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Proton Transfer Pathways in Bacteriorhodopsin llle val~les: R factor. 18.0%; R , ~ ~ .  23.691; and 

at 2.3 Angstrom Resolution 
average B, 26.7 A'. More detailed statistical 
infor~nation is given in Tahle 1. 

Hartmut Luecke," Hans-Thomas Richter, Janos K. Lanyi* 

Photoisomerization of the retinal of bacteriorhodopsin initiates a cyclic reaction in which 
a proton is translocated across the membrane. Studies of this protein promise a better 
understanding of how ion pumps function. Together with a large amount of spectro- 
scopic and mutational data, the atomic structure of bacteriorhodopsin, determined in the 
last decade at increasing resolutions, has suggested plausible but often contradictory 
mechanisms. X-ray diffraction of bacteriorhodopsin crystals grown in cubic lipid phase 
revealed unexpected two-fold symmetries that indicate merohedral twinning along the 
crystallographic c axis. The structure, refined to 2.3 angstroms taking this twinning into 
account, is different from earlier models, including that most recently reported. One of 
the carboxyl oxygen atoms of the proton acceptor Aspa5 is connected to the proton 
donor, the retinal Schiff base, through a hydrogen-bonded water and forms a second 
hydrogen bond with another water. The other carboxyl oxygen atom of Asp85 accepts 
a hydrogen bond from Thr8'. This structure forms the active site. The nearby Arg8" is 
the center of a network of numerous hydrogen-bonded residues and an ordered water 
molecule. This network defines the pathway of the proton from the buried Schiff base 
to the extracellular surface. 

Bacterlorhodopsin is a small integral m e n -  
bralle protein that f ~ ~ n c t l o n s  as a light-drlv- 
e n  proton pump (1) .  Its seven-helical struc- 
ture has been descrlhed (2-5) a t  incJeasing 
resolutions, most recently at 2.5 A .  T h e  
proteln crystallizes from c ~ ~ b l c  lipid phase as 
thin hexagonal plates containing stacked 
lavers of two-dimensional sheets of trimers. 
siinilar to the naturally occurring two- 
illlnensio~lal lattlce Cornled hv bacterlorho- 
dorsin (5, 6). T h e  tune courses of absor- 
bance changes at 570, 410, and 640 n m  
after flash photoexc~tation (7)  inil~cate that 
the  photochemical cvcle in  these crvstals 1s 
nearly equivalent to  that of purple mem- 
hrane s~~spensions. W e  measured x-rav dlf- 
f r ac t~on  from these crystals. They belong to 
space group P6, with two trinlers per unit 

cell, offset hy l/: ill c. In a i l d ~ t ~ o n  to the 
expected sixfolci symmetry along the  c axis, 
there are, unexpectedly, additional twofold 
axes 111 the  alb plane, as sllo\vn in  Flg. 1. 
Given the  space group for these crystals, 
thls is an  indicatioll of ~nerohedral t\xrlll- 
ning, a phenomenon not uncoinlnon for 
certain space groups. Twinned crystals re- 
q ~ ~ i r e  special consideration because they are 
a rnixture of two or Inore single crystals. If 
the  tn71nning in these crystals were ignored, 
nearly 50% of the  scattering matter \vould 
not be accounted for. 

Taking twinnlng properly lnto account 
ylelded a refined structure dlfferellt ill some 
respects from the one that flrst used crystals 
froin cubic lipid phase (5).  Also, the statis- 
tics of the ref~nement as well as the electron 
density inaps are ~mproved. T h e  previously 

Luecke, Department of Biology B l o  reported  factor and RtCo were 22.1% and 
chemstryarid Department of Physiology arid Bophyscs 32.'i?h, respectively, forodata with F > 3 u ( F )  
  river sty of ~ a f o r r i a  w r i e ,  CA 92697, USA, between 2.5 and 5.0 A, \vlth an  u~lusually 
H -I Richter arid J K Lany~, Department of Physoogy 
arid B ~ o ~ h v s ~ c s ,  U r i ve rs t~o f  California, w n e ,  CA92697, Kgh average factor of j4 *' (5). Calcu- 
USA l a t~ng  these paraineters In theo same way 

+To whom corresponderlce be addressed E.mal (ollllttl~lg ilata higher than 5 A ) ,  but not 
HUDEL~UCI  EDU or JLANY@ORON OAC.UCI.EDU  sing a a-based cutoff, we foulld the follow- 

- 
T h e  overall seven-helical structure is 

similar to  those previously determined (3- 
5 ) .  T h e  loop between helices B and C forins 
a short alltiparallel p-sheet in  the  sanle 
orientatloll as 111 the electron diffraction 
structures (3, 4). W e  observed n o  density 
for residues 1 to 5, 154 to  166 ( the  loop 
between helices E and F),  and 229 to 248 
(COOH-terminus).  In  several positions 
equ~valent  to the  diacyl lipid positions ob- 
served ln  one of the earlier structures froin 
electron diffraction (3 ) ,  n7e also observed 
long sections of density with various branch 
points that lve interpret as ilatlve d~hydro-  
pllytyl lipids, carried along through solubi- 
lization and cubic lipid phase crystalliza- 
t ~ o n .  Model buildi~lg and refineinent for 
these areas are 111 progress. 

T h e  densities and the  refined inodel a t  
locations of interest are sholvn in Fig. 2. 
T h e  i~ninediate environment of the  retinal 
Schiff base is sholvn in Fig. 2A. O D 1  of 
Asp", the proton acceptor from the  Schiff 
base ln  the transport cycle, is hydrogen- 
honded to a water molecule, labeled W401 
(8). O D 1  of Asp" also accepts a hydrogen 
bond from another water lnolecule (W402)  
that In turn accepts a hydrogen bond from 
the  Schiff base, a feature predicted and 
much discussed (9)  but not detected before. 
This water molecule and Thr",which is 
hydrogen-honiled to OD2 of Asp" (see be- 
low), shoulil together lower the  pK, (KA is 
the  acici dissoclatlon constant) of Aspsi and 
thereby stabilize the  otherwise energetically 
unfavorable Schiff base-Asp" iiol pair ill 
the unphotolyzed protein. If the two hydro- 
gen bonci donors were displaced or entered 
into hydrogen-bond~ng with other partners 
after photo~somerization of the  retinal, the  
pK,  of Asp" ~vould he raised, and thls 
would be a reason for its protonation by the  
Schiff base. 

T h e  extracellular region \vhere proton 
release to the  surface is induced hy proto- 
nation of Aspsi (10) is shown 111 Flg. 2B. 
Because titration of AspS' in the  dark de- 
tects the ilependence of its pK,  o n  the  
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proton occuparicy of the proton release what long 3.5 A) from OE2 of S1uZW. This 
chain, the pathway of the released proton carboxyl oxygen i s  within 4.0 A of  OE2 o f  
should be evident in the unphotolyzed pro- and thus provides a possible pathway 
tein. Indeed, there are strong clues in this for the released proton. Two unassigned 
structure. The NE of ArgE2 is hydrogen- disconnected densities in this region (one 
bonded to  a water molecule (W403), which shown as W in Fig. 2B) are likely to be 
is at hydrogen-bonding distance (at a some- additional water molecules that could par- 

Fig. 1. Patterson self-rota- 
tion function of structure 
factor set reduced in space 
group P6, contoured start- 
ing at 5u in la increments. 
The diagram shows the 
presence of a strong two- 
fold axis along the crystallo- 
graphic c axis (T = 90°, cp = 

90°, K = 180') as expectea 
for a crystallographic six- 
fold axis [prepared with 
GLRF(25)l. In addition, how- 
ever, equally strong two-fold 
peaks occur every 30" in the 
a/b plane. These peaks are 
usually an indication of a 
space group of the 622 
Laue family with 12 copies of 
the asymmetric unit per unit 
cell. Because the unit cell 90.00 .00 
volume (V) of the crystals (a 
= b = 60.85 A, c = 108.4 K = 180.00 
A; v = 348,000 A31 only al- 
lows for six copies of the bacteriorhodopsin molecule (unit cell volume divided by unit cell molecular 
weight, V, = 2.23 A3/~) ,  these additional two-fold axes are a result of merohedral twinning along the 
crystallographic c axis (22). The twinning matrix relating one set of structure factors to their respective 
twin components is [0 1 0; 1 0 0; 0 0 -11. Another indication of the nearly perfect merohedral twinning 
of these crystals is the fact that reducing the data in the higher symmetry space group P622 only slightly 
increases the R,,,,, of the data set from 11.3% to 14.2%. A third indication is the fact that we obtained 
two solutions to the cross-rotation function with almost equal peak heights, related to each other by a 
180" rotation in the a/b plane (see Table 1). Ail crystals examined exhibited close to 50:50 twinning, 
regardless of size. 

Fig. 2. Electron density maps (2 1 F, I - I F, I , contoured at 
1 U) and corresponding molecular models of three regions 
of interest. Dashed yellow lines indicate hydrogen bonds. 
(A) The region of the Schiff base and the initial proton 
acceptor, Aspe5. OD1 of Aspe5 is within hydrogen-bonding 
distance of a water molecule (W401, B = 3.1 A2) (7). 
Another water (W402, B = 24.7 A2) molecule was identi- 
fied between the Schiff base and OD1 of Aspe5. (B) Region 
between ArgE2 and GIuZo4. Water W403 (6 23.8 A2) hydro- 
gen-bonds to both NE of Arge2 and OEl of GIu204 and is 
the potential source of the proton released to the surface 
when Aspe5 becomes protonated. The feature labeled as 
W is one of three disconnected densities in this immediate 
region. Although they are likely to be water, we did not 
model them because their ligand arrangement is uncertain 
at the present resolution. (C) Region of the retinal (magen- 
ta), showing residues Trple2, LeuS3, Met145, and Trpee, 
which flank it. The OH of TyP3 forms a hydrogen bond with 
the indole N of T r ~ l ~ ~ .  (D) Region near AspSe in the cyto- 
plasmic portion of the proton translocation pathway. The 
hydroxyl of ThPe forms a hydrogen bond with the peptide 

of Phe42. The distance between AspSe and the ThPe 
hydroxyl (drawn in) is 3.5 A, which may be sufficient for a 
hydrogen bond. Single-letter abbreviations for the amino 

P 
I 

acid residues are as follows: D, Asp; E, Glu; F, Phe; L, Leu; . 
M, Met; R, Arg; T, Thr; W, Trp; and Y, Tyr. 

ticipate in proton conduction, but their 
distances from protein residues appear to  be 
slightly longer than hydrogen bonds. The 
suggested alternative pathway (5) that pass- 
es through Wo5 and Glu9 has somewhat 
less favorable distances and orientation, and 
water i s  not detected in that region. Indeed, 
extensive mutational and spectroscopic 
studies (1 1-13) have indicated that Arg82, 
G1uZW, and G ~ u ' ~ ~  constitute the pathway 
of the released proton, whereas Glu9 and 
ThrZo5 can be replaced without affecting 
proton release (13). Although some evi- 
dence suggests it, the small amplitude ( 1  2 )  
of the depletion peak o f  the G O  stretch 
band of protonated GluZW (and AspZo4 in 
the G1uZW -+ Asp mutant) makes it doubt- 
ful that the origin o f  the released proton is 
the COOH of GluZW. It is evident from Fig. 
2B, however, that water molecule W403 is 
a strong alternative candidate. 

The polyene chain o f  the retinal and its 
surroundings are shown in Fig. 2C. The 
9-m5thyl and 13-methyl groups are 3.6 to  
3.7 A from the closest heavy atom of TrplS2 
and Leu93, respectively, consistent wi th ev- 
idence (14) that these residues are the con- 
tact p i n t s  between the retinal and the 
protein that affect thermal reisomerization 
from 13-cis to all-trans near the end of the 
photocycle. The cytoplasmic region wi th 
Asp96, the proton donor to the unproto- 
nated Schiff base after protonation of AspS5 
in the photocycle, i s  shown in Fig. 2D. 
Asp96 is flanked by Phe42 and Phe219. This 
and the generally hydrophobic environ- 
ment o f  this region (2, 3) are consistent 
wi th the very high pK, observed (>11) for 
Asp96 in the unphotolyzed protein (15). 

www.sciencemag.org SCIENCE VOL. 280 19JUNE 1998 



The Thr46 hydroxyl is hydrogen-bonded to 
the peptide carbonyl of Phe402 (2.7 A), and 
its distance to Asp96 at 3.5 A may be con- 
sistent with a hydrogen bond. The observa- 
tion that the Thr46 4 Val residue replace- 
ment makes protonation of the Schiff base 
by Asp96 more rapid and reprotonation of 
Asp96 much slower (1 6) suggests that even 
if they are not initially, Thr46 and Asp96 
might become hydrogen-bonded during the 
photocycle. Remarkably, no ordered water 
is observed that would facilitate the transfer 
of a proton @om Asp96 to the Schiff base 
over the 12 A distance between them. 

From the structure, shown schematically 
in Fig. 3, it is evident that, although Asp2'' is 
close to W402 like Asps5, it is hydrogen- 
bonded differently. Hydrogen-bonding of its 
OD1 to TyS7 and OD2 to Tyrls5 and anoth- 
er hydrogen bond of OD1 to the NH, of 
Args2 form a three-dimensional hydrogen- 
bonded network that may account for the 
unusually low pK, of Asp212 (<2). This may 
be why Asp212 is not the proton acceptor of 
the Schiff base. The extended hydrogen- 
bonded structure, which includes an aspar- 
tate, an arginine, two tyrosines, and a water, 
is part of the diffuse counterion to the Schiff 
base evident from nuclear magnetic reso- 
nance (17). The structure suggests that the 
proton released to the extracellular surface is 
from water molecule W403 and the pathway 
is through GluZo4 and G ~ u ' ~ ~ .  Replacement 
of this proton from Asps5 at the end of the 
photocycle must occur through rearranged 
hydrogen bonds that establish a chain of 
connection between Asps5 and Args2. 

The three previously published structur- 
al models for bacteriorhodopsin and our 
model differ from one another. The largest 
differences are in the number and positions 
of hydrogen-bonded water molecules near 
the Schiff base and in the connectivities of 
residues in the extracellular region that de- 
termine the proton-conducting pathway to 
the membrane surface. Although all models 
connect Tyr5', Asp212, and TyrlS5 with hy- 
drogen bonds (1 8), in the model of Grigor- 
ieff e t  al. (3), TrpS6 is also within hydrogen- 
bonding distance of Asp212. In the model of 
Kimura e t  al. (4), the retinal Schiff base is 
hydrogen-bonded to Asp212, and in the 
model of Pebay-Peyroula e t  al. (5), Asps5 is 
hydrogen-bonded to Trps6. None of these 
additional hydrogen bonds appear in our 
model. Asps5 is hydrogen-bonded to Thrs9 
in all models except that of Kimura et al. 
(4). The side chain of Args2 points toward 
the extracellular surface in the model of 
Grigorieff e t  al. (3) but to various extents 
more toward the retinal Schiff base in the 
other models. Only in our model is there 
hydrogen-bonding between ArgS2 and 
Asp212 (Fig. 2B), and only in this model are 
the retinal Schiff base and Asps5 bridged by 

a water molecule (Fig. 2, A and C). In the 
models of Grigorieff e t  al. (3) and Pebay- 
Peyroula e t  al. ( 5 ) ,  the pathway of the pro- 
ton release to the cytoplasmic surface is 
more likely to be through ThrZo5 and Glu9 
than through GluZo4 and G ~ u ' ~ ~ ,  because 
the distances are substantially shorter and 
the orientations more favorable. In the 
model of Kimura e t  al. (4) and our model, 

the pathway through GluZo4 and is 
more likely, but proton transfer to the sur- 
face through ThrZo5 and Glu9 is not ruled u 

out. In addition to the mutational and spec- 
trosco~ic evidence cited above. the obser- 
vation of a water molecule between Args2 
and GluZo4, which appears only in our struc- 
ture (Fig. 2B), argues in favor of the proton 
pathway through Glu204. On the cytoplas- 

Fig. 3. Schematic of the 
active site and part of 
the extracellular proton 
translocation pathway. 
The distances of relevant 
groups (in angstroms) 
are as follows: Schiff 
base (NZ) to W402, 2.7; 
W402 to Aspa5 (ODl), 
2.8 W402 to Asp212 
(ODl), 3.4; W402 to 
Asp212 (OD2), 3.6; Aspa5 
(OD1) to W401, 2.6; 
Aspa5 (OD2) to ThP9 
(OH), 2.7; Arga2 (NH2) to 
Asp212 (ODl), 3.3; 
Asp212 (OD1) to TyP7 
(OH), 2.8; Asp212 (OD2) 
Tyrla5, 2.6; Arge2 (NE) to 
W403, 3.2; W403 to 
G I U ' ~  (OE2), 3.5; Arge2 
(NH2) to W401, 4.2; 
Asp212 (OD1) to W401, 
4.9; and TyF7 (OH) to 
W401. 5.1. 

Fig. 4. Ribbon stereo diagram of bacteriorhodopsin molecule showing the location of two internal 
cavities, prepared with GRASP (26) with a 1.4 A probe radius. The seven transmembrane helices shown 
are roughly normal to the plane of the bilayer. The cytoplasmic side is the top. The larger, irregularly 
shaped cavity (80 As, blue) is located between Arge2, G I u ~ ~ ~ ,  and Glulg4 in the extracellular portion of the 
proton translocation pathway, and its largest dimension measures about 6 A. Difference density maps 
indicated the presence of water molecules in this area, one of which is W403 (Fig. 28) and is included 
in the model. The smaller cavity (20 As, red) is located in a hydrophobic region between the Schiff base 
and Aspg6 in the cytoplasmic portion of the proton translocation pathway. No substantial difference 
density features were observed in this area. This smaller volume could accommodate only one or two 
disordered water molecules without conformational changes. 
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mic side, the proximity of Aspg6 to Phe4? 
that n.e found (Fig. 2D) is in the models of 
Grigorieff et al. (3)  and Pebay-Peyroula et 
al .  (5) but not in the moLiel of Kimura et nl.  
(4) .  Substantial and numerous differences 
exist also bemeen the two electron micros- 
copy (EM) structures in the positions of 
other slde challis near the surfaces, as point- 
ed out recently by Kimura et al. (19). 

The scarcity of liganded a.ater in tlie pro- 
tein interior is a surprise, as in the earlier 
structure (5). Unordered water cannot be 

detected but may be c3ec3ucec3 from cavities 
inside the protein (3).  As shown in Fig. 4, 
two cavities of substantial size were founil. 
The larger cavlty is in the region of ArgC?, 
Glu'", and Glu'"". It may contain as Inany 
as three to four water illolecules and lends 
support to the suggestion that proton release 
is through Glu1". The smaller cavity is be- 
tween Asp3%niI the Scliiff base. It could 
contain one to two water molecules, ~vliich 
possibly have a role in the reprotoilation of 
the Schiff base if they shuttle protons or 

Table 1. X-ray data collection, molecular replacement, and refnemeni statistics. Crystals viere grovin as 
described previously (6) and form thln hexagonal plates typically about 80 pm x 80 p,m x 15 p m  Diffraction 
data viere collected on light-adapted, c~jo-cooled c~jstals w ih  a Rigaku RU3 generator with mirror focusing 
optcs, vi ih a Rlgaku R-Axis V imaging plate detector. Each image vias 1 ' in with an exposure tme of 15 
min, Images viere reduced, scaled, and merged with the programs DENZO and SCALEPACK (20). Molecular 
replacement vias carred out with the program X-PLOR (27). The use of either the EM structure of Grgoreff 
et ai. (3) (2BRD; or that of Kimura et ai. (4) ( I  APT) resulted in tvio cross-rotation function peaks of nearly equal 
magnitude (peak 1: [O.Oa, O.Oc, O.Oa].  height 5.44; peak 2: [0.OC, 180.0". 0.0'1, height 5.18: first nose peak 
height 4.431, related to each other by a 180' rotation in the a:b plane, a direct result of ctystal iwinnng. The 
transat~on function gave a clear solution for [0.333. 0.667. 01, attesting to the smiariiy between the P3 
electron microscopy crfstal lattice and the P6, three-dimensona crystal lattice. The presence of merohedral 
tviinning made the program SHELXL-97 (22) the obvious choice for c~jstallographic refinement, if the 
tviinning were neglected, one would be refining the model against structure factors that have contributions 
from both twin components (23). Refinement of atwinned structure introduces only one additional parameter 
that describes the relative tviin fractions. For the R,,,, test. 5O/0 of a structure factors viere set aside in such 
a way that a structure factors in each of several thin resolution shells were selected to avoid bias due to the 
presence of the twnning operator. The frst round of refnemeni ivith ail data but without a u cutoff) consisted 
of 20 cycles of conjugate gradient minimization with a gradual extension of the resolution from 3.3 to 2.3 A with 
highly restrained geometries and temperature factors and resulted in an R factor of 27.4O6 and an R,,,, of 
34.490. In contrast, use of the same refinement protocol w~thout accounting fortwinning resulted in an Rfactor 
of 36.8% and an R,,,, of 43.4%, In the initial stages of refinement. the side chain atoms of key residues such 
as the retinal, Aspg% Argg2, G I U ~ ~ ~ ,  Thrg5, Tyr", Tyrig? Trpg" Trp.", Met", and Asp" of the EM 
model used (4) were omitted to minimize model bias. These side chains were manually built into 3 F,l - 

2 IF, omit maps. Several rounds of manual model improvementfollovied by refinement resulted in an Rfactor 
of 18.0% and an R,,,, of 26.690. For statistical reasons, the R factor for merohedraly tviinned data can be up 
to 1.4 times ovier than for an equivalent nontwinned case, assuming a random atom distribution (24). All 
peptde bonds f a  into the allowed regions of the Ramachandran plot. 

Data reduction resolution range 

2.3-25.0 A 2.30-2.34 A 

Total observations 
Unique structure factors" 
R,,,.,, (1)  !%).I- 
Average l!u(l)::: 
Completeness (Oh) 
Mosaicity (') 

Refinement resolution range 2.3-12.0 A 
Number of structure factors* 9.696 
Number of restraints 6,912 
Number of parameters 6,544 
Twin ratio 0.54:0.46 
Number of protein atoms 1,612 
Number of retinal atoms 20 
Number of solvent molecules 3 
R factor5 (Oh) for a data 22.3 
R factor (%) for data with F > 4u(F) 18.0 
R.,,, ('61 26.6 
Average proten B,(A~) 25.2 
Average retinal B (A2) 16.9 
Deviation from ideal bond lengths (A) 0.014 
Deviation from ideal bond angles (") 1.653 

'The preseice of t \ s i n i g  i t roduces some degree of recuicancy. +R .,,,,, (I) = Z  , , ,  ' I , ~ ,  - (1 ,,#,) 1 Z,,, X, 11 ,,#,, 1 ,  
~h!iiere s the average inrensty of the m u t p e  I.,,, obseivat o i s  for symmetw-related refectons. -I:lVn (11, average 
of the d f rac ton nteisi t ies dvided by ther staicarc de\iiatons 5Rfactor = Z ,  F - iC i ~ , , ,  i3 . where ,co a i c  
Fm are cbservec anc calculated structurefactors, resnectvely ,9, es  = 2 ,, . - F ,  F ~ I ~ , . ,  * - F ,  vihere the 
T set (5:3 of the data1 1s omttec fro~m the refine~ment 

become organized to form a hydrogeii-boncl- 
ed chain, during the photocycle. In the ear- 
lier electron diffraction structure (3),  tlie 
same kine3 of search t~lrned LIP as many as 12 
cavities that could contain at least one water 
inolecule. The structure we descrlbe here 
sholvs considerably fewer potential sltes for 
disordered water molecules. 
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