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Titration of the Bacteriorhodopsin Schiff Base Involves Titration of an Additional
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ABSTRACT. The retinal protein protonated Schiff base linkage plays a key role in the function of
bacteriorhodopsin (bR) as a light-driven proton pump. In the unphotolyzed pigment, the Schiff base (SB)
is titrated with a K, of ~13, but following light absorption, it experiences a decrease in Kgapd
undergoes several alterations, including a deprotonation process. We have studied the SB titration using
retinal analogues which have intrinsically lowef4s which allow for SB titrations over a much lower

pH range. We found that above pH 9 the channel for the SB titration is perturbed, and the titration rate
is considerably reduced. On the basis of studies with several mutants, it is suggested that the protonation
state of residue Glu204 is responsible for the channel perturbation. We suggest that above pH 12 a channel
for the SB titration is restored probably due to titration of an additional protein residue. The observations
may imply that during the bR photocycle and M photointermediate formation the rate of Schiff base
protonation from the bulk is decreased. This rate decrease may be due to the deprotonation process of the
“proton-releasing complex” which includes Glu204. In contrast, during the lifetime of the O intermediate,
the protonated SB is exposed to the bulk. Possible implications for the switch mechanism, and the
directionality of the proton movement, are discussed.

The light-induced proton pump in bacteriorhodopsin (bR), The Schiff base is reprotonated during the M to N transition
initiated by the absorption of a photon which leads to from the proton donor Asp96, which is finally reprotonated
transmembrane electrochemical potential, is probably the bestfrom the cytoplasmic side during recovery of the initial state
characterized ion pump. At the core of the pump mechanism of bR. More details about the molecular alterations that occur
in bR are light energy absorption and initial energy storage. during the photocycle were recently obtained by X-ray
These primary events are followed by structural transforma- studies (for a recent review, see (&f It is thus evident that
tions in the retinal chromophore and in the protein which understanding the factors that control the Schiff base (SB)
are coupled to the vectorial proton translocation (for a recent pK,, the mechanism for its titration, and its possible exposure
review, see refl). to the bulk medium is of primary importance for elucidating

Bacteriorhodopsin is the integral protein of the purple the function of bR at the molecular level. By using flow
membrane oHalobacterium salinarumit is composed of ~ and stationary methods, an aeidase equilibrium between
seven transmembrane helical segments enclosing the bindin@R (in its dark-adapted form) and a species absorbing at 460
pocket for the alkrans retinal chromophore. The latter is nm was detected4]. It was shown that this species is
bound to Lys216 via a protonated Schiff base (PSB) linkage. characterized by a deprotonated Schiff base moiety, and the
Light absorption initiates a multistep reaction cycle with apparent g, value for the transition is 13.3 0.3. Later,
several distinct spectroscopic intermediatess, Ksoo, Lsso, using an artificial bR pigment derived from a chromophore
M1z, Nsgo, and Quo It is well established that retinal idsgo with an intrinsically reduced SBHy, it was established that
has a 13-cis configuration2( 3). Deprotonation of the  the observedlg, value is directly associated with the Schiff
protonated Schiff base takes place during the L to M base of bR §). Recently, it was shown that in the unpho-
transition, which is accompanied by protonation of Asp85 tolyzed bR, within a restricted pH range of-9, the Schiff
and the appearance of a proton at the extracellular surfacebase moiety behaves like a free acid or base in solution with

respect to the relation between the kinetic rate parameters
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Scheme 1: AllransRetinal () and Synthetic Retinal RESULTS
Analogues
CF, SB Titrations.Titrations of wild-type (WT) and mutants
A X CHO A CHO bR’s (E204Q, E194C, D96N, and R82Q) and of artificial
W W pigments derived from synthetic chromophores reconstituted
with various bacterioopsins were carried out. The Schiff
F bases of the synthetic retinals (Scheme 1) have intrinsically
WCHO WC*‘O reduced f.s. The titration of the SB was followed by
F 4 F monitoring the pigment absorption which shifts+td00 nm
in the artificial pigments in contrast to that of WT bR which
Oy XACHO shifts at high pH mostly to a species absorbing at 460 nm.
The titration process was confirmed (as opposed to decom-
5

position) by an immediate pigment recovery following rapid

. . pH decrease, indicating process reversibility. It was previ-
be perturbed during the photocycle. Following PSB depro- ously shown that the decrease in the &, pf synthetic

tonation and a proton release, the channel for the Schiff base gyina| analogues, bearing electron-withdrawing groups, is
(SB) reprotonation from the bulk is significantly pertu_rbed, reflected in the SB K, of the respective pigments,(10).
preventing SB reprotonation from the extracellular side. Therefore, these artificial pigments enable titration at a

relatively low pH range, preventing titration of additional
MATERIALS AND METHODS protein residues at high pH. Titration of 13-£BR (derived
Sample PreparationBR and its mutants were purified  from chromophore?) indicated that only ca. 70% of the
using published method§); The apoprotein was prepared pigment was titrated with a Ky of ~8.8, whereas the
as described elsewher8)(as well as the synthesis of the remaining fraction had aky of >12 (Figure 1A and Table
retinal analogues5( 9). Artificial pigments were prepared  1). Similar behavior was detected in the presence of a high
by incubating the appropriate apoprotein with-15equiv salt concentration (1 M NaClral M NaSQ;). The most
of chromophore and 30 mM phosphate buffer at pH 7 (room plausible explanation for the two titration phases involves
temperature). an additional protein residue which participates in the
Titration ExperimentsTitrations were performed in the  process. In an attempt to pinpoint this residue, we examined
dark by addition of small amounts of base (typicallyul2 13-CR; artificial pigments derived from mutants R82Q,
of 0.05-5 M NaOH, as appropriate) to the dark-adapted D96N, E204Q, and E194C. Both 13-€B96N and 13-Ck
pigment, followed by absorption measurements. The absorp-R82Q exhibited two titration transitions like WT; however,
tion at thedmax Of the PSB was plotted against the pH, and with a somewhat lower i, for both transitions (Figure 1B
the data were fitted to a modified equation of the form and Table 1). An especially lowerekpvalue was observed
for 13-CK-D96N. We attribute this observation to alteration
A= a + l1-a of the hydrogen bonding network in the SB vicinity caused
14+ 1Q'PH-PKa) 1 4 1 (PH-PK) by the Asp96 mutation. A completely different behavior was
observed for pigment 13-GE204Q in which the PSB could

whereA is the normalized absorbancejs the fraction of ~ Not be deprotonated below pH 12 (Figure 2A). Since it was
untitrated PSB, and is the cooperativity index (Hill index), ~ Suggested that the “proton-releasing complex” in bR is
in the cases of twolg, values. The second term was omitted cOomprised of both Glu204 and Glu194 residues, we have
if only one titration was observed. examined the 13-GFE194C pigment. In contrast to 13-gF
Determination of the pKof Chromophore3 SB. The E204Q, 13-CEE194C e>_<hib?ted a trend _similar to that of
apparent [, of chromophore (Scheme 1) Schiff base (SB) 1_3-C5—_bR. Namely, the titration curve indicated two tran5|-
was determined in an ethanol/water (1:1) solution. The tions with K, values of 8.4 and 10.9 (Table 1 and Figure
chromophore3 n-butylamine Schiff base was dissolved in 2A).
an ethanol/water (1:1) solution and mixed with an appropriate  13,14-Difluororetinal3 and 14-fluororetinal4 represent
buffer. Formation of the red-shifted protonated Schiff base additional examples of chromophores which have $8 p
was monitored by absorption spectroscopy. values intrinsically reduced relative to that of retinal SB in
Photocycle Intermediate¥he pigments’ photochemically  solution by ca. 4 and 2.5Ky units, respectively 1(1).
induced intermediates were monitored by irradiating the Titration of the artificial pigments derived from chro-
sample at 28C with a flash lamp using an appropriate cutoff mophores3 and4 indicated that only~60% of 13,14-diF-
filter (Schott), and following the formation and decay of the bR was titrated with a Ig, of 8.5 and~40% of 14-F-bR
photointermediates with an Agilent 4583 diode array spec- with pK, of 9.3, while the remaining fractions hadgs
trophotometer. above 12 (Figure 2B and Table 1). Similar results were
FT Raman MeasurementSamples were prepared by obtained in the presence of high salt concentrations (Table
washing the pigment with deionized distilled water or with 1) which offset the effect of the membrane surface potential
D,O in the dark. Measurements were carried out with a on the K, (12—14), and indicate that all protein residues
Bruker RFS100/S Fourier transform Raman spectrometerinvolved in the titration are similarly affected by salt. It was
(Bruker), equipped with a 1064 nm Nd:YAG laser system. previously shown that the effect of the membrane surface
The excitation laser was set up to 900 mW. Raman spectrapotential is diminished by a partial delipidation process via
were recorded in a backscattering arrangement, averagingreatment with CHAPS1(5, 16). Therefore, in a partially
100 scans at 2 cn resolution. delipidated form, the Ig, of Asp85 is reduced to a value
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Ficure 1: (A) Titration of 13-Ck-bR derived from chromophor2 in 30 mM phosphate buffer) and in 1 M NaCl @). (B) Titration
of 13-CFK-D96N (O) and 13-CE-R82Q @). Titrations were carried out in the presence of 30 mM phosphate buffer and 20 mM NacCl. In
all cases, solid lines represent the best fit to the modified Hendetdasselbalch equation.

Table 1: Calculated i, Values of SB Titrations of Artificial Pigments (WT and mutants) Derived from Synthetic Retinal Analogues

chromophore chromophore3 chromophoret chromophoré
pKar? ab pKa pKa ab pKa? pKar? ab pKa?  pKad ab pKa
WT 8.8 0.66 12.2 8.5 0.63 11.6 9.3 0.43 12.4 9.4 0.56 10.3
WT (1 M NacCl) 7.9 0.50 12.0 8.0 0.42 12.0 8.2 0.25 12.3 8.7 0.74 115
WT (1 M NaSQy) 7.9 0.55 12.0 7.8 0.32 12.1 8.9 0.69 12.0
WT (CHAPS) — 8.1 026 >12
D96N 7.5 0.79 10.3 8.2 — - 8.1 - - 8.3 0.60 9.4
R820Q 8.1 0.50 10.6 79 -— — 8.9 0.49 115 9.1 - —
E204Q >12 — - >12 — - >12 - - 7.9 — -
E194C 8.4 0.74 10.9 7.8 0.35 8.8 8.0 0.40 9.0
aThe error for K, values is£0.1.° a is the fraction of pigment titrated with the loweKp
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Ficure 2: (A) Titration of pigments 13-CE204Q () and 13-Ch-E194C @). Conditions were similar to those described in the legend

of Figure 1B. (B) Titration of pigments 13,14-diF-bR) and 14-F-bR @). Titrations were performed in 30 mM phosphate buffer. In all
cases, solid lines represent the best fit to the modified Hendetdasselbalch equation.

resembling its K, at high salt concentrations in intact obtained for pigment 13-GFE204Q derived from 13-GF
membranes. We have checked this effect on the SB titrationretinal 2. In contrast, 13,14-diF-E194C exhibited complete
of 13,14-diF-bR and observed a behavior similar to that of SB titration at low pH (K. = 7.8, and K, = 8.8) without
at high salt concentrations (Table 1). Namely, the partial the remaining untitrated fraction (Figure 3A). It is plausible
delipidation process eliminated the membrane surface po-that the (K, of the protein residue involved in the titration
tential effect on the SB titration. of 13,14-diF-bR is increased in the E194C mutant, and does
Pigments of E204Q reconstituted with chromoph&esd not influence the titration of 13,14-diF-E194C. Pigments 13,
4 (13,14-diF-E204Q and 14-F-E204Q) could not be titrated 14-diF-D96N and 14-F-D96N (Figure 3A and Table 1) did
below pH 12 despite the fact that the intrinsic SBavas not exhibit a clear separation for two titration transitions.
significantly reduced (Table 1). These results support those However, the titration was spread over a wide pH range (
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Ficure 3: (A) Titration of pigments 13,14-diF-E194©J and 13,14-diF-D96N®). (B) Titration of pigments 13,14-diF-R82@®j and
14-F-R82Q ©). Conditions were as described for Figure 1B. In all cases, solid lines represent the best fit to the modified Henderson
Hasselbalch equation.

units). The titration of 14-F-D96N revealed an unusually low changes its protonation state, thereby affecting the KB p
pKa (8.1), which suggests a perturbation in the protonated However, another possibility involves blocking of the SB
SB environment. Therefore, although located in the cyto- titration channel altogether due to deprotonation of a protein
plasmic side, the D96N mutation may affect the hydrogen residue, which possibly could be identified as Glu204. In
bonding network in the SB vicinity and perturbs itspThe the latter case, the SB titration rate would be reduced along
exact mechanism should be studied in future work. Mutant with the protein residue titration rate. However, complete
R82Q exhibited two transitions in both 13-£R82Q (Table blocking will be prevented due to a constant presence of a
1) and 14-F-R82Q (Figure 3B) but not in 13,14-diF-R82Q. protonated fraction of the protein residue. To distinguish
The K, of the SB is significantly decreased due to between the two possibilities, we have followed the absorp-
structural alterations1(7). Substitution of Asp85, which  tion of pigments 13-C{FbR and 13,14-diF-bR at pH 9 in
serves as a major component in protonated SB stabilization,which the titration was inhibited. We have observed that the
with a neutral residue reduces the SiB,po ~8 (18, 19). It titration proceeded at a very slow rate (few hours) until the
was noted previouslyl@) that the titration of the D85N  expected titrated fraction for the normal Hendersétas-
mutant involves two components. In keeping with this selbalch equation was reached. We note that during this slow
observation, we have observed that the titration of the D85N process a slow Schiff base hydrolysis reaction occurred. This
mutant has a fraction ef15% which is titrated with alg, reaction prevented a completely reversible titration, and only
of >12 (data not shown). This observation further supports ~85% of the titrated fraction was reversible after ca. 4 h.
our finding that an additional protein residue is involved in However, these results clearly indicate that the titration of
the SB titration once the SB{ais ca. 8. Another possibility  the protein residue blocks a channel for the SB titration. To
of altering the SB K, is via conformational rearrangements support these results and identify the protein residue which
in the retinal binding site. Such an effect can be introduced perturbs the titration channel, we have followed the absorp-
by employing the artificial pigment 11,14-epoxy-bR (derived tion of 13-CR-E204Q and 13,14-diF-E204Q at different pH
from retinal analogu&) which enforces structural alterations values below 10. We did not observe any titration even after
in the retinal binding site due to its unusual structut@)( 12 h. This result supports the view that deprotonation of
These alterations increase thK,mof Asp85 and decrease Glu204 blocks the SB titration channel since, obviously,
that of the SB. Spectroscopic titrations of artificial pigments titration of Glu204 was eliminated in E204Q.
derived from chromophorgand a series of mutants indicate In contrast to the SB titration, HD exchange at the
two titration transitions whoselfy values are ca. 9 and 16:5 protonated SB of E204Q could be achieved at pH 7. This
12 (Table 1). We note the following observations for the was demonstrated by monitoring the=®l stretch of the
artificial pigments derived from chromophadbe(1) Like the E204Q mutant using the FT Raman technique. A charac-
results (described above) obtained for mutant D96N, this teristic shift from 1640 to 1620 cm was observed following
mutation decreases the SB4in the artificial pigment 11,- exchange of KD with D,O (data not shown).
14-epoxy-D96N (Table 1). (2) The titration of 11,14-epoxy- SB Titrations in a Photocycle Intermediat@revious
R82Q could not be separated into two transitions. (3) studies have indicated that the rate of decay of the E204Q
Interestingly, unlike the (described above) fluorinated arti- O photocycle intermediate to the initial pigment is decreased
ficial pigments derived from mutant E204Q, 11,14-epoxy- relative to that of the native pigment. This effect is probably
E204Q did exhibit a low SB I, (7.9) which obeys the  due to a lack of an intramolecular proton acceptor (Glu204
normal HendersonHasselbalch titration. Glul94-water complex) for the Asp85 proto2@). Spec-
Slow Titrations and H-D ExchangeThe above-described  troscopic titration of 14-F-bR suggested that tt& pf the
titrations were carried out by measuring the absorption SB in the O-like intermediate is ca. 11, and was reduced to
immediately following pH adjustment. The two unusual ca. 9 in 14-F-E204Q 21). Our above-described studies
transitions revealed in most of the titrations may originate suggested that the protonation state of Glu204 affects the
from an interaction with another protein residue which proton channel for the SB titration in the ground dark state.
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0.02 4 its titration is perturbed. We suggest that deprotonation of a
protein residue whosely is ca. 9 significantly affects the
channel for the SB titration. At pH>11, other protein
residues are deprotonated and reopen the titration channel
or, alternatively, allow for titration via new channels.
Therefore, it appears that in WT pigment the€, pf the Schiff
base is indeed ca. 13, as demonstrated previodsB).(The
channels for the WT SB titration (which were blocked by
titration of a protein residue with a{ of ca. 9) are reopened
by titration of other protein residues at high pH. Interestingly,
at high pH (ca. 9.5), Asp85 is titrate@3), whereas the
titration of the SB is inhibited. This may indicate that at high
pH the two residues are not titrated via an identical channel.

Identification of the Protein Residue Responsible for
Blocking SB TitrationThe titration of the SB is completely
inhibited in mutant E204Q at pH12 which indicates that
the mutation blocked the channel for the SB titration. The

) ) titration is possible only at high pH due to deprotonation of
Ficure 4: Photocycle of pigment 13-GE204Q. The pigment was . : o
irradiated at pH 7 with a cutoff filter of 540 nm, followed by additional groups which reopen a new channel for titration.

monitoring the decay of the long-lived intermediate. Arrows denote \We suggest that residue Glu204 is an important component
progression of spectra 0, 7, 12, 17, 22, 34, and 77 s after irradiation.in the SB titration channel. It is tempting to identify Glu204
Difference spectra were obtained by subtracting the spectrum beforeas the residue with akg of ca. 9 which inhibits the SB
wgféaé'gtgif;%g EQE sae\?;iéicgfr%egr?;t%r irradiation. Similar results tiyration upon its deprotonation. A similarkp value was

P ' previously suggested for Glu2023 24). While in mutant

Mutation of Glu204 closes this channel at neutral pH and E204Q titration of the SB linkage is blocked:® exchange
prevents SB titration. To check the validity of this effect Still takes place. It was previously show2d] that the time
during the lifetime of the photochemically induced O Scale of H-D exchange of the SBin bR is considerably faster
intermediate, and whether the SB of the O intermediate canthan that predicted by mechanisms based on base-catalyzed
be titrated at pH<7, we have studied the photocycle of 13- deprotonation followed by reprotonauon. Such mechanlsms
CR:-E204Q. It is expected that the O intermediate of this Were therefore excluded, leading to an alternative mechanism
pigment will have a very low SBHy due to both fluorine basgd on Q|rect interaction of a water molequle W!th thg
substitution and Glu204 mutation. Irradiation of pigment 13- Schiff base in a concerted exchange step. The inapplicability
CF:-E204Q with a flash lamp at pH 7 gave a long-lived of the base-catalyzed mechanism was later supported by the
M-like intermediate which thermally decayed to the pigment rate measured for Schiff base deprotonation which was
with a k of 0.05 s (Figure 4). The decay rate of the M Shown 6) to be slower by a few orders of magnitude than
intermediate in the photocycle of bR is significantly increased H—D exchange. The concerted mechanism, involving a water
following blue light irradiation. In contrast, the decay rate Molecule interacting with the Schiff base, is based orlH
of the M-like intermediate derived from 13-gE204Q was ~ €Xxchange between the external agueous medium and the
not affected by blue light irradiation. lllumination of 13- exchanging water molecule, followed by exchange between
CFR:-E204Q at pH 5 similarly produced an M-like intermedi- the latter and the Schiff base. The results presented here,
ate which thermally decayed to the pigment witk@f 0.29 indicating that E204Q mutation blocks the channel for SB
s~L. The results may imply that the SB of the 13£H204Q titration but not for H-D exchange, support different
O intermediate has akp of <5. mechanisms for the two processes.
Deprotonation of Glu204 obviously introduces a negative
DISCUSSION charge; however, its substitution with asparagine does not
Substitution of the retinal polyene with electron-withdraw- change the charge balance, but still completely blocks the
ing groups such as fluorine enables titration of the Schiff SB titration. Therefore, it is possible that deprotonation of
base at relatively low pH, preventing high pH values which Glu204 or its substitution with asparagine modifies the
may cause titration of additional protein residues. This study hydrogen bonding network which is crucial for an effective
clearly indicates a complex titration of the Schiff base linkage SB titration channel. Indeed, X-ray studies of mutant E204Q
which is associated with more than one protein residue. It indicated considerable rearrangement of water molecules in
was previously suggeste@2) that the titration of Asp85  the vicinity of GIn204 R6). Alternatively, it was proposed
which controls the purple- blue transition of bR is complex  that Glu204 is deprotonated in the ground st2@,(and its
since this residue interacts with the proton-releasing complexproton is stabilized by a water cluster. Increasing the pH or
located in the extracellular part of the protein. The proto- Glu204 substitution can both lead to deprotonation of the
nation state of this complex affects and modifies tKg @f water cluster and significantly modify the SB titration
Asp85, leading to a titration which involves several transi- channel. We note that while the E204Q mutation completely
tions. However, this model does not apply to the SB titration blocked the SB titration, deprotonation of Glu204 consider-
since we have found that at pH ca. 9 the titration of the Schiff ably reduces the titration rate but does not block it com-
base is not completely inhibited but its rate is significantly pletely. We attribute the slow titration to a minor protonated
decreased. Therefore, the SB s not altered, but rather, fraction persisting in the titration mixture.
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It was suggested that the proton-releasing complex in bR deprotonation of the proton-releasing complex is much faster
consists of residues Glu204 and Glul94 and water, sincethan titration of the SB. The deprotonation process consider-
mutation of either Glu204 or Glul194 significantly affected ably reduces the SB titration rate and practically blocks its
the proton release proces8(29). However, while substitu-  exposure to the extracellular side. In this respect, we note
tion of E204 with asparagine completely blocked the SB that the [K, of the SB was determined in the late M state of
titration, substitution of Glu194 (with cysteine) did not affect mutant D96N to be 8:28.3 (38). This value might be true
it. This result further indicates the important role that residue also for the wild type and raises the question of why the SB
Glu204 plays in affecting the channel for SB titration. The is not protonated from the extracellular side at this stage but
sensitivity of the channel effectiveness to the protein captures a proton from an internal residue (Asp96). Blocking
conformation and the structure of the hydrogen bonding the channel for SB titration via deprotonation of the proton-
network is demonstrated as well by studies of pigments releasing complex may provide an explanation for this
derived from chromophorb. This chromophore is signifi-  phenomenon.
cantly distorted due to its furan ring which induces protein  As suggested previously, the SBjof the O intermediate
conformation alteration in the SB environment, and increasesis ca. 11, since deprotonation of the protonated SB was
the (K, of Asp85 (L7). However, mutation of Glu204 with  detected in artificial pigments which have a long-lived O
asparagine did not block the SB titration in 11,14-epoxy- intermediate Z1). This K, value was further confirmed in
E204Q, probably since the distorted chromophore hasthis work in the 13-CEE204Q pigment. The K, of the
modified the titration channel. The titration of 11,14-epoxy- retinal chromophore SB was intrinsically reduced by ca. 5
E204Q SB further supports the suggestion that titration of pK, units, which is reflected in the SBKp of the O
Glu204 significantly decreases the rate of SB titration since intermediate. Thelg, is further reduced due to the mutation,
in this pigment the titration obeys Hendersddasselbalch ~ and irradiation of the pigment yielded a stable O intermediate
titration involving only the SB moiety (Table 1). which consists of a retinal SB (rather than a protonated SB)

Implications for bR Functiorf-ollowing light absorption, even at pH 6. This result implies that the O intermediate SB
the protonated SB, which is exposed to the extracellular sideis exposed to the bulk solution and can be deprotonated even
(6, 30), transfers its proton to Asp85. This event is followed though residue Glu204 is deprotonated or mutated. The decay
by a proton release from the proton-releasing complex of the O intermediate to the bR initial state is associated
associated with Glu204, Glu194, and water molecules locatedwith a proton transfer from Asp85 to the proton-releasing
on the extracellular side. To complete the pumping process,complex possibly through Asp2123g, 40). In mutant
the Schiff base has to undergo a “switch” process which E204Q, the proton of Asp85 is directly transferred to the
exposes it to the cytoplasmic side. Several mechanisms havédulk (20). Therefore, Asp85 is probably exposed to the
been suggested for the switch process: (1) reorientation ofextracellular side in the WT as well, and may connect the
the Schiff base nitrogen from the extracellular side to the protonated SB to the bulk medium. It is plausible that during
cytoplasmic side due to a change in retinal curvature the photocycle the SB experiences different levels of
following deprotonation31, 32), or following alterations in exposure to the bulk medium.
electrostatic interactions, including the movement of water  The thermal decay of the O intermediate in 13;E204Q
molecules 83—35); (2) deformation of helix C during the is unusually slow probably since its chromophore consists
photocycle 86); (3) movement of a hydroxyl anion from of a SB rather than a protonated SB. It is conceivable that a
the extracellular to the cytoplasmic sid&7); and (4) an major driving force for the deprotonation of Asp85 and
increase in the I§, of Asp85 during the photocycle which  transfer of its proton to the proton-releasing complex or to
enforces protonation from Asp9@3). the bulk medium is associated with the presence of a

Although the exact switch mechanism has not been positively charged Schiff base that participates in the decrease
elucidated, it is clear that SB reprotonation from the inthe K, of Asp85. Since this mechanism is not operative
extracellular side should be prevented during this process.in 13-CR-E204Q, a (slow) protein conformation alteration
One mechanism is associated with a very low $&which is required to reduce theKp of Asp85 and induce its
will prevent reprotonation. Thek of the SB in the dark  deprotonation, thereby increasing the S8;@and inducing
state is ca. 134 5), but its M intermediate value is unknown. its protonation.
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