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We compared *C NMR spectra of [3-1°C]Ala- and [1-'*C]Val-labeled bacterio-opsin (bO),
produced either by bleaching bR with hydroxylamine or from a retinal-deficient strain,
with those of bacteriorhodopsin (bR), in order to gain insight into the conformational
changes of the protein backbone that lead to correct folding after retinal is added to bO.
The observed '*C NMR spectrum of bO produced by bleaching is not greatly different
from that of bR, except for the presence of suppressed or decreased peak-intensities.
From careful evaluation of the intensity differences between cross polarization magic
angle spinning (CP-MAS) and dipolar decoupled-magic angle spinning (DD-MAS) spec-
tra, it appears that the reduced peak-intensities arise from reduced efficiency of cross
polarization or interference of internal motions with proton decoupling frequencies. In
particular, the E-F and F-G loops and some transmembrane helices of the bleached bO
have acquired internal motions whose frequencies interfere with proton decoupling fre-
quencies. In contrast, the protein backbone of the bO from the retinal-negative cells is
incompletely folded. Although it contains mainly a-helices, its very broad *C NMR sig-
nals indicate that its tertiary structure is different from bR. Importantly, this changed
structure is identical in form to that of bleached bO from wild-type bR after it was
regenerated with retinal in vitro, and bleached with hydroxylamine. We conclude that
the binding of retinal is essential for the correct folding of bR after it is inserted in vitro
into the lipid bilayer, and the final folded state does not revert to the partially folded
form upon removal of the retinal.
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Bacteriorhodopsin (bR) is an integral membrane protein,
present as a trimer in the purple membrane of Halobacte-
rium salinarum, which functions as a light-driven proton
pump that translocates protons from the inside to the out-
side of the cell. Its three-dimensional structure at various
resolutions has been elucidated by cryo-electron microscopy
(I-3) and X-ray diffraction (4-7). Bacteriorhodopsin will
spontaneously refold from a denatured state to a native
state in vitro (8-10). For this reason, regeneration of bR
from its bleached apoprotein, bacterio-opsin (bO), and reti-
nal in vitro in natural or synthetic lipid bilayers has been
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utilized as a simple and convenient model system to study
stability and folding behavior of polypeptide chains, as well
as the oligomerization of integral membrane proteins (8-
12). However, the completely correct folded state, i.e., the
same as that of native bR, was shown to be achieved only
when the retinal was incorporated in vivo into bO from a
chromophore-deficient strain, as judged from the establish-
ment of the high pK, of the Schiff base (13). Nevertheless,
the photocycle of regenerated bR proved to be native-like,
irrespective of in vitro or in vwo folding, probably because
the structural perturbation imposed by photo-isomerization
of the retinal may be sufficiently large to overcome any
slight modification of sidechain orientation caused by in
vitro folding in the vicinity of the Schiff base. It has also
been demonstrated that fully active bR can be regenerated
from enzymatically cleaved fragments (14-16), but inser-
tion of an exogenous epitope into certain loops resulted in
loss of function (17).

Kinetic studies showed that refolding of bR in lipid bilay-
ers can be considered to involve at least two stages: (a) fold-
ing of the disordered form to a-helix, and (b) regeneration
of bR upon noncovalent binding of retinal at its binding
site, followed by formation of the Schiff base (10, 18-20). It

2T0Z ‘T Joqo100 uo Aiseaiun Bunpd e /6io'sfeuinolpio)xoqly/:diy wol) pspeojumoq


http://jb.oxfordjournals.org/

862

is not clear, however, how the protein conformational
changes are induced, or how the backbone dynamics is
altered in such a system. These questions can be answered
by systematic examination of the conformation-dependent
displacements of 3C NMR peaks and their amplitudes. In
fact, we demonstrated distinct conformational changes of
individual peptide chains in bO with and without retinal in
13C NMR studies on [3-*C] Ala-bR and -bO (21) that uti-
lized conformation-dependent displacements of *C NMR
shifts in various types of model systems as reference (22—
24). The spectral changes of the protein backbone with and
without retinal or retinal analogs proved to be useful
means to study apoprotein—chromophore interactions (21).
The *C NMR approach is of advantage for this purpose,
because it probes backbone dynamics, which can cause
selective suppression of certain peaks of CP-MAS NMR
spectra due to the presence of either fast isotropic or large-
amphtude motions with correlation time <102 s, which
arigse through inefficient cross polarization from 'H to 3C
(25), or intermediate isotropic or anisotropic motion in the
order of 10® s, which prevents the narrowing of peaks
through interference with proton decoupling both for CP-
MAS and DD-MAS NMR spectra (26). This is evident if one
compares the relative peak-intensities of *C CP-MAS NMR
spectra of [3-3C] Ala bR and -bO with those of DD-MAS
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NMR spectra. These labels probe the backbone dynamics in
spite of the location of *C label on the side-chain, as long as
the time scale of the motion is different from the methyl
rotation, which is faster than 10® Hz. Indeed, the probe of
[3-1*C]Ala-bO or bR was very sensitive to conformation and
dynamics of protein backbones (22-24).

In the present paper, we aimed to clarify at what stage of
the folding of bR the correct conformational changes are
induced, by means of a *C NMR study on [3-3C]Ala- and
[1-3CIVal-bO, either isolated from a retinal-deficient strain
or obtamned by bleaching bR. The approach using the
former label was made possible by the recent improvement
in spectral resolution that identifies up to 12 peaks to-
gether with newly assigned 3C NMR peaks to Ala residues
n individual positions (27-29). Surprisingly, we found that
bO from the retinal-deficient strain gave rise to very broad
3C NMR signals, although most of the individual peak-
positions are characteristic of aj—helix conformations
undergoing local anisotropic conformational fluctuations.
This spectral pattern changed to show well-resolved signals
characteristic of bleached bO, once retinal was incorporated
in vitro and then removed. This means that retinal is
essential for the unique folding that leads to bR. The struc-
ture of this state 1s retained even after the retinal is
removed by bleaching.
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Fig. 1. A schematic representation of the secondary structure of bR based on recent X-ray diffraction study (7). The transmem-
brane helices A-G and the a-hehcal segments protruding from the membrane surface G’ (34) are shown by columns. The circled and boxed

residues are ascribed to Ala and Val residues, respectively
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NMR Study on BC-Labeled Bacterio-opsin

MATERIALS AND METHODS

Sample Preparation—L-[3-*C]Alanine and [1-*Clvaline
were purchased from CIL, Andover, MA, USA, and used
without purification. H. salinarum S9 and A84G, A39V,
and E1001 (wild type but ret") mutants were grown in the
TS medium described by Onishi et al. (30), in which unla-
beled L-alanine or valine was replaced by either [3-*C]Ala
(circled) or [1-**C]Val residues (boxed) as shown in a sche-
matic representation of the secondary structure of bR
based on recent X-ray diffraction (7) (see Fig. 1). It turned
out that no isotope scrambling from [3-'*C] alanine to other
amino acid residues occurred, except for conversion to the
lipid peaks at 19.8, 22.7, 37.6, and 39.5 ppm as demon-
strated by our previous ¥C NMR study on denatured [3-
13C] Ala-bR solubilized in [ZHltrifluorcacetic acid (31). Pur-
ple membranes were then isolated by a standard method
(32). To prepare bO from bR, hydroxylamine solution (0.5
M, pH 7) was added to the purple membrane, which was
then exposed to panchromatic light for 20 h at 23°C (33).
The bO preparation thus obtained was washed with bovine
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Fig. 2. '*C NMR spectra of [3-*C]Ala-labeled bacterio-opsin
(bO) (black traces) and bacteriorhodopsin (bR) (gray traces)
recorded by DD-MAS (A) and CP-MAS (B). Numbers of tran-
sients for DD-MAS experiments are 11,132 and 5,100 for bR and
bO, respectively. Numbers of transients for CP-MAS experiments
are: 8,000 and 9,580 for bR and bO, respectively Intensity standard
for the spectral comparison was taken from the peak at 15 91 ppm
ascribed to the a-helical segments protruding from the membrane
surface. Regio-specific assignment of peaks are illustrated above the
traces.
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serum albumin 8 times and suspended in 5 mM HEPES
buffer containing 0.02% NaN, and 10 mM NaCl at pH 7.
The samples were concentrated by centrifugation, and pel-
leted preparations thus obtained were contained in a 5 mm
o.d. zirconia pencil-type rotor. Teflon caps were tightly
glued to the rotor to prevent dehydration through a pin-
hole in caps during magic angle spinning under a stream of
dried compressed air.

Measurements of *C NMR—100.6 MHz high-resolution
3C NMR spectra were recorded in the dark at 20°C on a
Chemagnetics CMX-400 NMR spectrometer, both by CP-
MAS and DD-MAS methods, to distinguish the time scale
of conformational fluctuation mentioned above, if any. The
spectral width and contact, repetition, and acqusition
times for CP-MAS NMR experiments were 40 kHz, 1 ms, 4
s, and 50 ms, respectively. The ©/2 pulses for carbon and
proton nuclei were 5 s, and the spinning rate was 2.6 and
4 kHz for [3-3C]Ala- and [1-'*C]Val-labeled proteins, re-
spectively. Free induction decays were acquired with data
pomnts of 2 K. Fourier transform was carried out as 16 K
points after 14 K points were zero-filled. 1*C chemical shifts
were referred to the chemical shufts of the carboxyl signal of
glycine [176.03 ppm from tetramethylsilane (TMS)] and
converted to the relative shifts from TMS.

RESULTS

Figure 2, A and B, compares the expanded 100.6 MHz C
NMR spectra of [3-13C]Ala-labeled bO prepared by bleach-
ing bR (black traces) and bR (gray traces) (12-20 ppm from
TMS) as recorded by DD-MAS (A) and CP-MAS (B) meth-
ods at ambient temperature (20°C), respectively. No other
signal from the natural abundance *C pertaining from
other residues overlapped this region, as mentioned previ-
ously (31). The regio-specific assignment of peaks to the
loop and transmembrane a;- and a;-helices for bR are illus-
trated above the traces. The intensity standard for the
spectral comparison between bR and bO was taken from
the peak-intensities at 15.91 ppm, which seemed to be less
sensitive to the presence or absence of retinal because of i1ts

TABLE I *C chemical shifts of [3-'*C]Ala-, [1-*C]Ala-, and [1-
*C]Val-labeled bacteriorhodopsin at 20°C (ppm).

Location CH, C=0 Methods References
Ala 39 HelixB 1640 A39V This work
51 HehxB 1596 A51G, Mn** 29

binding
53 Helix B 16.3 177.9 A53G,A53V 34, 35
81 Helix C 16.52 AB1G, Mn** 29

binding
84 Helix C  16.88 AB4G This work
103 C-D Loop 1720* A103C This work
126 HelxD 1539 A126G 27
160 E-F Loop 1738 A160G 37
196 F-G Loop 1778 A196G 27
215 Helix G 1620 A215G Mn?* 29
228,233 Helx G" 15.91 Limited 34
proteolysis
240, 244~ C-terminal 16.88 Lamited 34
246 proteolysis
Val 49 Helix B 172.0 V49A 36
69  B-C Loop 173.0 Limted 36
proteolysis
199 F-G Loop 171.1 V199A 36

*These peaks are displaced depending upon temperature.
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location at the a-helical portion, which protruded mainly
from the membrane surface (34). This assumption was jus-
tified in view of the presence of at least two unchanged
intensities at 17.20 and 15.39 ppm. As pointed out previ-
ously (21, 34), an alternative comparison of spectra be-
tween the DD-MAS and CP-MAS experiments showed that
some peak-intensities of the former at 16.88 and 15.91 ppm
from the C-terminal residues substantially decreased rela-
tive to the latter, because of insufficient efficiency of cross
polarization due to the presence of isotropic motions for the
terminal end of the C-terminus anchored at the membrane
surface with correlation time <10~ s, This view was con-
firmed by examination of *C NMR spectra of enzymatically
cleaved bRs (34, 35). This is true for further spectral com-
parison of bO between the DD-MAS and CP-MAS experi-
ments, as shown in Fig. 2.

Under the improved spectral resolution, twelve peaks
have been resolved for bO, in contrast to the previous ob-
servation of only five resolved peaks (21). The same line-
shape as in the previous report can be reproduced from the
current experimental data, however, by ignoring the latter
half of the data points of the currently observed free induc-
tion decays. Naturally, the positions of the intense peaks
are in good agreement with the previous data of low resolu-
tion (21, 34), although some less intense peaks, for in-
stance, 17.78, 17.37, 16.72 ppm, were not resolved previ-
ously, as pointed out already in the case of bR. Further, this
may happen when extensive peak-enhancement for bO
spectra (Gaussian broadening of 50 Hz in this case vs. 25—
30 Hz in the usual case) is applied.

16.88,(Ala 84)

17.20
16.40,(Ala 39)
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The assignment of the 3*C NMR signals for bR, based on
comparison of *C NMR spectra of the wild type with those
of site-directed mutants, Mn?* binding, and enzymatic
cleavages (Table I), should be directly applicable to bO pro-
vided that the peak-positions for bO are not significantly
changed from those of bR. It 1s, therefore, noted that the
lowermost peak of Ala C, signals at 17.78 ppm, ascribed to
Ala 196 also in bO, is suppressed in both DD-MAS and CP-
MAS NMR spectra. This is due to the presence of either
isotropic or anisotropic motions with time scale of 10 s in
the F-G loop which interfere with proton decoupling fre-
quencies (~50 kHz) (26). Still, substantial suppression of
the relative intensities at the peaks from 16.88 to 16.19
ppm (the transmembrane o-helices) in both the CP-MAS
and DD-MAS spectra cannot be ignored, mainly due to
interference of the intermediate backbone motions with
time scale of 10 s with proton decoupling frequencies
mentioned above (26).

To help assign such suppressed peaks to specific amino
acid residues, we have recorded the ¥C CP-MAS NMR
spectra of A84G (Fig. 3A) and A39V mutants (Fig. 3B) and
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Fig. 4 *C CP-MAS NMR (A) (5,000 transients) and DD-MAS
(B) (5,080 transients) spectra of [1-*ClAla-labeled A103C
(black traces) as compared with those of wild type (gray
traces).

Fig. 3 *C CP-MAS NMR spectra of [3-
13C] Ala-labeled A84G (A) (8,880 tran-
sients) and A39V mutants (B) (10,100
transients) and DD-MAS NMR spec-
tram of A38V (C) (black traces) as
compared with those of wild type
(gray traces). The intensity standard 1s
from the peak at 15.81 ppm. The assigned

peak based on the experiment here 18
shown by the arrowed peak.
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the DD-MAS NMR spectrum of the latter (Fig. 3C) (black
traces) as compared with those of the wild type (gray
traces). The peak at 15.91 ppm was again taken as inten-
sity standard for the spectral comparison. It is straightfor-
ward to assign the peak at 16.88 ppm to Ala 84, as it is
decreased in AB4G relative to the wild type, although an
additional peak from Ala 240 from the C-terminal moiety is
superimposed upon it. In a similar manner, the most
intense peak at 16.40 ppm of A39V in the DD-MAS NMR
spectrum free from efficiency of cross polarization (Fig. 3C)
was clearly decreased as compared with the wild type,
although several other places were also modified, as seen
by the increased peak-intensity at 16.26 ppm in the CP-
MAS NMR spectrum (Fig. 3B) as well as the upfield dis-
placement of the peak (Ala 103, to be assigned below) at
17.20 to 17. 10 ppm at the loop region. This i8 because Ala
39 is located at turn of the helix B at its cytoplasime end
(see Fig. 1), and its replacement with Val may result in
accompanied modification of the secondary structure of
helix B at the cytoplasmic end and C-D loop through inter-
actions among cytoplasmic loops and C-terminal a-helix
(29). Concomitantly, the decreased peak at 17.20 ppm of
A103C in Fig. 4 is unequivocally assigned to Ala 103, which
overlaps the Ala 235 peak of the C-terminus, although the
Ala 39 peak is also affected by the above-mentioned modifi-
cation of the secondary structure of helix B at the cytoplas-
mic end and C-D loop. The peak at 17.37 ppm is therefore
assigned to Ala 160, although *C NMR spectra of Ala 160G
or A160V were severely modified (spectra not shown).

Asg illustrated in Fig. 5, we compare the 3C NMR spec-
trum of [1-*C]Val-labeled bO produced by bleaching with
that of bR. The three previously assigned Val signals are
indicated on the individual peaks that resonate at the
higher field region (36), because they are ascribed to Val

1770
178.
— 1748
1741
Vel 69 173.0
- Val 491720
— V1891711

g

180 175 170
ppm
Fig 5. *C CP-MAS NMR spectra of [1-*C]Val-labeled bR
(8,000 transients; A) and bleached bO from bR (10,524 tran-

sients; B). The displaced peaks by removal of retinal are shown by
the arrows.
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residues followed by a Pro residue, namely, Val 199 and Val
69 at the F-G and B-C loops, respectively, and Val 49 at the
B helix, which are displaced upfield by ca. 2 ppm by the
“proline” effect (37, 38), although they are superimposed
upon another peak, as discussed in our previous paper (36).
The intensities of these three peaks of bO were signifi-
cantly decreased when retinal was removed by bleaching,
because the fortuitously superimposed peaks in bR are
resolved into separate peaks in bO, due to an accompany-
ing conformational change, which are located at least at the
B-C (Val 69) and F-G (Val 199) loops; and they are also
partly suppressed by acquired internal motions that inter-
fere with magic angle spinning as in the situation of [3-
3ClAla-bR mentioned above. As to the former possibility,
Val 199 and 49 are displaced upfield and downfield by 0.2
and 0.4 ppm upon conversion of bR to bO, respectively,
although they are coupled with the intensity change of Ala
196 in the same F-G loop as Val 199 of [3-*C] Ala-bO and
also the peak-suppression at the ay-helices at 16.17-16.88
ppm. As to the latter possibility, the peak-intensities of the
peaks resonated at 174.6 ppm, and the three peaks of Val
199, 49, and 69 seemed to be suppressed to some extent,
although they are not completely suppressed as in the case
of [1-*C] or [2-13C] Ala-bR (29).

On the basis of these arguments, we concluded that the
secondary structure of bleached bO is more flexible than

17.43
17.16
16.82
16.84
16.60
~ 1883
17.13
- 16.84
16.60
156.82

, 10°C
v MV
‘ TTTTTThe 18 14
10°C pem
18 16 14

ppm

Fig. 6. 3C CP-MAS (left) and DD-MAS (right) NMR spectra of
bleached [3-1*C] Ala-labeled bO at various temperatures. Note
that the arrowed peak at 20°C disappears at 20°C but appears at
higher or lower temperatures.
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that of bR. To clarify this point further, we examined the
thermal stability of the secondary structure of bO, relative
to that of bR, by recording the *C NMR spectra of bO (Fig.
6) and bR (Fig. 7) at various temperatures between —10 and
40°C (30). It is interesting that the peak labeled with the
arrow at 16.60 ppm in the DD-MAS NMR spectra (Fig. 6) is
suppressed at 20°C but clearly visible at both 30 and 0°C,
although this signal is not significantly changed in this
temperature range in the CP-MAS NMR spectra. This is
probably, a case in which large-amplhitude, isotropic motion,
resulting in reduced efficiency of the cross polarization,
with correlation time <107® s, is present at certain trans-
membrane helices at the cytoplasmic surface at 30°C, but
this motion is slowed down to the time scale of 10 s at
20°C. Interestingly, the well-resolved signals of bO at 17.43
(Ala 160) and 17.16 ppm (Ala 103} from the loops and 15.83
ppm from the C-terminal a helix (21, 34) at temperature
between 0 and 20°C are almost completely suppressed at
—10°C and are changed to the spectral pattern of bO puri-
fied from the retinal-deficient mutant E1001 at ambient
temperature (Fig. 8). It is worth mentionming that the peak
from the C-termunus helix (15.92 ppm at 30°C-15.77 ppm
at 0°C) disappeared at —10°C in both CP-MAS and DD-
MAS spectra due to interference of molecular motion with
proton decoupling frequency (26).

In contrast, no peak of bR exhibits a sigmficant intensity
change with temperature like the 16.60 ppm in DD-MAS

1h'p1'f:|'1'4'"1h'2nr'm1'4
Fig. 7. *C CP-MAS (left) and DD-MAS (right) NMR spectra of
bleached [3-'*C] Ala-labeled bR at various temperatures as
reference.
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NMR peak of bO. A relative intensity change of 16.19 vs.
16.41 ppm in the CP-MAS spectra at elevated temperature
above 30°C was noted, and the peaks from the loop regions
also varied with temperature (see Fig. 7). Ala 39 (16.40
ppm) may be responsible for such temperature-dependent
signals, in view of its location at the cytoplasmic turn of the
B helix. Consistent with our previous findings (34), the a-
helical peak of the C-terminus from 15.91 ppm is displaced
upfield to the position of bO at 15.70 ppm at a temperature
between 20 and 10°C and finally suppressed below 10°C, as
a result of interference with proton decoupling frequencies
(26). 1t is noteworthy that this sort of spectral change is
related with accompanying changes of Ala 160 and 103 in
the loop regions (Fig. 7).

Figure 8 illustrates the *C DD-MAS (top) and CP-MAS
(bottom) NMR spectra of [3-3CJAla-labeled bO from the
retinal-deficient strain E1001. It is noteworthy that the
linewidths of the observed spectra of native bO from E1001
strain are not the same as those from [3-3CJ]Ala-bO pre-
pared by bleaching of bR, shown in Fig. 2, except for the
presence of the three intense narrow peaks, distinct in the
DD-MAS but absent in the CP-MAS spectra. The *C NMR
signals of the transmembrane a-helices in this case are
substantially broadened as compared with those of the
bleached bO (Fig. 2A). Obviously, these two signals at 15.84
and 16.86 ppm arose from the C-terminal residues, which
undergo 18otropic or large-amplitude motions with correla-
tion time less than 1078 s, resulting in reduced efficiency of
cross polarization in the case of the in vivo produced bO
preparation (21, 34). The major secondary structure of the
individual chains from the transmembrane portion arises
from the a-helix conformation on the basis of their peak-
positions (22-24), and the peaks from the loop region for
three Ala residues seem to be significantly suppressed be-
cause of inherent molecular motions.

Figure 9A illustrates the *C CP-MAS NMR spectrum of
regenerated bR prepared by addition of retinal to the [3-
13C]Ala-labeled bO from E1001 strain in vitro at ambient
temperature. In accordance with our previous work on such

I
|
A
B
TR

Fig. 8 *C DD-MAS (10,100 transients; A) and CP-MAS (8,800
transients; B) NMR spectra of [3-'*C] Ala-labeled bO from ret-
inal-deficient E1001 mutant.
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Fig. 9. *C CP-MAS NMR spectra of regenerated [3-*C] Ala-la-
beled bR prepared by addition of retinal to retinal-deficient
mutant in vitro (A) and bleached bO resulting from removal
of retinal from the regenerated bR (B).

regenerated bR (21), the characteristic *C NMR spectral
pattern of bR was observed. It turned out that bleached bO
prepared from this regenerated bR gave rise to a *C NMR
spectral pattern (Fig. 9B) identical to that of bleached bO
prepared from in vivo folded bR (Fig. 2B). In the prepara-
tion in Fig. 9B, the above-mentioned peaks from the C-ter-
minus at 15.84 and 17.13 ppm reappeared which are re-
sponsible for the moiety undergoing intermediate motions
detected by the prolonged proton spin-lattice relaxation
times in the rotating frame (21). This kind of motional fea-
ture was not detected in bR. It probably arises from the C-
terminal helix (designated as G~ helix; see Fig. 1), which is
attached to helix G undergoing conformational fluctuations
as judged from the motions detected at the F-G loop be-
cause of modified interactions with cytoplasmic loops.

DISCUSSION

Role of Retinal as a Template for Irreversible Secondary
Folding of bR—As illustrated in Figs. 2 and 8, we found
that the secondary structures of the two types of bO prepa-
rations consist of mainly o-helix conformations (22-24),
consistent with the previous findings (8, 10). Nevertheless,
1t is obvious that the *C NMR spectral patterns of these
two preparations are different from each other: the bleach-
ed preparation gave rise to well-resolved peaks, while bO
from the retinal-deficient strain gave very broad signals. In
particular, the characteristic peaks ascribable to the loop
regions are obscured in the latter, probably because these
peaks are suppressed by the intermediate motions which
interfere with proton decoupling frequencies of the order of
10® Hz (26). Kinetic studies on bR regeneration utilizing
CD or fluorescence spectroscopy showed a folding model
consisting of at least two intermediate steps, formation of a
partially folded apoprotein intermediate (I,), and non-cova-
lent binding of retinal (Iy) with a time scale of milliseconds
to seconds (10, 19). More recently, two additional intermedi-
ates have been included (20, 39). Nevertheless, because of
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lack of specific means to probe conformational changes by
spectroscopic methods, 1t is not clear how the conformation
of the protein backbone is altered by formation of a Schiff
base. It is likely that the a-helix form of bO from the reti-
nal-deficient strain represents a partially folded apoprotein
(see Fig. 8), which is not necessarily an assembly of unique
structures but an aggregate undergoing slow chemical ex-
change among various slightly different conformers with a
time scale of milliseconds. The very greatly broadened spec-
tral feature implies such a time scale of chemaical exchange
(40).

It appears, however, that once the correctly folded struc-
ture is attained, the secondary structure of bO is retained
even after the retinal is removed, because the conforma-
tional change associated with bleaching and regeneration is
completely reversible between the native and bleached pre-
parations. In contrast, as demonstrated in Figs. 2, 8, and 9,
a drastic spectral change of bO from the retinal-deficient
strain was noted from its broad featureless signals (Fig.
8B), different from the well-resolved 3C NMR spectra (Fig.
9B) characteristic of bleached bO (see Fig. 3B) prepared
from regenerated bR (see Fig. 9A). This means that an irre-
versible conformational change was induced in the final
step of Schiff base formation, perhaps leading by oligomer-
ization to the trimeric form, although confirmation of lat-
tice structure by circular dichroism (41, 42) is not feasible.
The trimeric form is stabilized by hydrophobic packing of
the helix—helix interaction between helix B and helix D of
neighboring bR molecules (5, 43, 44), although the present
observation shows that helix B, as viewed from suppressed
peaks of Ala 39 and 53, is involved in conformational fluc-
tuation in the order of 107° g, as will be discussed below. It
is therefore understandable that the flexibility of protein
backbone is mainly determined by the presence or absence
of this sort of helix-helix interaction modulated by the
presence or absence of a Schiff base in bR or bO, respec-
tively. In this connection, the very broad *C NMR peaks for
bleached bO at —10°C (Fig. 6), which was ascribed to the
presence of peptide chains of irregularly frozen (40), is real-
1zed for bO from retinal-deficient strain even at ambient
temperature, if such trimeric form is not present without
correct folding.

Conformational Changes of Protein Backbone and
Changed Dynamics, Due to Formation of bO from bR—The
conformation and the dynamics of the protein backbone are
altered at several sites upon conversion of bR to bO by
removal of retinal. In particular, the relative peak-intensi-
ties of the transmembrane ag-helices of bO, which resonate
between 16.17 and 16.88 ppm, were significantly suppress-
ed as compared with those of bR, both in the CP-MAS and
DD-MAS NMR spectra. This kind of intensity change was
not discussed before (21) because digital spectral resolution
was insufficient. The suppression of peaks in both the CP-
MAS and DD-MAS NMR spectra can be ascribed to
motions that interfered with proton decoupling frequencies,
in the order of time scale of 10 s. Very similar spectral
changes at this spectral region are found in the *C NMR
spectra of M-like state of D85N mutant at pH 10, in which
global conformational changes were induced when con-
straints to the protein backbone from the retinal were tem-
porally relaxed due to deprotonation of the Schiff base
(Kawase et al., manuscript in preparation) (45, 46). In the
3D structure observed by cryo-electron microscopy (I-3) or

2T0Z ‘T Joqo100 uo Aiseaiun Bunpd e /6io'sfeuinolpio)xoqly/:diy wol) pspeojumoq


http://jb.oxfordjournals.org/

868

X-ray diffraction (4-7), Ala 215 (helix G), Ala 53, and Val 49
(helix B), which are located at positions very close to the
Schiff base, are among the residues at which the local con-
formation may be most affected. These signals were origi-
nally at 16.20 ppm (Ala 216), 16.4 ppm (Ala 53), and 172.0
ppm (Val 49), as summarized in Table I. Therefore, part of
the suppressed peaks at 16.41 and 16.19 ppm could be
ascribed to these residues which are displaced upfield or
suppressed due to acquired motional freedom of the order
of 10® s. Further, one of the resolved peaks, from Val 49
(helix B), that originally resonated at 172.0 ppm was dis-
placed downfield to around 172.5 ppm, when the helix—
helix interaction was absent after removal of retinal, as
encountered also for a single synthetic [1-*C] Val*-labeled
fragment B (36-71) of bR 1ncorporated into DMPC bilayer
(48). In a similar manner, Ala 84 (helix C) signal at 16.88
ppm and Ala 39 (helix B) at 16.40 ppm (Fig. 3) might be
also affected by such relaxed interaction between the Schiff
base and Asp 85. At present, it is not certain to which Ala
residue the highermost peak at 14.76 ppm is ascribed. Un-
doubtedly, this signal could be an Ala residue located where
the retinal polyene is sandwiched between Trp 86 and Trp
182, or the B-ionone ring of retinal is flanked by Trp 138
and 189, because its peak-intensity was suppressed in bO.
One possibility is Ala 139, which is close to Trp 138. Assign-
ment of this peak based on site-directed mutagenesis is
under way.

Spectral changes were also noteworthy in the signals
from the loop region: Ala 196 signal (F-G loop) at 17.78
ppm and Ala 160 signals (E-F loop) at 17.37 ppm of bO are
substantially decreased both in the CP-MAS and DD-MAS
NMR spectra. Undoubtedly, these kinds of the spectral
changes could also be ascribed to intermediate motions that
interfere with proton decoupling frequencies on the time
scale of 107° 5 (26), in addition to the presence of slow local
fluctuation of amide unit responsible for the presence of a;
helix (~10°% s) (47). So far, we have pointed out that *C
NMR signals of Ala 39, 63, 84, and 215, and Val 49 in the
transmembrane helices and Ala 196 and Val 199 in the F-G
loop might be influenced by the induced intermediate
motions in bO. It is conceivable that the presence of this
sort of conformational flexibility facilitates incorporation of
retinal to form bR. In fact, on the basis of molecular dyna-
mics simulations (48), Schulten and coworkers pointed out
that the binding pathway of retinal to bO is through a win-
dow between bR helices E and F.

Concluding Remarks—We have demonstrated that irre-
versible or reversible conformational changes are induced
in the regeneration of bR from bO, either from the retinal-
deficient strain or bleaching of bR, respectively. In particu-
lar, we showed that an irreversible conformational change
of the protein backbone was induced when retinal was in-
corporated into bO from the retinal-deficient strain. It is
probable that the tertiary structure of bO is retained even
after retinal is removed, because the subsequent conforma-
tional change is reversible. Further, the secondary struc-
tures of bO and bR can be simply characterized as flexible
or inflexible backbone dynamics with or without slow
motions of ps order for bO and bR, respectively, both in the
transmembrane and loop regions, as a result of covalent
binding of retinal to form a Schiff base. This sort of flexibil-
ity in the former may be essential for entry of retinal into
bO.
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