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Fourier Transform Infrared Double-Flash Experiments Resolve
Bacteriorhodopsin’s M, to M, Transition

B. Hessling, J. Herbst, R. Rammelsberg, and K. Gerwert
Lehrstuhl fiir Biophysik, Fakultat Biologie, Ruhr Universitat Bochum, 44780 Bochum, Germany

ABSTRACT The orientation of the central proton-binding site, the protonated Schiff base, away from the proton release side
to the proton uptake side is crucial for the directionality of the proton pump bacteriorhodopsin. It has been proposed that this
movement, called the reprotonation switch, takes place in the M, to M,, transition. To resolve the molecular events in this M,
to M, transition, we performed double-flash experiments. In these experiments a first pulse initiates the photocycle and a
second pulse selectively drives bR molecules in the M intermediate back into the BR ground state. For short delay times
between initiating and resetting pulses, most of the M molecules being reset are in the M, intermediate, and for longer delay
times most of the reset M molecules are in the M,, intermediate. The BR-M, and BR-M,, difference spectra are monitored with
nanosecond step-scan Fourier transform infrared spectroscopy. Because the Schiff base reprotonation rate is k,, = 0.8 X
107 s in the light-induced M, back-reaction and ky,, = 0.36 X 107 s~ in the M, back-reaction, the two different M
intermediates represent two different proton accessibility configurations of the Schiff base. The resuits show only a minute
movement of one or two peptide bonds in the M, to M, transition that changes the interaction of the Schiff base with Y185.
This backbone movement is distinct from the larger one in the subsequent M to N transition. No evidence of a chromophore
isomerization is seen in the M, to M, transition. Furthermore, the results show time-resolved reprotonatlon of the Schiff base

from D85 in the M photo-back-reaction, instead of from D96, as in the conventional cycle.

INTRODUCTION

Bacteriorhodopsin (bR) is a light-driven proton pump in the
purple membrane of Halobacterium salinarium (Oesterhelt
and Stoeckenius, 1971; for a recent overview, see the spe-
cial issue of Biophys. Chem., Retinal Proteins, 56:1-2,
1995). The primary event in the photocycle is an all-
trans—13-cis isomerization of the chromophore retinal in
the BRs;0—>Jgo transition. The succeeding thermal reac-
tions, through spectroscopically distinct intermediates K,
Lssg» M4jgs Nsag. and Ogy,, translocate a proton across the
membrane, and the protein returns to the initial state BR,,
over a time scale of milliseconds (Xie et al., 1987). The
retinal is covalently bound to K216 of the protein via a
protonated Schiff base. In the L—M reaction, the Schiff
base proton is transferred to the internal acceptor D85 on the
proton release side (Engelhard et al., 1985; Braiman et al.,
1988a; Gerwert et al., 1989; Fahmy et al., 1992). M is the
only photocycle intermediate containing a deprotonated
Schiff base and therefore has a far blue-shifted absorption
maximum as compared to the other intermediates and to the
ground state BRs,,. This allows an unperturbed monitoring
of the rise and decay of M,,, in the blue spectral region.
During the following M—N reaction, the Schiff base re-
gains a proton from the internal proton donor D96, located
on the proton uptake side (Gerwert et al., 1989, 1990a,
Pfefferlé et al., 1991; Bousché et al., 1991). Reprotonation
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of the Schiff base shifts the absorption maximum back to
the green in Ns3,. In the Ng3o—>Ogyo transition, the chro-
mophore reisomerizes to all-frans-retinal (Smith et al,,
1983). The absorption maximum is far red-shifted because
the counterion D85 is still protonated (Souvignier and Ger-
wert, 1992).

Several photocycle models have been suggested. Origi-
nally, a linear sequence of unidirectional reactions was
proposed (Lozier et al., 1975). This scheme, however, can-
not account for the observed biphasic rise and decay of M
(Xie et al., 1987). To explain this complex kinetic behavior,
a multitude of different photocycle models have been pos-
tulated; for a recent review see Lanyi and Varé (1995) and
the citations therein. The proposed models vary between
two extremes: 1) parallel photocycles originating from dif-
ferent BRs,, ground states and 2) a linear sequence with
significant back-reactions. In addition, several authors pro-
pose the existence of two different M intermediates, desig-
nated as M, and M, (e.g., Var6 and Lanyi, 1991a,b, and
citations therein). In the M;—M, transition the deproto-
nated Schiff base should change its orientation from the
internal proton acceptor D85 on the proton release side in
M, to the internal proton donor D96 on the proton uptake
side in M,. The accessibility change of the central proton
binding site, the Schiff base, from the proton release side in
M, to the proton uptake side in M, may be responsible for
the directionality of the pump. There are at least two dif-
ferent possible explanations for this “reprotonation switch”
at the molecular level: either the chromophore reorients the
Schiff base by a single bond isomerization around the
C,4-C,; retinal bond from the proton release to the proton
uptake side (Schulten and Tavan, 1978; Gerwert and
Siebert, 1986), or a different orientation of the peptide
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backbone induces a change in the Schiff base accessibility
(C-T model; Fodor et al., 1988).

The existence of multiple M substates has been exces-
sively investigated. An analysis, based on time-resolved
visible absorption spectroscopy, has shown that the absor-
bance changes can be described in the framework of a
sequential model, including two M substates with the same
visible absorption maxima (Var6 and Lanyi, 1991a,b).
However, M substates, which are only kinetically different,
as proposed by photocycle modeling, can also be explained
by parallel photocycle models. The problem is experimen-
tally underdetermined, because the number of experimen-
tally accessible apparent rate constants is smaller than the
number of microscopic rate constants describing the indi-
vidual photocycle reactions. Therefore many photocycle
models can fit the data. Nevertheless, two sequential M
substates with slightly different absorption maxima in the
visible have been identified in monomeric bR as well as in
D96N mutant protein (Varé and Lanyi, 1991a; Zimadnyi et
al., 1992). In D96N, for example, the maximum of an early
M (412 nm) corresponds to that of the wild-type M, whereas
that of the late M is blue-shifted to 404 nm. The 8-nm shift
in the mutant protein might be explained by the Schiff base
orientation in M, to the cytoplasmic side, at which D96 has
been changed to N96 (Ziményi et al., 1992).

Distinct M substates, differing in the conformational state
of the protein backbone, have been suggested on the basis of
vibrational spectroscopy (Ormos, 1991; Perkins et al.,
1992). However, the observed differences in the M-like
spectra were later attributed to the presence of a significant
amount of the N spectrum superimposed on M (Ormos et
al., 1992; Hessling et al., 1993). In another approach, time-
resolved absorbance changes were measured simulta-
neously in the infrared and visible spectral ranges and
analyzed by factor analysis and decomposition (Hessling et
al.,, 1993). This analysis deconvolutes the absorbance
changes in the visible and the infrared into the pure differ-
ence spectra without assuming a specific photocycle model
(Malinowski, 1980). However, even though the analysis
was capable of determining an M spectrum without con-
tamination by those of the other intermediates, it does not
resolve two spectroscopically different M substates in the
wild type. Because this method can separate only spectro-
scopically and kinetically distinct intermediates that are
significantly accumulated, two spectroscopically very sim-
ilar M substates could have been merged.

The problem of resolving kinetically and spectroscopi-
cally overlapping intermediates can be circumvented by
utilizing the photo-back-reaction of photocycle intermedi-
ates (for a recent review see Balashov, 1995). Photoconver-
sion of the M intermediate at low temperatures leads to a
series of transitions that can be summarized by the scheme
M — M’ — BR’ — BR. The primary reaction M — M’ was
attributed to a 13-cis—all-trans isomerization of the retinal
(Kalisky et al., 1977; Hurley et al., 1978). At liquid nitrogen
temperatures, two different photoproducts of M are found,
which decay into a long-wavelength species (BR'). On the
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basis of the low-temperature data alone, it is not possible to
decide whether these correspond to different M substates.
The M’ — BR’ transition has been interpreted in terms of
Schiff base reprotonation (Takei et al., 1992).

The most convincing experimental evidence of a hetero-
geneous M population was obtained through studies of M
photo-back-reaction at room temperature (Druckmann et al.,
1992, 1993). In this analysis the photocycle was initiated by
a green laser pulse followed by a delayed blue pulse that
selectively drives the M photo-back-reaction. Because the
apparent rate of the Schiff base reprotonation in the
M’—BR’ transition depends on the delay between the two
pulses, two different oriented M’ and thus two consecutive
precursors, termed M, and M, are suggested, with different
proton accessibilities to the Schiff base. These experiments
imply a time constant of ~100 us for the M;—M, transi-
tion. Nevertheless, these experiments yield only kinetically
distinct but not spectroscopically different M substates.
Here we have utilized this approach in the infrared spectral
region, which gives information about the protein and the
chromophore reactions at the atomic level. We use step-scan
Fourier transform infrared (FTIR) spectroscopy with 30-ns
time resolution (Uhmannn et al, 1991; Weidlich and
Siebert, 1993; Plunkett et al., 1995; Hage et al., 1996;
Rammelsberg et al., 1997). After the photocycle is initiated
with a green laser pulse, a delayed blue laser pulse selects an
early or late appearing M, depending on the delay time. This
procedure permits the determination of BR-M, and BR-M,
difference spectra without contribution from other interme-
diates. The IR spectra allow conclusions about the molec-
ular mechanism of the reprotonation switch to be drawn.

MATERIALS AND METHODS

Wild-type bacteriorhodopsin was purified from H. salinarium as purple
membrane sheets according to a standard method (Oesterhelt and Stoeck-
enius, 1974). Suspensions of bR with 500 mM HEPES/Tris and KCl, as
indicated in the figure legends, were pelleted and squeezed between two
CaF, windows separated by a polyethylene spacer of 2.5-um thickness.
The sample was then positioned in a temperature-controlled home-built
sample chamber.

Step-scan FTIR spectroscopy was performed on a Bruker IFS 66V
spectrometer mounted on a vibrationally decoupled table (RS 3000; New-
port). We calculated the residual fluctuations of the stabilized movable
mirror to be smaller than *2 nm.

Two types of IR detectors were used. Detected signals of a standard
MCT photoresistance (Graseby) with a two-stage preamplifier (detector
rise time 5 ps) were converted (16-bit ADC, 200 kHz) and Fourier-
transformed with the Bruker spectroscopy software OPUS. In addition, a
photovoltaic MCT detector (Kolmar) with a home-built preamplifier (rise
time 30 ns) with DC and AC outputs was used. The DC output was fed to
the standard 16-bit/200-kHz ADC, and the AC output was connected to a
200-MHz/8-bit analog-digital converter (PAD 82; Spektrum). Both detec-
tors were cooled to 77 K with liquid nitrogen. The spectral range was
limited to 1950 cm™! via an interference filter. All spectra were taken with
a spectral resolution of 4 cm™'.

In step-scan spectroscopy the movable mirror is kept stationary while
the respective process is initiated, and the time dependence of the infrared
intensity at the interferogram sampling position is recorded. After comple-
tion of the reaction (i.e., after relaxation of the sample), the mirror is moved
stepwise to the next sampling position of the interferogram. As such, the
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time course of each point of the interferogram is determined. Thereby the
time resolution is not restricted by the mirror velocity but only by the
detector rise time. The calculation of spectral absorbance changes AA(r, v)
follows, in principle, the procedure described in Uhmann et al. (1991). It
differs, however, in the acquisition of the phase function ¢(v) due to a
modified acquisition software. For a more detailed description of the
procedures applied, see Rammelsberg et al. (1997).

Before and after each step-scan measurement, the sample is checked by
a standard fast-scan measurement to ensure that no significant change of
hydration or denaturation of the sample has occurred. Throughout the
whole step-scan measurement, absorbance changes were simultaneously
detected in the visible as an independent measurement of the amount of BR
photocycling and the amount of the M intermediate driven back to BR.
This procedure also checks the stability of the exciting laser energy.

Excitation of the sample is achieved by two dye lasers pumped by two
excimer laser systems (LPX 240¢/LPX 300; Lambda Physik). Coumarin
153 dye (maximum 540 nm) initiates the photocycle, and a blue emitting
dye (PBBO, 400 nm) drives the M photo-back-reaction. The triggering of
the lasers as well as the time delay Ar are controlled by a home-built
delay/trigger unit. A weak reflex of the laser pulse hits a fast photodiode,
which starts the infrared data acquisition.

The BR-M, and BR-M, difference spectra are obtained in the following
way (also see Scheme 1). Time ¢t = 0 represents the onset of the first green
laser pulse (pulse duration 20 ns). After a delay time At, a second blue
pulse (pulse duration 20 ns) is applied to the sample. The delayed second
pulse results in a partial depletion of the M state(s) due to its photo-back-
reaction. Calculating a difference AAA,

AAA = AA(1) — AA(%)

between absorbance changes AA(#,) at the time #, just before the second
pulse is applied, and AA(t,) at the time ¢, at which the M photo-back-
reaction is completed, yields mostly a BR-M difference spectrum. Double
difference spectra (shown in Fig. 4) are calculated as indicated in Fig. 2.
For an enhanced signal-to-noise ratio we averaged 50 absorbance differ-
ence spectra before and after the second flash to calculate AA(r,) and
AA(t,), respectively (Fig. 2). The difference spectra are taken every 10 ns,
that means 500 ns before and 500 ns after the flash is averaged. Here the
time interval [t,;z,] was chosen to be as short as 1.5 s to minimize the
effect of continuing photocycle reactions that are superimposed on the
photo-back-reaction of M. In particular, the decay of the L intermediate to

AAA = AA(L) - AA(L)

fractional concentration

log time

Scheme 1 Transient intermediate concentration based on a simplified
model of the photocycle (L—-M—BR), illustrating the procedure of dou-
ble difference calculation. Continuous lines indicate the expected time
course in a single pulse experiment, whereas dashed lines refer to a double
pulse experiment. The total M-concentration M, is reduced to its frac-
tional components M, (@) and M, (l), as implied by double-pulse exper-
iments in the visible (Druckmann et al., 1992).
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M with a half-time of ~50 us has to be considered during this period of
time. The contribution of thermal interconversion of photocycle interme-
diates was therefore investigated in another, parallel measurement, per-
formed under identical conditions but in the absence of a second pulse
(continuous line in Scheme 1). Here the double difference AAA, calculated
as before, accounts only for thermal photocycle reactions in the time period
between ?, and f,. Spectra presented in Fig. 4 were corrected by the
subtraction of the estimated superposition of the photocycle from the
double difference of the two-pulse experiment. This procedure neglects the
fact that in addition to the normal photocycle reactions, the L <> M and the
M e N equilibria are changed because the blue flash depopulates the M
intermediate. Using a time irterval of 10 us between AA(t,) and AA(1,)
gave significant L contributions to the difference spectra, indicated by an
ethylenic band at 1556 cm™'. Nevertheless, over a time interval of 1.5 us,
this band disappears, and therefore effects due to the M depletion seem to
be negligible.

Finally, the photocycle initiation of the blue laser must be considered.
We have determined this contribution by a control experiment. Application
of the blue pulse alone drives only ~5% of the bR molecules into the
photocycle as compared with the green pulse. Nevertheless, because a
significant repopulation of the ground-state BR is not expected within the
longest delay At used (<500 us), the contribution of this blue-excited
photocycle does not depend on the respective delay and is therefore
constant for all difference spectra.

RESULTS

The basic idea of our experiments is illustrated in Scheme 1.
A time course of L, M,,,,;, and BR concentrations as yielded
by a simplified unidirectional model, L—M,,,—BR
(ki _m'*vi—pr = 10/1), is shown. In addition, the proposed
contributions of M; and M, to M,,,,; as obtained by photo-
cycle modeling (Varé and Lanyi, 1991a) and double-flash
experiments (Druckmann et al., 1992) are also illustrated in
Scheme 1. These calculations suggest that M; comprises
most of the total M during the M rise, and M, comprises
most of the total M when M reaches its maximum concen-
tration. At time ¢ = 0, the photocycle is initiated by a green
laser flash. After a delay time At¢, the application of a second
blue pulse selectively drives only the bR molecules in the
blue-absorbing M intermediate back to BR. The M to BR
photo-back-reaction is illustrated by a decreasing M con-
centration and an increasing BR concentration. The L con-
centration is not affected in such a simplified scheme with-
out back-reactions. The photo-back-reaction of M starts at #,
and is completed at z,. It is found to be considerably faster
(~200 ns; Kalisky et al., 1977) than thermal reactions of the
photocycle (L & M, ~100 us; M < N, ~ms). Thus we can
discriminate kinetically between changes due to the fast
M—BR photo-back-reaction and the slower photocycle re-
actions such as L <> M, or M, <> N. The BR molecules that
are not photo-back-reacted decay in the conventional pho-
tocycle. By calculating double-difference spectra between
the absorbance changes at ¢, (M concentration higher) and ¢,
(M concentration lower), only the absorbance changes due
to the M to BR photo-back-reaction are selected. That is, a
BR-M difference spectrum is obtained. Because the results
of the simple photocycle modeling and the double-flash
experiments show that at shorter delay times At M, domi-
nates and at later delay times M, dominates, the BR-M, and
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BR-M, difference spectra can be obtained by variation of
the delay time At.

Fig. 1 shows typical results of a measurement at pH 6.5
and 20°C, performed with a time resolution of 5 us. Three
traces at 1762 cm™ ! and 1527 cm™ !, respectively, obtained
with three different delay times Az (70 us, 150 us, and 250
us), are superimposed. The absorbance change over a time
interval of only 1 ms is plotted. Data collection started 20 us
before the application of the first pulse. The absorbance
increase at 1762 cm ™' indicates the protonation of D85 and
reflects the accumulation of the total M concentration (Hes-
sling et al., 1993). The absorbance decrease at 1527 cm™"
refers to the disappearance of the BR ground state. The
traces depicted indicate that the application of the delayed
blue pulse results simultaneously in a fast unresolved de-
pletion of the M intermediate and in the reappearance of the
ground-state BR. Obviously, only part of the accumulated
M reacts back to BR. Until the maximum concentration of
M is reached, the longer the delay before the second pulse,
the more M is accumulated and the more the second pulse
depopulates M. This observation for M agrees with the
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FIGURE 1 Absorbance change in the infrared at 1762/1527 cm™',

where M/BR concentration is followed (pH 6.5, 500 mM HEPES/KCI).
Three measurements with delay times of (a) 70 us, (b) 150 us, and (c) 250
ps are superimposed (¢ = O represents initiation of the photocycle by the
first laser pulse). The amount of M intermediate photoconverted obviously
depends on the already accumulated M.
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increasing repopulation of BR with increasing Az. On the
other hand, photocycle intermediates that are not affected by
the second pulse continue to react as usual. Therefore, the M
concentration increases again after application of the blue
pulse because, before the time of the maximum M concen-
tration, the decay of the unaffected L intermediate is faster
than M decay to N. The contribution of the photocycling bR
induced by the blue pulse can be neglected under the con-
ditions used, as discussed in Materials and Methods.

To resolve the M—BR back-reaction, the same experi-
ments were performed with 30-ns time resolution. In a first
experiment the second pulse was delayed long enough
(At = 350 us) to coincide with the maximum of the total M
concentration. In a second experiment with the same sam-
ple, the two pulses were separated by only 50 us, thereby
monitoring the photo-back-reaction of the early M popula-
tion. The corresponding absorbance changes are shown in
Fig. 2. Data acquisition starts 500 ns before the application
of the second pulse. A time interval of 3.5 us is shown. The

absorbance change

1.0
time [ps]

FIGURE 2 Absorbance changes in the infrared measured with a time
resolution of 30 ns (pH 7.5, 500 mM Tris/KCl). Only a time interval of 4
us during the back-photoreaction of M is printed. (Note: here t = 0
represents the application of the second pulse.) Traces were analyzed with
the global-fit algorithm by a single exponential function (continuous line).
Double differences were calculated from the average of spectra measured
within a time interval of 500 ns before and after back-photoreaction, as
indicated by brackets. (a) Absorbance changes at 1527 cm™!, At = 50 ps.
(b) 1527 cm™, At = 350 ps. (¢) 1762 cm™", Az = 50 ps. (d) 1762 cm™!,
At = 350 pus. The amplitude of the detected signal corresponds to an
absorbance change of 3.4 X 1073 (a), 4.8 X 1073 (b), 3.7 X 107* (¢), and
5.4 X 1073 (d), respectively.
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recovery of BR at 1527 cm™' and the depletion of M at
1762 cm™! can now be followed as a function of time.
Global-fit analysis of the spectral range from 1800 cm™"' to
1000 cm™! succeeds with a single exponential function
(continuous lines in Fig. 2) and reveals apparent time con-
stants of 0.8 X 107 s™! (At = 50 us) and 0.36 X 107 s™!
(At = 350 us), respectively. Please note that this a result of
a fit procedure applied simultaneously to 400 spectral ele-
ments, individually weighted with respect to the calculated
noise at each wavelength. This leads to a significant im-
proovement of the calculated rate constants (Hessling et al.,
1993). Similar time constants (ky;; = 1.0 X 107 s™'; kyy, =
0.4 X 107 s™') of the M photo-back-reaction depending on
the delay times have been observed in the visible spectral
range (Druckmann et al., 1992) and are now confirmed in
the infrared. After completion of these processes, the exem-
plary traces shown in Fig. 2 reveal no significant further
absorbance change due to the photocycle reactions of the
unaffected intermediates. Thus we conclude that in this time
domain no photocycle reactions interfere.

To determine the absorbance changes during the
M,—M, transition, we calculate differences between the
time-resolved absorbance difference spectra taken before
the application of the second pulse at ¢, and after completion
of the M back-reaction at ¢, (see also Fig. 2). Fig. 3 a shows
the resulting double-difference spectrum BR-M of the late
M intermediate (¢, = 30 ns, At = 350 us, pH 7.5, 25°C).
It is compared to the BR-M spectrum (Fig. 3 b) yielded by
factor analysis from a conventional single-flash, time-re-
solved measurement (Hessling et al., 1993). General agree-
ment is found, especially for the M typical bands at 1762
cm™! and the band pattern at 1214 cm™ !, 1201 cm™ !, and
1167 cm™". A considerable deviation is seen at 1634 cm™".
This band seems to be downshifted from 1641 cm ™" in Fig.
3 b, or a positive band appears at 1641 cm™~'. The band at
1641 cm™! represents the C=NH" stretching vibration in

’) t
15141 1166
1201

AA absorbance [10-]

1527
\\
A

-4 4 \
1800

1 1
1600 1400 1200

wavenumber [ cm ]}

FIGURE 3 Comparison of (a) a late photo-back M-spectrum out of a
time-resolved double-pulse experiment (time resolution: 30 ns, pH 7.5,
25°C, At = 350 ps) to (b) the single pulse time-resolved M-spectrum
calculated with factor analysis (Hessling et al., 1993).
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the BR ground state (Smith et al., 1987). A further deviation
is seen at 1660 cm ™. Furthermore, a small negative band at
1700 cm™" is missing in the double-flash difference spec-
trum. Because there are some small but significant devia-
tions between the two difference spectra, we designate the
double-flash difference spectrum as the “photo-back BR-M
spectrum” to differentiate it from the time-resolved BR-M
spectrum.

Several double-flash experiments were performed be-
tween pH 7 and pH 9, and these revealed a similar delay
dependence of the absorbance changes in the M photo-back-
reaction. As a typical result, the BR-M difference spectra
obtained with a sample at pH 7.5 are depicted in Fig. 4. Here
we compare the photo-back BR-M spectrum, measured with
a delay At¢ of 350 us (Fig. 4 a), to the photo-back BR-M
spectrum at At = 50 us (Fig. 4 b). As discussed above, the
one at shorter delay represents mostly a BR-M, difference
spectrum and the other a BR-M, difference spectrum. When
considering the delay dependence of the M photo-back-
reaction in the visible spectral range (Druckmann et al.,
1992) at Ar = 50 us, we expect ~80% of the total amount
of M to be in the M, state, and at Ar = 350 us, we expect
100% to be in M,. Nevertheless, a more exact decomposi-
tion to M, and M, on the basis of infrared data cannot be
given.

No large differences are seen between the BR-M, and
BR-M, difference spectra. In particular, the chromophore
bands in the fingerprint region (1254 cm™!, 1200 cm™*,
1166 cm™1), the ethylenic stretch difference band (1567
cm™!, 1527 cm™'), and the absorbance changes of the
carboxyl groups (1761 cm™', 1738 cm™!) are in good
agreement. Nevertheless, deviations are seen at 1687 cm ™!,
1660 cm ™', 1641 cm ™!, 1634 cm™', and 1276 cm™". The
deviation at 1687 cm™! is less significant. At 1641 cm™,
the band intensity decreases with larger delay times but
increases at 1634 cm™ ' and 1660 cm ™. In addition, there is

AA absorbance (10-%)

[l 1 1 1 1 ]
1800 1700 1600 1500 1400 1300 1200 1100

wavenumber (cm™?)

FIGURE 4 Photo-back BR'-M spectra obtained at Ar = 350 us (a, upper
spectrum) and at At = 50 us (b, lower spectrum) (pH 7.5, 500 mM
Tris/KCl). The lower spectrum represents mainly a BR,’-M,, and the upper
spectrum a BR,’-M, difference spectrum. Spectrum b is magnified by a
factor of 1.4 for comparison.
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a significant absorbance increase at 1276 cm ™" in the photo-
back BR-M, spectrum.

We have also performed double-flash experiments with a
deuterated sample. However, in contrast to the H,O exper-
iment, no delay-time dependence of the double-difference
spectra was found. This observation can be explained in the
framework of a model in which the L—M,; transition is
selectively slowed down by a factor of ~6 in the deuterated
samples, but where the time constant of the M,—M, tran-
sition is only slowed down by a factor of 1.5 (le Coutre and
Gerwert, 1996). Then no significant accumulation of M,
would occur.

Fig. 5 shows the BR-N difference spectrum as revealed
by factor analysis (Hessling et al., 1993) for comparison
purposes. The most prominent bands of the N intermediate
are the shifted carbonyl frequency of D85 at 1755 cm ™!, a
pronounced difference band pair at 1670/1650 cm ™" (—/+)
in the amide I region, and the increased absorption at 1183
cm™! that indicates a reprotonated Schiff base in N. It is
obvious from the comparison with the photo-back BR-M
difference spectra in Fig. 4 that the absorbance changes in
the amide I and amide II regions in the M—N transition are
clearly distinct from the absorbance changes observed in the
M,—M, reaction.

DISCUSSION

The double-flash experiments resolve two different M in-
termediates in the infrared spectral region. The second flash
induces a reaction pathway according to M—M'—BR’'—
BR, in which the deprotonated Schiff base retinal isomer-
izes from 13-cis to all-trans in the M—M’ reaction, the
Schiff base is reprotonated in the M’—BR’ reaction, and
the protein relaxes to its ground state in the BR'—=BR
reaction. The M— M’ reaction takes place most likely in the
picosecond time range and is not time resolved in our study.

0.03 1

A absorbance

1199

1525 BR-N|
" 1400

0034 167

1800 1600 1200

wavenumber [ cm! ]

FIGURE 5 The BR-N spectrum from factor analysis (Hessling et al.,
1993), illustrating strong absorbance differences in the amide I region
(1670/1650 cm™").
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But we resolve the reprotonation of the Schiff base. Because
in the photoinduced back-reaction of an early-appearing M
(short delay times) the Schiff base reprotonates in 86 ns
(kyg = 0.8 = 0.1 X 107 s™'), but in the late appearing M
(long delay times) it reprotonates in 192 ns (ky;, = 0.36 *
0.05 X 107 s~ '), we conclude that the proton accessibility
of the Schiff base in the two M states is different. In the
early-appearing M, the Schiff base may be connected to the
proton release side, whereas in the late-appearing M it may
be connected to the proton uptake side. In this case it
represents part of the reprotonation switch. The results agree
nicely with the two rate constants observed earlier in the
visible spectral range (ky = (1 = 0.2) X 107 s™), kypp =
(0.4 = 0.1) X 107 s7!; Druckmann et al., 1992).

Negative bands in the difference spectra characterize the
BR state and positive bands the M state. The late photo-back
BR-M difference spectrum deviates with respect to the BR
bands from the BR-M difference spectrum obtained by
factor analysis at 1641 cm™ ' and 1660 cm™' (Fig. 3). The
band at 1660 cm ™' may represent an amide I vibration,
indicating a slightly different peptide bond orientation in-
volving one or two bonds. The band at 1641 cm™' charac-
terizes the C==NH" vibration. Because the difference spec-
tra agree mostly regarding BR-bands and deviate for the
C=NH" vibration, it seems that specifically the microen-
vironment of the Schiff-base is different, but the opsin and
the chromophore have almost reached the BR ground-state
configuration. The deviations indicate that we observe not
the BR state but the precursor, BR'. The final BR'—BR
relaxation reaction seems to take place on a longer time
scale than is monitored in this study. Therefore the photo-
back BR-M spectra represent BR’-M difference spectra.

Furthermore, the comparison of the photo-back BR'-M
spectra with the BR-M spectrum obtained by factor analysis
does not show the negative BR band at 1700 cm™', but a
positive band (Fig. 3). The band at 1700 cm ™" is assigned to
E204 (Brown et al., 1995), but the assignment to E204 has
recently been ruled out (Huhn et al., manuscript submitted
for publication). It is not clear which group is actually
represented by this band. Nevertheless, the absence of this
band may indicate that a proton is released from the protein
in the L—M transition but not yet regained in BR'. Future
experiments with indicator dyes should clarify this question.

It is shown, furthermore, that in the M'—BR’ reaction
the Schiff base is reprotonated by D85 because its reproto-
nation kinetics, followed at 1527 cm ™!, agrees nicely with
the deprotonation kinetics of D85, followed at 1762 cm™'.
This result of the time-resolved experiments agrees with the
conclusion drawn from a static low-temperature FTIR study
(Takei et al., 1992).

Low-temperature studies of the M photo-back-reaction
(Balashov and Litvin, 1981) indicate that the Schiff base
reprotonation is followed by a series of thermal transitions
via distinct intermediates P565, P575, and P585 observed
by a gradual warming of the sample. In principle, these
intermediates could show up at room temperature as well.
Only P585 is expected to decay at room temperature in the
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microsecond to millisecond time range; it may represent
BR'. For such a red-shifted intermediate, a frequency down-
shift of the ethylenic vibration of ~4 cm™' is expected
because of the relationship between the IR frequency and
the wavelength of the visible absorption maximum. How-
ever, such frequency shifts are not observed in the room-
temperature BR’-M photo-back difference spectra (see Fig.
3). Thus P585 does not contribute to the photo-back BR'-M
spectra at room temperature.

In comparing the BR}-M, and BR}-M, difference spectra
with each other, only very few deviations are observed. This
is not surprising, because the factor analysis was not able to
resolve two different M intermediates. Therefore it was
proposed that the spectral deviations between M, and M,
may only be minute. The BR{-M, and BR}-M, difference
spectra deviate at 1687, 1660, 1641, 1635, and 1276 cm™ !,
The band at 1276 cm™' is assigned to the C-O™ stretching
vibration of Y185 in the ground state by combining FTIR
difference spectroscopy with side-directed mutagenesis
(Braiman et al., 1988b). It is down-shifted to 1272 cm ™! in
the M intermediate. Interestingly, this study has also ob-
served a shift in the BR C=NH" stretching vibration in the
Y 185F mutant to 1634 cm ™' in low-temperature BR-K and
BR-M difference spectra. A close electrostatic interaction of
the ionized Y185 with the positively charged Schiff base in
the wild type was concluded from these results. Different
hydrogen bonding of the Schiff base proton led to signifi-
cant shifts in the C=NH" stretching frequency in BR} and
BR, in analogy to a recent investigation on human visual
pigments (Kochendoerfer et al., 1997). The assignment of
the absorbance changes at 1276 cm ™! to a vibration of Y185
was confirmed in side-directed isotopic labeling studies
(Liu et al., 1995). However, it should be noted that UV
resonance Raman as well as solid-state NMR experiments
do not support the presence of a tyrosinate in the BR ground
state (Herzfeld et al., 1990; McDermott et al., 1991; Ames
et al., 1992). It might be that because of the different time
scales resolved by the infrared and NMR spectroscopy, a
fast fluctuating proton is averaged in the NMR experiments
and might reflect only a fractional ionization of Y185 (Liu
et al., 1995). A recent electron-crystallographic refinement
of the bacteriorhodopsin structure indicates that Y185 could
be hydrogen-bonded to D212, which is part of the complex
counterion of the Schiff base (Grigorieff et al., 1996). How-
ever, the simultaneous spectral deviation at 1276 cm™! and
1641 cm™' between the BR}-M, and BR;-M, difference
spectra reflect changes in the Schiff base/Y185 interaction
with the M, to M, transition, either in the protonated or in
the deprotonated form of Y185.

Further changes are seen at 1687 cm™". In a recent study
on wild-type and R108Q mutated halorhodopsin, a differ-
ence band at 1695/1688 cm™' is assigned to the frequency
shift of the R108 guanidino group (Riidiger et al., 1995).
The arginine at position 108 in halorhodopsin is homolo-
gous to R82 in bacteriorhodopsin. Therefore the small de-
viations at 1687 cm ™! in the BR-M, and BR-M, difference
spectra may indicate different orientations of R82 in the
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different M states, as has recently been suggested (Bashford
and Gerwert, 1992; Scharnagl et al., 1995; Sampogna and
Honig, 1996). Nevertheless, a clear-cut assignment needs
future studies with R82X mutated bR.

Because no deviations of the chromophore’s vibrational
bands of the M intermediate are seen in the BR-M; and
BR-M, difference spectra, especially in the fingerprint re-
gion, there is no evidence of a change in the retinal confor-
mation, such as a C,,-C,s-s-cis in M, to s-trans in M,. It
was suggested that the C,,-C,5 single-bond isomerization
may constitute the reprotonation switch (Schulten and Ta-
van, 1978). Nevertheless, in M the chromophore is depro-
tonated and has weak infrared intensities. Therefore, small
differences in the chromophore isomerization state may not
be indicated in the BR{-M, and BR}-M, difference spectra
(Schulten et al., 1984; Xu et al., 1995). In addition, the
comparison of the L and N Raman spectra, which should
contain a 14-s-cis and a 14-s-trans, respectively, show a
nice agreement of the chromophore vibrations in the finger-
print region (Eisfeld et al., 1993; Hessling and Gerwert,
unpublished results). This suggests that L and N share a
very similar chromophore conformation, and thus in the
M,—M, transition no significant chromophore structural
change seems to take place.

Comparison of the spectral changes in the M;—M, tran-
sition to the ones in the BR-N difference spectrum (Fig. 5)
from factor analysis (Hessling et al., 1993) reveals consid-
erable deviation. The BR-N difference spectrum is domi-
nated by a strong difference band at 1670/1650 cm ™' and a
strong band at 1553 cm™}. They indicate a structural move-
ment of three or four peptide backbone bonds (Hessling et
al., 1993). These absorbance changes are not seen in the
M,—M, transition. Instead, a negative band at 1660 cm ™’
appears, which may represent a peptide bond movement of
another bond. Thus we propose two consecutive peptide
bond movements: first, a minute one in the M,—M, tran-
sition, which turns the Schiff base accessibility from the
proton release to the proton uptake side; second, a larger one
in the M,— N transition. The second one may be induced by
the rise of a negative charge at D96 in the proton uptake
side. The structural changes monitored in the neutron and
electron diffraction studies (Koch et al., 1991; Subrama-
niam et al., 1993) reflect mainly this second, larger struc-
tural change, because the investigators trapped an My
(Sasaki et al., 1992). In the D96N mutant the protein is
trapped in the wild-type protein backbone N configuration
in My. The structural changes identified so far by neutron
and electron diffraction studies do not reflect the reproto-
nation switch in the M;—M, transition, but rather the
opening of the protein for the proton uptake by D96 in N.

Based on the obtained results, we propose the following
model (see Scheme 2): after initiating the photocycle with a
first laser flash, a second blue flash drives a 13-cis retinal
Schiff base to all-trans in the M—M’ transition. At an early
stage of M, mostly M, is driven to Mj, whereas at a late
stage of M, M, is driven to M5. The M, to M, transition
seems to take place in ~100 ps. The Schiff base has
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Scheme 2 Refined photocycle model considering the results of double-
pulse experiments in the infrared spectral region. A first protein confor-
mational change during the fast M, to M, transition reorients the Schiff
base to the cytoplasmic side. In a second and larger conformational change,
probably triggered through D96 deprotonation, the intermediate N is
formed. For more details see text.

different proton accessibilities, in the M, configuration to
the external proton release pathway, and in the M, config-
uration to the cytoplasmic proton uptake pathway. The
different proton accessibilities lead to different reprotona-
tion rate constants observed for the M,—BR;] and
M,—BR; transition. The BR’ also seems to reflect different
oriented protein states. The spectral deviations seen at 1641
cm ™' and 1276 cm™! reflect different interactions of the
Schiff base with Y185 in BR] and BR, and conclusively in
M, and M,. Different H-bonding shifts the C=NH" fre-
quency down to 1634 cm™! in BR), as compared to 1641
cm™! in BR]. There is experimental evidence for complex
H-bonded networks in the proton release and proton uptake
pathway, respectively (le Coutre et al., 1995; le Coutre and
Gerwert, 1996; Huhn et al., manuscript submitted for pub-
lication). The results indicate that in the M,—M, transition,
mostly the H-bonding of the Schiff-base is changed, pre-
sumably from the proton release H-bonded network to the
proton uptake H-bonded network. Large-scale structural
changes are not observed. The movement leading to the
different H-bonding of the Schiff base to Y185 is indicated
by the band at 1660 cm ™", which seems to represent a small
peptide bond movement and the band at 1687 cm ™, which
may indicate different R82 conformations. Further experi-
ments are needed to clarify those band assignments. In
summary, the reprotonation switch in the M, to M, transi-
tion is essentially performed by different H-bonding of the
Schiff base to Y185, most likely induced by minute peptide
bond movements leading to different proton accessibilities.
In the M,—N transition, a structural change four to five
times larger is seen. The structural changes in the amide 1
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region may indicate a movement of helix F, using the
Y 185-P186 peptide bond as a hinge to open the cytoplasmic
proton uptake pathway for proton access (Gerwert et al.,
1990b).

In summary, we have for the first time combined FTIR
spectroscopy with double-flash experiments to obtain struc-
tural information about photocycle intermediates. This suc-
cessful combination opens up the possibility of using mul-
tiple laser pulses or other pulse excitations to create
artificial photocycles for light-sensitive molecules that can
be driven back into their ground state by a short excitation
pulse. This now opens a window for slecting, by nanosec-
ond FTIR spectroscopy, from a mixture of different protein
states, the IR spectrum of one specific intermediate that is
contaminated with contributions of the other intermediates
in conventional time-resolved measurements.
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