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Crystal structures of the Aspg6 to Asn mutant of the light-driven proton pump 
bacteriorhodopsin and its M photointermediate produced by illumination at 
ambient temperature have been determined to 1.8 and 2.0 angstroms reso- 
lution, respectively. The trapped photoproduct corresponds to the late M state 
in the transport cycle-that is, after proton transfer to Asp85 and release of a 
proton to the extracellular membrane surface, but before reprotonation of the 
deprotonated retinal Schiff base. Its density map describes displacements of 
side chains near the retinal induced by its photoisomerization to 13-cis.15-anti 
and an extensive rearrangement of the three-dimensional network of hydrogen- 
bonded residues and bound water that accounts for the changed pK, values 
(where Ka is the acid constant) of the Schiff base and Asp85. The structural 
changes detected suggest the means for conserving energy at the active site 
and for ensuring the directionality of proton translocation. 

Active transport of ions against their electro- 
chemical potentials across cell and organelle 
membranes is carried out by proteins that cou- 
ple an energy-yielding reaction, such as hydrol- 
ysis of adenosine triphosphate, electron trans- 
fer, or isomerization of retinal, to the transmem- 
brane movement of ions. The mechanism of 
this kind of transport is a major, still unsolved, 
problem of membrane bioenergetics. A satis- 
factory mechanism will explain how the free 
energy gain from the driving reaction is used 
to change, in an ordered way, the affinities of 
binding site(s) for the transported ion and 
how the alternating accessibility of these ion 
binding site(s) to the two membrane surfaces 
is mediated. Crystallographic structures are 
available for only a few transport proteins, 
and much effort is expended to improve their 
resolutions to give unambiguous answers to 
these questions. 

Bacteriorhodopsin is a light-driven proton 
pump, energized by the all-trans to 13-cis pho- 
toisomerization of the retinal chromophore (1). 
This small (26 kD) protein consists of seven 
transmembrane helices, A through G, and short 
extramembrane segments (2-5). The structure 
of the unphotolyzed (BR) state, determined 
most recently at 1.55 A resolution (6), revealed 
a three-dimensional interconnected hydrogen- 

bonded network of protein residues and water 
molecules between the centrally located proton- 
ated retinal Schiff base and the extracellular 
surface and provided clues about how release of 
a proton to the extracellular membrane surface 
might be coupled to deprotonation of the Schiff 
base. The local .rr-bulge distortion of helix G, 
with hydrogen bonding of two main-chain 
C=O groups to water molecules (6), suggested, 
in turn, that translocation of a proton from the 
cytoplasmic surface to the Schiff base might be 
linked to the shift of the protein conformation 
evident from low-resolution difference maps (7, 
8). Understanding how these processes cause 
the unidirectional translocation of a proton re- 
quires description of the structural changes in 
the J, K, L, M, N, and 0 intermediates (9) of the 
transport cycle. ,The overall structure of the 
protein and the sequence of proton transfers that 
add up to the full translocation of a proton from 
one side of the membrane to the other are 
shown in Fig. 1. The crucial intermediate is the 
M state, because in M the Schiff base is de- 
protonated, Asps5 to its extracellular side is 
protonated, and a proton has been released to 
the surface, but Asp96 to its cytoplasmic side 
has not yet become deprotonated-that is, this 
state is after step 2 but before step 3 in Fig. 1. 

From spectroscopic and kinetic measure- 
. ments of wild-me and mutant bacteriorho- 

.A 

dopsins, several substates of the M interme- 
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state(s) it is to the cytoplasmic side (10, 11). 
Transition of MI to M, (12) is associated 
with proton release to the extracellular sur- 
face (10, 13). Under physiological condi- 
tions, the pH is well above the pKa (where K, 
is the acid constant) for proton release, mak- 
ing the MI to M, reaction unidirectional and 
shifting the protonation equilibrium between 
Asps5 and the Schiff base in the kinetic 
scheme (L o M,) fully toward deprotonation 
of the Schiff base (that is, L o MI + M,). 

There is some uncertainty about the timing 
and the nature of structural changes in the pho- 
tocycle. From low-resolution difference maps 
in projection, it is evident that large-scale 
changes of helices F and G at the cytoplasmic 
surface occur in the late M state (7, 14). In 
contrast, large changes of amide I bands in 
Fourier transform infrared spectroscopy (FTIR) 
difference spectra (19, and displacement of 
helix F as measured by spin-spin coupling of 
labels on cytoplasmic interhelical loops (16), 
are seen only in the N state. In the Asp96 to Asn 
(D96N) mutant, reprotonation of the Schiff 
base is greatly slowed, and the late M state 

Fig. 1. Overall view of bacteriorhodopsin, 
shown with the retinal (purple) and residues 
directly implicated in proton transport. Top, 
Cytoplasmic side. Arrows indicate proton trans- 
fer steps during the photochemical cycle. Num- 
bers refer to the sequential order: (1) deproto- 
nation of the Schiff base, protonation of Asps5; 
(2) proton release to the extracellular surface; 
(3) reprotonation of the Schiff base, deproto- 
nation of Asps; (4) reprotonation of Asp% 
from the cytoplasmic surface; and (5) deproto- 
nation of Aspa5, reprotonation of the proton 
release site. Coordinates are from (6). 
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(termed MN) contains the changed amide I 
bands of N (17). Although MN might have 
some features unique to the D96N mutant (18), 
at 3 A resolution and in projection its structure 
is indistinguishable from M of the wild-type 
protein (14). The MN state of D96N is easier to 
trap in a photostationary state than M of the 
wild type because the much slower decay al- 
lows virtually full conversion of the BR state to 
M,. For this reason, we grew crystals of the 
D96N mutant in the cubic lipid phase (19), 
converted them to the MN state by illuminating 
with yellow light at 290 K, and determined the 
structural changes after rapid cooling to 100 K. 

Structure of the D%N Mutant in the 
BR State 
Data and refinement statistics for the BR state 
of D96N are shown in Table 1. Virtually no 
differences between the light-adapted forms of 
the D96N mutant and the wild-type protein are 
detected except at the location of the residue 
change. The hydrogen bond between the car- 
boxyl oxygen of the protonated Asp96 and the 
hydroxyl of ThP6 in the wild type is replaced 
by a new water, 504, that bridges ND-2 of 

and OG-1 of w. Another well-de- 
fined water, 503, whose presence is ambiguous 
in the wild type, connects water 501 to OG-1 of 
'I'l~r"~. A structural role for residue 96 in the 
unphotolyzed state, implied by these results, is 

not evident from electron diffraction of D96N 
at 3 A resolution (14) but was anticipated from 
a structural difference between the D85N and 
D85N-D96N mutants (20). 

M State: Structural Changes in the 
Retinal 
Data and refinement statistics for the M state 
of the D96N mutant are shown in Table 1. 
Because of local disorder at the cytoplasmic 
ends of helices F and G, the quality of elec- 
tron-density maps and the crystallographic R 
factors of this photocycle intermediate are 
inferior to those of the BR state. We report 
here only features that are common to four 
independently collected and refined M state 
structures. 

According to overwhelming evidence from 
resonance Raman and nuclear magnetic reso- 
nance spectra, the configuration of the retinal in 
the M stat@) is 13-cis, 15-anti. The disposition 
of the polyene chain and its changes in M as 
well as its angle to the membrane plane and its 
changes have been estimated from transient 
linear dichroism in the visible and the infked 
(21) during the photocycle. Earnest et al. (21) 
reported the angles between the conjugated rr 
system of the retinal and the bilayer plane in the 
BR and M states to be 21" and 28", respective- 
ly. The positions of the ring and the 13-methyl 
group in the unphotolyzed state have been de- 

Fig. 2. View of retinal and the surrounding region (37). The 2F,-F, electron density map of the M 
state contoured at la is shown in blue. The corresponding M state atomic model is shown in 
yellow. Also shown, for reference, is the atomic model of the BR (ground) state in purple. The 
cytoplasmic half of the ion pump is above the retinal, and the extracellular half is below the retinal. 

terminecl by neutron diffraction of protein with 
specifically deuterated retinals (22). In M the 
retinal indeed assumes the 13-cis, 15-anti con- 
figuration (Fig. 2). The kinking of the cis-retinal 
moves the polyene chain between C-10 and the 
Schiff base nitrogen toward the cytoplasmic 
side. The largest relative movement is for C- 14, 
which is displaced by 1.7 A. The 13-methyl 
group moves by 1.3 A toward the cytoplasmic 
side. In comparison, the movement of the 
p-ionone ring by 0.4 A toward the Schiff base 
is relatively minor. The measured angles be- 
tween the conjugated rr system of the retinal 
and bilayer plane for the BR and M states are 
20.2" and 29.6", respectively, which is in ex- 
cellent agreement with the polarized a d  
d t s  (21). 

Structural Changes at the Retinal 
Binding Site, at the khif f  Base, and in 
the Extracellular Region 
The side chains of several residues in the retinal 
binding pocket are rearranged in the M state 
(Fig. 2). The main chain and the side chain of 
Lys216 move, with the a carbon accommodat- 
ing the cis-retinal kink by a 1 A motion in the 
extracellular direction. The side chain of Trpls2 
is displaced by 1.5 A in the cytoplasmic direo 
tion because of its proximity to the 13-methyl 
group, and the side chain of Leu93, also near the 
13-methyl group, is rotated by about 90" (x, by 
-26O, x2 by -65"). Trps6, on the extracellular 
side of the retinal, tilts toward the polyene chain 
that has moved away from it. Residues that 
contact the p-ionone ring I TI^"^, Ser14' , and 
MetI4') are moved much less, consistent with 
its lesser displacement. It appears, therefore, 
that the steric conflict that develops upon rota- 
tion of the C-13 =C-14 double bond between 
the retinal chain and the protein involves pri- 
marily the 13-methyl group and the side chains 
of three residues that make contact with it and 
with the retinal chain. The slowing of thermal 
reisomerization of the retinal during the photo- 
cycle in mutants of Leu93 (23) as well as in 
W 182F (24) had suggested such an interaction. 
CE of Met118, which is close (3.6 A) to the 
9-methyl group in BR, is moved by 2.1 4 but 
this is probably not a direct response to the 
isomerization because the 9-methyl group is 
displaced by C0.3 A. Similarly, the rotation of 
the ring of Phe219 in Fig. 2 is an indirect re- 
sponse to movement of the retinal. 

As shown in Figs. 3 and 4, the active site 
undergoes considerable rearrangement. In the 
unphotolyzed state, water 402 accepts a hy- 
drogen bond from the protonated retinal 
Schiff base and donates hydrogen bonds to 
the anionic Asps5 and Asp212 (4, 6). This 
complex forms the center of a network that 
stabilizes the separated charges in this buried 
region. Asps5 is hydrogen-bonded to the side 
chain of Thrs9. Water 401 is hydrogen-bond- 
ed to Asps5 on the one hand and through 
water 406 to k g s 2  on the other. Asp212 in 
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turn is hydrogen-bonded to TyrlS5 and TyrJ7. 
In the M state, the retinylidene nitrogen is 
moved toward the cytoplasmic side by 0.9 A 
and its electron pair is turned away from 
Asps5. The OD-1 of Asps5 is now 1.2 A 
farther away from the Schiff base nitrogen. 
Either because of the isomerization of the 
retinal, or because of the proton transfer that 
follows it, water molecules 401,402, and 406 
are replaced by a single water, 401, that is 
moved from its position in the BR state by 1.9 
A and that now occupies the center of gravity 
of the former three water molecules (Fig. 3). 
The protonated Asps5 has lost all its former 
hydrogen-bonding partners, except water 
401, whereas AspZIZ retains its connection to 
the phenolic OH groups of Tyrls5 and TyrS7 
and forms a new hydrogen bond to water 401 
and to the previously unsatisfied indole nitro- 
gen of Trps6. 

In M,, the measured pK, of the Schiff 
base is greatly lowered (25), i d  it has been 
assumed that this is largely because the reti- 
nylidene nitrogen is displaced into a highly 
hydrophobic region by isomerization of the 
retinal, as we now find. In the new environ- 
ment of the Schiff base, the geometry for a 
hydrogen bond with water 402 that is polar- 
ized by Asps5 and AspZIZ in the BR state is 
unfavorable. Instead, the Schiff base faces 
toward Leu93 and Likewise, there are 
drastic changes around Asps5 that account for 
the proposed (26, 27) greatly increased pK, 
of this residue. Two of the three ~revious 
hydrogen bonds are lost and, in ;he third 
bond, to water 401, the carboxyl oxygen of 
Asps5 could now be the proton donor, further 
stabilizing its protonated state. The structure 
near Asps5 (Fig. 3) is consistent with dehy- 
dration as the cause of the high frequency of 
the protonated carboxyl stretch of this residue 
(27). 

Toward the extracellular side, a three- 
dimensional network of hydrogen-bonded 
side chains and water connects the active site 
of the BR state with the residues that partic- 
ipate in the release of a proton to the extra- 
cellular surface upon protonation of Asps5- 
that is, Args2, G ~ u ~ ~ ~ ,  and G1uZ" (shown 
schematically in Fig. 4A). One continuous 
chain is through water 406, which connects 
both Asps5 (through waters 401 and 406) and 
Aspz1' (through water 406) to the NH-1 of 
Args2 (6). This chain is disconnected in M, 
because water 406 is absent (Fig. 4B). The 
second chain, from Asps5 to both NH-1 and 
NH-2 of Args2, in the unphotolyzed state is 
through water 402, AspZIZ, TyrJ7, and water 
407 (6). This chain is retained, but, because 
the side chain of Args2 moves downward (CZ 
is displaced by 1.6 A along the z axis), it 
connects only to NH-1. 

In the BR state, NH- 1 and NE of ArgS2 are 
both connected to G ~ u ' ~ ~ ,  through water mol- 
ecules 403 and 404, whereas the side-chain 

oxygens of Glu194 and Glu2" are connected 
directly through a hydrogen bond (3, 6). In 
M, G ~ u ~ ~ ~  retains its connection only with the 
NE of Args2. The connection between Glul" 
and GluZo4 is now through water 404 (Figs. 3 
and 4). Loss of the direct hydrogen bond 
between G ~ u ~ ~ ~  and G1u2" in the M state is 
expected if the source of the released proton 
is a proton shared between Glu194 and Glu2" 
(3) or either GluZ" or G ~ u ' ~ ~ .  Indeed, the 
positive charge of Args2 is now closer to the 

two glutarnates and would stabilize them if 
they were both anions after release of the 
proton to the extracellular surface. 

Conformational Changes in the 
Cytoplasmic Region 
Low-resolution (23 A) diffraction difference 
maps in projection (8, 14) and cryoelectron 
microscopy of tilted samples (7) had indicated 
that large structural changes occur in the cyto- 
plasmic (but not the extracellular) region of the 

Fig. 3. Stereoviews of the structure and hydrogen bonding of the extracellular region in the BR state 
(A) and the M state (B). The extensive hydrogen-bonding network leading to the extracellular 
surface found in the BR state is fragmented in the M state. Notable are new hydrogen bonds 
formed in the M state between Trps6 NE and AspZT2 OD-I and between Tyrs3 OH and Glulg4 OE-I; 
the carboxylate side chain of Asps5 has lost a hydrogen bond from Thrss OH; the guanidinium 
moiety of Args2 has moved away from the Schiff base and toward the extracellular side 
(downward) by 1.7 A, largely because of a rotation around X, by 60". 
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protein in the M and N intelmediates. The nlost 
prolllinent of these are the tilt of the cytoplas- 
mic end of helix F axay fi'om the center of the 
protein and an increase of density of uncel-tain 
origin at helix G. \4!e find that these hvo helices 
are strongly and uniquely affected in the M 
state. From the refined temperahlre factors of 
main-chain atoms. it is clear that the cytoplas- 
mic ends of helices F and G are disordered 
beh~-een the E-F interhelical loop and residue 

176 and beyond res id~~e 222, respecti! ely (Fig. 
5). This is unlike the BR state of D96N. nhere 
these regions could be modeled as far to the 
surface as residues 162 and 23 1. respecti! ely. 
In the region where the temperature factors 
\vere loxi- enough to alloa modeling, notable 
root-mean-square de\iations between the BR 
and M states of D96N could be seen in helix G 
but not in helix F, with the exception of the two 
residues nearest its disordered segment. The 

Table 1. X-ray data collection and refinement statistics. Crystals o f  the D96N mutant  of bacteriorho- 
dopsin grown i n  the cubic l ipid phase are isomorphous t o  wi ld-type crystals and form th in  hexagonal 
plates, typically about 6 0  p m  by 6 0  1p.m by 15 1p.m w i t h  space group P6, and merohedral tw inn ing (79). 
After mechanical extraction of the crystals, the adhering cubic l ipid phase was removed by soaking for 
several hours in 0.1 % octyl  glucoside solution containing 3 M sodium phosphate (pH 5.6). Diffraction 
data were collected f rom cryocooled (100 I() crystals a t  beamline 5.0.2 a t  the Advanced Light Source 
(ALS, Berkeley) w i t h  a 2 by  2 array charge-coupled device (CCD) detector (ADSC, San Diego) and a t  the 
microfocus beamline ID13 a t  the European Synchrotron Research Facility (ESRF, Grenoble) w i t h  a CCD 
detector (MARResearch, Hamburg). For the BR state structure, a single crystal was light-adapted before 
cryocooling. For the M state structure, a light-adapted crystal was first cryocooled, and then the 
cryostream was blocked for 3 s while the crystal was il luminated w i t h  yel low light (>520 nm) from a 
halogen lamp. The crystals became colorless, indicating complete conversion t o  M w i t h  deprotonated 
Schiff base. Still pictures and a video of the light-induced conversion of a D96N crystal t o  the M state can 
be viewed at http://anxl2.bio.uci.edul-hudellbrimlbleachhtml. Diffraction images were integrated, 
scaled, and merged w i t h  DENZOlSCALEPACI( (39). The starting model 1C3W (6) was refined against 
BR-state structure factors w i t h  SHELXL-97 (40), taking merohedral twinning in to  account. The position 
of the nitrogen of the Asng6 side-chain amide was unambiguously determined by  inspection o f  the refined 
temperature factors for both possible conformations. F, -Fc maps were used t o  locate additional water 
molecules. Subsequently, the refined BR-state D96N structure was refined against four independent sets 
o f  M state structure factors. In several cases, 20 cycles o f  conjugate gradient minimization w i t h  SHELXL 
were sufficient t o  yield 13-cis-retinal w i thout  manual refitt ing. in all cases, the temperature factors for 
the cytoplasmic ends of helices F and C (residues 162 t o  175 and 223 t o  231, respectively) refined t o  
values above 6 0  A2 (Fig. 5), and the corresponding densities were too poor t o  allow interpretation. O m i t  
maps and 3F0 - 2Fc maps were used extensively in ref i t t ing the retinal, side-chain conformations and in 
locating water molecules. The final M state model includes residues 5 t o  156, 176 t o  222, the covalently 
linked 13-cis-retinal, 1 4  water molecules, and 12 lipid molecules. 

BR state 
Data reduction resolution 

M state 

range 
1.8-25 A 1.80-1.83 A 2.0-25 A 2.00-2.03 A 

Total  observations 167,219 110,517 
Unique structure factors 19,005 14,622 
Mosaicity (") 0.26 0.81 
Average //l~(/)'i 24.0 5.4 19.2 2.1 
Completeness (%) 88.1 87.5 95.0 98.1 

'mergeX (%) 5.7 21.6 6.9 33.0 

Refinement resolution range 1.8-12 2.0-12 A 

Number o f  structure factors 
Number o f  restraints 
Number o f  parameters 
Twin ratio 
Number o f  protein atoms 
Number of retinal atoms 
Number o f  water molecules 
Number of l ipid atoms 
R factor: (%) for data w i t h  F > 4c~(F)lal l  data 
Rfr,,? (%) for data w i t h  F 1 4u(F)lal l  data 
Average protein B (A2) 
Average retinal B (A2) 
Average water B (A2) 
Average lipid B (A2) 
Deviation f rom ideal bond lengths (A) 
Deviation f rom ideal bond angle distances (A) 

R ( I )  = , I , - (I,,,,) 11,,,11, I,,,,,, , lvhere is t he  average intensity o f  the mul t ip le  I,,,, obsewations for  
symmetry-related reflections. + l / c r ( l ) ,  average of  t he  dif fract ion intensities, divided b y  their standard 
deviations. 3R factor = Z,,,F, - Fc l I , , , , iFo~,  lvhere Fo and F, are observed and calculated structure factors, 
respectively, 3R  = Z,,,, ,;Fo - F, I\,,,, .lFo1, where t he  tes t  set (5% of  t he  data) is om i t t ed  f r om the  ref inement 
i n  such a w a y  t h a t  a l l  s t r u c t i r e  fac tors  i n  each o f  several t h i n  reso lu t ion shells were selected t o  avoid bias due t o  
t h e  presence o f  merohedra l  tw inn ing .  

mox-ement of the lllain chain at these two resi- 
dues is away from the center of the molecule, as 
concluded previously from projection differ- 
ence nlaps (7. 8, 14 ), xvith the a carbon of the 
first residue to moye, Val1", displaced by 1.6 
A. If there is a tilt in the M state. it can therefore 
invol\.e only the segment between residues 162 
and 177 instead of the entire cytoplasnlic half of 
helix F, with Tyr'" and Pro1" acting as a 
hinge, as is often assumed. The position of the 
ling of Tyrl" also renlaills viln~ally ~mchanged 
in M. No displace~llerlts of the main chain are 
el-ident in helices A to E. 

The main-chain movements within helix 
G invo1~-e the local region aroulld Ala"' and 
Lys"", n-here the 7; bulge n-as described (6). 
The change of the nlai11 c11ai11 of helix G in 
the M and BR states is shon-n in Fig. 6. The 
peptide of casbonyl 215. which in the BR 
state is tilted ouhvard and an-ay from the 
helix axis, is now aligned with the helix ?xis. 
In contrast. the peptide of carbonyl 216. 
which in the BR state accepts a hydrogen 
bond from anlide 220, is non- tilted an-ay. 
resulting in a loss of the a-helical hydrogen 
bond. These local confonnational changes of 
the T bulge are likely a direct consequence of 
the strain induced by retinal isomerization. 

I11 the u~lpl~otolyzed state of the D96N mu- 
tant. there is no hydrogen-bonded network in 
the cq?oplasmic half of the protein conlparable 
to that in the extsacellular half, although the 
main-chain carbony1 groups of ,41a215 and 
Lys2'" are hydrogen-bonded to water mole- 
cules 501 and 503 and to n-ater lllolecules 502 
and 503. respectively. Because these features 
are located n-here the retinal is bound (to 
Lys"" and because water nlolecules 501 and 
504 are hydrogen-bonded to the NE of TrpIs2 
(a residue in contact with the retinal) and to 
ND-2 of XsnY"a residue in the proton transfer 
patlm-ay that leads to the cytoplasmic surface). 
respecti!-ely. they are likely to habe filnctiollal 
significance. Indeed, we find that this structure 
is disrupted in the M state. and no density can 
be seen for n-ater molecules 501 and 503. The 
relocation of water 501  nus st be caused by 
main-chain and side-chain nlotions (Figs. 2 and 
6 )  that increase the distance between the 0 of 
Xlan5 and NE of Tqll" fi'om 5.3 to 7.6 A& If 
there are bound water ~llolecules in the M state 
in this region. as suggested previously (28-31)) 
they are disordered and do not folm a hydro- 
gen-bonded nenvork as exists ill the extracellu- 
lar half of the protein. How the11 is the pro to^^ 
conducted from the cytoplasnl'.: surface to the 
Schiff base'? 

The primal-y barrier to proton conduction in 
the cq?oplasn~ic region is a co~lstellation of 
hydrophobic residues that occlude the interheli- 
cal cleft (2-6). In Fig. 2 the side chains of the 
most nrominent of these. Leu"' and Phe"". are 
seen to rotate away to provide the possibility of 
a pathway bemreen the surface and the Schiff 
base. Lnlike in the wild type. the vely slow 

258 8 OCTOBER 1999 VOL 286 SCIENCE www.sciencemag.org 



RESEARCH A R T I C L E  

decay of the M state of the D96N mutant (at pH 
7, T = tens of seconds) is limited by proton 
uptake at the surface (29, 31), and its greatly 
increased entropic banier was suggested to re- 
flect a structural requirement for capturing the 
proton from the bulk (29). Presumably, M de- 
cay occurs when either hydrogen-bonding 

inal and its binding site. In the M state, four 
hydrogen bonds at the immediate active site are 
broken (Fig. 4), and the side chains of Trp86, 
Trp'82, and Leu93 are displaced (Fig. 2) to 
accommodate the upward movement of the 13- 

site allows access to both directions (local ac- 
cess), and the direction of proton movement is 
determined by the changing proton conductiv- 
ities in the extracellular and cytoplasmic half- 
channels. If this mechanism is relevant to the 

methyl group of the retinal. However, we had 
found (32) that 111 relaxation of the binding 

function of wild-type bacteriorhodopsin as pro- 
posed (34), then for directional transport the 

groups (of necessity, water molecules) form a 
transient proton-conducting network from the 

site, so as to favor the 13-cis,l5-anti form at the 
expense of the all-trans form, is realized only 

proton-transfer pathways to and from the Schiff 
base must be made and broken in a timely 

surface to the Schiff base or mobile water mol- 
ecule(~) cany a proton through a transiently 

after both protonation of Asp85 and deprotona- 
tion of the Schiff base (that is, proton transfer 
toward the extracellular side) and deprotonation 
of Asp% and reprotonation of the Schiff base 
(that is, proton transfer from the cytoplasmic 
side). The central question then is: What deter- 
mines the direction of these proton movements 
to and from the Schiff basethat  is, what is the 
nature of the protonation switch? 

manner. 
The configurational changes of the retinal in 

the M state do not support the idea of rotation of 
the C-144-15 bond. Although the Schiff base 
nitrogen is displaced toward the cytoplasmic 
direction and now faces away from Asp85 
(Figs. 2 to 4), it seems more likely that this 

opened tortuous pathway. This structural tran- 
sition will not yet have taken place in M,, 
although the disorder of the cytoplasmic ends of 
helices F and G hint at conformational changes 
that make the region above Asn% more perme- 
able to water. o c c k  as the result of the isomerization to 

13-cis, 15-anti instead of deprotonation of the 
Structural Clues to the Mechanism of 
Proton Transport 

In principle, the switch may reside in either 
the retinal or the protein, possibilities that are 

retinylidene nitrogen. If this were indeed so, it 
would exclude the Schiff base as the crucial 

The structure of the M. state at 2 A resolution 
reveals clear changes at the retinal and in the 

not necessarily mutually exclusive. Examples 
for the first include a proposed rotation around 
the C-14-C-15 single bond of the retinal that 
would reorient the retinylidene nitrogen after its 
deprotonation but before its reprotonation (33), 
and a proposed change of the curvature of the 
polyene chain upon deprotonation of the Schiff 
base that would move the retinylidene nitrogen 
toward the cytoplasmic side to connect with a 
proton conducting channel (14). Studies of the 
photocycle of the D85N-D96N mutant (34) 

element of the accessibility switch. It is not yet 
clear, in any case, how the proton is transferred 
to and from the Schiff base. On the other hand, 
the structure of the M state reveals that the 
protein does participate in the switch reaction. 
There are structural changes in the extracellular 
region (Figs. 3 and 4) that include displacement 
of the side chain away from the active 
site and the loss of critical water molecules, 
changes that affect the proton affinity of Asp85. 
From the pH dependencies of the kinetics of the 

extracellular region that occur after isomeriza- 
tion, proton transfer to Asp8' and proton re- 
lease, and less well defined changes in the 
cytoplasmic region that prepare it for proton 
uptake in the M-to-N step. What do these 
changes tell about the way the excess free en- 
ergy acquired by photoisomerization of the ret- 
inal is used to generate an electrochemical gra- 
dient for protons across the membrane? Initial- 
ly, the free energy gain must be localized in a 
steric and electrostatic conflict between the ret- 

suggested that, in this case at least, once the 
retinal is isomerized to 13-cis, 15-anti the active 

M,-to-M2 transition, it appeared that the proto- 
nation equilibrium that develops between the 
Schiff base and Asp8' in the early M state shifts 
to full proton transfer in the late M state upon 
release of a proton to the extracellular surface 
(13). This would occur through the observed 
coupling of the protonation states of Asp85 and 
the proton release site (26). The first increase in 
the pK, of Asp85 that leads to the L - M, 
equilibrium (13, 26, 27) must originate from 
disruption of the hydrogen bonds that the an- 

A Protonated Schiff base, 
all-trans retinal 

B Unprotonated Schiff base, 
13-cis retinal 

0 25 50 75 100 125 150 175 200 225250 
Residue Number 

Fig. 5. Conformational changes of the main 
chain in the M state. Refined temperature fac- 
tors for main-chain atoms in the BR state (gray) 
and the M state (black). Regions of high tem- 
perature factors are usually found at the NH2- 
and COOH-termini, as well as in the loops on 
the extracellular and cytoplasmic faces. The 
regions between residues 162 and 175, as well 
as between residues 223 and 231, have signif- 
icantly higher temperature factors in the M 
state, are highly disordered, and have been 
omitted from the final model (Table 1). 

Fig. 4. Schematic representation of hydrogen bonds between side-chain groups and bound water 
in the extracellular region in the BR state (A) and the M state (B). Water molecules, protons, and 
hydrogen bonds in the BR state that undergo change are shown in red. Water molecules, hydrogen 
bonds, and residue side chains in the M state that are different or moved from the BR state are also 
red. C L U ' ~ ~  and CluZo4 are both shown as anionic in M, although time-resolved FTlR spectra do not 
contain the expected negative C=O stretch band (38). 
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Fig. 6. Stereo view of the conformational change of helix C in the M state at Ala215-Lys216. Residues 
210 to  222 of helix G are shown, with the BR state in purple and the M state in yellow. In the BR 
state, the peptide of carbonyl 215 is tilted outward and away from the helix axis, and it is 
connected t o  Trp182 NE via water 501. In the M state, the peptide is realigned with the helix axis. 
In contrast, the peptide of carbonyl216, which in the BR state is accepting a hydrogen bond from 
amide 220, is now tilted away from the helix axis, resulting in a loss of the interhelical hydrogen 
bond due t o  an increase in the distance between main-chain 220 N and main-chain 216 0 from 
2.9 to  4.2 A. The a carbon of Lys216 moves 1.0 A toward the extracellular side, presumably because 
of strain induced after isomerization of the covalently attached retinal. 

the severe disordering of regions that are or- 
ionic Asps5 received ilom water 402 and Thrs9, dered in the BR state instead of as a discrete 
and the loss of several water molecules. A wnformational state. A relationship of the tilt of 
second increase, which leads to transition to the helix F to proton uptake at the cytoplasmic 
late M state, is provided by the movement of surface had been implied by the alterations of 
the side chain of k g s 2  away from Asps5 upon the photocycle kinetics when bullq groups were 
proton release (Figs. 3 and 4). Thus, it appears introduced into this region or helix F was cross- 
that shuttling of the positive charge of k g s 2  linked (36). We observe an additional and un- 
between an inward and an outward direction usual conformational change near the bilayer 
(35) is what mediates the coupling between the center for helix G, at the IT bulge (Fig. 6). It may 
protonation states of Asps5 and the proton re- be because of this change of helix G and resi- 
lease site. After proton release, its high pK, dues in the retinal binding site, and the resulting 
keeps Asps5 protonated, and this ensures that displacements of side chains and bound water, 
reprotonation of the Schiff base is from the that a transient proton-conduction pathway 
cytoplasmic side. forms that allows reprotonation of the Schiff 

In the BR state the cytoplasmic region does base, but the structu~ of M provides only hints 
not contain an interconnected hydrogen-bonded about how this could happen. 
network, as expected because bacteriorhodopsin 
does not conduct protons passively. The most 
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