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Flectron Transfer in Biological Systems (")

Abstract — Electron tramfer in biological systems s basic 0 key bisenergetic
processes such 45 light harvesting, respiration and mirogen fisation. Election trunsier
pencrally mvolves. fctal groups and/or orgamic prostheic groups, but it it cleat that the
control of rates and thermodymamics is exened by the protin

In this aricl, the general theory of electron teansfes is oulined and selected examples
of biochemical tests of the theory are briedly reviewerl. Special attention is given 10 the novel
‘mspects of biological ekectron transfer, which sre promising for the future developments in

The role of dectron transfer (ET) in biological systems is basic to bios:
nergetics involving, as it docs, all processes which deal with light harvesting,
respiration and nitrogen fixation. The initial phase of research which laid the
foundations of present day knowledge, started after World War 1 with the pio-
necring work of biochemists such as O, Warburg and D. Keilin. Such a long
period, which extended for over 40 years, led to the undesstanding of the rolc of
enzymes in catslyzing bioenergetic processes and the characterization of the
chesmistry involved in the biological redox rcactions. Thus it became clear that
these cvents generally involve metals and/or organic prosthetic groups, and the
cantrol of raes and thermadynamics of ET is exerted by the protein.

In the seventhies the whole field of biological ET took a new perspective
thanks 1o some major breakthronghs. First of all, after the threodimensionsl
structure of hemoglobin and myoglobin became svailable due to the work of J.C.
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Kendrew and M. Perutz, more and mare proteins were solved at the atomic level,
and many of these are major actors in biological redox process; suffice to recall thar
the structures of the reaction center of photosynthesis and of cytochrome-c-axiduse
{the two crucial membrane protcins involved in light harvesting and respiration]
ate now available. Sccond. a solid general theory of ET proposed by R. Marcus was
extended o biological syrems, stimulating a large number of experimental studies
in order to test mapphmhﬂllyw complex anisotropic objects such as redox active
proteins. Finally th af laser orher rapid
Salon A AT g A remperarure-jump, ullowing to extend
the time domain down to pescc in the realm where primary photochemical events
and charge separstion occur; thus structusal dynamics of ET came of age.

In this brief article written on the occasion of the 100th anniversary of the
discovery of the electron by 1J. Thomsan, it scemed best to briclly review the
novel aspects of biological ET which has been a very reach and productive field of
modem Biochemistry, but promises o provide mare new findings.

2. QUTLINE OF THE GENERAL THEOKY.

ET probability depends on the overlap between the clectron-containing orbital
{wavefunction) of the donor with that of the acceptor. This overlap can be very small
since redox centres in proteins are often located 1013 A apart. In intramolecular ET,

donor and acceptor are separated by the protein matrix, which has been sssigned a
low (D = 2-4) d.ndcmoomm ]n a dn.wul mmm the energy barrier for ET is
ook ik b 1 wnnel through the
Ennies ith e pmbll‘nlﬂy To relte mneling theory snd cxperiments, » smple
description of the ET rate is given by Fermi's Golden Rule, which applies te non-
adiabatic ET occurring beoween weakly coupled redox centres:

K= lelectrone factor) * Unuclear factor) = ko=20h W (FO (1)

The nuclear factor, ot Franck-Condon term (FC), stares thar during ET the
auclei do not have time to respond because of their large mass relative to that of the
electron, Marcus [1] has provided a simple description of the energy terms that
comprise the FC fuctor using harmonic potential energy curves (Figure 1), ET rare is
determined by the free encryy gap (AG*) ar driving foree, and rhe reorganizational
energy () ET will occur when the potential enerics of reactants and products cross.

In general the activation barricr (AG®) is given by the expression:

AG* = (AG"+ AP b @2

Depending on the sign of (AG*+ 3 cne can distinguish the normal, acti-
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snd the ET rate is slowes,

vationless and inveried regions thus ET rate goes through a maximun for ~AG*= &
factivationless regimel, and decreases on both sides (Figure 1),
Using the classical approximation for the FC factor, the Fermi cquation

k= 2/h H gy 4 1 T exp (- (AG+ WP L KT) )

Aceording ro equation (3) the main remperature dependence comes from the
exponential factor, but when the activation energy s zero u weak temperature
dependence remains hecause of the pmnpw‘nﬂnl factor, cansing the sate to
decrease as the increases. of some ET
s cm iswevet B explaiod moniching 1 Elog Bl (2,

“The other term influencing the ET rate, the efectronic factor (), represents
the weak coupling of the reactans and product wavefunctions; Hys vields the
overlap between the orbitals A and B, and is often referred us the weleetronic
coupling matrix elements. The degree of orbital overlap depends en the distance
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berween the redox centres and the murure of the intervening medium, which in
biological ET is the procein matrix and in part the sabvent.

Since wavefunctions decay exponentially with distance, the electonic coupling
will decrease with the distance (r-t,) according to:

Hyi= (HylF e -

where 15" represents the electronic coupling between A and B when the redox
centres are in van der Woals contact (r=1r,), and its decay with distance includes
the cocfficient f. The latter describes therefore the contriburion of the intervening
medium in propagating the wavefunction, and its dependence on proteia structure.
is matier of intense wesearch and debate.
oo obiain a corteet description of the role of the intervening medium and di-
mmml; it unwwwdsmhemumlmm:-ar ) (Figure 1).
The principles underlying ET berween nwo proteins offer another theme for
variation and control, namely molecular recognition as a prerequisite for ET. For
efficient ET, diffusible redos proteins must interact in order o maximize proximity
‘erween the redox centres within a collisional complex (AB), given that most redox
active proteins are ssymmetric with their cofactor/metal gencrally located on onc
side of the macromolecule. The kinetic model which describes interprotein ET is:

k ky
A+ B o> (A'B) > (ABY) — A+B* 51

Under pseudo-first order conditions (e.g. [A1>>[B1), the overall rate constant
k,y is given by:

K=k, k, TAIK, + ky + K, [AD (]
Within this model, two limiting conditions can be envisaged where cither
complex formation or intra-complex ET are rate limiring, Marcus theory [1] allows
w0 describe the overall rate constant ky; s o function of the equilibrius constant
K. the self exchange ratc constants of the rwo partners ky; and ky, and the work
tem Wi involved in the configurational change of seactants and produces along
the reaction coordinate:
Ty by Koy S Wi
where

W= explon,, + v = i -, VZRT ®

Theac expressions have been tested experimentally with & number of well
characterized redax proteins.
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3, EXPERMENTAL TESTS OF THE THEORY 1 BIOCHEMISTRY,

Several fanilies of proseins involved in biological ET, with variable structure and
catalytic complesity, are known in desil. Many of these are one-lectron carricr
proceins, which are ususlly small (= 100 aa), and display o asociated enmymatic
functien, In these proteins the clectron resides on a special eofactor, such 48 a heme
or 3 meul stom, und often they can donate the electron 1o different. pormers.

mote complex proteins consist of one or more domains and may pesform chemical
reactions, such @ oxication or reduction of organic molecules. Some of them can |
convert the flow of charge from singke electron 10 pairs lor more) using uullzr

cofactors. (ke M‘N ll\d qunmcﬂ by fmmm(( stable radical in

radicals of with mml
m.\mguﬂmunmﬂ,mmgmﬂ respiratory complexes

Jocated in organelle’s and plasma membranes, the lange class of detexifying enymes,

(e.g. cyrochrome P30, and the photasmihetic reaction centres.

The photosynthetic reaction centre prosed o be an excellent test st for
several rewsons: (i} its 3D structure i known at atomic resolution [31, G
contains several redox cofactors wt different but fixed distances; (i) the driving
force can be varied experimentally; and fiv) ET can be smdied over a wide
temperature range. Using experimental data obrained with protcine where the
primary quinone was substituted with other compounds of different redox
potential, Durton and coworkers [4] have shown a good lincar dependence of Ink,,
on distance, with =14 A, ;=36 A and a pre-exponential factor of 107 5!
(Figure 21, These Authors concluded thot, in any protein, ET rate follows an
exponcatial decay of the dectronic wavefunctions with distance, implying a
homogeneous intervening medium,

“This exceptional result (Figure 2) does not prave, however, that the nnnelling
basticr between the redox centres s microscopically uniform, but rather tha the
abserved value represents an average. Gray and coworkers [5] have wied ruthensted
proteins {mainly myoglobins and cytochromes) as model systems to investigate the
dependence of f on the structure of the intervening medium, i.e. the detailed protein
structure. In this and other similar studics, a plot of In k, against distance does not
shvays yield u linear relationship, suggesting that the protein does not always
provide a homogeneous energy barricr. Starting with the intrinsically heterogenous
packing inside & protein, Onuchic and Beratan (6] have proposcd 9 model which
takes into account the detailed structure of the intervening medium and views
coupling berween redox centres via pathways, In this model the exponcotial decay
of the dectronic coupling depends ot only on the distance between redox sites,
but also on the detailed contacts slong the ET pathwayds). The elecrronic decay
factor changes with covalent, hydragen bond and through-spice jump. which are
empirically compured with an algorithm scarching for potential ET pathways in
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Fig. 2. Effcct of distance on the intraprotein ET rate in the photosyuthetic resction centre
according 1o Durton and cowokers [4] (LT Pt Folkrwing light excitaion of the
biacdockosphil dimer (B, ET pivproms wogciily gl beceiocionlyl
monems (ECh acropheopin (67, priey ot o ol e (0 and
{32, Thereiios powtivels crged okdinedCime cu b o ce b e caris o s fout
eyochreese eyt € (R Pae) The eaperimennaly decemined 1iss wiin the rextion
mmm..u,_m...ms.;.-uﬁ- comparcd 1o 28 A in vacuun, and 10 07 A~ in a righd
covalent system. The line shrongh experimental da extrapalaics 10 10° 5 2 3 A, the van dor
Waal distance (Reproduced with permission frem Outline of theory of peotsin cloctron tranufer,
Moues, CC. and Dumom. L. in uPrde Besrn Tasgore . 1-51, Copyrghs BIOS Publaber
Limised. 19961

proteins of known three dimensional structure (Figare 3). This model has been
spplied 0 diferent s procins i onder 0 defin the ol of th imervning
medium and of secondary structure clements on the ET tares. The model predi
i) that hydrogen tonds provide shor-cuts far electeon coupling betwven othervise
unconnected protein segments (i) that f-sheet proteins will exhibit a preater degree
of couphing than whelical proteins; (i) that pathways are always identificd in
groups giving rise to the concept of apathway mbess.

The large body of experimental data available today indicates that the two

models (homogeneous and hererogencous) are not necessarcly exclusive. In some
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medium with «di depencde
exponential decay. as for photosynihetic reaction centre, ruthenated azurin snd
ruthenuted cytochrome b, although different Bvalucs were obtained. Tn ather
cases the coupling decay factor was shown to be anisotropic (for example in
<ytochrome c), giving rise 1o » model in which «hots» and «cold spots for ET can
e identified.

In the cuse of inermolecular protein proteni ET, Equation (7) can be
semplificd given some assumption sbout the work terms, to become:

ber= (g ey K0 @)

cases the protein behaves as a b

T, 3. Comnectiviny between redor:cenres socording 1o Berstan, Onnchic und covochers. The
figare depaces the prueture of tochrome ¢ withthe Heine highlighted mnd the polypepid chain
s toinon e, The b il e ot yocbion 25 st 35 b e s o
shesical moiicaion v ruthersm, Dorted tines represent the <abled patbways for ET
by

~Aceepior couples within the prot 1y ulwmod o be: covalent
bood, ¢, = 016; hydrogen bonds, &0 6.7 € pace jumps, €= 172 ¢, e, whete 1,
ifenenc ditane i coralemt b (14 Ama,um....nmauzu\w and f i the decay
Jnght f thouhsce s (1.7 ). eprodoced wi peision from g 1o (1573

ws, Chem. 97, 13085- memm(}ma[m ¥
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which is frequently used and is generally referred to as the weross relution, For
redox reactions becween inorganic mesal ions or complexes, Marcus theory [1] has
Deen experimentally verificd many times, cither in the gencral or in the <cross
relation» formulation. It has abo besn wsed 0 caloulaic reaction rates or
equilibrium constants which are diffcult to determine expesimentally. The «cross
relations approach has also been wsed 10 interpree protcin-protein ET: Tuble 1
reports a few of the experimentally determined rute conswnts for some re-
presentative copper and heme protein, together with the caleulated values. When
comparison with known equilibrivm and self exchunge rate constants was possible,
the agreement between calculated and measured values was found 10 be bewter than
one order of magnitude (which is considered good). When larger deviations were
observed (2100 folds), offoris have been made in order to rationalize this
divergency, possibly reconsideriag the applicibility 0 the system of some of the
theoretical assumptions described above. The obwious assumption which may not
apply is related 1o the anysorrapy of the redox protein and thereby to the conténtion
that ET with any parmer aly throngh one and the ntact sutface.
In the case where complex formation is rate limiting the solvent cage eifect
increases the lifetime of the so-called ae¢ncounter complexw, because after collision,
the two proteins are momentarely trapped by the solvent and thus expericnce 8
large number of mutual cantacts by 20 diffusion. Long range elcctrostaric forces
come into play since many ET proteins display an anisotropy in surface charge
distribution which results in # permanent dipole moment, favouring association.
“This effect has been investigated thiough (1) the fonic sirengih dependence of the
second order rate constant ky, (i) the effect of surface charges medification by

TALE 1 - Comparizon of experimentally determisied and calculed second ander rate
comstunts for different redo protetus

Oxidant® | Reduamne | Kb b ket ks ko
m @ By | el |l e
) | e

Azurin Cne 19 Ex10° | 25x100 | 5Sx10¢ | edx 100

Plastocynin | Cyte | 404 10 25%10° | 32x10' | 15x 10

Stellacyanin | Cyre 006 | 12x10° | 25%100 | 13x10° | 35x 100

* Proscins: Puendomwonas acruginoss asurin, horse hean cocheome ¢ (Cytel sl parsley
* Equilibei
* Flecron

relasions,

Jeutined € madpoiet red porential (EJ.
welf exchange eaves at 20 °C used in the calcudation of ky; scconding to Mareus =cross-
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chemistry or protein engineering, and (iil} the influence of the computed elec
trostatics of the redox parters in simulated docking expetiments. An interesting
seneraliry related w the electrostatic make-up of ET peoteins s thar often the
docking surfaces show a «loase speeificity, which also explains the bigh degree of
cross-reactivity observed both i vrtro and in pree between donors and acceplors.
This was shown 10 be the casc for the widely studied redox couple cytochrome ¢
and eytochrome-c.oxidase of the respirarory chain, where the complex between the
w0 redos. partiers is stabilized by multiple clecrrostatic interactions and the ET i
pathway crucially depends on rwo aromatics inside @ puch of negative chirges on

the eytochrome-c-oxidase binding site [7].

4. OvnLook,

It is clear that biological ET is a field which is productive and promissing for
future developments in Biochemistry and Biophyvics. In spite of some reservitions

outlined ubove, the possibility of describing a pathway for coupling the Denot/
Acceptor orbitals is extr and stimulating; ialities of protein
engincering based on the use ufmolecullrlmms and assisted by computer mio-
deling, can display their full power. The opportunity 1o contral by site directed
‘mutagenesis the rate(s) and the pathwayls) of ET within a complex object such as 2
protein, coupled to single molecule spectroscopy (which is being progressively
develapped) may really open the way to a rich field of biomolecular sciences hiterio
unespecred. Here biology, chemistry and physics cooperute in understanding the
mechanism centrolling the destiny of the clectron within a pretein.
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