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S U M M A R Y  

The conformation of the synthetic 32-residue polypeptide, an analog of the membrane spanning seg- 
ment B (residues 34-65) of Halobacterium halobium bacteriobpsin, incorporated into perdeuterated sodium 
dodecyl sulfate micelles in the presence of trifluoroethanol was investigated by ~H NMR spectroscopy. The 
spectrum resonances were assigned by means of phase-sensitive DQF-COSY, TOCSY and NOESY tech- 
niques. Interproton nuclear Overhauser effects and deuterium exchange rates of individual NH groups were 
derived from two-dimensional NMR spectra. Analysis of the obtained data showed that segment B has a 
right-handed a-helical stretch from Lys 41 to Leu 6z with a kink at Pro 5°. The a-helix in the C-terminal part is 
terminated at Gly 63, which adopts a conformation typical of amino acid residues in a left-handed helix. The 
N-terminal part (residues 34-40) has no ordered conformation. NMR data are provided for comparison of 
the segment B conformation in the isotropic system of an organic solvent, in SDS micelles and in the purple 
membrane bacterioopsin. Factors affecting the conformation of membrane spanning segment B in various 
milieus are discussed. 

I N T R O D U C T I O N  

Bacteriorhodopsin (BR) is a protein of  the purple membrane  of  Halobacterium halobium. BR 
consists o f  one polypeptide chain of  248 amino acid residues and the retinal chromophore  bound 
via Schiff base to Lys 2t 6 (Bayley et al., 1981). Light absorption by the chromophore  triggers a pho- 

tocycle with the resulting proton translocation across the cell membrane.  

* To whom correspondence should be addressed. 

0925-2738/$ 5.00 O 1991 ESCOM Science Publishers B.V. 



314 

Recently a three-dimensional density map of bacterioopsin has been obtained by electron cryo- 
microscopy (Henderson et al., 1990) with 3.5 A resolution in a direction parallel to the membrane 
plane. In the perpendicular direction the resolution was lower (about l0 A). According to the de- 
rived model (Henderson et al., 1990) BR consists of seven a-helical membrane spanning segments 
A-G: Their rough topology and relative arrangement have also been established. 

High-resolution NMR spectroscopy is an elaborate method for conformational analysis of 
polypeptides in solution (Wfithrich, 1986). Unfortunately, the proton resonances of BR in the bi- 
layer membrane or small liposomes are too broad to be resolved individually. Therefore, a choice 
of an artificial medium conserving the protein structure and providing high-resolution NMR 
spectra is crucial for such studies. It has been previously shown by CD and 19F NMR  spectrosco- 
py (Arseniev et al., 1987) that BR solubilized in methanol/chloroform (l:l) retains the secondary 
structure of fully active chromoprotein in the purple membrane and possesses a specific tertiary 
structure. Moreover, individual fragments of BR isolated after polypeptide chain cleavage retain 
their native-like conformations in organic solvent (Arseniev et al., 1987; Barsukov et al., 1990; 
Abdulaeva et al., 1991 ). 

The spatial structure of the peptide mimicking the 34-65 segment of bacterioopsin in methanol/ 
chloroform (l:l) solution has been reported (A~seniev et al., 1988). The peptide conformation is 
defined as a right-handed a-helix, rigid in the central region Phe42-Nle 6° and flexible in N- and C- 
terminal parts. 

This paper deals with the conformation of the same peptide, called sB, solubilized in sodium 
dodecyl-d25 sulfate micelles modeling the bilayer membrane. The JH NMR  spectrum has been 
completely assigned and the sB secondary structure has been delineated and compared with that 
in an isotropic organic solvent (Arseniev et al., 1988) and in the native purple membrane (Hender- 
son et al., 1990). 

MATERIALS AND METHODS 

sB (primary structure shown in Fig. 1) was synthesized by conventional techniques in solution 
(Kozhich et al., 1984). Methionine residues 56 and 60, present in bacterioopsin, were substituted 
in the peptide by norleucines, since such isosteric replacements usually do not affect the polypept- 
ide conformation and function (Wunsch et al., 1982), while simplifying the synthesis. 

The peptide was incorporated into micelles of perdeutentted sodium dodecyl-d25 sulfate (SDS- 
d25) (98% deuterium, MSD, U.S.A.) as follows: the 50 mM peptide in trifluoroethanol-d3 (TFE- 
d3) (99.8 % deuterium, Stohler Isotope Chemicals, U).S.A.) was added dropwise under stirring to 
0.5 M SDS-d25 in 2H20 (99.96% deuterium, Stohler/KOR Stable Isotopes, U.S.A.) or in H20. The 
sample was diluted with water to final concentrations: 3 mM peptide and 240 mM SDS-d25 in the 
water/TFE-d3 (15 % by volume) mixture. This peptide/SDS mole ratio ensures the incorporation 
of less than one peptide molecule per SDS micelle (Chang and Kaler, 1985). 

IH NMR spectra (600 MHz) were obtained at 30°C and 40°C on a Varian UNITY-600 NMR 
spectrometer. Chemical shifts were measured relative to the water resonance taken as 4.75 ppm at 
30°C and 4.80 ppm at 40°C. The following spectra were recorded: DQF-COSY (Rance et al., 
1983), TOCSY (Bax and Davis, 1985a,b) with mixing times of 30 and 45 ms, NOESY (Jeener et 
al., 1979; Marion and Wfithrich, 1983) with mixing times of 100 and 200 ms, ROESY (Bax and 
Davis, 1985a) with mixing times of 50 and 100 ms, and NOESY-1-l-echo (Sklenar and Bax, 1987) 
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Fig. 1. Amino acid sequence of segment B and survey of NOEs involving NH, C~H and CPH protons (CSH2 protons of 
proline residues are considered as honored NH protons). One-letter code of amino acid residues is used, X denotes the nor- 
leucine residue. The observed NOEs classified as strong, medium and weak according to cross-peak intensities measured 
in the NOESY spectrum ('tin = 200 ms) are shown by thick, medium and thin lines, respectively. If the presence of a cross 
peak is somewhat doubtful, it is indicated by a black circle. To the right of the NOEs the patternexpected for a residue 
in a regular right-handed a-helix (W/ithrich et al., 1982; Wagner et al., 1986; Neuhaus et al., 1985) is shown for com- 
parison. Half-exchange times (in hours) of amide protons with solvent deuterium are shown above the sequence. Where 
not shown, this time is less than 5.5 h, i.e. the corresponding NH/C°H cross peak is absent in the first TOCSY spectrum 
recorded after dissolving micelles in 2H20/TFE-d3. 

with a mixing time o f  100 ms, where the last 90 ° pulse was replaced by a 90°-x-90°-5-90°-2x-90°-8 

train with T = 100 Its and 5 = 100 Its delays. Da ta  obtained by the N O E S Y - l - l - e c h o  technique 

were used to check for a b leach-out  effect o f  presa tura t i0n on amide N H  to Cal l  N O E  cross-peak 

intensities. All the two-dimensional  nH N M R  spectra were recorded in the pure phase absorpt ion  

mode  using the phase-sensitive technique (States et al., 1982). Time delay for relaxation was 1.2 

s. The spectra were processed using the s tandard  V N M R  Varian supplement  and a modified ver- 

sion o f  F E L I X  f rom Hare  Research Inc., U.S.A.  Cross-peak intensities (volumes) in 2D spectra 

were measured  by summing  up in a defined rectangle (A col x A c02) a round  the cross peak (typi- 

cally 50 x 40 Hz), where Acol and Aco2 are the sizes o f  the rectangle in col and 0)2 direction, re- 

spectively. 

In order  to minimize the rate o f  the p ro ton  exchange between amide pro tons  and bulk water, 

solutions with p H  3.0 and 4.6 were used. To measure  the deuter ium exchange rates o f  sB amide 

groups,  SDS micelles conta in ing  sB were lyophilized f rom H20/TFE-d3.  and dissolved in 2H20/ 

TFE-d3. Then a series o f  12 T O C S Y  spectra was recorded over  66 hours.  Tempera ture  was ad- 

justed at 30°C and pH measured after the experiment  was 3.0. The half-exchange times o f  amide 

p ro tons  were found  by fitting the cross-peak volume time dependences to the equat ion:  

V(t) = V(0) , exp( - ln2* t / t t /2 )  

where V(t) is the cross-peak volume (integration limits are the same for all T O C S Y  spectra) in the 

2D spectrum. Its recording was started at time t once the sample has been placed into the spectro- 

meter. 
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RESULTS AND DISCUSSION 

High-resolution 1H NMR spectra (partly shown in Fig. 2) were recorded after solubilization of 
sB in SDS micelles and overnight incubation at room temperature. The latter condition provided 
for conformational homogeneity ofsB. 

Resonance assignment in t H NMR spectra 
DQF-COSY and TOCSY (spin-lock time 45 ms) were used to delineate the principal spin sys- 

tems of amino acid residues as described (Wfithrich, 1986). Unfortunately, most of the cross 
peaks in the NH/C~H region of phase-sensitive DQF-COSY spectra were not strong enough due 
to a larger line width of NH resonances (12-16 Hz) as compared to spin-spin coupling constants 
of vicinal NH-C~H protons. Therefore, proton spin systems were delineated using both TOCSY 
spectra and aliphatic and aromatic regions of DQF-COSY spectra. Spin systems of aromatic pro- 
tons were linked to spin systems of NH-CaH-CI3H2 protons of Phe and Tyr residues through 
NOEs between the C~XH and CI3H2 protons. 

With a few exceptions, the proton spin systems of amino acid residues were completely identi- 
fied (Table 1). We were unable to distinguish between Nle 56 and Nle 6° C~H2-C~H3 resonances due 
to strong overlap in the aliphatic region of the spectra. In addition, only an approximate value of 
the chemical shift of the Phe 54 C;H proton resonance is indicated and that of Phe 42 is not reported 
because of degeneration of the informative cross peaks with the diagonals of 2D spectra. 

Proton spin systems of amino acid residues were assigned to specific positions in the amino acid 
sequence (Fig. 1) through daN, dl3N, dNN NOE connectivities for the amide proton (in case of Pro 37 
and Pro s° through C~H2 protons) of residue i + 1 with the Call, CI3H and NH protons of the pre- 
ceding residue i, respectively. NOE connectivities of the Call protons of Set 35, Asp 36 and Tyr 64 
were found in the NOESY-l-l-echo spectrum because these resonances usually fell within the 
band bleached by water presaturation (see, for example,Fig. 2A). d-Connectivities of sB are sum- 
marized in Fig. 1. 

Resonances from residues 38-65 were assigned unequivocally. NH/NH NOEs were observed 
(Fig. 2B) between all neighboring residues from Ala 39 to Tyr 64. Proton resonances of Va134, Ser 35 
and Asp 36 were assigned according to the analysis of their spin systems in TOCSY and DQF- 
COSY spectra but not by means of the NOE contacts between them. Moreover, there are no in- 
traresidue NOE cross peaks for Ser 35 and Asp 36 in NOESY spectra. However, the intraresidue 
NOEs in a rotating frame were found in ROESY spectra. This is possible (Brown and Farmer, 
1989) if the N-terminal part of sB is very flexible, i.e. if a number of different conformations of 
Val 3a, Ser 35 and Asp 36 are in rapid equilibrium. However, two sets of proton resonances for Set 35, 
Asp 36 and Pro 37 were found in TOCSY (see, for example, Fig. 2A) and DQF-COSY spectra. This 
indicates a slow exchange (on a chemical shift scale) between two conformations or sets of confor- 
mations. 

Conformation of segment B 
The peptide secondary structure can be deduced from the analysis of daN, dl~ N, dNN NOE con- 

nectivities supplemented with amide proton exchange rate measurements (Wfithrich, 1986). The 
connectivities observed for sB along with those expected for an a-helix (Wfithrich et al., 1982; 
Wagner et al., 1986; Neuhaus et al., 1985; Arseniev et al., 1983) are shown in Fig. 1. These connec- 
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TABLE 1 

PROTON RESONANCE ASSIGNMENTS OF (34-65)BACTERIOOPSIN (3 mM) IN SDS-dzs (240 mM) MICELLES 
IN H20/TFE-d3 (15% BY VOLUME) AT 40°C, pH 3.0 

Residue. 8 (+ 0.01 ppm) 

NH C'~H C~H Other 

Val ~ 4.02 2.36 
Ser 3s 8.68 4.72 4.00 
Ser ss* 8.20 4.65 2.90 
Asp s6 8.48 4.74 2.82, 2.97 
Asp s6* 8.42 5.03 2.85, 3.04 
Pro sy 4.49 2.03, 2.36 

Pro 37. 4.45 2.20, 2.48 

Asp 38 8.66 4.90 2.92, 3.05 
Ala 39 8.48 4.30 1.58 

Lys 4° 8.18 4.21 1.85, 1.95 

Lys 41 7.79 4.14 1.87, 1.96 

Phe 42 7.92 4.33 3.18, 3.18 

Tyr 4s 8.34 4.48 3.19, 3.19 

Ala '~ 8.27 4.14. 1.62 
Ile 45 8.15 3.86 1.99 

The  6 7.80 3.98 4.2 I 
Thr 47 7.51 4.31 4.13 
Leu 48 7.93 4.33 1.68, 1.93 

Va149 8.02 4.06 2.44 

Pro s° 4.22 1.83, 2.20 

Ala sl 7.23 4.23 1.62 
l le  s2 8.51 3.77 2.10 

Ala 5s 8.60 4.05 1.52 
Phe s4 8.72 4.40 3.24, 3.36 

Thr 5s 8.17 3.86 4.46 

CYH~ 1.13, 1720 

C'rH2 2.10, 2.10 
C6H2 3.50, 3.50 
C~H: 2.23, 2.23 
C~H: 3.52, 3.59 

CrH2 1.55, 1.68 
CSH2 1.84, 1.84 
CcH2 3.13, 3.13 
NH~7.56 
CvH2 1.43, 1.57 
C6H2 1.81, 1.81 
C~H2 3.07, 3.07 
NH;'7.47 
C6H2 7.10, 7.10 
C'Hz 7.28, 7.28 
C;H 
CSH2 7.17, 7.17 
CcH2 6.89, 6.89 

CYH2 1.30, 1.83 

C~Hs 0.98 
C~Hs 0.83 

C~Hs 1.06 
C~H.~ 1.22 
C~H 1.84 
C6Hs 0.94, 0.98 
CYHs 0.97, 1.15 
C'rH2 1.86, 2.30 
C6H2 3.64, 3.64 

C~H2 1.15, 1.92 
C~Hs0.99 
C~Hs 0.90 

C6H., 7.24, 7.24 
C~H2 7.24, 7.24 
C;H 7.27 
C'~H3 1.33 
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Residue 8 ( + 0.01 ppm) 

NH C"H C~H Other 

Nle 56 8.61 3.98 1.88, 2.05 

Tyr 57 8.49 4.22 3.19, 3.22 

Leu 58 8.60 3.83 1.51, 1.69 

Ser 59 8.22 4.26 4.13, 4.23 
Nle 6° 8.02 4.14 1.88, 1.96 

Leu 61 8.21 4.06 1.56, 1.68 

Leu 62 8.23 4.26 1.58, 1.85 

Gly 6-~ 7.75 3.99, 3.99 
Tyr ~ 8.09 4.74 2.98, 3.18 

Gly 65 7.94 3.96, 3.96 

CvH2 1.34, 1.63 
C6H2 1.32, 1.32 
C~H3 0.83 
CSH., 6.97, 6.97 
C~H2 6.78, 6.78 
C'IH 1.60 
C6H30.83, 0.91 

CvH2 1.34, 1.68 
C6H., 1.32, 1.32 
C~H3 0.83 
CvH 1.33 
C6H3 0.82, 0.93 
C'IH 1.60 
C8H3 0.93, 0.93 

C6H27.19, 7.19 
CtH26.89, 6.89 

* Second conformational  state of  Ser 35, Asp 36 and Pro 37 is denoted by an asterisk. 

tivities and the slow amide proton exchange rates in the'45-62 region allow ascribing the a-helical 
conformation to the 41-62 region ofsB. 

It is well known that prolinedestabilizes a-helices because of steric hindrance between the pro- 
line ring and the side-chain atoms of the preceding residue (Richardson and Richardson, 1989). 
Nevertheless, proline is encountered in the middle of a-helical fragments of globular and mem- 
brane proteins (Deisenhofer et al., 1989) and produces a kink in the a-helix of about 26 °. It could 
be suggested that the relatively high-energy conformation of the proline region is stabilized in pro- 
teins due to the compact packing of a-helices. However, our data unequivocally indicate that the 
sB a-helix conformation also withstands the presence of Pro 5° both in organic solvent (Arseniev 
et al., 1988) and in SDS micelles. Moreover, according to deuterium exchange rate data (Fig. 1) 
all hydrogen bonds typical of the a-helix are retained, although exchange rates for Va149 and Ala 5~ 
are somewhat faster then those observed for other residues in the a-helical region (Fig. 1). 

The a-helical part located before Pro 5° (residues 45-49) appears to be more flexible than the re- 
gion after Pro 5° (residues 52-62) as judged from a relative decrease in NOE NH/NH cross-peak in- 
tensities and the faster amide proton exchange rates (Fig. 1). 

The C-terminal part of the a-helix extends up to Gly 63. The NH proton of Gly 63 is involved in 
hydrogen bonding as indicated by a slow deuterium exchange rate for this amide group (Fig. 1). 
In NOESY spectra CI3H Ser59/CI3'~'~H Tyr 64 and CI3H Leu62/C6"~H Tyr 64 NOEs were found. A wire 
model of the sB was used to demonstrate that these protons are brought close if Gly 63 is in the left- 
handed helical conformation (~0 = 80 °, V "~ 20°). This conformation of glycine frequently occurs 
at the C-terminal part of a-helices in proteins (Schellman, 1980). 
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Duplication of Ser 35, Asp 36 and Pro 37 resonances leads to the proposal that a fairly high energy 
barrier separates two low-energy conformation sets. This situation is expected for the sB N-termi- 
nal part if cis-/trans-isomerization of the Asp36-Pro 37 peptide bond occurs. Unfortunately, our 
NOESY and ROESY spectra contain no NOE cross peak, which would unequivocally show of 
the cis or trans Asp36-Pro 37 peptide bond configuration. 

Summarizing, the preliminary IH NMR analysis shows that sB is a right-handed a-helix in the 
central part (residues 41-62) with a kink at Pro 5°. Residues 34-36 do not have a fixed conforma- 
tion. The peptide bond between Asp36-Pro 37 slowly interconverts between cis and trans configura- 
tion. At the C-terminus the a-helix is terminated by Gly 63 which has q~ and 4t angles characteristic 
of a left-handed helix. 

Comparison of sB conformations in methanol/chloroform, SDS micelles and BR molecule 
Ideas about differences between NMR-derived conformations of sB in the methanol/chloro- 

form mixture and in SDS micelles follow from comparing the chemical shifts of proton resonan- 
ces. Of particular interest is comparison of chemical shifts of NH and CQH proton resonances, 
which serve as secondary structure indicators (Bruix et al., 1990; Pastore and Saudek, 1990; Wil- 
liamson, 1990). Differences between the chemical shifts of these resonances for sB solubilized in 
methanol/chloroform and in SDS micelles are shown in Fig. 3. While the chemical shifts of Call 
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Fig. 3. Differences in the chemical shifts of amide (dashed line) and C°H (solid line) proton resonances (CSH2 protons of 

proline residues are considered as honored NH protons) of segment B in SDS micelles and in methanol/chloroform solution. 
The values for the solution are taken from Arseniev et al. (1988) but increased by 0.52 ppm ifthe methanol Me-group resonance 
(3.50 ppm) is used as an internal reference. For Ser 35, Asp a6 and Pro ~7 both sets of resonances are presented. 
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proton resonances do not differ significantly in both milieus, the NH shifts are more sensitive to 
the environment. The most pronounced differences are found in the N-terminal part (residues 35- 
45), where they reach + 0.5 ppm. It seems that this part is more exposed to the polar phase of the 
SDS/H20 system than the C-terminal part (residues 46-62) where the chemical shift differences 
are within 0.1 ppm. Presumably the a-helical 46-62 region is weli incorporated into the hydro- 
phobic micelle core. Chemical shifts of Call protons differ significantly only for one of the Asp 36 
conformers and for the Va149 (Fig. 3). We ascribe these differences to conformational changes 
within Pro  37 and Pro 5° residues in these environments. Some chemical shift differences observed 
for NH protons in the C-terminal 63-65 region (see Fig. 1) are apparently due to differences in the 
C-terminal part conformations. 

From electron cryomicroscopy of purple membranes (Henderson et al., 1990) it follows that the 
a-helix of segment B is located in the Asp38-Leu 62 region. In contrast to the C-terminal part of the 
stretch, where the a-helix is clearly delineated, in case of Asp 38, Ala 39 and the side chains of Lys 4° 
and Lys 41 a clear electron density pattern was not obtained and high-temperature factors were as- 
signed to these residues. At Pro 5° the a-helix also shows a kink. As seen from the above discussion 
our conclusions are very similar but not identical. 

The membrane creates an anisotropic environment, hydrophobic in the middle and polar out- 
side the membrane. The isotropic medium of the methanol/chloroform solution simulates only the 
hydrophobic part of the membranes. Therefore, the anisotropic medium of SDS micelles appears 
to mimic better the environment of the membrane spanning segment B in BR, than the methanol/ 
chloroform solution. As sB contains hydrophilic N-terminal residues Ser 35, Asp36, 'Asp 38, Lys 4° 
and Lys 41, the conformation of this region is affected by the polar phase of the micelle-water or 
membrane-water system. A rigid a-helical region of sB in methanol/chloroform is localized at re- 
sidues 42-60. Others have a tendency to continue the a-he.lix, although weaker towards both ends 
of sB. On the other hand, the peptide in SDS micelles has no ordered structure at the N-terminal 
part, but the stable a-helical region is extended towards the C-terminus to include residues 41-62. 

It follows from the above discussions that rigid a-helical conformations of segment B in artifi- 
cial media are close to that of the intact BR molecule in the purple membrane. Consequently, the 
location of the a-helix region in the amino acid sequence and its length are determined by the se- 
quence itself and, to a lesser extent, by membrane anisotropy. It seems that the anisotropic micelle 
(membrane)-water interface just amplifies the structural tendencies coded for in the primary 
structure. In turn, the tertiary structure is determined by interactions between the surfaces of self- 
organized a-helices. This hypothesis, if correct, opens a wide perspective for reconstruction of the 
spatial structure of membrane proteins based on conformations of isolated fragments and the res- 
tricted set of constraints for fragment packing. This might lead to development of a strategy of a 
priori calculation of the membrane protein spatial structure. In order to verify this hypothesis we 
have already investigated by 2D IH NMR spectroscopy conformations of a set of synthetic 
(Arseniev et al., 1988; Maslennikov et al., 1990, 1991) and proteolytic bacterioopsin fragments 
(Arseniev et al., 1987; Barsukov et al., 1990; Abdulaeva et al., 1991). The present work is a part 
of that study. 
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