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Thermal Equilibration between the M and N Intermediates in the
Photocycle of Bacteriorhodopsin
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ABSTRACT The stages in the photocycle of bacteriorhodopsin (BR) involving the M and N intermediates are investigated using
a double pulse excitation method. A first (cycling) pulse at 532 nm is followed, with an appropriate time delay, by a second pulse
(337, 406, 446, or 470 nm) which induces the M > BR back-photoreaction. After depletion by the second pulse a repopulation
of M in the millisecond range is observed which is interpreted in terms of a thermal N -> M relaxation. It is thus concluded that
a (thermal) M <-> N equilibrium accounts for the biphasic decay of M in the BR photocycle. Other models for this stage of the

light-driven proton-pump are therefore unnecessary.

INTRODUCTION

The photocycle of the light-driven proton pump bacterior-
hodopsin (BR) in Halobacterium halobium, describes the
reactions after photoexcitation of the retinal chromophore
which, over a complex series of steps, result in the translo-
cation of a proton across the cytoplasmic membrane of ha-
lobacteria and in the recovery of the initial state (Mathies et
al., 1991; Rothschild, 1992; Lanyi, 1992; Oesterhelt, 1992).
The spectroscopically identified intermediates of the pho-
tocycle, J, K, L, M, N, and 0, and substates of some of these,
appear to rise and decay in a roughly sequential manner. An
exact description of the kinetic scheme which connects these
intermediates is essential to the understanding of the proton
transport mechanism. However, as widely recognized (e.g.,
Nagle et al., 1982; Varo and Lanyi, 1991a; Lozier et al., 1992)
there are serious problems in directly testing kinetic schemes,
because the absorption spectra of many of the intermediates
overlap, and some of their relaxation constants are too close
to one another.
The reactions associated with the M intermediate involve

changes in the protonation of the Schiff base linkage between
the retinal and the protein and are an essential part of the
complex proton translocation mechanism (see Ebrey (1993),
for a recent review). Specifically, the pathway from M to BR
has been particularly controversial. There are a number of
proposed schemes which view the photocycle in fundamen-
tally different ways. They pertain to the relaxation kinetics
of the M intermediate, which is described approximately by
two time constants. The biphasic M decay is attributed either
(a) to the single sequence M " N *-O 0 (Otto et al., 1989;
Ames and Mathies, 1990; Gerwert et al., 1990; Varo and
Lanyi, 1991a, 1991b; Souvignier and Gerwert, 1992), i.e., to
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a significant N to M back-reaction, or (b) to two distinct M
states which decay unidirectionally in a parallel fashion
(Hanamoto et al., 1984; Diller and Stockburger, 1988;
Dancshazy et al; 1988; Bitting et al., 1990; Fukuda and
Kouyama, 1992a,b; Tokaji and Dancshazy, 1992a, 1992b).
The proposed origins of the two kinetic components in mod-
els with two parallel M states include heterogeneity in the
initial BR state (Hanamoto et al., 1984; Diller and Stock-
burger, 1988; Dancshazy et al., 1988; Kouyama et al., 1988),
branching at an earlier time in the photocycle (Sherman et al.,
1979; Butt et al., 1989; Drachev et al., 1992), cooperativity
which arises from photoexcitation of neighboring BR mol-
ecules (Tokaji and Dancshazy 1991, 1992b), or a photore-
action of the N intermediate which generates the slower de-
caying M (Kouyama et al., 1988; Fukuda and Kouyama,
1992b).
The simpler sequential model is supported by self-

consistency of the pH and temperature dependencies of the
calculated amplitudes and rate constants of the reactions
(Otto et al., 1989; Ames and Mathies, 1990; Varo and Lanyi,
1990; Varo and Lanyi, 1991b). However, since the two kinds
of models are kinetically equivalent such arguments cannot
be conclusive. In this report we examine the existence of the
N to M back-reaction, which is the critical difference be-
tween the two kinds of models, by a direct approach based
on the back photoreaction ofM (Kalisky et al., 1978, 1981).
Since equilibria can be distinguished from unidirectional re-
actions by perturbation kinetics, our methodology is to pro-
duce M with a first flash, and partially photodeplete it during
its decay with a second flash (Lozier et al., 1978; Druckmann
et al., 1992). Analysis of the data shows repopulation of the
depleted 410-nm band of M, characteristic of its nonproto-
nated Schiff base linkage. The reaction, which takes place in
the millisecond range, is accompanied by a corresponding
absorbance decay around 550 nm. These phenomena are in
keeping with a thermal N :± M equilibrium as an essential
basic feature of the BR photocycle.
The two pulse excitation technique has been recently de-

scribed (Druckmann et al., 1992). The bR photocycle is
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FIGURE 1 Characteristic traces (a-c) at pH 9.4 of double pulse experiments, and the resulting relaxation kinetics (d) following the photodepletion of
the M intermediate in the BR photocycle. A, B, and D show the absorbance changes for the characteristic 410-nm band of M, while C shows the changes
at 580 nm, where N and BR absorb. First (cycling) pulse at A1 = 532 nm. Second (back-reacting) pulse at A2 = 406 nm (A) or A2 = 337 nm (B-D), fired
with a time delay At. (a) AD1, first pulse only. (b) AD2-second pulse only. (c) AD1,2, both pulses superimposed. (d) ADp (see text). (Note that A shows
signals including the pre-(laser) trigger traces, while these are not shown for B-D.) fi (see text) is determined by the magnitude of AD1 relative to the
absorbance of the solution. f2 (see text) was estimated from the initial amount of bleaching of the band by the second pulse, namely, by: f2 = (AD1, 2 -

f1AD2)/AD1. (A) A2 = 406 nm, monitoring at 410 nm, At = 10 ms,f'1 =0.75,f2 = 0.32. (B) A2 = 337 nm, monitoring at 410 nm, At = 4 ms,]'1 = 0.75,
f2 = 0.57. (C) A2 = 337 nm, monitoring at 580 nm, At = 4 ms, f, = 0.75, f2 = 0.4. (D) A2 = 337 nm, monitoring at 410 nm, At = 250 ,us, fi = 0.75,
f2=0.48. BR concentrations were 10-20 ,imol/liter. Each sample contains 100 mM NaCl, 50 mM buffer, for pH 7 phosphate buffer, and for pH 9.4 carbonate
buffer. All experiments were carried out at room temperature (20°C).

driven by exposing purple membrane suspensions to the
(first) 532 nm, -10 ns, pulse of a Nd/YAG laser. Subse-
quently, the second pulse (337 nm, -1 ns from a PRA N2
laser, or 406, 446, and 470 nm from a PRA N2/dye laser) is
fired with a tunable time delay, At, in the range 200 zs < At
< 10 ms. When analyzing the net effects of the second pulse
in the double pulse experiments, one should bear in mind that
the second pulse is absorbed not only by the M intermediate,
but also by (noncycling) BR. One should also consider the
contribution of the absorbance changes induced by the first
pulse. We thus proceed by denoting the absorbance changes
induced by the first pulse only, by the second pulse only and
by both pulses superimposed, as AD1, AD2 and AD1,2 re-

spectively. Accordingly, any net perturbation of the photo-
cycle induced by the depletion (back-photoreaction) of M,
which we denote as ADp, will be given by

ADP = AD1,2 - AD2 -fl - AD1 *f2 (1)

where fi denotes the fraction of BR molecules which have
not been photocycled by the first pulse and f2 denotes the
fraction of the M intermediate which has not back photo-

reacted by the second pulse. Bleaching of the 410-nm M band
due to the back-photoreaction is completed after -0.5 p,s
(28, 31). At this time, which we define as t = 0, ADp is zero
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FIGURE 2 Wavelength dependencies ofADp . A2 = 337 nm, At = 4 ms.
A, results measured at pH 7; O, results measured at pH 9.4. Data at pH 7
have been scaled to fit those at pH 9.4. The continuous line is the (scaled)
M-N difference spectrum based on the spectra ofN and M taken from Varo
and Lanyi (1991a).
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M, N Equilibration in Bacteriorhodopsin

TABLE 1 Relative efficiency of the M regeneration reaction Dmax for a variety of (second pulse) excitation wavelengths

B/I AD pmax/B ADpa/I
EM - EN

A pH 7 pH 9.4 X 10-4 pH 7 pH 9.4 pH 7 pH 9.4 X 10-4

nm M-1 cm-] M-l cm1
337 0.09 ± 0.02 0.13 ± 0.02 1.5 ± 0.3 1.25 ± 0.2 0.15 ± 0.03 0.16 ± 0.03
406 1.30 ± 0.20 1.00 ± 0.20 4.48 0.70 ± 0.2 1.00 ± 0.2 0.98 ± 0.20 1.00 ± 0.20 1.07
446 0.32 ± 0.06 0.40 ± 0.08 2.60 0.55 ± 0.2 0.75 ± 0.2 0.18 ± 0.04 0.32 ± 0.06 0.70
470 0.19 ± 0.04 0.22 ± 0.04 0.69 0.60 ± 0.2 1.3 ± 0.2 0.12 ± 0.02 0.27 ± 0.06 0.75
B represents the relative efficiency of M depletion (bleaching) induced by the second pulse, while I is the relative intensity of the latter measured by AD2.
Values are in arbitrary units, scaled to those at 406 nm, pH 9.4 which are taken as unity. EM and EN are the extinction coefficients ofM and N, respectively
(see Varo and Lanyi, 1991a; 1991b).

by definition, while the subsequent time evolution of ADp
should reflect the relaxation effects induced by the photo-
depletion of M. Note that AD2 * fi corrects for the effects due
to bR molecules driven into the photocycle by the second
pulse, while AD, f2 represents the contribution of the M
population which has not been depleted by the second pulse.

Fig. 1, A and B, show characteristic traces at pH 9.4 of
AD,, AD2, AD1,2, and ADp at 410 nm, for a At = 10 ms or

At = 4 ms delay between the 532-nm cycling pulse and the
back-reacting, 406- or 337-nm pulse, respectively. It is ev-

ident that ADp increases with time after the bleaching of M,
reaching a maximum (ADp"'). The effect is reversed at 580
nm (Fig. 1 C) and is not observed for At = 250 ,us, when
ADp = 0 at all photocycle times (Fig. 1 D). The rise of ADP
is followed by a slow decay which is evident in B (but not
in C where the signal-to-noise ratio is relatively low). Anal-
ogous phenomena are also observed at pH 7. The above data
are consistent with a relaxation reaction in which the 410-nm
absorption of M is regenerated at the expense of bleaching
at 580 nm. In Fig. 2 we plot ADpm" at both pH 7 and 9.4
as a function of A and compare the results with the normal-
ized M-N difference spectrum (Varo and Lanyi, 1991b). The
fact that the two curves are identical within the limits of our

experimental accuracy, along with the absence of a relaxation
for short time delays (e.g., At = 250 ,us), when N is not yet
generated (Varo and Lanyi, 1991a), is in keeping with a net
N -* M relaxation process in which the M 2± N equilibrium

is re-established for the photodepleted M population.
The above conclusion is based on the assumption that the

observed repopulation of M induced by its photodepletion,
is due to thermal re-equilibration from N. The possibility that
this N -- M transition is due primarily to a photoreaction of

N (Kouyama et al., 1988; Fukuda and Kouyama, 1992b),
induced by the second pulse, is excluded by the data pre-

sented in Table 1. The table compares the relative amplitude
of the relaxation reaction (AD mx) for four wavelengths of the
back-photoreacting (second) pulse, namely: 337, 406, 446,
and 470 nm, which span the M absorption band. The first
(B/I) column in Table 1 shows that the bleaching of the M
absorption fairly follows the relative values of the M ex-

tinction coefficient. The second column (ADmaX/B) shows
that the M refill effect is essentially proportional to the
amount ofM which back-photoreacted. A tendency to some-
how higher values at 470 and 337 nm may be attributed to

a contribution of the N -> M photoprocess (Kouyama et al.,
1988; Fukuda and Kouyama, 1992b), but it cannot account
for more than -20% of the M refill effect. The conclusion
that the present M-repopulation effect is due to the N -- M
thermal (rather then photochemical) reaction is also reflected
by the third (AD"/I) column in Table 1. Since the N ex-
tinction coefficient is essentially constant in the 337-470-nm
range, a photochemical N -* M process would have yielded
an almost constant AD /I value. This is obviously not the
case. Thus, our present observations indicate a relative in-
efficiency of the N -- M photoconversion with A = 337-470
nm. This is in keeping with a recent study (Brown et al.,
submitted for publication)' of the N -- M photoprocess in
the T46V mutant of BR, showing that the yield of the photo
reaction, when induced by blue light excitation, is very small
compared to that produced by yellow-green wavelengths. As
to the possibility that the observed M 4± N equilibrium rep-
resents a photoequilibrium induced by the monitoring beam
(Kouyama et al., 1988; Fukuda and Kouyama 1992b) rather
than a thermal reaction, this alternative was excluded by run-
ning our experiments with variable monitoring light inten-
sities. Intensity changes of up to a factor of -30 did not have
any measurable effect on ADp.

For the thermal N i± relaxation process we find at pH 9.4
kr = kNM + km = (1 ± 0.5 X 103 s-'). Within experimental
accuracy this value is the same as the M w± N equilibration
rate (kr = 0.5-0.7 X 103 S-1) predicted by the sequential
model for the M<->N<->O transition (Varo and Lanyi, 1990;
1991a; Zimanyi et al., submitted for publication). We con-
clude that the thermal N to M back reaction accounts sat-
isfactorily for the M decay kinetics, thus rendering unnec-
essary other approaches to the mechanism of the decay of the
M intermediate in the BR photocycle.
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