second transition, which takes place over a very broad
time-range (Figs. 7 B and 8 B), is the return of this O to
BR i purple- Similar to the results with BR,,,, the differ-
ence spectra contained a small discrepancy which made it
necessary to postulate a species absorbing below 500 nm.
This arose on the microsecond time-scale, and its decay
was considerably delayed. Unlike all the other intercon-
versions described here, the O to BR,uy purpi transition
followed multiexponential kinetics (Fig. 8 B). The rea-
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FIGURE7 Time-resolved difference spectra for BR,q pupe- The flash-
induced absorption changes are shown in the 150- to 600-ns (4) and the
2.5-ps to 2.5-ms (B) time ranges. Conditions, as in Fig. 5, but with 0.8
M NacCl added and at pH 0.5.
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FIGURE8 Photocycle intermediates (4) and their kinetics (B) for
BR 4 purpie PIUS BRcid purpie in 0.8 M N2a,SO, plus 0.8 m NaCl at pH 0.5.
The spectra of the intermediates are shown relative to the spectrum of
the parent species. Species identified: O, 5 BRycid purpie PlUs
BRicd purpte (absolute maximum at 564 nm); O, ----- , KO (absolute
maximum at 627 nm); @, - ... , O (absolute maximum at 638 nm).
Arising near 1 ps, a small unidentified species was seen (A), which
absorbs below 500 nm.

sons for the latter are unclear; one possibility is that
BR cid purpie Might be heterogeneous.

The reconstitution of the spectra of the photoproducts
yielded estimates for the relative quantum yields of the
photoreactions of BR and the mixtures present in the
experiments in Figs. 4-8. These were 90% that of BR for
the BR plus BR,4 mixture, 80% that of BR for the BRy,,.
species, and 50% that of BR for the BR g purpie SPECieS.

DISCUSSION

As described in previous reports, we find that bacteriorho-
dopsin undergoes a series of transformations as the pH is
lowered. These can be described as follows: first a slightly
blue-shifted (558 nm) and broadened spectral species,
BR,q4, is produced, followed by a considerably red-shifted
(603 nm) and further broadened species, BRy,.. Upon
adding chloride, BR,, undergoes a blue-shift (to 563
nm), yielding BR g purpie: BRacia and BR ;cig purpie are found
in mixtures, but we have been able to decompose the
measured spectra to obtain estimated spectra for the pure
species (Fig. 1). The calculated concentrations of these
species fit a model with pH-dependent equilibria among
the BR, BR, 4, and BRy,,,, and a chloride-binding equilib-
rium between BRy,, and BR g purpie (Scheme 1). Mowery
et al. (1979) noted that the pH dependency of the BR «—
BR, equilibrium was too steep for a single protonation
reaction, and we also assume more than one proton,
binding cooperatively, in the BR < BR, 4 and BR, ., «
BRy,. equilibria. The binding of chloride apparently
converts BRy,, into BR,¢g purpie (Fischer and Oesterhelt,
1979; Renthal, personal communication). Although the
chloride dependency of the BRyy,. <> BRcig purple is hyper-
bolic (Renthal, R. personal communication), the appar-
ent dissociation constant for chloride is pH dependent.
Furthermore, the pH dependency is too steep to be
produced by the binding of a single proton before the
binding of the chloride. We suggest, therefore, a model in
which more than one proton must be bound for eliciting
chloride binding in BRy,.. Thus, a second BR,,,. species is
postulated, BRy,., which is spectroscopically indistin-
guishable from the first, but binds chloride with high
affinity. The pH dependence of BR,g purpic COuld be then
fitted to the scheme, but only by including the production
of BR,ggpupe also from BRy, by chloride binding,
although with much lower affinity (Fig. 2, B and C). For
consistency of nomenclature, BR,,. gives rise to
BR i purpie- and BRy,. gives rise to BR; g pupie. However as
with BRy,., the two BR 4 purpie SPeCies are spectroscopi-
cally indistinguishable. The model we favor states, there-
fore, that BRy,,. weakly binds chloride (K¢ = 1.3 M), but
as more protons are bound to BR,,., the binding affinity
increases until the anion is bound as effectively (K¢ = 10
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mM) as in the related retinal protein, halorhodopsin,
which transports chloride rather than protons upon illu-
mination. Since every buried, positively charged residue
in halorhodopsin is also present in bacteriorhodopsin
(Blanck and Oesterhelt, 1987), the ability to bind chlo-
ride must also reside in the latter protein. It seems likely
that it is some, or all, of the buried acidic residues which
are present in bacteriorhodopsin but not in halorhodopsin,
which prevent chloride-dependent effects in this pigment,
and it is their protonation at low pH which removes the
masking of chloride binding site(s). These residues in
bacteriorhodopsin are glu-9, asp-85, asp-96, and glu-204.

We have attempted to describe the photoreactions of
the various bacteriorhodopsin species at low pH by cre-
ating conditions where the amounts of each species in the
mixtures were the largest achievable. Gel-encased BR at
pH 7 in 1 M Na,SO, exhibited a photocycle very similar
to that of free purple membrane suspensions, described by
others, and ourselves, with the optical multichannel ana-
lyzer (Zimanyi et al., 1989), except that the late interme-
diate O is replaced by N (Fig. 3). Without the Na,SO,,
the appearance of N is generally seen at higher pH
(Kouyama et al., 1988). At pH 3.5 in the absence of
chloride, where BR and BR,j; coexist (Fig. 1), the
photocycle is essentially unchanged, but instead of N, O is
observed (Fig. 4). The latter is expected from the pH
dependency of the appearance of O and N (Li et al., 1984;
Kouyama et al., 1988). There is no evidence of photo-
products or kinetics for BR, 4 different from those for
BR; BR,q is present in the amount of ~20% (Fig. 2 4),
and differences of this magnitude would have been detect-
able. Thus, either the photocycle of BR, 4 is the same as
that of BR, or the quantum yield for its photoconversion is
much lower than that of BR (but in that case the quantum
yield relative to the photoexcitation at higher pH should
have been lower than the 90% observed).

At pH 1.5, in the absence of chloride, BRy,, is virtually
the only species present (Fig. 2 4). As suggested earlier
(Ohtani et al., 1986), its early photointermediates resem-
bie those of BR: The KL —— L transition (Figs. 5 and 6
B) are both at ~1 us, and the spectra of these species are
very similar to those of BR, except for a 25-30-nm
red-shift (Fig. 6 A4). Unlike in BR, a K —— KL
transition was not seen in BRy,,. (Ohtani et al., 1986). An
M-like intermediate is missing (Kobayashi et al., 1983;
Chang et al ., 1985; Ohtani et al., 1986; Chronister et al.,
1986) (Fig. 6); instead the L —— BR transition is
delayed until ~5 ms. The photocycle of BR,,. is strikingly
similar to the photocycle of halorhodopsin at high chlo-
ride concentrations (Zimanyi and Lanyi, 1989), and of
pharaonis halorhodopsin (Duschl, A., G. Varo, and J.K.
Lanyi, manuscript in preparation). This might not be a
coincidence. Other properties that BRy,,. and halorhodop-
sin have in common are that neither show tyrosine

deprotonation during their photocycles (Dupuis et al.,
1985; Lanyi, 1984b; Lanyi and Vodyanoy, 1986), and
upon prolonged illumination both produced quasi-stable,
blue-shifted chromophores containing 9-cis retinal
(Chang et al., 1987; Fischer et al., 1981; Maeda et al.,
1980; Zimanyi and Lanyi, 1987). The similarity of the
photocycles of these pigments can be rationalized as
follows. Deprotonation and reprotonation of the Schiff
base (the formation and decay of M) in bacteriorhodopsin
depend on asp-85 and asp-96, respectively (Mogi et al.,
1988; Braiman et al., 1988b; Soppa et al., 1989; Butt et
al,, 1989), and these residues are missing in the two
halorhodopsins (Blanck and Oesterhelt, 1987; Duschl, A.,
G. Varo, and J.K. Lanyi, manuscript in preparation).
Tyr-185 (Braiman et al., 1988a) and asp-212 (Braiman et
al., 1988b) are also involved in proton transfer in bacteri-
orhodopsin, but they are not the primary candidates here
since proton transport was not eliminated when tyr-185 is
changed to phe (Mogi et al., 1987), and replacement of
asp-212 with other residues produced mixed effects
(Mogi et al., 1988), suggesting gross conformational
changes. The reason that BR,, does not produce M
might be that asp-85 is protonated in this species (Butt et
al., 1989). This possibility is supported by the fact that
replacement of asp-85 with asn produced a substantial
red-shift in light-adapted BR, to within 10 nm of the
absorption maximum of BRy,,., and its replacement with
glu produced a BR conformation with an even greater
red-shift (Mogi et al., 1988; Soppa et al., 1989). Unfortu-
nately, the photocycle of BR with altered asp-85 has not
yet been described. Permanent protonation of asp-96,
instead of asp-85, would also account for lack of proton
transport in BRy,,, but not for its red-shifted absorption
maximum and the lack of M. On the other hand, still
other possibilities cannot be ruled out. UV difference
spectra (Renthal, R., personal communication) between
BR and BRy,. suggest that it is tyr-185, additionally or
instead of asp-85, which might be anomalously proton-
ated in BRy,,.. Furthermore, Gerwert et al. (1987) found
no evidence in FTIR spectra that any carboxyl groups,
other than those accessible to water, deprotonated when
cation-free blue membrane was made alkaline.

Retinal extraction (Fischer and Oesterhelt, 1979;
Mowery et al., 1979) and resonance Raman spectra
(Smith and Mathies, 1985; Chronister and El-Sayed,
1987) have indicated that BR,,,. contains a non-negligible
amount of 13-cis retinal isomer. Other than a smaller
amount of undefined spectral species which appeared
between 0.1 and 1 ms (Fig. 6 B), we found no evidence for
photoproducts from the latter. Ohtani et al. (1986)
described a red-shifted intermediate attributed to the
photocycle of 13-cis BRy,., but this was observed after
excitation in the UV region.

Nearly pure BR,iy pupie is present at pH 0.5 in the
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presence of 0.8 M NaCl (Fig. 2 C). The photoreaction of
this species produced an unusual early intermediate, with
an absorption band more than 60 nm red-shifted from the
maximum of BR ¢4 purpie, and a very high amplitude (Fig. 8
A). This is unlike KL, which absorbs only 20-25 nm to red
of BR, and has a lower, broader absorption band than BR
(Shichida et al., 1983; Zimdnyi et al., 1989). This inter-
mediate is followed by what appears to be a species quite
similar to the O intermediate of BR (Figs. 7 B and 8 A4).
Thus, in BR,gq4 purpe the early intermediates of the BR
photocycle, up to and including M, are altered or missing.
The results are in disagreement with those of Chronister
et al. (1986), who described resonance Raman bands
upon illumination of BR g purpie» Which they attributed to
ethylenic stretch frequencies of K- and L-like interme-
diates, not shifted in comparison with the analogous
species from BR. It is somewhat unusual that the recovery
of BR ;g purpic i NOt a single exponential process (Fig. 8 B).
Such muitiexponential kinetics, which extends the decay
of the O-like intermediate to over four decades of time,
was seen also in the photocycle of partially dried BR (e.g.,
Hess and Kuschmitz, 1977; Var6 and Keszthelyi, 1983).
Interestingly, the intermediates we observed for
BR,cid purple are virtually identical to the only species found
in the secondary photocyle for halorhodopsin in the
presence of nitrate (Zimdnyi and Lanyi, 1989). The
similarity between the photoreactions of BR,q purple @0d
one of the two forms of halorhodopsin might not be a
coincidence. In halorhodopsin the secondary photocycle is
thought to be the result of nitrate binding at an anoma-
lous location (Duschl et al., manuscript in preparation);
this may be the same location where BR,,,. binds chloride
to produce BR,cig purpie- It is intriguing, therefore, that in
recent results (Dér, A., R. Toth-Boconadi, and L. Kesz-
thelyi, personal communication), charge movements
measured by photoelectric signals indicated no net trans-
port by BRy,. but the net translocation of an ion in
BR

acid purple~
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