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We apply the Blue Moon constrained Molecular Dynamics
technique to study a particular case of molecular
recognition, one of the main issues of modern molecular
biology. We investigate the effects of mutation of interface
residues on the binding strength of the dimeric protein
superoxide dismutase from Photobacterium leiognathi.
With our technique we produce a specific path describing
the separation of the dimers and we calculate the effective
mean force involved in the process. We apply the method to
two mutants and compare the results with those obtained
in an earlier calculation on the native enzyme. The method
is sensitive to the mutations and allows us to establish
a semi-quantitative hierarchy for the association strengths
of the three enzymes.

Keywords: Blue Moon; Dimers; Molecular dynamics; Photobacterium
leiognathi

INTRODUCTION

A large variety of biochemical processes are
regulated by non-covalent interactions between
individually folded proteins, usually referred to as
protein – protein interactions [1]. They drive
fundamental phenomena in biology, such as the
formation of hormone–receptor, antibody–antigen
or protease–inhibitor complexes. Moreover, they are
basic for the formation and stability of quaternary
structure in proteins, that is the aggregation of
different polypeptide chains in a stable, multimeric
complex. The specificity of these interactions is also
of great importance. Indeed, if the chemical nature of
a ligand in a complex is changed, the obtained
structure could have different binding properties.

The ability of two or more molecules to selectively
bind to each other forming non-covalent complexes
is defined as molecular recognition. In this field,

protein–protein recognition in aqueous solution
plays a particular role, due to the large molecular
surfaces that are desolvated during the association.
Direct interactions between the ligands and the
removal of water from the contact interface provides
the attractive contributions to the free energy of
binding that compensate for the loss of translational
and rotational entropy in the formation of the stable
complex. Hence, the role of the contact interface is
crucial. In general, the inter-subunit interface is
defined on the base of proximity to the other
molecule. A more precise definition relies on the
accessibility of the solvent to the residues located at
the surface of the polypeptide chain: those residues
for which accessibility is lost when going from the
isolated structures to the complex are considered
part of the inter-subunit interface.

The atomic structure of protein–protein interfaces
has been extensively characterized [2,3]. Even if the
proteins implicated in these processes are extremely
diverse, their recognition sites share common
properties. They are generally hydrophobic, and
similar in residue composition to the buried regions
of the proteins, but they can also resemble the
remainder of protein surfaces with a higher
percentage of polar residues than protein cores,
especially when the complex is formed by pre-folded
molecules. Since most of the properties of the
complex resides in the contact surface, an efficient
tool to characterize the recognition process is to
study the effect of interface residue mutations. This
approach can elucidate the role of specific residues in
the overall stability of the complex [4].

In the context described here, we report on a study
by Molecular Dynamics (MD) simulations of the
effect of mutations on the association properties of
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a dimeric enzyme, the Cu, Zn superoxide dismutase
from Photobacterium leiognathi bacterion (PSOD).
Cu, Zn superoxide dismutases are a class of
homodymeric metallo-enzymes which catalyze the
dismutation of superoxide anion into molecular
oxygen and hydrogen peroxide, according to the
scheme 2O2

2 þ 2Hþ ! H2O2 þO2; thus representing
the first cellular defense against the serious damages
produced by oxygen reacting derivatives. Most of
Cu, Zn superoxide dismutases are composed of two
identical subunits, each one structurally organized in
a b-barrel fashion [5], and carrying a Cu2þ, Zn2þ ion
pair. The three-dimensional structure of PSOD has
been characterized by Bordo et al. [6]. The dimer
interface is built by two b-strands and two loops
facing each other in the two monomers, involving
18 residues in each subunit. In Fig. 1(a), (b), the three-
dimensional structure of PSOD is shown, together
with a closer view of the inter-subunit interface.

It has been demonstrated [6] that three distinct
clusters of interface residues are crucial in dimer
assembly: the first is centered on the side chains of
Trp83 and Phe81, including other residues such as
Val29 and Pro106, the second on Met41 and Phe96,

and the third is formed by the residues located at the
top of the interface, Lys25, Tyr26 and Asp85, which
are involved in a hydrogen bonded network.
In Fig. 1(c), (d), we show the interface structure of
the two mutated PSODs studied here. The first
presents a single mutation (SM-SOD), the substi-
tution—in each monomer—of Val29 residue in a
glicine (Gly). Due to its lack of side chain structure
this residue is generally used in interface muta-
genesis experiments. Indeed, it is likely to preserve
the main chain structure of the molecule, removing
all the side chain interactions that can be involved in
the dimer assembly. The second mutated enzyme
presents a double mutation (DM-SOD), being both
Val29 and Met4l substituted—in each monomer—
with the negative charged residue glutamic acid
(Glu). The insertion of polar residues at interfaces is
also a generally used technique to investigate protein
association, due to the high degree of perturbation
they can produce on the electric field of the molecule.
The effect of such mutations are not always easily
predictable [4].

The dimerization process of a molecule can be
represented via the separation of the monomers.

FIGURE 1 Pictorial view of the secondary structure of P. leiognahi superoxide dismutase and the two mutants. Arrows represent b-strand
structures and thin wires coil segments. (a) Dimeric structure of the native protein. (b) The interface region of the wild-type enzyme, with
the mutated residues in ball and stick representation: C atoms are in gray, O atoms in red, S atoms in yellow and N atoms in blue. (c) The
interface region of SM-SOD. (d) The interface region of DM-SOD.
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Constrained MD simulations can be an efficient tool
to build a path that describes the process, along
which the relative effective force can be calculated.
In the next section, we summarize our procedure to
calculate effective forces with constrained MD
averages (for the full derivation we refer the reader
to Ref. [7]) and we describe the path used to
represent the dimerization process for the two
mutants of PSOD. In the following sections, we
give modeling and computational details of the
calculations, and finally we report our results.

THEORY

Blue Moon Formulae

We performed free energy calculations with the
constrained MD technique that was derived and first
applied to the wild-type PSOD in Ref. [7]. This
technique is a generalization of the Blue Moon
Ensemble method [8,9] for the case of a multi-
dimensional reaction coordinate. We describe
the rupture process of the protein in terms of the
separation of the monomers by producing a specific
representative path and along it we calculate the
effective force involved in the process. In principle,
the separation could be achieved by constraining, as
a reaction coordinate, the relative scalar distance
between the monomers while sampling all the other
degrees of freedom of the system, including the slow
rotational motion of each monomer. However, due to
the size and flexibility of the molecule, this requires
extremely long trajectories both to equilibrate the
system and to collect converged averages. Hence, we
adopt a multi-dimensional coordinate space in
which both the monomer–monomer separation
and their relative orientation can be represented.
In this space, we identify a reaction path that
separates the monomers at a fixed relative orien-
tation. As a consequence, we do not calculate the full
free energy of the association process, but only the
contribution coming from the association at a fixed
given orientation, the one corresponding to the
relative monomer orientations found in the mini-
mized contact configuration.

The vectorial coordinate ja with a ¼ 1; . . .; n; is
defined by n functions of the Cartesian coordinates
of the atoms in the system {rN}. The free energy
variation when going from a state a to a state b can
be calculated—independent of the specific path
chosen—via the n-dimensional line integral

Wðj b
1 ; . . .; j

b
n Þ2 Wðj a

1 ; . . .; j
a
nÞ

¼
Xn

a¼1

ð
Cðj a;j bÞ

dj 0a
›W

›j 0a
ð1Þ

Using the properties of the delta function [7] it is
possible to show that the integrand can be expressed
in terms of the multi-dimensional mean force Fja

associated to ja,

›W

›j 0a
¼ 2Fja ¼

›H

›ja

� �cond:

j 0
ð2Þ

where we have introduced the canonical ensemble
average conditioned to ja ¼ j 0a

. . .h i
cond:
j 0 ¼

. . .PN
a¼1 d ðjaðrÞ2 j 0aÞ

� �
PN

a¼1 d ðjaðrÞ2 j 0aÞ
� � : ð3Þ

Hence Wðj a
1 ; . . .; j

a
nÞ can be seen as a potential of

mean force which can be calculated with the aid of
Eq. (1) in terms of free energy differences by means
of a thermodynamic integration along a specific
path. Within the Blue Moon Ensemble method
conditional averages, like those in Eq. (2), are
calculated via a time average over a constrained
trajectory, where the reaction coordinate is fixed at a
specific value j 0. The result for a scalar reaction
coordinate was first derived in Ref. [8] and later
extended to a vectorial coordinate in Ref. [7].
Indicating with k. . .lj the average over the con-
strained trajectory, when there is no mixing between
molecular constraints and the reaction coordinates,
the required expression for Eq. (2) is

›W

›j 0a
¼

jJj
21=2
½kBTGa 2 la�

D E
j 0

jJj
21=2

D E
j 0

ð4Þ

where la is the Lagrange multiplier associated with
the a component of the constrained multi-dimen-
sional coordinate, G is a vector defined by

Ga ¼
Xn

i;j¼1

1

mimj msn

X
J

21
ma

›jm

›ri

›2js

›ri›rj

›jn

›rj
J

21
sn

a ¼ 1; . . .; n

ð5Þ

and the elements of the matrix J are given by

Jab ¼
k

X 1

mk

›ja

›rk

›jb

›rk
; ð6Þ

with a;b ¼ 1; . . .; n: Equation (4) provides us with an
explicit expression to compute the effective mean
force and, by means of Eq. (1), the reversible work
needed to go from state a to state b.

Building the Separation Path

The dimerization process of a molecule can be
represented via the separation of the monomers.
Constrained MD simulations can be an efficient tool
to build a path that describes the process, and to
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calculate the effective force involved in it. In this
section, we describe the method used to represent
the dimerization process of the two mutants of
PSOD. For a complete description of the separation
of the two monomers, we should take into account
relative translational and rotational degrees of
motion. Due to the large size of the monomers, the
latter are expected to evolve on a much longer time
scale, so that, in order to sample them correctly, we
would have to perform extremely long, time-
consuming, simulations. However, the overall
three-dimensional structure of the three proteins is
nearly identical and, as a consequence, the difference
between the translational and rotational entropy for
the associated and for the separated monomers will
be practically the same for all three proteins. Hence,
as we are interested in defining the hierarchy in
strength, i.e. in the relative free energy of association,
we may at first ignore such contributions and run
our calculations at fixed relative orientations.

To this end, the definition of a multi-dimensional
coordinate is needed. We can describe the separation
and the relative orientation of the two molecules by
attaching a reference frame to each monomer. In
order to define such a frame we choose a set of four
atoms on each monomer,

{rð1Þi ; i ¼ 1; 4} {rð2Þi ; i ¼ 1; 4}: ð7Þ

Given a monomer IðI ¼ 1; 2Þ; the four atoms {rðIÞi };
ði ¼ 1; . . .; 4Þ define a tetrahedron which behaves
roughly as a rigid body. Since we are studying
flexible macromolecules, we will choose atoms of the
backbone structure, which is the part of the system
with the highest rigidity. Using these atoms we build
a multi-dimensional coordinate, {j}, with six com-
ponents: three are used to describe the monomer
relative separation and the remaining three the
monomer relative orientation. To define the trans-
lational part of {j}, let Cð1Þ ¼ ð1=4Þ

P
ir
ð1Þ
i and

Cð2Þ ¼ ð1=4Þ
P

ir
ð2Þ
i be the centers of mass of each of

the two tetrahedrons. In Fig. 2, we show the two
tetrahedrons within the structure of the SM-SOD,
together with the positions of the centers of mass C (1)

and C (2). We now define the vector D as

D ¼ Cð1Þ 2 Cð2Þ; ð8Þ

and put j1 ; Dx; j2 ; Dy; j3 ; Dz: As for the
rotational part of {j} we define an intrinsic reference
frame on each monomer by introducing the two sets
of vectors

uðIÞb ¼ CðIÞ 2
mðIÞbþ1rðIÞbþ1P4

i¼1 mðIÞi

b ¼ 1; 2; 3 I ¼ 1; 2: ð9Þ

The vectors {u (I)} are then orthonormalized
according to the Graham–Smith procedure, obtain-
ing the set of vectors

eðIÞ1 ¼
uðIÞ1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uðIÞ1 ·uðIÞ1

q

eðIÞg ¼
uðIÞg 2

Pg21
b¼1 eðIÞb eðIÞb ·eðIÞg

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uðIÞg ·uðIÞg 2

Pg21
b¼1 eðIÞb ·eðIÞg

q
ð10Þ

with g ¼ 2; 3 and I ¼ 1; 2: This gives an orthonormal
basis of vectors {e (I)} on each molecule. The monomer
relative orientation can be defined by means of the
Euler angles, whose expression in terms of the basis
vectors are [10]:

u ¼ cos21 eð1Þ3 ·eð2Þ3

� �

c ¼ cos21 eð2Þ1 ·eð1Þ3 £ eð2Þ3

sin u

 !

f ¼ cos21 eð1Þ1 ·eð1Þ3 £ eð2Þ3

sin u

 ! ð11Þ

FIGURE 2 Pictorial view of the backbone structure of SM-SOD at atomic level. Ca atoms are depicted as small yellow spheres, all other
atoms as rods. Large yellow atoms define the two tetrahedrons described in the text, while the largest spheres represent the centers of mass
of the two sets of atoms.
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Finally, we take for the six components of the full
reaction coordinate:

ðj1; j2; j3; j4; j5; j6Þ ¼ ðDx;Dy;Dz; u;f;cÞ: ð12Þ

The vectorial coordinate {j} in Eq. (12) is by
construction an explicit function of the coordinates in
Eq. (7). This enables us to compute analytically the
derivatives in the definition of both the vector G in
Eq. (5) and the factor J defined in Eq. (6), whose
explicit dependence on the atomic coordinates is
needed in Eq. (4).

In order to get rid of the rotational degrees of
freedom (components ja of {j}, with a ¼ 4; 5; 6), we
have to constrain them to fixed values. Indeed, this is
not enough to completely fix the way the two
monomers face each other unless we fix the values of
j2 and j3, considering the variations of distance along
the component j1. This amounts to using a straight
line path Cð{j a}; {j b}Þ to explore the multi-dimen-
sional space of the reaction coordinate. With this
choice, the line integral of Eq. (1), which gives the
free energy difference between two states of the
system, is reduced to a scalar integration. It is
important to note here that in this way we do not
compute the full free energy variation along the
separation of the molecules, but only the contri-
bution between the two states at a given relative
orientation. One state roughly corresponds to the
minimum at contact distance and the other, at large
monomer separation, to the region of flat depen-
dence for the free energy where monomers can be
assumed to be isolated. In order to calculate the
absolute dissociation energies one should also
compute and add the, mainly entropic, different
contributions to the free energy coming from
allowing overall rotations and orthogonal trans-
lations in the two situations, one with associated
monomers and the other with, independently,
solvated monomers.

Although, the theory has been developed by
considering only the constraints {j}, our molecular
model contains also “molecular” bond constraints.
Recently, the Blue Moon formalism has been fully
extended to a system with molecular constraints [11].
The resulting formula for the effective force involves
an unbiasing factor whose calculation is very
complicated and much too time-consuming for a
system with a large number of molecular constraints,
as it would involve the calculation of determinants
for very large matrices. For the present calculation,
we avoid the coupling between the two sets of
constraints by replacing the molecular constraints
which involve the atoms that enter the definition of
{j} with harmonic springs. This does not change the
connectivity in the system, but—as we will see
later—it will force us to use a time step smaller than
that which could be used with constraints, roughly

doubling the computational cost of each mean force
calculation.

COMPUTATIONAL METHODS

We have studied by MD two dimeric proteins in
water, which are mutated forms of superoxide
dismutase from P. leiognathi. The atomic coordinates
of the starting configuration for the SM-SOD protein
were taken from the 2.2 Å resolution crystal structure
of reference [12]. In order to prepare the starting
configuration for the DM-SOD protein, the Val29 and
Met41 residues were substituted by glutamic acids in
the crystal structure coordinate file of the wild-type
enzyme [6], maintaining, where possible, the original
positions for the common atoms in the sidechains.
After changing the sidechains, the atomic coordinates
of the residues have been checked to remove
overlapping contacts with atoms of the other residues
and with water. The sidechains of the substituted
residues easily accommodate in the dimer interface.
The non-polar hydrogen of the proteins have not been
explicitly taken into account but, within a united
atoms approach, they have been represented by
modifying the interaction parameters of the atoms to
which they are linked. Polar hydrogens were
explicitly added to the atomic coordinates files of
the two proteins. Finally, the number of “atoms” of
the protein models are 2688 for SM-SOD and 2700 for
DM-SOD. All simulations were performed with
the DL-protein code [13] modified to include the
subroutines performing the Blue Moon mean force
calculations. We used the GROMOS force field [14]
with the set of parameters denoted by “37c”, and
water molecules represented by the SPC/E [15].

As explained in the previous section, the force field
was modified by substituting a few distance
constraints by harmonic springs, i.e. the one used
to connect the atoms entering the definition of the
reaction coordinate to neighboring atoms in the
proteins. Each protein dimer was put in a parallele-
piped shaped box (96, 60 and 60 Å) which was filled
with water molecules, by using an equilibrated water
configuration as a building block. No counter ions
were added, but, when needed, the systems were
neutralized by means of a uniform charge back-
ground. Water molecules whose atoms were less
than 1.8 Å from any protein atom were removed. The
final number of water molecules in the systems were
9241 for SM-SOD and 10344 for DM-SOD simula-
tions. Apart from the atoms defining the multi-
dimensional coordinates j, all covalent bonds in
the proteins and in water were represented by
constraints that keep bond distances fixed to the
proper chemical values. The constraint terms in
the equation of motion were integrated implemen-
ting the SHAKE algorithm [16]. The four atoms used
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for building the multi-dimensional coordinate
(i.e. those in the set of Eq. (7) ) were, in both
monomers, the Ca atoms of residues Gly40, Val107,
Ala121 and Asn130.

In all simulations periodic boundary conditions
were used [17]. van der Waals interactions were
truncated at a cut-off distance of 10 Å, while
electrostatic interactions were fully calculated by
using the Smooth Particle Mesh Ewald method [18].
The cut-off for the real space sum was again 10 Å
with the Ewald convergence parameter set to
0.35 Å21 for SM-SOD and to 0.36 Å21 for DM-SOD.
Sixth order cubic splines were used for interpolation,
with grids of 90 £ 64 £ 64 points for both proteins.
The equations of motion, within the extended
dynamics approach for simulation in the NVT and
NPT ensembles [19], were integrated with the
Velocity Verlet scheme [20,21] with a time step of
0.5 fs. The choice of such a small value was dictated
by the need to properly integrate the fast motion
connected with the harmonic springs, which were
introduced in the model of the protein. Coordinates
of all atoms in the system were saved every 100 fs for
successive data analysis.

RESULTS AND DISCUSSION

In calculating the effective force involved in the
separation of the monomers in solution, the first step
was to build a specific path Cð{j a}; {j b}Þ that describes
this separation. As we explained earlier, although
our path is defined in a multi-dimensional

coordinate space, we are interested only in
the variation of the j1 variable, keeping the other ja,
with a ¼ 2; . . .; 6; constrained at fixed values. As a
consequence, the definition of these values is very
important in the determination of the binding force.
In order to find physically meaningful values for the
components j2; . . .; j6; we require that their values
correspond to those for which the dimer is at the
mechanical energy minimum. In the following we
describe the procedure we used to build the
separation path Cð{j a}; {j b}Þ for the two monomers.
Starting from the atomic structures of the two mono-
mers in the associated dimer configurations, we first
equilibrated the proteins in water for about 200 ps.
Then, we slowly quenched each of the two systems
until atomic velocities vanished at zero temperature,
while monitoring the behavior of the Euler angles
defined in Eq. (11). When the energy minimum was
reached the values of the angles stopped oscillating
and we could calculate the corresponding values for
the coordinate {j}. We took them as our initial values,
denoted by {j ð0Þ} ¼ {jð0Þ1 ; jð0Þ2 ; jð0Þ3 ; jð0Þ4 ; jð0Þ5 ; jð0Þ6 }: In Fig. 3,
we plot the values of the Euler angles during the
quenching procedure of DM-SOD.

Having defined the initial point {j (0)}, we still have
to build the values {jðiÞ1 ; j

ð0Þ
g ; g ¼ 2; . . .; 6} that will

identify the other points along the separation path. In
order to achieve this we first separate the monomers
in water treating them as rigid bodies, by freezing all
intermolecular degrees of freedom. Starting from the
initial {j (0)}, we integrate the protein dynamics with
atomic positions frozen relative to the monomer
center of mass and with a fixed relative group

FIGURE 3 Euler’s angles calculated as in Eq. (11) during the quenching procedure of DM-SOD.

L. MARAGLIANO et al.812

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



velocity of 1023 Å/fs along the direction defined
by j1. While doing this, we continue to calculate
the forces on water molecules and integrate their
equations of motion at a fixed temperature by using a
Nosè–Hoover thermostat [22]. This allows water to
diffuse following the translational motion of the
monomers avoiding undesired overlap, which could
severely disrupt the structure of the protein. At the
same time the solvent can smoothly fill up the region
that is being emptied at the interface. Starting from a
configuration labeled with the value of the reaction
coordinate {jðiÞ1 ; j

ð0Þ
g }; when a distance increment of

1 Å has been reached, we store the final configuration
which now corresponds to the values {jðiþ1Þ

1 ; jð0Þg }:
Iterating this procedure, we can produce a number of
configurations with the monomers at various
distances along j1 and at a fixed relative orientation.
The values of j1 in the generated configurations
for the two proteins are 17.88 Å, 18.88 Å,. . ., 23.88 Å,
24.88 Å for SM-SOD and 16.78 Å, 17.78 Å,. . ., 25.78 Å,
26.78 Å for DM-SOD.

Starting from each of the configurations obtained
with the procedure outlined above, we fully
equilibrate the system, first by integrating only the
dynamics of water molecules while keeping
positions of the protein atoms frozen. By increasing
the temperature up to 500 K for a few tens of
picoseconds we allow water to hydrate properly the
monomer – monomer interface, and then, after
returning to the standard temperature, we resume
the full atomic motion for the protein while applying
Blue Moon constraints to maintain the chosen values

of the multi-dimensional coordinate {jðiÞ1 ; j
ð0Þ
g } fixed.

In this last equilibration step, we let the entire system
evolve for at least 100 ps in the NVT ensemble at
T ¼ 300 K; so as to reach a satisfactory equilibrium
state at fixed monomer separation. After repeating
this procedure for each of the constraint values
{jðiÞ1 ; j

ð0Þ
g }; the calculation of the effective force defined

in Eq. (4) is started.
For each configuration we now accumulate the

values of the force Fj 1
¼ 2›W=›j 1; using Eq. (4),

until convergence is reached, by monitoring the
running average calculated as a function of
the progressing time t (Figs. 4 and 5).

�Fj1
ðtÞ ¼

Ð t
0Fj1
ðt0ÞjJj

21=2
ðt0Þdt0Ð t

0jJj
21=2
ðt0Þdt0

: ð13Þ

In Figs. 6 and 7, we report the results for the
effective force and the mean force potential for two
mutants: the free energy barrier for dissociation
turns out to be 16:43 ^ 1:30 kcal=mol for SM-SOD
and 26:05 ^ 1:60 kcal=mol for DM-SOD.

In a previous calculation [7], a dissociation barrier
of 39:4 ^ 2:26 kcal=mol was obtained for the wild-
type enzyme. In Fig. 8, we show the behavior of the
potential of mean force for the wild-type enzyme and
for the two mutants. By comparing the barrier
heights for the three proteins, we can say that the
most stable dimer corresponds to the wild-type
protein, since both mutations induce a decrease in
the free energy barrier for dissociation. The SM-SOD
case has the lowest value. These results confirm that

FIGURE 4 Running average of the effective force for SM-SOD at j1 ¼ 17:88 �A:
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the mutated residues are among those crucial for the
recognition process, as stated in previous structural
studies [23]. With regards to the Val29 ! Gly
mutation, it has been observed that it induces a
variation of the functional properties of the enzyme,
increasing the catalytic rate of a factor 2 [12].

This conclusion, together with our numerical result,
suggests that the residue Val29 plays an important
role in both functional and association properties of
the enzyme.

As for the choice of the reaction coordinate, this is
crucial when the free energy barrier between a stable

FIGURE 5 Running average of the effective force for DM-SOD at j1 ¼ 16:78 �A:

FIGURE 6 Effective force as a function of the monomer–monomer separation in SM-SOD. Inset shows the calculated mean force
potential.
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and a transition state has to be calculated. In our
calculation, we are interested in the difference
between two stable states, which is independent of
the particular path of integration chosen. However,
both the initial and final state have the same fixed
relative orientation, so that they differ from the
“true” associated and fully dissociated states for the
dimers. Indeed, the missing contributions could be
separately evaluated with two separate calculations
for the free energy difference between our

“restricted” starting and final points and the “true”
ones. They could be well approximated by a normal
mode analysis at constant distance and by using the
entropic contribution for free rigid body rotations of
the associated dimers and of the isolated monomers.
However, thanks to the high homology of the
mutants with the wild-type enzyme and the fact
that three-dimensional structures are nearly identi-
cal, we expect such missing free energy contributions
to be almost identical as well. Therefore, the values

FIGURE 7 Effective force as a function of the monomer–monomer separation in DM-SOD. Inset shows the calculated mean force
potential.

FIGURE 8 Mean force potential curves for the wild-type (full line), SM (dashed line) and DM-SOD (dashed-dotted line).
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we calculated along the “restricted dissociation”
path contain the information which is most relevant
for the comparison of the affinities and provide a
well defined answer to the problem of defining the
hierarchy in the relative strength of association for
the three proteins under investigation.

CONCLUSIONS

In this work, we have applied the multi-dimensional
coordinate generalization of the Blue Moon method
to investigate a case of molecular recognition, that
is the difference in binding strength of two mutated
versions of the dimeric enzyme superoxide
dismutase from P. leiognathi, with respect to the
native protein. The mutants were obtained through
the substitution of specific amino acids located at the
inter-subunit interface of the molecule. The tech-
nique we developed enabled us to give an estimate
of the order of magnitude for the free energy
dissociation barrier of the molecules using a
separation path at fixed relative monomer–mono-
mer orientation. Our results showed that the method
is able to differentiate between the behavior of the
three systems studied, and allowed us to conclude
that the native enzyme is the most strongly bound
dimer, while the single mutant is the less bound. We
have explored mean forces that would tend to take
the system off the chosen path and found that they
are significantly different from zero only in the
immediate vicinity of the minima, reflecting a slight
difference between the chosen energy minima that
define the fixed relative orientation and the
collection of states significant for the corresponding
free energy minima. The procedure we have
followed does not permit us to estimate the absolute
free energy for dimer dissociation, but still gives a
well defined hierarchy for the effect of mutations
since the neglected contribution coming from
allowing full relative motion both at contact
and at large monomer separation is, to a very
good approximation, the same for all the three
enzymes.
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