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Three-dimensional structure of (1-36)bacterioopsin in
inethanol-chloroform mixture and SDS micelles determined by
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Spatizl strutures of prateolytic sogment A (sA) of bucterioapsin of &, halehium (residues 1-36) solubitized in a mixture of methanol~chloroform
3113 0.1 74 LiCIO, organic mixture, or In perdeuterated sodium dadecyl sulfute (SDS) micelles, were determined by 2D 'H-NMR techniques, 324
und 400 NOLSY cross-peuk volumes were meusured in NOESY xpectrn of sA in organie mixture and SDS micelles, respectively. The sA spatial
structures wera determined by logad structure analysis, distanee geomstry caleuluation with program DIANA and systematic search for energetically
allowed sidde 2hain rotamers consistent with NOESY cross-peik valumes. The structures of sA are similar in both milieus and have the right-hunded
a-helica} reglon from Pro® to Met™ with raat meun square devintion (RMSD) of 0,25 A between backbone heavy atams and fit well with Pro®
to Met* a-hetical region in electron eryo-microscopy model of bucteriarhadapsin, The Neterminal region Ala®-Gly* of sA in organic mixture has
a fixed struciure of two consecutive y-turns ix 2 » Zphelix (RMSD of 0.25 A) stabilized by the The* NH.-O=C Gin® and lic* NH--O=C Ala®
hydrogen bonds while this region in SDS micclles has disordered structure with RMSD of 1.44 A for backbone heavy atoms. The C-terminal rzgion
GlyP-Asp™ of sA is disordered in both milicus. Torsion angles 2' of sA were unequivocally determined for 13 (SDS) and 11 (orgunic mixture)
of a-helical residues und are identicul in both milicus,

NMR; Distance geometry; Micelle; Bucterioopsing Spatinl structure

1. INTRODUCTION

Bacterioihodopsin (BR) is a transmembrane protein
of 248 amino-acid residues, which acts us a light-driven
protou pump in the purple membrane of Healobacterium
halebiwn (for review see [1]). According to the latest
model of BR from clectron cryo microscopy (ECM)
data, the spatiul structure of the molecule consists of
seven transmembrane a-helices A-G packed together
{2]). This model providing description of general fold of
BR is not reliable on the alomic level because of low
resolution of ECM.

NMR spectroscopy is a powertul technique for the
clucidation of the spatial structure of water-soluble pro-
teins with a molecular mass of up to 30 kDa [3]. Unfor-
tunately, the resonances in NMR spectra of a mem-
brane protein incorporated in the bilayer membrane or
small liposomes are too brouad to be resolved individu-
zlly. Therefore the choice of an artificial medium con-
serving the protein structure and providing high-resoiu-

Abbrevigtions; BR, bucieriorhodepsin:  sA.  (1-36)bucterioopsin;
ECM, clectron cryo microscopy; 2D, two-dimensionul: NOESY, 2D
homonuclear NOE speciroscopy; RMSD, root meun sauara devia-
tion.

Correspandence adidress: A.S, Arseniev, Shemyakin Institute of Bicor»

gunic Chemistry, Russian Academy of Sciences, Ul Miklukho-
Maklaya 16710, Moscow, 11797], Russia. Fux: (7) (095) 310.7007,

190

tion NMR spectra is crucial for such studies. Due to the
limits of two dimensional (2D) '"H-NMR methods or-
ganic solvents or detergent micelles are used as mem-
brane mimicking milieus. The detailed conformation of
BR fragments in membrane mimicking milieus can be
obtained by 2D 'H-NMR spectroscopy, and these frag-
ments might be regarded as natural blocks as a basis of
BR spatial structure reconstruction. Previously, the sec-
ondary structure was determined for bacterioopsin syn-
thetic transmembrane segments B (residues 34-65) [4,5],
D (residues 102-136) [6], G (residues 205-231) [7} and
proteolytic fragments BP2 (residues 163-231) (8] and C2
(residues 1-71) [9] solubilized in methanel—-chloroform
(i, 0.1 M LIiCIO,. Segment B was also studied in
sodium dodecyl-d,s sulfate (SDS) micelles [10,11). Here
we present the comparison of segment A (residues |~36)
spatial structures in methanol-chloroform (1:1), 0.1 M
LiCIO, and SDS-d,s micelies determined from NMR
data, while the proton resonance assignments and anal-
ysis of secondary structures will be published in [12].
The strategy for sA spatial structure calculation is sim-
ilar to that used for segment B in detergent micelles [11].

2. MATERIALS AND METHQODS

1. NMR wmeusurements and input date for spatial structure computa-
tion

The proteolytic fragment (1-36) baclerioopsin {sA) was isolated as

described in [13), Two-dimensional 'H-NMR NOESY (relaxation

Published by Elsevier Stience Publishers B. V.
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delay of 1.2 s und mixing time of 150 ms) and TQCSY (mixing time
of 45 ms) spectra of 3 mM solution of sA in CPH,OHICTHCI, (1125,
0.1 M LiClO, or in 024 M SDS8«d, in H,0 in the presence of
trifiuorosthunol-d, (TFE-d;) (20% by volume) were recorded at 600
MH2 (Varian Unity 600 spectrometer) at 35°C. NOESY cross-peak
volumes were measured by a curve fitting prosedure (14], Nonselestive
spin lattice relaxation times (7)) of individual protons were measured
by the inversinn-recovery method.

Theorcticul NOESY cross-penk valumex expseted for u conforma-
tion of A wera ealeulated by diagonaliaution of the complete relaxu-
trion malrix and corrected in accordance with protan reluxution times
T, us described in (15). For corraction we used mean 7)'s for ench
group of protons: 1.0 5, indole NIH protons: 0.75 s, backbone NH
protons; 1.3 3, uromutic protons and 0.6 s, ather side ¢hain protons.

The integration of the NOESY spectrum of sA in SDS micelles or
arganie mixture gave volumes for 400 and 324 ¢ross-peuks, respee-
tively, 282 ani 258 cross-peaks were unumbiguously assigned and used
1o derive u sgt of constraints for distunes geometry culeulutions with
the progrun MARDIGRAS {16). Amoang them there are 85 (SDS)and
§7 (organie mixture) sequential 1nd 83 (SDS) und 74 {organic mixture)
medium-range (1 < [i=] % 4, where iyj are residue numbers) cross-
peaks, The long-runge (ji-4 > 4) were not presented in NOESY spestra,
Obrained patierns of NOE connsetivitiex are shown in Fig. 1, Also 42
¢SDS) and 36 (organiec mixture) distance restraints were used to define
2] and 18 hydrogen bonds within the @-helival region (residues 8-32)
that were idestivied based on both NOE's and umide protons deu-
terium exchange data (IFig. 1) [12]. Preliminary strueture caleulations
withaut inclusion of the hydrogen.bond restraints have shown the
predicted hydragen hands to be quite campatible with the experimen-
tally derived distance constraints.

2.2. Compraation of sA sputiad strucivre

The reconstruction of sA spatial structure includes the following
steps: (1) analysis of the local structure and evaluation of the effective
rotationul correlution time with the program CONFORNMR {11,17],
(2) structure caleulition with the distunce geometry program DIANA
[18]. (3) the systematic scarch for allowed side chain rotumers consis-
tent with NOESY crossepeak volumes using progrum CON-
FORNMR, (4) DIANA calculations with additionul construints on
the torsion angles of side chains obtained ut stuge 3. and (5) unre-
strained energy minimization with the program CONFORNMR using
the ECEPP/2 force field [19].

The lecnl structure of sB wus analyzed using the Flpwa.r.) de-
pendencies {17) for cach dipeptide unit 7 of the polypeptide included
all protons of residue / and umide proton of residue i+1, The correlu-
tion time £, wits determined as  minimum of F,{r,) dependence for
cach dipeptide unit, where F(r,) is a global minimum value of
Flowx) atu given r. For sA in SDS micelles the optimum value of
7, wis within the runge of 5-7 ns for most dipeptide units, while this
time for sA in organic mixture wig within 4=6 ns, so in further compus
tutions we used the menn values of correlation times T, of 6 and 5 ns,
respectively, As results we oblained 28 (SDS)and 31 (organic mixture)
restraints on @ and ¥ angles und also 32 (SDS) und 3i (organic
mixture) resitaints an ' and 1° ungles,

Structures were caleulated using the program DIANA [18] by opti-
mizing randomly generated starting conformations according to
s.andard protocol, Special attcution win. paid to the Ala*-Gly* region
of sA in the orgunic mixture, where slow deuterium exchenge of amide
protons was detected and NOE pattern does not correlute with regular
a-helix (Fig. 1),

The allowed side chain conformations in the region 8-32 with the
defined a-helical backbone strusture ¢an be found when comparing
the penalty functions F, and relative conformational energy 4£ for all
possible side chain rotamers of the given residues (1 1,17]. We chose
DIANA conformation with the lowest value of the penalty function
as u starting one, but the results were not dependent on the start, The
starting sA conformution was refined using energy minimization by
CONFORNMR [17) with ECEPP/2 purameters [19]. Then for cach
residue 7 all side chain rotamers were considered with the energy
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Fig. 1. Amino-ucid sequence of (:-36)busiericopsin and survey of the
NOE connectivities in (a) methanol-¢hloroform, 0.1 M LiCIO, solu-
tion and (b) SDS-dy, micellew; pQ denotes pyroglutamic acid residue,
The thickness of lines correspongs to cross-peak volumes and right-
most column shows the NOE pattern expected for a residue in the
canonicul right-hiunded a-helix. Overlapping cross-peaks are denoted
by filled circles, Residues with slowly exchanging amide protons are
indicated by filled squares and those presented only in the first of sets
of 2D NOESY spectri used to determine deuterinm exchunge rates of
amide protons indicated by open squarss,

minimization and penalty function evaluation for the region i £ 5 of
the ee-helix. All ratamers with £, « £ + 0.1 A (where £™* is minimum
vilue F, for side chain ratamers of the given residue /) were considered
in agreement with NOESY cross-peaks volumes. 1f several ratamers
met the ubove conditions we used conformational energy as an addi.
tional criterion and selected only rotamers with the energy less thin
5§ keal/mol relative to the lowest energy for the i = 5 region. All allowed
side chain retuamers determined at this stage are listed in Table .
The finul sets of sA conformations were generuted using DIANA
with additional constraints on z' and 2 torsion angles coming from
the previous stage. The variation of @ and i anples, which characterize
the qualily of the obiained backbone structure is presented in Fig. 2.

3. RESULTS AND DISCUSSION

The sets of the 16 best DIANA conformations of sA
in organic mixture or SDS micelles with final target
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Tuble |

Penulty functions £, (A) and relutive energies 4£ (keal/mol) euleuluted

forthe i & 5 region with g7, g~ and t rotumers of C*-C* bond of residue

i, amounts of NOESY cross-peuks (N) used for caleulation of £, und

ullowed side chain rotamens of C*-Cf bond found for the 9-32 region

of sA in methunal-¢hlaroform (1:1), 0.1 M LiClO, (upper line) und
SDS-d,, micelles (lower line)

N  Allowed
rotumer

Residue F, (A) 4E (kenlimal)

8 8 t $ [y t
Glu' - - -
0.08 023 0«10 12 56 00 5 -3

Tep™ 032 047 02 74 189 00 7
065 093 Q.17 26 261 00 9 t

L' 0.l5 061 046 00 104 09 13 Y
003 052 042 66 20 50 17 8

Trp® 00% 024 0.10 81 174 00 8
0.14 065 0.06 54 184 18 0

t

{

Le™ 0 023 019 19 139 00 S t
014 041 006 1.7 143 060 12 t

Leu' 012 032 024 15 64 00
015 057 009 1.5 12 00

The” 008 034 036 00 65 100
010 037 040 Q0 38 71

Lew'™ 003 037 004 L 110 00
0353 058 0.0 00 120 06

Met™ 020 036 0.17 1.2 52 00
009 033 057 14 54 00

016 028 035 06 43 00
o1l 03 002 21 51 00

The 020 045 0.69 00 68 11
014 030 042 g0 41 {02

Lev™ 014 030 018 00 141 06
0.15 032 0.06 1.7 10 00

Tyr™ 082 037 0.2} 00 100 24
086 0.79 006 27 10 00

Phe® 048 050 0.21 1.6 83 00
050 040 002 19 100 00

Leu™ G011 089 0.1 08 148 0.0
028 050 029 07 83 00

Yal® 033 038 029 1062 68 00

B wo OG O hie O~ O B 9O O
-

-, .-

87
gt

1l

t

020 024 023 99 15 00 14 t
Lys* 033 069 029 22 57 00 13 gt
020 026 036 08 35 00 9 gt

Ma® 018 059 0614 35 58 00 10 gt
0.18 022 040 00 24 08 5 g

The g”. g™ and t rotamers around the C*~C® bond corresponded to »'
torsion angle intervals -60 + 30, 60 + 30 und 180 + 30% Qutlined £,
und 4E values correspond to rotamers around the C~C” bond with
the lowest value of £, so for the same rotamer around C*-C* bend,
conformational energy might slightly differ in organic misture and
micelles, Cross-peaks, the volumes of which weukly depend on the side
chain orientation, were excluded from F,'s to get a better diserimina.
tion of side chain rotumers. Glu¥ HN resonunce wus not assigned in
the NOESY spectrum of sA in methanol-chloreform (1:1), 0.1 M
LiClO, [12].
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Fig. 2. Torsion ungles o and ¢ in 16 final DIANA conformations of
3A in (0) metnanol—chleroform, 0.1 M LiCIO, solution and (b) SDS-
sy micelles plotted versus the residue number.

functions less than 2.9, sum of residual violations of
upper distance limits <11 A, steric repulsing <2 A and
torsion angle constraints <13 A? were obtained. The
maximum values of individual viclations of these kinds
were less than 0.8 A, 0.3 A, and 7 A in both sets of
conformations. After energy minimization these confor-
mations were in goed agreement with NOE data as can
be seen from the mean values of F, = 0.25 (SDS) and
0.33 (organic mixture) A (Table II). This function repre-
sents the average difference between the experimental
and calculated NOESY cross-peak volumes expressed
in terms of distance mismatches and can be considered
as an accuracy of the structure determination (11]. The
values of RMSD characterize the sA structure from the
othes viewpoint, which is a variation between the con-
formations in accordance with the experimental data
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Fig. 3. Stercoview of superpositions for minimum RMSD of the backbone heuvy atoms of 12 conformations of the 2-6 fragment of sA in
methanol-chloroform (1:1),0.1 M LiClO, solution refined by energy minimization wilh the program CONFORNMR {1 1,17). All backbons atoms,
wll side chain hieavy atoms and hydrogen bonds (dushed lines) ure shown. Posilions of C* atoms are denoted by their corresponding residue number.,

(Table II). The a-helical region Pro*~-Met* is well de- (see Fig. 2, Table II). The C-terminal region Gly™-

fined for sA in the organic mixture as well as in SDS Asp® is disordered in both milieus. The N-terminal
micelles with rather small RMSD of atom's coordinates region Ala*-Gly® in organic mixture has a fixed struc-
Table H
Anulysis of the finyl seis of 16 sA conformations in SDS-dy micelles und methunol-chloroform (1:1), 0.1 M LiCIO,
Quantity SDS-d., micelles Methanol-chloroform (1:1),
0.1 M LiCIO,

Number of NOESY cross-peuks 400 324
Penalty funstion £, (A) 0.25 £ 0.0 0.33 £ 002
Number of NOE viclations

withdr > 10 A sl 3]

with 4r > 05 A 27454 a4 x5
ECEPDP/2 [19] energy (kcal/mol) -2i0x 8 -5 212
Pairwise RMSD (A) of buckbone heuvy atoms of revidues:

1-36 17187 392 £ 0.70

2-6 1.44 £ 0.56 0.25 x 012

5-32 0.25 £ 0,07 0.26 £ Q.00
all heavy utoms of residues;

1-36 392+ 1.57 4,90 = 0,80

2.8 230 ¢ 091 0.61 2 0.16

8-32 1.08 £ 0.22 1,25 . 0.23
Pairwise RMSD (A) of the 16 final NMR conformations to the ECM model
[2] of the buckbone heavy atoms of residues;

8-32 1.23+ 017 1.34 £ 0.16
all heavy atoms of residues:

8-32 269 £ 034 2,70 + 0,31

The duta are represented as mean value & 8.D. 4r is the distance mismatch corresponding to the deviation of eaperimental und theoretically

evaluated NOESY cross-peak volumes [11,20}
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Fig. 4. Stercoview of superpositions of the 16 finul conformations for minimum RMSD of the backbone heuvy atoms in the 8-32 region of sA
in (a) methunol~chloroform (1:1), 0.1 M LiCIO, solution und (b) SDS-dys micelles. All heavy atoms of sA are shown. Residues Pro® and Met™
are murked by their corresponding numbers.

ture of two consecutive y-turns as 2 # 2,-helix (RMSD
of 0.25 A) stabilized by the Ile* NH.-OC Ala? and Thr?
NH--OC Gln® hydrogen bonds (Fig. 3) that slow down
the deuterium exchange rates of Ile* and Thr® amide
protons (see Fig. 1). The third ¥-turn with participation
of the Gly® residue seums to be unstable due to faster
deuterium exchange of the amide nroton of Gly® than
that of Ile® and Thi® This region of sA in SDS micelles
has an extended structure with RMSD of (.44 A
for backbone heavy atoms (Table 1) and the deuter-

194

ium exchange rates of amide protons less than 0.5 h
(Fig. 1).

The uncertainty of the backbone structure in the
Gly*-Arg’ hinge region of sA in organic mixture is con-
firmed by very broad allowed area in ¢-w maps ob-
tained in the stage of local structure analysis of Gly®and
Arg’ residues. The mobility and length of the hinge
allows the 2-5 region and a-helical region to adopt a
large number of mutual rientations (see Fig. 4a). Con-
trary to the isctropic milieu of the organic mixture, the
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allowed conformational space for Thr’-Gly*-Arg’ re-
gion of sA in SDS micelles (which is more suitable
model for essentially anisotropic native membrane envi-
ronment) is fairly restricted (see Fig. 2b). This fact in
conjunction with the extended conformations of resi-
dues Ala’~Thr* define rather fixed angle of about 70°
between axes of a-helix and C*-atom's best fitted line of
the Ala?-Thy*® region. The variation of the  angle of
Arg’ leads to the veer-like distribution of the 1-6 region
(Figs. 2b and 4b) over suggested micelle surface. Alter-
ation of hydrophobic and hydrophilic residues in the
1-7 region implies in the case of the extended conforma-
tion that one side of the structure is mostly hydrophabic
and the other hydrophilic, providing optimal interac-
tions of the N-terniinal 1-7 region of sA with the
micelle-water interface. In the purple membrane, the
1-7 region of BR might play the role of an anchor to
stabilize the position of the a-helix across the mems-
brane, The 2-6 region of sA in the isotropic milicu of
the organic mixture does not have a preferred orienta-

tion in respect to the a-helical region (Fig. 4a) even the
2-6 region itself has a rather fixed structure of a 2 »
2,-helix with the compound y-turn pattern of hydrogen
bonds [21] (Fig. 3).

The length of 35 A of the sA a-helicai region is
enough to penctrate a lipid bilayer. The mobility of
most side chains within the a-helical region of sA is
restricted: the values of »' were unequivocally deter-
mined for 78% (SDS) and 61% (organic mixture) of the
a-helical residues (Table 1). The rotamer consistent with
the NOE data was never energetically unfavorable. The
allowed side chain rotamers are identical for most resi-
dues of sA in the SDS micelles and the organic mixture
which might reflect resemblance of the hydrophobic
environment of sA in this two membrane-mimicking
milicus. These highly restricted side chains might also
play an essential role in the mutual recognition of trans-
membrane segments of the BR molecule.

A remarkable feature of sA in the organic mixture is
a rather low exchange rate of the side chain H”'O pro-
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tons of the Thr residues that made it possible to assign
resonances of these protons of Thr'? and Thr*. We
observed NOESY cross-peaks of H'O Thr'/HN Leu,
H”"O Th'/C'H Leu", H'O Thr'/C*H Ala" and
H7'O Thr*/C*'%*H Gly* protons. Those cross-peuks
define the orientations of the side chain H”'O groups ('
= =60° of Thr!’ and Thr* and make them optimal for
the formation of CO,..~H"Q; hydrogen bonds. For-
mation of these hydrogen bonds causes weakening of
the a-helical backbone hydrogen bonds due to competi-
tion between the H”'O and HN groups for a C=Q
partner that will lead to a relatively fast deuterium ex-
change for the amide protons of Thr'’ and The* (Fig.
la). The involvement of a polar H”'O group in the
intramolecular hydrogen bond makes it less exposed to
the non-polar milieu surrounding it. For sA in SDS
micelles the side chain H”'O resonances were not ob-
served, but the relatively fast deuterium exchange of the
amide protons of Thr'? and Thr* (Fig. 1b) might also
point to the presence of the above Thr side chain hydro-
gen bonds in an SDS micelle environment.

According to the ECM data, BR of the purple mem-
brane contains the @-helix located within the 8 to 32
region [2] and the same a-helical region was delineated
in the secondary structure analysis of the proteolytic
fragment, (1-71)bacteriorhodopsin, in methanol-chlo-
roform (1:1), 0.1 M LiClO, solution {9]. Thus, the sA
and C2 buckbone conformations in 4 membrane-mim-
icking environment are in good agreement with the
ECM model of the native BR structure. It is still diffi-
cult to check the obtained conformitions of the sA side
chains against those reported for the ECM model of BR
[2], since this model provides unreliable side chain ori-
entations for most residues [20].

The present results show that NMR spectroscopy
might play a unique role in the delineating of the spatial
structures of transmembrane fragments of membrane
proteins in artificial milieus. These structures might be
considered as building blocks of the entire molecules,
Thus, NMR spectroscopy should be very instructive for
the refinement of the BR spatial structure.
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