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The rotational orientation of the seven transmembrane cr-helices (A-G) in bacteriorhodop- 
sin has been investigated by neutron diffracation. The current model of bacteriorhodopsin is 
based on an ele&ron density map obtained by high-resolution electron microscopy (EM). 
Assigning helix rotational positions in the EM model depended on fitting large side-chains, 
mainly arornaticb residues. into bulges in the electron density map. For helis D, which 
contains no aromatic residues, the EM map is more difficult to interpret. For helires A and 
13. whose position and orientation had been determined previously by neutron diffraction, 
the positions defined hy EM agree within experimental error with these earlier conclusions. 

The orientation of all seven helices has been examined by using neut#ron diffraction on 
I)ac,teriorhotlopsin samples wit.h spe(*itically deuterated valine. leucine and tryptophan 
residues. 15sperimental peak intensities were cornpared to those predict.ed for an extensive 
set of st.ructural 1nodels. The 1nodels were generated by (1) rotating all helices around their 
asis: (2) moving deuterated residues in the extra.membrane loops a,bout their probable 
positions and changing the weight of their contribution to the neutron diffract,ion pat,tern; 
(3) allowing deuterated side-chains to change their conformat,ion. The analysis confirmed 
exactly the positions previouslv determined for helixes A and H. For an optimal fit to the 
data to be obtained. the other ive helices, including helix I>, must lie either at or wit.hin PO” 
of their position in the current EM model. The ~omplementaritg of medium-resolution EAM, 
neutron diWraction and model building for the structural study of int,egral membrane 
proteins is discussed. 

Keywords: bact,eriorhodopsin: membrane proteins; transmembrane cc-helix; 
neutron crystallography 

1. Introduction protein, bacteriorhodopsin (BR; 75% W/W). Upon 

Purple membrane (PM?) is a part of the plasma illumination. BR pumps protons from the cyto- 

n&ibrane of Ilnlobncfrriu~n salinariunr (formerI) plasm to the extracellular medium (Oesterhelt 6 

II. hnlmbiunr). a bacterium t.hat lives in high salt Stoerkenius, 1973). The energy transduction is 

c’on~entrations (Stoeckenius 8 Rowen. 1967: effected by a retinal molecule covalently linked to a 

Oesterhelt & Stoeckenius, 197 1). PM is composed of Iysine residue on RR as a Schiff base. 

lipids (25(?, w/w) and a single integral membrane The simple composition of PM, the interest in its 
function, its easy availabilit,y, and the highly 
ordered two-dimensional lattice that BR forms in 

t Al)brrviations rrsetl: PM. purple nienibranp; BR, the plane of the membrane have stimulated experi- 
~~~~cteriorl~oclo~~siri: EM. rlertron microsc*opy: I,\\‘l. merits aimed at determining the structure of the 
IA\\‘?. 1,\\‘3. \‘;\I,. thtb four experi1nentaI samples uxrd in protein and the chemical mechanism of its function. 
thr I)rrsrnt study (SW Materials 9r Methods). In the years following the discovery of PM, 
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X-ray diffraction (Blaurock & Stoeckenius. 1971: 
Blaurock. 1975: Henderson, 197.5). electron 
crystallography (Unwin & Henderson. 1975; 
Henderson & Unwin. l975), and neutron diffraction 
(Zaccai’ & Gilmore. 1979) have been used t,o deter- 
mine the arrangement of protein, lipids and water in 
the unit cell and the topology and secondary struc- 
ture of the protein. Other biophysical. biochemical 
and genetic approaches have led, in part.icular. to 
defining the various steps of the proton-pumping 
cycle, establishing the sequence of RR. and iclenti- 
fying, by site-directed mutagenesis. residues that 
are important for proton translocation (reviewed by 
Khorana, 1988: Oesterhelt et al.. 1991). 

An early low-resolution structure of BR. obtained 
by the combination of electron microscopy (EM) 
and electron diffraction, revealed t.he esistence of 
seven transmembrane a-helices, indexed I to 7. 
whose sequence and connectivity. however, could 
not be determined (Unwin & Henderson, 1975: 
Henderson & L’nwin, 1975). The primary st’ruct,ure 
of BR (Ovchinnikov et al.. 1979: Khorana at 01.. 
1979) suggested that seven hydrophobic sequence 
segments. lettered A t.o G following their order in 
the sequence. were likely to form the trans- 
membrane helices (OvcGinnikov et al.. 1979: 
Engelman et al., 1980). A model was put forward for 
the three-dimensional folding of the polypept.ide 
(Engelman et al.. 1980). There was little experi- 
mental evidence, however, as to which of the seven 
hydrophobic sequence segments (A to G) corre- 
sponded to each of the seven helices (1 to 7) found in 
the low-resolution structure. and therefore little 
infoimation about the arrangement in space of the 
transmembrane residues involved in proton 
pumping. Neutron diffraction experiments using 
specific deuterium labeling were undertaken in order 
to try and solve this problem (Engelman & Zaccai’. 
1980). Restricting labeling to specific hydrophobic 
segments was achieved by reconstituting renatured, 
crystalline PM from two proteolytic BR fragments 
originating from preparations with different isotopic 
compositions (Popot et al., 1986, 1987). Neutron 
diffraction data were collected on labeled and 
control reconstituted samples and analyzed both by 
calculating difference Fourier maps and by a model 
building procedure. The two approaches agreed in 
locating segments A and B in positions 1 and 7 of 
the electron density map, respectively: the angular 
orientation of the two helices around their axis was 
determined using the model building approach 
(Popot et al., 1989). In separate experiments, the 
position of deuterated retinal in the projection of 
the structure on the membrane plane was also 
established by neutron diffraction (Jubb et al., 1984: 
Seiff et al., 1986: Heyn et al., 1988). 

The best current model of BR has been built into 
a three-dimensional electron density map obtained 
by the combination of EM and electron diffraction 
(Henderson et al., 1990). The resolution of the map 
is 3.5 A in the membrane plane and about IO L% 
perpendicular to it. Bulky features in the map were 
attributed to the ring of the retinal. in agreement 

with the neutron diffraction location. and to aro- 
matic side-chains. (‘omparison with sequence (lilta 
permitted the identity and orientation of all st~wl 
t~ransmembrane helixes to be estahlishrd. The loc*a- 
tion and orientation of helices A and I3 in the 1511 
model agree exactly with those found previously I)\ 
neutron diffra,ction (Popot rl f/l.. 1989). 

Helix I> does not contain aromatic residues and 
there is no information on its orientation from 
previous neutron tlitl?action esperiments. Its orien- 
tation in the EM model is essentially based on 
functional considerations and is the least (*ertain 
(Henderson ef al., 1990). Helix I) is loc*atrtl close to 
the reGnal ring, and contains residue Asp1 15. whic4i 
plays a poorly understood role in proton pumping 
(Magi et al.. 1988: Stern rf nl.. f!K49: Marinelti f4 01.. 
1989). 

In the present work. we have set out to detine t 11~ 
rotational orientation of helix I) in more detail I)> 
neutron diffraction. while. at the same time. gaining 
independent information on the rotational orien- 
tations of helixes C’. E. F and (:. The neutron 
diffract ion pat t.erns of foul BR samples were 
analyzed. Sample I,\!‘1 contained hybrid BR 
molecules in which c;hymotryptic fragment (‘-2 
(residues 1 to 71, cbontalnlng helicrs A and B) had all 
the non-exchangeable H atoms of leucines and thr 
two H atoms on the C@ of tryptophans replaced I)> 
*H. Sample LWd. als o with hybrid BR. was lalwld 
in the same wan in the complementary fragment (‘-I 
(containing hehces (’ to C:). Sample I,\\:3 was itlrn- 
tical to LWZ except that deuterated (‘-1 has bec~n 
isotopically diluted with unlabeled (‘-1 prior to 
renaturation. Sample \‘.~I, was a native PSI sample 
in which the non-e?tc,hangeable H atoms of all valinr 
residues were replaced I)ios~ntheticaIl~ by *H. 
Seutron diffraction data were analyzed using ii 
model building approach that explores t hc rota- 
Gonal position of each of the seven hrlicrs whik 
taking into account the uncertainty about the rxac*t 
position of labeled residues located in the rst rii- 
membrane loops and the al~rnw of information on 
the conformation adopted by amino acid side-chains 
in the protein. 

2. Materials and Methods 

(‘utturr of Hnlobcrclrrictn, snli~,itrnt antt castrac*tion of 
1’11 folIowet Storckrnius & Kunau ( l!)W). For sat11 ~atr 
\‘AI,, the vatine in our ctrfint~t c*rrtturr mettium. MI. was 
rrptacrtt by uniformly ttrutrratrtt valine ((‘EA. Franc*(b). 
The coml)osition of 11 I for I I of solution \vas ils 
follows: n-&t -I.:! $1. >lpSO, HO mYv1. KC’1 “7 mJI. FcbSO, 
0.7 mM. (‘a(‘1 2 2.3 WM. KH2f’04 I.5 mM. SHJ’I !f rnM. 
Sa,(‘,H,O, (trisottium Gtratr) IO rn%I. I.-alaninr 67 Mel. 
I.-arginine 32 mM. I.-aspartie avict BO m>l. I.-cystinta 2 tnM. 
I.-glutaniic acid tit m.\l. pl,vc*inr HO m1I. I.-histidim* 
13 mM. I.-isolrucine 2. 3 m,\l. I.-lrucirir 45 niJI. I.-tysinr 
48 mM. I,-methionine I3 mM. r.-l)tlrn~tslanilIr IH ~n.\l. 
I.-proline 60 mM. I.-srrine 24 mJI. I.-thwminr 2.5 rnM. 
I.-tryptophan 2 mhl. I,-tyrosine I4 m.\l. drutrratrtl 
I.-vatincA 84 mM. guaninr W? miVl. cytosinr 0.2 in>I. rira$ 



Table 1 

helix A 
lw,p ;\-I( 
helix B 
hp IS-( ’ 
helix C 
Iwp (‘-I) 
helix D 
loop I)-I', 
helix E 
IlllIp 15-V 
helix F 
lq I’-(: 
helix G 

7 58 
7 
7 36 
7 !I 

76 
7 

14 36 
I4 

7 31 

49 31 
7 !I 

21 54 

0.2 rnh1. th~minr O.:! m.\l: thr J)H \vas acljustrtl to 7.5 with 
Sat )H, Th~~re \vas no tlitGrc*ncc~ in gro\vth rate (judging 
from thr inc*rrasr of .-I 640) Iwtwtwi 11 I and thr medium 
c~ontaininp JWJltOlle tlrscrihrtl by Stoec*krnius antI J<llll~~ll 

(I!MH) (Samatt~y. I!)!):!). The \‘.AI, saml)lr usrtl in the 
Imwnt tvork c~ontainrtl 300 ing of I’ll. 

Hybrid saml)les \vcre tlruteratrd either on the Iruc*inr 
and tryptophan residues of fragment (‘-2 (residues I to i I : 
SHllIJ'h' [,\\'I) Ol' Oil ttW hCill‘? ;Ild tr:\J'tOJ'h~lll WSitillW of 
fragment (‘-I (rrsidurs i:! to 2-W: saml)lrs I,\\‘:! and 
I,\\‘:~). salllJ~lrs l,\\‘L’ and I,\\‘3 \verc drutrratrd on the 
same l)ositions. Ijut the level of drutrration in saml~lr 
I,\\‘3 \vas Iowrretl. by dilution with unlahrled (‘-I hrforr 
renaturation. to l/S that in IA\\‘?. The JwvJmxtion. 

c.h;irac,trrizatioii and diffrac.tion l)atterns of these saml)lrs 
ha\rr hrrn drsc~rihrd hy I’ol)ot rl r/l. ( I!ttl!J) uncler the 
sample names # 654. #65.5 ant1 #660. resprc*tivrly. 

I)euteration in all labeled samI&+ \vas introduc~etl 
I~ios~nthrti~;~ll~. For Ieucinr. tryptophan and valinr. this 
results in thr hac*k exchange of the deutrron on the (” 
(Sobol r,/ ml., l9!12). The aromatic. druterons of tryl)tophan 
are also eschanged 1)ac.k to hydrogen during the puriiica- 
tion of fragments (‘-I and (‘-2 (I’oI)ot v/ ~1.. I!)89). As a 
result. deuteration in the tinal saml)lrs is ciihd by thr ('@ 

of the tryptol)hans. the (‘@. (I’. tU6’ and (Ia2 of the leucines 

and thr ('8. ("I. ilId ('7' of the valines. Thr distribution of 
deutrrated positions in the three sam~)lrs used in the 
Invstwt stutly is summarized in Tahlr I. 

The level of deutrration in saniJ~lr \‘;\I, u’as mrasured 
hy mass spectrometry in collaboration \rith 0. Sorokine 
and .A. van I)orssaelrr at the l&ole Supbrirurr de (‘himie 
(Stlasl)ourp-Fr~ili~e). as descrihrd by Schindlrr r/ (I/. 
(1!193). The mass of deiipidated hacterioopsin was 
tk:terniined with an accuracy of fH I)a for sample \‘,\I, 
and for a control. unlabeled sample. A deuteration level of 
70 *HO,, \vas c*al(.ulatetl from the mass difference. Ahsencr 
of spillover of lahrling into other classes of amino acids 
(Trewhrlla IJI (11.. 1983) \vas ~oIltrollecl b\ using 
[‘HI-saline. .\I~ analysis of the radioactivity ok the PO 
residues puritied froiii a c.ulturr of Halohactcrirr~~r xali- 
wrriunt grown on [‘H I-valine in medium i+I I showed that 
there was no ratlioactivity abovr background elsewherr 
than in thr valine fraction. 

The extent of deuteration in samples LM’I to :3 ~ultl 
not be determined precisely (see Popot rl al.. 1989). 
Ho\vever. we have shown previously that even large 

unvrrtaintirs in the level of deuteration assumed for the 
c*al(*ulation have nepligihle effects on the ranking of the 
n~otlrls (I’opot rl nl.. 1989). In the present work. calcula- 
tions on I,\\‘1 data assumed a deuteration level of 600,. in 
ortlrr to permit direct comparison of the xt values with 
the results of I’opot rl (I/. (l!)H9). For samples I,\\‘2 and 
I,\\‘:~. we assumed cleuteration levels of 500, and 300,. 
rrspe(tivrly. which gave slightly better 1: Values without 
changing the ranking of the models. 

((a) IkIln ~olIfv9ion and redtcclion 

Sample \‘XL. collected as a PM suspension in H,O, 
was dried on quartz slides and allowed to reach equili- 
hrium for more than 24 hours in 100°b relative humidit) 
in an air-tight sample holder at 2RY’. Neutron diffraction 
tlata were collected on the Dl6 cliffrartometer at the 
Institut Laue Langevin in Crenohle. The design of the 
tlif?‘rac~tomrter and the treatment of the diffraction 
patterns were similar to those described by Zaccai’ and co- 
\vorkrrs (Juhh ~1 nl.. 1984). The neutron beam wavelength 
i. srlec.ted hy a graphite monorhromator. was 454 d with 
a (lispersion Ai./iz I OO. The neutron beam was rollimated 
hy 3 sets of cadmium slits. Other esperimental conditions 
and data reduction were as described by Popot e1 a/. 
( 198!)). .\s compared with data collected previously on PM 
samples deutrrated on valine residues (Trewhella cl al.. 
1983). the v.41, data differ with respect to (1) a higher 
accuracy on the weakest reflections. (2) a procedure for 
separating overlapping reflections that is more consistent 
with other data sets used in this st,udy. Diffraction data 
on samples LWI, LM’:! and LW3 and on a control (recon- 
stitut,ed) sample (#267) are taken from Popot et al. 
(1989). The diffrart,ion intensities of all samples used in 
this st,utly are listed in Table 2. 

(d) .4 nalpis 

The analysis was done bv comparing the experimental 
neutron diffraction intensities to intensities calculated 
from different I3R models. as described preViously (Popot 
01 a/.. 1989). As compared with t,he earlier work, model 
building incorporated rerent crystallographic progress 
achieved by Henderson ~1 al. (1990) and examined the 
I)ossihle impact of further sources of unrertainty. 

Atomic models of BR were generated by (i) rotating 
helicps around their axes; (ii) moving deuterated residues 
in the extramembrane loops about their probable posi- 
tions and changing the weight of their ront,ribution to the 
neutron dilYraction pattern; (iii) allowing deut.erated side- 
chains to adopt various ronformations. 

(i)(a) Hdi.r rolalionx 

The starting structure was the EM model of Henderson 
ef al. (1990) (the erroneous Ilel 1 I in the coordinates was 
replaced with a leucine). Helix axes were determined 
using the program PCURVF: (Sklenar et a/.,1989). For each 
helix. I8 sets of coordinates were generated. each corre- 
sponding t.o a rotation of N x 40” about the helix axis, 
with 1V an integer varying from 0 to 17. Rotation angles 
are measured clockwise looking from the helix N 
terminus, the initial position (N =0) being the position 
defined by the EM model. Any rotation of one of the 
seven helices generates a new rotational model to be 
tested. Following equation (1) (see below), only the co- 
ordinates of the labeled residues had to he calculated for 
each model. 
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~~sJIt~rilll~‘llt i l l iilttwsit iw Iwing a xz trst (NY 

~Jatt~rials illltl 1lt.t hOtIS). ~IOtlt’lS t ha1 tit the tlat a 

I)(4 lt7 yit~ltl ltnvt~~- xt values. Motlt~ls differed by the 
rotational o1~irntntit~n assignrtl 10 each helix. 1)~ thts 
JJosition assigned 10 eat+ IooJ, residue and I)y the 
t~tn~ftnmat ion wssignt~tl 10 ~at*li tlt~uteratc~tl sitIt&- 
thain. Thtb t*c)n~t)iIli\tit)Il 01 t http assignmt~nt s ,gt’nt’~‘- 
;1tt*s t’110rn10IIs lllllllllc~lx 01' lnotlcls ( > IO' ' fin. 

SalllJ’lc I,\\‘1 . > IP for salnplc~s I,\\‘:! antI I,\\‘3 a11tl 

> lO’8 for saniJ)le \-XI,). \vhic*li t.annot IW analyzetl 
t~shaustivt4\.. A stt,lI-wise stwt~ilin~ Jn~~t~lure was 
thtYY~fore atltq’ttd It 1vas tirst trstetl 011 tlw tlata 

f’rolll SillllJllt’ I,\\‘1 (IiltWlt’tl in helit*rs X tllltl I<). 

Thesc~ data hat1 IWW anal\-zrtl J)reviously 1)y I’oJ)ot 
rt It/. (l!W). using i l simJ&r J)rotWlurc~ that did not 
take into at~t~orint the Jmssiblr etTwt of’ nioviil~ loons 
liil)t4s or assi~ilin~ tlif%rent sitIt>-chain t~nfornia- 
t ions. \\‘r then analyzt~tl t ht. rot at ional orien1 at ions 
of hrlit*es (’ to (: using thr data from s;iniJ~les I,\\‘?. 
I,\\‘3 illl(l \‘Al,. 

In samJ)lr I,\\‘l. Iaheling was rest rit*tcbtl 10 hrlit*es 
X and 13 (t*omJ~rising a total of ten Ieritine ant1 Iwo 
tryJ)loJ)han residues) and a single IooJ) residue 
(I,t~ufifi). The n~t~tlt~l I)uilding met hod generates mort 
than lo11 niotlt4s (1 X2 rotational niotlels x 25 J)osi- 
tions for I,t~utX X 6” t~01iil~inati01is of t~onfornia- 
t ions). The best t~t~Iiillin;ltit~ns of rotational 
orientations for helit*en ‘4 and I% \\‘ere first detc*r- 
mint~tl (out of IX’= 321 nit&ls). without taking into 
ilt~t~t~llllt sitlr-thin t~onft~rnlat ions or t hr twit ribrl- 

tion of’ Lru66. The etGt4 of tlisJ)lat4ng I,euMi and of 
varying the side-thain t~t~nfor1na~ions of the trans- 
Ill~nll~rilll~ Ieutine residues \vas then invest igafed. 

The first strJI (rotations in 20” steJIs without 

int*llIsion of t ht. IOOJ) 1~esidut~) was similar to thth 
Jn~t~vious analvsis of the same tlata by I’oJ)ot et nl. 
(l!Ei9). and yit~ldrtl t~tnnJ~a1~al~le x,’ values. The best 
of the 321 models had helis A in its 1551 Jmsition and 
helix 13 within +20” from it (not shown). In a 
st’twnd SteJ). \ve t’xilmined the intJuent~e of the loon) 
resitluta on the ranking of the rotat ional models. 
Int4utling I,eu66 in thta analysis int*reased x: values. 
suggesting that giving it the same weight as that of 
t,he other Ieurines ma) be an overestimate. 
Twenty-five variants of each rotational model were 
built by displat4ng Leu66 in 2 X steJ,s on a square 
4 A X 4 A grid centered on its EM Jlosition. yielding 
a total of 8100 models. The hierarchy of the best 
models remained the same as when Leu66 was not 
taken into account (not shown). Rest xz values were 
obtained when I,~66 was moved at the border of 
our field of exploration, 5.6 A away from it,s EM 
J>OsitiOll in the direction of helix C’. The position of 
Leu66 suggested by this analysis is far from cert.ain. 
however. given that (1) displacing Leu66 has less 
influence on 1: values than optimizing side-chain 
tsonformations (see below): (2) it is not, known 
whether Leu66 is as well ordered as helix leucines 
and c*ontributes as much to the diffraction pattern; 
(3) we did not attempt to explore whether a better 

+1ao 

0 

0 +1ao 

helix B rotattonal displacement (degrees1 

Figure 1. Rotat.ional position of h&es A and B. 
(‘ontour plot showing the variation of xt as a function of 
the rotational position of helices A and B. Sample LWI. 
Leucinrs were given their most frequent conformation. 
Thr single rstramemhrane Ieucine. Leu66. in the loop 
connecting helices B and C’. was set in its oJ)timal Jlosition 
(see the text). All reflecstions were taken into arcbount in 
the calculation. (‘ross-hatched region. xf > 7.5: hat.checJ 
rryion. R.0 < xz < 7%: dotted region. 1.5 < xz < 50; white 
regions. wiltour wi-vcs spacecl 0.1 apart from xz= 14 to 
x;= 1.1. 

tit to the data could be obtained hy moving Leu66 
still further from its initial position. When Leu66 
was set in its optimal position. the best four of the 
32-1 rotational models had helices A and B at or 
within 20” from their EM position (Figure 1). 

In a last steJ). the effect of side-chain ronforma- 
tion on the ranking of the best rotat.ional models 
was examined. Because of limitations on comput,ing 
time. the analysis had to be restricted bo a selection 
of rotational models. In a first trial. helix rotations 
were limited to &20”. I,eu66 was moved over its %5 
J)ositions. and helis leurines were allowed to a.dopt 
either of the two most frequent conformations (which, 
taken together. represent 7196 of leucine residues in 
well-resolved structures: see TuffGry et a.1.. 1991). 
OJ>tirnizing side-chain conformations of course 
resulted in better values of xt. but the hierarchy of 
rotational models and the optimal position for 
Leu66 were not affected (not shown). In a second 
trial. helix rotations were limited to f80”. Leu66 
was left in its optimal position and helix leucines 
were allowed to take any of their three most, prob- 
able side-chain conformations (9 x 3lO~5.3 x 10’ 
models). DitTerenres between models diminished 
(because the prediction from an incorrect model can 
be ptxrtially improved by moving the side-chains in 
a compensatory manner), but the hierarchy given 
by the rotational analysis alone was maintained. 
The best, model still had helices A and 13 in their 
initial positions (Table 3). 
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Table 3 
Values of x,’ for 25 combina.tions of rotationa. PoSitions of )&ices =I and H 

Helix A -40” - “0” 0” + “0’ + 40” 
Helix I3 

Data from sample LWI. Lcucine side chains were left free to adopt any of their 3 most frequent 
conformations. Leu66 was left in its optimal position. All reflections were taken into ucwunt in thr 
calculation of xt. Calculations were actually performed over &80” for both helices. in order to check 
that the true minimum had not been missed. Only the central part of the resulting table is shown here. 

These observations indicate that analyzing helix 
orientation while keeping arbitrary settings for loop 
labels and conformers does not. induce strong bias in 
the hierarchy of rotational models. The quality of 
the fit to the data, however, is sensit,ive t,o the 
position of loop residues and to the choice of 
conformers. 

(c) Helices C. D. E. F and I: 

In the analysis of the last five helices, the same 
strategy as the one tested on helices A and B was 
followed. with so1ne simplifications made necessary 
by the greater combinatorial complexity. Samples 
LW2, LW3 and VAL were used in parallel. In 

samples LW2 and LW3, helices A and H contained 
no label and did not need to be taken into account 
when calculat,ing predicted diffraction patterns. In 
sample VAL, valine residues in helix A. helis 13 and 
in the loops connecting A to B and 13 t,o c’ were 
deuterated to the same extent as those in the rest of 
the structure. They were taken into account in the 
same way as the other valine residues, but the 
rotational position of helices A and H was set to 0” 
in all calculations. All helices contain at least three 
leucines and there is a single leucine (Leu201) in the 
loops, while helix C has no valine, helis E has a 
single one, and six out of the 21 valines are located 
in the loops (Table 1). 

In the first step of the analysis, approximate 
orientations were determined for each of the five 
helices C to G individually. The labeled residues 
located in the loops were left in their EM positions 
and leucine and valine residues were placed in their 
most probable conformations. Each helix in t,urn 
was set successively in each of its 18 possible 
angular positions. The other four helices were left 
free to rotate in 20” steps over k60” around their 
EM position, yielding 74 = 2401 rotational models 
for each orientation of the helix under study. The 
lowest xt obtained for each orientation is indicated 
in Figures 2 and 3. Similar results were obtained 

when t.he rotation range was extended to +80” (not 
shown). 

For all helices except. helis C. all models giving 
good fit,s to the LW2, LW3 and YAL data sets 
corresponded to positions in the vicinity of the EM 
position. In one case (helix I>), an a1nbiguity left 1~~ 
the analysis of the LW sa1nples could he removed 
by considerat’ion of VAL data. For helis E, the most 
poorly labeled. data were more ambiguous and a 
wide range of positions was considered for furthe 
analysis. For helix (1. best fit,s to the LW:! and LM’3 
data sets were obtained for t,wo positions around 
- 160” and -20” (Figure 2). This ambiguity may 
arise because of the roughly symmetric distribution 
of deuterons around the a& of the helix (see Figure 
1 in Popot et al.. 1989). It cannot be resolved using 

Figure 2. L)rtermination of a restrict4 rangr of rota- 
tional positions for helix (‘. I)ata from samples I,\\‘:! awl 
LM’3. For each of the IX Iwsitions of helis (‘. the ,yz value 
indicated is the best that WII be oht.ainrtl \rhilr leaving 
heliws I). E:. F and (: free to rotate by up to k 60” from 
their EM position. Leucine sitle-chains \vcre lrft in thril 

most frequent ~onforlnatiori. Lru2Ol was either left in its 
EM position ( - * - . - + -). or not incluclrtl in the calcu- 
lations (--*--. -- + --). Left scale : data from T,\V? (--*--. 
- *-): right scale: tlata from LM’3 (--+--. - +-). 

Vertical lines delimit the rrstrictrtl rotational tlomoin 
selected for subsequent calculations. 

Figure 3. Determination of rest,ricted ranges of rot,ational positions for heliws L, to (:. Data from samples I,\\‘P. L\VJ 
and VAL. (a), helix 1): (b). helix E: (c). helix F: (cl). helix G. For each of the 18 positions of the helix untlrr study. the x: 
value indicated is t.he best that can be obtained while leaving the other four helires fire to rotate bg ~1’ to +GO” from 
their EM positions. Leucine and valine side-chains were lrft in their most frequent couformation. In the analysis of 
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07L--, r&a 
-180 

h&x E rotatiOnal dlsplacanent (deg ) 

(b) 

(d) 

samples I,\\‘? and I,\\‘3 (top part of each panel). Leu2Ol was either left in its EM position (- *-. - + -) or not included 
in the calculations (--*--, --+ --). Left scale: data from LWZ (--*--, - *-); right scale: data from LW3 (--+--, - + -). In 
the analysis of sample VAL (bottom). helires A and 13 were left in their EM position: loop valines were either left in their 
EM position ( - *- ). or not included in the calculations (--*--). Throughout the figure, vertical lines delimit the restricted 
rotational domains selected for subsequent calculations. 



the VAI, data. since helix C’ contains no saline. 
However. a posit,ion around - l(i0” is incompatible 
with the lateral amphipathy of the helix (as well as 
with functional dat.a) and was considered no 

further. 
The analysis summarized in Figures 2 and 3 

defines for each helix a domain outside which an 

optimal fit to the data is unlikely to be found 
(delimited by vertical lines in Figures 2 and 3). In a 

second step of the analysis. helices (’ to G were left 
free to take any combinat’ion of rotational positions 
within these angular limits, generating 10,500 
distinct rot,ational models. Anlong those. only 33 

were found to fit. each of the three sets of esperi- 
mental da.ta as well as or better than the EJI model. 
Of these models, 23 were redundant. in the sense 
that they could be converted to another of the 33 
models by rotating a single helix by 20”, thereb) 
improving the quality of the fit to the data. The 
remaining ten best models are listed in Table 1 in 
the approximate order of decreasing overall tit. In 

all of them, all five helices under consideration 
occupy positions at most at 40” and generalI> 
within 20” from their EM position. 

In a finer analysis. 7200 niodels in t hca angular 

domains desc~ribeci above were examined once again 

using the \‘A], and I,\\‘? data. this time taking into 
account the effects of moving around the deuterated 
Ieueines ancl valines loc~ateti in the IOO~JS and 

changing the conformation of deuterated \-alinr 
side-chains among their three most probable 
conformers. As had been the case \vit h helives A and 

13. there was no difference in the final ranking of 
rotatic;nal models even though better values of xz 

were obtained for certain loop and sitlr-chain (‘ofi- 
figurations (not shown). 

For all helixes, the most frequently observed posi- 

lion is identicbal to that in thr l5,\1 model. or at Inost 

20” awaY from it. For heliws (‘. 15. F and (:. rc,t;I- 

tional lAitions art’ accwrately dcttwninwl I,\- t Iit, 

HI data. The 20” variations about tht, EJI ~notlrl 

lwsit ions found for t htw four hrliws rrlwcwnt t hc 

limits of i\wIIraq of the ncut roIi tliffrac4ioII 

a~~~woach. For the tl~trI~IniIi~~tioIi of 1 hi iwsition of’ 

helix I). niodrls t herrforc were flirt her cwnst rwinrcl 

IJy leaving h4iws (‘. E. F and (: in their E;\I 
lwsition. whilr helix I) was Inoved through X0 

(Figure 4). fAoolJ rrsitlues eit hrr were left in t Iwir 

1511 lwsition or were not includrd in t ht. c*nlcwl:t- 

tions. Deuttwtr4 side-chains wew set in t hrir Inost 

frequent c,oIiformatioIi. I+st tits to the data ww 

0lJtainrd \vith I) at 0” to +20” (saIIi~Ars I.\\‘2 and 

I,\\‘3) or +W” to +U)” (saml)lr \‘.-!I,). \\‘hilr a 

IJosition at +20” ux~uld rrlJrwtwt t hc ht 

c~omlwoniisr I~etwrrII the thrw sets of writ roII 

diffraction data. the 0” one is most corn~mtil~lr with 

the results of helix lJackiIIg calculations (Tufft%y PI 
fll.. 1904). 

4. Discussion 

The strategy followed in the ~Jrrsrnt work is 

similar to that which lJrwiously led to tletc~I~IIIiI~iI~g 

thr IJositioIi and rotational orientation of hrliws A 

and I3 (T’o~,Ot rf fll.. 19X9). SigIlitic*ilIlt 1Ilt.t hotlolo- 

gical inilwwenients are (1) starting from a nior(~ 

accurate modrl (Henderson r/ nl.. IWO): (2) using 
data from sa111plrs with tliffwwt IiltWlS: (3) 

inc*lrIding in the analysis the writ ri hIIt ion of lalwlt~tl 

resitliws in the lool~s and (4) inc*lutling the etGc*t of 

varying side-chairi c~onformations. No\-ing lOOlJ 

rrsitlues and oi,tiInieiIig side-(-hairI cY~IlfoI~Intw 

incwases t hr number of l~aranieters in t hr tit. which 

Table 4 
The IO tmt rotntimnl models for helicrs (’ to (: 

Helix (’ Helix I) Helix E Hrlis I*’ Helix (: z: (VAI,) z: (I,\Vz!) 1; (1.\\3) 

- “0” 
- “0” 
- “0” 
-40” 

- ,::c 0 

-4w 
+ 20” 

0” 
- “0” 

+ “0” 
+ “0” 
+ 40” 
+ “0’ 
+ 20” 
+ 20” 
+ 20” 
+ 20” 
+ 40” 
+ W” 

+ 20’ 
0‘ 

- 20 
- 20” 
+ “0” 

0’ 
- +o” 
+ +o” 

0” 
- 20 

RH11#? 

0” 
0.’ 
0 
0” 
0’ 

+20” 
o- 
0” 
0” 
0’ 

0 
0 

+“o 
0 
0 
0’ 
0” 

+ “0 
+ “0” 
+20 

O.!JI 
oxx 
I WI 

WI5 
(l4JI 
I al 
I4)X 
I 4JL’ 
I .lJ I 
I4I5 

0.i-l 
IM! 
0.5-i 
lb.',(i 
II+!1 
Wli I 
053 
(Pi:! 
0.70 
0.71 

-NJ” to +w +“o” to +uo- -40” to +.w 0; 11, +20” 0” to + 20 

Most frequent position 

- ‘)O” + 20” - 20”/0” 0’ 0 

Ehl model (every helix at 0”): I 4J!) :+4-l (Pi-l 



. 
. 

Figure 4. IMermination of the rotational position of 
helix I) assuming all other hrlicrs to be in their Ehl 
l)osition. Same as Figure 3(a), escrpt t,hat all helixes but 
hrlis I) ~vew set at 0”. 

necessarily leads to lower xt values. Because the 
ranking of models is not affected. it shows that t.he 
rotat ional search is not biasecl by inappropriate 
assumptions concerning these parameters. Since 
111a11~ models with different combinations of side- 
chain conformations are preclicted to have indis- 
tinguishahle diffracstion patterns. the dat,a cannot be 
used to specify the conformation of any particular 
side-chain. For the same reason, it is not possible to 
determine the exact location of the loop residues 
(escept. possibly, for LeuM: see R.esults). 

Our primary objec+ive in undertaking this stud) 
was to establish the orientation of helix 1). which is 
poorly tlrtintd in the electron density map. 13ecauw 

our labeling is not restricted to helix I). however, its 
position cannot be determined unless that of thr 
other labeled residues is known. In practice. we 
have re-determined the orientation of all seven 
helicbs. lie-examination of helixes A and 1% c~~ultl be 
tlotlr independent Iy from that of the other helixes. 
ber*ause we had a specifically labeled sample. This 
analysis gave us an opportunity to check our 
methodology and to examine, 011 this simpler 
s\stem. the effect of making simplifying assump- 
tions about the position of loop residues and the 
conformation of side-chains. 

The analysis of helixes C’ to C: had to be done 
simultaneously. which increased combinatorial 
problems. Tt offered. however. the opportunity to 

estimate from a comparison of our positions for 
helixes C’. E. F and G with those given by 
Henderson and c*olleagues. the accuracy of our 
conclusions regarding the position of I). The main 
c*onc4usion of the rotational search is that a good f-it 
to the data is obtained when helixes C’ to C: are left 
in the position they adopt in the EM model. For 
most helices. there is a range of accessible positions. 
the most frequent of which lies either at or within 
20” of the EM position, that gives at least as good a 
tit to the neutron diffraction data as the Kvf model 
does. This suggests that the limit of accuracy of our 
approach is probably about 20”. R80t,ating an a-helix 
by 20” corresponds to a linear displacement of about 
1.5 .A of the C’? carbons of a valine or leurine side- 
chain. This ac*curac*y is consistent with that 
espected from data collec4ed at i A resolution (see 
below). 

L\‘e c~onc4ude therefore that the orient.ation of 
helix I) in the EM model, even though it was 
considered hy Henderson af nl. (1990) to be “the 
least certain part of (their) interpretation”. is likeI\ 
to be within 20” of the correct position. This conclu- 
sion is consistent with the result of a model building 
analysis of the packing of a-helices in KR, recentI> 
carried out (Tuff6ry ef nl., 1994). The longitudinal 
position of helix D along its axis, on the other hand. 
needs to be slightly revised (R. Henderson. personal 
communication: Tuffkry et al.. 1994). Helis D is 
almost exactly perpendicular to the membrane 
plane. Sinre we are using projection data, which do 
not contain any information on the longitudinal 
position of D. our model building analysis is not 
dependent on such displacements. 

During the 15 years that separate the publication 
of the 7 .A resolution EM st,ructure of BR from t’hat 
of the current model. a number of neutron diffrac- 
tion experiments have been performed on purple 
memhranes. A similar situation may arise again. 
namely. electron or S-ray crystallography yielding 
a rneciillrn-resolution structure of a membrane pro- 
tein. the interpretation of which could be aided by 
neutron diffraction data. Two reasons for this belief 
are the well-known difliculty of obtaining very well- 
ordered 21) or 31) crystals of membrane proteins 
(see Michel, 1991: Reiss-Husson. 1992) and the tech- 
nical problems associated with collecting high- 
resolution EM images (Henderson et al.. 1986). It is 
therefore of interest t,o examine what the contribu- 
tion of neutron diffraction to the study of HR has 
been and whether it could also help in the study of 
other integral membrane proteins. 

All based on deuterium labeling, neutron diffrac- 
tion esperiment.s on BR, fall into two broad cate- 
gories: (1) studies of function, where ‘H20/‘H20 
exchange is used to esamine the hydration of the 
membrane under different conditions (see e.g. 
Zacca’i. 1987): (2) studies of particular structural 
features using specific deuterium labeling. Neutron 
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diffraction results continue to be irreplaceable for 
the first category of experiments. As an example of 
the second category of study. deuterated retinal has 
been located in projection b.y.Jubb et al. (1981). This 
result was confirmed by Selff el al. (1986) and Heyn 
et al. (1988). who took the study further by deuter- 
ating t,he two ends of the molecule separately, to 
show the way it was oriented. Experiments 
involving deuteration of specific amino acids. wit,h 
or without reconst,itution of BR from fragments. 
were aimed at identifying and orienting the helixes 
in the 7 a resolution structure (Engelman & Zaccai’. 
1980; Popot et al.. 1989). The present work probably 
explores the limits of this method. It is reasonable 
to believe that. in the absence of the high-resolution 
EM structure. our approach probably would have 
solved the arrangement of all of the seven helives. 
However, given the large number of free parameters 
(placing 5 helices over 5 positions without strong 
constraints on t.heir orientations). and the relativeI> 
limited number of observables (18 useful reflections 
for each sample). removing ambiguities might have 
required the preparation of at least one other speci- 
fically labeled sample. 

In all the analyses, use had to be made of a low- 
resolution EIM structure, either for phasing the 
neutron diffraction reflections and/or as a starting 
point for building models. Except, in t.he present 
paper, where t,he most recent EM model was used. 
the 7 A resolution EM structure and the sequence 
were the only “outside” structural information 
required to interpret the neutron diffraction clata. 
Conversely, knowledge of the location and orien- 
tation of the retinal molecule in projection, as well 
as that of the location and orientation of helixes A 
and B, helped in the interpretation of the 31) EM 
map calculated at significantly higher resolution, 
and are in agreement with the final model 
(Henderson et nl., 1990). Perhaps t.he most impor- 
tant point to be emphasised is that, t,hanks to the 
combination of specific deuteration and neutron 
diffraction, low-resolution data can be interpreted 
to yield “higher resolution” information. This 
simply reflects the fact that, if contrast is high 
enough, the position of a label can be determined 
with high accuracy as the center of a peak of density 
(Plijhn & Biildt, 1986). X-ray or EM data at 
7 A-resolution cannot be interpreted in atomic 
detail, even on the basis of a model, because of the 
low contrast between the different components of a 
structure. This is overcome in neutron diffraction by 
deuterium labeling. The present study, as well as 
those focused on the location of the retinal, confirm 
that structural features can be determined to an 
accuracy of I to 2 A using powder diffraction 
patterns collected out to 6.9 8, with strong reflec- 
tions extending only to 8.9 A. 

In cases where there is a good low-resolution 
structure, therefore, low-resolution neutron data 
combined with deuterium labeling is a verv useful 
technique. This is particularly true for “integral 
membrane proteins, whose transmembrane regions 
are often made up of bundles of a-helices (see Popot 

& Engelman. 1990: Popot. 1993: Popot rt nl.. 1993). 
Good approximations of the structure can be gener- 
ated by combining a-helices. considered as solid 
blocks easily built using ideal a-helix parameters. 
Working with projection data limits the conse- 
quences of the usual uncertainty about the exact 
position of helix ends. sincbe most helixes are more 01 
less normal to the membrane plane. Requirements 
for applying this approach to other systems than 
BR are. however. rather demanding. It is not 
possible to work on rare, selected 21) crystals as can 
be done with EM. Even though it is unnecessary for 
the whole preparat.ion to be crystalline. crystals 
must comprise a large enough fraction of the 
samples (presumably tens of Ok,) for reflection 
intensities to be measured accurately. Specific* 
deuterium labeling can be achieved either biosyn- 
thetically, or by biochemical reconstitution. or. as 
was done by Popot ef al. (1989) and in the present 
work. by combining both. Extensive deuteration is 
more easily obtained in prokaryotic organisms. 
which can grow in 100°o ‘H,O. but this is not an 
absolute requirement: in the present work. accburate 
information was obtained from sample 1,\\‘3. in 
which the level of deuteration had been lowered I)) 
dilution to z 25?zo. Finally. and most demanding. 
the necessary amounts of crystalline deut.erated 
material are considerable (of the order of t,ens of mg) 
if t,he time required for data collection is not to 
exceed days. This limit could be lowered by using 
brighter sources. The sample. of course. has to be 
stable for such durations. 

In conclusion. independent examination I)\ 
neutron diffraction of the rotational orientation (;f 
the seven transmembrane a-heliws in BR. has 

yielded positions that are consistent with those in 
the current EM model, with an accuracy estimated 
at about 20”. In a parallel study, TuffGry rf nl. 
(1994) have developed a model building approach 
designed to explore possible rotational arrange- 
ments within bundles of transmembrane a-heliws 

wit.h known axis positions. The results of the two 
studies are in very good agreement. 
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