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Abstract

We have recorded '*C NMR spectra of [3-13C]-, [1-'3C]Ala-, and [1-'*C]Val-labeled bacteriorhodopsin (bR), W80L and W12L mutants
and bacterio-opsin (bO) from retinal-deficient E1001 strain, in order to examine the possibility of their millisecond to microsecond local
fluctuations with correlation time in the order of 10 ~* to 10 ~ > s, induced or prevented by disruption or assembly of two-dimensional (2D)
crystalline lattice, respectively, at ambient temperature. The presence of disrupted or disorganized 2D lattice for W12L, W80L and bO from
E1001 strain was readily visualized by increased relative proportions of surrounding lipids per protein, together with their broadened '*C
NMR signals of transmembrane a-helices and loops in [3-'*C]Ala-labeled proteins, with reference to those of wild-type. In contrast, '>C CP-
MAS NMR spectra of [1-'*C]Ala- and Val-labeled these mutants were almost completely suppressed, owing to the presence of fluctuations
with time scale of 10 ~* s interfered with magic angle spinning. In particular, '>*C NMR signals of [1-'*C]JAla-labeled transmembrane o-
helices of wild-type were almost completely suppressed at the interface between the surface and inner part (up to 8.7 A deep from the surface)
with reference to those of the similarly suppressed peaks by Mn> " -induced accelerated spin—spin relaxation rate. Such fluctuation-induced
suppression of '*C NMR peaks from the interfacial regions, however, was less significant for [1-'>C]Val-labeled proteins, because fluctuation
motions in Val residues with bulky side-chains at the C, moiety were modified to those of longer correlation time (>10 ~* s), if any, by
residue-specific manner. To support this view, we found that such suppressed '*C NMR signals of [1-'*C]Ala-labeled peaks in the wild-type
were recovered for D85N and bO in which correlation times of fluctuations were shifted to the order of 10 ~> s due to modified helix—helix
interactions as previously pointed out [Biochemistry, 39 (2000) 14472; J. Biochem. (Tokyo) 127 (2000) 861].
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many integral membrane proteins in the membrane envi-
ronment are known to assemble into oligomeric complexes
rather than monomers to form tertiary and quaternary struc-
tures necessary for biological signaling [1,2]. Such oligo-
meric complexes have been confirmed in view of the three-
dimensional (3D) pictures of membrane proteins revealed
either from two-dimensional (2D) or 3D crystals, including

" Corresponding author. Fax: +81-791-58-0182.
E-mail address: saito@sci.himeji-tech.ac.jp (H. Saito).

light-driven proton pump bacteriorhodopsin (bR) [3-7],
chloride pump halorhodopsin [8,9], and phototaxis receptor
sensory rhodopsin II [10—12], photosynthetic reaction center
[13], light-harvesting complex [14,15], cytochrome ¢ oxi-
dase [16,17], potassium and mechanosensitive channels
[18,19], etc. It is expected from these data that stabilization
energies might be gained by this oligomerization process,
although biological activity of reconstituted bR as proton
pump, for instance, turned out to be native-like in spite of the
monomeric form [20].

In particular, proton pump bR from Halobacterium
salinarum assembles into naturally occurring two-dimen-
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sional (2D) crystalline patches known as purple membrane
(PM) in which its trimeric unit is hexagonally packed under
physiological condition [21] and is active as light-driven
proton pump to translocate protons from the inside to the
outside of the cell [22]. The gained stabilization energy for
the lattice formation in 2D crystals of bR was estimated as at
least 5 kcal/mol as compared to the monomeric form [23],
although greater stability of the constituent bR trimer is
mainly by entropic factors [24]. Interestingly, 3D crystals of
bR grown from the cubic phase is also arranged in the
hexagonal packing with the same unit cell as that of native
2D crystal [25,26]. Nevertheless, tetrameric arrangement of
chloride pump halorhodopsin in 2D crystal [8] is not
retained in 3D crystal prepared from the cubic phase, but
trimeric complex is formed instead [9]. In such arrangement
of bR trimer, 10 lipid molecules per bR monomer, com-
prised of six to seven phospholipids, two to three sulfogly-
colipids and one squalene fill the space between the proteins
[27,28]. The presence of such endogeneous lipids is essen-
tial for the 2D crystalline array of bR when one attempts to
regenerate it by incorporation into dimyristoylphosphatidyl-
choline (DMPC) bilayer [29]. In addition to such lipid—
protein interactions to the lattice assembly, helix—helix
interaction is also very important as manifested from its

Ser Thr @ Gly Asp Gly 24%" Pro_Glu Pro

modification by removal of retinal from bR, because bac-
terio-opsin (bO) from retinal-deficient strain exhibited a low
degree of hexagonal order [30—32]. This kind of picture has
also been obtained by introduction of site-directed mutation
at specific positions essential for such interactions as a very
important determinant for purple membrane assembly [33—
35].

Naturally, resulting conformational changes in the pro-
tein backbone have been recognized during the course of the
lattice assembly when bR was regenerated by addition of
retinal to bO prepared from either hydroxylamine-treated bR
or retinal-deficient strain [25,36,37]. Accompanied dynam-
ics as well as conformational changes are prerequisite to
permit entry of retinal to bO to form bR, as conveniently
examined by '*C NMR [32], although no such data as to
dynamic feature is available from the experimental means
based on measurements at low temperature. Instead, '*C
NMR measurements of fully hydrated '*C-labeled bR
provide one excellent, non-perturbing means to be able to
probe underlying local dynamic changes with correlation
times of 10 ~* to 10 ~° s ar ambient temperature [38,39].
Undoubtedly, the dynamic aspect of membrane proteins
comprised of a very flexible and dynamically heterogeneous
structure with local motional frequencies varying from the
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Fig. 1. Schematic representation of the secondary structure of bacteriorhodopsin. All Ala and Val residues labeled by []3 C]Ala- and [l-]3 C]Val- are indicated by
the circles and boxes, respectively. Horizontal lines were drawn to roughly indicate the boundary between interfacial and inner parts in the transmembrane o-
helices based upon spectral changes as noted for Mn? " -induced suppression of peaks for [3-'*C]Ala-bR [52] and [1-'*C]Pro-bR (S. Tuzi et al., manuscript in

preparation).
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order of 10? to 10® Hz (correlation time being in the order of
102 to 10~ ¥ s), depending upon the portions from the
transmembrane a-helices to surface residues including loops
and N- or C-terminals under consideration, seems to be very
important as compared with static pictures obtained so far
by diffraction studies at cryo-temperature [3,7,25,26]. Under
physiological conditions, however, such surface structure
could be easily modified by a variety of environmental
conditions such as ionic strength, temperature, pH, compo-
sition of lipids, etc., as determined by '*C NMR studies on
[3-'3C]Ala-labeled bR [32,38—41].

It is anticipated that the abovementioned dynamic picture
of bR could be readily altered if 2D crystals were disrupted
or partially disorganized due to failure of either proper
formation of the trimeric structure or lattice assembly for
the hexagonal crystals. Revealing the dynamic aspect of bR
monomer under physiological conditions is, therefore, cru-
cially important as a reference data in relation to better
understanding of the biological significance of 2D crystals
in bR. This data is also indispensable as background knowl-
edge, giving rise to general '>*C NMR feature of monomeric
proteins, because one may encounter with this situation as
far as an attempt were made to incorporate an isolated
membrane protein into lipid bilayers as proteoliposome. In
other words, the availability of excellent, naturally occur-
ring, stable 2D crystal as in the case of bR should be
considered as a rather exceptional case. From these consid-
erations, the following two choices are possible, either by
reconstituted bR in DMPC bilayer, or several site-directed
mutants to which key positions are modified to prevent
formation of trimeric structure or lattice assembly.

Here, we utilize the latter approach to record the '*C
NMR spectra of [3-'>C]Ala-, [1-'">C]Ala- and Val-labeled
WI12L and W80L mutants (see Fig. 1 for amino acid
sequence), in which side-chains of these two Trp residues
are oriented outward from the transmembrane «-helices at
the interface for lipid—protein interactions [6,25], and also
bO from E1001 strain in which helix—helix interactions are
modified due to lack of retinal [32], to search for the most
appropriate '*C-labeled amino acid residue to probe under-
lying conformational and dynamics changes. For this pur-
pose, we have also examined Mn* " -induced changes of '*C
NMR signals of wild-type to distinguish the signals of
interfacial region between the surface loop and inner part
of the transmembrane a-helices caused by their proximity to
the surface bound Mn?* ion as a relaxation agent.

It was found that the presence of disrupted or disorgan-
ized 2D lattice was clearly visualized by means of increased
proportions of surrounding lipids per protein for these
mutants and bO, respectively, together with broadened '*C
NMR signals from [3-'*C]Ala-labeled proteins due to
acquired chain flexibility in the order of 10 ~* s. Such
dynamics change was more clearly noted as the completely
suppressed '’C NMR peaks from [1-'*C]Ala and Val-
labeled proteins. It is also emphasized that distinct spectral
change was noted for '>*C NMR spectra of [1-'*C]Ala- and

Val-labeled wild-type, at the interfacial region of transmem-
brane a-helices between the surface loop and inner part by
residue-specific manner. In the latter, the extent of sup-
pressed '*C NMR signals from such region is less pro-
nounced due to altered correlation time longer than 10 ~* s
by more hindered rotational fluctuations in the presence of
bulky side-chains at C, moiety.

2. Materials and methods

[3-1*C]-L- and [1-'°C]-L-alanine (Ala) and [1-'*C]-L-
valine (Val) were purchased from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA, USA) and used without further
purification. W80L and W12L mutants were constructed by
the method as described by Needleman et al. [42]. H.
salinarum S9 and mutant strains, W80L, W12L, D85N
and E1001 (wild-type but ret ~ ) were grown in the tempo-
rary synthetic (TS) medium [43], in which unlabeled L-Ala
or L-Val were replaced by the '>C-labeled ones. The purple
membranes containing bR were isolated by a modified
method of Oesterhelt and Stoeckenius [44] in which mem-
brane samples were washed five times by centrifugation at
40,000 x g with 10 mM HEPES buffer to remove low-
density fractions including red membranes and suspended in
5 mM HEPES buffer containing 0.02% NaN; and 10 mM
NaCl at pH 7. Mn? " -treatment of the purple membrane was
carried out by resuspension of the membrane twice in 5 mM
HEPES buffer (pH 7.0) containing 10 mM NacCl, 0.025%
NaNj3 and 40 pM MnCl, to adjust final optical density of
chromophores to 1.0. The samples thus prepared were
concentrated by centrifugation and placed in a 5 mm o.d.
zirconia pencil-type rotor for magic angle spinning. Samples
were tightly sealed by Teflon caps and glued to the rotor by
rapid Alardyte to prevent dehydration of pelleted samples
through a pinhole in caps during magic angle spinning
under a stream of dried compressed air.

3C NMR measurements (100.6 MHz) were recorded in
the dark at 20 °C on a Chemagnetics CMX-400 NMR
spectrometer both by cross-polarization-magic angle spin-
ning (CP-MAS) and single pulse, dipolar decoupled-magic
angle spinning (DD-MAS) method, to distinguish '*C
NMR signals of more flexible membrane surface from
those of more rigid transmembrane «-helices and loops
[38,39]. The spectral width, contact time and acquisition
times for CP-MAS experiments were 40 kHz, 1 and 50 ms,
respectively. The 90° pulses for carbon and proton nuclei
were 5 ps and the spinning rate was 2.6 and 4 kHz for
[3-"3C]Ala- and [1-">C]Ala- or Val-labeled proteins, respec-
tively. Free induction decays were acquired with data points
of 2 K. Fourier transform was carried out as 16 K points
after 14 K points were zero-filled to improve digital
spectral resolution. '*C chemical shifts were initially
referred to the carboxyl carbon signal of glycine (176.03
ppm from tetramethylsilane (TMS)) and converted to the
value relative to TMS.
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Absorption spectra were measured on a Shimadzu UV
2000 UV-Visible Spectrophotometer. Circular dichroism
(CD) measurements were performed on an AVIV model
62DS using quartz cuvettes with path length of 0.01 cm
under the concentration of 1 optical density.

3. Results

The visible absorption maximum of W12L and W80L
was found to shift from 568 nm of wild-type to 562 and 556
nm by 6 and 12 nm, respectively. Further, the presence of
bilobed feature in CD spectra [45,46] indicates that trimeric
structure is preserved for W12L but is disrupted for W8OL
mutant (Fig. 2).

Fig. 3 illustrates the '*C CP-MAS (left) and DD-MAS
(right) NMR spectra of [3-'>C]Ala-labeled W8OL (A and D)
and W12L (B and E) mutants as compared with those of
wild-type (C and F). It is noteworthy that the relative peak-
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Fig. 2. CD spectra of W8OL (A), W12L (B) and wild-type (C).
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Fig. 3. 'C CP-MAS (left) and DD-MAS (right) NMR spectra of
[3-13C]Ala-labeled W8OL (A and D), W12L (B and E) and wild-type (C
and F). The intense asterisked peak at 19.8 ppm for W80L and W12L was
ascribed to the lipid methyl group [47].

intensities of lipids per the transmembrane a-helices of
these mutants are increased appreciably with those of
wild-type as judged from the intensity ratio of the surround-
ing lipid methyl group (marked by the asterisk) resonated at
19.0 ppm [47] to the peak of the protein resonated at 16.8
ppm (Ala 84 and 240, 244-246 at the C-terminal end,
which is indifferent from the manner of crystalline packing
mainly at the surface): they were estimated from the spectra
in which the lipid methyl peak is not over-scaled, as 22 and
10 for W80L and W12L, respectively, with reference to 1
for wild-type. Further, the '>*C NMR peaks of the trans-
membrane a-helices for WI12L and W80L mutants turned
out to be substantially broadened as compared with those of
wild-type, except for the peaks from the C-terminal residues
protruding from the membrane surface, including the peaks
at 15.8 and 16.8 ppm from the C-terminal end undergoing
random fluctuation motions and Ala 228 and 233 from the
C-terminal «-helix, respectively, connected to the trans-
membrane a-helix G [32,38,41] (see Fig. 1). In addition,
several >C NMR peaks at 16.4—15.9 ppm from the trans-
membrane a-helices, including Ala 39, 53, 168 and 215
were preferentially suppressed [32,38,41] due to the pres-
ence of internal fluctuation with correlation time of 10 > s
interfered with the proton decoupling frequency of 50 kHz
[49—51], caused by the fact that retinal—protein interactions
are substantially modified as in the case of D85N mutant
[48] or they are absent as in bO [32].

Fig. 4 illustrates the '>*C CP-MAS (left) and DD-MAS
(right) NMR spectra of [1-"3C]Ala-labeled W8OL (A and D)
and WI12L (B and E) mutants as compared with those of
wild-type (C and F). Surprisingly, the '*C CP-MAS NMR
spectra of [1-'>C]Ala-labeled W8OL and WI2L mutants
gave rise to featureless spectral patterns with appreciably
reduced peak-intensities. This does not always means that
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Fig. 4. 'C CP-MAS (left) and DD-MAS (right) NMR spectra of
[1-'*C]Ala-labeled WS8OL (A and D), WI2L (B and E) and wild-type (C
and F). The well-resolved '*C NMR peaks from the DD-MAS NMR
spectra resonated at 173.0—175.9 ppm were ascribed to the Ala residues
located at the C- and N-terminal, including the C-terminal a-helix
protruded from the surface, in spite of their peak region as interhelical
loops [32].

these proteins exist as unfolded aggregates instead of
properly folded state in view of the '*C NMR spectra of
[3-13C]Ala-labeled proteins as illustrated in Fig. 3. Instead,
the corresponding '>*C DD-MAS NMR spectra of these
mutants (Fig. 4D and E) are very similar as compared with
those of wild-type (Fig. 4F), indicating that their folding
behavior is not unusual, at least as viewed from their surface
structures. Therefore, the obviously distinct spectral features
among the '*C CP-MAS NMR spectra of [1-'*C]Ala-
labeled W80L and W12L should be ascribed to failure of
proper peak-narrowing process due to interference of inco-
herent frequency of conformational fluctuation in the trans-
membrane a-helices in these mutants in the order of 10* Hz
(10 ~* s) with coherent magic angle frequency [49—51].
At this point, it is crucially important to clarify whether
the 1*C NMR signals so far recorded from the [1-*C]Ala-
labeled transmembrane a-helices of wild-type (Fig. 5D) are
fully visible as in the case of [3-'*C]Ala-labeled bR [37] or
not. This possibility should be always taken into account
when one utilizes the former probe of larger chemical shift
anisotropy as compared with that of the latter which is
intrinsically very sensitive to the presence of fluctuation
motions with time scale in the order of 10 ~* s. Here, we
compared the '*C CP-MAS NMR spectra of [1-'>C]Ala-
labeled D85N (Fig. 5A), bO from E1001 strain (Fig. 5B)
and Mn? " -treated bR (Fig. 5C) with those of wild-type
(Fig. 5D), to clarify how the '*C NMR signals of
[1-'3C]Ala-labeled proteins could be altered by either modi-
fied helix—helix interactions or Mn? * -induced spin relaxa-
tion rate. For this purpose, vertical scale of each traces was
normalized with reference to the peak-intensities of the
lowermost peak at 177.3 ppm, which turns out to be least

susceptible to dynamics change because of the peak-assign-
ment to residues located at the inner part, including Ala 53
(at 177.9 ppm) [52].

It is expected that such fluctuation-induced suppression
of 3C NMR signals from [1-'">C]Ala-bR could be recov-
ered for bO or D85N mutant in which correlation times of
the backbone fluctuations are already known to shift to the
order of 10 ~ > s [32,48]. Obviously, such motions could be
indifferent from the interference with magic angle spinning.
Therefore, the enhanced peak-intensities of the '*C CP-
MAS NMR spectra of [1-'*C]Ala-labeled D85N (Fig. 5A)
and bO (E1001) (Fig. 5B) were found at the transmem-
brane a-helical chains resonated at 176.5—175.8 ppm. This
finding is consistent with our view that several >*C NMR
signals of [1-'°C]Ala-labeled wild-type might be also
missing from the transmembrane a-helices, in addition to
those of the loop region previously reported [40]. Further,
we found that no '>C NMR spectral change was noted for

a -helix loop
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Fig. 5. '*C CP-MAS NMR spectra of [1-'>C]Ala-labeled bR and its
mutants. (A) D85N, (B) retinal-deficient E1001 strain, (C) wild-type in the
presence of 40 uM M, Cl,, and (D) wild-type. The peak at 173.0-173.2
ppm and 175.2 ppm are ascribed to the C-terminal o-helix protruded from
the cytoplasmic surface (see Fig. 4D—F).
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Mn? " -treated [1-'*C]Ala-labeled wild-type (Fig. 5C), even
if Mn”>" ion was added as a reagent for accelerated spin
relaxation arising from the surface-bound Mn®>* ion
[53,54] as compared with the '*C NMR spectrum without
Mn?" ion (Fig. 5D). The absence of several minor peaks
including 173.2 and 175.2 ppm can be ascribed to the C-
terminal a-helix in the latter [39]. In fact, these '>*C NMR
signals from the C-terminal a-helix protruding from the
membrane surface were completely suppressed as more
clearly viewed from the DD-MAS NMR spectra (spectrum
not shown). Therefore, it is noteworthy that the '*C CP-
MAS NMR spectra of [1-'>C]Ala-labeled wild-type do not
contain contributions from the residues located at the
surfaces and interfacial regions of the transmembrane o-
helices near at the membrane surface (up to 8.7 A,
estimated from the data of [3-'>CJAla- [53] and
[1-"*C]Pro-labeled bR (Tuzi et al., manuscript in prepara-
tion; indicated by the horizontal dotted lines in Fig. 1) at
ambient temperature [53].

In contrast, it appears that the '*C NMR spectral feature
of the interfacial regions from [1-'>C]Val-bR is not always
the same as that of [1-'>C]Ala-bR described above: the well-
resolved '>C NMR spectra (Fig. 6A) were obtained for the
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Fig. 6. '*C CP-MAS NMR spectra of [1-'*C]Val-labeled bR without (A)
and with treatment of 40 uM M,,Cl, (B).

former, as compared with those of the latter (Fig. 5D). To
locate Mn” " -ion-induced suppression of '*C NMR peaks,
we compared the '*C NMR spectra of [1-'>C]Val-bR with-
out (Fig. 6A) and with Mn?* ion (Fig. 6B). Interestingly,
the peak-intensities of at least four signals were appreciably
suppressed by accelerated spin—spin relaxation rate in the
presence of Mn? " ion [53,54]: 174.6, 174.0, 172.9 (Val 69)
and 171.1 ppm (Val 199). The latter two signals from these
loops are naturally suppressed due to the proximity of the
preferred binding site of Mn?* ion at the extracellular
surface [55]. In contrast to the case of [1-'>C]Ala-bR, the
13C NMR signals of [1-">C]Val-bR from both such loops
and interfacial regions in the transmembrane a-helices are
not always suppressed by interference of undergoing fluc-
tuation motions with magic angle spinning alone. This is
because fluctuation frequencies about the torsion angles of
amino acid residues with bulky side-chains at C, moiety
such as Val could be shifted to low frequency than 10* Hz
and indifferent from such fluctuation-induced suppression
of peaks (Fig. 6). Therefore, the former two peaks of Fig.
5A are obviously from Val residues located near at the
membrane surface, although '*C NMR signal from Val 179
and 187 is superimposed upon the peak from residues near
at the membrane surface at 174.60 ppm (Kira et al., manu-
script in preparation).

To further clarify the differential behavior of '*C NMR
spectra from [1-'*C]Val and Ala probes, we compared the
13C CP-MAS (left) and DD-MAS (right) NMR spectra of
[1-'*C]Val-labeled bO from E1001 (Fig. 7A and E), W8OL
(Fig. 7B and F), W12L (Fig. 7C and G). In contrast to the
case of [1-'*C]Ala-labeled bR (Fig. 4A and D), all the °C
NMR signals which resonated at a peak-position higher
than 173.5 ppm should be ascribed to the residues located
at the interhelical loops (172.9 and 171.0 ppm), although
the '>C NMR peak from Val 49 (172.0 ppm) of the
transmembrane o-helix resonated at the loop region due
to the presence of Val—Pro sequence [56]. As a result, it
was found that the two '*C DD-MAS NMR peaks (171.0
and 172.9 ppm) of Val 69 (B—C loop) and 199 (F—G loop)
for E1001 strain, W80L and W12L were motionally sup-
pressed due to acquisition of fluctuation frequency in the
order of 10* Hz (Fig. 7E—G). Naturally, these two peaks
are suppressed (or decreased) by the addition of Mn*>* ion
in view of the '>C NMR signals from the residues in the
membrane surface (Fig. 6B). Further, the manner of the
peak-suppression for the transmembrane o-helices for
WS80L and WI2L mutants, as detected by the '*C CP-
MAS NMR spectra, is very similar to that of [1-*C]Ala-
bR, as described above (Fig. 4). It is also interesting to note
that the '*C peak-intensities of [1-'*C]Val-labeled bO from
E1001 are substantially broadened and suppressed with
reference to those of wild-type, in contrast to the increased
peak-intensities for [1-'>C]Ala-labeled E1001 protein as
observed in Fig. 5B. Again, this is caused by the differ-
ential response to the motional frequencies between Ala
and Val residues, as mentioned above.
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4. Discussion

4.1. Tertiary structure changes either by modified lipid—
helix or helix—helix interactions induced by site-directed
mutation, removal or addition of retinal

First of all, it is demonstrated, on the basis of the CD
measurements (Fig. 2) that the trimeric complex is no longer
stable in W8O0L but still present in W12L mutant, although a
possibility of “a mixture of crystalline and non-crystalline
components” cannot be completely excluded in view of the
manner of sample preparation. In any case, the Trp residues
under consideration in these mutants are located at the key
positions responsible for suitable lipid—helix interactions in
view of the 3D structure of bR revealed by X-ray diffraction
[4—6]. In spite of such distinct changes for the trimer
formation, the '*C NMR spectral features of [3-'*CJAla-
labeled W12L and WSOL are very similar: individual '*C
NMR signals of both mutants are substantially broadened as
compared with those of wild-type, together with substan-
tially reduced peak-intensities (Fig. 3). Besides, the esti-
mated number of surrounding lipids is roughly determined
by the relative lipid-to-protein intensity ratio previously
described as 220 and 100 for WSOL and W12L, respec-
tively, with reference to that of wild-type, taken as 10 [3],
provided that scrambling to the lipids from incorporated
[3-'3C]Ala-label is not changed between wild-type and
these mutants. It appears that this estimate seems to be
reasonable because bR monomer is embedded in the “sea”
of lipids, together with boundary lipids in direct contact with
bR. In fact, it was previously shown, on the basis of an ESR
study of spin-labeled phospholipids and freeze-fracture
electron microscopy, that monomeric bR is associated with
18—21 boundary lipids at temperatures above the gel to
liquid crystalline temperature of synthetic lipid bilayer [57].
In particular, several >*C NMR peaks from the transmem-
brane a-helices, including Ala 39 (helix B), 53 (helix B),
168 (helix F) and 215 (helix G) were preferentially sup-
pressed in these W80L and W12L mutants as recorded by
both CP-MAS and DD-MAS methods. This means that
modified lipid—helix interactions caused by replacement
of Trp 12 (helix A) and 80 (helix C) with Leu induced
fluctuation motions with frequency in the order of 10° Hz at
the transmembrane a-helices (B, F and G helices) which are
interfered with the proton decoupling frequency.

In contrast, the '*C CP-MAS NMR spectra of [1-'*C]Ala
and Val-labeled W12L and W80L mutants were almost
completely suppressed (the left traces in Figs. 4 and 7).
Further, the '*C CP-MAS NMR spectrum of [1-'>C]Val-
labeled bO from retinal-deficient E1001 strain (Fig. 7A
(left)) was substantially broadened with suppressed peak-
intensities as compared with that prepared from bR by
removal of retinal as reported previously [32]. Obviously,
this is caused by acquired flexibility of the protein backbone
as a result of disrupted trimeric complex and subsequent
hexagonal assembly without retinal. As pointed out previ-

ously, however, the tertiary structure of bO in the hexagonal
array seems to be retained even after retinal was removed
from bR in the purple membrane in which once the tertiary
structure is formed [32]. In other words, an irreversible
conformational change was induced during bR regeneration
from bO arising from retinal-deficient strain, because retinal
is essential as template for complete folding [32]. These
findings indicate that the '*C NMR spectral features of '*C-
labeled bR, its mutants and bO are substantially varied
together with the disrupted or disorganized hexagonal
packing, rather than the presence or absence of the trimeric
complex as judged from the CD spectra (Fig. 2). Therefore,
the observed spectral feature depends mainly on the tertiary
structure in hexagonally packed 2D lattice of purple mem-
brane rather than that of the monomeric unit.

Structural determinants of purple membrane as one of the
best models for membrane proteins constituting 2D crystals
have been extensively examined in terms of helix—helix and
lipid—helix interactions as essential factors by means of
structural, calorimetric and reconstitution studies using
wild-type and site-directed mutants [21,28,32—34]. In this
context, the significance of the present data as to W12L and
WS8OL mutants examined here is undoubtedly related with
potential role of such bulky side-chains in Trp 12 and 80 in
lipid—protein interactions leading to stabilization of the
hexagonal assembly of bR. In fact, Besir and Oesterhelt
showed that bR trimer is disrupted by substitution of Trp 80
with smaller amino acid residues (cited in Ref. [23]). It was
further found in this paper that the hexagonal lattice regulates
the dynamic aspect of individual helices, restraining molec-
ular fluctuation of the transmembrane helices from 10* Hz of
proteins from disrupted or disorganized lattice to 10* Hz in
the crystalline lattice consisting of the trimeric structures. In
this connection, it is interesting to note that interaction of
sulfoglycolipid, 3-sulfate-Galppl-6Manpal—-2Glcpa-1-
archaeol (S-TGA-1) in the trimer interior and Trp 80 is
crucial for lattice assembly [23]. For this reason, it is
emphasized from '*C NMR spectral point of view that lattice
formation is essential as one of constraints to reduce
motional fluctuations in the transmembrane a-helices in
membrane proteins.

It is interesting to note that the visible absorption maxima
of WI2L (562 nm) and W8OL (556 nm) are very close to
those of bR in the presence of detergent molecules, DOC
(562 nm) and CHAPS/DM (558 nm), respectively, to cause
delipidation [58]. Obviously, this finding is consistent with
the view that replacement of Trp at 12 and 80 of bR with
Leu residues results in deletion of specific lipid—protein
interaction in these positions, because the total number of
bound lipids per intact bR was reduced upon delipidation
from 10 in wild-type to six and three to four after treatments
with DOC [28] and CHAPS [59], respectively. In addition,
solubilization of bR by a variety of detergents such as DM,
TX-100, TN-101 and SDS results in further changes in the
absorption maximum to 550—437 nm [59]. Accordingly, it
is well-recognized that acquired space to allow helix motion



104 H. Saité et al. / Biochimica et Biophysica Acta 1565 (2002) 97-106

a-helix .  loop |
e «© oco
E & EEE
|
A
B

|

—

E1001

:

W8OL

Wi2L

|

a—hellx! loop =
oo
BIEEE

—r

180 115 pom 110

180 175 170

ppm

Fig. 7. '3C CP-MAS (left) and DD-MAS (right) NMR spectra of [1-'>C]Val-labeled wild-type, W12L, W80L and E1002 strain (from the bottom to top traces).

caused by such modified lipid—protein interactions results
in modified retinal-helix interactions, as seen by the
changes in the absorption maximum. Conceivably, it
appears that these absorption changes are not always sensi-
tive to the presence or absence of crystalline lattice,
although further conformational changes accompanied by
solubilization resulted in further shifts in the absorption
maxima.

4.2. Residue-specific fluctuation frequencies in the trans-
membrane o-helices in relation to the search for the most
appropriate ">C NMR probes

The present '>*C NMR approach has proved to be an
excellent means to examine a plausible fluctuation of
millisecond to microsecond (10 ™% to 107 s), in the
transmembrane a-helices and loops of wild-type and site-
directed mutants, as viewed from fluctuation-induced sup-

pression of peaks at ambient temperature [38—41]. In
particular, '*C NMR peaks of interhelical loops in
[1-3C] and [2-"*C]Ala-bR and mutants were completely
suppressed due to such fluctuation motions arising from
the least number of constraints from inter-residual hydro-
gen bonds to prevent such motions. On the contrary, '°C
NMR signal of [1-"3C]Val-labeled residues 69 and 199 are
clearly visible in spite of their location at the B—C and F—
G loops, respectively. Consequently, it is notable that *C
NMR signals from the loop regions are made visible as
viewed from [1-'’C]Val-labeled 199, but not from
[1-"*C]Ala-labeled 196 [40], even though both residues
are located at the same F—G loop but only two residues
apart. This finding indicates that undergoing fluctuation
frequency is not only dependent upon the local conforma-
tion but also on the particular amino acid residues
involved. Nevertheless, it is also taken into account that
the '*C NMR signals of [1-"3C]Val-labeled 69 and 199 are
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suppressed for E1001, W80OL and WI12L by acquisition of
fluctuation motion due to either disrupted or disorganized
crystalline lattice (Fig. 7E—G).

In addition, any amino acid residues of transmembrane
a-helices neighbored with such loop region could acquire
similar flexibility, also depending upon the distance from
the membrane surface [40]. This is the reason why detailed
analysis of '*C NMR behavior from residues located at the
interfacial region is very important. In this connection, it is
noted that the '*C NMR behavior of the transmembrane o-
helices from the residues located at the interfacial region
seems to be again not the same between Ala and Val probes.
In fact, amplitude and/or frequency of such fluctuation
motions, if any, are not always the same between the two
types of residues, even if these two types of residues are
located at the same domain. As a convenient means to locate
the *C NMR signals from the interfacial residues, we can
roughly distinguish the '>C NMR signals of any given
amino acid residues located at the interfacial regions from
the remaining inner part of the transmembrane a-helices, on
the basis of Mn” " -ion-induced suppression of peaks
[53,54], demonstrated in Figs. 5 and 6. As previously
described, it is noteworthy that '*C NMR signals of
[1-'3C]Ala-bR from the interfacial region are almost com-
pletely suppressed, although the corresponding peaks of
[1-'3C]Val-bR are fully visible. Such distinction is very
important to choose the most suitable intrinsic probe mol-
ecules to examine conformation and dynamics of membrane
proteins in general.

In general, 3D structure and dynamics of a single poly-
peptide chain can be represented by specifying the follow-
ing three sets of angles w;, ¢;, and ¢; which define the
torsion angles around the bonds C' (C=0)—N, N—C,,
Co—C' (=0) in residue i and their time-dependent varia-
tions, respectively. This problem is further reduced to the
assignment of the latter two angles in the peptide backbone
and the orientation of the side-chain, because the angle w; is,
in many instances, fixed to 180° taking into account the
rigid peptide plane. Conformational fluctuations in the
transmembrane « helices, for instance, can be expressed
by time-dependent deviations from the angles correspond-
ing to the lowest energy minima (¢;, ¢,)=(—57°,—47°) in
the conformation map [60]. This minimum is shallow for the
Gly—Gly sequence in view of widely allowed space but is
changed to limited area together with the presence of bulky
side-chain in C, as inferred from the map of Gly—Ala
sequence [60]. As a result, it is expected that such fluctua-
tion may be hindered in the presence of more bulky side-
chain at the C,, position as in Val residue. It appears that this
happens as residue-specific acquisition of local fluctuation
motions: there appears a distinct change in the '*C NMR
behavior between Ala and Val residues in response to such
low-frequency fluctuations, as manifested by the '>*C NMR
spectra of [1-"*C]Ala- and Val-labeled bR and its mutants
(Figs. 5 and 6). Even in crystalline peptides, it is noteworthy
that low-amplitude libration motion, consisting of fluctua-

tion in the peptide plane about the C,C, axis for Gly—Gly
sequence, is seen in the crystalline peptides with time scale
of 10~ * s [61].

It should be taken into account that such fluctuation
motions, if any, should be accompanied by instantaneous
deformation of a-helical structures involving distortion or
breakage of a number of inter-residual N—H. . .O=C hydro-
gen bonds. Nevertheless, it should be recognized that the o-
helical structure is not always considered as a rigid rod but
rather flexible with fluctuation motions in the time scale of
10~ % to 10 ~° s, as mentioned above. We have previously
showed that N—H moiety acting as proton donor in hydro-
gen bonds undergoes perpendicular thermal fluctuations
with respect to the direction of N...O vector as found for
elongated N—H distance, determined as measured by anal-
ysis of dipolar interaction [61] as well as '"N...0="C
distances measured by rotational echo double resonance
(REDOR) as compared with those by neutron or X-ray
diffraction studies [62,63].

In spite of the presence of such fluctuation motions in the
monomeric or trimeric complexes as demonstrated above,
3C NMR signals of [3-'?C]Ala-labeled proteins can be used
as the most appropriate intrinsic probes to examine the
general conformational feature of membrane proteins, as
viewed from their short spin-lattice relaxation times, least
possibility of scrambling and accidentally overlapped sig-
nals with those of other residues, and the minimum expen-
diture for experiments. It should be taken into account that
13C NMR signals from this probe are suppressed if specific
domains acquire flexibility of motions with frequency of
10° Hz occurring for certain mutants. In such cases, it is
advised to utilize either [1-'*C]Ala or Val-probes instead,
although the latter is more favorable in view of the avail-
ability of signals for interfacial region between the surface
and inner part of the transmembrane a-helices.
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