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We have recorded *C NMR spectra of [2-°C]-, [1-3C]-, [3-*C],- and [1,2,3-3C,]Ala-labeled
bacteriorhodopsin (bR), and its mutants, A196G, A160G, and A103C, by means of cross
polarization-magic angle spinning (CP-MAS) and dipolar decoupled-magic angle spin-
ning (DD-MAS) techniques, to reveal the conformation and dynamics of bR, with empha-
sis on the loop and C-terminus structures. The '3C NMR signals of the loop (C-D, E-F, and
F-G) regions were almost completely suppressed from [2-*C]-, [1-'*C]Ala-, and [1-*C]Gly-
labeled bR, due to the presence of conformational fluctuation with correlation times of
107 s that interfered with the peak-narrowing by magic angle spinning. The observation
of such suppressed peaks for specific residues provides a unique means of detecting
intermediate frequency motions on the time scale of ms or pus in the surface loops of
membrane proteins. Instead, the three well-resolved *C CP-MAS NMR signals of [2-
13C]Ala-bR, at 50.38, 49.90, and 47.96 ppm, were ascribed to the C-terminal a-helix previ-
ously proposed from the data for [3-'*C]Ala-bR: the former two peaks were assigned to
Ala 232 and 238, in view of the results of successive proteolysis experiments, while the
highest-field peak was ascribed to Ala 235 prior to Pro 236. Even such *C NMR signals
were substantially broadened when 3C NMR spectra of fully labeled [1,2,3-3C]Ala-bR
were recorded, because the broadening and splitting of peaks due to the accelerated
transverse relaxation rate caused by the increased number of relaxation pathways
through a number of *C-'3C homo-nuclear dipolar interactions and scalar J couplings,
respectively, are dominant among '*C-labeled nuclei. In addition, approximate correla-
tion times for local conformational fluctuations of different domains, including the C-
terminal tail, C-terminal «-helix, loops, and transmembrane «-helices, were estimated by
measurement of the spin-lattice relaxation times in the laboratory frame and spin-spin
relaxation times under the conditions of cross-polarization-magic angle spinning, and
comparative study of suppressed specific peaks between the CP-MAS and DD-MAS ex-
periments.

Key words: bacteriorhodopsin, C-terminal a-helix, interhelical loops, membrane pro-
teins, surface dynamics.

Bacteriorhodopsin (bR) is a light-driven proton pump in the
purple membrane from Halobacterium salinurum consist-
ing of seven transmembrane a-helices linked to the chro-
mophore at Lys 216. Its three-dimensional structures in
the ground state as well as the photolyzed state have been
recently revealed by several laboratories, utilizing cryo-
electron microscopy (I-3) or X-ray diffraction (4-10), as far
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as the structure of the transmembrane helices and some
loops are concerned. No consistent data, however, are avail-
able, including of several residues missing from the
revealed structures of N- or C-terminus and some interheli-
cal loops. This is probably because these portions of bR are
rather more flexible than anticipated and their structures
could be altered under the crystallization conditions. It
seems to be important to obtain a more detailed picture of
surface residues, such as interhelical loops, in view of their
participation in, for instance, the conformational switch
during photocycles. This is true for the C-terminus, al-
though they are not always believed to play an important
role in the photocycles of bR (11). Nevertheless, a more
detailed picture of surface residues is worthwhile obtaining,
when one takes bR into account as a prototype of a number
of membrane proteins involved in a variety of signal trans-
duction in G-protein coupled receptors.
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Fluorescence (12, 13), spin- (14), and heavy atom-labeling
(15, 16) techniques have been utilized to examine the con-
formational features of the C-terminus and loop regions,
even though these probes are not always free from pertur-
bation due to steric hindrance by the introduced probes. We
have therefore explored a *C NMR approach to reveal the
conformation and dynamics of *C-labeled membrane pro-
teins with reference to the conformation-dependent dis-
placements of ¥C chemical shifts (17-19). We have so far
utilized [3-**C]alanine as a source of *C-labeling to probe
backbone conformations, in spite of the location of the label
on its sidechain, mainly because displacements of *C
NMR signals of this label are solely dependent on the local
conformation of the peptide unit, as defined by a set of the
torsion angles (¢ and ¢) not affected by hydrogen bonds, as
in the case of C, and carbonyl carbons (17, 20), and plausi-
ble scrambling of isotopes to other residues turned out to be
minimal (20). Dynamic aspects of protein backbones can
now be determined from measurements of a variety of re-
laxation parameters, once **C NMR signals have been cor-
rectly assigned to specific amino acid residues on the basis
of the conformation-dependent displacements of peaks. In
fact, the existence of the C-terminal a-helix (226-235) pro-
truding from the membrane surface was proposed on the
basis of the *C NMR signals of Ala 228 and 230 with refer-
ence to the standard value, together with the assignment of

Ser Thr@

S. Yamaguchi et al.

peaks to the transmembrane a-helices and loops (21-23). In
addition, it should emphasized that a certain area of ¥C
NMR signals could be suppressed either from CP-MAS or
both CP-MAS and DD-MAS NMR spectra, when the peak-
narrowing by proton-decoupling or magic angle spinning
fails due to interference with incoherent motions of confor-
mational fluctuations, especially at physiological tempera-
ture (23-25). It seems worthwhile to extend this approach
to {2-*C]-, [1-¥C]-, or [1,2,3-**C,]Ala-bR, because the corre-
lation times of motions responsible for such peak-suppres-
sion are obviously different in view of the respective
relaxation mechanism (24).

The present study was therefore undertaken to further
elucidate the conformation and dynamics of the surface
domains of bR, including the C-terminal tail, C-terminal «-
helix and interhelical loops, by comparative '*C NMR stud-
ies on [1-3C]-, [2-1*C]-, or [1,2,3-13C,]Ala-labeled bR. The ex-
istence of the C-terminal a-helix protruding from the mem-
brane surface was first confirmed on the basis of the confor-
mation-dependent ¥C chemical shifts of the [2-1*C]Ala re-
sidue and the spin-lattice relaxation times. Unexpectedly,
the *C NMR signals of the loop regions of [2-'*C]Ala-bR
were completely suppressed, although these signals of [3-
13C]Ala-bR were easily visible (21, 23, 25). 'This finding un-
equivocally leads to arriving at the conclusion that the loop-
ed structure is not static as anticipated, but is in a time-
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Fig. 1. Schematic representation of the secondary structure of bacteriorhodopsin. All Ala residues are circled. The locations of
transmembrane helices A—G in the boxes are based on the X-ray diffraction results of Luecke et al. (7). The presence of helix G’ protruding

from the membrane surface is based on our previous NMR data (23).
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averaged state undergoing conformational fluctuation with
a correlation time in the order of 10™* s, which could be
interfered with the magic angle spinning frequency respon-
sible for the averaging of the chemical shift anisotropy of C,
and carbonyl carbons. The biological significance of such
flexibility of the interhelical loops will be discussed as to a
hinge allowing large amplitude movements of the trans-
membrane a-helices during the photocycles. In addition, it
was found that much broadened spectral lines were ob-
served when fully *C-labeled proteins were prepared, be-
cause the transverse relaxation rates were substantially
increased in the presence of an increased number of relax-
ation pathways through a number of homonuclear dipolar
interactions.

MATERIALS AND METHODS

Sample Preparation—L-[1-*C]-, L-[2-*C]-, L-[3-*C]ala-
nine, and [1-3C]glycine were purchased from CIL, Andover,
MA, and used without further purification. L-[1,2,3-3C,]ala-
nine was purchased from ICON Stable Isotopes, NY, USA.
H. salinarum strain S9 was grown in the TS medium of
Onishi et al. (26), in which unlabeled L-alanine or glycine
was replaced by one of the above-mentioned 3C-labeled
amino acids. Site-directed mutants, A103C, A160G, and
A196G in the C-D, E-F, and F-G loops, respectively (Fig. 1),
were also '*C-labeled with the above-mentioned amino acid
residues by means of this biosynthesis. In Fig. 1, the pres-
ence of the two turn a-helix revealed by a *C NMR study
(21-23) is illustrated as the G’ helix, protruding from the
membrane surface. Purple membranes were isolated by the
method of Oesterhelt and Stoeckenius (27), and suspended
in 5 mM HEPES buffer containing 0.02% NaN, and 10 mM
NaCl, pH 7, unless otherwise mentioned. Proteolysis with
carboxypeptidase A and papain was carried out as de-
scribed by Liao and Khorana (11). The samples were con-
centrated by centrifugation and the pelleted preparations
thus obtained were placed in a 5 mm o.d. zirconia pencil-
type rotor. A teflon cap was tightly glued to the rotor to pre-
vent dehydration through a pin-hole in the cap during
magic angle spinning under a stream of dried compressed
air.
Measurement of *C NMR Spectra—100.7 MHz high-reso-
lution solid-state NMR spectra were recorded in the dark
with a Chemagnetics CMX-400 NMR spectrometer, both
CP-MAS or DD-MAS with a single pulse excitation meth-
od. The spectral width and contact time, and repetition and
acquisition times for CP-MAS NMR were 40 kHz, 1 ms, 4 s,
and 50 ms, respectively. The n/2 pulses for carbon and pro-
ton nuclei were 5 ps, and the spinning rate was 3 kHz.
Free induction decays were acquired with data points of
2K. Fourier transformation was carried out as 16K points
after 14K points were zero-filled. The carbon spin-lattice
relaxation times in the laboratory frame (7,°) were mea-
sured by the cross polarization enhancement procedure
with reversal of spin-temperature or standard inversion
recovery using either the CP-MAS or DD-MAS NMR tech-
niques, respectively. Spin-spin relaxation times under the
conditions for proton decoupling and magic angle spinning
(T,©) were measured using a Hahn spin echo pulse se-
quence, adjusting the interval between the « pulse and the
starting point of acquisition to a multiple of the rotor period
N[T, in the usual manner (28). ®C chemical shifts were
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referred to the chemical shifts of the carboxyl carbon of gly-
cine [176.03 ppm from tetramethylsilane (TMS)], and con-
verted to data relative to TMS. All NMR spectra were
recorded at 20°C with the passage of air through the ther-
mostated coolant.

RESULTS

Figure 2 illustrates the 3C NMR spectra of [2-3C]Ala-bR,
recorded by both the DD-MAS (A) and CP-MAS (B) meth-
ods. The *C NMR signals of the C_ carbons in the trans-
membrane a-helices are displaced downfield as compared
with those of turned structures located in the loops, as
illustrated in the top trace, with reference to the previous
data for a number of model polypeptides (18, 19). Surpris-
ingly, only two broad signals, at 53.2 and 51.6 ppm, were
resolved for the transmembrane a-helical regions of [2-
13C]Ala-bR in the 13C CP-MAS NMR spectrum (Fig. 2B), in
contrast to the nine resolved signals from [3-1*C]Ala-bR in
this region previously reported (29). The intense signal
present at 50.1 ppm on DD-MAS NMR is ascribed to Ala
240, 244-246 in the terminal tail of the C-terminus under-
going conformational fluctuation, taking on the random coil
conformation, with reference to the C, 3C chemical shift of
the random coil form at 50.1 ppm (23), because the corre-
sponding [3-*C]Ala peak was also suppressed in the CP-
MAS NMR spectra of [3-*C]Ala-bR (21, 30).

Unexpectedly, no spectral change was observed when the
13C CP-MAS (A-D) and DD-MAS (E-H) NMR spectra of the
wild type and three types of site-directed mutants, A103C,
A160G, and A196G, were compared, with the expectation of
being able to assign the C, 3C NMR signals of Ala 103,
196, and 160, respectively, as a peak with reduced peak-
intensity, as illustrated in Fig. 3. This finding implies that
the ¥C NMR signals of these loops of [2-1*C]Ala-bR were
completely suppressed in both the CP-MAS and DD-MAS
NMR spectra, although the corresponding **C NMR signals
of [3-13C]Ala-bR were well-resolved and the '3C signals of

]80.10
— ™ 49.90

Fig. 2. 100.7 mHz '*C DD-MAS (A) and CP-MAS (B) NMR spec-
tra of [2-'*C]Ala-labeled bacteriorhodopsin.
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Ala 196, 103, etc. were appreciably suppressed for the re-
spective site-directed mutants, A196G, A103C, etc., as dem-
onstrated previously (25, 29).

Instead, these well-resolved *C DD-MAS NMR signals
resonating at the peak-positions of the loop region (Figs. 2
and 3) may arise from the Ala residues located in the C-ter-
minus undergoing more rapid conformational fluctuation.
To prove this, the 3C NMR spectra obtained by the CP-
MAS (A-C) and DD-MAS (D-F) methods were compared
after successive limited proteolysis with carboxypeptidase
A (B and E) and papain (A and D), as shown in Fig. 4.
Obviously, the remaining single ¥C NMR signal of the
papain-treated preparation (Fig. 4, A and D) resonating at
50.03 ppm can be straightforwardly ascribed to Ala 228,
which was originally involved in the C-terminal a-helix, as
proposed on the basis of the conformation-dependent *C
chemical shifts of intact preparation of [3-**C]Ala-bR (21-
23, 30) of the intact preparation at 49.90 ppm, but inevita-
bly changed to a random coil after cleavage at the site
between Gly 231 and Glu 232 by papain, protruding from
the membrane surface. On the other hand, the appreciably

5% 8 258
22 & Re &
A E
A196G
B F
A160G
C G
A103C
D H
wT
e 52 s a8 g4 52 B0 48
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Fig. 3. Comparison of *C CP-MAS (left) and DD-MAS (right)
NMR spectra of [2-'*C]Ala-labeled bacteriorhodopsin (WT)
and its site-directed mutants.
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decreased peak resonating at 50.10 ppm on deletion of the
terminal tail was ascribed to Ala 245 and 246 (Fig. 4F). At
least three peaks (the highest-field peak at 47.96 ppm
being assigned to Ala 235 prior to Pro, and those at 50.03
and 50.37 ppm to Ala 228 and 233 or vice versa from high
to low field) remained in the CP-MAS spectrum when the
C-terminus tail was digested by carboxypeptidase A, and
the additional intense signal in the DD-MAS NMR spec-
trum was assigned to Ala 240 and 244. These findings were
supported by the fact that the corresponding resonance
position of the a-helix form is observed at lower field than
the peak of the random coil form (50.1 ppm) at the bound-
ary between the a-helix and B-sheet regions, and close to
the data for the a-helix, as summarized in Table L

Figure 5 illustrates the *C DD-MAS (A) spectrum of {1-
3C]Ala-labeled bR of the wild type, and CP-MAS (B-D)
NMR spectra of A103C, A196G, and the wild type. The
achieved spectral resolution of the transmembrane o-heli-
ces in the ¥C NMR signals of the Ala C=0 group is again
unexpectedly poor as compared with that of the Ala C
group previously described (29). No appreciable spectraﬁ
change was noted between A196G (and also A160G; spec-
trum not shown) and the wild type, in spite of the intro-
duced site-directed mutations at the respective positions.

Ala 233 (50.37)
———— Al 228 (50.0%
Als 238 (4788

__ An233(5037)

Ala 228 (50.03)

Als 215 (47.96)

carboxypeptidase A
B reed g
M\W
o 33
C F
]
e 52 50 48 "o 82 &0 48
ppm ppm

Fig. 4. Variation of '*C CP-MAS (left) and DD-MAS (right)
NMR spectra of [2-'*C]Ala-labeled bacteriorhodopsin due to
partial cleavage of the '*C terminus by papain (A and D) and
carboxypeptidase A (B and E), with reference to those of the
intact protein (C and F).

TABLE 1. *C chemical shifts of the C-terminal u-helical domain protruding from the membrane surface (ppm from TMS).

Ala Reference data®
233 228 235 a-helix Random coil B-sheet
C, 50.38% 49.90° 47.96 52.4 50.1 48.2
Cfl 15.91¢ 5.91¢ 17.20¢ 14.9 16.9 19.9
Cc=0 175.9> 175.6° 173.0 176.4 175.2 171.8

*Saitd, H., Tuzi, S., and Naito, A. (1398) Annu. Rep. NMR Spectrosc. 36, 79-121; Saitd, H,, Tuz, S, Yamaguchi, S, Tanio, M., and Naito, A.
(2000) Biochim. Biophys. Acta 1460, 39—48. ®PAssignment interchangeable. “Tuzi, S., Yamaguchi, S., Tanio, M., Konishi, H., Inoue, S., Naito,
A, Needleman, R., Lanyi, J.K,, and Saitd, H. (1999) Biophys. J. 76, 1523-1531.
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This means that the carbonyl signals of Ala 196 and 160 in
the F-G and E-F loops, respectively, were also completely
suppressed for the wild type and these site-directed mu-
tants, as in the case of (2-*C]Ala-bR (Fig. 3), as mentioned
above. However, a partially suppressed peak(s) is visible
between the wild type and A103C mutant at the peak posi-
tion around 174.0~174.2 ppm ascribable to the broad enve-
lope of the Ala 103 signal (Fig. 5, B and D), because con-
formational flexibility of the shorter C-D loop might be
restricted to some extent as compared with that of the
longer E-F and F-G loops. This means that apparently
resolved ®C NMR signals in the loop region on CP-MAS
NMR resonating at the peak positions between 173.0-175.9
ppm are not ascribable to the C-terminus, because no such
signals were visible in the DD-MAS NMR spectrum (Fig.
5A).

In fact, the four well-resolved peaks visible in the DD-
MAS NMR spectra could be ascribed to Ala residues
located in the C-terminus (Fig. 5A), in a similar manner to
that seen in the DD-MAS NMR spectrum of [2-*C]Ala-bR
(Fig. 2A). The highest-field peak resonating at 173.0 ppm
can be unequivocally assigned to Ala 235 because of its
location prior to the Pro residue by taking into account the
expected upfield shift of the “proline effect” by 2-3 ppm
(31), as confirmed in view of the sample cleaved by papain.
Furthermore, the peaks at 175.9 and 175.6 ppm should be
assigned to Ala 228 and 233 of the C-terminal a-helix,
respectively, or vice versa. Undoubtedly, the most intense
signals should be ascribed to Ala residues located at posi-
tion 240 and beyond, as seen for the C, peak in Fig. 2A.

180 176 170
ppm
Fig. 5. ¥C DD-MAS (A) and CP-MAS (B-D) NMR spectra of [1-
13C]Ala-labeled bacteriorhodopsin. Note that the peak intensity
at 174.0-174.2 ppm of A103C (B) was partially suppressed as com-
pared with that of the wild type (D).

Vol. 129, No. 3, 2001

377

These *C chemical shifts for the C-terminal «-helix are
also summarized in Table L.

Furthermore, we recorded 3C CP-MAS (upper traces)
and DD-MAS NMR (lower traces) spectra of [1,2,3-*C,JAla-
bR, as illustrated in Fig. 6. Obviously, the spectral resolu-
tion is very poor as compared with that of the singly
labeled spectra, as described above, except for the DD-MAS
NMR spectrum of the carbonyl carbons. This is mainly
caused by the presence of additionally split signals due to
indirect spin-spin couplings and more seriously shortened
spin-spin relaxation times on CP-MAS NMR, etc. Never-
theless, it was demonstrated that the four individual sig-
nals, as illustrated in Fig. 5A, were split into the doublet
peaks due to indirect spin-spin couplings with the C, car-
bon by 56 Hz. In contrast, no *C NMR signal was sup-
pressed from the loop region of [3-3C]Ala-bR, as mentioned
already, and the resulting twelve *C NMR signals were
well-resolved for both the CP-MAS (Fig. 7A) and DD-MAS
NMR spectra at pH 7 with 10 mM NaCl (29). It turned out
that increasing the ionic strength fivefold, i.e. from 10 mM
to 50 mM NaCl, resulted in differential suppression of the
13C NMR peak of the C-terminal a-helix (Ala 228 and 233
resonating at 15.89 ppm) and displaced the Ala 103 peak in
the loop region. Furthermore, site-directed mutation of
A160G in the E-F loop resulted in similar spectral modifi-
cations in the C-terminal a-helix and looped region in addi-
tion to the presence of a reduced peak at 16.40 ppm (Fig.
7C). The peak at 17.32 and the shoulder peak at 17.20 ppm
are ascribed to Ala 184 (Tuzi et al., to be published) and
235 (25), respectively.

We also recorded *C DD-MAS (upper traces) and CP-
MAS (lower traces) NMR spectra of [1-*C]Gly-bR (left) and
a papain-cleaved preparation (right), as shown in Fig. 8, in
order to determine how individual *C NMR peaks are
resolved or suppressed depending on the region of interest.
The major 3C NMR signals of the Gly C=0 group, as ob-
served in the CP-MAS NMR spectra (Fig. 8B) in the region
between 171.7-172.7 ppm, were unequivocally assigned to
the transmembrane o-helices with reference to the data for
the Gly residue involved in the a-helical segments of 14 Gly

13C=0 3C, 3C,
Tido 175 170 55 50 5 20 15 10
PP ppm
180 75T 170 55 50 45 2 15 10
pom o) o

Fig. 6. BC CP-MAS NMR (upper traces) and DD-MAS NMR
(lower traces) spectra of [1,2,3-'*C,]Ala-bR.
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residues in the transmembrane a-helices. Naturally, the in-
tense signal observed in the DD-MAS spectra at 171.7
ppm, which is absent for the papain-cleaved preparation,
was ascribed to Gly 241 and 243 taking a random coil con-
formation as a result of their locations in the C-terminal
tail. It appears, however, that the several peaks resonating
at positions higher than 171.7 ppm should be ascribed to
five Gly residues located in the loop region, although the
assignment of the individual peaks is not feasible at pre-
sent because of plausibly suppressed peaks from these re-
gions. It is noteworthy that the center of gravity of the *C
NMR signals of residues is displaced upfield by about of 3—
4 ppm as compared with those of a-substituted amino acid
residues due to natural abundance giving rise to a very
broad envelope at 172.5 ppm.

§§§’§
ﬁgg
1

PPM

t Badman o o 'en T T

18 16 1a
Fig. 7. *C CP-MAS NMR spectra of [3-'*C]Ala-bR with 10 mM
NaCl (A) and 50 mM NaCl (B), and the [3-*C]Ala-labeled
A160G mutant with 10 mM NaCl (C).
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The carbon spin-lattice relaxation times in the laboratory
frame (7\°) and spin-spin relaxation times under proton
decoupling (T.,°) of the above-mentioned samples were also
measured by either the CP-MAS or DD-MAS NMR tech-
niques, in order to distinguish the peaks of the C-terminus
domains from those of the transmembrane a-helices and
loops region in the former, as summarized in Tables II and
ITI. As expected, the spin-lattice relaxation times for [1-
BC]Gly-, {1-3C}- and [2-'*C]Ala-bR, as determined by CP-
MAS NMR, are in the order of 20, 17-3, and 6-0.3 s, re-
spectively, whereas those determined by DD-MAS NMR
are in the order of 0.3 s, irrespective of their *C label. It is
interesting to note that the spin-lattice relaxation times for
the C-terminus, as determined in both the CP-MAS and
DD-MAS NMR experiments, are in good agreement with
each other, except for the peak at 50.03 ppm, which over-
laps those of the C-terminal tail, as summarized in Table
I1. This means that the shortened carbon spin-lattice relax-
ation times are due to the C-terminal a-helical portion,
which is able to undergo conformational fluctuations, as
compared with those of loop regions. It is notable from
Tables II and III that the observed T',° values for the trans-
membrane a-helix of [2-'*C]Ala-bR (3-5 ms) are rather

~
a-hellx E loop a-hefix &= loop
i
A
w)
g
i
B
175 pom 170 165 175 pom 170 185

Fig. 8. *C DD-MAS (upper traces) and CP-MAS (lower traces)
spectra of intact (left; A and B) and papain-cleaved (right; C
and D) [1-*C]Gly-labeled bacteriorhodopsin.

TABLE II. *C spin-lattice relaxation times (T\°) (s) and spin-spin relaxation times under proton-decoupling and magic angle

spinning (T,°) (ms) of [2-'*C]Ala-labeled bacteriorhodopsin.

Transmembrane a-helix

C-terminal a-helix

C-terminal end

53.2 ppm 51.2 ppm 50.37 ppm (Ala 233) 50.03 ppm (Ala 228) 47.96 ppm (Ala 235) 50.1 ppm (Ala 240, 246-248)
T.° CP-MAS 5.7*17 9.0x046 0.32 £ 0.17 1.1 *+0.03 041 £0.23
DD-MAS 0.29 + 0.03 0.32 £ 0.10 0.24 £ 0.05 0.32 £ 0.01
T,. CP-MAS 28 + 063 45 *0.17 94 +0.98 6.8 = 0.05 173 =09

TABLE I1I. *C gpin-lattice relaxation times (7\°) (s) and spin-spin relaxation times under proton decoupling and magic angle
spinning (7,°) (ms) of {1-*C]Gly-, Val-, or Ala-labeled bacteriorhodopsin.

Gly Val Ala
a-helix a-helix a-helix a-helix/random coil C-terminus
172.7 ppm 171.8 ppm 174.2 ppm 177.5 ppm 176.5 ppm 175.9 ppm 175.2 ppm 173.0 ppm
T° CP-MAS 199 +17 241=*25 16.3 £ 2.8 16.8 = 2.6 29+ 021 83 +12
DD-MAS 0.4 * 0.04 1.76 = 0.05 1.36 £ 0.05 1.43 % 0.2
T, CP-MAS 72+ 067 68=*0.67 13.3 = 2.8 171 = 2.8

J. Biochem.
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short as compared with those of [1-*C]Ala-bR (~7 ms). It is
likely that such shortened T,° values for the loop region
close to the T.° minimum may make the observation of sig-
nals difficult under the MAS conditions, as will be dis-
cussed in more detail later. In contrast, it appears that the
longer T,€ values for Ala residues located in the C-terminal
a-helix arose from the correlation times around 107% s cor-
responding to the high-temperature side of the 7,¢ mini-
mum. This correlation time is still on the low temperature
side, in the 3C spin-lattice relaxation times of the labora-
tory frame, because the presence of such conformational
fluctuation resulted in the decreased 7',° values (Table II).

DISCUSSION

Confirmation of the C-Terminal o-Helix—Previously,
Renthal et al. proposed the presence of a folded conforma-
tion on the cytoplasmic surface which undergoes conforma-
tional fluctuation in the order of ns on the basis of the
results of a fluorescence probe experiment (12). Subse-
quently, we proposed that there is an a-helical segment in
the C-terminal, protruding from the membrane surface, on
the basis of the conformation-dependent displacement of
the 3C chemical shifts of [3-'°C]Ala-bR and proteolytic
digestion of the C-terminal residues (21-23, 30). Consistent
with these findings, the existence of an a-helical domain on
the membrane surface of bR is now confirmed by the C,
and C=0 C chemical shifts of Ala 228 and 223 with refer-
ence to those of the a-helix form, as summarized in Table I,
although the peak position of Ala 235 at the terminal end
of this helix behaves as a turned structure because of its
location prior to a Pro residue. The location of this «-helix
protruding from the membrane surface is schematically
indicated as helix G’ in Fig. 9. Otherwise, these *C NMR
signals could be substantially broadened, as in most trans-
membrane a-helices (Fig. 2B). This view was further sup-
ported by its one order of magnitude shorter spin-lattice
relaxation times (0.2-0.3 ms), reflecting a possible internal
fluctuation, as compared with those of the transmembrane
helices (5-10 s), as summarized in Table II. This sort of a-
helix has not been found for bR so far by either X-ray dif-
fraction or cryo-electron microscopic studies (1-10), proba-
bly because of the inherent disorder arising from con-
formational fluctuation of the order of 1078 s, as estimated
from the spin-lattice and spin-spin relaxation times dis-
cussed below, although a recent X-ray diffraction study on
rhodopsin revealed the presence of a similar type of C-ter-
minal a-helix protruding from the cytoplasmic surface (32).

Spectral Resolution—It turned out that the achieved
spectral resolution of the 3C CP-MAS NMR signals of the
transmembrane a-helices of [1-'*C]-, (2-1*C]-, and [1,2,3-
BC,)Ala- and [1-'*C]Gly-labeled bR and its mutants is far
from satisfactory as compared with that for [3-'*C]Ala-bR
previously reported (Figs. 2, 6, and 7) (29). Nevertheless, it
is emphasized that the present finding is very valuable for
the following two reasons, although they may be discourag-
ing at first glance. This kind of information is very impor-
tant as background knowledge for deciding what kind of
strategy should be taken for future experimental design as
to isotope-labeling to study more general membrane pro-
teins, for instance, G-protein coupled receptor molecules.
Furthermore, the correlation times of inherent fluctuations,
if any, are unequivocally available from interference with

Vol. 129, No. 3, 2001

379

either proton decoupling or magic angle spinning, without
any kind of assumption as to the manner of molecular
motions involved.

It is now not recommended, based on the data in Fig. 6,
to prepare fully [**C]Ala-labeled preparations when fully
hydrated membrane proteins are to be fully examined,
even if one wants increased spectral resolution for high-res-
olution NMR measurements (23). This is obviously caused
by increased spin-spin relaxation pathways caused by vari-
ous types of dipolar interactions among various types of
13C-labeled nuclei and also split signals from 3C-**C homo-
nuclear J couplings which can not be removed by either
proton decoupling or magic angle spinning. Accordingly, no
single carbon signal was resolved in the experiments utiliz-
ing these labels because of unexpectedly increased line-
widths. This is not always true for [1-3C]Val-labeled bR,
however, because the *C NMR signals of Val 69 (B-C loop),
199 (F-G loop), and 49 (B helix) were well resolved (33, 34)
in spite of their positions in the loop regions, probably
because the acquired flexibility of these residues due to the
presence of a Pro residue as the nearest neighbor may alter
the motional frequency, thereby interfering with either pro-
ton decoupling or magic angle spinning.

The increased individual linewidths of the C, and car-
bonyl carbons of Ala residue could be estimated from the
observed spin-spin relaxation times under the condition of
proton decoupling and magic angle spinning (1/n7,°), even
though no single line was resolved due to the severe over-
lapping of many signals. They were estimated to be ca. 100
and 50 Hz (1 and 0.5 ppm), respectively, on the basis of the
experimentally determined relaxation data summarized in
Tables II and ITI. Again, it is well recognized that highly
increased linewidths for the loop region made direct obser-
vation difficult. In contrast, the corresponding linewidths
for [3-*C]Ala-bR were determined from several single car-
bon signals to be 20-25 Hz after resolution enhancement
by Gaussian multiplication. Therefore, it was concluded
that [3-13C]Ala-labeling is more suitable than [1-BC]-, [2-
Cl-, and [1,2,3-3C,]Ala- and [1-'*C]Gly-labeling as far as
the ¥C NMR signals of the transmembrane a-helices and
loops are concerned. It was further demonstrated that more
detailed argument as to the significance of the o,-helix in
an anisotropic membrane environment was made possible
(35, 36) once well-resolved signals from different residues
were resolved, although such argument was partly feasible
on the basis of the carbonyl signals.

In contrast, the spectral resolution for the peaks of the C-
terminus residues in the DD-MAS NMR spectrum turned
out to be much better for [1-°C]- and [2-'*C]Ala-labeling in
view of their larger spectral separations of 2.9 and 2.4 ppm,
respectively, as compared with that of 1.91 ppm for (3-
BC]Ala-bR. In fact, the expected linewidths for these resi-
dues range from 2 to 30 Hz, as estimated from the observed
spin-spin relaxation times under proton decoupling listed
in Tables II and ITI. In addition, it is expected that the ob-
served changes in the spin-lattice and spin-spin relaxation
times for [1-1*C)- and [2-'3C]Ala-bR could be more directly
related to the changes in backbone motion, as will be dis-
cussed below, while these relaxation parameters of [3-
3C]Ala-bR are influenced by the presence of C, rotation of
the methyl groups rather than the backbone motions under
consideration,
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Surface Dynamics of the Loop and C-Terminus Helix—
The present findings shown in Fig. 7 indicate that the C-
terminal a-helix (G’ helix in Fig. 9) is linked together with
the cytoplasmic loops to form a surface structure through
the formation of cation-mediated linkages (or salt bridges)
between their positively or negatively charged side-chains,
because this surface structure was disrupted by increased
ionic strength (50 mM) to compete with bound divalent cat-
ions (Fig. 7B) or conformational modification of the E-F
loop (Fig. 7C) through introduction of site-directed muta-
genesis at this site. This situation is most obvicusly indi-
cated by the decreased peak-intensities of the C-terminal a-
helix on CP-MAS NMR (but not on DD-MAS) as a result of
the acquired conformational flexibility (with a correlation
time of the order of 1078 s) caused by disruption of such
linkages. More detailed characterization of the local mo-
tions in bR is also feasible through measurements of spin-
lattice or spin-spin relaxation parameters, which are sensi-
tive to fast and slow motions, respectively, with different
correlation times, in addition to the arguments based on
the specific suppression of peaks. In particular, longer car-
bon spin-lattice relaxation times in the laboratory frame of
the C-terminal tail can be conveniently utilized to detect
rapid (or isotropic) motions with correlation times of
shorter than 1078 s. This can be very easily visualized when
the T'° values of [2-*C]Ala-bR for the transmembrane a-
helices (8-20 s), as determined in the CP-MAS experi-
ments, were compared with those of the C-terminus resi-
dues (0.3-1.8 s), as determined by DD-MAS experiments
(Tables II and III). The correlation times of the latter may
be located at the T',° minimum or on the high-temperature
side when combined with measured T,° values, whereas
those of the former are on the low temperature side of the
T\ minimum. Obviously, the *C NMR signal in the CP-
MAS experiment could be suppressed when the local mo-
tions responsible for this type of relaxation are on either
isotropic or large-amplitude reorientation, as for the termi-
nal tail of the C-terminus.

Carbon spin-spin relaxation times (T,°) under CP-MAS
conditions can provide motional information about the indi-
vidual carbon sites of amino acid residues of interest, in
contrast to the case of proton spin-lattice relaxation times
in the rotating frame (7', ") (20, 21), in which information
on individual sites would be masked by the presence of the
rapid spin-spin process. Indeed, we have already noticed
that the T,° values for the C-terminal a-helix, which is
capable of undergoing more rapid motion, are appreciably
higher than those from the transmembrane a-helices, as
demonstrated in Tables IT and III. In general, the T, value
strongly depends on the 'H decoupling field intensity, and
is affected by interference between incoherent random
motion and coherent decoupling and spinning frequencies.
Therefore, the overall 1/T,C can be given by (24, 28)

WZC = (WQC)S + (]/I;C)MDD + (WQC)M(:; §))
(UTSM,, = Sy 2RA5PIU+ 1/ +oZid) (@)

(VTP = Zwy?8Y45) A1 +4w )
+ 27/1 +w 2], 3)
where (UT.F) is the transverse component due to the C-H
static dipolar interaction. Here, vy, and s are the gyromag-
netic ratios of S (**C observed) and I (*H or ¥C) nuclej,
respectively, r is the internuclear distance between spins 1
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and S, and the summation is over each *C nuclei or either
BC—H or BC-'3C pairs. v, and o, are the carbon resonance
frequency and the amplitude of the proton decoupling RF
field, respectively. v, is the angular velocity of spinner rota-
tion. 3 is the chemical shift anisotropy and m is the asym-
metric parameter of the chemical shift tensor. Clearly, the
transverse relaxation rate is dominated by modulation of
either dipolar interactions or chemical shift anisotropies, il
internal fluctuations cannot be ignored as in the cases of
membrane proteins. It is expected that a decoupling of 50
kHz is sufficient to reduce the static component and the (1/
T,°M term will be dominant in the overall YT.°, as far as
the carbonyl carbons with larger chemical shift anisotro-
pies are concerned. In addition, it is expected that the C,
carbon signal could also be affected by both the (VTS
and (UT,°M . terms, depending upon the frequency range
of either 50 kHz (w,) or 4 kHz (w,), respectively. It has been
demonstrated that the T,° minimum could be located at the
correlation time of 107® s or 107 s, depending on the domi-
nant mechanism either from the dipole-dipole interaction
(DD; Eq. 2) or chemical shift anisotropy (CS: Eq. 3), respec-
tively.

It appears, on the basis of the aforementioned argument,
that the correlation times of the C-terminal a-helix, from
which appreciably higher T.C values than those of the
transmembrane a-helices were observed, are definitely on
the higher temperature side of the T,° minimum, which
could be close to 4 kHz (spinner frequency), as demon-
strated by Eq. 2. The absence of peaks for the interhelical
loops is thus ascribed to the correlation times correspond-
ing to the T.° minimum of the chemical shift anisotropy
mechanism (Eq. 3). In this connection, it is interesting to
note that the carbonyl *C signal of the Ala 103 residue
located in the shorter C-D loop was partially suppressed,
while those of Ala 160 and 196 located in the longer E-F
and F-G loops were completely suppressed (Fig. 6), consis-
tent with the previous observation on heavy-atom labeling
with an X-ray projection map (I16): the heavy-atom posi-
tions of residues 101 (C-D loop) and 130 (D-E loop) were
determined, while residues 160 (E-F loop) and 231 (C-ter-
minus) could not be located. As previously demonstrated
(30, 37), the transmembrane a-helices of bR are involved in
local conformational fluctuation of low frequency, especially
in an anisotropic environment such as lipid bilayers, result-
ing in downfield displacement of the peaks by 1-2 ppm
from those of the normal a-helix, and have been character-
ized as a;; helices with reference to the peak-positions of *C
chemical shifts of (Ala), in a hexafluoroisopropanol (HFIP)
solution, according to the definition of Krimm and Dwivedi
based on IR measurements (36). A similar result was very
recently obtained for a variety of chemically synthesized
transmembrane peptides incorporated into lipid bilayers
(35). The time-scale of such motion, if any, could be faster
than 10? Hz (correlation time in the order of 1072 s) (37) as
viewed from the chemical exchange process of chemical
shift among various conformations undergoing slow aniso-
tropic fluctuation, as schematically depicted in Fig. 9. As a
result, any observed ®C chemical shift 5, especially from [3-
BBCJAla-bR, can be expressed as a time-averaged value from
various conformers undergoing chemical exchange faster
than the chemical shift difference (3) among the various
peaks for various substrates, instead of the static picture so
far anticipated, as follows

oJ. Biochem.
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5 = Sp3, (@)
Sp,=1 (5)

where p; stands for the population for the respective sub-
strates. It is therefore very important to estimate these
parameters in order to obtain a more detailed picture of
membrane proteins.

Biological Significance of Surface Dynamics—It is now
clear that the dynamic aspects of bR are highly heteroge-
neous depending upon the respective domains, with distri-
bution of the correlation times from 10°2 s of the
transmembrane a-helices to 1078 s of the C-terminal tail
(Fig. 9). From this picture, it is readily conceivable that the
abovementioned motionally different domains, the cytoplas-
mic loops (107 s) and C-terminal a-helix (1078 s8), are
linked together through the formation of cation-mediated
linkages or salt bridges between charged sidechains. It
was demonstrated previously that the F-G loop and some
transmembrane o-helices of bacterio-opsin (bO) (23)
acquired accelerated motional freedom with approximate
correlation times of 107% s, compared with those of 107* and
10-2 s for bR, respectively, as judged from the suppressed
peaks in both the CP-MAS and DD-MAS spectra, when ret-
inal is removed from bR. Recently, a similar spectral
change was also observed for an M-like state achieved by
the D85N mutant without photo-illumination at ambient
temperature (38). It appears that these kinds of conforma-
tional changes as well as fluctuation are necessary for the
entry of retinal into bO to form bR or a conformational
switch resulting in the next steps in photocycles for the M
state. In other words, the presence of the intrinsic flexibility
(107 s) and subsequent susceptibility to further change of
the loops in bR seems to be essential for the coming large
amplitude motions of the transmembrane a-helices in the
conformational switch immediately after the deprotonation
of Schiff base. In this connection, it is particularly interest-

Cytoplasmic slde

Extracellular side

Fig. 9. Schematic representation of the location of the C-ter-
minal a-helix (helix G’ protruding from the membrane sur-
face) and heterogeneity of the approximate correlation
times of the different domains, as estimated from specifically
suppressed peaks by comparative studies involving CP-MAS
and DD-MAS NMR measurements, the carbon spin-lattice re-
laxation times and spin-spin relaxation times under CP-MAS
conditions, and the chemical exchange process.
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ing that the surface structure of bR in the M-like state is
largely reorganized, depending upon the ionization state at
both Asp 85 and the Schiff base located in an inner site of
the membrane (38), to facilitate the proton uptake in the
cytoplasmic surface more effectively. Recently, it was also
pointed out, on the basis of the results of a neutron scatter-
ing experiment, that this time-scale is related to a number
of conformational change or protein—protein interactions
during a number of important biological processes (39). In
this connection, it appears that further work along these
lines is very important, in order to understand the molecu-
lar process underlying the signal transduction in G-protein
coupled receptors.
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