Biochemistry1998,37, 280742817 2807

Time and pH Dependence of the L-to-M Transition in the Photocycle of
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ABSTRACT. The pH dependence of the L-to-M transition in the photocycle of bacteriorhodopsin was studied
in pump—probe resonance Raman (RR) flow experiments in the range pH7/385n a time scale of
0—700us. For pH< 5, following the initial decay of L to M, the two intermediates approach nearly
constant levels. From a specially designed perturbatiefaxation experiment at pH 4.6, in which the
composition of L and M is perturbed by photoreversal of M, it could be concluded that the incomplete
decay of L is due to an intermediate equilibration between L and M. It was found, by both RR and
optical transient spectroscopy, that the maximum level oF-MJQO0 us) increases with pH according to

a pK, of 5.6 (150 mM Nd). Since the proton release from an internal group XH to the extracellular
surface is determined by nearly the sarig of 5.7 [Zimanyi, L., Vard, G., Chang, M., Ni, B., Needleman,

R., and Lanyi, J. K. (1992Biochemistry 318535-8543], it is concluded that this increase is controlled

by the dissociation of XH. From the analysis of the perturbatieiaxation experiments and the
multiexponential rise of M, a kinetic scheme with two sequentialM. equilibria is proposed for the
L—M transition. By comparison with the time behavior of proton release [Heberle, J., and Dencher, N.
A. (1992)Proc. Natl. Acad Sci U.SA. 89, 5996-6000], it is suggested that it is the second equilibrium
which is further shifted toward the M state by the dissociation of XH. From the magnitude of this shift,
it is concluded that the £M transition and proton release are not as strongly coupled as is generally
assumed. Instead, it is proposed that structural changes during the photocycle are the dominating factors
which reduce the g, of XH to ~5.7 so that proton release becomes possible under normal conditions.

The retinal protein bacteriorhodopsin (bR), which is found It is well established that during the-IM transition the

in the archaeoitalobacterium salinariumacts as a light-  Schiff base proton is transferred to the counterion D&5 (
driven proton pump (for reviews, see refs-4). The bR 7) and later, during the formation of the intermediate N, is
protein molecules are regularly arranged in particular frag- reprotonated. In the past few years, great efforts were made
ments of the cell membrane (purple membrane). On to obtain a deeper insight into the molecular mechanism of
illumination, bR is able to pump protons from the cytoplas- proton release to the extracellular surface during the photo-
mic to the extracellular side of the membrane. This leads cycle of bR. Important progress was made when the
to a proton gradient which is used by the cell to drive ATP. appearance of released protons could be monitored by pH
Sindicator dyes which were covalently bound to residues at
the surface §—11). It was found that under normal
conditions in wild-type bR the appearance time nearly

linked to a light-induced cyclic reaction (photocycle) of the
retinylidene Schiff base chromophore of bR. In the un-
photolyzed state, the chromophore has its absorption maxi-

mum at~570 nm (the parent chromophore is desianated b coincides with the time_ constant of the-IM transition,_i.e.,
BRs7o, Or simply b(y BFFQ)). After the pﬁmary photo?eaction Y the transfer of the Schiff base proton to the counterion D85

in which retinal, in<1 ps, is converted from thal-trans to (~100us). However, it was found that the two events do
the 13-cis configuration (ref 5 and citations therein), the NOt occur completely synchronously. Since the counterion
chromophore runs through a series of thermally controlled D85 remains protonated at least throughout the lifetime of

intermediate states M (2—4 ms) it is obvious that the proton which appears on
a time scale of~100 us at the extracellular surface is not
Ksod® PS), Lesd1.2515), My1(100us), identical with the original Schiff base proton. It was

Nse(2—3 ms), Qo3 ms), BR7{10 ms)  therefore proposed that the proton release to the surface is

until the parent-state BR is reestablished. In this series, Mediated by an additional grou2). Direct evidence for
the appearance times, given in parentheses, refer to normajhe existence and function of such a group, called XH, could
conditions (20°C, neutral pH) and the subscripts denote the be inferred from time-resolved titration experiments in which

absorption maxima in nanometers. the released protons were monitored by pH indicator dyes
in the bulk agueous mediunid). It was found that the
* To whom correspondence should be addressed. release of protons is correlated with a dissociation equilib-
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rium between XH and the aqueous medium, which is To use this correlation as a probe for the release process,
established during the first phase of the photocycle. For thewe studied the EM transition in the pH range 3:57.8,
dissociation of XH, a 5 of ~5.7 was obtained (in 100 mM using both time-resolved resonance Raman (RR) and optical
KCI) (13). This result implicates that “normal” proton transient spectroscopy.

translocation (release precedes reuptake) takes place for pH |n the analysis of the photocycle of bR, it is usual to fit
> pKa=5.7. It must be noted that for pH pK,, the release  the kinetic results by introducing back reactions between two
is delayed until the reuptake of a prototB-16). Thisis  subsequent intermediatés, 4). This procedure, which is
also the case in some mutants of bR (t&fand citations justified for principle reasons, leads to the establishment of
therein). Evidently the g, of XH must be high enough in  intermediate equilibria. In the case of the-M transition,
the unphotolyzed state to prevent its dissociation under such an equilibrium is indicated by the observation that for
normal conditions. XH therefore must be a group close to pH <5 the decay of L to M is not complete during the
the surface whoseia is drastically reduced during the cycle  photocycle(28). However, conclusions on the-M equi-
so that under normal conditions the ejection of a proton |ibrium, on the basis of kinetic data alone, are ambiguous,
becomes possible. since the same time behavior for L and M can be obtained
From calculations of ik changes on the time scale of the by different kinetic scheme$28). We therefore have
L—M transition, it was predicted that the residue E204 might designed a special perturbatierelaxation experiment which

be a candidate for XH 18-20). Indeed, it could be s based on time-resolved RR spectroscopy. This enabled
confirmed that this residue must be involved in the release us to identify the reversibility of the £M transition in a
process since in the mutant E204Q the normal release procesgirect way.

is abolished Z1). However, in a recent _report, it could_ be_ From our data on the time and pH dependence of thmL
shown that the replacement of the residue E194, which is yansition, a kinetic scheme will be proposed which involves
located close to the extracellular surface, by the residue C194;,,, sequential EM equilibria. It will be seen that the
also inhipits the nO(maI release proce2g)( This suggests appearance of the release process shifts the secemd L
that XH is not a single residue but has a more extended gqilibrium further toward the M state. It is a fundamental
structure with contributions from several residues and question as to whether proton release is triggered by the
probably from water molecules. It may also be that the | _ ransition. Mainly due to the near coincidence of the
proton is delocalized within this complex. This should be 4y events, it is widely accepted that this is the case although
kept in mind when the term “release group” is used. unequivocal physical evidence is missing. In this paper, this
The results of titration experiments on D85 in the proplem is again discussed on the basis of the kinetic data
unphotolyzed state of bR play an important role in the present ¢ are presently available. It will be seen that a kinetic

discussion of the release process. Such experiments revealegcheme in which the two events are not strongly coupled is
a strong coupling between D85 and another dissociable groupsypported by our results.

called XH, in such a way that thelq, of X'H is drastically
reduced by~5 pH units when D85 is protonated, and
conversely, thelg, of D85 is increased by5 pH units once
X'H becomes deprotonate?¥—25). It has been argued that
X'H is identical with the release group XH7, 22, 23, 26). Purple Membranes (PM) These were isolated from.

It was proposed that the strong coupling between D85 andsalinariumas described9). Purified samples of PM were
XH also holds during the photocycld, 23). This leads provided by the Max Planck Institute for Biochemistry in
to a model in which the drop of thekp of XH from ~9.5 Munich. All experiments were performed at room temper-
in the unphotolyzed state te5.7 during the cycle is induced ~ ature (~22 °C) with highly diluted aqueous suspensions of
by the protonation of D85 during the-tM transition (L7, PM, set to an optical density of 1 at 570 nm (48! bR).

23, 27). This model supports the general assumption that The pH in the PM suspensions was varied between 3.5 and
the L—M transition triggers the release function. However, 7.8 by using a 100 mM citrate or phosphate buffer system.
it must be noted that, due to structural changes during the The mean concentration of Navas 150 mM (pH 6).
photocycle, the coupling strength between D85 and XH in  CW Dual-Beam (PumpProbe) Flow Experiments Using
the M state may be different from that in the unphotolyzed RR Detection This technique has been described earlier in
state. Consequently, it cannot be taken a priori for granted detail 28, 30). The variable parameters of the pump beam
that this coupling is the dominating factor that controls proton are the rate constant of photolysiig @nd the residence time,
release. At, of a sample element in the CW laser bealgis given

From the coupling between D85 and the release group oneby the product of the quantum yield of photolysis, the
would expect that under conditions where XH is dissociated absorption cross section, and the photon flux density of the
(pH >5.7) the often invoked equilibrium between L and M laser. The residence timAt is determined by the 17e
(1, 4) is shifted toward the M state so that the maximum diameter €,¢?) of the laser beam and by the flow velocity.
amplitude of M is raised. Indeed, such an effect had been The degree of photolysis is determined by the prodisft
found for wild-type bR and described by & pof 5.6 28). (photoconversion parameter). For sufficient photolysis in
In the case of the recombinant D96N, a corresponding effect, the pump beariyAt > 1 is required, whereas in the RR probe
i.e., a decrease of the ratio LAV, had been reported which  beam §At < 1 is chosen to keep unwanted photolysis at a
is correlated with a i, of 5.8 (13). low level. The delay timeg, between the photolysis and

It is thus apparent that the dissociation of XH during the RR probe events is given by the lateral distance of the two
photocycle and consequently the proton release in its pH andparallel beams and the flow velocity. Normatyis varied
time dependence are directly reflected by theM transition. by changing the lateral distance.

MATERIALS AND METHODS
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As flow system, a spinning cell of cylindrical shape with M,,,
a diameter of 40 mm and an optical path length of 5 mm N Lsso
was used. The rotational period of the cell was large BR 560 ~
. 570 1 ©
compared to the period of the photocycle so that unphoto- 2 o 2
lyzed sample always entered the pump beam. The optical N o 2% [
layout of the pump-probe experiment, the RR detection § d L
| 1

equipment, and the analysis of the pungpobe spectra were
essentially the same as described in our earlier wag (
30). A three-beam experiment that consists of two pump
beams and a Raman probe beam was designed for the
exploration of a potential £M equilibrium and is described

in the text.

Laser Flash Photolysis.Optical transients of purple
membrane suspensions were measured at selected probe
wavelengths using the same procedure and equipment as
described earlier28). However, the energy of a single laser . . ;
pulse (532 nm, 8 ns) was attenuated by a factor of 310 SN
mJ giving a photoconversion parametereaf. Under such 1500 1540 1580
conditions, secondary photoreactions that induce an unwanted
long-lived M component can be widely neglect&i)( To . - _
measure the pH dependence of the amplitude of a transienflGURE 1: The strongest (“diagnostic”) bands in the RR spectra of

. . o h he parent chromophore BRand the intermediate statess, Nsgo,
signal in a quantitative way, the following procedure was 5,4 w,., The spectra of the intermediates were obtained in pump

used: Two samples of different pH but of exactly the same probe flow experiments as described in the text and under conditions
optical density £1 at 570 nm) were prepared. One of the where the respective species is significantly accumulated.

samples served as a standard of constant pH. For subsequent
pulses of the pump laser (repetition rate £)sthe two 4 8/ps : 1
samples were moved alternatively into the measuring position 500
where pump and probe beams cross each other under 90 pH4.6 a
Since fluctuations between subsequent pulses were small, a
guantitative analysis of the two transients at sufficiently high
accuracy is possible.

—
- 1528

Raman Intensity

i

Aviem

RESULTS

(L] / ABR, [M] / ABR

Diagnostic RR Bands in the Photocycl&he temporal
evolutions of BR and its intermediates L, M, and N were
monitored in pump-and-probe flow experiments as described
in Methods (for a recent review, see ). Since the RR
spectrum of BR, and the spectra of L or N strongly overlap
under all excitation conditions, the contribution of bR has
to be subtracted in order to obtain the pure spectra of L and
N. In the case of M, a pure spectrum can be obtained by
selective excitation in the violet.

The strongest bands in the RR spectra of the four species
of interest are depicted in Figure 1. These bands refer to
C=C stretching vibrations of the retinal chain. They differ
in a characteristic way, in both frequency and shape, and
therefore are ideally suitable for diagnostic purposes. Evi- 0 .
dently, the integrated intensities of such bands are directly 0 3/us S00
proportional to the respective concentrations. For a quantita- 5, s - Temporal evolution of L, M, and & N for pH 4.6 and

tive analysis, the RR cross sections, which for each species7.3 on a time scale of 70@s as deduced from the integrated
correlate intensities and concentrations as a function of intensities of the diagnostic RR bands in punrgsobe flow

excitation wavelength, must be taken into acco@®).(In experiments. The data_ are displayeq as fractional_ concentrations
this paper, we are interested in following the time depend- Normalized to the fractiodBR which is photolyzed in the pump

. . - h beam.At, is the dwell time of a flowing sample element in the
encies of BR, L, M, and N. This can be done in an optimum pump beam.
way by choosing the laser line at 476 nm for excitation since
for this line the RR cross sections of the four species are of The L—M Transition at pH 4.6 and 7.3 The decay of L
comparable magnitude. For the analysis of the strongly and the concomitant rise of M, as obtained from RR
overlapping RR bands of L and N in the presence of a high experiments, are depicted in Figure 2 for pH 4.6 and 7.3 on
population of M, the laser line at 514 nm was used since for a time scale of 70@s. For this diagram, the data from earlier
this line the RR cross section of M is considerably smaller experiments 8, 32) and from our present studies were
than that of L or N. considered. In all cases, the laser line at 476 nm has been

[L+N] /ABR, [M] /ABR

0
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used for RR excitation. The data are represented as fractional Al N - '
concentrations [BR], [L], [M], and [N] which are defined by @ 7P 1 L \TPHTA )

fl, +fuly + Ty T lgg = [L] + [M] + [N] + [bR] =
1 (1) ] —pH47

wherel, Iy, andlyr are the integrated RR intensities of the
diagnostic bands normalized to the band intenkjgfo) of
unphotolyzed bR. The data were referred\®R, which is

the fraction photolyzed in the pump beam. In eq 1, the
formation of the intermediate O is neglected, which is
justified for the time range under consideration. The factors
f., fw, andfy refer to the ratios of the RR scattering cross
section of BR to the respective cross sections of L, M, and
N. Forigr = 476 nm, the data are consistent with= 0.82 1520 1576 1620 0 5
and fy = 1.6. For pH 7.3, a conversion of L to N is

observed. For instance, at= 500 us, about half of L is ] )
Ficure 3: (a) The diagnostic RR bands of M probed &= 430

transformed to NZ8). In the analysis of Figure 2, it is ; ; oY
hat th : f h us in pump-probe flow experiments for pH 4.7 and 7.4. A spinning
assumed that the cross sections of L and N are the $ame( cg|| was used consisting of two compartments of equal size, filled

= fn). In view of the great similarity of the two chro-  with samples of different pH but of the same optical density. The
mophores, this approximation is justified. It can be seen in band intensities are directly related to the relative concentrations
Figure 2 that for pH 4.6 only~60% of L is transformed to ~ 0f M in the two samples. Pump beani: = 514 nm (140 mW),

i . . dye = 100um. Raman probe bean¥ = 406 nm (9 mW)dye? =
0 1/ u p
M. This is entirely different for pH 7.3, where nearly 90% 100um. (b) Optical transient signals, probed at 430 nm for pH 4.7

is c_onvgrted to Mor N. - and 7.4, respectively, using the special measuring procedure
Titration of the L—M Transition When the pH depend-  described in the text.

encies of [M] and [L+ N] as obtained from earlier data
(28), monitored foré = 500 us, are displayed in the range (a)

Raman Intensity
Mo/ 107

1566

AV [em™) t [ms]

pH 3.5-7.6 it can be seen that [M] rises at the expense of x —— PHX
[L + N] with increasing pH. If the data are fitted by E 1 T17T515.4]55158]6.166]7.117.617.8
Hendersor-Hasselbalch equations € 1), one obtains g, o 1.2
values of~6. 5 1]
In the present study the pH-dependent increase of M was S
tested by two independent measurements. The firstonewas = 1.0
an RR experiment using a rotating cell with two compart- 2 09
ments of equal size which were filled with samples of % ]
different pH but of the same optical density. This technique = 087
allows one to record the RR spectra of two samples quasi- T 0.7
simultaneously and thus to achieve high accuracy in their < A R L R B A R R R S R A
= 0101010101010101010

comparison §3). A specific result is shown in Figure 3a
for a pair of samples with pH values of 4.7 and 7.4, (b)

respectively. It can be concluded from the analysis of the : -—
two bands by a band-fitting procedure that the band
maximum of M, probed fo) = 430us, increases by a factor

of ~1.38 when the pH is raised from 4.7 to 7.4.

The second measurement was based on transient studies
at 430 and 412 nm, in the region of the optical absorption
band of M. It is evident that the pH-dependent increase of
M, as inferred from our RR experiments, should also be
observable in optical transient studies. However, such an
increase had not been reported earlier for wild-type bR and
only had been found for some mutant3,(34). It was
therefore a challenge for us to search for such effects in wild-
type bR. For this purpose we designed an experiment that
allowed us to determine the amplitude of the transient signal
(I\)/];alt\grgslsaa:]ltjjnlf/ﬂeczﬂo?j];)pH in a quantitative manner (see 3b, in the range pH 4:77.8. One of the signals refers to the

" >/ o standard sample at pH 5.1. (b) Normalized amplitudes of M as

Transients for two different pH values are shown in Figure inferred from the transient signals in (a). The data points are fitted

3b, confirming the expected increase of the M amplitude. by a HenderssonHasselbalch equation withkg = 5.7 & 0.1.

In the representation of Figure 4a, each transient foripH

referred to its standard sample at pH 5.1. The amplitudesof M. The application of two time constants, for the rise of
of the M signals were obtained by fitting the transients with M (cf. Figure 8) did not change the results. In Figure 4b,
three time constants, one for the rise and two for the decaythe amplitudes obtained in this way for a probe wavelength

AulPH X) / A(pH 5.1)

Ficure 4: (a) Pairs of optical transient signals, obtained as in Figure
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Ficure 5: Scheme of a three-beam perturbatioelaxation experi-
ment which allows us to examine the existence of an intermediate
equilibrium between L and M. P first pump beam which produces
L(Py) and M(R) which equilibrate with an arbitrarily chosen time
constant of 9Qus. B: perturbation beam which depletes MP

R: Raman probe beam by which the composition of L and M can
be monitored for different delay times L(P;) and M(R) show

the exponential time course of the relaxation event, calculated again
for a time constant of 9@s.

of 430 nm and normalized to the standard sample, are
displayed as a function of pH. A fit with a Henderson .
Hasselbalch equatiom & 1) gives K, = 5.7+ 0.1 and an B
increase of M from the low- to the high-pH limit by a factor

of 1.37+ 0.04. The experiment was repeated with a probe AV fem AV fem”

Wavelength of 412 nm giving aip of 5.5+ O_'123 and an FIGURE 6: Results of a three-beam perturbation experiment for
increase by a factor of 1.44 0.08. By averaging such data, different positions of the two pump beamsand B and the Raman
one obtains i, = 5.6+ 0.1 and a value of 1.4%+ 0.06 for probe beam R. The given numbers refer to the integrated band

the increase factor of M. intensities of the diagnostic RR bands on a relative scale. The

. . numbers in parentheses refer to the corrected intensities as described
A Three-Beam Perturbation RR Experiment at p.4 i, the text. The given delay times among, ®, and R were

Our results on the time and pH dependence of thevL obtained from the lateral distances of the parallel beams and the
transition in the range pH 3:57.8 would fit into the  flow velocity of the sample in a spinning cell;:PA = 476 nm
following model: In the low-pH limit, an intermediate (190 MW),dye = 220um. P;: 4 = 406 nm (38 mW)dye = 130
equilibrium is established between L and M which in the ﬁglR' A =476 nm (4 mW),dye = 80 um. Flow velocity, 6

high-pH limit is shifted considerably toward M. The pH
transition between the two limits can be described bYXap  The results of our perturbatiemelaxation experiment are
of 5.6. However, this model is ambiguous, since the displayed in Figure 6. In this representation, the contribu-
observed phenomena may be explained in different ways,tions of bR are subtracted. The unmodified spectra have
for instance, by the superposition of different reaction recently been published elsewher80,(40). The three
pathways £8). parallel CW laser beams, PP, and R were focused under
The question of whether and to what extent arM different diameters into the liquid sample in a rotating cell.
equilibrium exists in the low-pH limit can be answered by a Whereas Pand R were derived from the same argon ion
perturbation-relaxation experiment as described schemati- laser beam at 476 nm, the perturbation beanatP06 nm
cally in Figure 5. A similar experiment had been performed was obtained from a krypton laser. All three beams were
earlier in our laboratory for pH 736). In this procedure, polarized in the plane of incidence of the spectrometer. As
the parent chromophore BRis photolyzed by a first pump  usual, RR scattering was detected perpendicular to the Raman
beam (R) producing L(R) and M(R). After a delay of 230 probe beam.
us, the sample is perturbed by a second photolysis beam P It is an important feature of this experiment that, under
which partially reconverts M to BR36—39). As a conse- otherwise unchanged conditions, the perturbation beam P
guence, the fraction of M is significantly reduced. If, as is is interrupted periodically. This allows a quasi-simultaneous
assumed in Figure 5, L and M undergo an equilibration with recording of the spectra in the presence and absencg of P
a single time constant of90 us, L(P,) and M(R) would This implies that the spectra in (d),ab, b), and (c, ¢ of
relax to the equilibrium after the perturbation event according Figure 6 refer to exactly the same intensity scale and
to this time constant. If, for instance, the sample is probed therefore are directly comparable.
for 0 = 655us by the Raman excitation beam R, one would  Analysis of the Three-Beam Experimefithe spectra in
expect that the equilibrium is completely reestablished. Figure 6 were analyzed by band-fitting procedures. The

T 71 7 T T 11T 7717
1500 1520 1540 1560 1580 1500 1520 1540 1560 1580
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FiGure 8: Optical transients at 412 nm which display the rise of
M for pH 4.6 and 7.2, respectively.

Raman Intensity

is straightforward, since the,#hduced increment in L of
170-134= 36 iu has not yet further developed. Inthe case
of (b') and (¢), this increment has to be distributed according
to the intensity ratio of L and M in (a) and (b). In this way,
one obtains the corrected intensities which foy, (@'), and
(c') are given in parentheses.

It can be concluded from the corrected intensity values in

(b") and (¢) that after the perturbation event M gradually
increases at the expense of L, indicating the reestablishment

—
1500 of the equilibrium value. From such data, a time constant
- A for relaxation to the equilibriumz{e) can be obtained. For
AV /lcm this purpose, an expression for the ratio [M(B(P,)] is

Ficure 7: Deconvolution of mixed spectra of L, N, and M by band deduced from the relaxation model in Figure 5. This
fitting with Lorentzian line shapes on the basis of the pure spectra expression depends agy, the delay timed(P,,R), and the
of L, N, and M. The calculated bands are superimposed on a eqyjlibrium value [M/LL, In this way,z can be calculated

baseline which for convenience is somewhat downshifted with . . .
respect to the true baseline. The difference between the measureérom our data if one takes into account that the concentration

and the calculated spectra is given on a second arbitrarily down- ratios [M/L] are obtained by multiplying the respective
shifted baseline. (a) Pure L: (position, width, and relative maximum intensity ratiosly/I. by the factor {u/f )iz = 1.95 (see
intensitiy of the subbands, respectively);) #1539 cnt?, 13.7 cmi?, above). The equilibrium value [M/L] is taken from (c)
100 ru; () 1551.5 cm*, 12.4 cm*, 91 ru. (d) Pure N: (1) 1532 ginee forg = 655us it can be assumed that the equilibrium

cm™1, 13.9 cnrt, 100 ru; 1549 cnrt, 10.7 cnT?, 48 ru; ; . ;
1575 e, 10.5 cnrt, 13 53) The pure spectrum of M (cf. F(iré)ure is largely established, and due to the measuring procedure,

1) consists of two closely lying subbands: 1jm564 cnt?, 8.3 the data in (c) and (tare directly related to each other. In
cm %, 57 ru; (my) 1568.4 cmt, 9.8 cn1?, 100 ru. For the mixed  this way, one obtains with [M/lg}, = 2 (from (c)), foro(P,,R)
spectra in the following the relative weighting factors are given: = 200 and 425us, values forre of 166 and 203us,
f\?) ;;5.10,\5')’ %’777’ M, 29'4: ©L, 45'5' N, 100; M, 21. (€) L, 100; respectively, giving a mean valdg, = 185us. This is much

, i M, 6.7. () L, 95; N, 100; M, 10.8. Pump and probe . 0 .
conditions: (a) pump bean,= 647 nm; Raman probe beam, 514 larger than the time cons_tant of ﬁ@_ whl_ch is obtalne_d when
nm; (b—f) pump and Raman probe beam, 514 nm. In all cases, the the decay of L and the rise of M in Figure 2 are fitted by a
general conditions as described in Materials and Methods were single exponential.

lied. . . .
applied For an understanding of this discrepancy, one has to

numbers given for the diagnostic RR bands refer to the remember the well-known fact that the rise of M can only
respective integrated band intensities on the same scale irbe satisfactorily fitted by the superposition of at least two
arbitrary intensity units (iu). A comparison of (a) and)(a exponentials. In the present work, we found for pH 4.6 two
reveals that the intensity of M is reduced by a factor of 5 exponentials of nearly equal amplitudes with time constants
when R is switched on. Such a high efficiency of the back of 61 and 153:s (see eq 4). The longer value of 168 is
reaction from M to BR is only obtained for parallel close tote = 185us. For an interpretation of this analogy,
polarization of P and B as was used in our experiment. one has to realize that in our perturbatiamelaxation
This back reaction can be directly concluded from an experiment the perturbation event only starts for delay times
intensity increase of BR in the unmodified spec8, 40). 0(P2,R) between 200 and 2365 for which the initial event

A second much smaller effect, induced by B the increase  of M formation, described by a time constant of 64, is

of L from 134 iu in (a) to 170 iu in (b). This is due to the nearly fully completed. On this basis, a model for theM
P.-induced forward reaction of that fraction of BR§0%) transition at pH 4.6 is suggested which consists of two
which is not photolyzed by £ For quantitative consider-  sequential &M equilibration steps that are correlated with
ations corrections have to be made for this effect to the the fast and slow rise of M, respectively. In our perturba-
spectrain (g, (b'), and (¢). Inthe case of (§ the correction tion—relaxation experiment, therefore, only the second step
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with its longer time constant is probed. We shall come back from the data in Figure 7b and witlge a ratio [L]/[N] =

to this model under Discussion. 1.3 ford = 0.5 ms. In combination with the data in Figure
L—M Equilibrium Constants for pH 4.6 and 7.3-or the 2, ([L] + [N] = 0.17 ABR, [M] = 0.81 ABR) one obtains

L—M equilibrium which at pH 4.6 is intermediately estab- K.y (pH 7.3,0 = 0.5 ms)= 8.4, which has to be compared

lished in the time range 36600 us (Figure 2), an  with Ky (pH 4.6,0 = 0.5 ms)= 1.8, giving an increase in

equilibrium constantK vy = kum/km. = [MJ/[L] can be Kwm by a factor of 4.7 when the pH is raised from 4.6 to

defined. For pH 7.3, besides the “fast” decay of Lto M a, 7.3.

“slow” decay component of small amplitude was identified = Most importantly the change &y between pH 4.6 and

earlier 8). This may be explained by the establishment of 7.3 can also be directly inferred from the data in Figure 7b

an intermediate equilibrium also for pH 7.3, which, however, and e. Ford = 0.5 ms one obtains

compared to pH 4.6, is considerably shifted toward M. The

decay of L at pH 7.3 then may be described by a reaction K y(pH 7.3)K_y,(pH 4.6)=

sequence =M — N where the “fast” phase of the L decay (WM/WL)pH ; 'J(WM/WL)pH ws=4.4 (3)

refers to the establishment of an intermediateM. equi- ' '

librium and the “slow” phase to the transition of M to N. \which is similar to the value obtained above.

This would imply that for pH 7.3 in the time range around |t must be noted that for pH 7.3 a significant contribution

6 = 0.5 ms, where one expects that the equilibrium between of |_ s still observed ford = 1 ms giving [LJ/[N] = 0.47

L and M is established, the intermediate N already contrib- (Figure 7c). On the other hanid,y increases wittd. Thus,

utes to the L branch (Figure 2). To determie, fromthe  in analogy to eq 3, one obtains from the data in Figure 7 (b,

ratio [MJ/[L], it is necessary to deduce the relative contribu- ¢) an increase ok, by a factor of 1.54 between 0.5 and 1

tions of L and N from the composite spectra. For this ms, This suggests that on a longer time scale a new process

purpose, in our earlier work the shift of the characteristic gets in which favors the transition from L to M. Fér> 2

low-frequency band from 1539 crhin L to 1532 cn1t in ms, no residual amount of L could be identified.

N (Figure 1) was used, giving [LJ/[Nf+ 1 for 6 = 0.5 ms Here, we briefly mention that also for pH 4.6 the-M

(ct. Figure 7 of ref28). To check this conclusion, new  equilibrium is perturbed on a longer time scale. It can be

experiments were carried out, whose results and analysis argeen from Figure 7 (e, f) that fer = 0.5 ms an increasing

summarized in Figure 7. amount of N is formed. However, in contrast to pH 7.3, L
In the RR spectra of Figure 7, which are displayed in the goes not disappear completely but a constant ratio between

region of the diagnostic bands, the contribution of the parent | N, and M is formed with a time constant of3 ms (data

species is subtracted in the way described eai2iéy. (The not shown) which is preserved during the recovery of BR.
spectra were excited at 514 nm. At this wavelength, the The Rise of M at pH 6 and pH 72. Two transient

vibrational features of L and N dominate. Nevertheless, M sjgnals, probed at 412 nm, are shown in Figure 8 which

can still be identified by its band at 1567 cin The Spectra describe the rise of M at pH 4.6 and pH 72, respective'y_
in (a) and (d) were obtained under conditions where L and These two values lie significantly below and above tkg p

N are strongly accumulated. As a basis for the analysis of of 5.6 for the release process. The transients were fitted by
the mixed spectra these spectra were simulated by a fittinga sum of exponentials. For the rise of M it was necessary
procedure using Lorentzian line shapes for the individual to yse three time constants. Since on the time scale of Figure
vibrational bands. In this way the basis spectré’band g the decay of M is not yet very pronounced, a single time
Su(v) of “pure” L and N were obtained by superpositioning constant {5) was used. This was deduced from separate
the bands,land b in (a) and B, iz and 3 in (d), respectively.  experiments on an extended time scale. For pH 4.6, one
For convenience, the integrated RR intensitied () of S (V) obtainsty; = 1.25us (6%),72 = 61 us (43%),7:s = 153us

and S(¥) were normalized to each other. The contribution (51%), andrg = 7.4 ms (100%), where “r" and “d” stand

of M was considered by a respective functioi(® and its  for rise and decay and the numbers in parentheses give the
integrated intensityw. The relative contributions df, I, percentages of the amplitudes. For pH 7.2, the respective
andlu to the mixed spectra then were obtained by fitting yajues are,, = 1.25us (6%),72 = 61 us (33%),7,3 = 183
these spectra with the sum of (8), Su(¥), and S(¥), us (61%), andrg = 3.9 ms (100%). The very fast rise
respectively, and by calculating the respective relative component (1.2%s) that appears in both transients with a
weighting factorsw., wy, andwy. These factors are given  small amplitude can be assigned to the rise of the L
in the legend to Figure 7. In this fitting procedure, a weak jntermediate and is not further considered. The rise of M
band at~1515 cm* had still to be considered which,  then can be described for both pH values by the superposition
however, does not belong to bR or to one of its intermediates. of 3 fast- and slow-rise component;Nt:2) and M (z73).

The relative concentrations of L and N in a mixed  For an interpretation of such data, it still has to be taken

spectrum are given by into account that the amplitude of M increases by a factor
of 1.41 when the pH is raised from 4.6 to 7.2 (cf. Figure 4).
[LI/INT = (W /W) (fL/f\) 524 (2) Thus, if the total amounts of M are set to 100 and 141 relative

units (ru), one obtains for the two pH values
where the factor§ andfy, as defined in eq 1, account for

the different RR cross sections of the diagnostic bandsinL  pH 4.6: M, =46 ru (61us); M;= 54 ru (153us)
and N for excitation at 514 nm. From particular experiments,

we concluded thafi(f)sia~ 1. This resultis expected since pH 7.2: M, =49 ru (61us); M;=92ru (183us) (4)
the geometric and electronic structures of L and N are closely

related to each othe2®). In this approximation one obtains The nearly identical values for Mndicate that the initial
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rise of M is the same for both pH values. Then, as can be have found an increase by a factor-eb6 when the pH is
seen from eq 4, the increase of the total amplitude of M at raised from 4.6 to 7.3 (cf. Results).

pH 7.2 is due to the fact that the slow rising componest M The reaction scheme in eq 5 also allows us to explain the
is significantly larger than at pH 4.6. This behavior is also difference in the appearance of the two main pH-dependent
illustrated by the difference of the two transients in Figure effects on the &M transition caused by the dissociation of
8, which is determined by the slow rise component. An XH. For pH>9.5, the release group is already deprotonated
interpretation of such effects will be given in the Discussion in the unphotolyzed state and therefore afféGt¢accelera-

in terms of a model for the correlation between theM tion of M formation) whereas for the light-induced release
transition and the release process. process (pH>5.7) it is K5, which is influenced since the
dissociation of XH is delayed with respect to the establish-
ment of the first .-M equilibrium (K;) (see below).

DISCUSSION A General Scheme for the Release Proce$®r a
- o discussion of the release process and the potential stages of
A Model for the |=-M Transition and Its Implications For coupling with the photocycle the following reaction sequence
the interpretation of the complex kinetics of the-M is proposed

transition at neutral pH, a reaction sequence of the form L

< M; — M; had been proposed by ¥aand Lanyi 41) in ke Ky B .

which, in the case of wild-type bR, Mand M, are XHy,— (XH), — (X — H)Em X +H'(aq) (6)
spectroscopically indistinguishable substates. Later the

transition between Mand M, was correlated with the so-  From spectroscopic data it can be concluded that at the stage
called “reprotonation switch” of the Schiff base, which plays  of the intermediate L, which at room temperature is formed
a role in the various models for the proton pump mechanism jn ~1.25,s (44), the chromophore and its protein environ-

(4). To account for the observed changes of theM. ment with respect to the precursor K take in a new, highly
transition below pH 7, a back reaction betweep &hd M, ordered structure3(). It is likely that this conformational

was introduced into the above Sequence which was Correlatecthange of the protein induces a new intermediate StatE,
with the K, of the proton release procesk3[. A model (XH)L, of the release group. It is proposed, that in the next

with sequential substates of M has recently been used bystep a reactive state, GH)*c is prepared which in the
Misra et al. #2) for the analysis of the kinetics and pH  sybsequent phase exchanges protons with the external

dependence of M formation in the mutant R134K. medium so that an intermediate dissociation equilibrium is
For the representation of our own results, we have to take estaplished according to

into account that according to our relaxation experiment M
is still directly coupled to L in the second phase of M ki/k =K, = 1O_pKa[M] 7)
formation. This suggests that the two phases of M for- @
mation are related to two sequentiat-M equilibria with
different equilibrium constants. However, for this inter-
pretation, the problem is that no spectroscopically different
states of the M or L chromophore can be identified for wild-
type bR. To solve this problem, the proposal was made in

a recent paper by Chizov et atd) that the change of the o 550 r0ximately described by a two-step reaction sequence

L —M equilibrium i_s cont_rolled by the trans_ition be_t\_/veen WO yith rate constant&. andky and the respective enthalpies
states of the protein. Itis assumed that this transition changes¢ 4 tivation

the L—M equilibrium but not the spectroscopic states of L ~qnejysions from the Direct Detection of the Released

or M.  Here we adopt th'S. 'proposal, SO that th.e time protons The kinetic relationship between the-M transi-
dependence of the-tM transition can be displayed in the  ion and the appearance of a proton on the extracellular
form surface had been first studied by Heberle and Dendjer (
- - (conditions: pH 7.5, 22C, 150 mM KCI). Whereas the
[(L, Pr1)<~ (M, Pr)lp,; — (L, Pr2)<~ (M, Pr2)jp, formation of M was monitored at 412 nm, the released
! 12 2 (5) protons were identified by the absorbance chamigy, of
the pH indicator dye fluorescein which was covalently bound
where L and M are as usually the spectroscopic states ofto Lys-129 on the extracellular surface. The authors found
the chromophore and Pr1 and Pr2 are different states of thethat the formation of M can be fitted by the two main
environmental protein matrix. This model allows us to assign exponential components, for M., = 44 us, (38%) and for
the apparent time constants that we have measured for theM; 7,3 = 149us (62%) (compare eq 4 and Figure 8), whereas
rise of M (eq 4) to different parts of the reaction. Thus, the response function for the protonation of the dyf),
refers to the establishment of the firstM equilibrium (Ky), can be described by a rise tima;, of 63 us. From the
whereast; involves both the conversion from Prl to Pr2 temperature dependence in the range30°C, an activation
(time constant,,) and the subsequent equilibration between enthalpy of 64 kJ/mol was obtained for the formation of the
L and M (Ky). Since the time constant reported for proton two M components, whereas a much lower value of 35 kJ/
release lies betweet, andzs (8), it is evident that the pH-  mol was found for the protonation of the dye. An interesting
dependent effects on the-IM transition, which we have  observation was made by Heberd®), He found that below
ascribed to the dissociation of the release group, should bel0 °C the values fotr no longer follow the linear Arrhenius
correlated with the second equilibrium in eq 5. Karwe plot (35 kJ/mol) but approach the valuesmf (M,). This

Since the [, of the release process is5.7 (13), the
release of a proton for pH 7 is quasi-irreversible and since
the formation of the intermediate L is fast1.25us), the
formation of (X—H)*¢ is essentially determined by the rate
constantk.. The release process for pH7 therefore can
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implies that in the low-temperature limit the slope of the to the aqueous surface which also might reduce its proton
Arrhenius plot oftr increases and approaches the value of affinity (46). This view suggests an alternative two-step
Tro model in which the first step, i.e., the formation of the
Similar experiments were performed by Alexiev et(8). reactive state (XH)c* in eq 6 is largely independent of the
They reported significant deviations from a linear Arrhenius L—M transition. This step, which is determined by the rate
plot of 7r in the temperature range-80 °C and confirmed constant k would carry the higher of the two activation
that in the low-temperature limit the slope of the Arrhenius enthalpies.
plot of zr increases and- approaches,,. For an interpreta- In principle, values fok. andky may be obtained by fitting
tion they suggested a two-step unidirectional reaction X~(t,kckg) as calculated from eq 6 to the measured response
sequence in which the release process is triggered by thefunction F(t). Using the data in ref8 and45, one obtains
fast-rise component, (M) of the L—M transition which is k.~ 33ustandky ~ 39us*for 22°C. Values of similar
followed by the ejection of the proton in a second step. At magnitudek. ~ 46 us™* andkq ~ 51 us™* can be inferred
low temperatures, the M transition with its higher from the response functiof(t) published in re. On the
activation enthalpy (65 kJ/mol) is rate limiting for the total other handky may be estimated from eq 7 if one assumes
release process whereas at higher temperatures the subséhatk; is diffusion controlled. Using a value = 2 x 10'°
quent reaction step, i.e., the ejection of the proton to the s M1, which is typical for acids in aqueous solutiofv},
surface with its lower activation enthalpy, becomes rate one obtainsky = 25 us™*. This value forky is by only a
limiting. factor of ~2 higher than those estimated above from the
Linkage between the+M Transition and Proton Release  fitting procedure, indicating that the equilibration of X
The question is whether the release process in wild-type bRH)c* with the aqueous medium is close to diffusion
is triggered by the EM transition. For a discussion, we controlled. This suggests that during the photocycle the
consider the reaction sequences in eqs 5 and 6. Accordingelease complex becomes more exposed to the aqueous
to the two-step model of Alexiev et aR), the formation of surface. If the release proton is not localized, this could also
the reactive state (XH)c* in eq 6 would be directly mean that the first step in eq &) is due to the transfer of
correlated with the first phase of the-M transition in eq this proton within the release complex. The “diffusion
5 since the time constanty, for the release process lies controlled” valueky = 25 us™* is consistent withk; ~ 50
betweent, and r,3. This would imply thatk: in eq 6 is ustif the above described fitting procedure is applied.
given by ¢2)~*. This model is consistent with the proposal The values obtained in the above-described wakfare
that the coupling between D85 and XH, which has been close to the rate constant4)~* for the fast-rise component
inferred for the unphotolyzed state, persists in the photocycle, M, (refs8—10and eq 4) so that from such data a distinction

and therefore controls the release procdss 23). between the alternative models discussed in this section is
Are our own results consistent with this proposal? We not possible. Such a distinction also fails on the basis of
found thatK; in eq 5 increases by a factor of5 (for 6 = kinetic deuterium effects since both the-M transition and

500 us) when the pH is raised from 4.6 to 7.3, i.e., under proton release show effects of similar magnitude, @5).
conditions where the release process is completely finished. Proton Release in Mutants of bRHere we are interested
It can thus be concluded that the dissociation of XH increasesin mutations that modify the normal release process but do
the K, of the proton acceptor D85 by0.7 pH unit if we not abolish it. Of great interest in this context is the mutant
assume that thelfy, of the Schiff base is unchanged by this D85E in which the =M transition is accelerated by more
process. On the other hand, a respective increase of 5 pRthan a factor of 10, whereas the release process is delayed
units was reported for the< of the unphotolyzed staté T, by a factor of~2 with respect to wild-type bRLQ, 48). The
23). This indicates that the coupling between XH and D85 pronounced temporal delay between the two processes
is significantly weaker in the photocycle than in the parent suggests that the-+M transition does not trigger the release
state. It can therefore be expected that the reverse couplingfunction. Since the two processes do not overlap, 0 @
i.e., the drop of the I§, of XH which follows on protonation ~ can be concluded that the large kinetic deuterium effect in
of D85 in the L—M transition, is also significantly lower the release process [slowing by a factor of 41®)] is
than the 5 pH units which were reported for the unphotolyzed exclusively due to proton-transfer steps which are located
state 17, 23). This makes it unlikely that the decrease of within the release complex. This behavior again indicates
the (K, of XH from ~9.5 in the unphotolyzed staté?) to that in D85E the release process is completely decoupled
5.7 during the photocycle is exclusively due to the M from the L—M transition.
transition. This is not surprising since the environmental Interesting modifications of the release process were also
conditions of D85 and XH in the photocycle are different found for the recombinants R82Q and R82K7). It turned
from those in the unphotolyzed state. out that in the case of R82Q th&pof the release group in
From this behavior it is suggested that there may still be the photocycle is only slightly decreased to 8.3 so that normal
other mechanisms which control the release process. It musfroton release is limited to pH8.3. For R82K, the
be realized that according to our present knowledge the respective i, decreases to 6.5 and approaches the value of
release group appears as a molecular complex with contribu-the wild type. This behavior suggests that the positve charge
tions from several residues [E2031( 26), E194 @2), R82 of R82 in the wild type is strongly involved in the downshift
(17)]. Itis thus conceivable that structural changes in the of the K, of the release group during the photocycle. For
photocycle, for instance, during or after the formation of the both mutants, the rise of M is accelerated with respect to
intermediate L, reduce the proton affinity of this complex. the wild type by a factor of~10. This suggests that in these
In addition, it may happen that in the course of such mutants the EM transition does not control the release
reorientations the release complex becomes more exposedunction.
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CONCLUSIONS

We have shown that the time dependence of the proton
transfer from the Schiff base of the bR chromophore to the
counterion D85 (&M transition) is strongly perturbed by
the release of a proton from the complex XH to the aqueous
surface, a process that is determined b¥Kagf 5.7. When
the multiphasic E-M transition is modeled by a reaction
scheme of two sequential+M equlibria as in eq 5, it is
found that proton release does not perturb the first equilib-
rium but shifts the second one further toward the M state.
This might be interpreted in a way that the release process
is triggered by the EM transition during its first phase. This
would require that the strong coupling between th&, p
values of XH and D85, which is reported for the unphoto-
lyzed state, also holds for the photocycle. Only under such
conditions the K, of XH in the photocycle may be reduced
to a value of 5.7 once D85 becomes protonated during the
L—M transition. However, we found that the shift of the
L—M equilibrium as induced by proton release is much less
than expected from the strong coupling between XH and D85
in the parent state, thus indicating that this coupling is
significantly weaker in the photocycle. This suggests that
the large reduction of theif of XH to a value of 5.7 in the
photocycle, and thus the release process, are not exclusively
controlled by the =M transition but are essentially caused
by structural changes in which, for instance, electric charges

are translocated or the release proton moves closer to the 22.

surface. This latter view is supported by our finding that
the release process is close to diffusion controlled. In
addition, the observation that in some mutants of bR the

release process is decoupled from the fast rise of M is in 24

line with a model in which the £M transition is not the
dominant factor that controls the release process. There is

no doubt that more work will be necessary in the future to 25

obtain a still better insight into the complexity of the proton
release process in bR.
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