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diffusive motion along the main chain.

Rapid electron transfer motion in cytochrome ¢ was studied microscopically for the first time using muon spin
relaxation. The spin relaxation rate of an injected positive muon is caused by the magnetic interaction between the
spin of the stationary muon and the spin of the moving electron produced by the injected muon itself. Temperature
dependent measurements from 5 K to room temperature indicate that the fundamental intersite difusion rate
for the topologically one-dimensional electron motion along the polypeptide chain is only weakly dependent on
temperature. Evidence for an increase in higher dimensional motion is seen around 200 K, apparently reflecting
a structural change in cytochrome ¢ and opening up thermally activated tunneling paths which short-circuit the

Electron transfer processes in macromolecules such as pro-
teins are an important part of biological phenomena, such
as the storage and consununation of energy, photo-synthesis
and brain function. A number of experimental investigations
have been carried out to explore the electron transfer phenom-
ena in proteins and related chemical compounds. One of the
key methods to date for measuring a long-distance electron
transfer is to measure the electron-transfer kinetics from a re-
duced heme (Fe?*) to an oxidized surface-bound Ru complex
(Ru®t) using a flash-quench procedure, thus concentrating on
the specific path of the electron transfer.”’ However, almost
all the existing information on the electron transfer have been
obtained by essentially macroscopic methods, which measure
the evolution of the complete electron transfer from donor
to acceptor. Long range electron transfer however involves
complex paths involving many tunneling segments, each of
which will influence the total transfer rate. In order to un-
derstand the details of she electron transport it is thus very
important to use methods that provide information at a2 more
microscopic level.

Among various types of proteins, cytochrome c attracted
much attention, since it plays an essential role in the res-
piratory electron transport chain in mitochondria, occupying
a position next to the final process of the cycle, in which
it transfers electrons to the surrounding oxidase complex.>®
The three-dimensional molecular structure of cytochrome c is
well known, since determination by X-ray structural analysis
in the sixties.!

The use of muon spin relaxation in electron-transfer studies

In order to oblain microscopic information on the electron
transfer in the macro-molecule, the muon spin relaxation

(#SR) method offers great potential. Polarized positive
muons (p*), available as a particle beam in the MeV en-
ergy region from a beam channel installed at a high eunergy
proton accelerator facility, can be injected into a biological
substance. During the slowing-down process, the injected p*
picks up one electron to form a neutral atomic state called
muonium, which is in many ways analogous to a hydrogen
atom. The muonium is then thermalized followed by chemical
bonding to a reactive site on the molecule. Then, depending
upon the nature of the molecule, the electron brought in by
the ut can take on several characteristic behaviours, inclnd-
ing localization to form a radical state and/or a linear motion
along the molecular chain, These bchaviours can be detected
most sensitively by measuring the spin relaxation process of
the p” using the pSR method. The muon spin relaxation oc-
curs through a magnetic interaction between the u™ and the
moving electron produced by the put itself. The u* spin re-
laxation is observed by detecting the time-dependent change
of the spatially anisotropic distribution of positrons emitted
preferentially along the p* spin direction after the radioac-
tive decay of polarized u+ (lifetime of 2.2 us). The initial ut
polarization is naturally obtained in the production process
of pion-decay, {ollowing the laws of particle-physics. Here, the
u* takes on a double role, both as an injector of an electron
and also ag a sensitive observer of the electron’s behaviour.

This idea of the sensitive detection of the electron behaviour
in macromolecules using muons has been applied successfully
in studies of electron transport in conducting polymers.>™
A soliton-like motion has been studied for the p*-produced
electron in trans-polyacetylene, which contrasts with the lo-
calization seen in cis-polyacetylene following the formation of
a radical state.>® Similarly, polaron-type electron transport
phenomena in polyaniline have also been studied,”
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The most significant cbservables in these pSR studies can
be summarized ag {ollows. In longitudinal relaxation mea-
surements, due to the nature of the interaction between the
moving electrons and the stationary muons, the character-
istic dimensionality of the electron motion can be studied
by varying the externally applied field (Bex:) and following
the dependence of the muon spin rclaxation rate (A\,) ; for
one-dimensional electron motion A, ot (Bex) ™2, for two-
dimensional electron motion A, ot (o — flog Bext), where o
and [ are constants, and for three-dimensional electron mo-
tion A, does not have significant By dependence.®’

Progress has been made in the theoretical understanding of
this paramagnetic relaxation process by Risch and Kehr who
considered the direct stochastic treatment of the random-walk
process of a spin which is rapidly diffusing along a topolog-
ically one-dimensional chain,® An error-function type longi-
tudinal relaxation function (hereafter called R-K function)
G(t) = exp(Tt)erfc(I't)/? was proposed for Almax > 1, where
A the electron spin flip rate, tmax the experimental time scale
and I" a relaxation parameter. In this theoretical treatment,
I" is proportional to 1/Bext in the case of topologically one-
dimensional electron motion. In a recent experiment,”) the
usefulness of the R-K funclion has been confirmed experi-
mentally for the polaronic motion of conducting electrons in
polyaniline.

As a natural extension of this type of application of the uSR
method, possible studies of electron .transfer in protein was
proposed in 1987 by one of the present authors.'® The only
previous report of SR on biological molecules was an early
study back in 1979, demonstrating muonium rcaction with
various nucleotides and with DNA.'" However, no uSR stud-
ies on electron motion in proteins have been reported up to
now.

uSR experiment on cytochrome ¢

Experiments on the u™ relaxation in cytochrome ¢ have heen
conducted by using an intense pulsed beam (70 ns pulses
at 50Hz repetition rate) of 4 MeV p* al the RIKEN-RAL
Muon Facility?? at Rutherford Appleton Laboratory, UK.
By using a uSR spectrometer which has a large solid-angle,
highly-segmented detector arrays, a precise measurement of
the spin relaxation function of the u* for times up to 30 us
can be made in a relatively short data acquisition time (1 M
events/min). As established in the earlier work on a range
of muon science experiments,**'%) the use of pulsed muons is
essential for measuring long relaxation times that appear in
the present type of spin relaxation studies.

The cytochrome c used here is Fe(3+) type in a polycrystalline
powder form extracted from horse heart (Wako-Chemical
product). The present pSR measurements were carried out
for a range of temperatures between 5 K and 300 K and for
a number of longitudinal magnetic fields in the range of 0 to
0.4 T, applied along the p* initial spin direction. All mea-
surements were conducted on the powder sample as received.

At each of the measurement temperatures, the u™ relaxation
function, which corresponds to the time-dependent change
of the ™ polarization, was found to havc an external field
dependence. Some typical relaxation curves are shown in
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Fig. 1; it can be seen that the spin relaxation becomes sup-
pressed at higher exteinal fields Beyy, while the initial asym-
metry at ¢ = 0, a,{0) increases against Bext (note that the
time dependent change of the spin polarization is described
by a,(0)G(t)). The observed relaxation functions G(t) were
fitted by the R-K function® and the longitudinal relaxation
parameter I obtained at various temperatures is seen to de-
crease monotonically with increasing Boy, (Fig. 2). On closer
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Fig. 1. Typical T spin relaxation time spectra in cytochrome ¢ at
5, 110 and 280 K under external longitudinal fields of 0, 50 and
500 G. For finite fields the curves show best fits using the R-K
function.
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Fig. 2. The RK relaxation parameter 1" versus external longitudinal
magnetic field for the 1T in cytochrome ¢ at various temperatures.
The B~! dependent part can be seen to become significant at
higher field region and the critical field (cutoff field) of the onset
of the B~1 dependence can be seen to have a clear temperature
dependence.



inspection of the By, dependence of T', there seems to be
two components, (1) a region of weak field dependence (lower
field) and (2) a (Bex) ™" dependent region (higher feld). The
latter region exhibits the characteristic 4% spin relaxation he-
haviour due to linear 'motion of a paramagnetic electron. As
seen in Fig. 2, the critical field (hereafter we reler to this as
the cutof field) where the second region becomes significant
over the first region has a significant temperature dependence;
the cutolf field is seen to reduce with decreasing temperature.
An Arrhenius plot of the cutofl field against inverse Lemper-
ature is shown in Fig. 3. 1t can be seen that the temperature
dependence of the cutoff field can be presented by the sum of
two activated components of the form exp(—Fo/kT), where
b, is an activalion energy; one with an activation energy of
150 meV (dominant over 200 K) and the other with an acti-
vation energy of less than 2 meV (dominant below 200 K).

Over the entire temperature range the initial amplitude a, (0)
recovers with jncreasing fleld. It shows a first recovery at
lower field (up to 300 G) and then it shows a second recovery
at higher field (above 300 G). This can be taken as evidence
for the existence of two different classes of muon site with
differing muon-clectron hyperfine coupling constants.
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Fig. 3. The upper plot shows the temperature dependence of the
inter-site diffusion rate of electron(s) in cytochrome ¢ derived from
the B~1 dependent part of the relaxation parameter. The lower
plot shows the cutoff field determined in Fig. 2 against inverse
temperature, from which dominant activation-type energies can
be determined in diffrent temperature regions.

Microscopic aspects of electron transfer in cytochrome ¢
revealed here

All of these results lead to the following microscopic picture of
the electron transfer processes for the muon-injected electron

in cytochraome c.

(1) An electron brought in by the ¥ and iiberated at a bond-
ing site initially makes a topologically linear motion along the
chain of the cyctochrome c.

(2) The inter-site diffusion rate along the chain Djj, which
can be obtained from the measured I and the hyperfine cou-
pling constant. (500 MHz) estimated from the recovery curve
of the initial asymmetry,”® becomes a value of the order
of 10 rad/s and almost tempcrature-independent (Fig. 3).
This value is encouragingly consistent with those obtained us-
ing optical methods in Ruthenaled proteins for short electron
transfer distances in the region of 5 A 1%

(3) The cutofl process represenis departure on a longer
timescale from the topologically one-dimensional diffusion
which occurs on the shorter timescale. Depending upon the
temperature region, the cutoff field is dominated by two dif-
ferent processes as seen in the temperature dependence (Fig.
3); one with a characteristic activation energy of 150 meV
seen above 200 K and the other with an activation energy of
less than 2 meV seen below 200 K. The characteristic change
at 200 K of the cutofl field seems to be related to the well-
known structural change of some proteins which has been sug-
gested as glass-like transition.'® A naive picture based upon
previous ¢ SR studies on high molecular weight conducting
polymers®™ ™ would suggest an increase in the effective dimen-
sionality of the diffusion at temperatures higher than 200 K
due to an increased inter-chain diffusion rate. In the context
of a protein such as cytochrome ¢ with coils and folds in its
structure, the “inter-chain” diffusion might perhaps be inter-
preted as “inner-loop” jumps, which could well be strongly
activated by the increased thermal displacement of the poly-
mer occuring above the glass iransition.

The most important unknown factors in the present ptSR
studies are the distribution of locations of the u* bonding-
sites with corresponding uncertainty in the electronic struc-
ture of the u* and the site from where the electron starts its
linear motion. At this stage of our uSR studies, there is little
information on these questions. In this respect, the lower field
relaxation part seen in I’ for Beye below the crossover might
provide some key informations; if it is sensitive to the mag-
netism of the Fe ions situated at the center of cytrochrome c
then, by measuring a precise value of the hyperfine interac-
tion parameter between the stationary p™ and the Fe ion (and
its temperature as well as angular dependence), information
about the 4% location may be revealed. For this purpose,
muon spin RF resonance as well as level crossing resonance
will be most helpful. These experiments arc now in progress.

Although, as mentioned above, there are still some unknown
factors at this stage concerning the detailed nature of the
ut probe state, it is clear that the electron transfer pro-
cess through a microscopic section of cythochrome ¢ was
directly detected in the present experiment. The present
SR method should be contrasted with the experiments us-
ing photo-excited electrons, where electron transfer was mea-
sured through a path connecting between heme-Fe and Ru-
susbstituted portion (bis (2,2-bipyridine) imidazole).! It
should also be contrasted with the electron thansfer mea-
surements within a zinc-substituted protein initiated by flash
photo—production,17) where electron transfer through a path
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connecting heme-centers is defected.

The ptSR measurement, where high efficiency of the mea-
surements should he emphasized (typically 5 min for a uSR.
spectrum shown in Fig. 1), is easily able to be extended to cy-
tochrome ¢ in various chemical and biclogical environments;
e.g. in solution with different values of pH, etc. It would be
interesting to conduct similar experiments on other related
proteins, such as 1) as suggested by N. Go, Lysozyme with-
out Ie jons where no electron transfer is expected and 2) as
suggested by M. Ataka and T. Kubota, cytochrome ¢ with
Fe(2+) ions where electron transfer is somewhat suppressed.
Preliminary measurements on these systems have given some
supporting results, details of which will be reported elese-
where.

The highly sensitive SR method, which was applied for the
first time to the microscopic nature of the clectron transfer
process in a proteit, may have potential application in a wide-
variety of fields. Most importantly, because of original high
energy nature of the probe, this method can be applied to a
protein in vivo. As one example for the future, it might be
possible to use the technique to obtain new information on
the basic functions of brain activity.
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