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Abstract. Electron-transfer reaction rates are compared with
theoretically calculatea values for several reactions in the bacterial
photosynthetic reaction center. A second aspect of the theory, the
cross-relation, is illustrated usiny protein-protein electron-transfers.

1. Introduction

Studies of electron-transfer reactions for a variety of {norganic andg
organic reactions have established various factors as influencing the
reaction rates. In particular, quantities such as the standard free-
energy of reaction, aG®, the reoryanization parameters for the vibrational
{xj), and solvational (i,) chanyes, the separation distance r, and the
work terms (e.g., coulombic interactions), affect the reaction rate. The
experimental evidence and comparisons with theoretical relationships and
calculations were presented in a recent review [1]. In adaition, other
factors, such as the mutual orientation of the reactants, when the latter
are nonspherical, the nature of the material between the reactants, and
the electronic eneryy levels of the donor and acceptor, are expected to
influence the rate in the case of “nonadiadbatic” 1] reactions (defined
later). Various theoretical calculations on some or all of these other
factors (many referred to in [1]) have been made, thouyh the experimental
data on them are, for the most part, presently scanty. Another factor
influencing the electron-transfer rate is present in sufficiently viscous
media, more precisely, in media with slow dielectric relaxation times. It
has been found for reactions which are intrinsically very fast ana for
which, at the same time, the ratfo Aj/ip is sufficiently small [2].
(References to the data are cited in LIS. A detailed treatment, which
includes the dependence on Ai/Ag 18 yiven in [2].)

The article mentionec earlier [1] included a review of various
electron-transfer reactions of bioloyical interest, In the present
communication we shall describe some of the results for the rates of
reactions in the photosynthetic bacterial reaction center, and for protein-
protein electron-transfers. In particular, a comparison is made of
predicted and experimental rate-constants, We consider, first, an example
of the application of the theoretical cross-relation [3] to reactions of
metalloproteins ,in order to 1llustrate an aspect of the theory which nhas
been frequently tested with purely fnorganic or oryanic systems.

*Contribution No. 7248 from the A. A. Noyes Laboratory.
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11. Application of the Cross-Relation to Protein-Protein Electron-
Transfers

In the cross-relation [3] the rate-constant k,, for the reaction between
two different redox species,

K
12
red; + ox, —» ox; + red, (1)

s related to two self-exchange rate-constants k,, and k,,:

k1)

1
red, + ox, —y 0x, + red, (2)
k22
red, + ox, —» ox, + red, . (3)

The relation is
kjz = (*xxkzzxxzfxz)l/z (4)

where Ky, is the equilibrium-constant for reaction (1), f,, is a known
function of k,,, k,, and K;, given, for example, in [1] (}requently close
to unity), and the k's appearing in (4) are corrected for the various
‘work' terms, by a factor labelied W,, in [1]. In the case of
metalloproteins,the self-exchange rate-constants k); and k,, are typically
determined by NMR or EPR line-broadeniny studies. +ne cross-relation,
(4), is compared in Table I with data in the literature, taken from t1].
(Extensive references to the literature for such studies and tests of the
cross-relation are also given in [1].)

Considering the various approximations made in this application of (4),
and various uncertainties in the data themselves, discussed in [1], the
agreement in Table ] can be regarded as quite reasonable. In making such

TABLE 1. Comparison of Observed and (alculated Rate-Constants for
Protein-Protein Reactions

k;,,0bsd k,p,calcd?

Oxidant Reductant [M-1 s-1) LM-1 s-1j
Cytochrome c Azurin 1.6 x 103 3 x 0%,
Plastocyanin Cytochrome ¢ 1.0 x 108 5 x 105
Stellacyanin Cytochrome ¢ 3.5 x 10? 4 x lU’C
Azurin Cytochrome c-55] 6.0 x Ju€ 8 x 105(
Plastocyanin Cytochrome c-551 7.5 x 10° 5 x IUSc
Cytochrome ¢ Cytochrome c-55] 6.7 x 10" 1 x10%

& Unless otherwise indicated, the calculated rate-constants do not contain
the W,, correction. References for the results are given in [1].

D The Wy, correction is considerably laryer for this reaction than for the
other systems considered.and was includea in the calculation of k,.

€ Calculated using 1.2 x 107 M-} s-1 for the self-exchanye rate-
constant and +0.28 V for the reduction potential of the cytochrome c-551
couple usiny data cited in [1], where it is also noted that the net
charge on the protein is -2/-3.
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an application, the rates of both the self-exchanyes and the
cross-reactions should be determined under pH conditions, where both redox
forms of each protein have the same number of protons. (This may not have
been the case for all of the reactions in Table I, and, 1f so, the
experimental rate-constants in those cases should be corrected
accordingly.)

As a preamble to the consideration of absolute rate constants for
reactions between reactants fixed in a membrane, we consider first some
available data on the dependence of the electron-transfer rate on the
separation distance between the reactants.

111. Distance-Dependence ¢f the Rate~Constant

A knowledge of the dependence of the rate-constant on the separation
distance between fixed redox sites is needed for understandiny their
electron-transfer rate-constants. Information on this distance-gependence
comes from several sources: (i) the unusual time-dependence of reaction
rates when there is a distribution of separation distances of the
reactants in frozen or other solid or hiyghly viscous mecia, e.y., L4,5],
(11) the conductivity of fatty acid salt layers of varying chain length
between two electrodes, e.y. [6,7], (iii) intramolecular electron-transfer
rates in model compounds containing a pair of fixed sites separated by
more or less rigid organic bridyes, e.y., (8-11], anad (iv) intramolecular
transfers between the metal center of a metalloprotein and an inoryanic
redox compiex attached to various sites in the protein [12,13]. Uf these
sources, there are fairly extensive published data on (i) and {ii), while
data are beginning to appear on (iii) and (iv). The published data for
the latter two are too few to estimate a distance-dependence, althouyh
this situation will undoubtedly be remedied soon.

Experimenta) data for the rate-constant or, in the case of method (ii),
for the conductivity are usually represented by an exponential dependence
on the separation-distance r, e.g., [4-7],

k(r)= exp[-g(r-r,)] (5)

TABLE Il. Some Tentative Values of g8 in the Literature

System 8 Comment
(x-1]
biphenyl-aromaticsa 1.2 frozen media
biphenyl--naphthalene 1.2 frozen media
biphenyl~-phenylethylene 1.0 frozen media
biphenyl'-acgiaine 1.1 frozen media
pyrene*-TMPD b 1.15 frozen media
bipheny1*-THpD 1.1% frozen media
biphenyl=-cinnamoyl grp. (< 1.0) steroid bridyed
Al/C_/Hy, Al or Au 1.% conduction
Allcz/ﬂg 1.0 conduction

. Many a{o-etic acceptors were used, and yave an averaye value of g =
1.2 &-°.

b TMPD denotes tetramethylphenylenediamine.
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Values of g8 are given in Table 11. A typical value is seen to be in the
range 1.0 to 1.2 -1, and we shall use a value of 1.2 A-! when, as in
Table I, the intervening material between the two redox sites is
“saturated”, {.e., nonconjuyated. When a portion of the intervening
material is conjuyated (e.g., aromatic) the value of g for that part of
the separation-distance is expected to be lower.

A functional form for k(r),which takes into account the various nodal
properties of the electronic wave functions, as well as the
three-dimensional yeometry, is expected to be somewhat more complicated
than that given by (5) and to inciude, for example, a pre-exponential term
which depends on r, e.g., [14]. However, (5) has been frequently used in
the literature,since the presently available data do not yet document the
need to use a more complicated expression.

Iv. Expressions for the Rate Constant

In applying (5), or an equation based on it, to the experimental data for
reactions between fixed sites,some cognizance should be taken of the
nonspherical nature of the reactants. A distance of particular interest
is that between the closest atoms (of the two reactants) that are strongly
coupled to their respective redox sites. This distance, denoted by d, is
used in the following approximate expression for the reaction-rate
constant k, an expression discussed more fully in [1]:

ko = 1013 ¢ B o~8GH/RT oy (6)

r?iq the motion of the nuclei is treated classically (k = kc)), we have

A a6° | 2
8G* = — | 1+ — (7)
4 A

where AG* and AG® are the free eneryy barrier and the "standard” free
energy of reaction when the reactants are a distance r apart, Strictly
speaking, the pre-exponential factor in (6) depends weakly on the
temperature, being inversely proportional to /7 in the case of a
“nonadiabatic® reaction (a reaction for which expy(-g8d) <« 1), e.y.,
discussed in [1].

When the motion of the nuclei is treated, instead, quantum mechanically,
the following expression for the ratio of the quantum to the classical
rate-constants can be used [1]. It is based on now standarg expressions
in the literature for kq and kc) that are cited, for example, in [1]:

kq AT @'Y"S cothy 1,(S cosecn y)

—_—= G TRT . (8)
kc] hy e'A

where v is some mean vibration frequency for the relevant nuclear motion
(a one-reactive-mode model has been used for the quantum rate-constant in
(8)), v is -aG6°/hv, S is a/hv, y is hv/2RT, and I, is a modified Bessel
function. The ratio kg/kc) reduces to unity when hv/2RT becomes

small, ana is of the order of unity even when hvy/2RT = )., For example,
when -AG°/hv and A/hv are, respectively, (1,2), (3,6), {5,1U) and (1lU,20),
the values kq/kcy are 1.1, 1.1, 1.2 and 1.5 in the case of y = 1. For
4G° = 0 and the above values of A/hv, the correspondiny values of




kq/key are 1.3, 1.4, 1.6 and 2.3, respectively. Finally, when

-86° = 2, the values of kg/kc) are all equal to U.87 for the above

values of a/hv. (It can be shown that, when v = § and provided that v is
not too small, the ratio kq/kC] is equal to /{tann y)/y wnich is eyual

to 0.87 for y = 1.}

It is characteristic of both the classical and the guantum expressions
for the rate-constant that a maximum appears in kcj and kq as a function
of increasing -al°, when -aG° = & [1]. Further, the activation eneryy for
the classical expression and, in effect, for the quantum expression (given
by (72) of [1]) is zero when -AG° = A. We use this result later,

The distance d appearing in (6) was taken in [1] to be the actual
separation distance of the centers of the two closest (in the case of
aromatics) carbon atoms of the two reactants, minus some amount to allow
for the extension of the s-electronic orbitals beyond the carbon nuclei.
For concreteness a value of d = 3 A was used, Thereby, when the frequency
of motion along the reaction coordinate is about 10!3 s-1 the reaction is
»adiabatic* when these aromatic carbons are a distance 3 A or less apart.

V. Reaction Rates in the Bacterial Photosynthetic Reaction Center

The reaction step involving the electron-transfer from an
electronically-excited bacteriochlorophyll dimer *(BChl), to a neighboriny
monomer BChl and pheophytin BPh has a Yifetime of about g ps L15] at room
temperature, while the transfer from B8Ph~ to the quinone has a lifetime of
about 200 ps (about 1UU ps below lUU K) {15]. Both reactions are
essentially temperature-independent over this broad temperature-ranye, and
we shall suppose, therefore, that -AG° = a for each. Tne values for d for
the *(BCh1), + BChl and BPh~ + Q reactions are about 1 Aand 7 A,
respectively, obtained atter subtraction of the 3 A, in each case, from
distances estimated fram the crystal structure data (of Rps. viridis)
[16]. Equation (6) then yields the lifetimes yiven in Table III.

The value for aG® appears to be quite small for the *(BChl), + BCh1 and
BChl- + BPh reactions, as is the x for each reaction of these farge
relatively rigia molecules (data are summarized in [1]), perhaps

0.1-0.2 eV. The value of -AG® for the BPh- ¢ Q reaction, on the other
hand, is quite large (-~ V.61 eV for Rps. Sphaeroides and - V.47 eV for
Rps. viridis), A for a reaction involviny U 15 expected to be laryer than
xEs for reactions involving only the large molecules, partly because of
the change in C-0 bond length accompanyiny the Q « Q- reaction and partly
because of the smaller size of the Q molecule. (Cf Ref. (1] for factors
influencing reaction rates, e.g., (2)-(6) there.) Calculated rates are
given in Table I11.

variation of the U caused At° to vary by - U.Z eV L17] ano caused
experimentally a variation in the lifetime for the BPh~ + ( reaction of 2
factor of two, with some randomness due to the somewhat different
positions, shapes, or orientations ot the different ('s. Ay2in, when a
second quinone was present (presumably as Q-), creatiny a coulombic
repulsion with the other ¢~ newly formed in the BPh- + (Q reaction, the
rate.constant for the latter reaction was smalier by almost a factor of
two [18]. Theoretical calculations for this effect, taken from 1], are
included in Table 1l1I.

The Yifetime for the reduction of the (BCnl)z‘ by ferricytochrome c-558
s about 0.2 ys at room temperature [19]. The reguction of this (BCm1),*
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TABLE IIl. Absolute Rates for Electron-Transfer Keactions 1in
Photosynthetic Reaction Centers
a6 °
] -1
Reaction [kcal mol-?) Tobsd Tcalcd
eyt !l e Bom,¢ -3.9 0.2 us 0.02 us
-
BChl, —~~~— BCh1 —~~ BPh  -5(7) ~1to4psS 0.3 ps?
BPR~ =~ -12 100 to 200 ps® 14U ps
f increases increases
BPh~ =~ QA‘ QB' present ~ 0.2 ev factor of 2 factor of 2
changes changes
BPh™ e (§, ( varied - 0.2 evY factor of 2 factor of 2
*
Porphyrin ==~ Q - Tmin © 4 ps Tnin ~ 9 ps

Asterisks indicate electronically excited states.
The AG°® values are approximate.
Assignment of time-constants is uncertain,

The value of 1ca)cq i larger than this value if smaller A's are used,
f.e., Tcaled IS about 1 ps when A = 1.2 kcal mol-1, (See also
Appendix IX of Ref. [1].)

Value depends on temperature.
This is the approximate decrease in 'AG°| due to the presence of (g~.
9 This is the approximate variation in ‘AG°| as Q is varied.

Qa o o e

is presumably by the closest ferrocytochrome ¢ molecule. In the
calculations in Table IIl, an estimated edye-to-edye separation distance
of (BCni), + to the closest heme ring of about 11 A was used, estimated
from the crystal structure data [16], and hence ¢ = B A, using the 3 A
correction mentioned earlier, The value of -aG* is about 0.17 eV, and a
value of a of about 13.5 kcal mol-! was estimated! for this reaction, as
discussed in [1]. The measured and calculated lifetimes for the reaction
are given in Table III.

There is also a study of model porphyrin-quinone systems [20], for
which a plot of rate-constant vs. -aG° gave a maximum rate, and for which
d could also be estimated. The details are described in [1] and the
result is included in Table 1l1.

The experimental and theoretical results in Table IIl are seen to be in
quite reasonable agreement, considering the various approximations and
uncertainties present, Calculations utilizing the guantum expression in
(8), rather than just the classical one in (7), give values [1] not too

tThis rough estimate of x was made [1] usiny the A for the cytochrome c
self-exchange reaction, the barrierless result for the *(BCnl), - BChl -
BPh reactions (with their b then estimated from A = -aG° for those steps)
and an additivity rule for a's [3].
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different from those in Table III, at least for the approximate value of
hv assumed {~ 200 cm-!). Recent calculations employiny a freyuency of
333 cm-! (instead of the 200 om-! used in [1]) ayain show that the ratio
of quantum to classical rate.constants at 25 °C is close to unity when

2 € 6 kcal mo1=) (and aG° = -3 kcal mol-!) for the secona entry in

Table 111. The classical rate-constant at 25 °C is typically 2 good
approximation to the quantum rate-constant at that temperature for the
frequencies used. The temperature coefficient of the reaction can
therefore be found by considering the ratio kcy (2% °C)/kq (VU K),
calculated from (14) ana (71), respectively, in [1]. In the parrierless
case (-aG° = A) this ratio is found to be /hv/2RT when Stirling's
approximation is introduced into (71} (T is the temperature of the
classical measurement, 25°C in this case). For barrierless reactions the
ratio key (25 °C)/kq (0 K) is typically close to unity for the
vibrational frequencies used. The above considerations also show, we
believe, the usefulness of the studies of the reaction rate-constant as 2a
function of -aG°. The latter permits one to locate the maximum in the
plot, namely where aG® « -, and thereby the AG° where the reaction is
barrierless over a broad temperature-range. It thereby provides one way,
for example, of estimating 1 for the reaction, and provides also a direct
measure of the factor 1013 exp(-gd) in (7).

In the calculations in Table 111 we nhave adoyted a value of g of about
1.2 A-1 as representing to a fair deyree the data in Table II. A value of
1.0 A=) would have altered the calculated resuits in Table Il relatively
little. There is some indication that g will depend on the orbital eneryy
of the donor ana of the acceptor, e.y. L21]}, and, in particular, that it
may depend on whether or not a reactant is in an excited electronic state,
e.g., [22). There is some indication, for example, from data yiven in 1]
(Table IV there), that g may indeed be less for photoexcited systems,
However, in the case of the present Table i1l only one reaction involves a
photoexcited molecule, and the value for its d is so small that calculated
lifetime would be hardly affected by usiny a somewhat smaller value for
g. Some discussion of the dependence of g on the orbital energyies is
given in (65)-(68) of L1].

A second aspect of g for which more experimental data is desiradble
concerns the role of the intervening material. Because of the delocalized
nature assumed for an electronic orbital in an aromatic reactant in our
computation of the distance d, it would be consistent not to include in
the separation distance any lenyth occupied by a conjuyated molecule, at
least as a first approximation.

In conclusion, we would like to note that the recent major breakthrouyh
and focal point of the present conference - the getermination of the
crystal structure of Rps. viridis L16] - has provided an essential and
previously missiny ingredient requirea for the theoretical calculation of
the reaction rates in the bacteriochlorophyll reaction center.
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