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Structures of Photointermediates of Bacteriorhodopsin
and the Molecular Mechanism of Proton Pump
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- In order to reveal the molecular mechanism of light-driven proton pump by bacteriorhodopsin, the struc-
tures of photoreaction intermediates were analyzed with synchrotron radiation X-ray diffraction. Bac-
teriorhodopsin is composed of seven transmembrane helices (A—G from N terminus). At the M 1ntermed1-
ate, the major change is observed around helices B and G, while at the N or the MN mtermedlate, the major
change occurs around helices F and G. The change is related to the opening of cytoplasrmc proton channel.
Mercury labeling techmque is successfully applied to investigate the position and the movement of a
specific amino acid residue in the projection map. Time-resolved diffraction experiment is promising to rev-
eal the structural change during photoreaction cycle. The light-induced structural change is triggered by the
deprotonation of Schiff base. Based on these results, the model to elumdate the vectorial proton transport is
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Figure 1. X-ray diffraction pattern of purple membrane taken
with CCD detector at BL45XU, Spring-8. Exposure time was 122
msec.

Figure 2. Tertiary structure of bacteriorhodopsin revealed by X-
ray crystal structure analysis®. The figure was drawn with MOL-
SCRIPT?.
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Figure 3. Photocycle of bacteriorhodopsin. The isomer state of
retinal and the protonation state of Schiff base are shown with the
time constant of each reaction.
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Figure 4. Difference electron density map of photointermediates
of bacteriorhodopsin. (a) M intermediate for arginine treated wild
type bacteriorhodopsin!®, (b) N intermediate obtained for F171C
mutant bacteriorhodopsin!?, and (c) MN intermediate obtained
for D96N mutant bR. Thick contour lines indicate positive density
change where the electron density is increased in the M or N inter-
mediate, and thin contours indicate negative density regions. BR
projection structure is superimposed.
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Figure 5. X-ray diffraction profiles of F171C bRV, Solid line indi-
cates diffraction profile in the dark, and broken line is diffraction
profile under continuous illumination. Profile by dashed line is shift-
ed to the right for the sake of clarity. Intensities for S>0.06 are mul-
tiplied by 2.5.
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Figure 6. X-ray diffraction intensities of labeled and nonlabeled

1222C bacteriorhodopsin!®. The intensities of the labeled sample
are indicated with circles. The region of S>0.06 is expanded by a
factor of 3. The magnitude of error bar is within a circle size.
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Figure 7. Two dimensional difference electron density maps be-
tween PCMB-labeled and nonlabeled 1222C!7, (top) before refine-
ment, (bottom) after refinement. The thin line is an outline of the
bR molecule. Each helix is labeled.
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Figure 8. The determined mercury positions, with the atoms of

the residues that are substituted with cysteine!”. The coordinates of
each atom of the relevant residues are taken from Griogrieff et al.®.
A filled circle indicates mercury position, and an open circle is the
position of atoms of the relevant residues in wild type. The dashed
line is outline of bacteriorhodopsin.
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Figure 9. Mercury atom positions are shown in the MN intermedi-
ate and the bR state!®. Error bars of position are also indicated
Wild type bR residues® from the 221st to the 223rd residues are
shown. Solid line and dotted line are positive and negative density
changes between MN intermediate and the bR state. The dashed line
is outline of helix.
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Figure 10. Difference X-ray diffraction profiles in the low-angle
region that includes the (11) and (20) Bragg reflection!®. For com-
parison, the profiles are normalized by adjusting the amplitude of
the (11) reflection to 1. (a) fully hydrated sample obtained by soak-
ing; (b) fully hydrated sample obtained by placing a drop of buffer
solution for 1h; (c) 95% relative humidity; (d) 81% relative humidi-
ty; and (e) 76% relative humidity.
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Figure 11. The results of SVD analysis for the time-resolved X-ray diffraction experiment for D96N bR (T. Oka, un-

published result).
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Figure 12. The difference electron density maps obtained by SVD
analysis (T. Oka, unpublished result). (a) fast component, (b)
slow component.
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Figure 13. The chemical reactions occurred at each photointer-
mediate during the photoreaction cycle.

Figure 14. Two-dimensional difference electron density map of
D85N between alkaline pH and neutral pH (H. Kamikubo, unpub-
lished result). Solid line and dotted line indicate positive and nega-
tive density changes, respectively. The outline of bR molecule is su-
perimposed.
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Figure 15.

The proposed model to explain the vectorial proton transport of bR. (top) conceptual and schematic model

that stresses the protonation states of important sites for proton transfer, channel access side and water, (bottom)
relationship among retinal isomer, local electric and protonation states and global conformation.
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