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ABSTRACT: The L550 intermediate in the bacteriorhodopsin (bR) photocycle has drawn much attention
with respect to the mechanism of light-driven proton transport because it selectively releases the Schiff
base (SB) proton to the extracellular proton channel in the LfM transition. Here we extend our solid-
state NMR studies of bR photocycle intermediates to the L state. Under conditions that stabilize L550, a
new SB signal is detected in the15N NMR spectrum which disappears upon thermal relaxation. This
signal is in the range for a protonated SB, but downfield from the SB signals of bR568 and N520. Since
steric interactions would have the opposite effect on shielding, the data argue against a 13,14-dicis
chromophore in L550. Comparison with the15N chemical shifts of halide salts of protonated Schiff bases
(pSB’s) of retinal suggests that the interaction of the SB with its counterion is significantly stronger in
L550 than in N520 (which in turn is stronger than in bR568). This is consistent with models of the early
photocycle in which the electrostatic interaction between the SB and its counterion constitutes an important
constraint. Although the L counterion interaction is comparable to that of a 6-s-trans,13-cis chloride
salt, the visible spectrum is strongly red-shifted from theλmax ) 491 nm of the chloride. This suggests
some double bond strain in L550, particularly about the CdN bond. This strain is apparently gone in the
N intermediate, which has a normal relationship between the15N chemical shift andλmax. Such a relaxed
chromophore is consistent with orientation of the SB proton toward the cytoplasmic surface in the N
intermediate.

Bacteriorhodopsin (bR)1 is the sole protein in the purple
patches of the plasma membranes ofHalobacterium sali-
narium(also known asHalobacterium halobium) (Oesterhelt
& Stoeckenius, 1971, 1973a). The 26 kDa polypeptide chain
of 248 amino acids (Khorana et al., 1979; Ovchinnikov et
al., 1979) forms a bundle of 7 transmembraneR-helices
(Henderson et al., 1990), which encapsulates a retinal
chromophore connected to the protein via a protonated Schiff
base (pSB) linkage with Lys216. The counterion of the pSB
is likely to be a hydrogen-bonded complex comprising water
(de Groot et al., 1990), Asp85, Asp212, and Arg82 (Braiman
et al., 1988; Gerwert et al., 1989; Henderson et al., 1990).
In the resting state and in the dark, bR contains two

isomers, bR568and bR555, with 6-s-trans,all-trans,15-anti- and
6-s-trans,13-cis,15-syn-retinal structures, respectively (Har-

bison et al., 1985, 1984; Pettei et al., 1977). The bR555

photocycle branches to bR568, so light-adapted bR is pure
bR568. Only the bR568photocycle results in proton transport
(Oesterhelt & Stoeckenius, 1973b). The proton-motive cycle
is initiated by the photoinduced transition from the 6-s-
trans,all-trans,15-anti bR568 state to the 6-s-trans,13-cis,15-
anti J625 intermediate (Fodor et al., 1988). The cycle is
completed by thermal steps through a series of other
intermediates, K590, L550, M412, N520, and O640 (Figure 1). In
each photocycle, a proton is released at the extracellular
surface and replaced from the cytoplasmic side, resulting in
net pumping. At the SB, the proton release and uptake
processes happen in the reactions LfM(I) and M(II)fN,
respectively (see Figure 1).

The photocycle has been most extensively characterized
according to the color changes corresponding to the different
λmax’s noted in the subscript for each photointermediate. Our
recent work on a series of 6-s-trans,all-trans,15-anti pSB’s
(Hu et al., 1994) and a series of 6-s-trans,13-cis,15-anti
pSB’s (Hu et al., 1997) indicates that the spectral tuning in
bR568, bR555, and N520 can be completely explained by the
synergistic effects of the strength of the electrostatic interac-
tion between the pSB and its counterion, and the isomer-
ization of the linkage between the ionone ring and the
polyene chain of the retinal upon insertion into the binding
pocket.

The nature of the L intermediate is critical for bR function
because it leads to vectorial release of the SB proton in the
LfM transition. Comparison of L with N will be helpful
in understanding the gating of proton movement because the

† This research was supported by the National Institutes of Health
(GM-36810, GM-23289, and RR-00993).
* Corresponding author (telephone, 617-736-2538; FAX, 617-736-

2516; E-mail, herzfeld@binah.cc.brandeis.edu).
‡ Brandeis University.
§ Massachusetts Institute of Technology.
X Abstract published inAdVance ACS Abstracts,August 1, 1997.
1 Abbreviations: bR, bacteriorhodopsin; bR568 or LA, all-trans,15-

anti component of dark-adapted bacteriorhodopsin and sole component
of light-adapted bacteriorhodopsin; bR555, 13-cis,15-syncomponent of
dark-adapted bacteriorhodopsin; CP, cross-polarization; DA, dark-
adapted resting state of bR, an∼1:2 mixture of bR568 and bR555; J or
J625, primary photoproduct of bR568; K or K590, relaxation product of J
and the precursor of L; L or L550, protonated photointermediate
preceding M412 in the bR photocycle; M or M412, deprotonated
photointermediate in the photocycle of bR; N or N520, protonated
photointermediate following M412 in the photocycle of bR; Lys, lysine;
MAS, magic angle spinning; NMR, nuclear magnetic resonance; pSB,
protonated Schiff base; SB, Schiff base; SSNMR, solid-state NMR.

9316 Biochemistry1997,36, 9316-9322

S0006-2960(97)00416-9 CCC: $14.00 © 1997 American Chemical Society



SB proton in L is discharged to the extracellular side while
the SB proton in N is taken from the intracellular side. Two
extreme models have been proposed for this gating. In one,
the changes in SB connectivity between the L and N
intermediates are due entirely to isomerization of the
chromophore. In particular, it has been proposed that a 13,-
14-dicisconformation (Orlandi & Schulten, 1979; Schulten,
1978; Schulten et al., 1984; Schulten & Tavan, 1978) in L
(which would have the SB proton pointing toward the
extracellular surface) relaxes to a 13-cis conformation in N
(which would have the SB proton pointing toward the
intracellular surface). Isomerization from 13,14-dicis to 13-
cisby rotation about the 14-15 single bond is postulated to
occur in the M intermediate, in concert with, and stimulated
by, Schiff base proton transfer to Asp85 (Zhou et al., 1993).
The opposing model of gating is predicated on essentially
identical, 13-cischromophore conformations in the L, M and
N photointermediates (Fodor et al., 1988). In this case,
rearrangement of the surrounding protein is required to
control proton movement. The protein structure is proposed
to change between two geometries, T and C, suited to
accommodateall-trans- and 13-cis-retinal, respectively. This
protein conformational change is proposed to serve as the
switch for the connectivity of the retinal Schiff base.
Recent experimental results (Fischer et al., 1994; Hend-

erson et al., 1990; Mathies & Li, 1995; Mathies et al., 1991;
Nilsson et al., 1995; Sonart et al., 1994; Subramaniam et
al., 1993; Weidlich et al., 1995; Weidlich & Siebert, 1993)
and theoretical modeling (Engels et al., 1995; Humphrey et
al., 1995; Scharnagl et al., 1994, 1995; Zhou et al., 1993)
suggest a hybrid mechanism, including unwinding of a
twisted 13-cis chromophore and remodeling of the proton
transport pathway. However, the correct structure for the
chromophore in the L state and its role in proton pumping
remain to be established by further experiments. To date,
solid-state NMR (SSNMR) has been proved to be the most
unambiguous method for determining the detailed chro-
mophore structure in bR (de Groot et al., 1989; Farrar et al.,
1993; Harbison et al., 1983; Hu et al., 1995; Lakshmi et al.,
1993). Unfortunately, the L intermediate has heretofore been
inaccessible for SSNMR. This work describes our first
SSNMR studies on the L intermediate at very low temper-

atures (down to-130 °C) utilizing 15N MAS NMR. We
find evidence for a stronger SB-counterion interaction in
L550 than in any of the other bR states studied previously.
That the L state is nevertheless strongly red-shifted suggests
double bond strain in the chromophore, especially around
the CdN bond.

MATERIALS AND METHODS

The15N NMR signal of the SB in [ε-15N]Lys-bR is a good
indicator for the various photointermediates of bR, because
the SB is the active site in proton pumping and the15N
chemical shift is sensitive to changes in the interactions of
the pSB. For the bR states prepared previously, including
DA, bR568, M, and N, the SB15N signals are well resolved.
It seems likely that the signal of L will be separated from
these intermediates, since its structure is presumably differ-
ent.
Preparation of [ε-15N]Lys-bR. bR was selectively labeled

by growingHalobacterium salinariumstrain (JW-3) in a
synthetic medium containingL-[ε-15N]lysine (Argade et al.,
1981). The incorporation of the labeled lysine into bR was
measured by the coincorporation of traceL-[ε-3H2]lysine. The
results indicate no scrambling of the radioactive label to other
amino acid residues in the protein. The isolation of the
purple membranes was achieved by the method of Oesterhelt
and Stoeckenius (1974). Prior to spectroscopy, the sample
was washed several times with a 0.1 M solution of NaCl at
pH 10.0 or pH 7.0, depending on the desired conditions. The
bR suspension was centrifuged at 30000g for 1 h following
each wash, and the bR pellet from the final spin was packed
into a transparent single-crystal sapphire rotor (7 mm in
outside diameter) which was tightly sealed with transparent
Kel-F endcaps (DOTY Scientific, Columbia, SC).
In Situ Illumination of the bR Sample.Light to initiate

the bR photocycle was delivered from a 1000 W xenon lamp
to the sample via a glass optic fiber bundle. Careful
alignment of the fiber at both ends is required for efficient
illumination. The selection of light frequencies for the
preparation of different photointermediates was achieved by
inserting glass filters between the fiber and the light source.
A water filter was used to eliminate the heat caused by near-
IR components. With this setup, different photointermediates
could be prepared by simply changing the trapping temper-
ature and the illumination frequencies.
Light-Adaptation of bR. The dark-adapted bR (DA),

containing bR568 and bR555, was converted to light-adapted
bR (LA), comprising only bR568, by illumination with white
light at 0 °C for a few hours.
Preparation of L550. L550was trapped by illuminating LA

with λ > 610 nm in the temperature range of-95 to-130
°C for at least 2 h.
Preparation of M412. M412 was trapped by illuminating

LA with λ > 540 nm at-60 °C for an hour.
Preparation of N520. N520was trapped by illuminating LA

with λ > 540 nm at around-20 °C for about an hour.
15N Solid-State NMR.Routine CP/MAS spectra were

acquired on a custom-designed spectrometer operating at a
field of 7.4 T (317.6 MHz, 79.9 MHz, and 32.2 MHz for
1H, 13C, and15N, respectively). Generally, the lower the
temperature during data acquisition, the better the S/N of
the NMR spectra. However, the choice of temperature is
limited by the capabilities of the NMR probe and other

FIGURE 1: Photocycle of bR568 showing the relationships among
the functionally important intermediates. Subscripts indicate the
wavelengths of maximum visible absorbance. The retinal Schiff
base is protonated in all but the M states, and the retinal polyene
chain is 13-cis in all but the O640 and bR568 states where it isall-
trans.
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accessories, and by the stability of the photointermediate(s)
of interest. Sample temperatures were determined in separate
experiments by observing the position of the207Pb resonance
in Pb(NO3)2 and the reading of an external thermocouple.
Typical conditions for SSNMR data acquisition were as
follows: proton 90° pulse 3.5µs, CP mixing time 2 ms,
FID sampling 1024 points, recycling delay 3 s, dwell time
20 µs, sample spinning speed 3-4 kHz, and continuous
proton decoupling during data acquisition. A double reso-
nance probe with variable temperature control was used.15N
chemical shifts are reported relative to saturated (5.6 M)
aqueous15NH4Cl.

RESULTS

pH 7.0. It has been reported that the L photointermediate
is stabilized at-103 °C in NaCl at pH 7.0 (Kandori et al.,
1995). Illumination of LA under these conditions withλ >
540 nm produces several new15N SB signals (results not
shown). With light of longer wavelengths, all the new
signals decline in intensity except the one at 161 ppm. We
therefore tentatively assign the latter to L and the former to
photoproducts of L or N. Light restricted toλ > 610 nm
results in a relatively clean spectrum (top, Figure 2) showing
only one signal, at 157 ppm, not attributable to LA, L, or N.
We temporarily designate this photoproduct as X. All the
observed species relax to LA at-80 °C in the dark (bottom,
Figure 2), consistent with the thermal instability of photo-
intermediates of bR at pH 7.0.

pH 10.0. Similar experiments were performed under
identical conditions but at pH 10.0. At this pH, both M412
and N520 are stable at relatively high temperatures. There-

fore, L trapped at low temperatures should relax to M and
N upon warming to appropriately chosen temperatures.

Figure 3 shows the conversion of DA to LA and the results
of illuminating LA with λ > 610 nm at-100°C. As at pH
7.0, L and X signals occur at 161 and 157 ppm, respectively.
However, this time they coexist with M412 [downfield at 296
ppm (Lakshmi et al., 1994), with the large CSA characteristic
of a deprotonated SB (Harbison et al., 1983)], as well as
N520 [at 150 ppm (Lakshmi et al., 1994)] and unconverted
LA [at 143 ppm (de Groot et al., 1989)]. The L signal at
-100 °C accounts for about 20% of the total bR. The
trapping temperature only affects the relative concentrations
of the intermediates.

In order to confirm that the 161 ppm signal belongs to L,
we examined its thermal stability and its thermal relaxation
products. As expected, the signal completely disappears in
the dark at-75 °C (Figure 4) (comparable to-80 °C for
pH 7.0 in Figure 2). At the same time, the intensity of the
M412 intermediate increases because it is stable under these
conditions (temperature, pH value, and salt concentration).
Thus, the 161 ppm signal belongs to a precursor of M412.
(In contrast, low concentrations of X persist at temperatures
as high as-60 °C. This is inconsistent with the thermal
behavior of L.) At-22 °C, M relaxes to LA, as observed
on other occasions. However, at this temperature, a small

FIGURE 2: 15N CP/MAS spectra of [ε-15N]Lys-bR in 0.1 M NaCl
at pH 7.0 taken at-125 °C. Top: Spectrum obtained after
illumination of LA with wavelengths>610 nm for several hours
at -125 °C. The inset is expanded 3-fold. Bottom: The same
sample after relaxation in the dark at-80 °C.

FIGURE 3: 15N CP/MAS spectra of [ε-15N]Lys-bR in 0.1 M NaCl
at pH 10.0 taken at-110 °C. Top: A doublet at around 150 ppm
originates from the SB in the two isomers in DA. Middle: After
light adaptation, bR555 is converted to bR568completely, as indicated
by the singlet from the SB at 143 ppm. Bottom: Illumination at
-100 °C with wavelengths> 610 nm drives LA to a mixture of
L, M, and N.
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amount of N520 still persists, consistent with the relative
stability of this intermediate at high pH.
The populations of the bR photointermediates depend on

the illumination temperature (Figure 5). The L state is first
observed at-90 °C and becomes more populated at lower
preparation temperatures although the overall conversion of
LA declines. The temperature dependence of the population
of M reflects both the variation in conversion of LA and the
variation in trapping of L. Analogously, the temperature
dependence of the population of N reflects both the variation
in conversion of LA and the variation in trapping of M.

DISCUSSION

The present work identifies the conditions required for
SSNMR observation of the L intermediate of the bR
photocycle. Four pieces of evidence support the assignment
of the 15N chemical shift at 161 ppm to the pSB of L550:
(1) The 161 ppm signal corresponds to about 20% of the

total SB signal under the conditions used by resonance
Raman (Lohrmann & Stockburger, 1992) and FTIR (Weidli-
ch et al., 1995) spectroscopists for stabilizing L.
(2) The 161 ppm signal gives way to the M412 signal in

the dark under conditions where L550 is not stable but M412
is.
(3) Other species, such as X, seen at low temperatures

with λ > 540 nm are reduced withλ > 610 nm, which

suggests that they result from absorption of a second photon.
(4) The observed coexistence of the 161 ppm signal with

M and N signals is consistent with the equilibria between L
and M, and M and N, indicated by kinetic analyses (Ames
& Mathies, 1990; Varo & Lanyi, 1990, 1991a-c).
Among all the bR states, the15N signal of the SB in L, at

161 ppm, is the furthest downfield. The shielding of atoms
in the polyene backbone is influenced by steric interactions
and electrostatic interactions. Steric interactions cause an
upfield shift by drawing electron density from the crowded
proton to the attached heavy atom. Such an effect would
be expected at the pSB nitrogen if the chromophore had a
13,14-dicisconformation. Our observation of weak shielding
of the pSB nitrogen argues against a 13,14-dicisstructure in
the L state.
Electrostatic interactions affect the shielding of the pSB

nitrogen (and the odd numbered carbons) by influencing the
relative energies and the mixing of the pSB resonance
structures shown in Figure 6. The weakest shielding of the
nitrogen occurs when structure A most dominates the ground
state by virtue of stabilization by a strong counterion near
the pSB. Comparison with the15N chemical shifts of model
compounds, particularly the 6-s-trans,13-cis,15-anti proto-
nated Schiff bases (pSB) of retinal (Hu et al., 1995, 1997),
suggests that the interaction of the pSB with its counterion
is significantly stronger in L than in N520 (where the
interaction is in turn stronger than in bR568). The pSB-
counterion center-to-center distance that we infer for L550,
from the relationship to15N chemical shifts shown in Figure
7, is 3.5 Å (as in a Cl- salt) vs 3.68 Å for N520 (as in a Br-

salt) and 4.08 Å for bR568 (longer than in an I- salt). These
distances are qualitatively consistent with the molecular
dynamics results as shown in Table 1: although the
simulations of Scharnagl et al. and Schulten et al. predict
different pSB-counterion distances, they both predict that
the pSB moves decisively toward the nearest negative
charges during the bR568 to L550 transition.
The NMR results are also consistent with FTIR observa-

tions that the pSB forms a stronger interaction with its

FIGURE 4: 15N CP/MAS spectra of [ε-15N]Lys-bR in 0.1 M NaCl
at pH 10.0 taken at-110 °C. Top: L, M, and N intermediates
prepared at-105 °C according to the procedure in Figure 3.
Middle: L has converted to M after relaxation at-75 °C in the
dark. Bottom: M and N have converted to LA after relaxation at
-22.5 °C in the dark.

FIGURE 5: Dependence of the populations of different bR inter-
mediates on the illumination temperature. The intensities of the
SB signals were normalized against the total intensity of all the
SB signals.
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counterion in L than in other intermediates (Kandori et al.,
1995; Maeda et al., 1991, 1992b, 1994; Yamazaki et al.,
1995a, 1996), including the N520 intermediate formed upon
reprotonation of the Schiff base (Pfefferle´ et al., 1991). A
strong pSB-counterion interaction in L supports models in
which electrostatic interactions have a strong influence on
chromophore dynamics in the early photocycle (Humphrey
et al., 1995; Scharnagl et al., 1995; Zhou et al., 1993).
In addition to weak shielding of the pSB nitrogen,

stabilization of resonance structure A in Figure 6 should be
associated with a blue-shifted visible spectrum. This cor-
relation between nitrogen deshielding and decreasingλmax
is in fact observed in model compounds and in other states
of bR, as shown in Figure 8. However, for the L state, the
maximum visible absorbance is at 550 nm (comparable to a
bromide salt) rather than the∼491 nm expected from its
15N chemical shift (comparable to a chloride salt). This
anomaly suggests a strained chromophore. Distortion in the
L intermediate has also been inferred from FTIR (Fahmy et
al., 1989; Maeda et al., 1991; Pfefferle´ et al., 1991; Weidlich
et al., 1993) and resonance Raman (Lohrmann et al., 1992)

spectra, and predicted by molecular dynamics simulations
(Humphrey et al., 1995; Scharnagl et al., 1994, 1995). This
distortion may be due to a combination of steric interactions
with neighboring residues, such as Trp182 (Maeda et al.,
1992a; Yamazaki et al., 1995b) or Thr89 (Henderson et al.,
1990), and the strong electrostatic interactions between the
pSB and its counterion discussed above. The latter would
be relieved by discharge of the SB proton in the LfM

FIGURE6: Resonance structures for protonated Schiff bases of 6-s-
trans,13-cis retinal.

FIGURE7: Correlation between the15N chemical shift for protonated
6-s-trans-retinal Schiff bases and the counterion strength measured
by 1/d2, whered is the center-center distance between the SB
nitrogen and the counterion. The filled points are the experimental
data, and the solid lines show the linear least-square fits (Hu et al.,
1997). The 6-s-transpSB’s were prepared from 13-cis- or all-trans-
retinal, aniline (A), and three halides (Cl-, Br-, and I-). Open circles
mark the counterion strengths inferred for bR intermediates from
the SB15N chemical shifts marked by the horizontal lines.

Table 1: Counterion Distances from the Schiff Base Nitrogen

from Scharnagl et al.a from Schulten et al.a

intermediate
from

Figure 7
closest
Asp O

av distance
to O’s of
closest Asp

closest
Asp O

av distance
to O’s of
closest Asp

bR568 4.08 4.35 4.48 5.43 6.28
L 3.50 3.44 3.87 4.18 4.41
N 3.68 3.32 3.84

a Personal communications.

FIGURE 8: Relationship between the visible absorption maximum
and the SB15N chemical shift. The notation for the model
compounds is as in Figure 7. The data for bR states are labeled
with their symbols. L alone deviates severely from the general
relationship.
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transition. In any case, the chromophore distortion appears
to be gone in the N intermediate, based on the relationship
between the15N chemical shift and the visible absorption
which is as expected for a relaxed chromophore. This
chromophore relaxation is consistent with the orientation of
the SB proton toward the cytoplasmic part of the proton
pathway in the N state.
Usually distortion of a polyene is expected to involve twist

about single bonds which have much lower barriers to
rotation than double bonds. However, twist about the even-
numbered bonds in a 6-s-trans-retinal pSB with a strong
counterion would increase the energy of the excited state
resonance structures in which the even-numbered bonds have
more double bond character (Figure 6B-G). The result
would be a blue shift of the visible spectrum toλmax < 491
nm, rather than the observed red shift toλmax ) 550 nm. To
explain a distortion-induced red shift, it is neccessary to
suppose that the dominant effect is due to strain about odd-
numbered bonds which have more double bond character in
the ground state (Suzuki, 1969). Since the same strong pSB
counterion that stabilizes the A resonance structure as the
ground state will also stabilize the B resonance structure as
the lowest excited state, the visible spectrum may be roughly
interpreted as a measure of the energy gap between the A
and B resonance structures. The observed red shift therefore
specifically suggests strain around the CdN bond.

CONCLUSIONS

The L intermediate of bR has been observed by solid-
state 15N NMR, after illumination with λ > 610 nm, at
temperatures<-90 °C, in 0.1 M NaCl at pH 7.0 and pH
10.0. At pH 10.0, L is not stable at-75 °C and relaxes to
the M intermediate, consistent with the widely accepted bR
photocycle. At lower temperatures, the L state is more
populated, and the M state is less populated. This is also
consistent with the photocycle sequence.
The 161 ppm15N chemical shift of the SB in L is

significantly downfield relative to those of bR568 and N520.
This result argues against a 13,14-dicis conformation in L.
Comparison with the chemical shifts of various retinal Schiff
base salts suggests a strong interaction with the SB coun-
terion in L. This can be reconciled with the red-shifted
visible spectrum of L if there is double bond strain in the
chromophore, especially around the CdN bond.
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