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Chemical Dynamics in Proteins:
The Photoisomerization of
Retinal in Bacteriorhodopsin

Feng Gai,” K. C. Hasson,t J. Cooper McDonald,
Philip A. Anfinrud#

Chemical dynamics in proteins are discussed, with bacteriorhodopsin serving as a model
system. Ultrafast time-resolved methods used to probe the chemical dynamics of retinal
photoisomerization in bacteriorhodopsin are discussed, along with future prospects for
ultrafast time-resolved crystallography. The photoisomerization of retinal in bacterio-
rhodopsin is far more selective and efficient than in solution, the origins of which are
discussed in the context of a three-state model for the photoisomerization reaction
coordinate. The chemical dynamics are complex; with the excited-state relaxation ex-
hibiting a multiexponential decay with well-defined rate constants. Possible origins for
the two major components are also discussed.

The chemistry of life as we know it re-
quires a myriad of enzyme-catalyzed reac-
tions, all of which take place in the con-
densed phase. These reactions proceed with
remarkable efficiency and selectivity, the
likes of which are rarely duplicated in non-
biological systems. The key difference lies
in the solvent. In biological systems, the
“solvent” surrounding the active site is of-
ten a highly organized protein whose archi-
tecture influences the chemical behavior at
the active center. Moreover, that architec-
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ture can provide docking sites to house
intermediates involved in the reaction and
can create species-selective passageways be-
tween the active site and the surrounding
solution. The- structure of a protein, there-
fore, tailors its function. Static structures
determined at atomic resolution can reveal
the relative proximity and orientation of
functional groups and can help to rational-
ize a protein’s chemical behavior; however,
to be able to predict its chemical behavior,
we must understand the influence of its
architecture on its chemical dynamics. This
insight may allow the design of new protein
sequences that fold into target structures
and execute a designed function and may
also help to assess the function of proteins
that will be discovered as a consequence of
sequencing the human genome. Generating
this level of understanding will require con-
tributions from molecular dynamics, quan-
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tum mechanics, molecular biology, and
time-resolved spectroscopy and crystallog-
raphy. The rapid pace of advances among
these methods is pushing this goal ever
closer to reality.

In the context of this article, “chemical
dynamics” relates to the pathway by which
chemical bonds are broken and formed. The
breaking and making of bonds renders the
process “chemical,” and the term “dynam-
ics” hints at the fact that the dominant
outcome corresponds to the fastest of sev-
eral possible pathways. A detailed under-
standing of chemical dynamics requires
knowledge of both electronic and nuclear
motion along the predominant reaction
pathway and is often summarized in the
form of a simple potential energy surface
that depicts the putative reaction pathway
as well as its associated dynamics.

Whether occurring within a protein or in
the gas phase, chemical transformations pro-
ceed on the femtosecond time scale. Conse-
quently, direct investigations into chemical
dynamics require methods that provide fem-
tosecond time resolution. Currently, all such
methods: are pump-probe techniques, where
an ultrashort pulse of light excites a chro-
mophore and triggers the process to be in-
vestigated. The pump-probe approach,
therefore, constrains the experimental study
of chemical dynamics in proteins to photo-
biological systems (such as the rhodopsins,
the photosynthetic reaction center, photoac-
tive yellow protein, and phytochrome) or to
proteins that can be optically triggered (for
example, the photodetachment of ligands
from ligand-binding heme proteins). Never-
theless, incisive experimental characteriza-
tion of chemical dynamics in a small number
of photoactive proteins should provide suffi-
cient constraints with which to test and
refine general theoretical models of chemical
dynamics in proteins.
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The spectrum of a chromophore is often
sensitive to its electronic state, its confor-
mation, and its surrounding environment,
thereby providing a spectroscopic handle
for probing its chemical dynamics. Suitable
spectroscopic methods include time-re-
solved fluorescence, absorbance, and reso-
nance Raman spectroscopy. Whereas fluo-
rescence emission spectroscopy probes mol-
ecules in their excited electronic state, ab-
sorbance spectroscopy is sensitive to all
species along the reaction pathway. The
lack of specificity in the transient absor-
bance spectrum can become a problem
when the features are broad and overlap-
ping; however, this complication can be
partially overcome by probing the transient
absorbance over a broad spectral range with
high sensitivity and by using multiple-pulse
techniques. Time-resolved resonance Ra-
man spectroscopy reveals vibrational fea-
tures and indirectly provides coveted struc-
tural information; however, these vibra-
tional features are often unresolved when
the time resolution is made sufficiently
short to probe chemical dynamics.

Unfortunately, the intermediates ob-
served in time-resolved optical spectra are
not readily assigned to the molecular struc-
tures that give rise to those features. Studies
of chemical dynamics would benefit greatly
from methods that can determine the mo-
lecular structure of transient intermediates.
Significant progress is being made in the
area of time-resolved x-ray crystallography:
the structures of photolyzed carbon mon-
oxymyoglobin and photoactive yellow pro-
tein were recently determined with about
10-ns time resolution (I). The infrastruc-
ture required to extend the time resolution
to approximately 100 ps is being put into
place at the European Synchrotron and Ra-
diation Facility (ESRF), with the first pico-
second time-resolved x-ray crystallography
experiments scheduled for early 1998 (2).
In principle, these methods could be ex-
tended to the femtosecond time domain by
the production of x-rays with an ultrashort
electron pulse of several billion electron
volts generated in a linear accelerator. The
x-ray brilliance (3) and pulse duration
achievable with such a linear accelerator
should be sufficient to determine protein
structures with subpicosecond time resolu-
tion. Other approaches for generating sub-
picosecond x-ray pulses have been reported
(4), but they lack the x-ray brilliance need-
ed to pursue time-resolved protein crystal-
lography. Because the potential of femto-
second time-resolved protein crystallogra-
phy has not yet been realized, the most
incisive information regarding chemical dy-
namics in proteins currently comes from
ultrafast time-resolved optical approaches.

To illustrate what can be learned about
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chemical dynamics in proteins, we direct
our attention to the photoisomerization of
retinal, a process that has been studied in
both solution and proteins. A comparison
of the outcome in solution and in bacterio-
thodopsin (bR) is particularly instructive
because it reveals the extent to which a
protein can influence both the efficiency
and selectivity of a photochemical reaction.
Our focus on bR is also motivated by po-
tential applications in optical computing
(5), by the availability of high-resolution
structures from both electron (6) and x-ray
crystallography (7), by the ability to probe
chemical dynamics in site-directed bR mu-
tants (8, 9) as well as bR reconstituted with
chemically modified retinals (10, 11), and
by the ability to probe chemical dynamics
in related retinal proteins such as thodopsin

and halorhodopsin (12).

Bacteriorhodopsin

Bacteriorhodopsin is a 26-kD protein found
in the purple membrane of Halobacterium
halobium, an archaebacterium that thrives
in the harsh environment of salt marshes
(13). Upon illumination with visible light,
this protein develops a proton-motive force,
which drives the synthesis of adenosine
triphosphate (ATP) (14). The light-absorb-
ing chromophore responsible for this activ-
ity is a retinal molecule (15) (Fig. 1) that is
covalently attached to the protein through
a protonated Schiff base linkage to Lys*!¢
(16). Retinal photoisomerizes from its all-
trans to its 13-cis form (I7) and triggers the
translocation of one proton from the cyto-
plasmic side of the membrane to the extra-
cellular side (18). After executing this func-
tion, the 13-cis form spontaneously reverts
back to all-trans retinal, and the photocycle
is repeated.

In order for the bacterium to engage in
photosynthesis with reasonable efficiency,
the absorbance spectrum of the chro-
mophore has to overlap with the solar irra-
diance, which is peaked near 500 nm. When
linked to an unprotonated Schiff base in
methanol solution, all-trans retinal has an
absorbance maximum near 360 nm (I19).
When the Schiff base is protonated, the
absorbance shifts to about 450 nm (19).
When bound to bR through a protonated
Schiff base linkage, the absorbance is further
shifted to about 570 nm. This “opsin” shift
(20) optimizes the retinal absorbance for
carrying out photosynthesis. The choice of a
conjugated polyene as a chromophore could,
in principle, compromise selectivity: the pro-
tonated Schiff base of retinal possesses six
conjugated double bonds and, therefore, pro-
vides multiple centers for photoisomeriza-
tion. Indeed, the photoisomerization of reti-
nal in methanol solution is neither very se-

lective nor efficient. After photoexcitation,
the unprotonated Schiff base of all-trans ret-
inal can isomerize to form 9-cis, 11-cis, or
13-cis retinal, with efficiencies of 0, 6, and
6%, respectively (19). When the Schiff base
is protonated, the respective isomerization
efficiencies become 2, 14, and 1% (19). In
stark contrast, the protonated Schiff base of
retinal in bR selectively photoisomerizes to
the 13-cis form with an efficiency of 64%
(21). Indeed, it has been suggested that the
protein plays a catalytic role in the photo-
isomerization of retinal (8, 22). The propen-
sity to photoisomerize is intrinsic to the ret-
inal; however, the architecture of the protein
surrounding the retinal in bR influences that
photoreaction to make it both highly selec-
tive and efficient. How the protein modifies
the chemical dynamics of this photoisomer-
ization is the primary focus of this article.
The mechanism by which this photoisomer-
ization event leads to unidirectional proton
transport has been reviewed elsewhere (23).

Photoisomerization Reaction
Coordinate

We seek a model for the photoisomerization
of retinal in bR that can account for both its
high selectivity and efficiency. We first con-
sider the nature of the thermal isomerization
coordinate along the ground electronic
state. Photocalorimetry studies showed that
the 13-cis form is about 40 to 50 kJ mol™!
higher in enthalpy than the all-trans form
(24, 25), thereby storing sufficient energy to
pump one proton across the cell membrane
and drive retinal back to its all-trans form.
Thermal isomerization from 13-cis back to
all-trans retinal is fast, occurring at a rate of
100 s~ at 20°C (26). Evidently, the protein
surrounding retinal not only destabilizes its
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Fig. 1. Retinal with a protonated Schiff base. In
bR, the retinal is housed within the hydrophobic
interior of a seven-helix bundle and is covalently
linked to Lys?'®. Upon absorbing a photon, the
retinal isomerizes around the C,,-C,, bond.

1887



13-cis conformation (27) but also catalyzes
the rate-limiting return to its all-trans con-
formation, thereby attaining faster photocy-
cling. In contrast, 13-cis retinal in solution is
quite stable, and thermal isomerization to
all-trans retinal is extremely slow. The pro-
ton-pumping cycle in bR is, of course, a
light-activated process, so we now turn our
attention to the excited electronic state
from which isomerization is launched.

The first picosecond time-resolved ab-
sorbance spectra of bR, recorded more than
two decades ago, showed that the primary
step in the photoreaction occurs in less
than 6 ps, the time resolution of the mea-
surement (28). Numerous resonance Ra-
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Fig. 2. Proposed reaction coordinates for the
photoisomerization of retinal in bR: (A) Two-state
model (S, S,). Photoexcitation to a repulsive po-
tential drives the conformation toward the other
isomer. The excited-state potential is similar on
the trans and cis sides of the isomerization coor-
dinate, implying that their excited-state dynamics
are similar as well. (B) Three-state model (S, S,
S,). Photoexcitation promotes all-trans retinal to a
shallow minimum in the excited-state potential. A
small barrier must be surmounted for isomeriza-
tion to occur. In contrast, the photoreaction on the
13-cis side is barrierless, owing to the energy bias
that elevates the 13-cis relative to the all-trans
isomer. [Adapted from figures 1 and 6 of (35);
copyright 1996, U.S. National Academy of
Sciences]
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man studies have probed the conformation-
al and vibrational states of the primary pho-
toproduct (29). Like the first time-resolved
absorbance study, the time resolution of
resonance Raman techniques was not suffi-
cient to resolve the chemical dynamics of
bR. About one decade ago, three ultrafast
absorbance studies probed the chemical dy-
namics directly and found that a photore-
action occurs with a 0.5-ps time constant
(30-32). Furthermore, it was suggested (31,
32) that the excited-state potential energy
surface is “reactive” along the isomerization
coordinate, thereby driving the photoex-
cited all-trans retinal toward the 13-cis pho-
toproduct along a barrierless path; that is,
torsional strain appears promptly in the
C,;-C,, bond when retinal is promoted into
its excited electronic state.

Several conditions have to be met for this
model (Fig. 2A) to apply. First, the fluores-
cence lifetime should be quite short and
largely temperature independent; however,
the fluorescence lifetime of bR increases
from about 0.5 ps at room temperature to 40
ps at 90 K and 60 ps at 77 K (33), a trend
that is consistent with a barrier of 4 kj mol !
that must be surmounted before photo-
isomerization can occur. Second, the fluores-
cence emission spectrum should rapidly shift
to lower energies as the conformation of the
retinal progresses along the isomerization co-
ordinate toward the 13-cis configuration;
however, time-resolved absorbance spectra
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Fig. 3. Time-resolved absorbance spectra of bR
recorded (50) at 0.316 ps (open circles) and 31.6
ps (filled circles). In the 0.316-ps spectrum, the
negative-going feature centered at 17,600 cm~"'
corresponds to photon-induced depletion of the
ground-state absorbance; the negative-going
feature peaked near 11,000 cm~" corresponds to
stimulated emission. Positive-going features cor-
respond to excited-state or photoproduct absor-

bances. The 31.6-ps spectrum consists only of .

depleted ground-state and photoproduct absor-
bances. For comparison, a scaled equilibrium ab-
sorbance spectrum is shown (thick line). [Adapted
from figure 2 of (35); copyright 1996, U.S. National
Academy of Sciences]

suggest that the stimulated emission spec-
trum develops in about 30 fs (34) and re-
mains stable to beyond 1 ps (35). Because
the excited-state spectrum develops in a time
far too short for retinal to isomerize, the
conformation of photoexcited bR (bR*)
must be much nearer the structure of all-
trans than 13-cis retinal. Evidently, the ex-
cited state accessed by one-photon absorp-
tion is characterized by a shallow well in the
excited-state isomerization coordinate, sug-
gesting that the excited-state potential ener-
gy surface is more complex than that depict-
ed in the two-state model.

Before discussing an alternative model
for photoisomerization, further elaboration
of the time-resolved absorbance spectra is
warranted. The stimulated emission contri-
bution to the spectra (Fig. 3) does not
match that expected from the fluorescence
emission spectrum, despite the fact that
they are trivially related to each another.
Their peak positions are significantly shift-
ed, suggesting that part of the stimulated
emission spectrum in Fig. 3 is canceled by
an overlapping excited-state absorbance
(35, 36). This suggestion was supported by
other parallel studies (10, 37) and was sub-
sequently confirmed by ultrafast three-pulse
pump-dump-probe spectroscopy (38), a
technique developed to characterize over-
lapping features in time-resolved absor-
bance spectra.

A simple three-state model of the poten-
tial energy surface (Fig. 2B) has been devel-
oped on both theoretical (39) and experi-
mental grounds (35, 36). The three states
correspond to the ground state, the excited
state accessed by one-photon absorption,
and a second “reactive” excited state that is
accessed by an adiabatic transition from the
first excited state. According to this model,
the photoreaction in the all-trans—13-cis
direction encounters a small barrier, leading
to a temperature-dependent fluorescence
lifetime, as is observed (33). Moreover, the
stimulated emission spectrum should be sta-
ble over time, as is observed (35, 36). In
contrast, the photoreaction in the 13-
cis—all-trans direction is predicted to be
barrierless. To test this prediction, a three-
pulse experiment was designed in which the
first optical pulse produced 13-cis retinal,
the second pulse photoexcited the 13-cis
retinal, and a third pulse probed the time-
dependent population of the photoexcited
state. The excited-state relaxation times for
both photoexcited all-trans (denoted bR*)
and 13-cis (denoted K*) retinal were deter-
mined (Fig. 4). The photoreaction after
excitation of 13-cis retinal is significantly
faster than that of all-trans, indicating that
the process on the 13-cis side is essentially
barrierless, as predicted by the three-state
model. Evidently, the chemical dynamics.
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for the reverse photoisomerization in bR are
similar to that for the barrierless 11-cis to
all-trans isomerization in the visual pigment

rhodopsin (40).

Origins of Selectivity
and Efficiency

Photoisomerization selectivity and efficien-
cy are separable issues. To rationalize selec-
tivity, note that the isomerization coordi-
nate shown in Fig. 2B is a cut from the
multidimensional potential energy surface
that governs nuclear motion along all coor-
dinates. Corresponding cuts along the 7-,
9-, and 11-cis directions should be qualita-
tively similar because each involves isomer-
ization about a double bond. The barrier to
isomerization along each of these cuts is
different, however, with the protein regu-
lating the height of each barrier. The bar-
rier along the all-trans—13-cis direction
need only be about 7 k] mol™! lower than
the others to achieve 100:1 selectivity in
favor of that pathway. Therefore, the rela-
tive rates for surmounting the barriers are
much more important than the absolute
rates, and the rate of surmounting the bar-
rier need not be ultrafast for the reaction to
be selective.

Photoisomerization efficiency is dictated
by competition between the rate of radia-
tionless transitions back to the ground elec-
tronic state and the speed of nuclear rear-
rangement along the isomerization coordi-
nate. The rate of radiationless transitions is
exponentially dependent on the energy gap
AE between the excited and ground states
[x exp(—AE)] (41) and becomes quite fast
as the reaction approaches the midpoint
along the isomerization coordinate. When a
radiationless transition occurs while on the
all-trans side of the isomerization coordi-
nate (Fig. 2B), the retinal will likely remain
in its all-trans form, and the photon energy
will be dissipated as heat. According to the
Landau-Zener transition probability (42),
any momentum that builds along the
isomerization coordinate enhances the cou-
pling efficiency to the ground-state surface
on the 13-cis side. Consequently, efficient
isomerization requires that the retinal nu-
clei be able to rapidly rearrange with min-
imal steric hindrance by the protein. The
fact that the photoisomerization efficiency
exhibited in bR is substantially greater than
that in disordered solvents suggests that the
protein cavity surrounding retinal is quite
tolerant of the nuclear rearrangement re-
quired for all-trans to 13-cis isomerization.

The overall isomerization rate need not
be fast to be efficient. According to the
gap law, radiationless transitions become
important after surmounting the barrier
along the isomerization coordinate. Con-
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sequently, mutations that elevate the
height of the barrier will slow the overall
isomerization reaction but need not com-
promise its efficiency, as has been ob-
served (25, 43). In contrast, mutations or
retinal analogs that contribute additional
steric hindrance along the isomerization
coordinate would surely decrease the pho-
toisomerization efficiency.

Further Complications:
Nonexponential Chemical
Dynamics

Despite the apparent success of the three-
state model, recent experiments have re-
vealed complications that require further ex-
tensions to the model. For example, the de-
cay of the excited-state population is poorly
described by the 0.5-ps exponential time
constant reported elsewhere (30-32, 43, 44)
but is modeled reasonably well by two or
three exponential terms (35, 45). Given the
complication of nonexponential dynamics,
efforts to obtain a fundamental understand-
ing of chemical dynamics in bR might ap-
pear to be hopeless. Whether or not that is
true depends on our ability to account for the
origin of the nonexponential dynamics.
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Fig. 4. Time-dependent decay of the excited
states of all-trans retinal (bR*; filled circles) and
13-cis retinal (K*; open circles), the first stable
photoproduct. The bR* dynamics were measured
by photoexciting the sample at 17,000 cm~" and
probing the excited-state population at 10,000
cm~'. To measure the K* dynamics, the K state
was first prepared by photoexciting a bR sample
at 19,120 cm~" with a 5-ns pulse from a frequen-
cy-doubled Nd:YLiF, laser. After a 10-ns delay,
the resulting mixture of bR and K was photoex-
cited at their isosbestic point (17,000 cm~") with a
femtosecond laser pulse. The time-dependence
of the excited-state population was again probed
at 10,000 cm ™. To recover the K*-only dynamics,
the contribution from bR* was estimated and sub-
tracted, and the amplitude of the resulting curve
was normalized relative to the bR*-only dynamics.

A triexponential decay might be inter-
preted in terms of three identifiable species,
each decaying with its own unique rate. If
there are three unique species, they should
be distinguishable through their absorbance
or emission spectra, or both. For example, if
multiple species are distinguishable in ab-
sorbance, a change in the excitation wave-
length will alter the probability of exciting
each species, and the relative amplitudes of
the three decay components will vary with
excitation wavelength. If multiple species
are distinguishable in emission, the stimu-
lated emission contribution to the time-
resolved absorbance spectrum would shift in
time as the fast-decaying species disappears
and the slow-decaying species persists. Nei-
ther of these predictions is realized: the
relative amplitudes for the three compo-
nents (Fig. 5) are the same within scatter
for all excitation wavelengths explored, and
the stimulated emission spectrum at 1 ps is
virtually the same as that at 0.2 ps (35). If
there are multiple species present in the bR
sample, they are spectroscopically equiva-
lent in both absorbance and emission.

Nonexponential dynamics could be a
manifestation of the conformational het-
erogeneity that arises from thermally driv-
en transitions among the conformational
substates accessible to a protein (46). Be-
cause the protein surrounding the retinal
in bR modulates its photochemical reac-
tivity, subtle conformational differences
might lead to altered reaction rates.
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Fig. 5. Wavelength dependence of the triexpo-
nential amplitudes used to model the decay of the
excited-state population (probed at 11,200
cm™ ). The decay dynamics for 14 separate mea-
surements spread over six wavelengths were si-
multaneously least-squares fitted with three glo-
bally optimized time constants. The normalized
amplitudes for the fast (diamonds), intermediate
(squares), and slow (triangles) components ap-
pear to be constant (dashed lines) over this range
of pump wavelengths. The global time constants
were 0.24, 0.74, and 8.5 ps, respectively. For
comparison, a scaled equilibrium absorbance
spectrum of bR (solid line) is shown.
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Therefore, nonexponential dynamics can
conceivably arise from a distribution of rates.
To test this proposal, we modeled the time-
dependent decay of the excited-state popu-
lation with a distribution of rates, with the
resulting distribution subject to only one
constraint: the model must give the best fit
possible while maximizing entropy (Fig. 6).
The entropy referred to in this maximum-
entropy method (MEM) (47) is proportional
to =2, p{ln p,), where p, is the probability
that the protein is in state i and reacts with
arate constant k.. The time-dependent decay
of the excited-state population is then de-
scribed by 2, pexp(—kt). Accordingly, two
substates with similar rates are preferred to
one substate, providing a driving force to
broaden the distribution to the maximum
extent possible without compromising the
quality of the fit. Remarkably, the best fit
distribution obtained with the use of MEM
(Fig. 6) is not a single broad distribution, as
might have been expected. Rather, the dis-
tribution has two well-defined and narrow
features centered near 0.24 and 0.75 ps,
whose integrated amplitudes are approxi-
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Fig. 6. The decay of the excited-state population (probed at 11,200 cm~™") was modeled with a .
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mately 2:1. Because the amplitude of the
small feature near 10 ps increases with sam-
ple age and light exposure, it likely corre-
sponds to a degraded by-product of bR. The
time constants and amplitudes associated
with the two main MEM features are similar
to the parameters obtained when the same
data are modeled with a triexponential func-
tion. Moreover, these parameters are similar
to those reported by time-resolved fluores-
cence emission (45), whose average between
770 and 900 nm was found to be 0.21 and
0.79 ps with a 1.8:1 ratio. Consequently,
there are two fundamental time constants
involved in the excited-state relaxation of
retinal in bR (48).

Dobler et al. (32) reported a 0.2-ps
growth of the transient absorbance in the
vicinity of the photoproduct absorbance.
Because a 0.2-ps process is faster than the
purported 0.5-ps decay of the state that
necessarily precedes the formation of pho-
toproduct, they assigned the 0.2-ps process
to nuclear motion along the photoisomer-
ization coordinate and away from the
Franck-Condon active region. Given the
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MEM analysis reported here and the static
nature of the stimulated emission spectrum
on the 0.2-ps time scale (35, 36), it now
appears that the 0.2-ps growth of the tran-
sient absorbance corresponds to the forma-
tion of photoproduct. Interestingly, the
growth of photoproduct appears to be dom-
inated by the faster of the two excited-state
decay components (49). The 2:1 ratio of
amplitudes invites an interesting compari-
son with the quantum efficiency for photo-
isomerization. If the dominant pathway pro-
duces photoproduct and the minor pathway
does not, a 2:1 partitioning along these two
pathways would lead to a quantum efficien-
cy of 2/(1 + 2) = 0.67, a result similar to
the reported value of about 0.64 (21). Evi-
dently, more than one species and pathway
needs to be invoked to account for the two
dominant time constants exhibited in the
chemical dynamics of photoexcited bR.
Further work is needed to develop a de-
tailed reaction scheme that is physically
reasonable and consistent with known, re-
liable data. It appears ever more promising
that the chemical dynamics of a process as
complex as the isomerization of retinal in
bR may be elucidated at a high level of
mechanistic detail.

Conclusions

Chemical dynamics in the condensed phase
cannot be probed at the same level of detail
as small molecules in the gas phase. Never-
theless, using advanced ultrafast spectro-
scopic techniques, one can still learn much
about chemical dynamics in the condensed
phase, particularly for proteins and enzymes
whose selectivity and efficiency leads to one
dominant photoreaction pathway. The
mechanistic insights gained by such studies
can go far toward answering the question of
how the surrounding environment modifies
the reaction pathway. Furthermore, once
ultrafast time-resolved protein crystallogra-
phy becomes a reality, the complement of
optical and x-ray methods should lead to
the mechanistic insights required for the
rational design of proteins and ligands with
tailored function.
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Electron Transfer: Classical

Approaches and New Frontiers

Helmut Tributsch* and Ludwig Pohimann

Electron transfer, under conditions of weak interaction and a medium acting as a passive
thermal bath, is very well understood. When electron transfer is accompanied by tran-
sient chemical bonding, such as in interfacial coordination electrochemical mechanisms,
strong interaction and molecular selectivity are involved. These mechanisms, which take
advantage of “passive self-organization,” cannot yet be properly described theoretically,
but they show substantial experimental promise for energy conversion and catalysis. The
biggest challenge for the future, however, may be dynamic, self-organized electron
transfer. As with other energy fluxes, a suitable positive feedback mechanism, through
an active molecular environment, can lead to a (transient) decrease of entropy equivalent
to an increase of molecular electronic order for the activated complex. A resulting
substantial increase in the rate of electron transfer and the possibility of cooperative
transfer of several electrons (without intermediates) can be deduced from phenomeno-
logical theory. The need to extend our present knowledge may be derived from the
observation that chemical syntheses and fuel utilization in industry typically require high
temperatures (where catalysis is less relevant), whereas corresponding processes in
biological systems are catalyzed at environmental conditions. This article therefore
focuses on interfacial or membrane-bound electron transfer and investigates an aspect
that nature has developed to a high degree of perfection: self-organization.

Electron transfer, especially as an interfa-
cial reaction, is a tremendously important
process that controls mechanisms ranging
from photosynthesis and respiration to elec-
trochemical energy systems and corrosion.
Understanding of its principles began basi-
cally in the 1940s with the transition state
theory (TST) (1) and the Kramers theory
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(2) describing reaction rates on a micro-
scopic basis. According to the Kramers the-
ory, the rate constant accounts for the “fric-
tional” effect of the surrounding medium,
the immediate chemical surrounding of the
electron transfer species, and includes the
TST result as an upper limit. A largely
empirical concept for understanding the de-
pendence of rate constants on thermody-
namic and molecular dynamic parameters
was developed in the 1950s with a subse-
quent justification by derivation from basic
principles (3). For this accomplishment,
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