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Recently, neutron diffraction experiments have revealed well-resolved and reversible changes in the protein conforma- 
tion of bacteriorhodopsin (BR) between the light-adapted wound state and the M-intermediate of the proton pumping 
photocycle (Dencher, Dresselhaus, Zaccai and Buldt (1989) Proc. Natl. Acad. Sci. USA 86, 7876-7879). These changes 
are triggered by the light-induced isomerization of the chromophore retinal from the all-tram to the 13-c/s configura- 
tion. Dark-adapted purple membranes contain a mixture of two pigment species with either the all-trans- or 
13-c/s-retinal isomer as chromophnre. Employing a time-resolved neutron diffraction technique, no changes in protein 
conformation in the resolution regime of up to 7 ~, are observed during the transition between the two ground-state 
species 13-c/s-BR and all-trans-BR. This is in line with the fact that the conversion of all.trans BR to 13-c/s-BR involves 
an additional isomerization about the C15---N Schiff's base bond, which in contrast to M formation minimizes retinal 
displacement and keeps the Schifrs base in the original protein environment. Furthermore, there is no indication for 
large-scale redistribution of water molecules in the purple membrane during light-dark adaptation. 

Introduction 

Dark-equthbrated purple membranes (PM) contain a 
large proportion of 13-c ts -bactenorhodopsm (BR548) , 
i e, a bactenorhodopsm (BR) species with the 13-CLS 
isomer of retinal as chromophore covalently hnked to 
the protein moiety via a protonated Schiff's base [1] 
Depending on the experimental conchtions, values of 
about 50% [1-6], 55% [7,8], 60% [9], or 66% [10] 13-cls 

BR54 s m dark-adapted PM have been reported 13-cts 
BR54 a undergoes a photocycle lacking an M-hke inter- 
mediate [2] and exhibits mternal charge motions [8,11], 
however, no vectorial proton translocation has been 
observed [5,6,12] 

The chromophore 13-cts-retmal does not only exist In 
the ground-state species 13-czs BR548, but is also the 
chromophore configuration in most of the photocycle 
intermediates originating from the ground-state species 
all-trans BR56 s [7,13,14] Dunng iUummatlon with mod- 
erate hght intensities (hght adaptation) all ground-state 
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13-cts BR548 molecules are converted mto all-trans 

BR568 [1,2,15], the ground-state species of the proton 
translocatmg photocycle Recently, by apphcatlon of 
neutron diffraction, we have locahzed reversible struc- 
tural changes of the protein m the vaclmty of the 
chromophore occurnng dunng the transition from all- 
trans BR568 to the M-intermediate [16,17] This transi- 
tion, which is accompamed by vectorial proton release, 
is triggered by the photochemical lsomenzatlon of all- 
trans-retlnal to the 13-cts configuration Therefore, it is 
interesting to know if the photochermcal 13-CLS (BR548) 
to all-trans (BR568) as well as the thermal all-trans 

(BR568) to 13-cls (BR548) isomenzatxon of retinal in- 
volved in hght-dark adaptation also leads to structural 
changes in the protein moiety 

In the present study, however, no conformational 
chfference in the projected structure of the protein be- 
tween hght- and dark-adapted BR could be detected by 
neutron diffraction Furthermore, in contradiction to a 
previous suggestion [18], there is no redistribution of 
water molecules m BR durmg light-dark adaptation 

Materials and Methods 

Purple membranes were isolated from Halobacterlum 
halobmrn (stram ET 1001) according to standard proce- 
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dures Neutron diffraction experiments require approx 
70 mg BR for m-plane data acqmsmon in a reasonable 
time Purple membranes were oriented on 14 tinn quartz 
shdes (65 x 15 × 0 3 mm) with their planes parallel to 
the support surface by slowly drying aqueous suspen- 
sions at room temperature and 86% relative humidity in 
D20 Before the neutron diffraction measurements, these 
PM samples were reequlhbrated to 100% relative 
humidity (see below) Each PM film had an optical 
density of less than 3 at 568 nm Control experiments 
have shown that films prepared at a relative humidity 
below 76% could not be reeqmhbrated to 100%, even 
after several days and therefore did not undergo com- 
plete hght-dark adaptation A second set of 17 shdes 
covered with PM were prepared m the same way, re- 
equilibrated at 100% relative humidity in D20, and 
thereafter glued together with a cover shde of the same 
dimensions These sealed samples do prevent any 
evaporatton of water Tins fact was spectroscopically 
verified Sealed PM film samples, and as control also 
unsealed samples, were dlumlnated with an intensity 
40-times higher than apphed for the actual diffraction 
experiment Thereafter, the visible absorbance spectrum 
as well as the spectral changes during light-dark adapta- 
tion were momtored The width of the absorbance band 
(e g ,  the FWHM) is a rehable indicator for both the 
degree of hydration of BR and the abihty of light-dark 
adaptation (Dencher, unpubhshed result) Upon il- 
lumination, only the sealed PM films revealed the spec- 
troscopic properties and the hght-dark adaptation fea- 
tures characteristic for PM in aqueous suspensions, 
excluding any evaporation of water due to temperature 
changes Preparation of samples, reequihbraUon at either 
100% D20 or H20  relative humidity, hght- or dark- 
adaptation, and mounting of the non-sealed PM films 
mto the sample contamer were performed in a specially 
designed glove box that avoids D 2 0 / H 2 0  exchange 
with the environment 

The kinetics of hght-dark adaptation for the various 
PM film samples were measured at 585 nm, the maxi- 
mum in the difference spectrum for dark- and hght- 
adapted BR, m a temperature- and humachty-controlled 
compartment of a UV-wslble recording spectrophotom- 
eter (Shlmadzu UV 240) Care was taken that the inten- 
sity of the measuring beam was sufficiently weak so that 
even at 5°C the dark adaptation reaction was not in- 
fluenced Both, at 5 0 and 20 0°C, the rate constants 
determined for PM film samples were very similar to 
those of PM m aqueous suspensions, as long as about 
100% relative humidity was sustamed (compare also 
Ref 19) At 5 0°C (measured at the surface of the PM 
film) and 100% D20 relative humidity, the dark adapta- 
tion reaction followed first-order kinetics with a hfetime 
of 26 6 h 

The neutron diffraction expenments were camed  out 
at 5°C, just above the freezang point of D20, for two 

reasons At this temperature the hght-adapted state 
decays with a hfetime of 26 6 h Therefore, the relaxa- 
tion of the hght- to the dark-adapted state could be 
measured during several neutron runs each consisting of 
an in-plane run of 4 h followed by a short lamellar scan 
of 0 5 h The second advantage using tins temperature 
was that complete hght-adaptatlon was obtained by a 
very weak illumination over 4 h (18 watt Osram 
L18W/25 lamp with Schott heat filter KG1, intensity 
on the sample surface 500 /xW/cm2; simultaneous il- 
lumination of both sides of the PM films) Thus, any 
heating of the films, that results in artificial local dehy- 
draUon with associated structural changes of BR [17], 
was avoided Tins is important because it has been 
demonstrated that at a relative humidity of less than 
95% only partial conversion to the hght-adapted state 
can be achieved [19] All the diffraction experiments 
w.ere performed with a sample contmner well isolated m 
order to mlmmlze temperature gradients in the sample 
compartment winch would lead to a dehydration of PM 
films Illumination and subsequent mounting of the 
stack of 14 sample slides were carried out in a glove box 
at 100% D20 or H 2 0  atmosphere in a cold room at 5°C 
near to the diffractometer The transport of the sample 
container to the thermostat on the dlffractometer was 
fimshed within 1 mm After a quick ahgnment of the 
sample contmner, the data collection runs started im- 
mediately Further details concerning the neutron dif- 
fraction technique are described elsewhere [17,20,21] 

R e s u l t s  

All except one [17] of the neutron diffraction expen- 
ments prexnously described have been performed m the 
dark-adapted or m an undefined state of BR Fig 1 
presents the projected structure of PM m the light- 
adapted state m H 2 0  at 5°C No noticeable differences 
compared to maps of the dark-adapted state are visible 
(data not shown) As outhned in Materials and Meth- 
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Fig 1 Projected structure of purple membrane m the hght-adapted 
state at 5°C (H20, 100% relative hutmchty, urat cell dLraension 62 5 

A) 
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ods, the kanetlcs of the hght-to-dark relaxauon was 
followed by a series of runs each conslstmg of a 4 h 
long m-plane 0 -20  scan and a short lamellar scan of 
0 5 h In order to obtain a countmg stanstlc m back- 
ground points of better than 0 5%, the hght to dark 
relaxaUon runs were repeated several times and the data 
of the same measunng periods were averaged Fig 2a 
shows in the lower graph a chffractmn pattern for the 
first 4 h of tins relaxation (starting 0 5 h after the end of 
dlununat~on) The upper graph represents the difference 
pattern between these averaged m-plane runs (0 5 -4  5 h 
after termmatlon of lllununatlon) and a series of 4 h 

runs 40 h later, 1 e ,  after the dark-adapted state was 
approached The only changes above the nome level 
occur m the two low-order reflectmns (1,1) and (2,0) 
Tins would mdmate that during hght-dark relaxation 
small changes between protein and hpld domains took 
place in the m-plane structure of PM However, an 
analysm of the differences, showing an mcrease m inten- 
sity of these reflecuons m the hght-adapted state, indi- 
cates a small dehydrauon m the lipid domains of the 
purple membranes Tins was deduced from the observed 
intensity changes in these reflections upon a systematic 
v a r i a t i o n  in  the  h y d r a t m n  o f  P M  f i l m s  [33] T h e s e  
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Fig 2 (a) Difference thffractaon pattern (upper graph) of purple membrane ftlms m I)20 between the hght-adapted state (tune window from 0 5 to 
4 5 h after the end of dlummataon) and after relaxation to the dark-adapted state 40 h later (tame vandow from 38 to 42 h after ternunaUon of 
dlurmnatlon) In the lower graph neutron counts of the hght-adapted state (first tune window) are plotted against dlffracuon angle 20 and mdexed 
accordmg to an hexagonal lattxce (b) Difference pattern obtained for a dark-adapted sample (same PM fdms m I)20 as used m Fig 2a) threctly 
after transfer into the sample compartment (Ume window from 0 5 to 4 5 h) and 17 5 h later (from 15 5 to 19 5 h) The lower graph depmts the 
neutron counts as a functton of the detector angle 20 momtored dunng the lmtlal time period (0 5 -4  5 h) after loadmg the sample compartment 
The total measuring tune was shorter than m (a) resulting m a smaller number of neutron counts (c) l)ffference pattern between the hght- 
(dlununated) and dark-adapted (not dlummated) specimen (difference of the lower traces m (a) and (b) after scaling) Both data colleeUon runs 
(average of several 4 h measunng periods) were started 0 5 h after loading the sample container vath the same sample enher m the hgbt-adapted or 
dark-adapted state The lower graph shows the reflectmns for the hght-adapted sample m 1)20 (same as lower trace of F~g 2a) (d) Difference 
dfffractmn pattern from a stack of sealed PM films (D20) m the hght-adapted state (ttme window from 0 5 to 4 5 tl) and 11 8 h later (tmae window 
from 9 8 to 13 8 h after the termmatmn of lllummataon) m the relaxataon towards the dark-adapted state The dfffracuon pattern of the second tune 

vandow is shown m the lower graph 
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Fig 3 Lamellar diffraction of purple membranes m D20 at 5°C 
Relaxation of the intensity (relative umts) of the first lamellar order 
(l = 1) of the specimen m the hght-adapted state (o o) and m 
the dark-adapted state (e- - -o) The lower trace (zx A) shows the 
very small increase of the lamellar spacing d 1 durmg relaxation of the 

hght-adapted sample 

hydration changes, however, are not related to hght-dark 
adaptation, since thetr time dependence is much faster 
(about 8 h) 

As control, t ime-dependent alterations m a dark- 
adapted (not dlumlnated) specimen (same sample as 
Fig 2a) were momtored after Its transfer into the sam- 
ple container (Fig 2b) The difference pattern (upper 
graph) of the dark-adapted sample between m-plane 
scans for the first 4 h after the start of the measurement 
and 4 h runs after 17 5 h has the same increase in 
intensity for the reflectmns (1,1) and (2,0) as detected in 
the hght-dark t ransmon (Fig 2a) This result demon- 
strates that the changes observed in Fig 2a do not 
originate from changes m the structure between the 
hght- and dark-adapted states, but probably from small 
temperature effects dunng the transfer of the sample 
container from the cold room to the dlffractometer It  
seems reasonable that the small temperature increase 
has produced temperature gradients in the sample com- 
partment, leachng to the small dehydration effect of the 
PM films and the observed subsequent relaxation to full 
hydration It is interesting to note that lamellar diffrac- 
tion shows the same behavlour The temporal changes 
in intensity of the lameUar first order are the same 
whether the measurement is started wath a hght- or with 
a dark-adapted specimen (Fig 3) The time constant of 
the observed relaxation is about 8 h and therefore much 
smaller than the hfeume of the hght-adapted state un- 
der these conditions (z = 26 6 h) The lamellar spacing 
of the hght-adapted state (Fig 3) shows only a very 
small increase with time from 64 8 ~, at 1 h to 64 9 ~, at 
40 h after the end of dlumlnatlon These values demon- 
strate that the dehydration effect occurring during 
transfer of the sample contmner is very small as de- 
termined by the shght change m lamellar spacing, but 
leads to a dramatic increase m the intensity of the first 
lamellar order of about 25% 

In order to correct for the dehydration artefact, the 
diffraction patterns of the same PM films, being m the 
light-adapted or dark-adapted state, respectively, at the 
start of the measurement,  were compared at identical 
time intervals after transfer of the sample compartment  
to the dlffractometer The difference pattern obtained 
in this way for the first time period (Fig 2c upper trace, 
corresponding to the difference of the diffraction pat- 
tern shown in the lower traces of Figs 2a and 2b) and 
also for subsequent time periods reveals no differences 
between the light- and the dark-adapted state in the 
resolution regime of up to 7 ,~ (statistical error in 
intensity background points of 0 5%) We are describing 
this effect m detail since most changes during hght-dark 
adaptation and also the large-scale structural alterations 
m the PM during formation of the intermediate M 
previously reported in the hterature might be caused by 
similar artefacts In order to confirm the result of Fig 
2c, an addlUonal experiment with air-tightly sealed 
specimen was performed The difference pattern of a 
hght-to-dark relaxation between the lmtlal time period 
after starting the expenrnent and runs carried out 11 8 h 
later (Fig 2d) does not reveal any difference peaks 
larger than the noise level, in full agreement to the 
result of Fig 2c With sealed films no dehydration can 
occur in the presence of small temperature gradients m 
contrast to the observation with non-sealed films (Figs 
2a and 2b) 

D i s c u s s i o n  

The present neutron diffraction mvestlgaUon clearly 
demonstrates that the transition from all-trans BR568 to 
13-cls BR548 (hght-dark adaptation) is not accompanied 
by detectable structural changes in the protein moiety 
of BR and in its hexagonal lattice arrangement in the 
purple membrane  It  should be noted that only m-plane 
changes of the structure would be detectable in the 
present study Since the hght-dark equilibration crm- 
cally depends on the hurmdlty of the sample [8,19,22] 
and since small variations in the hydration also affect 
neutron diffraction data (Figs 2a and 2b), special care 
was taken to study the samples under the most ap- 
propriate conditions such as 100% relative humidity, 
temperatures above 5°C, and light adaptation with low 
hght lntensltzes Furthermore, all necessary controls were 
performed to avoid or to detect artefacts, e g ,  heat-in- 
duced structural changes dunng hght adaptation [23] 

The absence of substantial conformatxonal changes 
in BR's protein moiety dunng hght-dark adaptation is 
unamblglously demonstrated for the first time by  a 
diffraction technique and is in hne with prevaous 
suggestions based on indirect spectroscopic methods 
[24,25] Also the very small enthalpy and entropy 
changes for the thermal lsomerlzaUon of the chromo- 



phore during dark adaptaUon exclude larger changes m 
the protein conformation [2,6] Thas is corroborated by 
hagh-pressure experiments with the calculated small 
molar volume change of - 7  8 + 3 2 ml /mo l  for the 
reaction all-trans BR568 to 13-cts BRs48 (a smaller 
volume for 13-czs BR548), corresponding to the forma- 
tion of about two hydrogen bonds or to the iomzatlon 
of no more than two residues [4] The difference m the 
permanent dipole moment of hght- and dark-adapted 
PM corresponds to a change of about 0 5 electric charges 
at one surface of BR that could originate from the 
alterauon in the chssoclatxonal state of a few surface 
anuno acids [26] 

Why is the all-trans to 13-cts /somenzatlon of the 
chromophore retinal accompanied by locahzed struc- 
tural changes m the protein only for the transmon from 
all-trans BR568 (light-adapted ground state) to the M- 
intermediate [17], but not for the all-trans BR568 to 
13-cts BR548 (hght-dark adaptation) reacuon9 The 
answer seems to be obvious ff one considers the fact 
that the latter, but not the former process involves an 
ad&tlonal lsomenzaUon around the C15=N Schaff's base 
bond, 1 e ,  the chromophore in all-trans BR568 has a 
13-trans,15-antl (= trans) configuration and m the pho- 
tocycle intermediate M 13-cts,15-antt, but is 13-cts,15- 
syn ( =  cts) m 13-cts BR548 [9,27-29] As is stated m 
Ref 27 and depicted m Fig 1 of Ref 29, the 15-syn 
bond in the 13-czs isomer of BR548 allows the chromo- 
phore to be accommodated m an approximately hnear 
binding pocket of about the same dimensions as re- 
qmred for the all-trans,15-antt isomer Therefore, no 
pronounced change in the protein conformation will be 
induced by thas double lsomenzatlon In accordance 
with this vaew, the change in retinal angle with respect 
to the membrane normal is < 0 8 ° between all-trans 
BR568 and 13-cts BRs48 [26,30,31] Furthermore, the 
interaction of the chromophore with neighboring 
aromatic anuno acid residues IS reported to be very 
smular for these two BR species [32] On the other 
hand, lsomenzatlon solely around the C13=C14 bond 
occurring during M formation has to lead to a large 
stenc force on the protein with the observed structural 
changes in the VaClmty of the chromophore binding 
pocket [17] 

This structural difference m the retinal geometry and 
not a rearrangement of the protein moiety seems to be 
responsible for the lacking proton pumping activaty of 
13-cts BRs4 s It could also be speculated that a &splace- 
ment of one of the strongly bound water molecules or 
exchangeable hydrogens, recently locahzed at the 
Schlff's base end of the chromophore in the projected 
structure of BR [33], causes the lneffectxveness of 13-czs 
BR548 m H+-translocation For the function of BR as a 
hght-drlven proton pump it should also be considered 
that dunng the all-trans BR568 to M-transltxon with its 
protein conformatlonal changes, the Schaff's base be- 
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comes transiently deprotonated, whach is not the case 
for the all-trans BR56 s to 13-cls BR54 s reaction 

One specific advantage of neutron diffraction is that 
due to the large difference m the coherent neutron 
scattenng length of H and 2H, redistribution of associ- 
ated water and exchangeable hydrogens related to any 
molecular event can be studied By conducting expen- 
,aaents m H 2 0  and.O20, we could exclude any large-scale 
redIstrlbtmori o~ water molecules or exchangeable hy- 
drogens related to hght-dark adaptation, both in the 
hpld and m the protein domains of the PM Especially, 
the prewous postulation, based on infrared spec- 
troscopy, of an increase in sorbed water of 200 mole- 
cules per BR upon hght adaptation [18] can be rejected 
This large amount should lead to an increase in the 
lamellar spacing d 1 of about 4 8 A, ff these water 
molecules would be ahgned as a homogeneous inter- 
lamellar layer Our results depicted m Fig 3 (lower 
trace) are in clear contradiction to this calculated large 
spacing increase If these water molecules would redis- 
tribute in the membrane phase, they could have been 
easdy detected due to the resulting contrast variations 
However, our data exclude this posslblhty, too 
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