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ABSTRACT A single mutation (Val293Gly) at the subunit interface of a Cu, Zn superoxide dismutase dimer leads to a
twofold increase in the second order catalytic rate, when compared to the native enzyme, without causing any modification
of the structure or the electric field distribution (Stroppolo et al., 2000). To check the role of dynamic processes in this catalytic
enhancement, the flexibility of the dimeric protein at the subunit interface region has been probed by the phosphorescence
and fluorescence properties of the unique tryptophan residue. Multiple spectroscopic data indicate that Trp83 experiences
a very similar, and relatively hydrophobic, environment in both wild-type and mutant protein, whereas its mobility is distinctly
more restrained in the latter. Molecular dynamics simulation confirms this result, and provides, at the molecular level, details
of the dynamic change felt by tryptophan. Moreover, the simulation shows that the loops surrounding the active site are more
flexible in the mutant than in the native enzyme, making the copper more accessible to the incoming substrate, and being thus
responsible for the catalytic rate enhancement. Evidence for increased, dynamic copper accessibility also comes from faster
copper removal in the mutant by a metal chelator. These results indicate that differences in dynamic, rather than structural,
features of the two enzymes are responsible for the observed functional change.

INTRODUCTION

It is generally accepted that protein structure is closely
related to function. However, in some cases, structure alone
cannot explain the functional properties of an enzyme if its
dynamic features are not taken into account. Reactions
involving macromolecules are often highly dependent on
excursions to excited molecular conformations, and, hence,
are intimately coupled to the structural flexibility. Up to
now, however, there are just few clear examples in which
the dynamics/function correlation is unequivocally demon-
strated (Kay, 1998; Kohen et al., 1999).
Here we report the example of Cu, Zn superoxide dis-

mutase (SOD), in which the electron transfer mechanism
between the substrate and the active site is considered to
have reached perfection because the second order catalytic
rate is limited by diffusion (Bordo et al., 2001). Actually,
the steering of the negatively charged substrate is enhanced
through an appropriate distribution of the electrostatic field
around the protein (Klapper et al., 1986; Sines et al., 1990),
which, in the eukaryotic enzymes, is conserved among
different species (Desideri et al., 1992). This distribution
provides a constant high substrate-enzyme association rate
and second-order catalytic rate kcat/KM (Sergi et al., 1994;
O’Neill et al., 1988). An analogous electrostatic mechanism
is also operative with prokaryotic Cu, Zn SODs that, al-

though maintaining the typical �-barrel fold of the subunit
structure, show different quaternary structure assembly and
a different location of the electrostatic loop, when compared
to the eukaryotic enzyme (Bourne et al., 1996; Bordo et al.,
1999). In fact, rational single mutations of charged amino
acid residues yielded prokaryotic mutants that had a higher
catalytic rate than the native enzyme (Folcarelli et al.,
1999).
Recently we have shown that the second order catalytic

rate of Photobacterium leiognathi Cu, Zn SOD (PSOD)
increases by two times upon mutation of the uncharged
amino acid Val29 (Fig. 1), located at the subunit interface,
into glycine (Stroppolo et al., 2000). Interestingly such a
mutation does not produce any significant structural change.
In particular, the structure of the copper active site is fully
conserved, as evidenced by x-ray comparative analysis of
the native and mutant structures (Stroppolo et al., 2000),
making it difficult to explain the increased catalytic rate. We
presently have evidence, obtained through spectroscopic
techniques and molecular dynamics (MD) simulation, that
the main effect of the mutation is to modify the dynamic
behavior of the enzyme structure, thus providing a clear
example of dynamics-function relationship.

MATERIALS AND METHODS

Sample preparation

Single site mutant Val293Gly of the recombinant Cu, Zn PSOD was
prepared in a two step PCR approach (Landt et al., 1990). The amplified
DNA was restricted with EcoRI and HindIII, and subsequently cloned into
vector pEMBL18 that was previously digested with the same restriction
enzymes. The expression plasmid obtained was inserted into the Esche-
richia coli strain DH5�, as well as for wild-type PSOD. Recombinant
clones were grown in standard LB medium containing AMP (70 �g/ml) for
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6 h at 37°C. Then 0.25 mmol of CuSO4 and 80 �mol of ZnSO4 were added,
and the cells were left to grow for another 2 h. Proteins were extracted and
purified as previously described (Foti et al., 1997). Proteins were purified
to 98%, as judged by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Protein concentration was evaluated by the method of Lowry
(Lowry et al., 1951), using bovine serum albumin as standard. Selective
removal of Cu2� to produce copper-free PSOD was carried out as reported
before (Calabrese et al., 1976). Copper content was evaluated by double
integration of the EPR spectra, using a Cu2�- EDTA solution as standard
and by atomic absorption using a Perkin-Elmer 3030 spectrometer
equipped with a graphite furnace.
The effect of EDTA on the activity of wild-type and mutated PSOD was

analyzed as previously described (Battistoni et al., 1998). Cu, Zn PSOD
samples, at a concentration of 0.04 mg/ml, were incubated at 37°C in 10
mM phosphate buffer, 0.1 mM EDTA (pH 7.3). Aliquots were withdrawn
at different times, and immediately assayed for residual activity by the
pyrogallol method (Marklund and Marklund, 1974).
Spectroscopic grade propylene glycol was from Merck (Darmstadt,

Germany) and was treated with reducing agent (NaBH4) and distilled under
vacuum before use. Water, doubly distilled over quartz, was purified by a
Milli-Q Plus system (Millipore Corporation, Bedford, MA). All glassware
used for sample preparation was conditioned in advance by storage for 24 h
in 10% HCl Suprapur (Merck). For phosphorescence measurements in
fluid solutions, it is paramount to eliminate all traces of O2. For phospho-
rescence lifetime measurements, the samples were placed in 5 � 5 mm
square quartz cuvettes that were specially designed to allow thorough
removal of O2 by the alternative application of moderate vacuum and inlet
of ultra pure N2 (Strambini and Gonnelli, 1995). In all phosphorescence
experiments the concentration of protein was 5 �M.

Phosphorescence and fluorescence
spectroscopy

Routine fluorescence spectra and steady-state anisotropy were recorded
using a photon-counting spectrofluorimeter (Model K2 ISS Champaign,
IL). A conventional homemade instrumentation was employed for all
phosphorescence intensity, spectra and lifetime measurements in low tem-
perature glasses. The excitation provided by a Cermax xenon lamp (LX
150 uv; ILC Technology, Sunnyvale, CA) was selected by a 0.25 m grating
monochromator (Jobin-Yvon, H25, Longjumeau, France) and the emis-
sion, dispersed by another 0.25 m grating monochromator (Jobin-Yvon,
H25), was detected with an EMI 9635 QB photomultiplier. Phosphores-
cence decays in fluid solutions were measured on an apparatus that was
previously described (Strambini and Gonnelli, 1995). Briefly, pulsed ex-

citation was provided by a frequency-doubled flash-pumped dye laser (UV
500 M-Candela) (�ex � 292 nm) with a pulse duration of 1 �s and energy
per pulse of typically 1 to 10 mJ. The emitted light was collected at 90°
from the excitation direction and selected by a filter combination with a
transmission window between 420 and 460 nm. The photomultiplier was
protected from the intense excitation and fluorescence light pulse by a
high-speed chopper blade that closed the slits during laser excitation. The
minimum dead time of the apparatus is about 10 �s. All the decaying
signals were digitized and averaged with a computerscope system (EGAA;
RC Electronics). Subsequent analysis of decay curves in terms of discrete
exponential components was carried out by a nonlinear least squares fitting
algorithm, implemented by the program Global Analysis (Global Unlim-
ited, LFD University of Illinois, Urbana, IL). All reported decay data are
averages of three or more independent measurements. The reproducibility
of �p was typically better than 5%. Acrylamide quenching experiments
were carried out as described before (Cioni and Strambini, 1998). The
phosphorescence emission of SOD is intrinsically heterogeneous and re-
mains so even when the average phosphorescence lifetime is considerably
reduced by acrylamide. Such lifetime heterogeneity reflects multiple stable
conformations of the macromolecule, each with its distinct intrinsic phos-
phorescence lifetime and acrylamide quenching rate constant. For conve-
nience, lifetime Stern-Volmer plots were all constructed from the average
lifetimes, �av � ��i�i, obtained in general from a biexponential fit of
phosphorescence decays. Consequently, the value of kq, which reports the
diffusion coefficient of acrylamide into the macromolecule, derived from
these plots is an averaged quantity.

COMPUTATIONAL METHODS

Molecular dynamics

The coordinates of the wild-type PSOD at 2.1 Å resolution (Bordo et al.,
1999) were obtained from the RCSB Protein Data Bank (Berman et al.,
2000) (entry code 1BZO). The coordinates of the mutant were kindly
provided by Professor M. Bolognesi (Stroppolo et al., 2000). For sake of
clarity in this work, the sequential numbering of the PSOD chain (from
Gln1 to Gln151) applied by Bourne and collaborators (Bourne et al., 1996),
has been used. A 1.4-ns trajectory of molecular dynamics simulation of the
native and mutant enzymes have been performed on an SGI Origin 200, by
considering the dimeric proteins embedded in 5494 and 5602 water mol-
ecules, respectively. The total number of atoms for the two systems were
19,176 for the wild-type and 19,494 for the mutant. No counterions were
needed due to the neutral charge of both the systems. Periodic boundary
conditions (Allen and Tildesley, 1987) have been used. The equilibrium

FIGURE 1 Photobacterium leiog-
nathi Cu, Zn SOD structure. Arrows
represent the �-strands while thin wires
represent the random-coil structure and
the turns. The copper and the zinc ions
are shown as labeled spheres. Residue
Val29, mutated in glycine, is repre-
sented as a ball-and-stick model. This
picture has been obtained using the pro-
gram Molscript (Kraulis, 1991).
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properties of solvated dimers were sampled in the isothermal-isobaric
ensemble (Melchionna and Ciccotti, 1997). The temperature chosen for our
study was 300 K, and pressure was kept fixed at 1.0 atm. The MD
integration time step was 1.0 fs. The simulation was performed using the
computer code DL-PROTEIN (Smith and Forester, 1996; Melchionna et
al., 1998). We used the GROMOS (van Gunsteren and Berendsen, 1987)
force field with the set of parameters denoted “37c” and the water mole-
cules represented by means of the SPC/E model (Berendsen et al., 1987).
All bond lengths were kept fixed over time by using the SHAKE iterative
procedure (Ryckaert et al., 1977). Electrostatic interactions were carefully
computed using the Ewald sum method (Allen and Tildesley, 1987).
The dynamic behaviors of these proteins in the MD simulation have

been analyzed by using the dynamic cross-correlation map (DCCM) to
yield information about possible correlated motions (McCammon and
Harvey, 1987). Correlated motions can occur between residues belonging
to the same or to different subunits. The extent of correlated motions
between residues is indicated by the magnitude of the corresponding
correlation coefficient between their C� atoms. The cross-correlation co-
efficient for the displacement of each pair of C� atoms i and j is given by:

cij �
��ri � �rj�

���ri2���rj2�
(1)

where �ri is the displacement from the mean position of the ith atom and
the � � represent the time average over the whole trajectory.

RESULTS AND DISCUSSION

Spectroscopic analysis

Tryptophan phosphorescence and fluorescence spectros-
copy was utilized to investigate both structural and dynamic
features of PSOD in solution, by taking advantage of the
single Trp83 residue placed at the dimer subunit interface.
All the phosphorescence properties reported here refer to
the copper-free enzyme, as the metal ion bound at the active
site was found to completely quench the phosphorescence
emission of Trp83. Addition of copper to the copper-free
protein gave a protein indistinguishable from the native one,
allowing us to safely use the phosphorescence data to com-
pare structural/dynamic differences between the native and
mutated enzyme.
Information on the Trp environment can be obtained from

the high-resolution phosphorescence spectrum, the phos-
phorescence lifetime, and the accessibility of the indole ring
to interactions with external solutes. The low temperature
(140 K) phosphorescence spectrum of mutant PSOD is
reported in Fig. 2. The peak wavelength (�0,0) of the 0,0
vibronic band, related to the polarity of the Trp environ-
ment, is 409.5 nm. Compared to values of 406 to 407 nm,
typical for residues fully exposed to the solvent, this wave-
length is red-shifted and characteristic of a largely hydro-
phobic environment (Hershberger et al., 1980). The band is
only slightly blue-shifted (0.5 nm) compared to wild-type
PSOD (Fig. 2, inset), and therefore indicates that in the
mutant protein, the chemical nature of the protein structure
in proximity of the aromatic ring is essentially the same as
in the native enzyme. The bandwidth of the 0,0 vibronic
band, the parameter normally taken to indicate the resolu-

tion of the spectrum, provides information on the structural
homogeneity of the Trp environment. The bandwidth is 5.5
nm for the Val293Gly and 4.8 nm for the wild-type protein
(Fig. 2, inset). In both cases it is larger than the 3.9 nm
expected for a homogeneous site (see reference spectrum
included in Fig. 2; Gabellieri et al., 1996), demonstrating a
certain degree of structural heterogeneity in the SOD dimer
that is more pronounced in the mutant protein.
The phosphorescence lifetime in the low temperature

glass is unaffected by the mutation being 6.2 and 6.1 s for
the wild-type and mutant protein, respectively (Fig. 3 A).
Lifetimes around 6 s are characteristic of Trp residues not
perturbed by the proximity of disulfides or other quenching
groups, a finding that is consistent with the 3D structure of
these proteins (Bordo et al., 1999). The phosphorescence
lifetime is shortened by the heavy-atom perturbation in-
duced by addition of iodide as shown in Fig. 3. The phos-
phorescence of PSOD in the presence of 1 M I	 decays
rapidly, at variance of what happens in presence of 1 M Cl	,
and in a highly non-exponential fashion, indicating that
Trp83 is within 5 Å from I	 atoms randomly distributed in
the solvent (Lee, 1985). The interaction is stronger in the
mutant protein (Fig. 3 C) than in the native one (Fig. 3 B)
suggesting that as a result of the mutation Trp83 is more
accessible to the perturbing agent.
A clear distinction between the two proteins, in terms of

their structural flexibility at the subunit interface region, is
revealed by the phosphorescence lifetime in fluid media.
The phosphorescence decay in buffer at 274 K (Fig. 4)
shows that the mutation has caused an increase of the
intrinsic lifetime, implying that the local structure has be-
come more rigid. It should also be noted that, in both
proteins, the decay is non-exponential and requires two
lifetime components to adequately fit the data. The resulting
lifetimes are �1 � 56 and �2 � 28 ms for the mutated and
�1 � 44 ms and �2 � 20 ms for the native enzyme,
respectively. The amplitudes of the populations are �1 � �2
� 0.5 in both cases. For a protein with a single Trp residue,
the observation of different lifetimes provides a clear evi-
dence of conformational heterogeneity (Cioni et al., 1994)
because it indicates that the conformers of PSOD are non-
equivalent in the dynamic properties of the Trp environ-
ment, when averaged over a time window of the order of �.
The empirical correlation between the intrinsic lifetime and
the solution viscosity, established with model compounds
(Strambini and Gonnelli, 1985, 1995), allows an estimate of
the local effective viscosity of the two main conformers.
They correspond to 1079 and 438 cP in the mutated and 806
and 264 cP in the native protein, respectively. The rigidity
at the subunit interface increases in the mutant protein,
indicating small local rearrangements likely due to addi-
tional bonding interactions around Trp83.
In addition to the intrinsic lifetime, the flexibility of

globular proteins can be investigated by monitoring the
diffusion of small quenching molecules through the protein
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matrix to the phosphorescent chromophore. In particular,
quenching of protein phosphorescence by acrylamide was
shown to be a sensitive indicator of the protein overall
flexibility (Cioni and Strambini, 1998). The bimolecular
quenching rate constant, kq, derived from the lifetime Stern-
Volmer plot (1/� � 1/�0 � kq [acrylamide], �0 being the
unperturbed lifetime) provides a measure of the acrylamide
diffusion coefficient inside the macromolecule. The magni-
tude of kq was found to be 1.4 
 0.2 � 104 M	1 s	1 for
both the wild-type and mutant protein, indicating that the
average overall flexibility of the protein is very similar in
both cases.
The fluorescence properties of Trp are also diagnostic of

an unchanged structure in the mutated protein but of differ-
ent dynamics. In fact, both fluorescence intensity and emis-
sion wavelength of the mutant are identical to those ob-
served in the protein, confirming a relatively hydrophobic
although still water accessible, Trp environment (Malvezzi-
Campeggi et al., 1999). On the other hand, the steady-state
anisotropy in the mutant is distinctly larger than in the

native enzyme (0.137 
 0.003 against 0.125 
 0.002); the
inhibition of independent indole ring rotations confirms that
the mutation has rendered the local structure more rigid.
Overall spectroscopic data suggest that differences be-

tween native and mutated enzymes, as monitored by the Trp
probe located at the inter-subunit surface, are relegated
mostly to their dynamic properties rather than to specific,
static structural changes.

Molecular dynamics simulations

To investigate further the different dynamic properties of
the two enzymes we have carried out state of the art MD
simulations (trajectory lengths, 1.4 ns) of both the native
and Val293Gly proteins. Fig. 5 reports a series of
structural parameters (Kabsch and Sander, 1983) moni-
tored during the trajectory for both native and mutated
proteins. The data indicate that the structure of the two
proteins is conserved over all of the trajectory, and that

FIGURE 2 Phosphorescence spectrum, of
Trp84 of glyceraldehyde-3-phosphate dehy-
drogenase (Gabellieri et al., 1996) (A), in-
cluded as reference for the phosphorescence
spectrum of Val293Gly PSOD in a pro-
pylene glycol/buffer (50/50, V/V) glass at
140 K (B). (Inset) comparison of the 0,0
vibrational band of the spectrum of wild-type
(thin line) and of Val293Gly mutant (heavy
line) PSOD. The protein concentration is 5
�M in 10 mM phosphate buffer (pH 7.5).
The excitation wavelength is 295 nm.
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both are sampling conformations close to their native 3D
structure (Fig. 5 A–D). Notwithstanding, in each protein,
the two subunits behave in a different way, and changes
are found in the relationship between the monomers. In

fact, the x-ray structure of the mutant indicates that the
volume between the two subunits is smaller than in the
native enzyme (Stroppolo et al., 2000). In particular the
volume between the two subunits, including inter-subunit

FIGURE 4 Phosphorescence decays of
Val293Gly mutant (A); and of wild-type
(B) PSOD, at 274 K. The protein concentra-
tion is 5 �M in 10 mM phosphate buffer (pH
7.5).

FIGURE 3 Phosphorescence decay at 140 K of
wild-type PSOD in presence of 1 M KCl (A), the
same decay is observed for the Val293Gly mu-
tant. Phosphorescence decay of wild-type (B) and
Val293Gly (C) PSOD in presence of 1 M KI.
Protein conditions are as in Fig. 2.
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external crevices, measured using the SURFNET pro-
gram (Laskowski, 1995), is larger in the mutant than in
the native enzyme over the entire trajectory (average

values are 3652.3 Å3 and 3074.5 Å3, respectively) (Fig. 5
E). This result indicates that small changes at the inter-
subunit surface, such as that brought by the Val3Gly

FIGURE 5 Time dependence of wild-type (dark gray line) and mutant (light gray line) PSOD geometrical properties obtained from the MD simulation
trajectories: (A) total solvent accessible surface area of the protein dimer (�2); (B) number of backbone’s hydrogen bonds; (C) number of residues exploring
unfavourable regions of the Ramachandran plot; (D) number of residues in random coil conformation; (E) inter-subunit volume (�3).
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mutation, may lead to a different dynamic behavior, and
provide an explanation for the higher quenching effect of
the I	 anion observed for the mutated enzyme.
Interesting information comes from the root mean square

fluctuations (RMSF) of each amino acid, which are reported
in Fig. 6 as a difference between the native and mutated
proteins of the average value of the two subunits. The
RMSF differences indicate that the dynamics of the overall
protein core is identical in both the native and mutated
proteins, but there are also regions in which the mobility is
either increased or decreased in the mutant, when compared
to the native enzyme. In particular, there are three regions
with increased flexibility (around residues 50, 63, and 135),
located in the two loops that define the channel controlling
the active site accessibility from external molecules, and
two regions with reduced mobility (around residues 83 and
110) located in the Trp83 area. The reduced mobility of
Trp83 in the mutated protein can be statistically explained
considering all the conformations sampled by this residue
during the trajectory. As shown in Fig. 7 the Trp83 average

structure for the wild-type and the mutated enzyme indi-
cates that, as a consequence of mutation, the indole ring
samples more frequently a region close to the facing sub-
unit, partially filling the cavity created at the interface by the
substitution of the native valine with glycine. The new
location reached by the tryptophan side-chain in the mutant
explains its reduced mobility, and causes a slight interface
reorganization in which Phe81 and Pro106 approach the
opposite subunit more tightly, whereas the remaining inter-
subunit contacts are more loose and fluctuating than in the
wild-type enzyme. Actually, the MD simulation indicates
that the removal of Val29 changes the shape of the inter-
subunit surface, creating two new cavities in the quite flat
interface of the PSOD native protein, that becomes more
interdigitated as observed in the eukaryotic enzymes (Get-
zoff et al., 1986). It is interesting to notice that the filling of
the cavity by tryptophan is not observed by x-ray diffrac-
tion, even at high resolution (Stroppolo et al., 2000), but it
is clearly demonstrated by MD simulation, allowing a reli-
able explanation for the reduced mobility observed through

FIGURE 6 Root mean square fluctuations difference for each aminoacid between the native and mutant enzyme, averaged over the two subunits.

2562 Falconi et al.

Biophysical Journal 80(6) 2556–2567



fluorescence and phosphorescence spectroscopy. In Fig. 8,
an �-chain model of PSOD is reported in which the amino
acids with an RMSF difference �0.3 Å or lower than 	0.3

Å, and so, having a lower or higher mobility in the mutant,
are represented as blue or red spheres respectively. The
figure clearly shows that, in the mutant, the residues be-
longing to the regions with increased rigidity are located at
the inter-subunit surface in the Trp83 area, whereas the
residues belonging to the three regions having an increased
flexibility (one in the loop 7, 8 and two in the S-S subloop
of loop 6, 5) are delimiting the active site. The overall
protein core, corresponding to the �-barrel, has comparable
fluctuations in both the native and mutated enzyme. From
this picture it can be estimated that in the mutant the
coupling between the two subunits may transduce flexibility
to the active site loops through a more rigid inter-subunit
interface, as already suggested in previous MD simulations
of eukaryotic SOD (Falconi et al., 1996; Chillemi et al.,
1997; Falconi et al., 1999).
Support to this hypothesis comes from the dynamic cross-

correlation matrices which permit us to distinguish amino
acid residues with correlated motions. Fig. 9 A and B show
the presence of correlated motions between residues located
in the two subunits. In these plots a black square is reported
when the correlation between two amino acid residues is
greater than 0.5 Å, while a gray square is reported if the
correlation is lower than this value. Inspection of Fig. 9 A
and B reveals an interesting behavior, in fact in the native
protein there are few inter-subunit correlations and the two
monomers behave as almost independent units (Fig. 9 A).
On the other hand, a broad pattern of inter-subunit correla-
tions is found in the mutated protein indicating that the
single Val3Gly mutation is sufficient to change the inter-
subunit communication in PSOD (Fig. 9 B). Closer inspec-
tion of the matrices indicates that the slight inter-subunit
correlation presents in the wild-type enzyme is extended in
the mutant. In detail, there are two well defined groups of

FIGURE 8 Thin wire representation of the wild-type PSOD fold. Blue spheres represent the location of aminoacids having an RMSF difference between
wild-type and mutant PSODs �0.3 Å, and red spheres represent the location of aminoacids having an RMSF difference 	0.3 Å. The labeled spheres
represent the metal ions. This picture has been obtained using the program Molscript (Kraulis et al., 1991).

FIGURE 7 Ball-and-stick models of the Trp83 average position obtained
from the MD simulation trajectory of the mutant (dark gray), and of the
wild-type (light gray). The chain trace of the subunits are represented as
wires using the same colors. The dark gray spacefill model represents the
facing subunit of the mutant. The label “Gly29” indicates the mutation site.
The picture has been obtained using the programMolscript (Kraulis, 1991).
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FIGURE 10 Average solvent accessible active sites surface area of wild-type (black line) and mutant enzyme (gray line).

FIGURE 11 Percentual superoxide dismutase activity as function of time observed upon incubating the protein with 0.1 mM EDTA at 37°C. Wild-type
(Œ), Val293Gly f) Cu, Zn PSOD. The enzyme was 1.25 � 10	6 M in 20 mM Tris HCl (pH 7.0), 0.1 mM EDTA. Superoxide dismutase activity was
detected through the pyrogallol method (Marklund and Marklund, 1974), following the absorbance increase at 420 nm.

FIGURE 9 A and B. Dynamic inter-subunits cross-correlation map calculated for the wild-type (A) and the mutant (B) Cu, Zn PSOD dimers. The black
squares represent 0.5  cij  1.0 and the gray squares represent 0.0  cij  0.5 (cij is defined in Eq. 1 of Materials and Methods).
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amino acids which display an high degree of correlation.
The first set of correlated motions occurs between interface
residues of �-strand 4f of one monomer (residues 105 to
111), and residues forming the active site S-S sub-loop of
the other monomer (residues 50 to 70 of loop 6, 5), while
the second set occurs between residues forming the active
site S-S sub-loops belonging to the different monomers
(residues 50 to 70 of loop 6, 5), confirming that interface
mutation can transduce specific motions in the regions
located in proximity of the active site.
It is interesting to note that the mutation site shows

identical dynamics in both the mutant and the wild-type
enzyme as evidenced by its RMSF (Fig. 6), while differ-
ences are observed at the level of the amino acids facing the
mutated residue. This region become more rigid in the
mutant allowing a direct mechanical coupling between the
two subunits that is then transduced toward the most flex-
ible regions of the proteins, i.e., the loops surrounding the
active site, which become more mobile. In particular, the
increased rigidity of the Trp83 residue, located in the Zn
sub-loop of loop 6,5 and embedded in the hole generated by
the Val293Gly substitution, allows a mechanical coupling
through the Zn sub-loop to the S-S sub-loop of loop 6,5,
surrounding the active copper. This coupling induces larger
fluctuations of the S-S sub-loop, which generate an easier
accessibility of the copper atom to the substrate, increasing
the substrate-copper association rate and then the enzymatic
second order catalytic rate.
Evidence for increased active metal accessibility also

comes from a plot of the solvent accessible surface (Con-
nolly, 1983) of the active sites. The solvent accessible
surface is defined as the accessibility of the atoms enclosed
in a 15.0 Å radius sphere from the copper atom, computed
for each PSOD configuration and averaged over the two
subunits. This sphere includes the metals, all the ligand
amino acids, the active site arginine and some loop residues
belonging to the active site border. The plot in Fig. 10
indicates that the active site solvent accessible surface,
which is the same in the two enzymes when measured in the
structures obtained through x-ray diffraction (Stroppolo et
al., 2000), reaches a higher average value in the mutant
during the simulation, confirming a greater dynamic copper
accessibility for external agents.

Activity loss measurements

Further evidence for an increased copper accessibility to
external agents comes from activity measurements carried
out, using the pyrogallol method, as a function of time in
presence of 0.1 mM EDTA at 37°C. Such an experiment,
reported in Fig. 11, detects the ability of EDTA to remove
the copper from the enzyme. The plot indicates that loss of
copper is faster in the mutant than in the native enzyme, a
finding that can be explained considering an higher copper
accessibility in the mutant enzyme. We want to stress that

the increased copper accessibility is not simply a static
effect, because x-ray diffraction at high resolution (Strop-
polo et al., 2000) did not show any structural difference, but
must be correlated to the larger fluctuations of the mutated
enzyme, i.e., to its dynamic properties. Mutation at the
interface makes the copper more accessible to external
agents such as EDTA.

CONCLUSIONS

Here we report a clear example of dynamics/function cor-
relation in an enzyme. This finding is of general interest
because, although this phenomenon is quite well accepted,
there are still only a few examples of unequivocal dynam-
ics/function relationship. In this example, a single amino
acid mutation of a residue located at the dimer interface
induces a twofold increase of the catalytic rate of PSOD
(Stroppolo et al., 2000). This mutation does not produce
structural changes detectable by x-ray diffraction (Stroppolo
et al., 2000), but generates, when compared to the wild-type,
an enhancement of the mechanical coupling between the
two subunits, which transduces higher fluctuations to the
loops proximal to the active site modulating the metal
reactivity and stability. From a specific point of view, the
biological relevance of this work relies on the fact that the
loss of zinc from either wild-type or mutant Cu, Zn SODs,
associated with amyotrophic lateral sclerosis, induces apo-
ptosis in cultured motor neurons (Crow et al., 1997) and that
metal mobility may be modulated by mutation far from the
active site. From a more general point of view this work
indicates that, in the post-genome era, the effort to under-
stand the functional role of each macromolecule, encoded
by a specific sequenced gene (Eisemberg et al., 2000), must
not only be devoted to solve its structure, but must be
extended to a complete description of its dynamic proper-
ties.
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