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We coupled protein–protein docking procedure with molecular dynamics (MD) simulation to investigate the
electron transfer (ET) complex Azurin–Cytochrome c551 whose transient character makes difficult a direct
experimental investigation. The ensemble of complexes generated by the docking algorithm are filtered
according to both the distance between the metal ions in the redox centres of the two proteins and to the
involvement of suitable residues at the interface. The resulting best complex (BC) is characterized by a
distance of 1.59 nm and involves Val23 and Ile59 of Cytochrome c551. The ET properties have been evaluated
in the framework of the Pathways model and compared with experimental data. A 60 ns long MD
simulation, carried on at full hydration, evidenced that the two protein molecules retain their mutual
spatial positions upon forming the complex. An analysis of the ET properties of the complex, monitored at
regular time intervals, has revealed that several different ET paths are possible, with the occasional
intervening of water molecules. Furthermore, the temporal evolution of the geometric distance between the
two redox centres is characterized by very fast fluctuations around an average value of 1.6 nm, with periodic
jumps at 2 nm with a frequency of about 70 MHz. Such a behaviour is discussed in connection with a
nonlinear dynamics of protein systems and its possible implications in the ET process are explored.
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INTRODUCTION

Electron transfer (ET) proteins play a key role in many
biological processes, such as photosynthesis and respiration
(Marcus and Sutin, 1985). Chains of redox enzymes
containing metal ions, are arranged in order to assist
electron flow and generate charge separation which
represents the first step in the energy-capture process
(Bendall, 1996; Bizzarri and Cannistraro, 2005). An electron
moves from a donor (D) to an acceptor (A), flowing down a
gradient of potential through a chain of redox centres which
may be separated by a relatively large distance (1–2 nm or
even more) (Marcus and Sutin, 1985). Recently, the ET
capabilities of biomolecules have been combined with
processing power of microelectronics to create hybrid
systems for the realization of biosensors (Willner and Katz,
2000; Marvin and Hellinga, 2001; Andolfi and Cannistraro,
2005; Bonanni et al., 2005).

The formation of ET complexes is envisaged to take place
in two stages: first D and A form a so-called encounter
complex which may be constituted by an ensemble of
energetically similar complexes of the two partners
(Crowley and Ubbink, 2003). Typically, the encounter
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complex is guided by long-range electrostatic forces
(Gabdoulline and Wade, 2001). In the second stage, proteins
undergo rotational and vibrational motions giving rise to a
more specific reactive complex which enables the ET event
(Northrup and Erickson, 1992; Ullmann et al., 1997). The
reactive complex might therefore, comprise, instead of a
single structure, of a group of alternative structures (Liang
et al., 2004). The association specificity of a protein–protein
complex depends on the structural properties of interfaces
which should be geometrically and chemically complemen-
tary: a good matching of hydrophobic surface areas, the
formation of hydrogen bonds, etc. Since high-turn over
conditions are necessary to sustain a continuous electron
current, ET complexes have a transient character, i.e. protein
partners continuously assemble and dissociate (Nooren and
Thornton, 2003), therefore, they are not easily amenable to
direct experimental analysis (Mathews et al., 2000; Crowley
and Ubbink, 2003; Prudêncio and Ubbink, 2004).

In this respect, computational docking procedures, which
provide a valuable tool in the prediction of protein–protein
interactions (Janin and Rodier, 1995), could help in the study
of ET complexes. The docking algorithms start from
independently determined coordinates of the component
proteins, performing a search of possible conformations for
the complex, based on different criteria (geometric and
energy interaction, etc.) (see Chothia and Janin, 1975; Jones
and Thornton, 1996; Smith and Sternberg, 2002; Vajda and
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Camacho, 2004). A two-stage approach is generally
adopted. In the initial stage, the two proteins are treated
as rigid bodies and the rotational and translational degrees of
freedom are fully explored with scoring functions reflecting
conformational changes. In the successive stage, the
structures obtained in the initial stage are refined and
re-ranked by using additional criteria that take into account
experimental data; e.g. residues involved or excluded in the
interaction, the molecular flexibility, etc. Nonetheless, the
docking complex determination for ET protein partners
might yield controversial results since their inherent
transient character requires a subtle balance among
quantities which should guarantee stability, efficiency
and, at the same time, a high turn over.

Here, we are interested in the complex between Azurin
(AZ), an electron carrier in the respiratory chain of
Pseudomonas Aeruginosa (Solomon et al., 1992; Guzzi
et al., 1997; Arcangeli et al., 1999; Farver et al., 1999;
Paciaroni et al., 1999; Webb and Loppnow, 1999), and the
heme-protein Cytochrome c551 (C551), involved in the
denitrification process (Silvestrini et al., 1982; Gray and
Winkler, 1996; Ceruso et al., 2003). In vitro studies have
shown that AZ exchanges electrons with C551 (Cutruzzolà
et al., 2002). Furthermore, atomic force spectroscopy
experiments have probed the specificity and the biorecogni-
tion between these two protein partners, also allowing us to
evaluate the protein–protein interaction forces and the koff

rate (Bonanni et al., 2005; Bonanni et al., 2006).
However, since this complex is not accessible to

crystallographic investigation, most likely due to its limited
lifetime, its real spatial arrangement is still missing.

With the aim to investigate the relative spatial positions of
the two proteins in the complex, their contact regions and the
ET rate and path, we have applied a protein–protein docking
procedure integrated with a molecular dynamics (MD)
simulation. For docking, we have used GRAMM, a
molecular recognition procedure that attempts to find the
best steric fit between the two molecules, by taking into
account hydrophobic interactions (Vakser and Aflalo, 1994;
Vakser et al., 1999).

The set of favourable complexes, extracted by the
docking, has been first analyzed in terms of (i) the distance
between the two redox centres (more specifically the metal-
to-metal distance); (ii) the contact area between the two
proteins; (iii) the ratio of polar to nonpolar amino acids at the
interface and (iv) the number of newly formed H-bonds.
Successively, we have selected as the best complex (BC) the
one having the shortest metal-to-metal distance, and
involving at the interface the residues Val23 and Ile59 of
C551, according to Cutruzzolà et al. 2002. Together with the
structural properties of this complex, we have analyzed the
ET properties by also comparing them with the available
experimental data (Cutruzzolà et al., 2002).

An MD simulation, carried out for 60 ns at full hydration,
of the BC has allowed us to put into evidence that the two
proteins substantially maintain their initial relative arrange-
ment upon forming the complex. An analysis of the complex
structures, sampled during the dynamics, has revealed that
the ET properties change in time with respect to involvement
of different residues and the occasional participation of a
few water molecules, suggesting a dynamically assisted ET
process. Furthermore, the metal-to-metal distance moni-
Copyright # 2007 John Wiley & Sons, Ltd.
tored as a function of time, is characterized by fast
fluctuations around a value of 1.6 nm, with periodic jumps to
a value of 2 nm about every 15 ns; such a behaviour,
indicative of nonlinear dynamics, has suggested some
implications to the ET properties of the complex.
COMPUTATIONAL METHODS

Structures of AZ and C551

The X-ray structure of AZ was obtained from the PDB
(4AZU entry) (Nar et al., 1991). The structure of AZ, a blue
copper protein (14.5 kDa) of 128 amino acids, consists of
eight b-strands forming two b-sheets in a greek-key motif.
The redox site is coordinated by three ligands: Nd of
His46, Nd of His117 and Sg of Cys112, forming an
equatorial plane around the copper. Moreover, two weaker
ligands are present: Sd of Met121 and the carbonyl group of
Gly45. The copper ligand His117 protrudes through the
protein surface and is surrounded by a cluster of
hydrophobic residues (Met13, Leu49, Val43, Met44,
Met64, Phe114, Pro115, Gly116, Ala119 and Leu120),
known as the ‘hydrophobic patch’ (van de Kamp et al.,
1990). Opposite to the copper site, a disulphide bridge is
located.

The X-ray structure of C551 was obtained from the PDB
(451C entry) (Matsuura et al., 1982). C551 is a heme-protein
of class I cytochrome c (9.1 kDa), consisting of 82 amino
acids organized in four a-helixes. The heme active site is
coordinated to three strong ligands, sulphurs of Cys12 and of
Cys15, one nitrogen of His16 and to the axial sulphur of
Met61. The heme is located slightly off-centre, with one
edge exposed to the solvent. Such an exposed side, located at
the border of a hydrophobic patch (Gly11, Val13, Ala14,
Met22, Val23, Pro58, Ile59, Pro60, Pro62, Pro63 and Ala 65)
and close to a region rich in positively charged residues, was
thought to be involved in docking and ET processes with the
redox partners, that possess a negatively charged surface
patch (Cutruzzolà et al., 2002).
Docking procedure

GRAMM is a protein–protein docking algorithm based on
molecular recognition algorithms developed by Katchalski-
Katzir et al. (1992) estimating surface complementary
between the two proteins treated as rigid bodies (Vakser and
Aflalo, 1994; Vakser et al., 1999; Tovchigrechko et al., 2002;
Jiang et al., 2003). The GRAMM algorithm selects
complexes on the basis that protein–protein interfaces are
more hydrophobic than the rest of the protein surface (Jones
and Thornton, 1996). Such an algorithm, which can be
applied both at low and high resolution (Tovchigrechko
et al., 2002; Jiang et al., 2003), provides a sorted list of
energy scores indicating the extent of geometric match
between the surfaces of the molecules at different relative
positions. The atomic coordinates of each protein were first
projected, for a digital representation, on a three-
dimensional grid of N�N�N points where they were
represented by discrete functions to distinguish among
the inside, outside and on the surface of molecules; the
J. Mol. Recognit. 2007; 20: 122–131
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surface being represented as a boundary layer of finite width
between the interior and the external part of the molecule.
Small positive numbers were assigned to the surface of
the bigger protein (AZ), while large negative numbers were
assigned to its interior to penalize for penetration in the core
of the protein. The AZ (receptor) was held fixed and C551
(ligand) was translated and rotated around the receptor
searching through all the conformational space in six
dimensions. For each configuration, the correlation function,
evaluating the degree of the geometric match between the
two molecules, was calculated using Fast Fourier Transform
(FFT). We applied GRAMM high resolution generic mode,
with the following docking parameters: grid step 1.7 Å, grid
size 64 Å, the energy score for repulsion 30, the energy score
for attraction �1 and intervals of rotation of ligand around to
receptor 108. The 100 structures yielding the best (highest)
energy scores, among 1000 of outcomes, were selected and
considered for further analysis.
MD simulation

The MD simulations were carried out by using the
GROMACS 3.2 package (Berendsen et al., 1995; Lindahl
et al., 2001), including the potential force field Gromos96
(van Gunsteren et al., 1996). The initial coordinates of the
AZ–C551 complex were taken from the results of docking
procedure (see the Results and Discussion Section). The
copper ion of AZ was covalently bound to three ligands: two
nitrogens from His46 and His117, respectively, one sulphur
from Cys112, while the much weaker interactions of copper
with the sulphur from Met121 and carbonyl oxygen from
Gly45 were treated by a nonbonded approach (Arcangeli
et al., 1999). The partial charges for the copper and its ligand
residues were modified according to those reported in
(Swart, 2002); the copper charge having been fixed to 0.33e.
The heme group of C551 was covalently bound to three
ligands: two sulphures from Cys12 and Cys15, respectively,
and one nitrogen from His16. Atomic charges, all angles and
bonds involving the heme site, were fixed as the parameters
present in Gromos96. The charge of iron was set to 0.40e.
All ionizable residues of both proteins, with the exception of
copper and heme ligands, were assumed to be in the
ionization state corresponding to pH 7.0.

The complex was centred in a fixed-volume rectangular
box with dimension 7.7 nm� 4.8 nm� 6.0 nm, filled by
SPC/E water molecules (Berendsen et al., 1997). Solvent
molecules whose distance from any atom of the solute
molecules was less than 0.23 nm, were deleted. To ensure the
neutrality of the system, five water molecules were replaced
by five chlorine counterions. The final hydrated system
contains 6253 water molecules resulting in a hydration level
of 3.8 g of water per g of protein, corresponding to full
hydration. The LINCS algorithm was used to constrain the
bond lengths (Hess et al., 1996). Short-range electrostatic
and van der Waals forces, with a cutoff radius of 0.9 nm,
were calculated for all pairs of a neighbour list, updated
every 10 steps, with nearest-image distances higher than
1 nm. Electrostatic interactions were calculated by the
Particle Mesh Ewald (PME) method (Darden et al., 1993;
Kholmurodov et al., 2000). For the calculation of the
reciprocal sum, the charges were assigned to a grid in real
Copyright # 2007 John Wiley & Sons, Ltd.
space with a lattice constant of 0.12 nm using fourth order
cubic spline interpolation.

After the energy minimization, the temperature, initially
set at 50 K, was increased up to 300 K in 500 ps by steps of
5 K. Then, the MD simulation was carried out, by applying
periodic boundary conditions, with a step size of 2 fs, at
constant temperature and volume (NVT ensemble), by using
the Nosè-Hoover thermostat with a time constant of 0.1 ps
(Nosé, 1984). The run consists of 60 ns by collecting data
every 50 fs for analysis. For comparison, MD simulations of
both isolated AZ and C551 were carried out at the same
hydration level of the complex. The initial coordinates of AZ
and C551 were taken from the crystallographic structures
(see above).
RESULTS AND DISCUSSION

Analysis of docking complexes

Docking procedures are able to sort out a number of suitable
complexes, ordered by their energy score, also including
false positive matches. Hence, docking outcomes should be
refined by additional criteria in order to single out near-
native structures. Among the different sorted AZ–C551
complexes, we have retained the first 100 complexes with
the highest energy scores for further analysis. A preliminary
analysis by visual inspection of the sorted complexes has
revealed that the two partners assume different relative
positions in the complex.

Most of these sorted complexes involve the hydrophobic
patches of both the proteins at the protein–protein interface.
This finds a correspondence with the experimental evidence
that these regions play a major role in the formation of the
complex and in the successive ET process (Cutruzzolà et al.,
2002). We note in passing that the S–S bridge of AZ is not
involved in the protein–protein interface for the largest part
of sorted complexes. This fact can be exploited in hybrid
nanodevices to anchor AZ to gold through its S–S bridge by
maintaining the opposite reactive region, available for
interactions with ET partners (Bizzarri et al., 2005; Bonanni
et al., 2005).

For each of the sorted docking complexes, we have
analyzed: (i) the distance between the two redox centres;
(ii) the Interface Accessible Surface Area (I-ASA); (iii) the
ratio of the polar to nonpolar amino acids at the interface and
(iv) the number of additional H-bonds.

The distance between the two redox centres constitutes a
crucial parameter for the ET efficiency of the resulting
complex (Marcus and Sutin, 1985; Moser et al., 1992).
Actually, an interprotein ET process typically occurs over
distances of 1–2 nm, and it may be mediated by the
intervening medium between D and A. In short–distance
reactions, electronic orbitals of D and A are directly
overlapped, whereas in long distance reactions, this coupling
is indirect because of sequential overlaps of the atomic D
and A orbitals of the intervening medium (Bendall, 1996).
Even if different models have been proposed to describe the
ET process, a decrease in ET rates for longer D–A distances,
is generally ascertained (Beratan et al., 1987; Moser et al.,
1992). We have evaluated the distance between the two
redox centres by monitoring the geometric distance between
J. Mol. Recognit. 2007; 20: 122–131
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Figure 1. Distribution of the metal-to-metal distance, for the first
100 complexes sorted by the docking procedure. The continuous
line gives a fit to a Gaussian curve; the corresponding mean and
standard deviation values are reported.
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the two metal ions, Fe and Cu in C551 and AZ, respectively.
For the sorted 100 docking complexes, the metal-to-metal
distance ranges from about 1.6–3.8 nm, and the correspond-
ing histogram is characterized by a single mode distribution,
well described by a Gaussian curve, centred at 2.7 nm with a
standard deviation of 0.4 nm (see Figure 1). Accordingly, the
largest part of these ET complexes (more than 80%) matches
the requirement that the metal-to-metal distance is less
than 3 nm, while about 10% are found with a distance
within 2 nm.

A single-mode Gaussian distribution has been also found
for the other analyzed quantities; the corresponding average
and standard deviation values being reported in Table 1. The
I-ASA, which is the area of the protein surfaces that has to
be removed from contact with water in order to form the
complex (Connolly, 1983), reflects the steric fit between the
proteins. The I-ASA values, reported in Table 1, are in a
good agreement with those usually observed for other
transient complexes whose values range from 400 to
1000 Å2 (Nooren and Thornton, 2003). At variance, higher
values (1000–2000 Å2) are commonly observed for perma-
nent complexes, such as enzymes and their protein
inhibitors, with a high degree of surface complementary;
these complexes typically lasting for long times (days or
more). Table 1 also reports an excess of nonpolar residues at
Table 1. Mean values and standard deviations derived fro

Mean va

Metal-to-metal distance (nm)
I-ASA (Å2)
% polar atoms at the interface
% nonpolar atoms at the interface
Number of H-bonds

The last column shows the values related to the best complex. The I-ASA has
by using the protein–protein Interaction Server (http://www.biochem.ucl.ac.
hydrogen with a compatible donor atom is in a range of 1.2–2.76 Å (Guex

Copyright # 2007 John Wiley & Sons, Ltd.
the protein–protein interface, in agreement with the fact that
the protein–protein contact surface tends to be more
hydrophobic than the rest of the protein surface and more
similar to the protein interior. Indeed, the residues at the
interface are responsible for the short-range hydrophobic
interactions between proteins, playing a fundamental role in
determining the specificity of protein–protein recognition
(Sheinerman et al., 2000).

Finally, new H-bonds have been found in the complex.
The presence of additional H-bonds, while, on one hand, can
stabilize the complex structure, on the other it could
contribute to the ET efficiency (Beratan et al., 1987; Beratan
et al., 1991).

As already mentioned, the sorted docking complexes are
to be filtered to extract one or more complexes, matching at
the best further properties. We have therefore implemented
in our algorithm the searching of the shortest metal-to-metal
distance in connection with the involvement of Val23 and
Ile59 of C551 at the complex interface. The former criterion
has been imposed to assure an efficient ET process (Marcus
and Sutin, 1985). Actually, the application of such a criterion
gives reliable results, as evidenced by the study of other ET
complexes: e.g. Plastocyanin–Photosystem I and cyto-
chrome c–cytochrome b5 complexes (Miyashita et al.,
2005; Mattila and Haltia, 2005; Myshkin et al., 2005;
Volkov et al., 2005). The latter one guarantees that the
complex matches the results from mutagenesis experiments
(Cutruzzolà et al., 2002).

The 23rd outcome from GRAMM has been classified as
the BC; two different graphical representations of this
complex being shown in Figure 2 (solvent-exposed surfaces)
and Figure 3A (secondary structure). The two protein
partners are arranged to overlook their hydrophobic patches
with a distance between the two metal ions of 1.59 nm.
The residues involved at the interface are listed in Figure 2.
We found that Pro58 of C551 is located at the outer part of
the docking region, consistently with the experimental
evidence showing that its substitution does not affect the ET
process (Cutruzzolà et al., 2002).

All the other quantities evaluated for the BC are listed in
the last column of Table 1. The I-ASA value of the BC is
close to that found for other transient ET complex (Crowley
and Ubbink, 2003). The large predominance of nonpolar
amino acids at the docking interface is in agreement with
the fact that the protein–protein contact is usually more
hydrophobic than the solvent-exposed protein surface
(Crowley and Ubbink, 2003). Three additional H-bonds
m the extracted 100 docking structures

lue (standard deviation) Best complex

2.42 (0.42) 1.59
580 (60) 657

44.2 (10.1) 25.7
54.0 (10.0) 74.3
3.7 (1.7) 5

been evaluated by rolling a probe sphere of radius 1.4 Å over its surface
uk/bsm/PP/server/). A H-bond is formed when the distance between a
and Peitsch, 1997).
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Figure 2. The solvent-accessible-surface of the structure of the
BC as obtained by docking between AZ and C551. Black
line indicates the monomer–monomer interface of the complex.
The surface is coloured according to the residue hydrophobicity:
blue, hydrophilic; red, hydrophobic; white, intermediate. The
heme is marked by a green line. The list of residues involved
at the protein–protein interface is also reported.

Figure 3. A: Molecular graphic representation of the BC. Yellow
ball-and-sticks (covalent bonds) and blue dotted lines (free space
jumps) show the ET path between the AZ copper and C551 iron
atoms. B: Molecular graphic representation of the complex as
obtained by averaging the structures from the 10–60MD simu-
lation trajectory. The copper (blue sphere) and the iron (red
sphere) are also shown.
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are formed in the BC with respect to free proteins: between
Pro63 of C551 and Pro115 of AZ, Gln 33 of C551 and Glu
57 of AZ and Gln53 of C551 and Met64 of AZ. The
occurrence of these new H-bonds could contribute to the
stability of the BC.
Copyright # 2007 John Wiley & Sons, Ltd.
The geometrical configuration of the BC has been taken
into account to plan atomic force spectroscopy experiments
aimed at measuring the interaction forces between AZ and
C551 (Bonanni et al., 2005). In particular, AZ was bound to
a gold substrate through its native disulphide group, opposite
to the interaction region, with its hydrophobic patch oriented
towards the AFM tip. Conversely, C551 was linked to the
tip by means of a few-nm-long linker allowing protein
reorientation, thus facilitating mutual interaction. In this
way, we detected multiple specific molecular recognition
events between the two partners with an unbinding force of
(95� 15) pN and a koff rate of (14� 2) s�1 (Bonanni et al.,
2005).
ET properties of the best complex

The ET properties of the BC can be evaluated by applying
the empirical Pathways model (Beratan et al., 1987; Beratan
et al., 1991). From the classical Marcus theory, the ET
reaction rate between D and A, in the weak coupling limit, is
given by (Marcus and Sutin, 1985)

kET ¼ 1

�h
V2

R

p

lkBT

� �1=2

e
� DG�þlð Þ2

4plkBT (1)

where VR is the electronic tunnelling matrix element
between D and A, l is the reorganization energy and DGo is
the driving force of the reaction. The dependence of kET on
the medium between the redox centres is mainly reflected by
VR which can be cast in the form: V2

R ¼ Vo2
R f 2

M, where Vo
R

represents the electronic coupling between the redox centres
in van der Waals contact, and fM is a dimensionless
attenuation factor directly taking into account the depen-
dence of the ET process on the medium. In the framework of
the Pathways model, for which the ET path is a combination
of three types of steps between atoms (covalent bond (C),
hydrogen bond (H) and through free space (S); Beratan
et al., 1987), fM can be expressed as:

fM ¼
YNC

i

"C
i

YNH

j

"H
j

YNS

k

"S
k (2)

where NC, NH and NS are the number of C, H and S paths,
respectively; ei being the corresponding attenuation factors.
Semiempirical expressions for the e-factors are (Beratan
et al., 1991)

"C ¼ 0:6; "H ¼ 0:36e �17ðR�0:28Þ½ �; "S ¼ 0:6e �17ðR�0:14Þ½ �

(3)

where R is the distance between D and A. The best pathway
from Fe of C551 to Cu of AZ has been extracted by
evaluating, among all the possible paths through C-H-S
steps, the path that maximizes the fM term and, in turn, the
electronic coupling (Kurnikov, 2004). The resulting ET
pathway starts from the Fe ion, then involves 14 covalent
bonds through Met61, Pro62 and Pro63 of C551, and a free
jump to His117 of AZ and finally ends at the copper ion (see
Figure 3A). The fact that Hys117 is involved in the ET path
J. Mol. Recognit. 2007; 20: 122–131
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Figure 4. RMSD calculated by< ðrAi � rBi Þ
2 >1=2 from the starting

structure of the AZ-C551 along a 60ns trajectory. The RMSDhave
been obtained by averaging over all the protein atoms.

Figure 5. The RMSF, calculated by < ðri� < ri >Þ2 >1=2, of the
backbone atoms plotted versus residue number, of the complex
(continuous line), of a single AZ molecule (black, dashed line,
residue number 1–128) and of a single C551 molecule (grey,
dashed line, residue number 128–210). The residue numbers
corresponding to the protein–protein interface are marked as
black boxes. In all the cases, the RMSF were obtained by aver-
aging over the 10–60ns MD trajectory. The RMSF averaged over
the all atoms are: (0.110�0.038) nm for the AZ–C551 complex,
(0.079�0.031) nm for AZ and (0.089�0.027) nm for C551.
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agrees with the experimental results obtained in vitro
(Cutruzzolà et al., 2002). The corresponding square
electronic tunnelling matrix V2

R has been estimated to be
2.8� 10�7, indicating a good electronic coupling between D
and A. Furthermore, upon calculated V2

R, an estimation of
the maximum ET rate can be obtained under the
assumption of an activationless process (DG8¼�l).
Actually, Equation 1, assumes the form kET ~AV2

R, where
the prefactor A, including the Franck–Condon term, and
ranges between 1014–1016 s�1 (Page et al., 1999; Miyashita
et al., 2005). By fixing A¼ 1014 s�1, a value commonly used
in the theoretical works (Tan et al., 2004; Miyashita et al.,
2005), we found a maximum ET rate of 2.8� 107 s�1.
MD simulation of the best complex

A 60 ns classical MD simulation of the BC has been carried
out at full hydration to investigate the dynamical behaviour
of the two proteins upon forming the complex. The Root
Mean Square Displacement (RMSD) of all atoms from the
starting structure is shown in Figure 4. At first, it undergoes
an initial rising, lasting about 1.5 ns, commonly attributed to
a breakdown from the crystallographic structure (Levitt and
Sharon, 1988). Then, the RMSD reaches an average value of
0.3 nm, around which rather slow, marked oscillations take
place. Such a trend suggests that the MD simulation of the
complex is substantially stable, even if some structural
reassessments might continuously occur during the run. We
also note that the RMSD average value is higher than that
observed for the single AZ and C551 proteins (Arcangeli
et al., 1999; Ceruso et al., 2003).

To get a closer insight into these structural changes, we
have compared the structure of the complex, obtained by
averaging the trajectory over the last 50 ns, with the initial
configuration as extracted from the docking procedure (see
Figure 3A and 3B). It comes out that the overall orientation
of the two proteins is preserved even if slight changes in the
orientation of the heme group of C551 and in the large T3
turn of AZ, located just at the outer region of the interface
area can be registered. Furthermore, the I-ASA of the
average BC structure slightly increases from 657 to 680 Å2,
Copyright # 2007 John Wiley & Sons, Ltd.
consistently with a better surface matching, likely promoted
by the presence of hydration water (Pal and Zewail, 2004).
Such a behaviour is also coupled to a change in the BC
flexibility, as investigated by the Root Mean Square
Fluctuations (RMSF), and shown in Figure 5 as a function
of the residue number. For comparison, the RMSF of the
isolated AZ and C551 proteins have also been shown. The
RMSF of the BC appears higher than those of the isolated
proteins in most of the interface residues, e.g. 51–55 residues
of AZ (see also the averaged RMSF values in the legend of
Figure 5). Such an effect can be put in relationship to the
hydrophobic character of the involved residues, whose
dynamics is restricted in the presence of a polar medium
(aqueous solvent), while it can be enhanced in the
hydrophobic environment, as observed in other systems
(Myshkin et al., 2005).

We have also analyzed the temporal evolution of the
metal-to-metal distance. Such a distance reaches an almost
stable value of about 1.6 nm, after 7 ns (see Figure 6).
Around this value, fast amplitude fluctuations (of about
0.15 nm) are observed in the temporal scale of picoseconds.
Moreover, at almost regular time intervals of about 15 ns,
rapid jumps, up to about 2 nm, take place (see the arrows in
Figure 6); these higher values being observed for time
intervals ranging from 0.5 to 1.5 ns. Such a behaviour is
reminiscent of a bimodal trend and it can be generally
attributed to a nonlinear dynamics (Krumhansl, 1987).
Furthermore, it resembles that observed for their dynamical
quantities of proteins in different time windows (Garcia,
1992; Bizzarri and Cannistraro, 1998; Carlini et al., 2002).
These nonlinear phenomena could be traced back to the
sampling of the local minima (conformational substates),
organized in a hierarchical way, in the potential energy
hypersurface of the protein macromolecules (Garcia et al.,
1997; Carlini et al., 2002). Actually, transitions among these
states, driven by collective, anharmonic motions of the
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Figure 6. Temporal evolution of the metal-to-metal distance,
during the MD simulation run of the complex. Arrows indicate
the times atwhich rapid jumps are detected during the dynamics.
The initial value is marked as a circle.

Figure 7. Occurrence of the residues participating to the ET
paths of 500 structures of the complex, sampled every 0.1 ns
of the 10–60-ns MD trajectory of the complex; only residues with
an occurrence exceeding 15%being shown. AZ ismarked as dark
boxes and C551 as dashed boxes.

Figure 8. Temporal evolution of the I-ASA during the MD simu-
lation run of the complex. The cross-correlation, calculated at
delay time zero, between the temporal trend of the Fe–Cu
distance (see Figure 6) and of the I-ASA gives a value 0.1,
indicating there is no correlation between the two quantities.
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polypeptide chain, might be associated to some biological
functionality (Frauenfelder et al., 1988).

The observed bimodal trend of the metal-to-metal
distance has led us to speculate about the possibility that
it could have some relevance for the ET process. Indeed, the
time that the system spends in the configuration with the
shortest metal-to-metal distance (about 15 ns), finds a good
correspondence with the characteristic time t of the ET
process in our system, t¼ 1/kmax

ET � 30 ns. Accordingly, the
system might switch from an ET-favourable to a less
ET-favourable, or unfavourable, configuration; the ET
process occurs during the favourable configuration.

In this connection, it is interesting to analyze the evolution
of the ET properties during the simulated dynamical
evolution. We have therefore monitored the ET path and
the electronic tunnelling matrix, by sampling the structures
of the complex every 0.1 ns during the last 50 ns of the MD
run. We have found that rather small values for the square
electronic tunnelling matrix element (less than 10�10) when
the metal-to metal distance is around 2 nm. At smaller dFe–Cu

values, the electronic tunnelling matrix, increases up
to 10�6, with an average value of 3� 10�8. The most
efficient ET process is observed at 11.2 ns at which an
electronic tunnelling matrix of 6� 10�6 and a maximum ET
rate of 6� 108 s�1 have been observed. These results are
consistent with the fact that, during the dynamics, the
complex explores a variety of configurations to which
different ET rates might correspond (Daizadeh et al., 1997;
Yang et al., 2003).

During the MD, we have observed that the ET takes place
through different paths involving different residues; a
histogram related to the occurrence of the most frequent
residues participating in the ET process is shown in
Figure 7. Notably, both His117 of AZ and Met61 of C551
have a frequency percentage higher than 50%, confirming a
predominant role played by these residues in controlling the
ET process, in agreement with the experiments. Further-
more, some ET paths involve a single water molecule acting
as a bridge between AZ and C551, through H-bonds.
Interestingly, the same water molecule has been often
Copyright # 2007 John Wiley & Sons, Ltd.
observed to persist in successive ET paths; such a behaviour
supporting the hypothesis that structured water is favourite
in water-mediated intermolecular ET paths, has been
suggested by Lin et al. (2005).

Figure 8 shows the I-ASA of the complex as a function of
simulation time. It ranges from about 580 to 690 Å2 with an
average of about 640 Å2, a value close to the initial one.
These results indicate that no drastic changes occur at the
protein–protein interface, consistently with the preservation
of the overall complex structure in the analyzed temporal
window. The temporal trend shows slow fluctuations on a
temporal scale of nanosecond, on which fast fluctuations in
the picosecond time scale are overimposed. A cross-
correlation analysis (see the legend of Figure 8) has
revealed that there is no correlation between the I-ASA and
the Fe–Cu distance fluctuations. In other words, the
observed jumps in the metal-to-metal distance do not find
a correspondence in the I-ASA trend.
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Figure 9. TheRMSDas a function of the jumparound 37ns of the
MD run from the structure of the complex before the jump,
plotted versus the atom number (continuous black curve) for a
time interval of 0.5 ns. The RMSD as obtained for a time interval
of 0.5 ns around 15ns (dashed grey curve) where no jumps in the
metal-to-metal distance have been observed.
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We wonder, therefore, if the complex switches to different
structures when a sudden rise in the metal-to-metal distance
takes place. A visual inspection of the MD snapshots before
and immediately after each jump does not reveal any global
structural change. It appears that both the orientation and the
relative arrangement of the two molecules are substantially
preserved for all the three cases (not shown). We cannot,
however, rule out the possibility that some local changes
could take place. To investigate such an aspect, we have
analyzed the RMSD from the structure of a complex before
the jump, as a function of the atom number. We found that
the RMSD curves are rather similar for the three jumps; an
example being shown in Figure 9. It turns out that the
RMSDs as calculated in relation to a jump (continuous black
curve) are slightly higher if compared with the RMSDs
obtained from a time interval of the run without any jump
(dashed grey curve).
Copyright # 2007 John Wiley & Sons, Ltd.
These results are indicative that the observed jumps in the
metal-to-metal distance might arise from a superposition of
many local changes, which, however, do not result into a
different global arrangement for the complex. It can then be
speculated about the occurrence of a fine tuning of the
dynamical properties of the protein to control its ET
properties. Such an aspect is particularly intriguing and
deserves further investigation even in other ET complexes.
CONCLUSIONS

The application of a docking strategy procedure has allowed
us to figure out a recognition complex between AZ and C551
whose transient character makes difficult an experimental
investigation. The results show that the sorted best complex
is characterized by a short distance between the metal ions in
the two redox sites and by a close contact between the
hydrophobic regions of both proteins. In this configuration,
the ET properties, as evaluated by the Pathways model,
appears to be in good agreement with the experimental data.
MD simulation carried out on the fully hydrated best
complex, has revealed that the two proteins substantially
maintain their relative spatial positions for 60 ns; while some
changes in the ET properties are observed. Very interest-
ingly, the metal-to-metal distance is shown to undergo a
peculiar bimodal trend with time, which is reminiscent of a
nonlinear dynamics and whose possible connection with the
ET process deserves further investigation. Finally, we
remark that a combined use of MD simulation and docking
procedures, appears to be very promising in the study of ET
complexes to get insight into the coupling among the
structure, dynamics and functionality.
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