
curved stripe would be longer than on a 
straight stripe, and its characteristic mo- 
mentum would be smaller: This keeps the 
maximal Fermi momentum sharply de- 
fined. At the same time, coherent side- 
ways motions of the stripes will give the 
appearance of coherent two-dimensional 
motions to the electrons propagating along 
the stripes. 

If the interpretation of the Hall mea- 
surements by Noda et al. (3) is correct, this 
"self-organized one dimensionality" re- 
stores itself in the ground state of the stripe 
phase. Noda et ul. studied samples charac- 
terized by strong stripe order. Supercon- 
ductivity is largely suppressed in these 
samples, and a metallic-like state is real- 
ized instead characterized by an increase 
of the dc resistivity. Noda et al. find that in 
a certain doping regime, the Hall voltage 
decreases rapidly as soon as  the stripe 
charge order sets in. The Hall conductance 
(o,?) tracks precisely the inverse of the 
magnitude of the stripe charge-order pa- 
rameter as measured by x-ray scattering. 
Such a behavior is difficult to understand 
in terms of conventional transport theory, 
and the authors have come up with a very 

simple and appealing alternative interpreta- 
tion. A prerequisite for the Hall effect is 
that the electrical currents flow in at least 
two dimensions. Noda et ul. suggest that 
o,, reflects the degree of one dimensionali- 
ty of the current flows in the striped sys- 
tem, with the one dimensionality imposed 
by the stripe order. 

If this interpretation is correct, it would 
mean that the system of electrons collec- 
tivizes in a state that is insulating in one di- 
rection and metallic in the other (see the 
bottom panel in the figure). Such a state of 
electron matter was predicted by Kivelson 
et al. ( 7 ) ,  who introduced the concept of 
quantum liquid crystals, quantum analogs 
of  the classical liquid crystals familiar 
from liquid crystal displays. The existence 
of suchB state can be demonstrated on the 
basis of general arguments. Kivelson et ul. 
also came up with a specific example: As- 
suming the stripes to be internally metallic, 
they showed that stripe fluctuations of the 
type illustrated in the figure could prevent 
the system of stripes from becoming an 
overall insulator. However, Noda et ul. pre- 
sent evidence suggesting that the quantum 
liquid crystal is associated with a stripe 
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Proton Pump Caught in the Act 
Robert 6. Cennis and Thomas C. Ebrey 

n page 255 of this issue, Luecke et 
ul. ( I )  reveal the structure of bacte- 
riorhodopsin, an active transport 

protein, frozen in midstroke. Bacteri- 
orhodopsin is a membrane protein that uses 
a photon of  visible light as  an energy 
source to transport a proton across the 
membrane against an electrochemical gra- 
dient, resulting in proton release on one 
side of the membrane and proton uptake on 
the opposite side. In order to take up a pro- 
ton on one side and release it on the other, 
the affinity for the transported substance (a 
proton in this instance) must be altered 
along its path during the transport. Further- 
more, a switch mechanism must assure that 
the pump is unidirectional. Some of the un- 
derlying molecular mechanisms are now re- 
vealed by the 2.0 A resolution x-ray crystal- 
lographic structure of bacteriorhodopsin 
trapped in an intermediate state (I). 

Bacteriorhodopsin is isolated from the 
purple membranes of an archaea, Hulobac- 
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terium sulinurum. The protein, although 
small (26 kD), contains seven transmem- 
brane helices and a buried lysine residue 
that  is covalent ly l inked to a ret inal  
molecule through a Schiff base; these mo- 
tifs are also found in the eukaryotic visual 
pigments. Absorption of a photon by the 
protein-bound retinal in the initial state 
(BR) results in isomerization of the reti- 
nal, initiating a sequence of events as the 
protein adjusts and relaxes through a se- 
ries of intermediates denoted K, L, M, N, 
and 0 .  About 50 ps after a photon of light 
is absorbed when the M state is forming, a 
proton is ejected on the extracellular side 
of the membrane. Several milliseconds lat- 
er, a proton is taken up from the cytoplas- 
mic side of the protein and, after a few 
more milliseconds, the protein relaxes 
back to the BR state, completing the pho- 
tocycle (2, 3). Light energy is hereby con- 
verted into a proton-motive force-a 
transmembrane proton electrochemical 
gradient that can be used to do work such 
as adenosine triphosphate biosynthesis. 
Bacteriorhodopsin is thus essentially a 
photosynthetic system-a light-harvesting 
protein that sets up a proton gradient-but 
without chlorophyll. 

state that is insulating on the microscopic 
scale, like the stripes of mean-field theory 
(6). From the doping dependence of the 
stripe distance as measured by neutron 
scattering, Yamada et ul. ( 8 )  deduced that 
at low doping levels, every hole stabilizes a 
piece of stripe exactly two unit cells long, 
indicating that the stripes are internally 
Mott insulating. In this doping regime, the 
Hall effect collapses. In contrast, above the 
critical doping level for which the neutron 
work suggests metallic stripes, the Hall ef- 
fect is unremarkable. It remains to be un- 
derstood why the insulating nature of the 
stripes on very small scales is apparently a 
condition for the quantum liquid crystal 
behavior on large scales. 
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Over the past two decades, methods 
have been devised for trapping the wild- 
type bacteriorhodopsin and its mutants in 
specific photo-intermediate states (4). The 
current work applies this technology to the 
Aspy6 + Asn (D96N) mutant of bacteri- 
orhodopsin in crystals formed by cubic li- 
pidic phase crystallization, a crystallization 
procedure specifically designed for integral 
membrane proteins (5) that has resulted in 
several structures of bacteriorhodopsin at 
2.9 to 1.55 A resolution (5-9). The high 
quality of the crystals allows side chains 
and internal water molecules to be located 
with unusual accuracy. 

Continuous illumination of the mutant 
D96N converts virtually 100% of the pro- 
tein to one particular state, called MN. In 
this state, the proton has already been 
ejected from the extracellular side of the 
protein because of marked shifts in the 
proton affinities of several residues, in- 
cluding the retinal chromophore, but the 
reprotonation of the retinal from the oppo- 
site side of the membrane is hindered by 
the point mutation. 

The current study reveals that the move- 
ments performed by bacteriorhodopsin as it 
functions are small. A key role is played by 
internal water molecules that first help de- 
fine the initial structure of the protein and 
then, after photoexcitation, redistribute 
themselves within the protein. These inter- 
nal water molecules provide hydrogen 
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bonds that facilitate proton diffusion and the Schiff base to Asps5. ArgsZ is displaced the MN structure, perhaps indicating their 
stabilize charges within the protein at dif- by 1.6 A, taking it closer to the complex of role in providing access to this nascent 
ferent times and locations during the trans- residues including G l ~ ~ ~ ~ - G l u ' ~ ~ ,  lowering channel. The pump does not run backward, 
port process. The observations are consis- the pKa of this complex (II), and resulting probably because the pKa of Asps5 remains 
tent with the large amount of information in the release of a proton to the extracellu- high throughout; Aspg5 holds on to its pro- 
already available from bio- 
physical studies on bacteri- 
orhodopsin but add fascinating 
structural details showing con- 
formational changes in the pro- 
tein that are relevant to all 
studies relating protein struc- 
ture and function. 

In the initial BR state, a 
network of hydrogen bonds 
formed by internal, ordered 
water molecules stabilizes the 
positively charged, protonated 
Schiff base along with the 
deprotonated Asps5, which 
serves as the counterion to the 
cationic Schiff base within the 
protein interior (see the fig- 
ure) (8,9).  The hydrogen bond 
network continues to the 
G1uZo4 and pair near the 

ton even when the pKa of the 
Schiff base is increased to its 
original value. The Schiff 
base is thus reprotonated 
from the cytoplasmic side of 
the membrane. The detailed 
changes that result in the re- 
setting of the protein back to 
its initial state remain to be 
observed. 

Luecke et al.'s study re- 
veals the small changes in 
protein conformation, and the 
number and position of inter- 
nal water molecules, that re- 
sult in large changes in the 
pKa's of several groups in 
bacteriorhodopsin, assuring 
unidirectional proton release. 
There is no doubt that this 
work will be followed by fb- 

extracellular surface of the Water, water everywhere! Arrangement of key residues and internal water ture structural studies of the 
protein. The pathway for pro- molecules on the extracellular side of bacteriorhodopsin in the initial BR state protein trapped in other 
ton release to the extracellular and the photo-intermediate MN state. Changes in the hydrogen bond network states. Earlier states may clar- 
surface is thus already in and the number and location of internal water molecules result in substantial ify the relation bemeen the 
place in the initial BR state, changes in the pK, of key groups in the protein. The net result is proton ejection rotation of the schiffbase ni- 
but release is not favored be- to the extracytoplasmic surface and charge movement through the protein. As trogen and the pathway and 
cause of the pKa,s (where Ka is depicted, the released proton is shared between the two glutamates, but Fourier wg of the proton transfer 
the acid constant) of the rele- transform infrared evidence (74, 75) suggests that this may not be the case. to Asp85. on later 
vant groups within the pro- states should define the struc- 
tein. On the cytoplasmic side of the pro- lar aqueous phase (12-14). The hydrogen tural changes resulting in reprotonation of the 
tein, there is no equivalent chain of water bond network involving internal water Schiff base from the cytoplasmic side of the 
molecules or hydrogen bond network lead- molecules on the extracelluar side of the protein. These data will provide an accurate 
ing to the protein surface. protein thus predisposes the system for the basis to understand the dynamics of the sys- 

As expected from spectroscopic studies shift of a proton from the Schiff base to tem, with important applications not only to 
(3), absorption of a photon by retinal results Asps5 and, simultaneously, the loss of a other membrane transporters but also to en- 
in isomerization from the all-trans to the 13- proton from the extracellular surface. zymes in general, where internal proton 
cis, 15-anti configuration. The largest move- The lack of such a network of hydrogen movements are often at the heart of catalysis. 
men& are of the retinal C 14, which moves by bonds and of a proton acceptor on the cyto- 
1.7 A, and the 13-methyl group, which plasmic side of the membrane explains why References and Notes 
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