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ABSTRACT. The accessibility of the retinal Schiff base in bacteriorhodopsin was studied in the D85N/
D96N mutant where the proton acceptor and donor are absent. Protonation and deprotonation of the
Schiff base after pH jump without illumination and in the photocycle of the unprotonated Schiff base
were measured in the visible and the infrared. Whether access is extracellular (EC) or cytoplasmic (CP)
was decided from the effect of millimolar concentrations of azide on the rates of proton transfers. The
results, together with earlier work on the wild-type protein, suggest a new hypothesis for the proton-
transfer switch: (i) In the metastable £8&;15-anti and all-trans,15-syn photoproducts, but not in the
stable isomeric states, access flickers between the EC and CP directions. (ii) The direction of proton
transfer is decided both by this local access and by the presence of a suitable donor or acceptor group (in
the wild type), or the proton conductivity in the EC and CP half-channels (in D85N/D96N). (iii) Thermal
reisomerization of the retinal can occur only when the Schiff base is protonated, as is well-known. In the
wild-type transport cycle, the concurrent local EC and CP access during the lifetime of the metastable
13-cis,15-anti state enables the changin4s of the proton acceptor and donor to determine the direction

of proton transfer. Proton transfer from the Schiff base to Asp-85 in the EC direction is followed by
reprotonation by Asp-96 from the CP direction because proton release to the EC surface raikgethe p
Asp-85 and a large-scale protein conformation change lowerdtheffAsp-96. The unexpected finding

we report here for DB5N/D96N, that when the retinal is in the stath&ans, 15-anti and 13eis,15syn
isomeric forms access of the Schiff baséasked(in the EC and CP directions, respectively), suggests
that in this protein reisomerization, rather than changes in the proton conductivities of the EC and CP
half-channels, provides the switch function. With this mechanism, the various modes of transport reported
for Asp-85 mutants (CP to EC direction with blue light, and EC to CP direction with pluggreen

light) are understood also in terms of ruledii.

The requirements for directional ion translocation in (11) that is thermally stable and produced slowly in an
transmembrane pumps are conceptually well-defirled (  equilibrium mixture with all-trans,15-anti during dark-
4), but little mechanistic information has been available so adaptation12, 13. We illustrate these configurations below
far, and only for the light-driven proton pump, bacterio- (Scheme 1) as well as ttadl-trans, 15-synisomer.
rhodopsin. In this protein, the “photocycle” and the ensuing
transport of a proton across the membrane are consequencescheme 1

of the photoisomerization of the retinal chromopho8e ( +5 o M
. . . .. R 7 + s 4

5-9). Studies of the intermediate states and their intercon- == H s

versions in the reaction cycle have produced a detailed H ' r ‘

description of the configurational changes of the retinal and all-trans,15-antd 13-cis,15-anti

the protein, as well as the proton transfers that add up to the
net translocation of a proton from the cytoplasmic (iB) 3 M H\j{,/f\,{%
the extracellular (EC) surface of the membrane. The JIV/” i
intermediate states, J, K, L, M, N, and O, and their substates, H 13-cis15-syn all-trans,15-syn
arise and decay to a large extent in an unbranched sequence
after photoisomerization fromll-trans,15-anti to 13-cis,15- The first proton transfer in the photocycle of tlad-
anti. The latter configuration represents an “energized state” trans 15-anti isomer is from the retinal Schiff base to Asp-
of the chromophore, distinct from the t8,15-synform? 85 during the L to M transition. In response to this, a proton
is shifted from Glu-204 or water liganded to &4—18) to
T This work was funded partly by grants from the National Institutes GIL_":I:94 (]'9' 20)' and from ther(:j' released to th.e EC surface.
of Health (GM 29498 to J.K.L.), the U.S. Department of Energy This is followed by reprotonation of the Schiff base from
(DEFGO3-86ER13525 to J.K.L.), and the U.S. Army Research Office Asp-96 in the M to N transition. Asp-96 is reprotonated
(Df$L03'92'G'°406 to R.N.). from the CP surface during the lifetime of N. The retinal
o whom correspondence should be addressed. . . . .
* University of California. reisomerizes tall-trans in the N to O transition, and the
8Wayne State University. last step that leads back to the initial state Asp-85 is the
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reprotonation of the Glu-204 site. assumed upon deprotonation of the Schiff base in D85N and
For active transport across the membrane, these protonin the wild-type protein during the photocycle, but indepen-

transfers must be directional. As in every pump, the dent of the protonation stat2q, 33. Since this conforma-

connection of the buried proton binding site, in this case the tion appears to facilitate the proton conductivity of the CP

retinal Schiff base, must alternate between the two membranehalf-channel, in DB5N/D96N a change of proton conduction

surfaces during the reaction cyclg, @). In principle @, will not complicate the question of access.

21), the access change may depend entirely on the protein,

i.e., on appropriate timing of changes in thpK,'s between

the protonated Schiff base and the acceptor and donor group§

to its EC and the CP side. In this case, the proton-transfer

pathways must be open in both directions while the driving
forces vary in magnitude and sign. On the other hand, the revealed that protons are taken up and released concurrently

access could rely (also) on changes in the local geometryW'th thg protonation and thg subsequent deprotonation,
that make and break proton-transfer pathways. In this case féSpectively 84). Photoelectric measurements had shown
the proton-transfer pathways will alternate between the EC that blue-light illumination of D85N and D85N/D96N with
and CP directions, but coordinated with the affinity changes unprotonated Schiff base results in continuous proton
of acceptor and donor. The roles of the changiKg'®of transport, enhanced in the presence of azide, and in the same
proton acceptor and donor residues (Asp-85 and Asp-96,CP to EC direction as the wild typ84, 35. Simultaneous
respectively) in the directionality of the transport are well illumination with blueandgreen light caused proton transport
established. It is not as clear whether an EC to CP changein the opposite direction3g). These observations of net

in the geometry of hydrogen bonds, along which the protons proton translocation argued for the existence of an acces-
will move, plays an additional role. Such an orientation sibility switch based on a change of local geometry in this
change would have to occur after the Schiff base deproto-process, and suggested that the access to protons might
nated but before it is reprotonated, i.e., in the step identified depend directly on the isomeric state of the retinal. When

From measurements of transient absorption changes in the
hotocycle of D85N with unprotonated Schiff base, it became
nown that the Schiff base becomes transiently protonated
(27, 32, 34. Absorption changes of pH indicator dyes

as the kinetically observable M~ M reaction 2, 23. the retinal isall-trans,15-anti, access would be from the EC
The objective of this study was to decide the contribution, sijde, but when photoisomerized to &@;15-anti access
if any, of local geometry to the protonation switch. would change to the CP sid8)( In the more recent IST

When the proton acceptor and donor are replaced with model @, 36), the proposed change of access is more
neutral residues, the protein is simplified. The phenotype complex, as it takes place before proton transfer in some
of D85N/D96N should reveal if there is an accessibility cases and afterward in others. In this model, the access is
change that is not dependent oKapchanges of protein  switched by an unidentified event distinct from either
residues but on the isomeric state of the retinal. This mutantisomerization or proton transfer, and in a “kinetic competi-
is well suited for studies of access for several additional tjon” with the latter. It was suggested that a sequential model

reasons. First, upon replacement of Asp-85 with a nonionic (such as in reB7) would not account for the transport.
residue, the K, of the Schiff base is lowered from13 to

8-9 (24—27). This allows investigations of the deprotona- The structure of bacteriorhodopsin is being solved with
tion process upon pH jump without illumination, as well as increasing resolution3g—40), and a description of the

the photoreactions of the unprotonated Schiff base. Secondintermediates of the transport cycle at an atomic level seems
the D96N mutation makes the CP half-channel very sensitive not far away. In view of this, it is reasonable to ask what
to azide. Azide acts as a weak acid and facilitates proton actual molecular events decide the direction of proton
exchange between the Schiff base and the ba&-31). transfer. In this article, we utilize the D85N/D96N mutant
Although some degree of proton conduction was seen alsoto examine the nature of the access of protons to the Schiff
in the EC region 32), the azide acts at concentrations2 base. The results obtained indicate, unexpectedly, that the
orders of magnitude lower (in the millimolar range) in the access is to the EC direction in thé-trans,15-anti isomer

CP half-channelZ7, 28, 3). This influence was virtually  but to the CP direction in 18is,15syn They support the
absent in the D85N/D96A mutar2?), further arguing that  idea that the access is dependent on the isomeric state of
the azide affects proton conduction in the CP region where the retinal, but not necessarily that it changes from the EC
residye 9_6 is located. Inthe D85N/D96.N mutant, thgrefore, to the CP direction upon photoisomerization froafi-

the direction of access can be probed with az&#®. (Third, trans 15-anti to 13<cis,15-anti. Instead, the available evi-

the global protein conformation of D85N/D96N is like that  gence suggests that in the metastable photoisomerized state
access is open in both EC and CP directions. Accordingly,

1 Abbreviations: EC and CP, extracellular and cytoplasmic direc- we propose a mechanism different from other mod&|9(

tions, respectively, relative to the centrally located retinal Schiff base; i ; i i
site-directed mutants are denoted with the residues in the wild type 36). Transportin the wild type is accomplished through the

and mutant, separated by the residue number, e.g., D85N/D96N; J, k,changing affinities of acceptor and donor residues to protons.
L, M, N, and O, intermediates of the bacteriorhodopsin photocycle; Transport by D85N mutants, where observed, is according

FT, Fourier transform; FTIR, Fourier transform infrared; CCCP, 5 the same rules but by a mechanism not possible in the
carbonyl cyaniden-chlorophenyl hydrazone; Bis-tris-propane, 1,3-bis- il . hich f the initial i . ith
[ltris(hydroxymethyl)methyllamino]propane; CAPS, 3-(cyclohexylamino)- W! d_ type, in which recovery of the initial isomeric state witf
1-propanesulfonic acid; MES, N{morpholino)ethanesulfonic acid;  its fixed access can take place before the initial protonation

CHES, 2-{-cyclohexylamino)ethanesulfonic acid. ilihri i i “Kinati itian”
2The photoproduct of the 165 15.eyn isomer isall-trans, 15syn equilibrium is reestablished. “Kinetic competition” between

(10), and under usual conditions its photocycle contains intermediates the€ protonation SWitCh and the proton transfer, as recently
that do not carry out proton transport. postulated 9, 36), is not required.
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MATERIALS AND METHODS

. . . A 1169 B
Construction of the bacteriorhodopsin mutants D85N and -

D85N/D96N was previously describe@7). After their
expression irHalobacterium salinariumthe proteins were
purified as suggested for purple membrane patch&s (
Transient absorbance changes at single wavelengths were
measured as described earlier (e.g.,4®f except that the
data were acquired with a 30 MHz analog-to-digital converter
(Gage Compuscope 6012/PCI-4M card, Gage Applied Sci-
ences, Montreal, Canada), utilizing custom software. The
4 x 1P data points collected were reductively averaged so
as to provide 250 points on a logarithmic time scale.
Photoexcitation was with a 420 nm laser pulse, generated
with a home-built dye laser (1 mM stilbene in methanol)
pumped by a Continuum Surelite 1l frequency-tripled Nd:
YAG laser (Santa Clara, CA). Spectra in photostationary
states were determined with an optical multichannel analyzer
(43) based on a Model TRY700S/B diode array from
Princeton Instruments (Trenton, NJ), with illumination
provided by a 175 W Cermax xenon lamp (ILC Technology, 0.2
Sunnyvale, CA). 0
Measurements of protonation/deprotonation kinetics after 6 8 10 12
a pH jump were measured on a Model SF-61 HiTech PH
stopped-flow sample handling unit (Salisbury, U.K.), with Ficure 1. FT-Raman spectra of Asp-85 mutants. (A) and (B) show
a 2.5 ms mixing time. The same optical arrangement was the C¢-C ztrgtch (fingerprint”) region folr D85N and DSZN/D;?}?N ’
used as for meastring flash-induced absorption changes b SFISTEISePSr MUIEILs, Tespecthel. af verius . The pi
stationary samples. The cation concentrations of samplesg 4, and 9.9. The bands afl-trans- (1169 and 1200 cr#) and
(except cell envelope vesicles) were kept at 300 mM by using 13-cisretinal (1184 cm?) are labeled. (C) shows calculated
appropriate concentrations of NaCl, NaNand Bis-tris- parameters for D85N/D96N. Thall-trans content (open circles,

propane. The initial pH was stabilized with 1 mM Bis-tris- solid line) is from the fingerprint region, scaled to the measured
) . . ) . ... all-trans-retinal content in D85N (60%) from chemical analysis
propane. The samples were mixed in a 1:1 ratio with g o ahout pH 6. The fraction of protonated Schiff base (filled

solutions containing 100 mM Bis-tris-propane adjusted to squares, solid line), calculated from the combined amplitudes of
the desired final pH. Where azide was used, it was presentthe ethylenic stretch bands at 1512 and 1528iis shown scaled

at the specified concentration in both solutions. Cell t0 1 at the lowest pH. The Iine_is the best fit_Of the I_—|_en_defson
envelope vesicles wera i4 M NaCl, with initially 2 mM Hasselbalch equation with a single protonation equilibriu§a(p

buff Th ixed with luti tainingd 3.3 M - 8.8, n = 0.72). The filled circles and dashed line show the
urier. ey were mixed with a solution containing s. amplitude of the 1512 cni ethylenic stretch band (relative to the

NaClplus0.4 M sodium phosphate, using the stopped-flow sum of the amplitudes at 1512 and 1528 &nattributed to the
instrument described in an earlier publicati@T)( Kinetic all-trans, 15-anti configuration ¢f. text). Conditions: 100 mM NacCl,
data analysis was performed by a nonlinear least-squarestO MM MES, 10 mM Bis-tris-propane, 10 mM CAPS, 2.

gdlzbai fitting to multiexponentials using the progr&fTEXP Isomeric Compositian FT-Raman spectra measure resonance-
(44, 49. q K / enhanced Raman scattering of near-infrared (1064 nm) light
FT-Raman spectra were measured on a Bruker IFS66 .S'(47), and the vibrational modes of retinal they contain reveal
FRAI06/S spectrometer (Bruker Analytlsche Megstechmk the isomeric configuration. We had determined FT-Raman
GmbH, Karlsruhe, Germany), as previously descrilg] ( spectra for D85N and D85N/D96N near pH 6 and found
46)' The speciral resolutpn was 2 cin Sample concentra- that they are nearly the sam83f. The results indicated
tion was about 20aM. Time-resolved FTIR spectra were ¢ aq renorted earlier from retinal extracti@6,(39, both
measured on a Bruker IFS-66/S spectrometer in the rapid- . .+-ts contain a mixture of 1@s and all-trans forms.

scan Lnode, a’: 4 cm resolution.  As dgscribedlelsewhere The isomeric compositions of D85N and D85/D96N are
(20), the samples were prepared by drying purple membrane;  syrated in Figure 1A,B, where the-EC stretch region of

suspensions in distilled water (320 nmol of bacterio- the FT-Raman spectra is shown.—C stretch bands4g@
rhodopsin), at about neutral pH, on a GaF Bak window 49 from hoth 13eis15-syn (1184 cnt?) andall-trans 15-
(Harrick, Ossining, NY). The semi-dry films, about 15 mm 5 (1169 and 1200 cr) isomers are present. Retinal
in diameter, were equilibrated with an excess of buffer gy action and analysis had shown that theci3e all-trans
solution at the desired pH for at least 20 min. They were o+ ¢0r D8SN at about pH 6 is 2:326, 35. This is
then partly dried and re_hydrated with 34 of the same consistent with the relative amplitudes of these badds. (
bgf:]er, and a second window was placed onto the sample a¢ higher pH, the increased relative amplitude of the 1184
without a spacer. cm band and the decreased amplitude of the 1169 and 1200
RESULTS cm ! bands of D85N (Figure 1A) indicate that the &i3-
content becomes markedly higher, also consistent with the
pKa of the Protonated Retinal Schiff Base in the D85N data from retinal extractior2g). It is evident from Figure
and D85N/D96N Mutants, and pH Dependence of the Retinal 1B, however, that in DB5N/D96N the amplitude ratios are

1169
1184 _ 1184

1200 1200
!

Raman scattering intensity

1140 1180 12201140 1180 1220
wavenumber, 1/cm
1.0

0.8
0.6
0.4

calculated amplitudes
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pH independent. The ethylenic stretch bands of D85N/D96N o
are at 1528 and 1512 crn(not shown, but see ref3), and "
correspond to estimated maxima of 570 and 630 nm, ;-
respectively in the visible. They must be from thed815 ¢ ol es s
synand all-trans,15-anti isomers that are present because ' azide, mit
earlier results §0) have indicated that the spectral shift 0.10
betweenall-trans and 13eis is large, and may be as much azide25mM /1
as 70 nm, when the negative charge of the Schiff base
counterion is removed. The ratio of these bands is also
unaffected by pH (not shown).

The amplitudes of all of these bands become smaller with
increasing pH. This reflects the deprotonation of the Schiff
base because the yellow chromophore absorbs at a much
lower wavelength than the Raman excitation beam, and its
bands are strongly attenuated. The ethylenic stretch band
of the unprotonated Schiff base can be observed with a small
amplitude at 1561 cnt at the highest pH values used (not
shown). The protonation state of the Schiff base is best
described from visible spectra, and the deprotonation equi-
libria measured in that way{) are consistent with the FT- B
Raman intensities.

The fractional amounts d@ll-transisomer in the mixtures,
as detected in the €C stretch region, could be calculated
by fitting Gaussian curves to the spectra in Figure 1A,B. FiGure 2: Protonation/deprotonation kinetics for the retinal Schiff
Corrections were made for the attenuation of theQstretch ~ base in unphotolyzed D85N/DI6N. (A) is after rapid pH decrease

. . . . . _from 9.0 to 6.5; (B) is after rapid pH increase from 6.5 to 9.0. The
bands that originate from species with blue-shifted absorption . ance at 620 nm was followed in a stopped-flow spectrometer.

maxima by setting the ratios of amplitudes in D85N near azide concentrations, in order of increasing rates, were 0, 0.5, 1,
pH 6 to the earlier determined I3s to all-trans isomeric and 2.5 mMin (A) and 0, 0.5, 2.5, and 10 mM in (B). The inset in

ratio of 2:3 £6, 39. The so-calculated decrease in tie (A) shows the rates of the three kinetic components as a function
transcontent in D85N from 60 to 35%, with & somewhat ~ Of azide concentration.

higher than that of the protonated Schiff base (not shown),

agreed with the retinal extraction data where the decrease? JUMp and its rate determined in a stopped-flow spectro-
of all-trans content was to 30%2€). We note that this photometer. We followed the absorption of the protonated

agreement holds even though the FT-Raman spectra reflecSChiff base in membrane patches containing D8SN/D96N
mostly the isomeric composition of the protonated chro- &t 620 nm with better signal/noise than befa2@)( Figure

mophore while the chemical analyses had determined the2A SNOWS traces of absorbance rise upon protonation of the
retinal content of the entire sample that contained mostly SChiff base after rapid pH decrease from pH 9.0 to 6.5. Azide

unprotonated Schiff base Evidently, the protonation state ~ Was added at concentrations between 0 and 2.5 mM in order
of the Schiff base does not affect the isomeric equilibrium. to distinguish proton access from the EC and the CP surfaces.

Figure 1C compares the various measured parameters foAs illustrated in Figure 2A, the protonation is a multiphasic
DS5N/D96N. The fractional amount ddll-trans isomer process, which is particularly evident when azide is added.
from Figure 1B, the relative amplitude of the 1512 dm  AS the inset to Figure 2A shows, there is one Kinetic
ethylenic stretch band, and the fraction of protonated Schiff c0mponent that is strongly affected by azide, while the two
base are plotted vs pH. Unlike in D85N, the isomeric Other components remain slow. .
composition remains unchanged up to at least pH 9.5, where Figure 2B shows the same kind of experiment but after a
the Schiff base is significantly deprotonated. The double PH increase from 6.5 to 9.0, so as to cause deprotonation of
mutant is unlike D85N also in that the Schiff base depro- the Schiff base. The azide concentrations used here were
tonates in a single rather than a biphasic procsg with ~ between 0 and 10 mM. As in Figure 2A, deprotonation is
a K, of 8.8 under these conditions, and an N-like purple much more rapid with azide, with slow component(s) that
species of uncertain origir2$, 26, 33 does not arise when is (are) relatively azide insensitive. The proton equilibration
the pH is raised. Complications associated with these kinetics and the effect of azide indicate therefore that in both
properties of D85N are therefore absent in D85N/DI6N. protonation and deprotonation two kinds of pathways exist,
Protonation and Deprotonation of the Schiff Base of the slow and relatively azide-insensitive ones, as well as a faster

: ide-responsive ones. From the way azide affects proton
D85N/D96N Mutant Induced by pH JumiSince the [,  a4d€-respol ;
of the retinal Schiff base in Asp-85 mutants is considerably condgcuon in the E.C and QP .ha'lf-channels n other, bet.ter
lower than in the wild type Z4—26), the protonation or described protonation equilibria in the bacterial rhodopsins

. e : (28—32, 52, we conclude that these pathways are through
deprotonation of the retinylidene group can be induced by athe EC ‘and the CP half-channels, respectively.
Figure 3A shows absorbance changes after a pH jump

3 The effects of @D substitution in the retinal on resonance Raman  ojmi o ; ;
bands have suggested that D85N with an unprotonated Schiff base isSlmllar to that in Figure 2B with 2.5 mM azide, but measured

mostly in theall-trans configuration 1), but the samples were light- ~ at various wavelengths. The solid lines are the measured
adapted by the Raman laser. traces; the dashed lines are calculated from global fits to

05/ none

absorbance change

0.10

azide 10 mM

3 A 1 3
log time after mixing (s)
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5 10 FIGURE 4: Protonation kinetics of the retinal Schiff base of D85N/
.§ D96N in cell envelope vesicles and in purple membrane sheets after
s rapid pH decrease from 9.5 to 6.1. Lines with normal width are
& 104 traces from the open purple membranes; boldface lines are traces
® from the closed vesicles. Solid lines are in the absence and dashed
lines in the presence of 20M protonophore CCCP. The final
5] amplitudes of the traces with the two kinds of preparations were
scaled together.
show that the rate of protonation is considerably slower in
0500 540 580 620 660 700 vesicles than in purple membrane sheets but approaches that

wavelength, nm in the sheets when the protonophore CCCP is added. The

FiGURe 3: Deprotonation kinetics for the retinal Schiff base in efféct of CCCP is minor in the sheets.
D85N/D96N (A), after rapid pH increase from 6.5 to 9.0, and If access were entirely from the CP side, the slower rate
amplitude spectra of the components (B). Absorbance was followed of Schiff base protonation in the absence of uncoupler would
at the indicated wavelengths in a stopped-flow spectrometer as inyefiact the need for protons to pass across the vesicle
Figure 2B. Azide concentration was 2.5 mM. The solid lines are -
the measured traces; the dashed lines are from global fits to data afnem_brane' Some degrge of acc_ess may exist also from the
19 wavelengths in (B). The time constants and the relative EC side, however. If so, its rate either is slower than through
amplitudes of the kinetic components are given in (B). In (B), the the CP half-channel or reflects a slowly shifting equilibrium
amplitudes were fitted with Gaussian curves. toward a conformation in which access is from the EC side.
traces at 19 wavelengths. The kinetics are described by atin either case, when the protonophore CCCP is added, it
least four kinetic components. Their amplitude spectra are ensures that the faster protonation from the CP side can
given in Figure 3B. All kinetic components represent occur. We conclude from the data in Figure 4, therefore,
depletion of the absorption band, i.e., Schiff base deproto-that (i) protonation of the Schiff base in D85N/D96N is
nation that shifts the maximum far to the blue (to near 400 predominantly from the CP surface, and (ii) EC access is
nm). The amplitude spectra show distinct separation of the not excluded if it is slower, or if the conformation with CP
wavelength maxima. The component with= 80 ms access is intercovertible with another with EC access on a
appears with a maximum at 590 nm, while the component tens of second time scale.
with a 7 = 80 s phase has a maximum at 620 nm. The Photocycle of the D85N/D96N Mutant with Initially
components witlt = 0.4 and 3 s both appear with maxima Unprotonated Schiff BaseWhen the Schiff base is initially
at abound 610 nm. It will be shown by infrared spectroscopy unprotonated, photoexcitation initiates a photocycle in which
(cf. below) that the 620 nm component correspondallo the Schiff base becomes transiently protonagd 82, 34.
trans and the 590 nm component to ti; as expected from  This can be followed at alkaline pH by measuring the light-
these maxima. Thus, the fastest component representsnduced absorption change near 600 nm where the proto-
deprotonation of mostly the 18s isomer and the slowest nated, but not the unprotonated, Schiff base absorbs. Figure
deprotonation of mostly thell-trans. The intermediate  5A shows such traces for D85N/D96N. They exhibit
components appear as mixtures with comparable amountscomplex kinetics strongly dependent on the presence or
of both isomers. absence of azide. Protonation of the Schiff base in the

Protonation of the Schiff Base in Cell k#lope Vesicles  absence of azide is slow, as is the deprotonation that follows
Containing D85N/D96N After a pH Jumprhe direction of (both in the 16-100 s time range). Azide, even at
access was more directly tested by pH jump experimentsconcentrations of 10 mM or less, produces dramatic alter-
with cell envelopeesicleshat contain right-side-out oriented  ations. The rate of protonation increases about 100-fold, and
bacteriorhodopsin53). Purple membranes that are open the decay of the protonated state resolves itself into roughly
sheetsserved as controls. In the former, protons have direct two components, one that is slow and rather azide insensitive,
access to the EC surface, but access to the CP side is onlyand another that is fast and accelerated nearly 100-fold by
through diffusion across the vesicle membrane. Inthe latter, azide. Again, the highly azide-sensitive components are
proton access is direct in both directions since both mem- attributed to proton transfers through the CP half-channel.
brane surfaces are exposed to the bulk. Figure 4 showsThe results are thus readily interpreted with the following
absorption increases at 600 nm, measured in stopped-flowmodel. Protonation of the Schiff base after photoexcitation
experiments, that reflect protonation of the retinal Schiff base is from the CP side. The deprotonation that follows occurs
after the pH was rapidly shifted from 9.5to 6.1. The traces differently in what appear to be two different populations
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] ) Ficure 6: FTIR difference spectra for the photocycle of D85N/
log time after flash or pH shift (s) D96N bacteriorhodopsin with initially unprotonated Schiff base.

FiGURE 5: Kinetics of the deprotonation and reprotonation of the Difference spectra are shown in the 148580 cn* region for

Schiff base in the photocycle of D85N/D96N with initially ~the C=C stretch bands (A) and in the 1130230 cm* region for

unprotonated Schiff base, at various azide concentrations (A), andthe C—C stretch bands (B). The bands discussed in the text are
comparison of the deprotonation kinetics in the photocycle and after [aPeled. Delay times after photoexcitation with a 420 nm laser pulse

a pH jump (B). The absorption change at 620 nm is shown after (I the direction of decreasing amplitudes), 0.2, 1, 5, 10, 20, and
420 nm laser pulses in (A), and at 610 nm in (B) after photoex- 30 S. Conditions: 100 mM NaCl, 100 mM phosphate, 100 mM

citation (solid line) and after increasing the pH from 6.5 to 9 (dashed azide, 25 mM CHES, pH 9.5, &C.

line). Conditions in (A): 0.25 M NaCl, 50 mM Bis-tris-propane,

pH 9.0, 24°C, with azide at the indicated concentrations; in (B); FTIR difference spectra at pH 9.5 at various times after
200 mM azide, 50 mM Bis-tris-propane, pH 9, 20. photoexcitation with a 420 nm laser pulse. Although the
entire midrange infrared frequency region is not shown, the
spectra had shapes similar to those determined earlier during
continuous illumination of D85N with blue ligh2f, 5J).

The two frequency regions shown contain theC (ethyl-

(cf. also below). The loss of the Schiff base proton in the
photocycle with a slower, azide-insensitive relaxation rate
is to the EC side. It can be clearly distinguished from the

photocycle with the more rapid and highly azide-sensitive enic) stretch and the -€C stretch bands. The infrared

re'gxat'on rate, where the dgprotonatlon is to the CP_ S'd,e'vibrational bands of the retinal have very low amplitude when
Figure 5B compares the time course of deprotonation in yhe schiff base is unprotonated4j. Since the depletion

the photocycle at pH 9 with that induced by pH jump from 545 in Figure 6 are small or entirely absent, the photore-

6.5 to 9 W|thout.|IIum|nat|on._ The traces agree remarkably 4 qye species lack a protonated Schiff base as expected. That

well in the two Kinds of experiments. This strongly SUQQests e gifference spectra refer to the photocycle of the unpro-

that by the time the Schiff base begins to deprotonate in thetonated Schiff base is confirmed also by the small depletion

photocycle, the initial conditions of the unilluminated band at 1556 ct (Figure 6A) which corresponds to the
zgyeplr?esc’ol\./z.r,e(tjhe thermally stable isomeric mixtures, wil ethylenic stretch of a species with an absorption maximum
' near 400 nm, i.e., with an unprotonated Schiff base. All

The measurements in Figure 5A with 10 mM azide were ,qjive hands originate therefore from photointermediate-
repeated at various wavelengths (not shown), as in the pH(S) with protonated Schiff base

jump experiment with the unphotolyzed protein (Figure 3). , ) oo
In view of the agreement of the photocycle kinetics with The relative amplitudes of the-€C stretch bands indicate

the stopped-flow kinetics in Figure 5B, it was not surprising that theall-trang/13<is ratio changes considerably during
that the results were similar. The fastest deprotonation the deprotonation of the Schiff base (Figure 6B). The
component observed in the pH jump experiments, with a Mixture of isomers with protonated Schiff base contains
strongly blue-shifted maximum (Figure 3B), was not seen initially mostly 13<is (amplitude at 1183 cmt dominant
because the protonation occurred on a slower a time scaleover those at 1169 and 1201 cHy but during the decay
The first observable component, with a time constant of a the mixture is considerably enriched afi-trans (bands at
few seconds, exhibited a maximum at 605 nm, and the slow 1169 and 1201 cnt gain in amplitude relative to the band
one at 620 nm, suggesting that they correspond to a mixtureat 1183 cm?). As in the Raman spectra (Figure 1), the two
of 13-cis andall-trans, and mostlyall-trans, respectively. ethylenic stretch bands, at 1509 and 1528 £(Rigure 6A),
Thus, the results are consistent with the conclusion from the correspond to thaill-trans and 13eis forms, respectively,
pH jump experiments that the I3s population deprotonates  and their ratio changes in the same way as the bands in the
before theall-trans. This possibility was further examined fingerprint region. The FTIR spectra therefore confirm that
with time-resolved infrared spectroscopy. Figure 6 shows the 13€is isomer deprotonates before thi#-trans.
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accomplish proton translocation. How does such transport
occur, and what is its relevance for transport in the wild type?
We report here on the photoreaction cycle of D85N/D96N
with initially unprotonated Schiff base, with particular
attention to the directionality of the transient proton transfers
that ensue, and compare the findings with results for the
unphotolyzed protein where the protonation equilibria were
measured after a pH jump.

In the photocycle of the species with unprotonated Schiff
base, as well as in the pH jump experiments, the protonation/
deprotonation kinetics of the Schiff base are unexpectedly
FiGure 7: Accumulation of the protonated Schiff base in photo- complex, and suggest a heterogeneous population. The

stationary states at different light intensities in D85N/D96N . . : .
bacteriorhodopsin. The samples were illuminated through a-350 dependence of the photostationary state on light intensity

460 nm filter until a photostationary state was reached, and the (Figure 7) confirms that a heterogeneity exists, and that one
spectrum was measured with an optical multichannel analyzer. Theof the two populations exhibits more rapid deprotonation

absorption increase near 620 nm is plotted vs the relative light kinetics than the other. The most obvious candidate for the
intensity. Circles are the measured amplitudes, the solid line is the heterogeneity is the isomeric configuration, since the chro-

best fit to a sum of two rectangular hyperbolas (cf. text), and the . . .
dashed line is the first of the two components. Half.maximal MOPhore of D8SN/D9EN does in fact contain a mixture of

intensities are 1.1% and 348%. Conditions: same as in Figure 6all-trans,15-anti- and 13eis,15-synretinal (Figure 1). In
but at 22°C. D85N, the two isomers had been showZ)(to undergo

_ ) . thermal interconversion only on the time scale of the proton
Dissection of the Two Photocycles of D85N/D96N with eychange reactions of the Schiff base (about 1 min). The
Unprotonated Schiff BaseWe suspected from the complex-  ¢orrespondence of the ratio of the deprotonation rates in the
ity of the deprotonation kinetics in the pH jump and the pnotostationary experiments for the two populations (Figure
photocycle that these samples are heterogeneous and th¢) with the ratio of the deprotonation rates for ¢i3-and
different protonation rates originate from different popula- gj|-transin single-turnover experiments (and with the general
tions. The existence of parallel photocycles, and if present gpservation that 18is deprotonates more rapidly thafi-
the relative rates of the recovery of the initial states in the trang) confirms that the heterogeneity resides in the isomeric
different populations, can be studied by determining the states. According to the results we report, the rates of proton
composition of the photostationary states at different light exchange and the direction of access of protons are different
intensities. The concentration of the photoproduct B in the for the two isomers, and this is what produces the observed
photoreaction cycle of A will show saturation behavior with  inetic components.
respect to light intensity, according to the relationship [B]  1he absorption maxima in the visible (Figure 3B) and the
= [A°J(1 + ko/ki) where [A] is the initial concentration of TR spectra (Figure 6) indicate that the di315-synisomer
the unphotolyzed state, [B] is the concentration of the geprotonates first and thadl-trans, 15-anti last. The strong
photointermediate at photoequilibrium, alcandk; are the  effect of azide on the faster of the protonation and depro-
rate constants of the photoreaction-AB and the thermal  5nation processes (Figures 2 and 5A) suggests that these
relaxation of B to A, respectively. Each independent occyr through the CP half-channel. That access to the CP
photocycle will exhibit a characteristic light intensity at which g, face is faster than access to the EC surface is demonstrated
the intermediate measured accumulates to half of its maximaldirecﬂy by the experiments with envelope vesicles (Figure
concentration. If the extinctions and quantum yields of the 4). The relative insensitivity of the slower protonation/
different populations are the same, the ratios of these ha”‘deprotonation processes to azide (Figures 2A and 5A)
maximal light intensities will be equal to the ratios of the suggests, in turn, that these occur through the EC half-
turnover rates. Figure 7 shows the amplitudes of absorptionchannel. Interestingly, therefore, these observations link the
changes near 610 nm (where maximum increase occurred) 3 ¢js 15.synisomer to proton transfer in the CP direction,
as functions of light intensity, measured at high pH in D85N/ 5nd the all-trans,15anti to proton transfer in the EC
D9Y6N. Itis evident that the data are described by a strongly gjrection. Such a difference in the connection of the Schiff
biphasic saturation curve. Two components, one that hase nitrogen to proton conducting groups between the two
saturates at low light intensity (slow photocycle) and another thermally stable isomeric states is entirely unexpected
that saturates at high intensity (rapid photocycle), are seen.pacause in the 18is 15-synstate the additional, £-N bond
The ratios of the_ir half-maximal intensities are approximately rotation will have reoriented the Schiff base to roughly the
330:1. The ratio of the slowest and fastest time constantsgame direction it faces in thedl-trans, 15-anti configuration
in the photocycle measurement under the same condition 10, 55. In any case, one would not expect that an access
was about 400:1. Thus, at least some of the kinetic change based on the slow thermal interconversion between
complexity in the deprotonation of the Schiff base originates {he two stable isomeric states could have a role in transport.
from the existence of two parallel photocycles. The same kind of argument suggests, however, that the
DISCUSSION strongly azide-sensitive protonation process in the photocycle
of the unprotonated Schiff base (Figure 5A) is from the CP
The D85N/D96N mutant lacks a proton acceptor and a side. Although the 1&is,15synandall-trans,15-anti forms
donor, and the observation of various modes of transport in have independent photocycles (Figure 7), this will be true
this protein and other Asp-85 mutants arguéd %5, 3§ for both. The near-identity of the deprotonation kinetics in
that the reactions of the retinal Schiff base are sufficient to the photocycle to those observed upon pH jump with

abs. increase, 1000x

0 2IO 40 60 80 100

% maximal light intensity
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unilluminated samples (Figure 5B) indicates that the depro- model is seriously contradicted by the events in the photo-
tonation occurs only after the initial thermally stable isomeric cycle of the wild-type protein. The Schiff base transfers its
states have recovered. This is what allows the possibility proton to Asp-85 (to the EC side) and receives a proton from
of transport by D85N/D96N. Since the proton access in the Asp-96 (from the CP side) while in the I3s15-anti
all-trans,15-anti configuration is necessarily to the EC side, isomeric state throughous8—60). Reisomerization tall-
recovery of this state in the photocycle of thiétrans form trans15-anti occurs much later in the photocyclélj. A
before deprotonation will allow the release of the Schiff base possible solution would be access change upon a second
proton, received from the CP side, to the EC surface. The isomerization of the retinal: a rotation of the4€ C;s single
effectiveness of this transport cycle will be somewhat bond after deprotonation of the Schiff baé)( However,
diminished by any (slow) thermal equilibration of the Raman spectra rule out such a configurational chaBge (
reisomerizeall-trans,15-anti state with 13eis,15synduring 59). The recently proposed IST modél, 36 overcame this
the deprotonation, since access in the latter state is to theproblem by postulating a switch event (“S”) defined only
CP side. Little transport is expected from the photocycle of by its property that it is distinct from the retinal isomerization
the 13¢is, 15-syn form since after recovery of the initial  (“I") and independent from the proton transfer (“T"). In the
isomeric state the access will be in the CP direction. Accesswild type, but not in Asp-85 mutants, S was assumed to be
to the EC side could be gained only by thermal equilibration delayed relative to I. Depending on conditions, the switch
of the recovered 18is,15-synisomer withall-trans,15-anti, S could now occur either before or after T. This explained
and this will not compete with the more rapid relaxation the observation of transport in the CP to EC direction upon
through the CP side. In 18s photocycle, therefore, the  blue-light illumination, and in the reverse direction in the
Schiff base proton will be released mostly through the same two-photon reaction of D85N and D85N/D96RH], as well
pathway as its uptake. as proton transport by sensory rhodopsin | in the absence of
The rapid deprotonation in the CP direction will deplete transducing proteing3—67). It was invoked 86) to explain
the 13¢€is,15-synisomer formed directly by reisomerization also the binding §8) and EC to CP transpor86, 69 of
from all-trans,15synin the photocycle of the 18is form chloride in the D85T mutant. The change of proton access
and indirectly (and more slowly) by isomeric equilibration therefore requires an unidentified structural rearrangement
from all-trans,15-anti in the photocycle of thall-trans form. of the retinal or the protein, and would occur under some
Thus, the fraction that deprotonates early will appear to be conditions immediately upon isomerization while under
mostly 13¢€is, and the fraction that deprotonates last will be others delayed by as much as several milliseconds in a

mostly all-trans (Figure 6). Kinetic components with rates

intermediate between the two, that proved to be mixtures of

13-cis and all-trans, arise probably through slow thermal

“kinetic competition” between S and T.
It should be clear from this that elucidating the general
mechanism of the protonation switch depends on being able

interconversion of the isomeric states during the deprotona-to successfully reconcile the properties of the Asp-85

tion.
That the recovery of the initial isomeric states occurs

mutants, described earlie2q, 34, 35, 51and reported here,
with the wild type. In the next section, we describe,

before deprotonation of the Schiff base can be understoodtherefore, what is known about the accessibility of protons
from the influence of the protonated state of the Schiff base in the wild-type photocycle.
on the barriers to bond rotations in the retinal. Quantum  Access in the Photocycle of the Wild-Type Pratdfmom

chemical calculations had shown that the=C bond order

is higher and therefore isomerization around thg—Ci4
bond is slower when the Schiff base is unprotonatss] (
57). In the wild-type photocycle, the retinal remains trapped
in the 13¢is,15-anti isomeric configuration as long as the

Schiff base is deprotonated (in the M intermediate). Thus,

thermal recovery of the initial state can be only from the

protonated intermediates that follow (the N and O states).

In contrast, during the photocycle of the initially unprotonated

a large variety of experimental approaches, that include
spectral and kinetic analyses of the photocy@®, 23, 70,
71), blue-light photoreaction of the M intermediate as
followed in the visible 72) and in the infrared{3) and by
photoelectric measurementg4}, FTIR spectra 75), and
X-ray diffraction (76—80), the M state with a deprotonated
Schiff base could be resolved into an early substate akid

a late substate, p As anticipated §1—-83), the kinetics
confirmed thathe protonation equilibrium of the Schiff base

Schiff base, there is no such barrier to reisomerization is with Asp-85 in M, but with Asp-96 in M (22, 23. The
because the intermediate contains a protonated Schiff baseM; — M, reaction appeared unidirectional at the available

Reisomerization is rapid, and the slow recovery of the
unprotonated state of the Schiff base is from the initial
isomeric forms.

Can a Change of the Isomeric Configuration of Retinal
Account for the Change of Proton Accessfwould be

signal/noise ratio at pt 7 (22, 71). The irreversibility is a
result of the coupling of thel, of Asp-85 to the protonation
state of the proton release siteb( 18, 84. When the pH is
above the K, for proton release (about 6), free energy is
dissipated, the I, of Asp-85 rises, and the protonation

tempting to conclude from these observations that proton equilibrium shifts toward nearly full deprotonation of the

transport in D85N/D96N is by a mechanism in which the

Schiff base. Importantly, however, the;Nb M, reaction

access of the Schiff base simply changes from the EC to theis reversible at pH<6, where proton release to the EC surface

CP direction when the retinal is photoisomerized frali
trans 15-anti to 13cis,15-anti. Since we find that the stable
all-trans,15-anti and the 13is,15synisomeric forms have
different directions of access, an isomeric configuration

does not occur. According to the calculated rate constants
(71), the equilibrium constarik = [M)/[M 4] is 20, indicating

that the transition to Mincludes additional dissipation of
free energy independent of proton release. Nevertheless,

dependent access change seems reasonable, and this mecsince the equilibrium of L and Mfavors L by a factor of

anism had been proposed befoge %1). However, such a

about 4 1), at pH <6 the L state persists to a readily
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measured extent until recovery of the initial state. This
indicates that M and M, remain in equilibrium, and the
Schiff base retains its connection with both Asp-85 and Asp-
96. In mutants where either the;> M, (71) or the L=

M3 (85) equilibrium lies further toward the back-reaction,
the concentration of L is greater and even dominant over M
at pH <6. Evidently, unless the proton release to the EC
surface raises thelkfa of Asp-85, access of the Schiff base
at this time in the photocycle is to both directions concur-
rently. The effects of external electric field on proton
transport 86) also indicate that such an equilibrium exists,
and that it is linked to an electrogenic event. Molecular
dynamics calculations8{) confirm that in the 13is,15-
anti photoproduct of the wild-type protein access is feasible

in both EC and CP directions. Concurrent access would be

accomplished if the connection of the Schiff base to the two
proton conduction pathways flickered rapidly (with the time
constant of the M« M, equilibration, i.e., 3Q«s) so as to
allow proton transfer in either direction. The pump is not
stalled at low pH, or in mutants where proton release is
blocked, however. The correct directionality of the proton
flux under these conditions is enforced by the fact that
recovery of the initial state is (largely) impossible from the
L intermediate, and the equilibrium is ultimately drawn in
the direction of CP access.

The “Local-Access” Mechanism of the Protonation Switch
In the following, we describe a general mechanism for the

Brown et al.
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Ficure 8: Proposed scheme for the photocycle of D85N/D96N
with all-trans,15-anti- and 13eis,15-synretinal, and initially un-
protonated Schiff basecf, discussion in the text).

simplicity, the models include only those photointermediates

relevant to proton transfer and their changing directions.
Photocycle of the all-trans,15-anti and 13-cis,15-syn

Forms of D85N/D96N with Unprotonated Schiff Base

Figure 8 shows a scheme in which the access of the Schiff

base is in the EC direction when the retinahiktrans,15-

anti, but in the CP direction when 1ds,15syn In both

metastable 18is,15-anti andall-trans,15synphotoproducts,

an equilibrium between EC and CP access develops (wide

arrows). Although the local geometry at the Schiff base

protonation switch, suggested by the experimental evidencewould allow it, proton conduction through the EC half-
on proton access in D85N/D96N we report here and the channel is slow and does not compete with CP access. Itis

earlier findings of its various transport modex (35, 36,

omitted from the scheme. Protonation is therefore decisively

and the wild-type photocycle. This mechanism contains the from the CP side. Reisomerization &b-trans,15-anti in

following elements. (i) In the 18is,15-anti andall-trans,15-
synmetastable isomeric states produced by illumination from
theall-trans,15-anti and 13eis,15-syninitial states, respec-
tively, the access of the Schiff base is concurrently to both
EC and CP directions. This lack of fixed direction may occur

the all-trans photocycle causes recovery of EC access, and
the Schiff base proton is lost perforce to the EC side. This
results in net translocation of a proton. Thermal equilibration
with the 13¢is,15-synconfiguration (dark adaptation), that

allows access also in the CP direction, is a competing

because when the Schiff base is displaced from its position pathway of relaxation that should decrease transport because
in the stable states some degree of steric conflict with the the CP half-channel will conduct protons rapidly in the

protein matrix could allow rapid fluctuation, “flickering,”
of the local geometry. (i) The direction of proton transfer
to either membrane surface during the lifetime of the

presence of even low concentrations of azide. On the other
hand, to a smaller extent will azide accelerate proton transfer
in the EC direction also3@), and thus increase transport

metastable isomeric configurations is determined by factors (35). We note that since it is in the EC region, this effect

inherent in the proteinsg, 59, i.e., the K,'s of the donor

of azide should be seen also in D85N.

and acceptor groups or the rate of proton conduction in the At the end of the 13:is photocycle (Figure 8), recovery

two-half-channels. (iii) The barrier to thermal reisomeriza-
tion is high when the Schiff base is unprotonatéa, (57,

of the reisomerized 18is,15-syn state results in access to
the CP direction. Proton equilibration with the EC side

and thus thermal reisomerization occurs in the photocycleswould be possible only through thermal equilibration of the

only while the Schiff base is protonated. (iv) Under

physiological conditions, proton conduction cannot be rapid
simultaneouslyto both EC and CP surfaces. Thus, the
protein will not passively dissipate a proton gradient to a
significant extent, either in the dark or during illumination.

(v) The direction of access is locked entirely in one direction
in the stableall-trans, 15-anti and 13eis,15-synforms, in the

EC direction in the former and the CP direction in the latter.
This unexpected outcome of our study of DB5N/D96N allows
interpretation of the photocycle of transport by Asp-85
mutants in the same terms as the wild type. {Miere is

no kinetic competition between the protonation switch and
proton transfersuch as postulated recent, 36. These

13-cis, 15synform with theall-trans,15-anti. Because the
Schiff base proton is lost more rapidly to the CP side, such
thermal isomerization tall-trans and therefore EC access
will be negligible. In this case, CP access returns the proton
gained from the same side earlier in the cycle, and little net
transport can occur.

In the following, we extend the mechanism in Scheme 1
and in Figure 8 to other photoreactions of Asp-85 mutants
in which transport was teste@,(35, 36, 69, 88 and to the
wild type.

Photocycle of D85N and D85N/D96N during Simultaneous
lllumination with Blue and Green LightPhotoisomerization
of the all-trans,15-anti isomer of Asp-85 mutants to 13-

elements produce the following mechanistic schemes for thecis,15-anti during illumination with green light will produce
various photocycles and transport modes observed. Fora changed local geometry, and a rapid equilibrium between
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local conformations with accessibilities in the EC and CP
directions. Deprotonation of the initially protonated Schiff .
base is toward the CP side because proton conduction in the al bt
EC region is slow and competes ineffectively with depro- =6
tonation to the CP direction (Figure 8 and 23j. Simulation

of the structure of the 18is,15-anti state suggested that in
this photocycle the D85N mutation limits local access toward
the EC half-channel by reorienting the Schiff base in the
CP direction 87). This would give the same result although

by a different mechanism. The protonation equilibrium of Fioure 9: Proposed scheme for the photocycle of wild-type

the Schiff base is in a side reactio?7, and little or N0 pacteriorhodopsin witiall-trans,15-anti-retinal (f. discussion in
transport can resuttas reported35). Continuous green-  the text).

light illumination of D85N and D85N/D96N will cause

accumulation of the intermediate with deprotonated Schiff IS protonated and cannot be a proton acceptor. For reasons
base. This intermediate can undergo a secondary photorethat have to do with the changed geometry at the Schiff base
action if blue light (the absorption maximum of this yellow Upon photoisomerizatior8, 99, and possibly changes in
chromophore is near 410 nm) is provided simultaneously. liganded waterd7), Asp-85 to the EC side becomes a proton
The resulting photoreisomerizationat-trans, 15-antirecov- ~ acceptor. Thus, the Schiff base proton is transferred in the
ers access of the Schiff base exclusively to the EC direction, EC direction, and thereby generates. Mrhe access of the
and the proton is regained from this side. This two-photon Unprotonated Schiff base continues to flicker between the
reaction cycle will result therefore in the net translocation EC and CP directions (as implied by the; M~ M

of a proton, but in the reverse direction from the wild type, €quilibrium). At this time, the protonation pathway changes
from the EC to the CP side, as report&®)( from the EC to the CP direction. This is initiated by release

Chloride Transport in D85T Bacteriorhodopsin and Ha- ©f @ proton from the EC surface that further raises tHe p
lorhodopsin The binding of protons in the bacteriorhodopsin  ©f ASP-85 (L5, 18, 84 and makes it unavailable as a proton
transport cycle is mainly to aspartate and glutamate residues0nor to the Schiff base. Continued proton exchange with
and chloride binding is observed only under special circum- € EC side is thus excluded. A large-scale protein confor-
stances§9—-92) or in mutants 68, 93. Itis therefore likely ~ Mation change?6, 77, 80, 98-10) lowers the [Ka of Asp-
that the pathways of proton transport in bacteriorhodopsin 96: @nd probably increases proton permeability of the CP
are different from those of chloride transport in halorhodop- r€gion @2, 102, 103 This makes a proton available from
sin. The molecular details of the local access of protons e CP side. Reprotonation of the Schiff base, that produces
and chloride at the active site, and their changes, are likely "€ N intermediate, occurs therefore ir ind from Asp-
to be different also. Nevertheless, since the D85T mutant ¥~: o ) ) , )
transports chloride, and in the EC to CP direction like Thus, in this mechanism the isomeric states of the retinal

halorhodopsing, 36, 69, any general mechanism of proton &nd the acceptor and donor groups of the protein have
transport should allow for the translocation of anions and different and well-defined functions. The EC to CP switch

for the reversal of its direction. It is worth noting, therefore, d0€S not reside in the retinal isomeric states. Instead, the
that the mechanism we propose here is not specific for flickering local access in the metastable photoisomerized state

transport in either EC or CP direction. Access being enables.the .changing proton affinities, that allow proton
available in both directions during the lifetime of the conduction in the EC and CP half-channels, to decide the

photoisomerized state, the direction of transport depends ordirection of thg transfers. The switch is therefore fur.nished
the functional opening and closing of the EC and CP half- PY the protein as suggested earlies8)( but requires
channels and/or the availability of binding sites with suitable configurational change of the retinal at the active site.
affinities. If the structure of unphotolyzed halorhodopsin Although th_e acceptor and donor groups in the protein utilize
(94) resembles the conformation of the M and N photoin- € accessibilities for proton transfer only iniMnd M,
termediates in bacteriorhodopsin as we had suggeSgd ( !ocal access of the Schlff bgse is predlqted to remain open
it is possible that the conformational shift could occur in N Poth EC and CP directions for all intermediates that

the opposite direction upon illumination, and that the ensuing cONtain 13eis,15-anti-retinal. Indeed, in the case of the L
changes in the two half-channels could move chloride from intermediate, there is evidence for structural changes in both
the EC to CP direction. EC and CP regions. The hydrogen-bonding changes of

bound water in the EC region, and the perturbation of the

Photocycle of the all-trans, 15-anti Isomeric Form of the peptide backbone, various residues, as well as bound water
Wild-Type Protein Figure 9 shows the wild-type photocycle " "op region, detected by FTIR spectroscopy (reviewed

in the same terms as in Figure 8. If the local geometry of . ; .
the active site in the wild-type protein is like in D85N/D96N, in ref 104, may refiect the simultaneous connection of the

the access of the Schiff base in the init&@lHrans,15-anti positively charged protonated Schiff base to both EC and

isomer will be in the EC direction. However, this plays little CP half-channels.
role in the transport. Once in the L state, the local access concLUSIONS
flickers rapidly between EC and CP. Asp-96 to the CP side

SBH*

— all-trans,anti
BG

H*from Asp-96
M, N

\. Y

The protonation switch, considered before as a concept,

4 Proton transport by the D85T mutars, 36 suggests that unlike is now mechanistically explicit. It is embodied entirely in

asparagine, threonine at position 85 allows significant proton conduction (1) the isomerization step ('0961' access) and (ii) the_ proton-
in the EC region. transfer step (proton conduction to and from the active site).
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The observed mechanisms of transport modes illustrate the 20.
distinction between these two essential components. In
general termslocal geometry at the acte siteis firmly
locked in one direction in the stable initial state, but flickers
rapidly between the two alternative directions in the meta- 22,
stable intermediate state. The resulting access to both EC
and CP directions enables tdenor and acceptor groups 23.
(or proton conduction pathways) furnished by the protein
to add or remove a proton from the active site during the
lifetime of the intermediate states. Thus, in the wild-type
protein, the orderly changes in th&gs of these groups, 25.
caused by secondary events in the reaction cycle such as
proton release to the surface and a large-scale conformational 26.
change, bring about unidirectional CP to EC proton trans-
location, while local access remains unchanged. When the 27.
proton acceptor and donor are missing (e.g., in the D85N/
D96N mutant), the same principles apply, but the mechanism
is different. Proton conduction in the EC direction is now
considerably less than in the CP direction. Where transport
is observed, it is always the result of the fact that the CP
access to the surface, which is dominant over EC access 30.
during the lifetime of the intermediate state, is followed by
recovery of the initial local geometry, and thus obligatory 31
EC access, before the proton reequilibration. Unlike in the >
wild-type transport cycle, the proton conductivities in the
two half-channels remain constant and the local access is 33.
what changes.

1

24.
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