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Primary Step in Bacteriorhodopsin Photosynthesis:
Bond Stretch Rather than Angle Twist of Its Retinal
Excited-State Structure
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Bacteriorhodopsin (bR) is a transmembrane protein which spans

the cell membrane oflalobacterium salinariumand functions

as a light-driven proton pump. Upon the absorption of light, bR
undergoes a photocycle which involves several intermediate
state$ ™ that are identified by the maxima of their absorption
spectra. An accepted kinetic scheme for this photocycle is given
as
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The decay time of the excited state of retinal (0.50 ps) is found
to correspond to the formation time of the primary photoproduct
J which decays in 3 ps to give K. This has been confirmed by
many group$:® Subpicosecond time-resolved spontaneous
resonance Raman studiesiggested that the photoisomerization
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Figure 1. Corrected resonance Raman spectra of the excited state of
retinal in deionized blue bR recorded with pump and monitoring laser
pulses overlapping in time (top spectrum) and-at0- or 60-ps delays
(bottom spectra). The latter two spectra are those of the ground state
before excitation and after the excited state has decayed, respectively.
The zero delay spectrum results from scattering of structures formed in
the excited state within the 1.0-ps laser pulse width. In this spectrum,
the presence of an intense highly shifted band due to th€ 6tretching
vibration at 1575 cml, and the absence of strong bands resulting from
the HOOP vibrations in the 858080 cnT? region suggest that the excited
state of retinal in deionized bR relaxes primarily by changing #sCC
(and C-C) bond distance.
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More recently, resulté on the femtosecond transient absorption

occurs on the picosecond time scale. Anti-Stokes picosecondof modified bR, whose retinal has its4=C.4 bond-locked, have

time-resolved resonance Raman stulfiehowed that J is the
vibrationally hot retinal of the K intermediate.

According to this photocycle, the first step is believed to be
retinal photoisomerization. It was propo&éthat the exit from
the Franck-Condon region occurs rapidly (200 fs) along thg-€
C,4 bond rotation to attain the 9@onfiguration from which either
isomerization to the 18isretinal or the return to the ground state
takes place in 500 fs. Recentiy*? spectral dynamic studies
showed no change in the frequency of the emission within the
500 fs and thus questioned the°aWist model. A new model
was then proposed (the three-state mdéebhich suggested
strong mixing of the lowest electronic state (ffBu-type state)
with the nearby!Ag-type state along the ;¢-Cy4 torsional
coordinate. Due to the mixing, the energy of the mixed state
remains constant within the protein environment. At the angle
(time) at which the two states cross, rapid photoisomerization
occurs.
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questioned twisting around this bond. The important dynamics
observed on this system were comparable to those observed in
native bR. These results, and others using atomic force sensing
techniques?® raised the possibility that retinal photoisomerization

is not the primary step in bR photosynthesis.

A recent ab initio calculatiofi on the photoisomerization of a
triene protonated Schiff base showed that bond stretch precedes
bond twist in this process. This confirms a previous qualitative
valence bond picture that was propoSed explain the catalytic
effect of the negative charge of aspartate 85 on the retinal
photoisomerization of bR.

To determine the exact dynamics of the retinal excited state,
the changes in its structure during its lifetime need to be
determined. Unfortunately, time-dependent X-ray structural de-
termination on the femtosecond time scale is not presently
possible. In this report, we give the results of the resonance
Raman spectroscopy of vibration frequencies ofrétmal excited
statesin bR and in acid blue bR averaged over their lifetimes.
We then compared these frequencies with those observed in the
ground-state absorption spectrum determined from hole burning
experimentd® The latter gives the excited-state vibration fre-
quenciest zero timei.e., in the Franck Condon region. From
the comparison, we concluded that the changes in the vibration
frequencies (and thus the structure) of the retinal occurred during
its excited-state lifetime.

Figure 1 shows the difference between the spectrum recorded
with the double laser beams and the control spectrum for
deionized blue bR. Three intense peaks are observed in the zero
delay time spectrum: 1575, 1450, and 1270 &mit should be
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ground state; (3) the width of the=€C stretching vibration band

1570

3000 - 8 in the excited state of wt bR is broader and more asymmetric on
2700 - the low energy side when compared with that for deionized bR,
2400 _f_‘ig’; § ‘ \N suggesting larger changes in the retinal structure in the excited
2100 [ state along the €C stretching normal coordinate within the 1
1800 | ps laser pulse width; and (4) no Raman scattering corresponding

to the HOOP vibrations is observed in the excited state.
Results 1 and 2 strongly suggest that retinal excitation leads

to changes in ther-electron density and bond order, which

changes the single into double-C bonds and vice versa. This

is consistent with the Raman resét® of the ground state of
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800 1000 1200 1400 1600 1800 was observed for the carbewgarbon stretching vibrations. A

Raman Shift (CM") simple valence bond pictureshows that if the initial excitation

leads to the displacement of the positive charge from the
protonated Schiff base nitrogen to the different odd-numbered
carbon atoms on the polyene chain, but otherwise keeps the
delocalization of ther-electrons over the whole system, the

average &C bond order and thus its frequency is expected to

Figure 2. Corrected time-resolved resonance Raman spectrum of the
excited state of retinal in purple membranesgfat O-(top spectrum)
and —10-ps (bottom) delay. The-10-ps delay spectrum is that of the
ground state prior to excitation. The zero delay spectrum resulting from
excited-state structures formed within the 1.0-ps laser pulse width shows

a large shift in the &C stretching frequency (at 1570 c# from that decrease. This results from the fact that the six double bonds in
observed in the ground-state absorption (i.e. at zero time). This, together the groun_d state _becomg five (d_elocallzed over the same length
with its large bandwidthsuggests time dependent changes inGkeC of the retinal chain). This explains Result 1.

bonding during the excited-state lifetime within the 1.0-ps laser pulse  Due to the electrostatic interaction with the protein charges
width used. Because of this, one concludes that the excited state exits(e.qg., Asp85), localization of the positive charge op €ould
the Franck-Condon region along the=€C stretching modes. take place (as was previously propos&d.)Within a few
vibrations, the bond distances relax to accommodate the new
mentioned that since the laser pulses have 1.0 ps pulse width,z-charge distribution in the electronic excited state. As a result
zero delay spectra actually record the scattering from structuresof the nuclear relaxation, ¢ finds itself surrounded with two
formed in the excited state during the full width of the laser pulses. single bonds and the-system is divided into two parts, one
On the basis of the ground-state Raman assigniiéhthe having four conjugated double bondss(© C;,) and the other
observed excited-state peaks are assigned to#e €retching, has one double bond on£-Cis. If the observed resonance
CHs; deformation, and €C—H in-plane rocking, respectively. = Raman scattering results from the conjugated system of four
The assignment of the 1575 cipeak to G=C stretching double bonds, instead of the six double bonds present in the
vibration is the most certain due to both its high intensity and ground state, an increase in the=C bond order and frequency
since no other possible vibration is expected to show with this is expected. This can account for Result 2. Result 3 can be
intensity in this frequency range). It has a full width at half- explained by the fact that the laser pulse width is twice that of
maximum (fwhm) of 40 cm?, similar to the laser line width of ~ the excited-state lifetime of bR but much shorter than that of
35 cnTt. No strong scattering is obsegd, corresponding to the deionized bR. Thus, all the retinal structural changes can be
HOOP vibrations in the 856-980 cn1? region reflected in the averaged Raman signal of bR, but only a small
The time dependence of the Raman intensity at 1575 @ fraction of the change can be recorded for blue bR.
a function of delay time between the pump and probe pulses The fact that the signature of nonplanarity (the HOOP bands)
shows biexponential decay with time constants of 2 and 12 ps was not observed (Result 4) could be due to one of the following
are in good agreement with the previously repotteskcited- causes: (1) photoisomerization (nonplanarity) occurs rapidly
state lifetimes of deionized bR samples determined from the decaytoward the end of the excited-state lifetime (e.g. as a result of
of the optical absorption. This supports the assignment of this curve?® or conicat® crossing); (2) photoisomerization does not
band to the Raman scattering of the excited state of deionizedoccur from the excited state'®but rather from vibrationally hot
bR. ground state; or (3) nonplanarity around thg-€C,, bond might
Figure 2 shows the corrected time-resolved resonance Ramamot show resonance Raman enhanced HOOP vibrations if the
spectrum of the purple membrane gagR sample. Since wt BR Raman scattering occurs from the planart€ C;, conjugated
has a shorter lifetime, its Raman intensities are weaker than thosesystem which is not electronically coupled to thg-6C,4 system
of deionized bR. The peak at 1570 chis clearly observed, around which twisting occurs. Independent of which reason might
but the HOOP vibrations are not. Notice that the band at 1570 explain the absence of the HOOP vibration, our results suggest
cmt has a fwhm of~60 cnT?, much broader than the laser line  that changes in the carberarbon bond distances are what occur
width. It is also much broader and less symmetric on the low first upon the excitation of retinal in bacteriorhodopsin. This is
energy side when compared with the corresponding band for consistent with the fact that the excitation process itself involves
deionized bR. This result suggests that a change larger in wt bRa 7 — a* promotion, which changes the carbeoarbon bond
than in deionized bR in the -€C stretching frequency of the  orders of the different bonds of the conjugated system.
excited state has taken place within the laser pulse width.
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