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ABSTRACT 13C Nuclear magnetic resonance (NMR) spectra of [3-13C]Ala-labeled bacteriorhodopsin (bR) were edited to
give rise to regio-selective signals from hydrophobic transmembrane a-helices by using NMR relaxation reagent, Mn21 ion.
As a result of selective suppression of 13C NMR signals from the surfaces in the presence of Mn21 ions, several 13C NMR
signals of Ala residues in the transmembrane a-helices were identified on the basis of site-directed mutagenesis without
overlaps from 13C NMR signals of residues located near the bilayer surfaces. The upper bound of the interatomic distances
between 13C nucleus in bR and Mn21 ions bound to the hydrophilic surface to cause suppressed peaks by the presence of
Mn21 ion was estimated as 8.7 Å to result in the signal broadening to 100 Hz and consistent with the data based on
experimental finding. The Ala Cb

13C NMR peaks corresponding to Ala-51, Ala-53, Ala-81, Ala-84, and Ala-215 located around
the extracellular half of the proton channel and Ala-184 located at the kink in the helix F were successfully identified on the
basis of 13C NMR spectra of bR in the presence of Mn21 ion and site-directed replacement of Ala by Gly or Val. Utilizing these
peaks as probes to observe local structure in the transmembrane a-helices, dynamic conformation of the extracellular half
of bR at ambient temperature was examined, and the local structures of Ala-215 and 184 were compared with those
elucidated at low temperature. Conformational changes in the transmembrane a-helices induced in D85N and E204Q and its
long-range transmission from the proton release site to the site around the Schiff base in E204Q were also examined.

INTRODUCTION

Bacteriorhodopsin (bR) is a light-driven proton pump of
archaebacteria,Halobacterium salinarum, which consists of
seven transmembranea2helices, helix A to G, and a chro-
mophore, retinal, covalently linked to Lys-216 in the helix
G (Lanyi, 1993, 1997; Mathies et al., 1991; Ovchinnikov,
1982; Stoeckenius and Bogomolni, 1982). bR is known to
be concentrated in the cell membrane ofH. salinarumas a
two-dimensional (2D) crystal patch named purple mem-
brane consisting of bR and lipids. Recent x-ray diffraction
studies revealed three-dimensional (3D) atomic coordinates
with resolution up to 1.55 Å for bR at liquid nitrogen
temperature (Edman et al., 1999; Luecke, 2000; Luecke et
al., 1999ab; Sass et al., 2000). In addition to its own right as
a proton pump, bR has been considered as a simple and
convenient model system for a variety of membrane protein,
which consists of transmembranea-helical bundle, e.g.,
G-protein coupled receptor.

Solid-state nuclear magnetic resonance (NMR) spec-
troscopy, based on magnetically unoriented (Saitoˆ et al.,
1998; 2000) and oriented bilayer systems (Cross, 1997;
Marassi and Opella, 1998), is certainly the most powerful
means to reveal the dynamic structure of membrane

proteins under physiological conditions. In particular, the
former approach relies on the conformation-dependent
displacements of13C NMR peaks of individual amino-
acid residues depending on local conformation of a given
peptide unit characterized by the torsion angles (f andw)
irrespective of the peptide-sequence and can be consid-
ered as the only practical means to be able to study a
whole protein system at present (Saitoˆ et al., 2000). This
approach has proved to be very useful for revealing
secondary structures of globular or fibrous proteins in the
solid state where no significant backbone motion is
present (Saitoˆ and Ando, 1989). On the contrary,
polypeptide backbone from membrane proteins in lipid
bilayers turned out to be far from a static picture at
ambient temperature, but to be able to undergo sequence-
specific motions (.102 Hz) (Kimura et al., 2001) or
intermediate motion (104–105 Hz) to result in dynami-
cally averaged chemical shift of13C NMR signals (Tuzi
et al., 1996a) or suppressed13C NMR signals for certain
residues (Saitoˆ et al., 2000; Yamaguchi et al., 2000,
2001) due to interference with proton decoupling or
magic angle spinning frequency (Rothwell and Waugh,
1981), respectively.

Paramagnetic ions such as Mn21, Gd31 and stable free
radicals have been used as relaxation reagents to determine
interatomic distances in various molecular systems, includ-
ing globular proteins in solution, by taking advantage of the
effect of electron spin on relaxation times of nuclei in a
distance-dependent manner (Chazin et al., 1987; Dwek,
1973; Jacob et al., 1999). We previously used Mn21, with
ionic radius similar to that of Ca21, to locate the most
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probable binding sites for bR based on13C NMR change of
[3-13C]Ala-labeled bR (Tuzi et al., 1999), because the di-
valent cations have been proposed to be located at the
membrane surfaces (Griffiths et al., 1996; Mitra and Stroud,
1990). We demonstrate here that combination of a series of
site-directed replacements of Ala residues, together with
selectively suppressed13C NMR peaks due to accelerated
spin–spin relaxation rates caused by Mn21 ions, are very
useful to assign13C NMR signals of individual Ala residues
located at the extracellular half of the transmembranea-he-
lices of membrane proteins. Further, it will be shown that
the dynamic structure of such a region at ambient temper-
ature is not always the same as that revealed by the x-ray
diffraction studies (Luecke et al., 1999a; 2000) at lower
temperature.

MATERIALS AND METHODS

[3-13C]-L-alanine ([3-13C]Ala) was purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MA) and used without further purification.
The mutant strains ofH. salinarum, A53V, D85N, and E204Q were
provided by Prof. R. Needleman of Wayne State University and Prof. J. K.
Lanyi of University of California, Irvine. The strains, A51G, A81G, A84G,
A184G, P186A, and A215G were constructed as described by Needleman
et al. (1991).H. salinarumstrain S9 and the mutant strains were grown in
the temporary synthetic (TS) medium (Onishi et al., 1965), in which
unlabeledL-Ala was replaced by [3-13C]Ala. The purple membranes con-
taining bR were isolated and purified by the method of Oesterhelt and
Stoeckenius (1974) and subsequently resuspended in 5 mM HEPES buffer
(pH 7.0) containing 10 mM NaCl and 0.025% NaN3. Mn21 treatment of
the purple membranes was carried out by resuspension of the membranes
twice in 5 mM HEPES buffer (pH 7.0) containing 10 mM NaCl, 0.025%
NaN3 and 30–100mM MnCl2 to adjust final optical densities of chro-
mophores to 1.00. The membranes thus prepared were finally concentrated
by centrifugation and placed into a 5-mm outer diameter zirconia pencil-
type NMR sample rotor for magic angle spinning and sealed tightly with
glue to prevent evaporation of water.

High-resolution solid-state13C NMR spectra were recorded in the
dark at 20°C on a Chemagnetics CMX-400 NMR spectrometer (Ft.
Collins, CO) (13C: 100.6 MHz), by cross-polarization—magic angle
spinning (CP-MAS) and single-pulse excitation dipolar decoupled-
magic angle spinning (DD-MAS) methods. The spectral width, acqui-
sition time, and repetition time for CP-MAS and DD-MAS experiments
were 40 kHz, 50 ms, and 4 s, respectively. The contact time for
CP-MAS experiment was 1 ms. Free-induction decays were acquired
with 2-K data points and Fourier-transformed as 8-K data points after
6-K data points were zero-filled. Thep/2 pulses for carbon and proton
were 5.0ms and the spinning rates were 2.6 kHz. Resolution enhance-
ment was performed by the method of Gaussian multiplication with
apodization time 0 value of 0.7. Gaussian broadening value of 20 Hz
was applied for the measurements of CP-MAS spectra of WT, D85N,
A184G, P186A, A215G, and E204Q and 15 Hz was applied for those of
A51G, A53V, A81G, and A84G to achieve an appropriate resolution.
For DD-MAS spectra of WT, Gaussian broadening value of 12 Hz was
applied. Transients were accumulated 6,000 –24,000 times until a rea-
sonable signal–noise ratio was achieved. The13C chemical shifts were
referred to the carboxyl signal of glycine (176.03 ppm from tetrameth-
ylsilane (TMS)) and then expressed as relative shifts from the value of
TMS.

RESULTS

Figure 1 shows the13C (A) CP-MAS and (B) DD-MAS
NMR spectra of wild-type bR in the presence of 30mM
Mn21 ion. For the sake of comparison, the13C CP-MAS
and DD-MAS spectra of bR in the absence of 30mM
Mn21 (dotted lines) are superimposed. The peak-intensi-
ties for the13C NMR spectra with and without Mn21 ion
were normalized to adjust the highermost peaks, 14.74
and 15.01 ppm, whose intensities were not altered with or
without Mn21 ion. Several peaks, both from the CP-MAS
and DD-MAS NMR spectra in the presence of Mn21 ion
as indicated by the arrows, were significantly suppressed
from those without Mn21 ion caused by accelerated re-
laxation pathways. In particular, the13C NMR peak of
[3-13C]Ala-196 signal, originally resonated at 17.78 ppm,
is completely suppressed in the presence of Mn21 ion,
although the signals at 14.74 and 15.01 ppm were un-
changed. This kind of differential broadening effect in
the presence of Mn21 ion should be ascribed to the extent
of dipole– dipole interactions between Mn21 and 13C
nuclei from individual residues. According to the So-
lomon–Bloembergen equation (Eq. 1), the magnitude of

FIGURE 1 13C CP-MAS NMR spectra of [3-13C]Ala-labeled wild-type
bR in the presence (A, solid trace) and absence (A, dotted trace) of 30 mM
Mn21 ion, and13C DD-MAS NMR spectra of [3-13C]Ala-labeled wild-
type bR in the presence (B, solid trace) and absence (B, dotted trace) of 30
mM Mn21 ion.
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the dipole– dipole interactions between the electron spin
of Mn21 and the13C nucleus is expressed as a function of
distances between electron and nuclear spin (r) and cor-
relation time of rotational reorientation of the spin pair
(tr) (Bloembergen, 1957; Solomon, 1955),
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whereT2C is the spin–spin relaxation time of a13C nucleus,
r is the distance between the13C nucleus and Mn21, S is the
total electron spin,vc andve are the nuclear and electronic
Larmor precession frequencies,gc is the gyromagnetic ratio
of 13C, g is theg-factor of Mn21, b is the Bohr magneton,
T1e and T2e are the spin–lattice and spin–spin relaxation
times of an electron,tr is the rotational correlation time of
the Mn21-bR complex andtm is the lifetime of the
Mn21-bR complex. Theg-factor andT1e of Mn21 is as-
sumed to be identical to those of an aqua ion.tm is assumed

to be longer thanT1e (33 1029 s). Whentr is longer than
T1e, the line width corresponding to the calculatedT2C value
becomes greater than 100 Hz in the area within 8.7 Å of
Mn21. This would be the case for the nuclei located at the
transmembranea-helices and short loops.

In Fig. 2, the areas within 8.7 Å from the carboxyl oxygen
atoms in the potential cation binding sites, the acidic
sidechains on the surfaces, and the previously proposed
binding site at the C-terminus of the helix F, are shown by
shaded area (Tuzi et al., 1999). The oxygens of the potential
cation binding sites are shown by the large spheres, and the
methyl carbons of Ala residues are shown by the small
spheres with residue numbers. Here, the cation binding sites
are assumed to be fully occupied by Mn21. This kind of the
peak suppression is almost the same among concentrations
of Mn21 from 30 to 100mM, as shown in Fig. 3. It is
expected that most of the13C NMR signals of Ala residues
located at the inner transmembranea-helices, except for
those at the interface residues, are unchanged in the spectra
of Mn21-treated bRs. In the case of Ala residues withtr

shorter thanT1e, as seen from the Ala residues undergoing
rapid reorientational motions, the effect of Mn21 on the line
width is minimal depending ontr. This mechanism should
explain why the peak at 16.87 ppm in the DD-MAS spec-
trum (Ala-240, 244, 245, and 246 located in the C-terminal
random coil) is not broadened in spite of the presence of
Mn21 ion as shown in Fig. 1B. In fact,tr of the C-terminal

FIGURE 2 Atoms located within 8.7 Å from oxygens included in the
potential cation binding sites (large shaded spheres) are shown by shaded
areas. Sidechain methyl carbons of Ala residues are shown as small spheres
with residue numbers. Previously proposed cation binding site at the
C-terminus of the helix F is indicated by an arrow. The structure is from the
coordinates proposed by the electron diffraction study by Mitsuoka et al.;
1999.

FIGURE 3 13C CP-MAS NMR spectra of [3-13C]Ala-labeled wild-type
bR in the presence of (A)30, (B) 40, and (C) 100 mM Mn21 ion.
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random coil should be shorter than 1029 s, in contrast to the
prolonged values for the C-terminala-helix protruded from
the membrane surface (1026 s) resonated at 15.86 ppm
(Yamaguchi et al., 2001). These findings are consistent with
the previously proposed inhomogeneous distribution of mo-
bility in the C-terminus of bR (Kawase et al., 2000; Renthal
et al., 1983; Saitoˆ et al., 2000; Tuzi et al., 1994; Yamaguchi
et al., 1998, 2000, 2001).

To evaluate the effect of Mn21 on the spectra of bR,
influences of Mn21 on a series of Ala residues around the
extracellular half of the proton channel are assessed by
examination of respective site-directed mutants by replace-
ments of Ala by Gly or Val. Figure 4,A andB, show the13C
CP-MAS NMR spectra of [3-13C]Ala-labeled A215G and
A81G mutants of bR, respectively. The top, middle, and
bottom traces are the spectra of the site-directed mutants in
the absence and presence of Mn21 ion and the difference
spectra between the wild type and mutant bRs in the pres-
ence of Mn21 ion, respectively. For comparison, the dotted
traces from the wild type were superimposed on the top and
middle traces. As shown in Fig. 4A, the peak from the
difference spectrum at 16.20 ppm is unequivocally ascribed
to the Cb signal of Ala-215, because no additional confor-
mational change was accompanied by changing to this
site-directed mutant. In a similar manner, the signals at
16.52 ppm is assigned to Cb signals of Ala-81 as shown in
Fig. 4B, although the accompanied dispersion signals arise
from local conformational changes in the transmembrane
a-helices induced by the replacement of Ala-81, present in

a region between 14.8 and 16.2 ppm in the bottom traces.
Among these dispersion signals, the pair of the simulta-
neous positive and negative peaks at 15.39 and 15.25 ppm
in the bottom trace of Fig. 4B are ascribed to the upfield
displacement of the13C NMR peak of Ala-126 signal due to
the accompanied local conformational change in A81G.

Figure 5,A–C, shows the13C CP-MAS NMR spectra of
[3-13C]Ala-labeled A184G in the absence and presence of
Mn21 ion and the difference spectrum between the wild
type bR and A184G in the presence of Mn21, respectively.
Figure 5D shows the13C CP-MAS NMR spectrum of
[3-13C]Ala-labeled P186A in the presence of Mn21 ion. For
comparison, the dotted traces from the wild type were
superimposed on Fig. 5,A and B. The replacement of
Ala-184 by Gly causes the absence of the peak at 17.27 ppm
and minor spectral changes in the higher field region in Fig.
5 B. The latter changes can be visualized as dispersion
peaks representing displacements of signals caused by con-
formational changes in the difference spectrum (Fig. 5C).
The presence of the positive peak at 17.27 ppm in Fig. 5C,
which has no counterpart with the same magnitude of neg-
ative peak, is unequivocally assigned to Ala-184. Further,
this assignment was confirmed by the fact that the Ala-184
signal at 17.27 ppm is displaced upfield by removal of
kinked structure by replacement of Pro-186 with Ala (Fig.
5 D). This remarkable upfield displacement of the peak is
ascribed to changes of the local torsion angles of peptide
unit in Ala-184 located at the kink of the helix F induced by
Pro-186, because the replacement of Pro-186 by Ala is

FIGURE 4 13C CP-MAS NMR spectra of [3-13C]Ala-labeled (A) A215G and (B) A81G in the absence (top solid traces) and presence (middle solid
traces) of Mn21 ion. The corresponding spectra of [3-13C]Ala-labeled wild-type bR are superimposed on the top and middle traces as dotted traces.
Difference spectra between the spectra of the wild type and mutant bRs in the presence of Mn21 ion are shown as the bottom traces.
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expected to restore the kink to the normala-helix and bring
back the torsion angles of Ala-184 to those of the typical
a-helix.

Figure 6,A–C, shows the13C CP-MAS NMR spectra of
[3-13C]Ala-labeled A51G, A53V, and A84G, respectively.
The upper and lower traces are the spectra of the mutant bRs
in the presence of Mn21 ion and the difference spectra
between the wild type and mutant bRs in the presence of
Mn21 ion, respectively. As shown in Fig. 6A, the signal at
15.92 ppm in the difference spectra between the wild type
and A51G is ascribed straightforwardly to Ala-51. The
replacement of Ala-53 by Val induces changes of signals
significantly larger than the noise level at 16.14, 15.95, and
15.46 ppm (Fig. 6B). The pair of the positive and negative
peaks at 15.95 and 15.46 ppm, respectively, is ascribed to
the upfield displacement of the Ala-51 signal (15.92 ppm in
Fig. 6A) arising from an accompanied local conformational
change at Ala-51 located near at Ala-53. Consequently, the

remaining positive peak at 16.14 ppm is assigned straight-
forwardly to Ala-53. These assignments are in good agree-
ment with the previous assignment based on wild-type bR
and A53V (Tuzi et al., 1996b). A slight difference in the13C
chemical shifts of the Cb signal of Ala-53 between the
previously reported 16.3 ppm and the 16.14 ppm observed
here may be attributed to the lower spectral resolution in the
former. Figure 6C shows that the peak from the difference
spectrum at 16.89 ppm corresponding to the suppression of
the peak at 16.89 ppm in the upper trace by about 50% is
assigned to the Cb of Ala-84, consistent with the previous
assignment (Yamaguchi et al., 2000). The remaining peak at
16.89 ppm has been assigned to Ala-240 of the C-terminus
(Tanio et al., 1999). In addition, the positive peak at 16.52
ppm in the difference spectrum arises from the dispersion
peak ascribed to the upfield shift of the Ala-81 signal
originally resonated at 16.52 ppm. Also, positive and neg-
ative peaks around 16 ppm resemble those observed for
A81G (bottom traceof Fig. 4B), suggesting that the similar
conformational changes in the transmembranea-helices are
induced by either the replacements of Ala-81 or Ala-84.

Potential application of this approach to detect function-
related conformational change in the transmembrane region
of membrane protein can be tested by using the local con-
formational change at the extracellular half of bR induced
by the replacement of Glu-204 by Gln as shown in Fig. 7,A
and B. The absence of the Cb signal of Ala-126 at 15.35
ppm induced by the replacement of Glu-204 was previously
ascribed to the downfield displacement caused by the local
conformational change in the extracellular surface of bR in
the previous report (Tanio et al., 1999). In addition to this
change, accompanied local conformational change at
Ala-84 is obviously manifested from the upfield displace-
ment of the Cb signal of Ala-84 in the Mn21-treated spec-
trum as shown in Fig. 7B. In contrast, no spectral change at
Ala-184 (17.27 ppm) is visible in spite of the replacement of
Glu-204 (Fig. 7B), suggesting that the local conformation
at Ala-184 is unchanged between the wild type bR and
E204Q. The downfield displacement of the most intense
peak in the spectra of Mn21-treated bRs, from 16.14 to
16.37 ppm, is obviously induced by the replacement of
Glu-204 (Fig. 7,A andB), suggesting the local conforma-
tional change of the transmembranea-helices. Ala-53, orig-
inally resonated at 16.14 ppm, is likely to be included in this
conformational change.

Figure 8,C andD, show the13C CP-MAS NMR spectra
of D85N in the absence and presence of Mn21, respectively.
Peak-intensities of the spectra in Fig. 8C and D were
normalized to adjust the heights of the peaks at 37.61 ppm
arising from methylene carbons in the phytanyl group of
lipid in the purple membrane. Mn21 induces strong sup-
pression of the whole spectrum of the Ala residues in D85N
as shown in Fig. 8D, which is not observed for the wild
type bR (Fig. 8,A and B) and the other mutant bRs dis-
cussed here. The majority of the signal suppressions at

FIGURE 5 13C CP-MAS NMR spectra of [3-13C]Ala-labeled A184G in
the (A) absence and (B) presence of Mn21 ion. The corresponding spectra
of [3-13C]Ala-labeled wild-type bR are superimposed as dotted traces. (C)
Difference spectra between the spectra of the wild-type and mutant bRs in
the presence of Mn21 ion are shown as the bottom traces. (D) 13C CP-MAS
NMR spectra of [3-13C]Ala-labeled P186A in the presence of Mn21 ion.
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17.00, 17.36, and 17.54 ppm are ascribable to the suppres-
sions of the signals from the loops located near at the
water-accessible surface of D85N. In addition to the effect
of Mn21 on the loops, unexpectedly strong suppressions are
observed for the peaks at 14.78, 15.04, 15.82, 16.34, and
16.60 ppm arising from thea-helices. The latter pronounced
effect of Mn21 about the suppressed peaks in D85N indi-
cates that Mn21 can penetrate more deeply into the inner
transmembranea-helices in D85N than in the wild type.

DISCUSSION

Editing the solid state 13C NMR spectra of bR by
Mn21 ion

As described in the previous section, all of the13C NMR
signals arising from the residues located at the extracellular
half of bR, including Ala-51, 53, 81, 84, 184, 215, and 126
of bR, remain unchanged in the CP-MAS spectra in the
presence of Mn21 except for Ala-196. This finding is con-
sistent with the estimated area where Mn21 causes suppres-
sion of peak as shown in Fig. 2, except for Ala-126. This
indicates that the area affected by Mn21 is more restricted to
the surface area than is our estimate, as shown in Fig. 2. It
appears from the13C CP-MAS and DD-MAS NMR spectra
of the wild-type and mutant bRs in the presence of Mn21

(Figs. 1, 4, 5, and 6) that the two kinds of spectral changes
are classified into the two groups: 1) unchanged signals
from the hydrophobic transmembranea2helices and also
from the C-terminal random coil, the latter of which under-
goes rapid (.109 Hz) isotropic motion and is visible only in
the DD-MAS spectra; 2) suppressed signals from the loops,
a-helix termini and the C-terminala-helix. It is noteworthy
that the unambiguous assignments of the Cb

13C NMR
peaks of Ala-215 and Ala-184 are made possible in the

presence of Mn21 ion. It is emphasized that this approach
can be easily extended to the other membrane protein–lipid
bilayer systems, because low concentration of Mn21 is
expected to be locally distributed on the surface of a bi-
omembrane containing negative charges from lipid head
groups and acidic sidechains, without any serious perturba-
tion to the system.

Dynamic structure of bR as viewed from Ala-215
and Ala-184 at ambient temperature

It is worthwhile to use the newly assigned signals, Ala-
184 and Ala-215, as probes to show how the dynamic
structure of the transmembrane region of bR at ambient
temperature is modified from that revealed by diffraction
studies at low temperature (Essen et al., 1998; Grigorieff
et al., 1996; Kimura et al., 1997; Luecke, 2000; Luecke et
al., 1999a; Mitsuoka et al., 1999; Pebay-Peyroula et al.,
1997, 2000). The torsion angles of the peptide unit at
Ala-184 are expected to be deviated substantially from
those of the normala-helices depending on the kink
angle of the helix F, if any, because Ala-184 is shown to
be located at the hinge of the kink of the helix F caused
by a lack of hydrogen bond between the carbonyl oxygen
of Trp-182 and the imido group of Pro-186. Consistent
with this view, it was found that the13C chemical shift of
Cb of Ala-184 is resonated at the unusually lower field
region at 17.27 ppm as a residue belonging to the trans-
membranea-helices. This is probably because Ala-184
takes highly distorted torsion angles that are either static
or time-averaged. This observation is consistent with the
previous prediction by x-ray structure [(f, c) 5 (275°,
224°) (Luecke et al., 1999a)]. This view is also justified
because the13C signal of Ala Cb at Ala-184 was dis-

FIGURE 6 13C CP-MAS NMR spectra of [3-13C]Ala-labeled (A) A51G, (B) A53G, and (C) A84G in the presence of Mn21 ion (upper solid traces). The
corresponding spectra of [3-13C]Ala-labeled wild-type bR are superimposed on the top traces as dotted traces. Difference spectra between the spectra of
the wild-type and mutant bRs in the presence of Mn21 ion are shown as the bottom traces.
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placed upfield toward the peak position of the normal
a-helix, when this kinked structure in the helix F is
removed by mutation of Pro1863 Ala (Fig. 5 D). There-
fore, it is possible to use this Ala Cb

13C NMR peak of
Ala-184 as a suitable probe to examine the kinked struc-
ture at the transmembrane helix F. Ala-215, neighbored
to Lys-216 and forming the Schiff base linkage with
retinal, has been shown to be involved in thep-bulge as
clarified by the x-ray study (Luecke et al., 1999a). Local
torsion angles for the peptide unit at Ala-215 were shown
to be (f, c) 5 (277°,216°), substantially deviated from
those of the typicala2helix, (f, c) 5 (257°, 247°) to
the direction similar to Ala-184 [(f, c) 5 (275°,224°)].
Downfield displacement of the13C chemical shift of
Ala-215 from that of the normala-helix can be expected
from the 13C NMR chemical shift contour map for Cb
carbon of Ala based on quantum-chemical calculation
(Ando et al., 1998), in view of the displacement of the
observed peak for Ala-184. In contrast to the expectation,
the observed13C chemical shift for the Ala Cb of Ala-215
at 16.2 ppm is rather normal as thea-helix comparable to
the data of Ala-53 and Ala-51, both of which are located
at the typical a-helix structure in the transmembrane
helix B. As pointed out, Ala Cb

13C chemical shift of
polypeptides and proteins is determined by the torsion
angles (f, c) (Saitô, 1986; Saitoˆ and Ando, 1989) as long
as the residue under consideration is static. Therefore, it

is more likely that Ala-215 takes the typicala-helix
rather than thep-bulge, at least at ambient temperature,
based on the above-mentioned similarity of the13C
chemical shifts among Ala-215, Ala-53, and Ala-51. It is
plausible as a cause for this discrepancy that bR here for
NMR measurement is embedded in the purple membrane
as 2D crystal suspended in the buffer at 20°C, although
many x-ray diffractions have been performed at lower
temperature, such as liquid nitrogen temperature together
with 3D crystal. The presence of slow conformational
fluctuation in the transmembranea-helices of bR with a
frequency of 100 Hz at ambient temperature, and freezing
of this motion at temperature below240°C were ob-
served by the solid state13C NMR (Tuzi et al., 1996a).
The neutron-scattering studies at ambient temperature
also showed a large amplitude anharmonic motion of bR
in the purple membrane with a frequency in the region of
109 to 1014 Hz (Ferrand et al., 1993; Fitter et al., 1998;
Heberle et al., 2000). A possible change in the time-
averaged torsion angles induced by these motions, if any,
would result in displacement of13C chemical shift of Ala,

FIGURE 7 13C CP-MAS NMR spectra of [3-13C]Ala-labeled wild-type
(A) bR and (B) E204Q in the presence of Mn21.

FIGURE 8 13C CP-MAS NMR spectra of [3-13C]Ala-labeled wild-type
bR in the (A) absence and (B) presence of Mn21 ion, and13C CP-MAS
NMR spectra of [3-13C]Ala-labeled D85N in the (C) absence and (D)
presence of Mn21 ion. Expanded spectra of D85N in the absence (dotted
trace) and presence (solid trace) of Mn21 ion are shown as an inset.

Dynamic Structure of Bacteriorhodopsin 431

Biophysical Journal 81(1) 425–434



because the conformation-dependent13C NMR chemical
shift of Cb of Ala turned out to be sensitive to the
dynamically averaged torsion angles (Kimura et al.,
2001) if an Ala residue is involved in local conforma-
tional fluctuation at a frequency higher than 102 Hz.
Therefore, dynamic behavior of bR at ambient tempera-
ture might permit more relaxed conformation of the back-
bone around Ala-215 than that under the lower temper-
ature.

Detection of the time-averaged conformational
change in the proton channel

It is now demonstrated that detailed examination for local
conformational changes is made possible by using Mn21 as
relaxation reagent to simplify spectral pattern, even if sig-
nals under consideration are accidentally superimposed with
signals of other residues. For instance, the Cb

13C NMR
peak of Ala-84 of wild type bR resonated at 16.89 ppm is
displaced upfield at least by 0.24 ppm when the13C NMR
spectrum of E204Q was compared (Fig. 7). This is because
local backbone conformation at the helix C near Asp-85, the
proton acceptor of the early half of the photo reaction, is
changed by replacement of the side-chain of Glu-204 in-
cluded in the proton release site located at the extracellular
surface. In addition, the most intense peak at 16.14 ppm is
displaced downfield to 16.37 ppm, presumably reflecting an
accompanied conformational change at Ala-53 originally
resonated at 16.14 ppm, together with the conformational
change of the helix B near the Schiff base and Asp-85. The
well-known linkage of the pKa of Asp-85 with the proton-
releasing groups, which is proposed to contribute to the
stabilization of the protonated Asp-85 during the formation
of the M-intermediate, has been reported to be modified by
the replacement of Glu-204 with Gln (Richter et al., 1996).
Even at the ground state, the two apparent pKa of Asp-85 in
the wild-type bR is changed into the single pKa in E204Q.
Interestingly, no conformational difference between the
wild type and E204Q in the region near the retinal have
been observed in the x-ray model structures for the ground
state at low temperature (Luecke et al., 2000). Actually, the
backbone torsion angles of Ala-84 [(f, c) 5 (264°,238°)]
and Ala-53 [(f, c) 5 (261°,236°)] in the model structure
of E204Q are virtually identical to those in the wild type,
(f, c) 5 (263°, 236°) and (264°, 237°), respectively.
Consequently, the differences between the backbone con-
formation of the wild type and E204Q obviously detected
by 13C NMR should be ascribed to differences in dynami-
cally averaged conformations at ambient temperature devi-
ated from the static conformation observed at low temper-
ature by thermal motions. The remarkable changes in the
dynamically averaged backbone conformation in the region
near Asp-85 and the Schiff base would be responsible for
the change in the pKa coupling between Asp-85 and the
proton-releasing groups at the ground state, although the

reported less dramatic changes of the Ala-82 sidechain and
water (Wat-406) in the x-ray model structure of E204Q
might also participate in the change of the pKa coupling.
The interaction between Asp-85 and the proton-releasing
groups mediated by changes of the dynamically averaged
conformations might be also required during the photoreac-
tion of bR as a pKa-controlling mechanism for stabilization
of the protonated Asp-85 in the M-intermediate. On the
contrary, the unchanged peak position of the13C NMR peak
of Cb Ala-184 between wild type and E204Q indicate that
the possible conformational change due to the kink in the
helix F is not influenced by the change at Glu-204, although
distance between Ala-184 and Glu-204 is shorter than that
between Ala-84 and Glu-204 in x-ray structure. Thus, the
influence of the replacement of Glu-204 should be spatially
restricted to the structure around the proton channel.

In contrast to the spatially restricted influence of Mn21

on the spectra of the wild type bR, E204Q and other
Ala-replaced mutant bRs, the effect of Mn21 on the spectra
of D85N is less specific and causes decrease in the intensity
of whole spectrum of D85N. The strong suppression of the
peaks arising from thea-helices in D85N suggests the
increase of the Mn21 accessibility to the inner transmem-
brane moiety or lipid-protein interface of bR. This is con-
sistent with the previously reported large conformational
change of the transmembranea-helices at neutral pH in-
duced by the replacement of Asp-85 by Asn (Kawase et al.,
2000). This conformational change might cause continuous
or transient opening of the proton channel that facilitates the
access of Mn21 to the transmembranea-helices surround-
ing the proton channel, or distortion of molecular packing of
bRs and lipids in the purple membrane, which facilitates the
access of Mn21 to the hydrophobic outside surface of bR.
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Saitô, H., S. Tuzi, and A. Naito. 1998. Empirical vs. nonempirical evalu-
ation of secondary structure of fibrous and membrane proteins.Annu.
Rep. NMR Spectrosc.36:79–121.
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