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Electron transfer, or the act of moving an electron from one place to another, is amongst
the simplest of chemical processes, yet certainly one of the most critical. The process of ef-
ficiently and controllably moving electrons around is one of the primary regulation mecha-
nisms in biology. Without stringent control of electrons in living organisms, life could simply
not exist. For example, photosynthesis and nitrogen fixation (to name but two of the most
well-known biochemical activities) are driven by electron transfer processes. It is unsurpris-
ing, therefore, that much effort has been placed on understanding the fundamental princi-
ples that control and define the simple act of adding and/or removing electrons from chemi-
cal species.

Transition metals such as copper and iron play leading roles in electron transport as one-
electron redox-active centers within proteins that are used to effectively move electrons
around. Well-known examples are the blue copper proteins (Cu'-Cu'), cytochromes
(Fe'"-Fe'"' porphyrins), and iron-sulfur proteins (Fe''-Fe'' with sulfur ligands). Significant
efforts have been placed on developing our understanding of how biological systems control
which electron transfer processes are feasible (i.e., reduction potentials) and how fast they
will occur (i.e., rate constants).®* The factors
that affect the properties of these important

biological electron transfer sites are generally \
considered as either intrinsic (i.e., an inherent

behavior and/or property of the site itself) or :
extrinsic (i.e., modulation of the basic proper-
ties by external factors) to the active site. Our
recent efforts have served to provide insights
into the intrinsic properties of mononuclear iron
centers using both experimental and theoretical
methods to evaluate their inherent electronic
structure and to correlate it to their observed
redox properties.t %3

Using small near-tetrahedral [Fe(SR).]*"* mod-

els, we have probed the electronic structure of
both the reduced (Fe'") and oxidized (Fe'") com-
plexes to obtain insights into their intrinsic re-
dox properties and implications on the proper-
ties of Rubredoxins, a class of small electron ) ) )

transport proteins that contain a similar active fF'g.“r.e 1. Three-dimensional structure of Desul-
. . 5 . ) ovibrio vulgaris Rubredoxin, a mononuclear iron-
site (F'gure 1)' An important question was sulfur electron transport protein. The iron center is
whether electron transfer in these sites was surrounded by four cysteine ligands that are at-
well-described as a one-electron process. Gen- tached by their sulfur atoms.

erally, it is assumed that the removal and/or

addition of a single electron is a rather simple process and that it does not significantly alter
the electronic structure of a transition metal site. Another way of stating this is that we gen-
erally assume that electron transfer is a “one-electron” process — our approach to under-
standing electron transfer processes is rooted in this one-electron approximation. From
studies on a related system, it seemed that this assumption might not hold.® ’
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Photoelectron spectroscopy (PES) pro-
vided the first evidence that these redox
sites might actually be more mysterious
than anticipated. In the Fe' species, both
core and valence PES display intense sat-
relaxed | ellite peaks (see Figure 2), features that
result from changes in the electronic

TR Y structure during the PES experiment,
: which essentially probes non-adiabatic

unrelaxed electron removal. These data therefore

. 2y \ 1 provide direct insight into the Fe''—>Fe'"
700 710 7200 5 10 15  process of interest. From these data, it
was shown that there is a large change in
the electronic structure of the reduced
Figure 2. Core (A) and valence (B) PES data for the fer- species upon electron removal and that

rous and ferric tetrathiolate model complexes. The data this electronic relaxation changes the na-

(black) are simulated using the one-electron model (blue) t f th lect t f
and including electronic relaxation (red). For the core ure o e electron ranster process.

2-,1- : .
data, the satellite feature (S) that results from electronic ~ Clearly, for [Fe(SR).] , this approxima-
relaxation is shaded for emphasis. tion is simply not valid.*
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This result is well-supported by theoretical results, which allow us to visualize the process
and its influence. As we see from Figure 3, the overall electron transfer process looks very
different than expected from the simple one-electron model. Using the one-electron model,
the electron is removed mostly from the Fe atom, the ligands (the atoms attached to the
metal) play only a very small role. However, the true situation is one that involves the
ligands very heavily — electronic relaxation distributes the loss of the electron over a much
wider volume. It is obvious at this point that relying on the one-electron approach to under-
stand the electron transfer properties of these irons-sulfur sites is insufficient. For this rea-
son, the importance of electronic relaxation on the intrinsic electron transfer properties of
these iron-sulfur sites was explored, focusing on both the redox potentials and the rates
constants for electron transfer.*

The experimental PES data from Figure 2 have already shown us that electronic relaxation is
extremely important for the oxidation process. The major result of this effect is to ensure
that electron density is removed more evenly from the site and not simply from the metal
itself. This makes the process easier and decreases the energy required to remove an elec-
tron, but by how much? It is possible
to simulate the behavior of the PES
data if electronic relaxation did not
happen. By comparing these simula-
tions to the actual data, we notice
that the ionization peaks are shifted
to lower energy because of electronic
relaxation — this is what we mean by
making the process easier (it needs
less energy to happen). For valence
ionization, the energy stabilization
due to relaxation (E.x) is approxi-
mately 0'5 electron-Volts. If this dl_d Figure 3. Theoretically-derived representation of the loss of
not occur in these redox centers, their ;" cjectron on going from [Fe"(SCHs)s]> to [Fe"'(SCHa)a]".
reduction potentials would be much  The top figure shows the calculated electron distribution using
higher and could seriously affect the the one-electron formalism, whereas the bottom figure shows

ability of these proteins to perform the electron distribution if electronic relaxation is allowed to
take place.

electron transfer.?




The effect of electronic relaxation on the rates of elec-
tron transfer are much more dramatic. From our theo-
retical work, we have demonstrated that removing elec-
tron density from both the iron and the thiolate ligands
diminishes the geometric changes at the site during the
process. Since moving atoms is much slower than mov-
ing electrons, the result of minimizing structural changes
is to increase the speed at which electron transfer can
happen. Through electronic relaxation, the Fe-S bond
distance changes nearly five times less than we would
expect using the one-electron approximation (see Figure
4). What does this mean for the protein? It translates
into a rather astonishing thousand-fold increase in the
electron transfer rate, which effectively means that it
allows the protein to work!?

A combination of synchrotron-based spectroscopy and
theoretical methods has allowed us to demonstrate that
the “one-electron” approach to understanding electron
transfer can be misleading — a situation that is likely
more general than this particular case. In so doing, we
have obtained a new glimpse into the inherent redox
properties of the mononuclear iron-sulfur active site in
an important electron transfer protein, Rubredoxin. The
simple fact that the electronic structure changes dra-
matically after removal of a single electron seems to be
the determining factor that allows these proteins to do
their job, and do it well.
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Figure 4. Potential energy surfaces for
the reduced (black) and oxidized (blue
/red) forms of the iron site. The mini-
mum in the plots indicate the average
Fe-S bond distance in each case. The
one-electron model (blue) predicts
much larger bond distance changes
than if we include electronic relaxation
(red).
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