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Computer modeling of molecular dynamics (MD)
is regarded as a source of important information on
the processes taking place in biological macromolecules
and complexes thereof. In the chemical aspect, the
functioning of the living organism is based on redox
reactions. A central part therein is played by the electron
transfer chain proteins, which act as electron carriers
in some important biochemical reactions. Understan-
ding how the organic milieu controls the redox proc-
esses is of fundamental importance [1-4]. Recent
attempts at solving this problem involved numerical
MD modeling of the photosynthetic reaction center
(RC) [5-9]. The latter is a complicated protein array
embedded in a lipid membrane. The abundant experi-
mental material available provides an opportunity for
a theoretical study of the processes taking place in
protein complexes. In particular, the data testify to the
great importance of the protein response to charge
separation in the RC [10]. At the same time, the RC
appears to be a very complicated object for a theoretical
consideration of microscopic processes.
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At the present stage, we chose the profein ferre-
doxin (Fd) as an object for examining the processes -
associated with the changes in the electronit state of
the. redox center. This protein is found in anaerobic
bacteria and plays a key part in enzymic metabolism
and nitrogen fixation. On the other hand, analysis of
the Fd sequence and structure shows that this protein

red early in evolution. Thus it could: be hoped.
that Fd would show a pronounced enough response to
a change in its electronic state. Preliminary results on
Fd dynamics have been published elsewhere [11].

MODELED OBJECT

The protein under study belongs to thé group of
bacterial ferredoxins of like physicochemical progerties
and functions. These small (~6000 Da) wqtjgr-;pluble

ins transfer two electrons at a quite low,
potential, ~400 mV. ..

The 3D structure of Peptococcus aerogenes Fd has
been established [12, 13). The protein comprises 34

‘amino acid residues and two iron-sulfur clusters FesSq

(in total, 389 heavy atoms): Figure | displays the main
chain course and the position of clusters. Fd is shaped
as an cllipsoid of rotation‘with 22 x 27 A dimeasions.
Each clustér is attached t thé protein matrix by four
chemical bonds between its irons and the sulfurs of
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Fig. 1. Positions of Cg atoms and all atoms of two Fe,S(Sy), complexes in the X-ray structure of ferredoxin [6). .

s\v S,

::l:. Z. Equilibrium structure of the Fe4S4(Sy)« complex (according to
able 2).

cysteine residues 8, 11, 14, 45 for cluster 1 and 18,
35, 38, 41 for cluster 2. The spatial arrangement of
the eight atoms of one cluster and the four bound
cysteine sulfurs is shown in Fig. 2. Fd is almost devoid
of aromagic residues. -

COMPUTATIONAL DETAILS

Standard MD techniques [14, 15] were applied to
oxidized and reduced Fd, using a heavy-atom model
and the method of Berendsen et al. [16] at constant
temperature. The potential energy U(r) determining the

force field has components corresponding to deforma-
tions of valence bonds and angles, torsion angles, van
der Waals and Coulomb noncovalent interactions, and

. H-bonding. The force interaction parameters and partial

charges on the polypeptide chain atoms were taken
from [17). To account for solvent shielding, the polar
amino acids on the protein surface were assumed to
be neutral; to allow for high-frequency polarization of
the milieu, the dielectric constant was taken to be
€ = €. = 2. Electrostatic interactions were calculated
for all pairs of charged atoms regardless of the distance
between them; van der Waals interactions were con-
sidered only for pairs of atoms spaced by no more
than 9 A, ‘

The interaction parameters for Fe/S cluster atoms
absent from [17] were chosen on the basis of our -
quantum-mechanical calculations and literature data
[18-20). Partial charges on cluster atoms were derived
from X-alpha computations for model compounds [18);
the partial charges for both forms are given in Table
1. Note that the sum charge of the Fe,S4(Sy)s complex
is -2e in the oxidized and -3e in the reduced state.
Both states were assumed to have the same equilibrium
geometry and force field parameters of the clusters.
The equilibrium values used in calculations are listed
in Table 2. The force constants were obtained by

- quantum-mechanical calculations for FesS«(Sy)4Hs us-

ing the CNDO-S? method [21].

The X-ray structure of oxidized Fd [13) from the
protein database was taken as the initial one; the initial
rates were set at random. Preliminarily, the protein
structure had been relaxed by a standard procedure
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TABLE |. Pantial Charges on Fe4S4(Sy)s Atoms
Charge, ¢
Ox Red
Fe -0.05 -0.10
S -0.27 -0.37
S -0.18 . —0.28

TABLE:.VMMWI«%

Bond or angle Length (A) or-angle (deg) Force constant, kcal-mole' A2, keal-mole™'rad™2
Fe—S 2.288 143

Fe—-S-, 225 201

Fe—S—Fe - 73.74 32.5

S—Fe—S 104.12 25.4

Sy—Fe—S 114.37 25.4

Fe—Sy~C2 103.0 500 -

(14, 15] at cohstant temperature T, = 300°K. The
duration of this relaxation stage was 80 psec. Then
two MD paths of 100 psec at 300°K were obtained
for the oxidized and reduced states. The integration
step was | fsec, the characteristic time of interaction
with the thermostat Tr = | psec.

QUASIHARMONIC MODEL

To Jescribe the low-frequency modes of protein
movement, including residue collective .motions as a
whole, each of the 54 residues was represented as a
se interaction center (quasiatom) coinciding in
position with Cq. Both Fe/S clusters were also ‘repre-
sented as scparate quasiatoms situated at the cluster
centers of mass.

The internal coordinates of the system were intro-
duced by setting virtual bonds between quasiatoms
along the protein chain [22, 23). These were supple-
mented with a bond connecting the clusters and a bond
connecting one cluster to Cys45. The intemnal coordi-
nates ¢ defining the conformation of the model system
were then. naturally plotted according to the virtual
bonds along the chain. In total, there were 162 internal
coordinates: 55 virtual bonds, 54 virtual valence angles,
and 53 virtual torsion angles. .

In a quasiharmonic approximation [23-25] the
potential energy is a quadratic function of the selected
internal coordinates, i.e., the effective Lagrangian ap-
pears as '

: 162 - 162
Ly=3 3, Had @-35 X Fa(@-ab) (¢*-ab).

ik=] ikml

where g are intemal coordinates, g, are their equilib-

 rium values, Hy are kinetic energy matrix elements,

Fix are effective force constants. The latter three values
are obtained by MD calculation for the protein at
temperature T: g, are the mean ¢ values “along the
MD . path; Hj are computed at point go; the force
constant matrix F is unequivocally connected with the
covariation matrix of ¢ fluctuations:

_ F=kgT-S™,

where the elements ofr_liau'ix S are found by averaging
the products '

3&’4#'?6)(4*;45)%

along the MD path.

With the resulting quasiharmonic model, for an
ensemble of d ic systems defined by Lex the Gibbs
averages of ¢' and products thereof for all i and k
coincide with the corresponding means derived along
the protein MD path. This, in its tumn, gives grounds
for believing that the other characteristics obtained for
this linear dynamic system correctly reflect the dynamic
properties of the protein molecule. The Lagrangian
was processed routinely to determine the intrinsic
vectors and frequencies identified with the low-fre-
quency modes of protein motion.

RESULTS

Low-frequency protein motions. The frequency
distributions for a-simplified protein model in the
quasiharmonic approximation for oxidized and reduced
Fd are shown in Fig. 3. In both cases there are two

characteristic bands, 1-90 and 120-190 cm. The
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Fig. 3. Frequency distributions derived from the Fd quasiharmonic
model int oxidized (a) and reduced (&) states.

low-frequency maximum corresponds to collective mo-
tions of protein structural units, which interact rather
weakly through the van der Waals potential. The high
frequencies correspond to localized stretching of virtual
bonds and angles. The frequency spectra are practically
the same in reduced and oxidized states, except for
the twofold difference in the minimal frequencies
(respectively 1.37 and 0.70 cm'!).

Distance between clusters. The temporal behavior
of the distance R between the Fe/S clusters in Fd is
of special interest as regards the processes of electron
transfer and the general theory of electron-conforma-
tional interactions in biopolymers. A most intriguing
question is whether R(r) would be an isolated mode
in protein motion. Analysis of the normal modes
obtained in the quasiharmonic approximation indicates
that there is no mode where R is the only variable.
The relative changes in ‘R upon a shift along each
mode by the equilibrium amplitude are shown in Fig.
4. As can be seen, there are quite a few modes
noticeably changing’ the R. Maximal fluctuations,
0.16 A. are observed in the 9.76 cm™ mode: this
amounts (0 ~45% of the rms fluctuation O in the

TABLE 3. Components of Electrostatic Energy (kcal/mole)
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distance between clusters along the MD path (o =
0.352 A). In about 10 modes, the R fluctuations are
about 0.08 A, i.e., 20% of or. Hence R(2) is not an
isolated mode, and the clusters are engaged in collective
movements of the protein matrix.

Structural relaxation during Fd reduction. The
engagement of clusters in collective protein motions
may result in nontrivial behavior of the intercluster
distance with time. Of special interest is the decrease
in R during MD modeling, observed upon instantaneous
reduction of protein in certain conformational space
regions.

In the oxidized state, each cluster has a charge of
-2e, which causes strong electrostatic repulsion between
them. Protein polanzation induced by cluster charges
together with the stress in the protein matrix fully
compensate for this repulsion. When the protein is
reduced, the charge on one cluster increases to -3e.
Though this further enhances the repulsion between
clusters, the distance decreases from Rox = 13.8 to
Reeg = 13.2 A. Protein reduction entails conformational
rearrangements whereby the rise in energy caused by
cluster approach is counterbalanced by the decrease in
the energy of cluster interaction with protein polariza-
tion (see Table 3). Shortening of the distance should
increase the rate of electron exchange between clusters,
which appears functionally important.

It should, however, be emphasized that protein
reduction in other conformational space regions may

" also cause an increase in the mean intercluster distance.
. The regions were varied by choosing the initial reduc-

tion point at different moments on the MD path
pertaining to the oxidized state. It is important that
the corresponding relaxed states persisted for at least
100 psec-(duration of the simulation). On the other
hand, these data point to the multiple pathways of
fzrz;ein relaxation on the potential energy hypersurface

Average structure of the Fe S¢(SH)¢ complex.
One of the possible approaches to assessing the specific
influence of the protein environment on the structure
of the Fe S¢(SH), complex is to compare the behavior
of the complex in the protein and in a generalized
medium acting as an energy reservoir (thermostat). To
this end, the method of collision dynamics (27] was
applied to the complex at 300°K. In the calculations,
the potential energy included only valent interactions
with parameters as in Table 2. The mean rate of
collisions with the surrounding molecules per atom

was set at A = 2 psec’!. At this value, the energy

b Interaction Oxidized state During reduction Reduced state
Protein—protein -148 ~148 -148
Protein—cluster ' -98 =123 =130
Cluster—cluster 48 72 - 76




816

1 21 & &

exchange between the complex and the collision me-
dium was similar to that in Fd [27]. ..

Further we ‘shall compare the behavior of the
complex along three paths: those for complexes 1 and
2 isolated from the MD path of oxidized Fd, and one
in collision' medium. Therewith we can define three
average structures, designated respectively as Cl, C2,
and C3, and compare them with the equilibrium
(unstressed) structure CO. The latter is formed of three
tetrahedrons containing respectively Fe, inorganic S,
and cysteine Sy at their apices. The tetrahedrons are
regular, with edges Fe~Fe of 2.746 A, S-S of 3.609 A,
and Sy-Sy of 6.419 A, They are arranged in space so
that their centers of mass coincide, all Fe-S bonds are
2288 A, and all Fe-S, bonds are 2.25 A (Fig. 2).

81
Mode -No
Fig. 4. Contribution of quasiharmonic vibration modes to rms fluctuations in

. deviations from equilibrium values are

Table 4 lists the interatomic distances in C1-C3.

As can be seen, C3 differs somewhat from the equi-
librium structure; deviations of Fe-S, Fe-Fe, and S-S

TABLE 4. Interatomic Distances in Average Fe,S4(SH)4 Complex Structures
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RT3

401 121 141

the distance between Fe/S clusters in Fd.

and are
the respective
within 1% for
Fe-S, 3.5% for Fe-Fe, S-S, and F and reach 11%
for The tetrahedron edges are deformed by less
than 0.1 A in Fe-Fe and S-S, and by 0.6 A in Sy-Sy.
The centers of mass of the Fe ‘and S tetrahedrons
coinclde, while that of Sy is shifted by 0.13 A. Note
that the deviations of Cl and C2 from CO are less
than the rms fluctuations of atoms along the paths
considered: ¢ = 0.15'A for cluster atoms and
o = 0.36 A for organic sulfur in all three cases.

A quantitative measure of the deviation of an
average structure from equilibrium may be the complex
deformation energy. The latter consists of the defor-
mation energies for valence bonds and angles in
accordance with Table 2. As follows from Table 5, the
valence angles in C3 are practically not deformed,

are within 0.5%, and those of Fe-S,
within 1.5%. In structures C1 and C2,

Bond Cluster | in protein Cluster 2 in protein Cluster in collision medium
b A ab, A b A © oAb A b A Ab, A
Fe—Fe 2.713 0.076 2.717 0.09 2.738 0.003
S—S 3.593 0.094 3.589 0.104 3.597 0.003
Sy—Sy 6.277 0.604 6.309 0.441 - 6.362 0.019
Fe—S 2273 0.009 2272 0.009 2.280 0.001
Fe—S, 2.202 0017 2213 ..0.011 2.22 0.001

Note: b) Mearr length over all bonds of given type in complex; Ab) maximal deviation from the mean.
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TABLE 5. Deformation Energy for Average Fe4S4(SH)s Complex Structures

817

Eger, keal/mole ~ Cluster | in protein Cluster 2 in protein Cluster in collision medium
E 3.537 100 2.572 100 . 0.410 100
E 1.188 336 0.766 29.8 0.408 99.5
E 0.789 223 0.648 25.2 0.068 16.6
& 0.213 6.0 0.213 8.3 0.068 16.6

Note. Deformation energies for E;) whole Fe S¢(SH)4 complex, Ej3) valence bonds in complex, E3) total Fe S cluster, £4) valence

bonds in cluster; asterisked values are percentages of E;

indicating that C3 retains the CO symmetry; therewith
the interatomic distances decrease by some 0.01 A. In
C1 and C2 (clusters in Fd) the deformation is an order
of magnitude greater, with both the symmetry and the
interatomic distances altered. The largest displacements
are found for Sy, whereas the deformation of the Fe S
cluster proper accounts for only 25% of the overall
deformation of the complex; the least deformed are
the Fe-S bonds (only 6% of the total deformation).
Ferredoxin is a relatively small protein; nonetheless,
it practically isolates the two Fe S4 clusters from the
solvent, holding them about 12 A apart. The eight
cysteine residues in the polypeptide chain are arranged
$0 as to ensure definite spatial positioning and structure
of the clusters. As follows from the results of this

work, the polypeptide chain forms with the clusters a

unified dynamic system giving a collective response
to electron transfer. Therewith the molecule relaxation

is not invariant, and depends on the details of the

macromolecular configuration at the moment of altering
the charge state of reacnng groups. This creates physi-
cal premises for using the effects of electron-confor-
Eggtllonal interactions in regulation of protein function
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