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Electrostatic orientation during
electron transfer
between flavodoxin and cytochrome c
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Various studies have shown that reaction rates between revers-
ibly binding electron transfer proteins depend strongly on
solution ionic strength'~”. These observations suggest that inter-
molecular electrostatic interactions are important in facilitating
the formation of a productive reaction complex. A recently
examined system involves the reduction of vertebrate cyto-
chrome ¢ by bacterial flavedoxin®’. Although this is a non-
physiological reaction, it proceeds with rates typical for natural
partners and is similarly inhibited at high ionic strengths. Here
we describe computational studies which examine the role of
electrostatics in the formation of a putative reaction complex
between flavodoxin and cytochrome c. The results suggest that
electrostatic interactions preorient the molecules before they
make physical contact, facilitating the formation of an optimal
reaction complex.
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Figure la,b shows the 2kT electrostatic potential fields
around tuna ferricytochrome ¢'® at two ionic strengths. The
fields were computed from the crystallographic coordinates'’
using a modified Tanford-Kirkwood theory which scales the
local dielectric constant of the charged groups according to
their solvent-accessible surface areas'*>™*. As first inferred from
comparative structural studies'>'®, and subsequently verified
by Koppenol et al.’, the presence of a ‘necklace’ of positively
charged lysine residues around the perimeter of the haem
crevice leads to a pronounced asymmetry in the electrostatic
field of the molecule. Figure 1c, d shows similar representations
for Clostridium MP flavodoxin'®. Here it is again apparent that
the molecule possesses a highly asymmetric potential field, in
this case due to a concentration of negatively charged amino
acids in the vicinity of the flavin mononucleotide (FMN) pros-
thetic group. Therefore, it is clear that the complementary
electrostatic fields on these proteins can mutually orient them
to facilitate a direct approach between the flavin and haem
prosthetic groups.

Figure 2 shows stereoscopic views of a putative reaction
complex of flavodoxin and cytochrome ¢ generated by computer
graphics®'®2°, This arrangement minimizes the prosthetic group
separation subject to intermolecular steric constraints at the
interface in the complex, and additionally incorporates four
specific ionic interactions between lysine residues on cyto-
chrome ¢ and acidic residues of flavodoxin®. (These are the
same charged groups whose close proximity on the isolated
molecules makes a predominant contribution to their local
electrostatic fields®'®.)

To assess the role of complementary electrostatics in the
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Fig. 1 Electrostatic fields, contoured at an energy level of + or — 2 kT (=1.2 kcal mol~! =0.052 eV) around tuna ferricytochrome c (a, b)

and Clostridium MP flavodoxin (c, d) at pH 7 and solution ionic strengths of 0.08 M (a, ¢) and 0.04 M (b, d). The C* chains of the two

proteins -are shown as heavy lines. Cytochrome ¢ and flavodoxin have respective net charges of +7 and —18. The fields are asymmetrically

distributed on the molecular surfaces near the prosthetic groups. The scale of these diagrams and those in Fig. 2 can be estimated from the
: C°-C* distance in the backbone chains which is about 4 A.



formation of the complex, we have computed the change in
electrostatic free energy during both reactant association (fer-
ricytochrome ¢ and flavodoxin semiquinone) and product dis-
sociation (ferrocytochrome ¢ and oxidized flavodoxin) assuming
a simplest case trajectory where there is no relative rotational
reorientation of the molecules. It has been suggested previously
that the driving force for complementary electrostatic associ-
ation reflects the participation of two factors: (1) the stabiliz-
ation which occurs on complex formation because the groups
of each molecule have like charge, and (2) the reduction of
local dielectric constant at the molecular interface that results
from solvent exclusion as the molecules associate'®'?, For
molecules having asymmetric charge distributions, a com-
plementary electrostatic complex is more stable than the iso-
lated molecules. The interaction energy decreases smoothly on
association and reaches a minimum when the reaction complex
is formed (Fig. 3). The subsequent loss of a cytochrome c
positive charge when it is reduced destabilizes the product
complex by ~1kcalmol™, a relative difference between
reactants and products which is preserved as the molecules
dissociate. The scaling factor for each charged atom, which is
proportional to its solvent-accessible surface area'*'?
viewed as a quantitative measure of the extent to which the
water (or ionic solvent) surrounding each group shields its
charge'. We have estimated the extent to which solvent
exclusion, or equivalently, the drop in local dielectric constant,
enhances the electrostatic free energy of association. The associ-
ation energy profiles were computed with the accessible areas
left at their infinite separation values (dashed curve of Fig. 3)
or with the areas recomputed at each separation distance to
allow for solvent exclusion (solid curve of Fig. 3). The difference
between these curves suggests that solvent exclusion enhances

Fig. 2 Stereoscopic views of a computer-generated complex of
Clostridium MP flavodoxin and tuna cytochrome c. In a, the C*
chains only are shown. Side-chain interactions constrain the rela-
tive orientations of the haem and FMN prosthetic groups and
exclude solvent from the molecular interface. Four complementary
ionic interactions (dotted lines) were optimized by slight reorienta-
tions of the crystallographically observed conformations of inter-
acting charged residues. In b the complex is seen from a different
aspect, together with its 2 kT electrostatic potential field at pH
7.0 and 0.08 M ionic strength. The field is wholly negative and
reflects discharge of the positive field of cytochrome ¢ on associ-
ation with the more highly charged flavodoxin molecule.
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Fig. 3 The calculated change in electrostatic free energy (AG,;)
on association of ferricytochrome ¢ and flavodoxin to form the
complex shown in Fig. 2 (pH 7.0, I = 0.08 M) is indicated by the
dots and the solid curve, and by the triangles, the dissociation
behaviour after cytochrome ¢ reduction. The difference between
the dashed and solid association curves (shaded) reflects the
enhancement of AG,, due to solvent exclusion as the complex is
formed. The molecules begin to orient when AG,, becomes more
favourable relative to the isolated molecules by 2 kT, that is at
~6.5 A separation.

the electrostatic interactions by an amount corresponding to
about one-half of the total stabilization energy.

In Fig. 4, observed apparent and computed association con-
stants® are plotted as a function of ionic strength. The close
correspondence suggests that electrostatic interactions make
the principal contributions to the free energy of complex associ-
ation, and that entropic effects due to solvent release essentially
compensate for those arising from reduction in independent
molecular degrees of freedom®' >,

The role of electrostatic interactions in enhancing the kinetics
of the flavodoxin—cytochrome ¢ reaction can be summarized in
terms of two interrelated effects. First, the interaction of the
electrostatic fields preorients the molecules along a trajectory
leading to close approach of the prosthetic groups’'*%1920,
Thus, instead of random collisions, the fields interact preferen-
tially so that only a single degree of rotational freedom (along
an axis connecting prosthetic groups) remains to be defined in
the formation of the structurally unique complex. This orienta-
tion effect becomes significant when the interaction free energy
between the molecules is about 2 kT less than the sum of the
free energies of the isolated states. In the physiological condi-
tions simulated in Fig. 3, this occurs when the molecules are
still physically separated by about 6.5 A. Second, the fields
could serve additionally to accelerate the actual association
during complex formation”'>'%1%?° This effect may account

4 1 1 1 1
00 01 0.2 03 04 05

JT
Fig. 4 The variation in the computed association constants
(log K, =—AG¢/2.3RT from Fig. 3) for the complex as a function
of solution ionic strength is shown by the solid line. O, Observed
values of K, (apparent) derived from kinetic studies on electron
transfer rates between cytochrome ¢ and Clostridium pasteruianum
flavodoxin semiquinone, a molecule homologous to the Clos-
tridium MP species used for the computational studies. @, Obser-
ved ionic strength dependence of the association rate constants
for the latter system (referred to the same ordinate log scale). The
observed rate accelerations may reflect progressively longer-range
electrostatic orientation effects as the ionic strength is decreased
(see Figs 1, 3).




for the observed increase in flavodoxin—cytochrome ¢ associ-
ation rates® at decreased ionic strengths (Fig. 4). Figure 1 shows
that a decrease in solution ionic strength deshields the molecules
so that they undergo attractive interactions at larger separation
distances.

Some of the general properties considered here may apply
to other biological systems where complementary electrostatic
interactions are important, for example protein-DNA anud pro-
tein-membrane interactions. It might be anticipated that field
interactions similar to those described above could constrain
protein diffusion on DNA? or membrane surfaces'®?* to one
or two dimensions, respectively. Interestingly, the present
results (Fig. 3) suggest that when a proper (that is solvent-
excluding) fit is achieved between the protein and a complemen-
tary structural feature of the DNA or membrane substrate,
there is a dramatic increase in the binding free energy. The
electrostatic forces can consequently act in concert with other
specific steric or hydrogen-bonding interactions to immobilize
the protein in a specific complex.
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