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ABSTRACT: In reconstituted vesicles above the lipid phase transition temperature, bacteriorhodopsin (BR) 
undergoes rotational diffusion about an axis perpendicular to the plane of the bilayer [Cherry, R. J., Muller, 
U., & Schneider, G. (1977) FEBS Lett. 80, 4651. This diffusion narrows the 13C N M R  powder line shape 
of the BR peptide carbonyls. In contrast, BR in native purple membrane is relatively immobile and exhibits 
a rigid-lattice powder line shape. By use of the principal values of the rigid-lattice chemical shift tensor 
and the motionally narrowed line shape from the reconstituted system, the range of Euler angles of the leucine 
peptide groups relative to the diffusion axis has been calculated. The experimentally observed line shape 
is inconsistent with those expected for structures which consist entirely of either a helix or /3 sheet perpendicular 
to the membrane or /3 sheet tilted a t  angles up to about 60' from the membrane normal. However, for 
two more complex structural models, the predicted line shapes agree well with the experimental one. These 
are, first, a structure consisting entirely of aI helices tilted at  20' from the membrane normal and, second, 
a combination of 60% aII helix perpendicular to the membrane plane and 40% antiparallel /3 sheet tilted 
a t  10-20' from the membrane normal. The results also indicate that the peptide backbone of bacterio- 
rhodopsin in native purple membrane is extremely rigid even at 40'. The experiments presented here 
demonstrate a new approach, using solid-state nuclear magnetic resonance (NMR) methods, for structural 
studies of transmembrane proteins in fluid membrane environments, either natural or reconstituted. Analysis 
of N M R  powder line shapes which are narrowed by anisotropic rotational diffusion can provide information 
not only on secondary structure but also, in general, on the orientation of labeled groups relative to the axis 
of rotational diffusion. Such information on the orientation of membrane proteins in the bilayer plane is 
difficult to obtain by more conventional structural methods. 

M e m b r a n e  proteins have been notoriously difficult subjects 
for structural investigations. Because they rarely form 
well-ordered three-dimensional crystals, conventional high- 
resolution crystallographic methods have not been generally 
applicable. When two-dimensional crystals are available, the 
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electron microscopic methods pioneered by Henderson & 
Unwin (1974) for three-dimensional reconstruction can be 
used, but to date, technical limitations have prevented the 
determination of such structures at atomic resolution. Another 
technique which has recently been applied to the structural 
analysis of proteins involves the use of two-dimensional solution 
nuclear magnetic resonance (NMR)' [see, for example, 
Wagner & Wuthrich (1982)l. However, most integral mem- 

' Abbreviations: BR, bacteriorhodopsin; DMPC, 1,2-dimyristoyl- 
phosphatidylcholine; DPPC, 1,2-dipalmitoylphosphatidylcholine; MASS, 
magic-angle sample spinning; NMR, nuclear magnetic resonance; SDS, 
sodium dodecyl sulfate; NOE, nuclear Overhauser effect; Me&, tetra- 
methylsilane. 
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brane proteins do not yield high-resolution solution NMR 
spectra, making this method again inapplicable. To study 
membrane proteins by NMR, it is thus more appropriate to 
use solid-state methods which are designed to deal with the 
broad NMR spectra obtained from samples in anisotropic 
media. 

In this paper, we report on the use of solid-state NMR to 
obtain a particular type of structural information on a mem- 
brane protein, namely, the orientation of certain molecular 
groups relative to the plane of the membrane bilayer. These 
experiments utilize the fact that in many biological mem- 
branes, and in reconstituted vesicles with sufficiently high 
1ipid:protein ratios, integral membrane proteins diffuse rapidly 
about an axis normal to the plane of the membrane (Edidin, 
1974). Such rapid diffusion about a locally defined axis in 
a “powder” (randomly oriented) sample produces motionally 
averaged NMR line shapes which depend on the angles be- 
tween the principle axes of the chemical shift (or quadrupolar 
or dipolar) tensor and the diffusion axis. Thus, the experi- 
mental line shape can be interpreted in terms of the orientation 
of the observed groups with respect to the diffusion axis. This 
structural information is similar to that obtained from oriented 
samples [for examples, see Griffin et al. (1978) and Cross & 
Opella (1983)] but is more generally applicable, requiring 
neither the orientation of the sample nor the dehydration 
frequently required to achieve orientation. In principle, this 
method can be used with any membrane protein which un- 
dergoes rapid rotational diffusion; isotopic labeling is also 
desirable but not strictly required. A similar approach has 
recently been taken by Pauls et al. (1984), who have used 
deuterium NMR to examine both orientation and rotational 
motion of exchangeable hydrogen positions in an a-helical 
polypeptide in DPPC bilayers. 

Bacteriorhodopsin (BR) is highly immobilized in its native 
purple membrane (Razi-Nagvi et al., 1973). However, when 
BR is reconstituted with additional lipid and observed at 
temperatures at which these lipids are in the “liquid-crystalline” 
(L,) phase, it executes rotational diffusion with a value for 
the rotational diffusion coefficient DR N (5-10) X IO4  s-’ at 
a sufficiently high 1ipid:protein ratio (Peters & Cherry, 1982; 
Cherry & Godfrey, 1981). This corresponds to a correlation 
time 7, = 1/6DR N 2-3 ps. On the other hand, at temper- 
atures below the lipid main phase transition temperature ( T,), 
the diffusion slows below the limit of detection by optical 
methods (Cherry et al., 1978; Hoffman et al., 1980). In the 
present experiment, the peptide carbonyl carbons of the 36 
leucines of BR have been I3C labeled, and reconstituted vesicles 
have been prepared by adding DMPC to the labeled purple 
membranes. Since the T, of DMPC is 23 ‘C, the rotational 
correlation time of the protein should vary over several orders 
of magnitude in the temperature range from 0 to 30 “C.  Since 
the peptide carbonyl tensor is about 12 kHz wide at the 
magnetic field strengths used here (6.9 and 7.4 T), motions 
with correlation times much shorter than about 13 ,us will be 
in the fast limit. Thus, at temperatures above 23 OC, the I3C 
spectra for the peptide-labeled BR will be motionally narrowed 
and can be interpreted in terms of the orientation(s) of the 
peptide backbone relative to the membrane normal. Under 
ideal conditions, this information can help to distinguish among 
models for the secondary structure of such a membrane pro- 
tein. In addition, the NMR spectrum of the labeled BR in 
native purple membrane provides information on the degree 
of motion of the peptide backbone in situ. 

BR is particularly well suited for these experiments since 
several types of evidence point to the existence of highly or- 

L E W I S  E T  A L .  

dered secondary structure [for reviews, see Henderson (1 977), 
Wallace (1982), and Stoeckenius & Bogomolni (1982)l. For 
example, the three-dimensional structure obtained from 
electron diffraction (Henderson & Unwin, 1974) shows seven 
rods of density whose axes all lie within about 20’ of the 
membrane normal, and Fourier-transform infrared absorption 
spectroscopy results are consistent with oriented a helices for 
which the average tilt angle is 26’ or less (Rothschild et al., 
1982). However, there is not yet universal agreement on the 
structural details. Most investigators presently support the 
view that BR contains seven transmembrane (Y helices but 
others contend that a substantial amount of the density ob- 
served in electron diffraction maps can be better accounted 
for by up to four p strands which are tilted at about 10-15’ 
from the membrane normal (Jap et al., 1983). Thus, addi- 
tional information on the orientation of the peptide bonds in 
BR may be useful. One reason for choosing to label the 
leucines here is that the all-helical models predict that about 
90% of the leucines are in the helices [for example, see En- 
gelman et al. (1982), Khorana et al. (1979), and Ovchinnikov 
et a1 (1979)], while the suggestions of Jap et al. (1983) place 
only 54% of the leucines in helices and 33% in the /3 sheet. 
These two cases should be distinguishable by experiments, such 
as those described here, which provide a new way of deter- 
mining peptide bond orientations in a membrane protein. 

MATERIALS AND METHODS 
Halobacterium halobium strain R1 was grown in a defined 

growth medium (Argade et al., 1981) with ~-[l-’~C]leucine 
(Cambridge Isotope Labs) at a concentration of 0.08 g/L. 
Purple membrane was isolated by the method of Oesterhelt 
& Stoeckenius (1974). Radiotracer experiments showed a 
high specificity of labeling. First, upon ammonia-acetone 
extraction, 98% of the counts were recovered in the protein 
fraction vs. 2% in the lipid-retinal fraction. Second, amino 
acid analysis of the protein showed no counts above back- 
ground in amino acids other than leucine. 

SDS gel electrophoresis of the native membrane showed a 
single band at the correct position for intact BR. Thus, there 
was no detectable proteolytic degradation of BR; more spe- 
cifically, at least 95% of the BR molecules had an intact C 
terminus. To look for possible aggregation of the purple 
membrane fragments, a portion of one NMR sample was 
diluted, stained with uranyl acetate, and examined by trans- 
mission electron microscopy (EM). Although a small amount 
of aggregation was present, at least 80% of the membrane 
fragments were monodisperse so that most of the membrane 
surface was not in contact with other surfaces. Thus, although 
the membranes were relatively tightly packed in the pellet used 
for the NMR experiments, they did not irreversibly aggregate. 
These NMR samples are generally about 20 wt % membrane 
and thus contain a substantial water layer between neighboring 
membrane fragments. 

Reconstituted vesicles were made by the method of Cherry 
et al. (1978). Thirty-three milligrams of purple membrane 
(containing 25 mg of BR) was solubilized for 24 h in 132 mL 
of 0.1% Triton X-100 (Sigma) and 0.1 M sodium acetate, pH 
5. Ninety-two milligrams of DMPC (Calbiochem) was lyo- 
philized from benzene-methanol and added to the purple 
membrane-Triton solution, which was stirred gently until clear. 
The mixture was dialyzed against 0.1 M sodium acetate and 
0.02% sodium azide at 4 ‘C for 10 days with several changes. 
The reconstituted vesicles were centrifuged through a 5-40% 
(w/v) sucrose gradient, washed with distilled water, and 
concentrated by centrifugation for the NMR experiments. The 
entire preparation, with the exception of the sucrose gradient 
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which was deemed to be unnecessary, was carried out a second 
time with identical NMR results; the data presented here are 
from the second sample. 

For both native membrane and reconstituted vesicles, the 
NMR samples were prepared by centrifugation and subsequent 
transfer of the pellet to 6-mm glass tubes. The samples were 
sealed with parafilm (American Can Co., Greenwich, CT) 
which will contribute a 13C NMR signal in the upfield region 
of the spectrum but not in the carbonyl region. 

13C powder NMR spectra were taken on a home-built 
spectrometer operating at 74.2 MHz for 13C and at 294.9 
MHz for 'H (6.9 T). For cross-polarization, a proton H1 of 
40 kHz was used while for single-pulse and Hahn echo 
(9Oo-~-18O0) sequences the 13C 90' pulse was 5.1 pus. A delay 
of T = 40 ps was used in the echo sequences, and phase cycling 
and high-power (dipolar) decoupling were used throughout. 
Recycle delays were 2 s for cross-polarization and 10-80 s for 
the Hahn echo and single-pulse experiments. 

The MASS spectra were taken on a home-built spectrometer 
with a 7.4-T magnet, using aluminum oxide rotors in a double 
air bearing stator system (Doty Scientific, Columbia, SC). 
Typical radio-frequency fields were equivalent to 50 kHz for 
cross-polarization and 100 kHz for decoupling. Cross-po- 
larization spectra were obtained by standard methods, with 
recycle delays of 4 s. Single-pulse experiments were conducted 
in the usual manner, except that the proton spin system was 
kept saturated during the (20 s) recycle by applying a 90' 
pulse every 0.5 ms. This gave a uniform enchancement of 
approximately 2.5 over a standard gated decoupling spectrum, 
presumably because the dominant relaxation mechanisms of 
rigid carbons is by spin diffusion to rapidly relaxing methyls 
which have a high NOE [cf. Szeverenyi et al. (1982)l. Shift 
tensor principal values were obtained from the integrated 
intensities by using the method of Herzfeld & Berger (1980) 
at five different spinning speeds. 

RE~ULTS 

Native Purple Membrane. Figure l a  shows the 13C NMR 
spectrum of an ultracentrifuge pellet of native [ 13C]leucine- 
labeled purple membrane. This spectrum was obtained with 
cross-polarization followed by an echo pulse. From the car- 
bonyl powder pattern (left side of the spectrum) and from 
magic-angle spinning data (see below), the principal values 
of the 13C leucine chemical shift tensor are 246 f 1, 191 f 
2, and 93 * 1 ppm from Me,Si. The isotropic chemical shift 
is 176 ppm, which is consistent with hydrogen-bonded peptide 
carbonyls, as expected if most of the protein has a regular 
secondary structure. The width (153 ppm) of the tensor is 
very close to that for the peptide carbonyl in crystalline 
Gly.Gly.HCl.H20 (Stark et al., 1983). This width and the 
relatively well-defined edges of the carbonyl powder pattern 
indicate that no backbone motions larger than about loo and 
faster than 100 s-l are present. It should be noted that all the 
samples used in this work were very concentrated ultracen- 
trifuge pellets. Thus, overall motion of the membrane frag- 
ments or vesicles is strongly restricted, and any motional av- 
eraging observed is due to local motions of the protein. 

The static line shape is formally a convolution of the 13C 
chemical shift and the 13C-14N dipolar tensors. However, the 
latter interaction is much smaller than the former [D,("C- 
I4N) N 635 Hz] and is manifest only as a broadening in the 
powder spectra. 

The spectrum shown in Figure l a  was taken at 3 OC, but 
identical spectra were obtained at 25 and 40 OC, showing that 
no additional motion occurs even at the growth temperature 

a) 

b) 

h 

d) h 
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FIGURE 1: 13C NMR powder spectra of samples with [1-13C]- 
leucine-labeled BR. Samples were all ultracentrifuge pellets. The 
labeled carbonyl spectra are on the left sides of the figures; on the 
right are reonance  of most other carbons at natural abundance. (a) 
Hydrated native purple membrane at  3 "C. Taken with cross-po- 
larization and a subsequent refocusing (180") pulse. Mixing time, 
2 ms; recycle delay, 2 s; 300-Hz line broadening. (b) Reconstituted 
BR-DMPC vesicles at  3 "C. Same conditions as (a) except 200-Hz 
line broadening. (c) Reconstituted vesicles at 30 OC. Same conditions 
as (b). (d) Reconstituted vesicles at 30 "C. Taken with a Hahn echo 
(90"-~-180") sequence with T = 40 ps. Recycle delay, 10 s; 200-Hz 
line broadening. 

of H .  halobium. The lack of motion is expected given the 
crystalline packing of BR in the purple membrane and is 
consistent with previous results of transient dichroism studies 
(Razi-Naqvi et al., 1973). However, the present results go 
beyond previous work since they demonstrate that in hydrated 
purple membrane the peptide backbone of BR is immobile 
within the protein, in addition to the restriction of motion of 
the chromophore and protein as a whole. The rigidity of the 
peptide backbone in BR contrasts with the librational motion 
observed for the peptide carbonyls in collagen (Sarkar et a]., 
1983) and the substantial motional averaging observed in 
myosin (Eads & Mandelkern, 1984). On the other hand, the 
coat protein of the bacteriophage fd also has a rigid peptide 
backbone, as shown by solid-state NMR (Cross & Opella, 
1982). 

An important consideration when using cross-polarization 
is the fact that the efficiency of cross-polarization can decrease 
markedly in the presence of molecular motion (Pines et al., 
1972). Therefore, it is possible to suppress signals from mobile 
parts of BR relative to those from rigid carbons. To test for 
the presence of more mobile leucines, data on the native purple 
membrane sample were also taken with a single 90' pulse and 
with a Hahn echo sequence (data not shown). In neither case 
were any sharp features observed, ruling out the presence of 
rapid large-amplitude motion at any of the 36 leucine sites 
in BR. 



4674 B I O C H E M I S T R Y  L E W I S  E T  A L .  

Reconstituted Vesicles. Shown in Figure l b  is the cross- 
polarization NMR spectrum of the reconstituted [13C]- 
leucine-labeled BR-DMPC vesicles at 3 OC, well below the 
main phase transition temperature (T,)  of the lipid. This is 
also a rigid-lattice spectrum, and the edges correspond exactly 
to those of the native purple membrane spectrum. This is not 
surprising since Cherry et al. (1978) have shown that in such 
vesicles below T,, BR aggregates and forms a crystalline 
lattice very similar to that of native purple membrane. Fur- 
thermore, transient dichroism experiments show that BR is 
immobilized under these conditions (Cherry et al., 1978; 
Hoffman et al., 1980). As for the native membrane, spectra 
were also taken with a Hahn echo sequence to look for more 
mobile carbonyls which might not cross-polarize well. Again, 
sharp features, indicative of rapid isotropic motion, were not 
observed. 

In reconstituted DMPC vesicles above the lipid T,, BR is 
monomeric and undergoes rapid rotational diffusion (Cherry 
et al., 1978; Hoffman et al., 1980). This diffusion is highly 
anisotropic and is well represented by motion about an axis 
perpendicular to the plane of the bilayer with very little 
“wobble” (Cherry & Godfrey, 1981). I3C NMR spectra of 
the BR-DMPC vesicles at 30 OC, 7 OC above the T,, are 
shown in Figure lc,d. The trace in Figure IC was obtained 
by using the same cross-polarization conditions as in Figure 
la,b. A much narrower powder pattern, as expected for a 
motionally averaged carbonyl tensor, is seen, but at very low 
intensity compared to that in Figure lb; this indicates that the 
cross-polarization efficiency has decreased with the onset of 
rotational diffusion. In fact, at least some of the carbonyl 
intensity observed in Figure IC may be due to the lipid car- 
bonyls a t  natural abundance. The spectrum of Figure Id, 
obtained by using a Hahn echo sequence with a recycle delay 
of 10 s, more clearly shows the motionally averaged BR 
carbonyl line shape. This region will contain contributions 
from the other BR peptide groups and the DMPC carbonyls 
at natural abundance, but each of these should only represent 
about 5% of the leucine carbonyl intensity. For the DMPC 
carbonyls, in particular, the relative intensity measured from 
the magic-angle spinning spectrum (see below) is about 18: 1 
(1eucine:DMPC). 

The width of the motionally averaged carbonyl spectrum 
at half-height is 18 ppm, with the maximum upfield (to the 
right) of the isotropic frequency; 90% of the intensity is within 
a width of 3 1 ppm. The implications of this line shape for the 
orientation of the peptide backbone in BR, and thus its sec- 
ondary structure, will be discussed in the next sections. The 
line shape did not change with recycle delay, showing that the 
spin-lattice relaxation time (TI) is orientationally isotropic. 
Measurement of the intensity as a function of recycle delay 
(progressive saturation) yielded a value for TI of approximately 
10-15 s. These measurements required several hours of data 
acquisition and were performed only after acquisition of the 
original spectrum. 

Line-Shape Analysis. The approach used here is twofold. 
First, we determine the range of orientations of the leucine 
peptide groups which are consistent with the observed mot- 
ionally averaged I3C line shape. Second, we note which of the 
possible secondary structures for BR would result in peptide 
orientations within this range, and we consider the effects on 
the line shape of tilting of a helices and p sheets. It is assumed 
that no wobble occurs. To have a significant effect on the line 
width, angular fluctuations of greater than about *20° about 
the diffusion axis would have to occur, and the analysis of 
Cherry & Godfrey (1981) suggests that wobble of such am- 

plitude would have been detectable in the transient dichroism 
data. 

Fast-limit motion about a unique axis will produce a powder 
pattern which is axially symmetric, regardless of whether the 
rigid-lattice spectrum is axially symmetric or asymmetric. The 
exact shape (the width and sign of the anisotropy) of such a 
motionally averaged powder pattern is determined by the three 
principal values of the rigid-lattice shift tensor, uii, and their 
orientation with respect to the diffusion axis. Specifically, the 
breadth of the motionally averaged tensor AuR = allR - ulR 
is given by 

AuR = ?2(3 cos2 p - 1)[CT33 - I / Z ( C T ~ ~  + C T ~ Z ) ]  + 
3/4(u11 - az2) sin2 p cos 2a 

(Mehring et al., 1971) where a and @ are the Euler angles 
relating bii to the diffusion axis [see Mehring (1983) for a 
complete discussion]. 

For an axially symmetric rigid-lattice tensor, a unique line 
shape results from rotational diffusion characterized by a given 
angle p. Unfortunately, the same is not true for an axially 
asymmetric rigid-lattice tensor. That is, a given line shape 
does not imply a unique pair of angles but can result from a 
range of possible orientations. Nevertheless, a much larger 
set of orientations can generally be ruled out. For a random 
distribution of 36 peptide bond orientations in a protein, the 
line shape resulting from fast rotational diffusion about a 
particular axis would be a superposition of 36 different powder 
patterns, but if most of the orientations fall within a limited 
range, then a more well-defined NMR spectrum would be 
observed. Current structural information suggests that BR 
falls into the latter category, consisting mainly of helices and 
possibly a few strands of p sheet, all with their axes close to 
colinear with the membrane normal. 

For the analysis here, it is assumed that the chemical shift 
tensors of the peptide carbons of all 36 leucines in BR are 
identical and that their principal axes have the same local 
orientation as found in crystals of the dipeptide Gly-Gly. 
HC1.HzO (Stark et al., 1983). Specifically, uI1 and uz2 lie in 
the plane of the peptide bond and form angles of 7 7 O  and 13O, 
respectively, with the C=O bond, while C T ~ ~  is perpendicular 
to the peptide bond plane (see Figure 3). By use of the 
principal values of the rigid-lattice chemical shift tensor ob- 
tained from native purple membrane, AuR has been calculated 
as a function of the Euler angles a and p. The results are 
shown in Figure 2a, and the range of angles consistent with 
the experimental results is apparent. 

Since the perpendicular edge of the experimental powder 
pattern is upfield of the isotropic frequency, ACT must be 
positive for essentially all orientations present in the sample. 
Using the position of the maximum and the limits within which 
lies 90% of the intensity, we conclude that most of the com- 
ponents lie between ACT = +8 and +31. Thus, the range of 
leucine peptide carbonyl orientations in this sample encom- 
passes approximately the following sets of Euler angles (in 
degrees): /3 = 50, a = 0-20; p = 60, a = 30-50; p = 70, a 
= 50-80; /3 = 80, a = 65-90; p = 90, a = 75-90. A few 
(roughly 10-15%) of the peptide groups are at angles outside 
this range, giving the trailing edges of the experimental 
spectrum with 3 1 ppm < ACT < 56 ppm. At least some of this 
intensity may result from intrinsic line broadening and chem- 
ical shift heterogeneity. For these Euler angles, the 13C-14N 
dipolar coupling is scaled by a factor of 2 or more, making 
it less than 300 Hz. Also, the very large asymmetric 14N- 
peptide quadrupolar tensor causes 14N to be relaxed very 
efficiently, even by the relatively slow rotational diffusion of 



N M R  S T R U C T U R A L  A N A L Y S I S  O F  B A C T E R I O R H O D O P S I N  V O L .  2 4 ,  N O .  1 7 ,  1 9 8 5  4675 

a) 

P 

l o o t  , I 1 
50 60 70 80 

B 

C) 

20 

I r i  

8ol 
loot , , , I I 

50 60 70 80 

P 
FIGURE 2: Plots of breadth of rotationally averaged line shape (ha oil - ol) as a function of the Euler angles a and p for the [‘3C]leucyl 
peptide group. (a) Full range of Euler angles. The heavy solid line outlines the allowed region (8 < Ao < 31 ppm). (b) Expanded plot for 
Ao > 0 showing the allowed range from the experimental line shape and calculated values for a helices. For tilted helices, the actual line 
shape will be a sum of several (up to 18 in principle) subspectra along one of the dotted lines. (0) a, helix perpendicular to membrane plane; 
(---) aI helix tilted at 10’; (---) aI helix tilted at 20’; (A) all helix perpendicular to membrane. (c) Expanded plot as in (b), showing the 
allowed region and calculated values for the antiparallel @ sheet. For sheet tilted at all angles except 90°, the spectrum will be a sum of two 
subspectra. (0) p sheet with axis perpendicular to membrane plane. ( M )  fi  sheet tilted 5’ about an axis perpendicular to the sheet axis and 
parallel to the peptide bond planes (i.e., the y axis in Figure 3b). The spectrum will be a sum of the two subspectra represented by the same 
symbols. ( 6 )  @ sheet tilted 10’ as above. (0) 0 sheet tilted about an axis perpendicular to the sheet axis and perpendicular to the average 
of the peptide bond planes (Le., about the x axis in Figure 3c). Each vertically related pair of symbols represents a 10’ increment in the tilt 
angle (increasing from left to right). The spectrum will be a sum of the two subspectra represented by vertically related symbols (i.e., with 
the same value for p ) .  (A) p sheet tilted 90° as above, Le., with sheet axis parallel to the membrane plane and peptide bond planes perpendicular 
to the membrane plane. 
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FIGURE 3:  Schematic drawings of secondary structure elements. (a) Idealized CY, helix with 4.0 rather than 3.6 residues per turn. (b and c) 
Antiparallel p sheet (front and side views). 

the protein. Calculations based on the expression given by 
Torchia & Szabo (1982) suggest that the 14N TI is probably 
quite short and therefore is effectively “self-decoupled” from 
the carbon. Thus, it is not unexpected that we see no effects 
arising from 13C-14N coupling. 

Secondary Structure Analysis. In this section, a number 
of possible models for the structure of BR are considered, and 
for each model, the predicted value for Au and the predicted 
13C NMR line shape are compared with those experimentally 
observed for BR in DMPC vesicles. Three types of secondary 
structures which have been frequently suggested in discussions 

of the BR structure-aI helix, all helix, and antiparallel 0 
sheet-are included, and the models are examined in order 
of increasing complexity. 

Schematic structures for aI helix and antiparallel 0 sheet 
are shown in Figure 3. In an aI helix (Figure 3a), the peptide 
bond planes are roughly parallel to the helix axis, and the 
C=O bond direction is a few degrees from it, while in anti- 
parallel sheet (Figure 3b,c) the peptide bond planes form 
angles of about 30’ to the long axis of the sheet and the C=O 
bonds are roughly perpendicular to this axis. The aII helix, 
suggested by Krimm & Dwivedi (1982) as a possible structural 
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in Figure 2b, and its predicted line shape is shown in Figure 
4d. This provides a better fit to the peak of the experimental 
spectrum than does the aI helix, but the fit to the edges of the 
spectrum is worse. 

It is clear from Figure 4b-d that the shape of the experi- 
mental spectrum cannot be reproduced with a single tensor 
orientation, which is not surprising since it in principle contains 
36 components. Although a unique fit of the spectrum cannot 
be expected, it is still useful to examine the effects on the line 
shape of tilting the secondary structural elements in the plane 
of the membrane. Tilting a helix will remove the rotational 
degeneracy so that now up to 18 different sets of angles will 
be present, depending on the helix length. Thus, for an aI  
helix, tilting by x degrees from the membrane normal results 
in a spectrum which is the sum of a number of different 
subspectra, with the individual Euler angles ranging between 
p = 90' f x o  and a = 115' f xo. In Figure 2b, the dotted 
lines trace out the positions of the subspectra for tilt angles 
-of 10' and 20'. Figure 4e shows an approximation of the line 
shape for an cyI helix tilted at 20°, using eight subspectra; this 
fits quite well to the experimental line shape. For aII helix, 
however, tilting mova the peak of the predicted line shape too 
far to the left, giving a worse fit to the experimental line shape 
than does the untilted aII helix; this is shown in Figure 4f for 
aII helix tilted by 10' from the membrane normal. 

For @ sheet, on the other hand, tilting the sheet axis away 
from the membrane normal generally yields a sum of two 
subspectra, and the effect depends on the direction of tilt. For 
tilt about the y axis of Figure 3b, the Au's for the two sub- 
spectra diverge rapidly, moving in opposite directions as shown 
by the squares and diamonds in Figure 2c and the line shape 
of Figure 4g. Clearly, models with such tilts do not agree well 
with the experimental data. Tilting about the x axis of Figure 
3c also yields a sum of two subspectra, but the differences 
between them are smaller than for the other direction of tilt. 
In Figure 2c, each such tilt gives two components which fall 
on the two dotted lines and are vertically displaced from each 
other; they have equivalent values for @ but different values 
for a. At the extreme tilt of 90°, again both sets of peptide 
groups give the same AD value; this case is represented by the 
triangle in Figure 2c. The Au value for this case is quite close 
to that for the transmembrane aI helix, and thus, models for 
BR consisting entirely of antiparallel @ sheet with their axes 
close to parallel to the membrane plane would be just as 
consistent with the present experimental data as are models 
consisting entirely of helices with their axes close to perpen- 
dicular to the membrane plane. However, such an orientation 
is inconsistent with a large body of structural data for BR, 
in particular proteolytic digestion studies and electron mi- 
croscopy, and will not be discussed further. 

Jap et al. (1983) have suggested that BR contains several 
@-sheet strands tilted at about 10-15' from the membrane 
normal in the direction just discussed (about the x axis of 
Figure 3c). Shown in Figure 4h is the predicted line shape 
for a sum of 10' and 20' tilts (still about the x axis in Figure 
3c); this shows a better fit to the experimental line shape than 
does @ sheet tilted as first discussed above but does not fit as 
well as untilted or moderately tilted helices. Thus, if BR 
consists entirely of one secondary structural type at  one tilt 
angle to the membrane normal, the above analysis would 
support only a model consisting of aI helix tilted at about 20' 
to the membrane normal. 

Since the three-dimensional models from electron micros- 
copy clearly indicate the presence of both tilted and untilted 
structural elements, such models, as well as those containing 

FIGURE 4: (a) Experimental spectrum for [ 13C]leucine-labeled BR 
rotationally averaged by diffusion about the membrane normal (ex- 
pansion of Figure Id). (b-1) Calculated line shapes using a three-site 
jump model with a jump rate of lo6 s-l. All were calculated with 
100-Hz line broadening. Dashed lines denote experimental spectra. 
(b) aI helix oriented perpendicular to the membrane plane (a = 115', 
/3 = 90'). (c) Antiparallel p sheet oriented perpendicular to the 
membrane plane (a = 13', p = 60' or a = 193', p = 300'). (d) 
aII helix oriented perpendicular to the membrane plane (a = 115', 

= 110'). (e) ai helix tilted a t  20' from the membrane normal. 
Sum of eight subspectra. (f) alI helix tilted at 10' from the membrane 
normal. Sum of eight subspectra. (g) p sheet tilted at 10' about 
an axis perpendicular to the sheet axis and parallel to the peptide bond 
planes (i.e., the y axis in Figure 3b). (h) @ sheet tilted at 10-20' 
about an axis perpendicular to the average of the peptide bond planes 
(Le., the x axis in Figure 3c). Sum of four subspectra, two for the 
10' tilt and two for the 20' tilt. (i) Sum of subspectra for seven ai 
helices, three perpendicular to the membrane plane, two tilted at lo', 
and two tilted at 20'. 6) Sum of subspectra for seven all helices, 
oriented as in (i). (k) Mixed structure consisting of 60% aI helix, 
perpendicular to the membrane plane, and 40% @ sheet tilted at 10-20' 
as in (h). (1) Mixed structure as in (k) but with 60% all helix instead 
of aI helix. 

element in BR, is similar to the aI helix except that the peptide 
bond planes are tilted outward from the helix axis; thus, in 
Figure 3a, u33 for aII helix will be. tilted down from the position 
shown for aI helix. In the following analysis, the choices of 
Euler angles for each structure are approximate; a detailed 
analysis of known protein structures will be performed in 
conjunction with further experiments using other NMR labels. 

First, we consider models consisting entirely of one sec- 
ondary structure type for which the axes are exactly perpen- 
dicular to the membrane plane. For aI helix in this case, the 
peptide groups will all have Euler angles of approximately p 
= 90' and a = 115' (equivalent to 65' in the equation for 
Au). The plot of Figure 2a has been expanded in Figure 2b,c 
to  focus on the "allowed" region (solid lines) between 8 and 
31 ppm, and the predicted Au for the transmembrane aI helix 
(i.e., that perpendicular to the bilayer plane) is shown by the 
filled semicircle in Figure 2b. The calculated NMR line shape 
for this case is presented in Figure 4b. For the transmembrane 
p sheet, the two sets of peptide groups have Euler angles of 
approximately = 60°, a = 13' and p = 300°, a = 193', 
which give the same value for Au. This case is shown by the 
filled circle in Figure 2c, and its line shape is given in Figure 
4c. The predicted Au is further outside the allowed region 
than for the transmembrane aI helix, but the difference is not 
dramatic. For the third type of secondary structural element 
perpendicular to the membrane plane, aII helix, p is about 110' 
(equivalent to 70'); this case is represented by the triangle 
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a) 

b) 

C) 

I I I 
200 too 0 

CHEMICAL SHIFT ( p p m )  
FIGURE 5 :  Magic-angle sample spinning (MASS) 13C NMR spectra. 
(a) Cross-polarization spectrum of hydrated native purple membrane 
at a temperature of approximately 30 OC. Mixing time = 2 ms, recycle 
delay = 4 s, vR = 3.73 kHz. (b) Spectrum of reconstituted vesicles 
taken with cross-polarization as in (a) but with VR = 915 Hz. (c) 
Spectrum of reconstituted vesicles taken with a single 90° ("C) pulse. 
The proton spins were kept saturated by applying a 90' proton pulse 
every 0.5 ms during the recycle delay. Recycle delay = 20 s, vR = 
915 Hz. 

more than one secondary structural type, must also be con- 
sidered. Therefore, Figure 4i-41 presents the predicted line 
shapes for several such models. Figure 4i shows the case closest 
to the most generally accepted model, which is all aI helix with 
three helices exactly parallel to the membrane normal, two 
tilted at lo', and two tilted at 20'. Figure 4j shows the same 
model but with aII helices. As examples of mixed structures, 
Figure 4k presents the line shape for a model in which 60% 
is aI helix oriented parallel to the membrane normal and 40% 
is j3 sheet tilted as in Figure 4h at 10-20' from the membrane 
normal (half at 10' and half at 20'). Finally, Figure 41 shows 
the same case but with aII helix instead of aI helix. The line 
shape of Figure 41 fits the experimental spectrum almost as 
well as does that of Figure 4e. Thus, on the basis of this 
analysis, we cannot exclude the presence of 3040% moderately 
tilted /3 sheet, particularly when coupled with aII rather than 
aI helix. 

Magic-Angle Sample Spinning Spectra. A series of spectra 
of hydrated [ 13C]leucine-labeled native purple membrane were 
taken by using magic-angle sample spinning (MASS) with 
cross-polarization, and an example is shown in Figure 5a. 
Some chemical shift heterogeneity is present, and the center 
band is about 3 ppm wide at half-height. At the right edge 
of the center band, almost resolved from it, is a line apparently 
due to a single carbonyl carbon; this is at -5 ppm from the 
maximum of the center band. 

The reconstituted vesicles were also examined by MASS, 
and Figure 5b shows the spectrum obtained by cross-polari- 
zation, using the same mixing time as for the native membrane, 
at a temperature of approximately 30 'C. The only signal 
observed in the low-field region is that of the DMPC carbonyls 

at natural abundance (173 ppm), and all other major peaks 
can also be assigned to DMPC. Three minor peaks at 19, 37, 
and 39 ppm are probably due to the dihydrophytol chains of 
the purple membrane lipids; they correspond to those assigned 
to the branch methyls, C14, and the even carbons C2-12, 
respectively, according to Degani et al. (1980). Although it 
accounts for a large fraction of the 13C present, the leucine 
carbonyl resonance is not visible. In contrast, in the Bloch 
decay MASS spectrum in Figure 5c, the BR carbonyls are 
observed as a broad peak underlying and slightly downfield 
of the sharp lipid carbonyl resonance and with an integrated 
intensity 18 times it. The spinning speed was deliberately kept 
low (915 Hz), and weak rotational side bands incompletely 
resolved from the center band are present. 

The protein carbonyl line width is 570 Hz, or 7.1 ppm, more 
than twice that in native purple membrane. Since any major 
change in the protein structure is unlikely, this increased line 
width must be due to the presence of motion at a rate com- 
parable to the shift anisotropy. In this case, T2 becomes short, 
and the line will not be narrowed by magic-angle spinning 
(Waugh, 1979). When diffusion is much faster than the 
spinning frequency, eq 28 of Suewlack et al. (1 980) can be 
used to estimate 7,. In this limit, it reduces to 1/T2 = 
A2r2rc/15, where A is the chemical shift anisotropy in the 
plane perpendicular to the diffusion axis and T~ is the rotational 
correlation time. The line width at half-height, Av = l / rT2 ,  
is then equal to A2mC/15. If we take A N 12 kHz and assume 
diffusion roughly about u22 and an excess line width (due to 
rotational diffusion) of -350 Hz, we obtain rc N s. This 
value is probably a slight overestimate, since dipolar contri- 
butions from 'H and 14N to the line width are not considered. 
Thus, the agreement with the rates [ T ,  N (2-3) X lo6 s] 
previously measured by Cherry and co-workers (Peters & 
Cherry, 1982; Cherry & Godfrey, 1981) is quite reasonable. 

Both the excess line width and the correlation time inferred 
from it suggest that the rotational diffusion of BR does not 
quite satisfy the fast-limit condition rc << 13 FS. However, 
the observed powder line shape (Figure Id) cannot be satis- 
factorily simulated by using slower motional rates. The sample 
temperature was not precisely known in the MASS experi- 
ments, and it is possible that the temperature in this case was 
somewhat less than 30 'C, leading to a lower rotational dif- 
fusion rate of the protein. 

The absence of protein signals in cross-polarization spectra 
can be explained by the fact that motion with a rc of s 
will reduce the proton T1, so that cross-polarization cannot 
occur efficiently. A similar absence of protein resonances in 
MASS NMR spectra obtained from visual rhodopsin has been 
reported by Sefcik et al. (1984), and the present results clarify 
the reasons for this problem. The protein rotational diffusion 
prevents the complete narrowing of its resonances by sample 
spinning, and therefore, spectral lines from an unlabeled 
protein would be broadened and so low in intensity as to be 
undetectable. In addition, Figure 4b clearly shows that if 
cross-polarization were used, even a labeled protein would be 
difficult to observe. Thus, the anisotropic motion of BR in 
its fluid lipid environment, which we have exploited in the 
powder NMR experiments discussed earlier, abates the usual 
advantages of MASS, Le., high resolution. In order to recover 
the resolution, it would be necessary to adjust the experimental 
parameters so that the protein motion is either in the slow- 
or in the fast-limit regime. 

DISCUSSION 
From analysis of the NMR powder line shapes of [ I -  

13C]leucine-labeled bacteriorhodopsin (BR), both in native 
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much broader (7 vs. 3 ppm) than in the native membrane. 
Thus, the rotational motion of the protein prevents complete 
averaging of the chemical shift tensor by MASS. On the other 
hand, this residual line broadening can be used to estimate the 
rate of rotational diffusion, as shown by Suwelak et al. (1980). 

The most general result of these experiments is the dem- 
onstration that information on the orientation of labeled groups 
relative to the plane of the membrane can be obtained for fluid 
membrane systems which are not amenable to macroscopic 
orientation. With I3C or other isotopic labels, the application 
of these solid-state NMR methods to other membrane proteins 
may prove useful in testing structural models based on other 
information, especially for proteins which can neither be 
crystallized nor be completely dissolved. 

It has recently been suggested that the surface residues of 
BR in natiue purple membrane, Le., those residues in the loops 
as well as in the C-terminal and N-terminal tails, are highly 
mobile and are capable of executing essentially isotropic re- 
orientation. This suggestion arises from the observation of 
sharp components in the *H spectra of BR containing ZH-la- 
beled amino acids (Keniry et al., 1984), and similar results 
were recently obtained from [ l-13C]Leu-labeled BR samples 
(E. Oldfield, unpublished results). However, in this laboratory, 
neither *H NMR spectra of 2H-labeled BR (D. M. Rice, B. 
A. Lewis, J. Herzfeld, and R. G. Griffin, unpublished results) 
nor the [I3C]Leu spectra described here have revealed sharp 
spectral features which can be ascribed to isotropic motion. 
One possible explanation for this difference is that our mem- 
brane samples are aggregated and therefore the motion of the 
surface residues is restricted. It has been suggested that mild 
proteolytic digestion, Le., loss of the C terminus in BR, pro- 
motes such aggregation (Keniry et al., 1984). However, 
electron microscope analysis of the native 13C-labeled samples 
used here revealed that the membrane fragments were mostly 
(>80%) monodisperse, and in cases where aggregation was 
present, the overlap between the fragments was only partial 
rather than complete (see Materials and Methods). Fur- 
thermore, SDS gel electrophoresis of the NMR samples 
showed a single band at the correct position for intact BR, 
demonstrating that no significant proteolysis has occurred. 
Thus, these two biochemical assays do not support the notion 
that aggregation and/or proteolysis are responsible for the 
absence of the sharp components described by Keniry et al. 
Furthermore, the protein present in the samples of BR re- 
constituted into DMPC is clearly not aggregated-it is dif- 
fusing about the normal to membrane bilayers-and 13C 

.spectra of these samples do not reveal sharp components. 
Specifically, the line shape obtained from the static sample 
can be simulated satisfactorily by assuming the presence of 
a helices tilted with respect to the bilayer (Figure Id). 
Furthermore, if there were isotropic components present in 
the samples, then additional sharp lines should be present in 
the MASS spectra of Figure 5. Presumably, the dynamic 
properties of these residues would satisfy fast-limit conditions, 
and they should lead to an additional sharp line in Figure 5 
at 176 ppm, the isotropic shift obtained for [l-I3C]Leu in the 
native membrane MASS spectrum. This sharp line should 
be superimposed on the broad [l-13C]Leu component and 
should be clearly resolved from the lipid C = O  line at 173 ppm 
(line width 0.25 ppm). At the moment, we cannot satisfac- 
torily explain these discrepancies between our results and those 
of Keniry et al. 
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purple membrane and in reconstituted vesicles, several con- 
clusions can be drawn. First, in native purple membrane, the 
peptide backbone of BR is rigid on the 13C NMR time scale 
even at 40 "C, undergoing no motions with angular excursions 
>loo and faster than about 100 s-l. The present results give 
no evidence for the mobility of surface residues of BR which 
Oldfield and co-workers have inferred from their deuterium 
NMR experiments (Keniry et al., 1981) (see discussion below). 
Second, in the reconstituted vesicles at 30 "C, the [13C]leucine 
BR powder line shape is narrowed by rotational diffusion, 
which appears to be at a rate close to the fast limit (7, << 
13 ~.ls in this case). This motionally averaged line shape can 
be used to determine the range of orientations of the leucine 
peptide bonds relative to the diffusion axis, and a wide range 
of orientations can be excluded by comparison of theoretical 
and experimental line shapes. 

Implicit in this analysis is the assumption that there are no 
major changes in the structure of BR when it is removed from 
its native membrane and put into DMPC vesicles. Monomeric 
BR in DMPC vesicles pumps protons (Dencher & Heyn, 1979; 
Bamberg et al., 1981) and exhibits the same photocycle in- 
termediates as in native purple membrane (Dencher et al., 
1983). However, its optical absorption maximum is slightly 
blue shifted (Cherry et al., 1978; Lewis & Engelman, 1983), 
and the rate and extent of light-dark adaption of BR are 
different in the two cases (Dencher et al., 1983). Thus, al- 
though there are unlikely to be any major structural differences 
between BR in the reconstituted vesicles and native purple 
membrane, one cannot rule out the possibility of small per- 
turbations such as slight changes in tilt angles of the helices. 

In the present case, the experimental line shape is not re- 
produced well by any single tensor orientation, but it can be 
simulated by two of the models considered here. The first of 
these consists entirely of cq helices which are tilted at 20" from 
the membrane normal. The second is a combination of 60% 
aII helix and 40% antiparallel /3 sheet; in this case, the helices 
are parallel to the membrane normal while the P-sheet strands 
are tilted half at 10" and half at 20°. Because of the axial 
asymmetry of the 13C=0 tensor, a given line shape can 
generally be fitted by a range of pairs of Euler angles. Thus, 
in the present case, although a wide range of Euler angles can 
be excluded, the cases which are consistent with other struc- 
tural data give 13C NMR line shapes which do not differ 
dramatically from each other. On the other hand, the ad- 
vantage of using a label for which the rigid-lattice tensor is 
axially asymmetric is that for all possible orientations, the 
experimental line shape will clearly show whether fast motional 
averaging is, in fact, occurring. This is not the case for a tensor 
which is axially symmetric even when rigid; in this case, fast 
motion with p = 0" has no effect on the line shape. Thus, the 
present experiments clearly demonstrate that rotational dif- 
fusion of BR occurs in the reconstituted vesicles and is fast 
relative to the width of the I3C=O tensor. 

These experiments also illustrate some of the difficulties 
which can arise in the application of solid-state NMR methods 
to semisolid samples such as fluid biological membranes. 
Cross-polarization is useful to provide increased sensitivity 
when BR is immobilized, both in the native purple membrane 
and in the reconstituted vesicles below the lipid phase transition 
temperature (T,), but becomes much less efficient in the 
vesicles above T,, due to the motion of the protein. In both 
static and MASS NMR experiments, little or no protein 
carbonyl intensity was observed in the cross-polarization 
spectra at a mixing time of 2 ms. In addition, even when the 
carbonyl peak was observed in a MASS experiment, it was 
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