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S U M M A R Y  

The spatial structure of a synthetic 32-residue polypeptide, an analog of the membrane-spanning segment 
B (residues 34-65) of bacterioopsin of Halohacterium halohium, incorporated into perdeuter-aled sodium 
dodecyl sulfate micelles, was determined from ~H NMR data. The structure determination included the fol- 
lowing steps: (1) local structure analysis; (2) structure calculations using the distance geometry program 
DIANA; (3) systematic search for energetically allowed side-chain rotamers consistent with NOESY cross- 
peak volumes; (4) random generation of peptide conformations in allowed conformational space. The ob- 
tained structure has a right-handed a-helical region from Lys 41 Io Leu 62 with a kink of 27' at Pro 5~ The C- 
cap Gly 63 adopts a conformation with ~0=87 _+ 6 , t~=43 _+ IO' typical to a left-handed helix. The N-termi- 
nal part (residues 34-40) is exposed to the aqueous phase and lacks an ordered conformation. The secondary 
structure of segment B in micelles is consistent with the high-resolution electron cryomicroscopy model of 
bacteriorhodopsin (Henderson et al. (1990) J. Mol. Biol., 213, 899-929). 

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

Bac t e r i o rhodops in  (BR) is a p ro te in  o f  the purp le  m e m b r a n e  o f  Halohacterium halohium (see 

Ovch inn ikov ,  1982; Dencher ,  1983; Stoeckenius ,  1985 for review). BR has one po lypep t ide  chain 

o f  248 a m i n o  acid residues a r r anged  as 7 u-hel ical  m e m b r a n e - s p a n n i n g  segments  A - G ,  which sur- 

r o u n d  the ret inal  c h r o m o p h o r e  b o u n d  via a Schiff  base to Lys 216 (Bayley et al., 1981). The 3D 

mode l  o f  BR has been der ived  f rom low-reso lu t ion  e lect ron c r y o m i c r o s c o p y  ( E C M )  da ta  for the 

purp le  m e m b r a n e  ( abou t  3 and  10 ,~ in paral le l  and  norma l  to the m e m b r a n e  surface planes)  

(Hende r son  et al., 1990). 
Previous ly  (Arseniev  et al., 1987) an a p p r o a c h  to the spat ia l  s t ruc ture  recons t ruc t ion  o f  BR 
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based on the NMR data was proposed. This approach consists in (1) determination of the spatial 
structure of isolated fragments of BR in organic milieu or micelles using NMR techniques and (2) 
docking of these fragments using NMR and other data on contacts between fragments. Following 
this approach we have determined the secondary structure of synthetic (Arseniev et al., 1988; 
Maslennikov et al., 1990,1991a) and proteolytic bacterioopsin fragments (Barsukov et aI., 1990; 
Abdulaeva et al., 1991 ). 

The 34-65 segment of bacterioopsin (sB) in chloroform-methanol (1:1) solution forms a right- 
handed c~-helix 37-64, which is most stable in the 42-60 region (Maslennikov et al., 1991b). These 
data agree with the 38 62 c~-helix in the ECM model of BR (Henderson et al., 1990). To verify 
the environmental influence on the spatial structure of BR fragments, we analyzed the structure 
of sB incorporated into sodium dodecyl-d25 sulfate (SDS-d25) micelles mimicking the bilayer 
membrane. The sequential ZH NMR assignment of sB in SDS-d25 micelles has been described 
(Pervushin et al., 1991 ). The present paper deals with the spatial structure calculation ofsB. 

MATERIALS AND METHODS 

N M R  measurements 
The NM R sample preparation, detection and assignment of IH N M R spectra of sB incorporat- 

ed into SDS-d_~5 micelles were described previously (Pervushin et al., 1991 ). Volumes of 358 cross 
peaks were measured in the NOESY spectrum recorded at 600 MHz (Varian +UNITY 600') with 
T m ~ 200 ms. 

Nonselective spin-lattice relaxation times (Ti) of sB protons were measured by the inversion-re- 
covery technique. Since the error in TI values has a small effect on calculated NOESY cross-peak 
volumes (Sobol and Arseniev, 1988), we used mean T I values for the groups of protons (0.92 s for 
NH protons, 0.9 s for a-protons, 0.7 s for I 3-, 7-, and k-protons, 1.6 s for aromatic protons). 

Most of the cross peaks in phase-sensitive DQF-COSY spectra were not suitable for measuring 
the proton spin-spin coupling constants of H-NCU-H and H-CaCI3-H fragments since the line 
widths of resonances ( 12-16 Hz) are larger than the constants. For 5 residues located in the 48, 54, 
56, 58 and 60 positions the C"H/C132H and CuH/CI33H cross peaks appear with essentially different 
amplitude in DQF-COSY spectra. For these residues ~(a angles were restrained to exclude the 
gauche orientation of both 13-protons relative to the or-proton. 

Theoretical evaluation c?[+ NO ES Y cross-peak vohmles 
The matrix of NOESY cross-peak volumes V('rm) was evaluated as (Bodenhausen and Ernst, 

1982: Bremer et al., 1984; Keepers and James, 1984): 

V(Tm) = exp[ -  IRrm]V0 = D exp[ -  II Tm]D - 1 V o  (1) 

where rm is mixing time, ~ is relaxation matrix, D is matrix ofeigenvectors o f ~ ,  EL is diagonal ma- 
trix of eigenvalues of P and V0 is diagonal matrix describing the steady state of the spin system 
at the beginning of the NOESY pulse sequence. 

Relaxation matrix IR elements Crpq were calculated from proton coordinates, effective rotational 
correlation time "t~ of the molecule and nonselective spin-lattice relaxation times Ti of protons 
(Sobol and Arseniev, 1988). To calculate cross-relaxation rates of methyl protons, the model of 
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rapid jumps between 3 discrete states in the isotropically rotating molecule (Tropp, 1980) was 

used. 
To consider an unequilibrium steady state of the spin system, the elements of the diagonal ma- 

trix V0 were evaluated as (Sobol and Arseniev, 1988): 

vn no = I -exp[(t2 +d,) /T,p]  (2) 

where t2 and dl are acquimion time and relaxation delay of the NOESY pulse sequence and Tip 
is the experimentally measured mean time of nonselective spin-lattice relaxation of a given proton p. 

NMR-derived upper distance constraints 
f The set of 238 upper distance limits ~dk ~. was derived from volumes of 358 cross peaks measured 

in NOESY spectra. These limits were adjusted to normalized cross-peak volumes S~ob~t ~-- j as fol- 

lows: 

dk = [ R, if V[ ~p _ Vo 
(3) 

N 

V~: p = VPP/(I/N Z V~'P), 
j = l  

where N is the number of measured cross-peak volumes. Parameters A = 272.0 and u = 0.18 in 
Eq. 3 were obtained from the maximum volumes .IVy, xp] of cross peaks C~Hi/NHi and C'Hi/HNi+I 
measured in NOESY spectra and characteristic distances of 2.7 and 3.6 ~, in right-handed helices. 
The parameter R = 5 ,~ is the upper limit for the low-volume NOESY cross peaks with VkCXP <TO0. 
Since the spin-diffusion effect was neglected, some upper limits were underestimated. The spin dif- 
fusion might affect mainly the constraints of side-chain geminal protons treated by DIANA as 
pseudoatoms. A summary of the sequential upper distance constraints used in the distance geome- 
try calculation ofsB is shown in Fig. la. Also 36 distance restraints were used to define 18 hydro- 
gen bonds within the ~-helical region (residues 42-63) that were identified previously based on 
both NOE and amide-exchange data (Pervushin et al., 1991 ). Preliminary structure calculations 
without inclusion of the hydrogen-bond restraints had shown the predicted hydrogen bonds to be 
quite compatible with the experimentally derived distance constraints. 

Correspondence of  calculated sB conformations to exper#nental NOES Y data 
To evaluate the correspondence of calculated sB conformations to NOESY spectra, the penalty 

functions Fv and Fr (Lomize et al., 1990) were constructed. The F,. function compares the theore- 
tical (V ~h~) and experimental (V ~xp) NOESY cross-peak volumes: 

F ~ = I / N k ~  1 O, 
if Ivv,-v " l >AV  
if  IV[  'p - A V k  

(4) 

N 

V~ = Vk/( 1/N Z V j) 
j = l  
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where N is the number of NOESY cross peaks to be compared and v"~P V~, "~ --k , are normalized 
cross-peak volumes, AVk is an error of  the V~, xp volume estimated as follows: 

AVk=max {AV l, AV2*V[xP~;, (5) 

where AVI is the absolute error corresponding to the noise level in the NOESY spectrum and AV2 
is the relative error of measuring the V~, Xr volume. For  the NOESY spectra of sB, AVI and AV2 
were estimated as 0.1 and 0.2, respectively. 

The Fr function compares the interproton distances {rk} in the obtained conformation with 
those calculated based on NOESY cross-peak volumes: 

N 
F~=[1/N Z (Ark)2] 1'2 (6) 

k = l  

where Ark is an interproton distance mismatch: 

f ~ Ark= rk--r2, 
r k -- r k , 

i f  r~ ~> r k k rk 

if r k > r~- 

if r k < rk 

(7) 

The interval of  distances [rk-, r~] corresponding to the experimental volume --kV"xP was evaluated by 
the" 1/r 6' law: 

r~ = "kt--kr I'vthc/tVexP/,,__k =[= A V k ) ]  1/6 (8) 

For overlapped cross peaks with a contribution of N pails of p and q protons, the V~, h~ value is 
the sum of the corresponding Vpq elements of  the V(z,,,) matrix and rk is an effective distance in- 
stead of  individual interproton distances rpq: 

/ N  . - 1 6  

(9) 

The F~ and Fr functions depend on the stereospecific assignment of protons at prochiral 
centers. These functions were evaluated with all possible variants of the stereospecific assign- 
ments. Eventually the variant with minimum penalty functions was accepted. 

RESULTS AND DISCUSSION 

Computation of spatial structure of sB in SDS micelles 

The reconstruction of the sB spatial structure was performed in 4 steps: ( 1 ) local structure anal- 
ysis with the program C O N F O R N M R  (Lomize et al., 1990) to obtain restraints for q~, u/, )r and 
Z-" torsion angles, stereospecific assignments of  protons at prochiral centers and to estimate the 
rotational correlation time rc of the molecule, (2) distance geometry calculations using the pro- 
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gram DIANA (Giintert et al., 1991 ), (3) energy refinement and systematic search for energetically 
allowed side-chain rotamers consistent with NOESY cross-peak volumes using the program 
CONFORNMR,  (4) random generation and analysis of peptide conformations with allowed 
side-chain rotamers. The ECEPP/2 force field (Momany et al., 1975; Nemethy et al., 1983) was 
used. 

The lack of sufficient NMR information about the N-terminal 34-38 residues prevents us from 
modelling its conformation. Therefore, the structure calculations were undertaken on a truncated 
molecule including residues 39-65. 

( 1 ) The local  s t ruc ture  analys is  

The local structure of sB was analyzed using the F r ( ~ 0 i , l l t i , ~ , ' ~ c )  dependencies (see Eqs. 6-9) for 
each dipeptide unit i of  the polypeptide including all protons of residue i and the amide proton of  
residue i+  1. 

The correlation time ~c was determined as a minimum of  Fmi"(~c) dependence for each dipeptide 
unit, where Frmin('~c) is the global minimum value of  Fr(cPi , l l t i ,~  1)  a t  a given ~c. For 12 dipeptide 
units the minima of  Fr('t~) dependencies were within 2-6 ns. The other dipeptide units have no 
well-defined minima due to an insufficient number of experimental NOESY cross-peak volumes. 
This analysis led to the ~ value of 4 ns used in further calculations. 

T A B L E  1 

%' T O R S I O N  A N G L E S I D E G R E E  + S T A N D A R D  D E V I A T I O N )  F O U N D  IN 20 D I A N A  C O N F O R M A T I O N S  

( D I A N A )  A N D  IN 20 F I N A L  C O N F O R M A T I O N S  A F T E R  E X H A U S T I V E  S E A R C H  A N D  E N E R G Y  M I N I M I Z A -  

T I O N  ( S E A R C H I  

Res idue  D I A N A  S E A R C H  

Lys ~~ - 7 8  + 9 

Lys  41 - 1 1 5 + 3 2  

Phe 4-' 167 _+_ 3 

Tyr  ~3 1 7 2 +  19. - 8 0 + 4  

lie 4~ - 5 9  + 10 

T h r  4" 52 + 30. - 109 + 37 

T h r  47 60 + 13. - 4 5  -+ 36 

Leu 4s - 8 8  + 3 

V a P  ~ - 144 _+ 5 

Ile ~2 - 97 + 1 

Phe ~4 - 167 + 13. - 105 _+ 8 

T h r  ~s - 2 8  + 14 

Nle  -~ - 96 + 2 

T y r  57 - 151 + 5 

Leu  5s - 7 3  + 6 

Ser  s~ 51 + 3 1 ,  - 8 7 + 9 . 1 5 8 + 8  

Nle  6~ - 7 5  + 8 

Leu 61 - 159 + 9 

Leu ~2 - 1 6 5 +  16, - 7 8  + 7  

T y r  ~ - 9 0  + 5 

- 1 7 1  + 8 . - 7 4 +  5 

- 1 6 7 +  6 , - 7 6 + 8  

175 + 1 

176 + I 

- 8 1  + I 

2 8 +  4 

4 1 +  2 

1 7 3 +  6 

1 6 3 +  2 

- 7 5 +  9 

- 1 8 0 +  5 

- 6 2 +  2 

- 1 6 2 +  1 2 , - 8 1  + 6  

174 4- 1 

- 1 6 8  + 1 2 , - 6 8  + 2  

5 8 +  15. - 6 1  + 4  

- 1 6 6 _ +  1 1 , - - 7 4 +  13 

- 1 7 7 +  4 

- 1 5 8  + 1 4 , - 7 5  4- 12 

- 8 2 +  10 
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To figure out the restraints for the q~ and ~ torsion angles, we built Fr(~Pi,~l/i) maps for each X~, 
)~ side-chain rotamer and outlined q~i-~i regions with F~-F m~n _<0.2 ,~; X~, )~2 angles were kept at 

- 60 _+ 30, 60 +_ 30 and 180 _+ 30'. q~ and ~ torsion angles were constrained to an interception be- 
tween these (~-~)-regions with sterically allowed ones. In this way we obtained 58 restraints for ~0, 

and )~l angles. For all residues the constrained (~p-u/)-regions agree with the previously proposed 
u-helix Lys 41 to Tyr  62 ofsB (Pervushin et al., 1991). 

(2) Distance geometry calculations with the program DIANA 
Structures were calculated with the program DIANA (Gi.intert et al., 1991) by optimizing 

randomly generated starting conformations according to the standard protocol. It includes mini- 
mization at 6 levels 0, 1, 2, 3, 4, 5 with weighting factors for experimental upper and lower dis- 
tance limits set to 1, for van der Waals" lower distance limits 0.2 and for torsion angle restraints 

20 ~ 
A set of  the 20 best DIANA conformations with final target functions less than 3.5, sum of resi- 

dual violations of upper distance limits < 11 ,~, steric repulsion < 2 ~, and torsion angle con- 
straints < 13 ,~2 was obtained. The maximum values of individual violations of these kinds were 
less than 0.8 ,~, 0.3 ,~, and 7 ,~2 respectively. The root-mean-square deviation (RMSD) of coor- 
dinates of the 20 DIANA conformations was 0.51 +_ 0.17 ,~, for backbone atoms and 1.37 _+ 0.25 

,~ for all heavy atoms of  the residues 39-65. 
Figures l b and c show the variations of  the backbone torsion angles ,,p and ~. Residues 42-62 

are in or-helical conformation (RMSD of coordinates of 20 conformations was 0.19 +_ 0.06 ,~ for 
backbone atoms and 1.05 +_ 0.25 ,~ for all heavy atoms). The smallest variation o f ~  and ~ angles 
is observed in the 47-62 region, increasing toward the N- and C-termini. The helical conformation 
of the peptide was preserved in the 42-62 region, since the parameter (q~i+ i +~1/i)/2 (Fig. ld) re- 
mained conservative. Large variations in tp and ~ angles.in the N-terminal were caused by the 
variability of peptide group orientations at the 4 2 ~ 6  region of the or-helix where amide NH 

protons did not participate in hydrogen bonds. C-cap Gly 63 ((,o=87 _+ 6 ~ tr  _+ 10 '~) adopts a 
conformation corresponding to the left-handed helix. This conformation is fixed by 12 medium- 
range NOE contacts stemming from CI3H Ser59/CI3'~'~H Tyr 64 and CI3H Leu62/C~'~H Tyr 64 protons. 

(3) SearchJbr the allowed side-chain conformations 
)~l torsion angles ofsB throughout the 20 best DIANA conformations are shown in Table 1. To 

refine the set of  allowed side-chain rotamers we calculated penalty functions Fr and relative ener- 
gies AE for all possible rotamers of  each side chain in the ct-helix involving C-terminal Tyr 64. To 
save CPU time, the energy was minimized and the function Fr was calculated within the i+  5 
regions around each residue i. Initial values of)~ and X 2 side-chain torsion angles were set accord- 
ing to the library of  side-chain rotamers in proteins (Ponder and Richards, 1987) and X3,7(~ were 
set to 180 ~ , while other angles were the same as in the best DIANA conformation. In contrast to 
the distance geometry calculations, ambiguously assigned and overlapped cross peaks from 

protons in residues of  the i_+ 5 region were regarded (see Eq. 9). 
Figure 2 represents the penalty functions F~ and relative energies AE corresponding to side- 

chain rotamers around the C~-C 13 bond. A large Fr function (>0 .5  ,~) means that there are se- 
veral violated NOESY cross-peak volumes. For example, 7 cross peaks from 22 regarded pos- 
sessed a distance mismatch Ar (Eq. 7) greater than 0.5 A in the g+ and g-  rotamers of Leu 61 (cor- 
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Fig. 2. Relative energies AE (kcal/mol) and F, (A) penalty functions (Eq. 6) calculated for the i_+ 5 region with g ', g and 
t rotamers of the C"-C ~ bond of residue i represented as 3 bars per residue. For each residue the first bar corresponds to 
the g '  rotamer (with Z ~ ~ -60  ~ ). the second to the g- rotamer (Z ~ ~ 6@) and the last one to the t rotamer (Z ~ ~ 180 ~ ). The 
open circles indicate sterically unfavorable rotamers (AE > 20 kcal/mol) usually disturbing the u-helix. The bars of allowed 
side-chain rotamers are filled. Amounts of NOESY cross peaks used for calculation of the F, penalty function are shown 
in the upper panel. Cross peaks, which volumes weakly depend on the side-chain orientation, were excluded to get a better 
discrimination of side-chain rotamers. 

r e spond ing  F,  funct ions  were 0.51 and  0.42 ]k), while Ar was less than  0.15 A for all cross  peaks  

in the t r o t a m e r  o f  Leu 6t with an F,  a b o u t  0.1 ,~. All  ro t amers  with an F ,  less than  0,2 ,~ were con-  

s idered to fit well to the N O E S Y  data .  Thus,  the only  r o t a m e r  was prefer red  for I 1 residues on the 

basis o f  N O E  da t a  (Table  I). 

When  several  r o t amer s  met N O E  data ,  we used the c o n f o r m a t i o n a l  energy as an add i t i ona l  cri-  

ter ion.  So the ro t amer s  with a relat ive energy (wi thout  e lec t ros ta t ic  term) worse  than 5 kca l /mol  

were d iscarded .  The  a l lowed s ide-chain  ro t amcrs  for Ile 4~, Ile s:, Nle s6 and Nle 6~ residues were 

identif ied (Fig.  2). 

(4) Random generation and energy r~:finement of sB con/brmations with allowed side-chain rotamers 
To visualize the accessible c o n f o r m a t i o n a l  space o f  sB, we genera ted  20 c o n f o r m a t i o n s  o f  sB 

with r a n d o m l y  selected a l lowed s ide-chain  r o t a m e r s  f rom the set ob ta ined  at  step 3. These confor -  

ma t ions  were subjec ted  to energy min imiza t ion  with ECEPP/2  force fields and  Fr and  F,. pena l ty  

funct ions  were ca lcu la ted  (Table  2). A supe rpos i t ion  o f  these 20 c o n f o r m a t i o n s  is shown in Fig. 

3. The  a-hel ical  region 41-62 is well-defined since the pai rwise  a tomic  R M S D  o f  20 c o n f o r m a t i o n s  

is 0.38 A for the b a c k b o n e  a t o m s  (Table  2). The  ob t a ined  c o n f o r m a t i o n s  are energet ica l ly  very 

close, since the ECEPP/2  energies are within - 2 1 4  + 3 kca l /mol .  

The  final set o f  sB c o n f o r m a t i o n s  is wel l -consis tent  with N M R  data .  The  Fr pena l ty  funct ion 

( R M S  of  i n t e rp ro ton  d i s tance  misma tches  Ar for N O E S Y  c ross -peak  volumes,  see Eqs. 6-9)  is 

only  0.33 ,~,. The  ind iv idua l  Ar 's  are  usual ly  less than 0.5 A, only few of  them reached 1.0 ,~, (Table  

2). 
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Quantity ~ Mean value 4- standard deviation 

Penalty function F, 0.38 + 0.01 
Penalty function Fr (A,) 0.33 + 0.01 
Used NOE cross peaks 358 
Number of  NOE violations: 

with Ar>0 .5 /k  47 + 3 
with Ar> 1.0,~ 2 + I 

Energy (kcal/mol) - 2 1 4  4- 3 
Pairwise RMSD (,~} within residues 41 62 

of  backbone atoms 0.38 + 0.17 
of  all heavy atoms 0.83 4- 0.21 

Penalty functions Fr and F, were calculated according to Eqs. 4 and 6. The Ar is the individual interproton distance mis- 
match characterized deviation of  experimental and theoretical NOESY cross-peak volumes (Eq. 7). 

N 

C 

Fig. 3. Stereoview of  the 20 energy-refined conformations ofsB with randomly generated allowed side-chain rotamers. All 
heavy atoms are shown. Conformations were superimposed for a minimum RMSD of the backbone N. C u. C' and O 
atoms of  the Lys 4~ Leu 62 region. 
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X I torsion angles were unequivocally determined for 13 of  the 20 amino acid residues in the 39- 

64 region (Table 1) on the basis of  combined use of NOE data and energy calculations, while Z 2 

angles of  Nle, Lys, Leu and Ile residues remain uncertain due to the lack of  appropriate N M R  

data. The set o f z  I angles is identical to that obtained by the program D I A N A  for 45% of the resi- 

dues(see Table 1). Conformations of  other side chains were refined by a search procedure. In few 

cases (Lys 4~ Nle 56, Leu 5~ and Nle 6~ two X 1 rotamers of a side chain agree with experimental 

NOESY cross-peak volumes, but only one of  them occurs among the D I A N A  conformations. 

This must be related to underestimation of  upper interproton distance constraints {dk} used in 
D I A N A  calculations. 

In other cases (see Tyr 43, Thr 46, Thr 47 and Phe 54 in Fig. 2) the D I A N A  output contains two dif- 

ferent ~(~ side-chain rotamers, but only one of them fits well to NOESY cross-peak volumes. These 

side-chain conformations were refined as we used additionally 1 19 overlapped cross peaks, which 

were neglected in the D I A N A  calculations. 

Comparison of sB structures in different environments 

Figure 4 outlines the secondary structure of  (34-65)bacterioopsin in SDS micelles and in meth- 

anol-chloroform mixture (Maslennikov et al., 1991b), as well as part of the BR chymotryptic C2 

(residues 1-71) fragment in methanol-chloroform mixture (Sobol et al., 1992) and in the ECM 

BR model (Henderson et al., 1991). A rigid a-helical region of sB in SDS micelles is localized to 

residues 41-62. The a-helix is terminated by C-cap Gly 63 in the left-handed helix conformation 
that leads to formation of  the Tyr 64 N-H...O = C Set 59 hydrogen bond. This is a common structu- 

ral motif for a-helix termination (Schellman et al., 1980). The nonpolar part 42-65 ofsB is appar- 

34 41 62 65 

sB micelles ~- I 

34. 37 42 60 65 

sB CDCLj-CD30H F------,-~;--:___-_-S_ f i -----2---~.] 

C2 CDCI3-CD30H 

34 37 41 50 52 62 65 

) 

38 40 62 

Purple membrane ~'~-~ I 

Fig. 4. Secondary structure of transmembrane segment B (sB) identified by ~H NMR in SDS micelles, in chloroform- 
methanol (Maslennikov et al., 1991b), in the proteolytic C2 (residues 1-71) fragment of BR in chloroform methanol 
(Sobol et al., 1992) and derived from the ECM model of BR (purple membrane) (Henderson et al., 1990). Solid rectangles 
denote the stable part of the a-helix with slow deuterium exchange of amide protons. Dashed rectangles indicate a-helical 
regions with fast deuterium exchange. Wave lines indicate disordered regions of polypeptide chain. The grey bar indicates 
residues from the ECM model that have no clear electron density at the experimental map but are assigned to the ct-helix 
(Henderson et al.. 1990). 
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ently incorporated into the micelle core, and the N-terminal hydrophilic region 34 41 is exposed 

to the aqueous phase and lacks an ordered conformation. 

The a-helical region of sB in methanol-chloroform mixture is longer (residues 37-65) than that 

in SDS micelles, but the stable part of the a-helix includes only the 42-60 region. The side-chain 

conformations of sB in methanol-chloroform mixture and in SDS micelles are identical except 
Phe 42, Thr 46, Thr 47 and Leu 61 residues. These residues have two allowed side-chain rotamers in 

methanol-chloroform, but only one in SDS micelles. The chymotryptic C2 fragment of  bac- 

terioopsin in methanol-chloroform mixture appeared to have an a-helix identical to that of sB in 

the same milieu. The stable part of the a-helix of the C2 fragment is 3 residues longer than that of 

sB in methanol-chloroform and identical to that found in SDS micelles except two residues fol- 

lowed by Pro -s~ in the central part of the a-helix. 

The characteristic feature ofsB (Fig. 3) is a kink of the a-helix caused by Pro 5~ The kink angle 

of 27 ~ (between the axis of the 4 1 ~ 9  and 51-62 regions of the a-helix) is almost identical for all 

final sB conformations. This kink angle is characteristic to globular proteins containing a proline 

residue within their a-helices (Barlow and Thornton, 1988) and differs from the kink angle o f g -  

in the ECM BR model. The NH group of Ala 51 forms a hydrogen bond with the CO group of  

Leu 48 that is typical for the 3m helix. 

According to the ECM data, BR of purple membrane contains an a-helix located within the 38- 

62 region (Fig. 4), though Asp 38 and Ala 39 residues have no clear electron density'on the experi- 

mental map (Henderson et al., 1991 ). Thus, the sB and C2 backbone conformations in artificial 

systems are in good agreement with the ECM model of the native BR structure. 

The N M R  study might play a unique role in the refinement of BR spatial structure and deli- 

neating conformations of BR fragments in artificial milieus. These conformations might be consi- 

dered as building blocks of  the entire molecule. 
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