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Regio-selective Detection of Dynamic Structure of Transmembrane
a-Helices as Revealed from '3C NMR Spectra of [3-'°C]Ala-labeled
Bacteriorhodopsin in the Presence of Mn®* lon

Satoru Tuzi, Jun Hasegawa, Ruriko Kawaminami, Akira Naito, and Hazime Saitd

Department of Life Science, Himeji Institute of Technology, Harima Science Garden City, Kouto 3-chome, Kamigori,
Hyogo 678-1297, Japan

ABSTRACT '3C Nuclear magnetic resonance (NMR) spectra of [3-'3C]Ala-labeled bacteriorhodopsin (bR) were edited to
give rise to regio-selective signals from hydrophobic transmembrane a-helices by using NMR relaxation reagent, Mn®* ion.
As a result of selective suppression of "*C NMR signals from the surfaces in the presence of Mn?" ions, several '*C NMR
signals of Ala residues in the transmembrane a-helices were identified on the basis of site-directed mutagenesis without
overlaps from "3C NMR signals of residues located near the bilayer surfaces. The upper bound of the interatomic distances
between 3C nucleus in bR and Mn?™ ions bound to the hydrophilic surface to cause suppressed peaks by the presence of
Mn2* ion was estimated as 8.7 A to result in the signal broadening to 100 Hz and consistent with the data based on
experimental finding. The Ala C '*C NMR peaks corresponding to Ala-51, Ala-53, Ala-81, Ala-84, and Ala-215 located around
the extracellular half of the proton channel and Ala-184 located at the kink in the helix F were successfully identified on the
basis of "*C NMR spectra of bR in the presence of Mn?* ion and site-directed replacement of Ala by Gly or Val. Utilizing these
peaks as probes to observe local structure in the transmembrane «-helices, dynamic conformation of the extracellular half
of bR at ambient temperature was examined, and the local structures of Ala-215 and 184 were compared with those
elucidated at low temperature. Conformational changes in the transmembrane «a-helices induced in D85N and E204Q and its
long-range transmission from the proton release site to the site around the Schiff base in E204Q were also examined.

INTRODUCTION

Bacteriorhodopsin (bR) is a light-driven proton pump of proteins under physiological conditions. In particular, the
archaebacteridjalobacterium salinarugwhich consists of former approach relies on the conformation-dependent
seven transmembrane-helices, helix A to G, and a chro- displacements of*C NMR peaks of individual amino-
mophore, retinal, covalently linked to Lys-216 in the helix acid residues depending on local conformation of a given
G (Lanyi, 1993, 1997; Mathies et al., 1991; Ovchinnikov, peptide unit characterized by the torsion angkesd ¢)
1982; Stoeckenius and Bogomolni, 1982). bR is known tdrrespective of the peptide-sequence and can be consid-
be concentrated in the cell membranetbfsalinarumas a  ered as the only practical means to be able to study a
two-dimensional (2D) crystal patch named purple mem-whole protein system at present (Saétbal., 2000). This
brane consisting of bR and lipids. Recent x-ray diffractionapproach has proved to be very useful for revealing
studies revealed three-dimensional (3D) atomic coordinatesecondary structures of globular or fibrous proteins in the
with resolution up to 1.55 A for bR at liquid nitrogen solid state where no significant backbone motion is
temperature (Edman et al., 1999; Luecke, 2000; Luecke gfresent (Saftoand Ando, 1989). On the contrary,
al., 1999ab; Sass et al., 2000). In addition to its own right agolypeptide backbone from membrane proteins in lipid
a proton pump, bR has been considered as a simple amfllayers turned out to be far from a static picture at
convenient model system for a variety of membrane proteingmbpient temperature, but to be able to undergo sequence-
which consists of transmembranehelical bundle, e.g., specific motions £10° Hz) (Kimura et al., 2001) or

G-protein coupled receptor. intermediate motion (18-1° Hz) to result in dynami-
Solid-state nuclear magnetic resonance (NMR) specealy averaged chemical shift 3fC NMR signals (Tuzi
troscopy, based on magnetically unoriented (Settal., et al., 1996a) or suppresséiC NMR signals for certain

1998; 2'000) and oriented pilayer systems (Cross, 1997 esidues (Saiteet al., 2000; Yamaguchi et al., 2000,
Marassi and Opella, 1998), is gertalnly the most powerful2001) due to interference with proton decoupling or
means to reveal the dynamic structure of membran@nagic angle spinning frequency (Rothwell and Waugh,
1981), respectively.

Paramagnetic ions such as #n G* and stable free
Received for publication 23 January 2001 and in final form 27 March rgdicals have been used as relaxation reagents to determine
2001. interatomic distances in various molecular systems, includ-

Address reprint requests to Dr. Hazime Saidepartment of Life Science, . . . . .
Himeji Institute of Technology, Harima Science Garden City, Kouto ing globular proteins in solution, by taking advantage of the

3-chome, Kamigori, Hyogo 678-1297, Japan. Telg1-791-58-0181; Fax:  €ffect Of electron spin on relaxation times of nuclei in a
+81-791-58-0182; E-mail: saito@sci.himeji-tech.ac.jp. distance-dependent manner (Chazin et al., 1987; Dwek,

© 2001 by the Biophysical Society 1973; Jacob et al., 1999). We previously used®Mrwith
0006-3495/01/07/425/10  $2.00 ionic radius similar to that of CGd, to locate the most




426 Tusi et al.

probable binding sites for bR based t&& NMR change of 18,41
[3-"°C]Ala-labeled bR (Tuzi et al., 1999), because the di- b isor
valent cations have been proposed to be located at the f‘\ '
membrane surfaces (Griffiths et al., 1996; Mitra and Stroud, WA

1990). We demonstrate here that combination of a series of
site-directed replacements of Ala residues, together with
selectively suppressedC NMR peaks due to accelerated
spin—spin relaxation rates caused by #Virions, are very
useful to assign*C NMR signals of individual Ala residues
located at the extracellular half of the transmembrasee-
lices of membrane proteins. Further, it will be shown that
the dynamic structure of such a region at ambient temper-
ature is not always the same as that revealed by the x-ray
diffraction studies (Luecke et al., 1999a; 2000) at lower
temperature.

-
I\ 1687

MATERIALS AND METHODS 1

[3-13C]-L-alanine ([31°C]Ala) was purchased from Cambridge Isotope /-~
Laboratories, Inc. (Andover, MA) and used without further purification.
The mutant strains of. salinarum A53V, D85N, and E204Q were

provided by Prof. R. Needleman of Wayne State University and Prof. J. K. PPM
Lanyi of University of California, Irvine. The strains, A51G, A81G, A84G, 1 T T T T T T T
A184G, P186A, and A215G were constructed as described by Needleman 19 18 17 16 15 14 13

et al. (1991)H. salinarumstrain S9 and the mutant strains were grown in

the temporary synthetic (TS) medium (Onishi et al., 1965), in which FIGURE 1 *3C CP-MAS NMR spectra of [3°C]Ala-labeled wild-type

unlabeled -Ala was replaced by [3%C]Ala. The purple membranes con- bR in the presence)( solid trace and absenceX( dotted tracé of 30 uM

taining bR were isolated and purified by the method of Oesterhelt andvin®* ion, and**C DD-MAS NMR spectra of [3**C]Ala-labeled wild-

Stoeckenius (1974) and subsequently resuspended in 5 mM HEPES buffeype bR in the presenc®solid trace and absenceB( dotted tracé of 30

(pH 7.0) containing 10 mM NaCl and 0.025% NaNMn?* treatment of ~ uM Mn®" ion.

the purple membranes was carried out by resuspension of the membranes

twice in 5 mM HEPES buffer (pH 7.0) containing 10 mM NaCl, 0.025%

NaN; and 30-100uM MnCI, to adjust final optical densities of chro-

mophores to 1.00. The membranes thus prepared were finally concentratfESULTS

by centrifugation and placed into a 5-mm outer diameter zirconia pencil-

type NMR sample rotor for magic angle spinning and sealed tightly with Figure 1 shows thé*C (A) CP-MAS and B) DD-MAS

glue to prevent evaporation of water. NMR spectra of wild-type bR in the presence of gM
High-resolution solid-staté’C NMR spectra were recorded in the Mn?* jon. For the sake of comparison, th#C CP-MAS

dark at 20°C on a Chemagnetics CMX-400 NMR spectrometer (Ft.nd DD-MAS spectra of bR in the absence of AW

Collins, CO) ¢3C: 100.6 MHz), by cross-polarization—magic angle Mn2+ . . . .

n<" (dotted line$ are superimposed. The peak-intensi-

spinning (CP-MAS) and single-pulse excitation dipolar decoupled- . 13 . . .
magic angle spinning (DD-MAS) methods. The spectral width, acqui-tles for the™"C NMR spectra with and without Mii ion

sition time, and repetition time for CP-MAS and DD-MAS experiments Were normalized to adeSt the highermost peaks, :!-4-74
were 40 kHz, 50 ms, and 4 s, respectively. The contact time forand 15.01 ppm, whose intensities were not altered with or
CP-MAS experiment was 1 ms. Free-induction decays were acquiregvithout Mn2" ion. Several peaks, both from the CP-MAS
with 2-K data points and Fourier-transformed as 8-K data points aftergnd DD-MAS NMR spectra in the presence of fnion

6-K data points were zero-filled. The/2 pulses for carbon and proton as indicated by the arrows, were significantly Suppressed

were 5.0us and the spinning rates were 2.6 kHz. Resolution enhance; . 4o
ment was performed by the method of Gaussian multiplication Withfrom those without MA" ion caused by accelerated re-

apodization time 0 value of 0.7. Gaussian broadening value of 20 Haxation pathways. In particular, th€C NMR peak of
was applied for the measurements of CP-MAS spectra of WT, D85N[3-"°C]Ala-196 signal, originally resonated at 17.78 ppm,
A184G, P186A, A215G, and E204Q and 15 Hz was applied for those ofis completely suppressed in the presence ofMion,
AS51G, AS3V, ABLG, and A84G to achieve an appropriate resolution. glthough the signals at 14.74 and 15.01 ppm were un-
For DD-MAS spectra of WT, Gaussian broadening value of 12 Hz WasChanged. This kind of differential broadening effect in
applied. Transients were accumulated 6,000—-24,000 times until a rea[he presence of M ion should be ascribed to the extent

sonable signal-noise ratio was achieved. f@ chemical shifts were . . . . Rt 13
referred to the carboxyl signal of glycine (176.03 ppm from tetrameth-Of dipole—dipole interactions between nand ~C

ylsilane (TMS)) and then expressed as relative shifts from the value ofiuclei from individual residues. According to the So-
T™MS. lomon—-Bloembergen equation (Eq. 1), the magnitude of

Biophysical Journal 81(1) 425-434



Dynamic Structure of Bacteriorhodopsin 427

the dipole—dipole interactions between the electron spirio be longer tharT,, (3x 10 ° s). Whenr, is longer than

of Mn?* and the'*C nucleus is expressed as a function of T,,, the line width corresponding to the calculaf®g value
distances between electron and nuclear spjrafid cor-  becomes greater than 100 Hz in the area within 8.7 A of
relation time of rotational reorientation of the spin pair Mn®*. This would be the case for the nuclei located at the
(7,) (Bloembergen, 1957; Solomon, 1955), transmembrane-helices and short loops.

In Fig. 2, the areas within 8.7 A from the carboxyl oxygen

1 SSs+ D% 9232( . 371 131, ) atoms in the potential cation binding sites, the acidic

Tac 15 1t el 1+ Wi, sidechains on the surfaces, and the previously proposed
1 1 1 1 1 1 1 1 binding site at the C-terminus of the helix F, are shown by
- 4= - 44— shaded area (Tuzi et al., 1999). The oxygens of the potential
To  Tie T Tm Tz Tze T Tm cation binding sites are shown by the large spheres, and the

whereT,. is the spin—spin relaxation time of&C nucleus, Methyl carbons of Ala residues are shown by the small

r is the distance between thi€ nucleus and M, Sis the spheres with residue numbers. Here, the cation binding sites
total electron spine, andw, are the nuclear and electronic 2'¢ assumed to be fully occupied by #Mn This kind of the
Larmor precession frequencies, is the gyromagnetic ratio P&2k stppression Is almost the same among concentrations
of 13, g is theg-factor of Mr2*, B is the Bohr magneton, of Mn“" from 30 to 100uM, as s_hown in Fig. 3._ It is

T,. and T, are the spin-lattice and spin—spin relaxation€XPected that most of theéC NMR signals of Ala residues
times of an electrony, is the rotational correlation time of |0cated at the inner transmembraaehelices, except for

the Mr2*-bR complex andr.. is the lifeime of the those it the interface residues, are unchange_d in the _spectra
Mn2*-bR complex. Theg-factor andT,, of Mn2" is as- of Mn“"-treated bRs. In the case of Ala_ residues vvr;h_
sumed to be identical to those of an aqua ignis assumed ~ Shorter thanl,, as seen from the Ala residues undergoing
rapid reorientational motions, the effect of #non the line
width is minimal depending om.. This mechanism should
explain why the peak at 16.87 ppm in the DD-MAS spec-
trum (Ala-240, 244, 245, and 246 located in the C-terminal
random coil) is not broadened in spite of the presence of
Mn?* ion as shown in Fig. B. In fact, 1, of the C-terminal

A

B

C
FIGURE 2 Atoms located within 8.7 A from oxygens included in the
potential cation binding sitedafge shaded sphergsre shown by shaded PPM
areas. Sidechain methyl carbons of Ala residues are shown as small spheres " T T 7 T T T r T T T T T Ty T [T T e
with residue numbers. Previously proposed cation binding site at the 19 18 17 16 15 14 13

C-terminus of the helix F is indicated by an arrow. The structure is from the
coordinates proposed by the electron diffraction study by Mitsuoka et al. FIGURE 3 3C CP-MAS NMR spectra of [35C]Ala-labeled wild-type
1999. bR in the presence oj30, B) 40, and C) 100 uM Mn?* ion.
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random coil should be shorter than s, in contrast to the  a region between 14.8 and 16.2 ppm in the bottom traces.
prolonged values for the C-terminathelix protruded from  Among these dispersion signals, the pair of the simulta-
the membrane surface (19 s) resonated at 15.86 ppm neous positive and negative peaks at 15.39 and 15.25 ppm
(Yamaguchi et al., 2001). These findings are consistent witlin the bottom trace of Fig. B are ascribed to the upfield
the previously proposed inhomogeneous distribution of modisplacement of th&C NMR peak of Ala-126 signal due to
bility in the C-terminus of bR (Kawase et al., 2000; Renthalthe accompanied local conformational change in A81G.
et al., 1983; Saitet al., 2000; Tuzi et al., 1994; Yamaguchi  Figure 5,A-C, shows the*C CP-MAS NMR spectra of
et al., 1998, 2000, 2001). [3-3C]Ala-labeled A184G in the absence and presence of
To evaluate the effect of M on the spectra of bR, Mn?" ion and the difference spectrum between the wild
influences of MA™ on a series of Ala residues around the type bR and A184G in the presence of #nrespectively.
extracellular half of the proton channel are assessed bFigure 5D shows the*C CP-MAS NMR spectrum of
examination of respective site-directed mutants by replacef3-*C]Ala-labeled P186A in the presence of Rnion. For
ments of Ala by Gly or Val. Figure 4\ andB, show the"*C  comparison, the dotted traces from the wild type were
CP-MAS NMR spectra of [3C]Ala-labeled A215G and superimposed on Fig. 5A and B. The replacement of
A81G mutants of bR, respectively. The top, middle, andAla-184 by Gly causes the absence of the peak at 17.27 ppm
bottom traces are the spectra of the site-directed mutants #nd minor spectral changes in the higher field region in Fig.
the absence and presence of Mrion and the difference 5B. The latter changes can be visualized as dispersion
spectra between the wild type and mutant bRs in the prepeaks representing displacements of signals caused by con-
ence of MiF" ion, respectively. For comparison, the dotted formational changes in the difference spectrum (Fi)5
traces from the wild type were superimposed on the top andhe presence of the positive peak at 17.27 ppm in Fi@, 5
middle traces. As shown in Fig. 4 the peak from the which has no counterpart with the same magnitude of neg-
difference spectrum at 16.20 ppm is unequivocally ascribeative peak, is unequivocally assigned to Ala-184. Further,
to the G; signal of Ala-215, because no additional confor- this assignment was confirmed by the fact that the Ala-184
mational change was accompanied by changing to thisignal at 17.27 ppm is displaced upfield by removal of
site-directed mutant. In a similar manner, the signals akinked structure by replacement of Pro-186 with Ala (Fig.
16.52 ppm is assigned tog&ignals of Ala-81 as shown in  5D). This remarkable upfield displacement of the peak is
Fig. 4B, although the accompanied dispersion signals arisascribed to changes of the local torsion angles of peptide
from local conformational changes in the transmembraneainit in Ala-184 located at the kink of the helix F induced by
a-helices induced by the replacement of Ala-81, present ifPro-186, because the replacement of Pro-186 by Ala is

Alag1

A FAY:Y ALAN N an n
IaA 2 A v v VAR A A
PPM
18 17 16 15 14 18 17 16 15 14

FIGURE 4 '3C CP-MAS NMR spectra of [3°C]Ala-labeled A) A215G and B) A81G in the absencedp solid trace¥ and presencen{iddle solid
trace9 of Mn?* ion. The corresponding spectra of {3c]Ala-labeled wild-type bR are superimposed on the top and middle traces as dotted traces.
Difference spectra between the spectra of the wild type and mutant bRs in the presenc& dbiMare shown as the bottom traces.
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remaining positive peak at 16.14 ppm is assigned straight-
forwardly to Ala-53. These assignments are in good agree-
ment with the previous assignment based on wild-type bR
and A53V (Tuzi et al., 1996b). A slight difference in thi€
chemical shifts of the g signal of Ala-53 between the
previously reported 16.3 ppm and the 16.14 ppm observed
here may be attributed to the lower spectral resolution in the
former. Figure 8C shows that the peak from the difference
spectrum at 16.89 ppm corresponding to the suppression of
the peak at 16.89 ppm in the upper trace by about 50% is
assigned to the Cof Ala-84, consistent with the previous
assignment (Yamaguchi et al., 2000). The remaining peak at
16.89 ppm has been assigned to Ala-240 of the C-terminus
(Tanio et al., 1999). In addition, the positive peak at 16.52
ppm in the difference spectrum arises from the dispersion
\ C peak ascribed to the upfield shift of the Ala-81 signal
N A na S Vr’\ /\\‘ﬂ,\/\f\,v“ Nan, originally resonated at 16.52 ppm. Also, positive and neg-
V ative peaks around 16 ppm resemble those observed for
A81G (bottom traceof Fig. 4 B), suggesting that the similar
conformational changes in the transmembras®lices are
induced by either the replacements of Ala-81 or Ala-84.
Potential application of this approach to detect function-
D related conformational change in the transmembrane region
of membrane protein can be tested by using the local con-
formational change at the extracellular half of bR induced
by the replacement of Glu-204 by GIn as shown in FigA7,
andB. The absence of the Lsignal of Ala-126 at 15.35
. PPM ppm induced by the replacement of Glu-204 was previously
19 18 17 186 15 14 13 ascribed to the downfield displacement caused by the local
conformational change in the extracellular surface of bR in
FIGURE 5 3 CP-MAS NMR spectra of [33C]Ala-labeled A184G in  the previous report (Tanio et al., 1999). In addition to this
the (A) absence andB) presence of MA" ion. The corresponding spectra  change, accompanied local conformational change at

of [3-1%C]Ala-labeled wild-type bR are superimposed as dotted trac®s. ( Ala-84 is obviously manifested from the upfield displace-
Difference spectra between the spectra of the wild-type and mutant bRs in

- . n
the presence of Mit ion are shown as the bottom trace3) {*C CP-MAS ment of the (,; §|gngl of Ala-84 in the MA"-treated Spec-
NMR spectra of [313C]Ala-labeled P186A in the presence of ftnion. trum as shown in Fig. B. In contrast, no spectral change at

Ala-184 (17.27 ppm) is visible in spite of the replacement of

Glu-204 (Fig. 7B), suggesting that the local conformation
expected to restore the kink to the normahelix and bring  at Ala-184 is unchanged between the wild type bR and
back the torsion angles of Ala-184 to those of the typicalE204Q. The downfield displacement of the most intense
a-helix. peak in the spectra of Mi-treated bRs, from 16.14 to

Figure 6,A—C, shows the"*C CP-MAS NMR spectra of 16.37 ppm, is obviously induced by the replacement of

[3-*3C]Ala-labeled A51G, A53V, and A84G, respectively. Glu-204 (Fig. 7,A andB), suggesting the local conforma-
The upper and lower traces are the spectra of the mutant bRienal change of the transmembraméelices. Ala-53, orig-
in the presence of Mt ion and the difference spectra inally resonated at 16.14 ppm, is likely to be included in this
between the wild type and mutant bRs in the presence ofonformational change.
Mn?* ion, respectively. As shown in Fig./, the signal at Figure 8,C andD, show the'*C CP-MAS NMR spectra
15.92 ppm in the difference spectra between the wild typef D85N in the absence and presence offrespectively.
and A51G is ascribed straightforwardly to Ala-51. The Peak-intensities of the spectra in Fig.C8and D were
replacement of Ala-53 by Val induces changes of signalsiormalized to adjust the heights of the peaks at 37.61 ppm
significantly larger than the noise level at 16.14, 15.95, andarising from methylene carbons in the phytanyl group of
15.46 ppm (Fig. @). The pair of the positive and negative lipid in the purple membrane. Mf induces strong sup-
peaks at 15.95 and 15.46 ppm, respectively, is ascribed toression of the whole spectrum of the Ala residues in D85N
the upfield displacement of the Ala-51 signal (15.92 ppm inas shown in Fig. ®, which is not observed for the wild
Fig. 6 A) arising from an accompanied local conformationaltype bR (Fig. 8,A and B) and the other mutant bRs dis-
change at Ala-51 located near at Ala-53. Consequently, theussed here. The majority of the signal suppressions at
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FIGURE 6 *°C CP-MAS NMR spectra of [35C]Ala-labeled ) A51G, B) A53G, and C) A84G in the presence of Mii ion (upper solid traces The
corresponding spectra of [8C]Ala-labeled wild-type bR are superimposed on the top traces as dotted traces. Difference spectra between the spectra of
the wild-type and mutant bRs in the presence offMion are shown as the bottom traces.

17.00, 17.36, and 17.54 ppm are ascribable to the supprepresence of M ion. It is emphasized that this approach
sions of the signals from the loops located near at thean be easily extended to the other membrane protein—lipid
water-accessible surface of D85N. In addition to the effecbilayer systems, because low concentration of?Mrs

of Mn?* on the loops, unexpectedly strong suppressions arexpected to be locally distributed on the surface of a bi-
observed for the peaks at 14.78, 15.04, 15.82, 16.34, anomembrane containing negative charges from lipid head
16.60 ppm arising from the-helices. The latter pronounced groups and acidic sidechains, without any serious perturba-
effect of Mr?" about the suppressed peaks in D85N indi-tion to the system.

cates that Mfi" can penetrate more deeply into the inner

transmembrane-helices in D85N than in the wild type.

Dynamic structure of bR as viewed from Ala-215

and Ala-184 at ambient temperature

DISCUSSION
- . 13 It is worthwhile to use the newly assigned signals, Ala-
fndr:;T?otnhe solid state ™"C NMR spectra of bR by 184 and Ala-215, as probes to show how the dynamic

structure of the transmembrane region of bR at ambient
As described in the previous section, all of t€ NMR  temperature is modified from that revealed by diffraction
signals arising from the residues located at the extracellulastudies at low temperature (Essen et al., 1998; Grigorieff
half of bR, including Ala-51, 53, 81, 84, 184, 215, and 126et al., 1996; Kimura et al., 1997; Luecke, 2000; Luecke et
of bR, remain unchanged in the CP-MAS spectra in theal., 1999a; Mitsuoka et al., 1999; Pebay-Peyroula et al.,
presence of MA" except for Ala-196. This finding is con- 1997, 2000). The torsion angles of the peptide unit at
sistent with the estimated area whereMitauses suppres- Ala-184 are expected to be deviated substantially from
sion of peak as shown in Fig. 2, except for Ala-126. Thisthose of the normale-helices depending on the kink
indicates that the area affected by Mris more restricted to  angle of the helix F, if any, because Ala-184 is shown to
the surface area than is our estimate, as shown in Fig. 2. bie located at the hinge of the kink of the helix F caused
appears from th&’C CP-MAS and DD-MAS NMR spectra by a lack of hydrogen bond between the carbonyl oxygen
of the wild-type and mutant bRs in the presence ofMn of Trp-182 and the imido group of Pro-186. Consistent
(Figs. 1, 4, 5, and 6) that the two kinds of spectral changesvith this view, it was found that th&C chemical shift of
are classified into the two groups: 1) unchanged signal€; of Ala-184 is resonated at the unusually lower field
from the hydrophobic transmembrane-helices and also region at 17.27 ppm as a residue belonging to the trans-
from the C-terminal random coil, the latter of which under- membranea-helices. This is probably because Ala-184
goes rapid ¥10° Hz) isotropic motion and is visible only in takes highly distorted torsion angles that are either static
the DD-MAS spectra; 2) suppressed signals from the loopsyr time-averaged. This observation is consistent with the
a-helix termini and the C-terminat-helix. It is noteworthy  previous prediction by x-ray structuredi(y) = (—75°,
that the unambiguous assignments of thg éc NMR —24°) (Luecke et al., 1999a)]. This view is also justified
peaks of Ala-215 and Ala-184 are made possible in théoecause thé>C signal of Ala G at Ala-184 was dis-
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16.14

r Ala53

16.89

Alag4
Ala18s

M

15.35

Ala126
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&

PPM

18 17 16 15 14

FIGURE 7 1°C CP-MAS NMR spectra of [3°C]Ala-labeled wild-type
(A) bR and B) E204Q in the presence of Mnh. PPM

T | BRI St Ja e A S B B B M B B B B B N S B B

40 30 20 10

placed upfield toward the peak position of the normalFIGURE 8 **C CP-MAS NMR spectra of [3°C]Ala-labeled wild-type
a-helix, when this kinked structure in the helix F is EF:/I;‘ ;higr)aagfse[glc% mgﬁgg:::négsﬂ 'i\f]ﬁ;hfg)a;;:gcgzmg?
;(eJIEO\i/teii k:)%g::é?etl?g steprt?]::filg\;l(?’lgng/lg) p-lé:lle(r?); presencpe of Mfi* ion. Expanded spectra of D85N in the abse‘rmxaztt(ed

’ . . | trace) and presencesolid trace of Mn?* ion are shown as an inset.
Ala-184 as a suitable probe to examine the kinked struc-
ture at the transmembrane helix F. Ala-215, neighbored
to Lys-216 and forming the Schiff base linkage with is more likely that Ala-215 takes the typical-helix
retinal, has been shown to be involved in théulge as rather than ther-bulge, at least at ambient temperature,
clarified by the x-ray study (Luecke et al., 1999a). Localbased on the above-mentioned similarity of thiC
torsion angles for the peptide unit at Ala-215 were showrnchemical shifts among Ala-215, Ala-53, and Ala-51. It is
to be @, ¥) = (=77°,—16°), substantially deviated from plausible as a cause for this discrepancy that bR here for
those of the typicakk—helix, (¢, ) = (=57°, —47°) to  NMR measurement is embedded in the purple membrane
the direction similar to Ala-184 [, ) = (—75°,—24°)].  as 2D crystal suspended in the buffer at 20°C, although
Downfield displacement of thé3C chemical shift of many x-ray diffractions have been performed at lower
Ala-215 from that of the normak-helix can be expected temperature, such as liquid nitrogen temperature together
from the **C NMR chemical shift contour map for £ with 3D crystal. The presence of slow conformational
carbon of Ala based on quantum-chemical calculatiorfluctuation in the transmembranehelices of bR with a
(Ando et al., 1998), in view of the displacement of the frequency of 100 Hz at ambient temperature, and freezing
observed peak for Ala-184. In contrast to the expectationof this motion at temperature below40°C were ob-
the observed®C chemical shift for the Ala Gof Ala-215  served by the solid stateC NMR (Tuzi et al., 1996a).
at 16.2 ppm is rather normal as thehelix comparable to The neutron-scattering studies at ambient temperature
the data of Ala-53 and Ala-51, both of which are locatedalso showed a large amplitude anharmonic motion of bR
at the typical a-helix structure in the transmembrane in the purple membrane with a frequency in the region of
helix B. As pointed out, Ala G **C chemical shift of 10° to 10"* Hz (Ferrand et al., 1993; Fitter et al., 1998;
polypeptides and proteins is determined by the torsiorHeberle et al., 2000). A possible change in the time-
angles ¢, ) (Saitg 1986; Saiteand Ando, 1989) as long averaged torsion angles induced by these motions, if any,
as the residue under consideration is static. Therefore, iwould result in displacement dfC chemical shift of Ala,
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because the conformation-depend&i@ NMR chemical reported less dramatic changes of the Ala-82 sidechain and
shift of C; of Ala turned out to be sensitive to the water (Wat-406) in the x-ray model structure of E204Q
dynamically averaged torsion angles (Kimura et al.,might also participate in the change of the pKa coupling.
2001) if an Ala residue is involved in local conforma- The interaction between Asp-85 and the proton-releasing
tional fluctuation at a frequency higher than?1Blz.  groups mediated by changes of the dynamically averaged
Therefore, dynamic behavior of bR at ambient tempera€onformations might be also required during the photoreac-
ture might permit more relaxed conformation of the back-tion of bR as a pKa-controlling mechanism for stabilization
bone around Ala-215 than that under the lower temperof the protonated Asp-85 in the M-intermediate. On the
ature. contrary, the unchanged peak position of tf@ NMR peak
of Cz Ala-184 between wild type and E204Q indicate that
the possible conformational change due to the kink in the
helix F is not influenced by the change at Glu-204, although
distance between Ala-184 and Glu-204 is shorter than that
It is now demonstrated that detailed examination for localbetween Ala-84 and Glu-204 in x-ray structure. Thus, the
conformational changes is made possible by using™Vas  influence of the replacement of Glu-204 should be spatially
relaxation reagent to simplify spectral pattern, even if sig-restricted to the structure around the proton channel.
nals under consideration are accidentally superimposed with In contrast to the spatially restricted influence of #n
signals of other residues. For instance, the'@ NMR  on the spectra of the wild type bR, E204Q and other
peak of Ala-84 of wild type bR resonated at 16.89 ppm isAla-replaced mutant bRs, the effect of Khon the spectra
displaced upfield at least by 0.24 ppm when tfié@ NMR  of D85N is less specific and causes decrease in the intensity
spectrum of E204Q was compared (Fig. 7). This is becausef whole spectrum of D85N. The strong suppression of the
local backbone conformation at the helix C near Asp-85, thgpeaks arising from thex-helices in D85N suggests the
proton acceptor of the early half of the photo reaction, isincrease of the Mii™ accessibility to the inner transmem-
changed by replacement of the side-chain of Glu-204 inbrane moiety or lipid-protein interface of bR. This is con-
cluded in the proton release site located at the extracellulaistent with the previously reported large conformational
surface. In addition, the most intense peak at 16.14 ppm ishange of the transmembranehelices at neutral pH in-
displaced downfield to 16.37 ppm, presumably reflecting arduced by the replacement of Asp-85 by Asn (Kawase et al.,
accompanied conformational change at Ala-53 originally2000). This conformational change might cause continuous
resonated at 16.14 ppm, together with the conformationadr transient opening of the proton channel that facilitates the
change of the helix B near the Schiff base and Asp-85. Thaccess of MA" to the transmembrane-helices surround-
well-known linkage of the pKa of Asp-85 with the proton- ing the proton channel, or distortion of molecular packing of
releasing groups, which is proposed to contribute to thdRs and lipids in the purple membrane, which facilitates the
stabilization of the protonated Asp-85 during the formationaccess of Mfi" to the hydrophobic outside surface of bR.
of the M-intermediate, has been reported to be modified by
the replacement of Glu-204 with GIn (Richter et al., 1996).
Even at the ground state, the two apparent pKa of Asp-85 ifhe authors are grateful to Professors Richard Needleman and Janos K.
the wild-type bR is changed into the single pKa in E204Q_Lanyi for providing A53V, D85N, and E204Q mutant strainstf Sali-
Interestingly, no conformational difference between the™™™
wild type and E204Q in the region near the retinal have'"s Worhk f;‘?Sngsg ?“pp‘t’:eiﬂ_iﬂ fa“ fbé’dGrat’_‘ts'";Aid for SSCiet”“ﬁCd
been observed in the x-ray model structures for the groun&ﬁﬁﬁzcof(hpan ) from the Ministry of Education, Science, Sports, an
state at low temperature (Luecke et al., 2000). Actually, the
backbone torsion angles of Ala-84p (1) = (—64°, —38°)]
and Ala-53 [, ) = (—61°, —36°)] in the model structure
of E204Q are virtually identical to those in the wild type, REFERENCES
(¢, ) = (—63°, —36°) and (-64°, —37°), respectively. Ando, I., N. Asakawa, and G. A. Webb. 1998. NMR chemical shift and
Consequently, the differences between the backbone con-€lectronic structureln Solid State NMR of Polymers. I. Ando and T.
. . . Asakura, editors. Elsevier, Amsterdam. 1-21.

formation of the wild type and E204Q obviously detected S . .

13 . . : . Bloembergen, N. 1957. Proton relaxation times in paramagnetic solutions.
by *°C NMR should be ascribed to differences in dynami- = ; chem. phys27:572-573.
cally averaged conformations at ambient temperature deVichazin, w. 3., M. Rance, and P. E. Wright. 1987. Complete assignment of
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dynamically averaged backbone conformation in the regioﬁlross, T. A. 1997. Solid-state nuclear magnetic resonance characterization
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