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Abstract: Molecular dynamics (MD) calculations have been performed on superoxide dismutase (SOD) and on its mutants 
on the Arg 143 residue, which has been modified to a GIu and to a He residue. The simulations were performed over the 
entire "orange" subunit, solvated by about 3300 water molecules, and on the atoms at the subunit-subunit interface. A 10-A 
residue-based cut-off for the pair interactions was used. The trajectories were calculated for 63 ps, and the last 36 ps were 
used for structural analysis. The set of parameters used for describing the metal ions reproduces fairly well the structure of 
the active site. Significantly, the semicoordinated water molecule maintains its position close to the copper ion, although in 
the simulation no bond has been imposed between it and the copper ion, in agreement with experimental evidence. In the 
wild type SOD, the active site channel shows high mobility, resulting in an increase of the open section. In particular Arg 
143 is highly mobile. On the contrary, the mutants show a reduced mobility at the channel, the decrease being larger when 
a negative group, such as a GIu, is present on position 143 with respect to a neutral group as He. This behavior is related 
to the catalytic activity of SOD and its mutants here investigated, and a role of the extent of the mobility of the residues hanging 
in the active site channel on the enzymatic reaction is proposed. 

Introduction 

Superoxide dismutase (SOD) is a dimeric enzyme which con­
tains a copper and a zinc ion per each identical subunit.1 The 
copper ion is coordinated to four histidine residues, one of them 
acting, as histidinato, as a bridge between the copper and the zinc 
ion. The coordination of zinc is completed by two other histidines 
and an aspartate residue. Copper is at the bottom of a wide 
channel bearing numerous charged groups, which can have a 
relevant role in the catalytic mechanism. The protein has a 
molecular weight of 32000. 

The physiological role of SOD is the dismutation of superoxide 
radicals which are produced during the oxygen metabolic cycle 
and result to be extremely reactive toward the cells.2 Superoxide 
is dismutated to molecular oxygen and to hydrogen peroxide,3"7 

which is then scavenged by other enzymes, like catalase. The 
catalytic mechanism occurs through a two-step process in which 
the copper ion is alternatively reduced, with the formation of 
molecular oxygen, and oxidized back to the resting state with 
production of hydrogen peroxide:34'8 

SOD-Cu2+ + O2- — SOD-Cu+ + O2 

SOD-Cu+ + O2" + 2H+ — SOD-Cu2+ + H2O2 

The observed catalytic rates for this enzyme are very fast, of 
the order of 2-3 X 109 s"1 M"1, and are diffusion controlled.4 Some 
of the residues present in the active channel have been shown, by 
studies on mutants obtained through site-directed mutagenesis, 
to play an important role in the structural and catalytic properties 
of the enzyme.9"15 Among the residues that form the active site 
channel, i.e., Arg 143, Thr 58, Thr 137, Lys 136, GIu 132, and 
GIu 133, the most relevant, in terms of enzymatic behavior, is Arg 
1439.10 Wj1JcJ1 is invariant among the SOD enzymes for which the 
primary structure has been determined.16 In this paper, we use 
the residue numbering of the human isoenzyme, even if the 
structure is available for the bovine isoenzyme,1 as all the studies 
on the mutants have been performed, up to now, on the human 
isoenzyme. 

When Arg 143, which is positively charged at physiological pH, 
is substituted by a neutral group or, more, by a negative group, 
the catalytic rates of SOD decrease by one to two orders of 
magnitude, without any major perturbation of the metal ion 
ligands.9'10 

SOD has been the object of a large number of computational 
studies which tried to rationalize different aspects of its enzymatic 
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behavior.17"24 The fundamental role played by the electrostatic 
interactions in the catalytic activity of SOD has been investigated 
and discussed in a large number of experimental25"27 and theo-
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retical19"24 articles. Particularly, electrostatic potential calculations 
and Brownian dynamics simulations on wild type (WT)19"22 and 
mutated SOD23 suggested that the most dramatic effect is due 
to a few key residues only (Arg 143, GIu 133, Lys 136); in 
particular, the calculations performed on a system in which the 
charge of Arg 143 had been neutralized or, even more, reversed 
provided reduced catalytic rates as experimentally observed. A 
recent paper,24 making use of normal mode analysis, reported the 
effects of protein flexibility on electrostatic recognition of the 
substrate. 

Molecular dynamics calculations (MD)28"31 can be of invaluable 
importance in order to understand the dynamics of the active site 
channel in this enzyme, which can be relevant for the recognition 
of substrate and for the different steps of the catalytic pathway. 
In addition, MD calculations can be useful in order to understand 
how the active cavity and the channel are perturbed upon sub­
stitution of specific residues. Finally, the dynamic behavior of 
residue-residue interactions, which can play a key role in the 
catalytic mechanism, can be successfully addressed by MD cal­
culations. 

For these reasons we have undertaken MD studies on SOD, 
both WT and mutants in which the Arg 143 group is substituted 
by either a GIu or an He. We have started by building a set of 
parameters which correctly model the metal sites in SOD and 
which made us confident in the results of the MD trajectories on 
the various systems investigated here. Then trajectories on WT 
and some of its mutants, already experimentally characterized,910 

have been performed, and the structural changes and the fluc­
tuations are discussed in terms of their relevance for the catalytic 
activity. 

A MD study had been already reported on WT SOD,32 which 
analyzed the fluctuations of the active channel. However, in that 
paper, aimed to the study of the diffusion motion of superoxide 
in the active channel, a less detailed determination of the pa­
rameters of the metal sites was used and a shorter trajectory on 
the WT was calculated, which did not allow the analysis of group 
fluctuations which can occur on a larger time scale. While 
submitting the present paper, a subsequent, detailed MD study 
on WT SOD,33 with a longer trajectory, appeared. In that paper, 
MD simulations were used to study the equilibrium distribution 
of a superoxide molecule in the active site channel of SOD. 

The importance of the mobility of the active channel has been 
already proposed in the latter report33 as well as in previous 
theoretical studies on SOD.24,32 

Our goal here is that of analyzing the role of the various residues 
in the study of the dynamic behavior of mutants of SOD that will 
be then correlated with their experimental enzymatic behavior. 
Computational Procedure 

The entire simulation was carried out using the AMBER 3.A34 

program running on a IBM RS/6000 520 computer. 
Protein Models. The asymmetric unit of bovine Cu2Zn2SOD 

contains two protein molecules, each of them being formed by 
two identical subunits.1 We selected the coordinates of the 
molecule formed by the "orange" and "yellow" subunits, as re­
ported in the Protein Data Bank file (2S0D). The X-ray structure 
has a resolution of 2 A. Each subunit contains 151 amino acids, 
corresponding to 1086 heavy atoms, plus a copper and a zinc ion. 
On the basis of recent refinements of the X-ray structure, the OH 
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group of Thrl37, which in the Protein Data Bank structure is 
pointing toward copper, is found to interact with Glul33.8'15 We 
therefore applied a 180° rotation of the-CH/3(o^HJ group around 
the Ca-C0 bond of Thrl37, in order to reproduce the new 
structural properties. In addition, new coordinates for the two 
water molecules close to copper, with copper-water oxygen dis­
tances of 2.8 and 3.3 A,835 were used. We shall refer to these 
water molecules as "close water" (CWAT) and "far water" 
(FWAT) in the Results section. As far as the histidines are 
concerned, those bound to the metals were taken as neutral, except 
His 63 which was taken as deprotonated, in agreement with NMR 
studies on both reduced protein36 and on the cobalt(II)-substituted 
derivative.37 Regarding the two other histidine residues present 
in each subunit, His 20 was taken as neutral, as proposed in the 
X-ray structure paper,1 with the hydrogen on the N52 atom, as 
N52 is weakly interacting with the carboxylate group of GIu 23. 
His 43 was set positive, protonated on both nitrogen atoms, ac­
cordingly to the H-bond patterns reported in the X-ray structure 
paper.1 The hydrogen atoms were added through the EDIT module 
of AMBER. Since the overall charge of oxidized SOD is -4 at 
physiological pH, in order to neutralize the whole system, four 
sodium ions far from the active sites were added with the CION 
option of EDIT, avoiding to eventually break salt bridges among 
residues. They were located close to Asp 243, Asp 278, Asp 229, 
and immersed in the water, nearby Asp 278, i.e., all close to 
residues of the "yellow" subunit. Finally, the whole system was 
surrounded by a sphere of Monte Carlo TIP3P38 waters with the 
SOL-BLOB option of the EDIT module of AMBER. The water 
molecules whose oxygen atom or hydrogen atoms are at 2.8 and 
2.0 A, respectively, from any protein atom were discarded. A 
BLOB thickness of 10 A was chosen. The total water molecules 
were about 3300 for all the proteins here investigated; the resulting 
systems were composed by =* 13 200 atoms. 

The mutated proteins were constructed with the use of the 
interactive computer graphics package SYBYL,39 by simply re­
placing Arg 143 residue in the WT with a glutamate and an 
isoleucine. The backbone coordinates for these amino acids were 
not changed, and the residue side chains were located close to the 
side chain of Arg 143. Tests were made also by placing the side 
chains with slight different positions. No significant changes in 
the results were obtained. In the GIu 143 mutant, the two ad­
ditional sodium ions were added close to the two terminal Lys 
residues, while in the He 143 mutant only a sodium ion close to 
the terminal Lys residue of the "orange" subunit was added. 

Charges and Force Field Parameters. The standard AMBER 
charges were used for all the atoms except for the residues of the 
active site (His 46, His 48, His 63, His 71, His 80, Asp 83, His 
120, Zn and Cu), for which we used ab initio charges already 
reported in the literature.40 AMBER all-atom force field param­
eters41 were used for all the residues with, at least, one atom within 
a 15-A sphere centered on Cu of the "orange" monomer. For the 
residues outside this sphere we used the united-atom parameters.42 

We chose this mixed set of parameters, which is a quite common 
procedure,43 as it follows a better description of a large region 
around the metal sites, with the explicit inclusion of the hydrogen 
atoms, without an additional severe computational cost. The 
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disulfide bond involving Cys 55 has been treated with the force 
field parameters of the standard AMBER database.34 

Metal Dependent Parameters. It should be pointed out that, 
when one deals with systems containing transition metal ions, no 
standard force fields are available; in fact, even though several 
force fields for metal ions have recently been developed,4445 there 
is the fundamental problem that they are able to describe ade­
quately a very narrow spectrum of metal environments, i.e., they 
can be used only for certain sets of ligands and for a well specified 
stereochemistry of the binding sites. Furthermore, many of these 
force fields, among which are those for Cu(II),45 do not consider 
both the interaction with water and an explicit Coulomb inter­
action, as they are suited for small complexes; nevertheless, the 
latter interactions are usually essential to reproduce the behavior 
of biological systems. This is especially true for SOD, since it 
has been demonstrated that electrostatics play a crucial role in 
the interaction between the enzyme and the substrate.19-23 On 
the basis of the above considerations, we decided to model both 
metal ions and their ligands in the active site by using the force 
field parameters recently developed by Merz et al.46,47 for the zinc 
ion and its ligands in the active site of carbonic anhydrase (CA). 
These parameters, which consider both electrostatic and water 
interactions, resulted to be well suited for describing the dynamic 
properties of CA46"48 and carboxypeptidase A (CPA).49 The same 
parameters were used to model the copper and zinc coordination 
(i.e., metal ions and their ligands) in SOD. The equilibrium values 
for the bond and angle potentials were set according to the X-ray 
structure. No bond nor any distance constraint was set between 
the copper ion and the closest semibound water (CWAT) during 
the MD simulations. This choice is made in agreement with the 
results of angular overlap calculations on SOD,50 which indicated 
that the coordination properties of copper on SOD can be described 
without taking the water molecule as a ligand. As far as the 
Asp-zinc bond is concerned, a distance constraint with a force 
constant of 20 kcal and an equilibrium distance value of 1.91 A 
was introduced between an oxygen atom of Asp 83 (051) and 
the zinc ion, following a procedure already reported for describing 
the coordination of GIu 72 to zinc in CPA.49 This parameter setup 
resulted in our systems being able to reproduce the structure of 
the active site which does not undergo any appreciable distortion 
during the dynamics (See Results section). 

Molecular Dynamics Calculations. MD simulations for the WT, 
GIu 143 SOD, and He 143 SOD were carried out, with a resi­
due-based cut-off value for the evaluation of pair interactions of 
10 A. The number of pair interactions during the MD simulations 
was about 2.1 X 106. The timestep of the dynamics was 1.5 fs, 
and a value of the dielectric constant of 1 was chosen. The pairlist 
was updated every 10 steps, and the values of the energies and 
the coordinates were saved every 100 steps. All the water mol­
ecules present in the system and the sodium ions were equilibrated 
by minimizing the rms energy gradient within 0.1 kcal mol"1 A"1 

followed by 9 ps of molecular dynamics. The two crystallographic 
water molecules found in the active site channel of each subunit 
were constrained in their starting position, only during the 
equilibration, by means of a harmonic potential of 0.5 kcal mol"1 

A-2. The water and ion equilibration was followed by the energy 
minimization of the whole protein molecule, in which 3300 steps 
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of steepest descent method proceeded until the convergence 
condition (energy gradient <0.1 kcal mol"1 A"1) was met. Then, 
molecular dynamics simulations were performed for 63 ps on the 
atoms within a 26-A sphere around copper in the "orange" subunit. 
This choice included in the dynamics all the atoms of the "orange" 
subunit and the atoms of the "yellow" subunit at the subunit-
subunit interface. The total number of atoms included in the 
dynamics was 6536 for WT, 6562 for Arg 143 -»• GIu mutant, 
and 6372 for Arg 143 -• He mutant. The whole system was 
coupled to a thermal bath51 of T = 300 K with a relaxation time 
of 0.2 ps. During the MD simulations, bond lengths were con­
strained to equilibrium values using the SHAKE52 algorithm. The 
water molecules in the shell between 20 and 26 A from the copper 
ion were constrained to a harmonic potential around their initial 
position (force constant = 0.5 kcal mol"1 A"2). This would prevent 
their evaporation without affecting their motion, due to the very 
low force constant. 

Data Analysis. The coordinates of the last 36 ps (27-63 ps) 
were used for structural analysis. Averaged structures were 
calculated for the protein atoms using the MDANAL module of 
AMBER.34 The appropriate geometry of the residues is fairly 
maintained in the average structure, except for the water molecules 
and the CH3 groups which were not taken into account in the rms 
analysis. The root mean square (rms) fluctuations at the time 
ts, averaged over the protein atoms involved in the MD and over 
time, from the starting time step (tj = 27 ps) to the sih time step 
(tj = ts) were calculated as 

1 « I » 1/2 

where rj is the position of the Hh atom, tj the y'th timestep, and 
n the total number of atoms. The rms deviations of the average 
structure with respect to the X-ray structure were calculated as 
(Z"=i|A/-,|2/n)'/2 where Ar, is the displacement of an atom in the 
average MD structure with respect to the X-ray structure, and 
the sum is performed over all the atoms in a residue (deviation 
per residue) or over all the atoms in the protein (deviation of the 
entire structure). 

Results and Discussion 
All the analysis of trajectories refers to the behavior of the 

"orange" subunit. 
The Active Site. In Table I, distances and angles between the 

two metal ions and the atoms of their ligands as well as of some 
relevant groups in the cavity are reported for the starting (X-ray) 
structure, the minimized one, and the structure obtained after 18 
ps of dynamics, for which the total energy is constant for WT 
SOD. In addition, the absolute deviations for those distances and 
angles are reported. 

As it can be seen, the geometry of the metal sites and some 
important interactions are maintained, thus indicating that the 
set of parameters we built for the metal ions and their ligands 
is phenomenologically reliable for studying the dynamics of this 
molecule. This procedure for checking the parameters of the metal 
ion and of its ligands has been proposed and successfully used by 
Merz et al. on the enzyme CA.48 We would like to stress here 
that the present paper is focused on the analysis of the motions 
of the active channel, in relation to their enzymatic relevance, 
rather than on the coordination geometry of the metal ions. 

Table I reports distances and angles for the two metal sites and 
also for further steps of the trajectory. It can be seen that the 
metal sites structure is fairly maintained. 

MD on WT SOD. After a few picoseconds of equilibration, 
the total energy of the system as well as the potential and kinetic 
energies become constant, showing only small fluctuations. In 
the present run, the averaged rms fluctuation over all the atoms 
of the "orange" subunit is 0.57 A, while on its backbone atoms 
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Figure 1. (a) Comparison between the backbone of the X-ray (thin line) 
and MD average (bold line) structures of WT SOD and (b) stereoview 
of the active site in the two structures. In (b) the most relevant residues, 
in addition to the ligands of the metal ions, are shown. 

the fluctuation is 0.49 A. The rms fluctuations become constant, 
on average, after 15-18 ps. 

A MD average structure is generated and a comparison with 
the X-ray structure is reported in Figure 1, where the comparison 
of the two backbones is shown in Figure la and that of the metal 
sites, together with some relevant residues, is reported in Figure 
lb. The rms deviation of the average MD structure with respect 
to the starting (X-ray) one is 1.53 A, averaged over all the atoms, 
and 1.21 A, averaged over the backbone atoms, while the rms 
deviation of the minimized structure with respect to the starting 
one is 0.73 A, averaged over all the atoms, and 0.66 A, averaged 
over the backbone atoms. Figure 2a reports the deviation (av­
eraged per residue) between the X-ray and the MD average 
structure. Table II reports some relevant interatomic distances 
for the X-ray, minimized and MD average structures. 

The overall structure of the protein is well maintained as shown 
in Figure la, even if the protein shows some flexibility. From all 
the above data, it is possible to locate some residues which have 
large fluctuations along the trajectory and which show large 
deviations, in the averaged structure, from the starting structure. 
The residues in the range 9-11, 47-55, 100-108, and 119-143 
show a large mobility. Among these, it is important to note that 
the charged groups Arg 143, GIu 133, and Lys 136, present in 

a 

0 10 20 30 40 50 60 70 90 90 100 110 120 130 UO 150 
Residua number 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
Residue number 

c 

. ill III Jl I L IJ ill III I l l i l i l . L I Il -
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Figure 2. Rms deviation, averaged per residue, of the MD average 
structures with respect to the starting structures for (a) WT SOD, (b) 
Arg 143 — GIu SOD, (c) Arg 143 — He SOD. 

the active site channel, experience a large movement during the 
dynamics. 

Along the entire trajectory, the metal sites remain quite stable; 
even the second, long-range bridge formed by Asp 124, which is 
H-bonded to both His 46 and His 71, is fairly stable during the 
dynamics. 

The bottleneck of the active site channel is quite flexible, and 
the width of the channel itself increases as the system is allowed 
to relax. Figure 3 shows the fluctuations of the distance between 
Cf of Arg 143 and C/3 of Thr 137, the two groups which determine 
the narrowest section of the active channel. During the calculation 
the two groups move apart and the channel becomes wider, the 
movement being mostly due to Arg 143. 

The guanidinium group of Arg 143, during the dynamics, 
rotates around the C7~C<5 bond. The guanidinium group is also 
slowly moving away from copper pointing toward the outside of 
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Table I. Distances and Angles between Metal Ion and Ligands and between Metal Ion and Selected Residues in WT SOD, for the X-ray and 
Minimized Structures and for the Structures After 18, 40, and 60 ps 

X-ray structure minimized deviation 18 ps deviation 40 ps deviation 60 ps deviation 

Cu-Na 1 (His46) 
Cu-N«2 (His48) 
Cu-Nt2 (His63) 
Cu-Nt2 (Hisl20) 
Cu-O (CWAT) 
Zn-NM (His63) 
Zn-NSl (His71) 
Zn-NM (His80) 
Zn-OSl (Asp82) 
061 (Aspl24)-Nt2 (His71) 
OS2 (Aspl24)-N<2 (His46) 
Cf(Argl43)-Cu 
O7I (Thrl37)-Cu 

N«2 (Hisl20)-Cu-N«2 (His48) 
N«2 (Hisl20)-Cu-N«2 (His46) 
NSl (His46)-Cu-N«2 (His63) 
N«2 (His48)-Cu-Nf2 (His63) 
N«2 (His 12O)-Cu-Nt2 (His63) 
N«2 (His48)-Cu-N51 (His46) 
NSl (His63)-Zn-NSl (His71) 
NSl (His63)-Zn-0S1 (Asp83) 
NSl (His80)-Zn-OSl (Asp83) 
NSl (His80)-Zn-NSl (His71) 
NSl (His71)-Zn-OSl (Asp83) 
NSl (His63)-Zn-NSl (His80) 

2.0 
2.1 
2.2 
2.1 
2.8 
2.1 
2.1 
2.0 
1.9 
2.4 
2.9 
5.6 
7.9 

106.4 
93.7 
74.7 
89.1 

164.5 
130.2 
111.1 
100.0 
124.1 
130.0 
78.7 

107.5 

2.1 
2.2 
2.2 
2.1 
2.2 
2.1 
2.1 
2.0 
1.9 
2.6 
2.7 
6.3 
6.4 

106.4 
86.2 
79.6 
87.3 

165.0 
135.4 
111.8 
116.5 
103.7 
122.3 
91.2 

109.6 

distances (A 
0.1 
0.1 
0.0 
0.0 

-0.6 
0.0 
0.0 
0.0 
0.0 
0.2 

-0.2 
0.7 

-1.5 

angles (deg) 
0.0 

-7.5 
4.9 

-1.8 
0.5 
5.2 
0.7 

16.5 
-20.4 

-7.7 
13.2 
2.1 

) 
2.1 
2.1 
2.1 
2.1 
2.2 
2.0 
2.0 
2.0 
2.0 
2.7 
3.1 
7.2 
9.0 

111.7 
89.8 
78.4 
87.8 

160.2 
132.9 
114.5 
90.6 

128.1 
112.1 
99.9 

110.2 

0.1 
0.0 

-0.1 
0.0 

-0.6 
-0.1 
-0.1 

0.0 
0.1 
0.3 
0.2 
1.6 
1.1 

5.3 
-3.9 

3.7 
-1.3 
-4.3 

2.7 
3.4 
9.4 
4.0 

-17.9 
21.1 

2.8 

2.1 
2.1 
2.1 
2.1 
2.7 
2.0 
2.0 
2.0 
1.8 
3.1 
2.8 
7.8 
7.9 

109.2 
87.8 
85.7 
89.0 

159.6 
135.0 
111.4 
112.5 
115.2 
115.8 
95.9 

106.2 

0.1 
0.1 

-0.1 
0.1 

-0.1 
-0.1 
-0.1 

0.0 
-0.1 

0.7 
-0.1 

2.2 
0.0 

2.8 
-5.9 
11.0 
-0.1 
-4.9 

4.8 
0.3 

12.5 
-8.9 

-14.2 
17.2 
-1.3 

2.1 
2.1 
2.1 
2.1 
2.4 
2.0 
2.0 
2.0 
1.9 
2.9 
3.1 
7.9 
9.4 

118.4 
84.0 
81.7 
81.4 

159.0 
145.8 
114.0 
91.0 

110.0 
118.3 
95.3 

113.2 

0.1 
0.1 

-0.1 
0.1 

-0.4 
-0.1 
-0.1 

0.0 
0.0 
0.5 
0.2 
2.3 
1.5 

12.0 
-9.7 

5.3 
-7.7 
-5.4 
15.6 
2.9 
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Figure 3. Fluctuations of the distance between Cf Arg 143 and C0 Thr 
137 with WTSOD. 

the channel, even if a nitrogen atom is never too far from the 
copper ion (Figure 4). 

The cavity is highly solvated; CWAT remains close to the 
copper ion along all the trajectory with an average Cu-O distance 
of 2.4 A and an rms deviation of 0.2 A, in good agreement with 
the experimental results obtained in solution from water relaxation 
measurements.53 Thus, this water molecule is kept close to copper 
by nonbonded interactions that are strong enough to maintain a 
constant distance. This is a quite relevant result as it indicates 
that the set of parameters used for describing the metal ions are 
good and capable to reproduce even subtle experimental obser­
vations. 

FWAT, on the contrary, is extremely mobile, interacting with 
Arg 143 and following this group during some steps of the sim­
ulation. When FWAT is not interacting with Arg 143, it is 
replaced by other water molecules which maintain the guanidinium 
group always highly solvated. The active site channel contains 
a large number of water molecules at its entrance, but the degree 
of solvation decreases getting closer to the copper ion; within 6.5 

(53) Banci, L.; Bertini, I.; Hallewell, R. A.; Luchinat, C; Viezzoli, M. S. 
Eur. J. Biochem. 1989, 184, 125-129. 

30 
Time (ps) 

Figure 4. Fluctuations of the distance between copper and N?;l Arg 143 
(solid line) and copper and N?j2 Arg 143 (dashed line) in WT SOD. 

Figure 5. Fluctuations of the distance between copper and Nf Lys 136 
(solid line) and Nf Lys 136 and Od GIu 132 (dashed line) in WT SOD. 

A, on average, from the copper ion, only one water molecule, beside 
CWAT, is present. 

In the X-ray structure, Lys 136 is located on the opposite side 
of the active channel with respect to Arg 143 and close to the zinc 
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Table II. Some Relevant Distances" fc 
SOD 

Cu-O 7I (Thrl37) 
Cu-Nf (Lysl36) 
Cu-OeI (Glul33) 
Cu-Oe2 (Glul33) 
Cu-OeI (Glul32) 
Cu-0e2 (GIu 13 2) 
Cu-NnI (Argl43) 
CU-NT,2 (Argl43) 
Cu-OeI (Glul43) 
Cu-0e2 (Glul43) 
Cu-C 7 I (He 143) 
Cu-C 72 (Ilel43) 
Cu-O (CWAT) 

Nf-OeI (GIu 132) 
Nf-0e2 (Glul32) 
Nf-OeI (Glul33) 
Nf-0e2 (Glul33) 
Nf -O 7 I (Thrl37) 
Nf-Zn 

O 7I-OeI (Glul33) 
0 7 l - O e 2 (Glul33) 
O 7I-OeI (Glul32) 
0 7 l - O e 2 (Glul32) 
O 7 I - O (CWAT) 

N?; l -0 71 (Thrl37) 
Nri2-071 (Thrl37) 
Cf-CjS (Thrl37) 
N»>2-0 (CWAT) 

OeI-O 7 I (Thrl37) 
Oe2-0 7 l (Thrl37) 
C6-C0(Thrl37) 
Oe2-0 (CWAT) 

C 7 I - O 7 I (Thrl37) 
C 7 2-O 7 I (Thrl37) 
C0-C/3 (Thrl37) 
C 7 2 - 0 (CWAT) 

X-ray struct! 

7.9 
7.6 

12.5 
10.4 
15.2 
17.2 
7.0 
5.1 
5.7* 
5.3* 
6.2* 
6.3* 
2.8 

9.4 
11.0 
9.2 
8.2 
6.0 
3.9 

5.2 
3.6 
7.9 
9.9 
6.1 

11.1 
9.4 
8.8 
4.4 

11.7* 
10.0* 
9.6* 
4.4* 

10.9* 
12.2* 
11.0* 
6.3* 

>r the Minimized and MD Averaged Structures of WT SOD, Arg 143 — GIu ! 

WT 

ire minimized 

7.4 
8.5 

12.0 
10.2 
14.7 
16.7 
7.3 
6.1 

2.2 

8.7 
10.7 
9.2 
8.7 
5.8 
5.5 

5.3 
4.3 
7.5 
9.5 
5.7 

11.2 
8.9 
8.9 
5.2 

averaged 

Cu 
8.6 

15.3 
12.3 
10.5 
16.2 
16.8 
7.9 
9.8 

2.4 

Lysl36 
2.6 
4.0 
7.2 
8.5 
7.8 
5.2 

Thrl37 
4.0 
2.9 
8.4 
9.6 
6.4 

Arg 143 
9.7 

11.6 
10.2 
9.1 

GIu 143 

Ilel43 

Arg 143 

minimized 

7.5 
7.9 

11.9 
10.8 
14.3 
16.0 

6.8 
5.4 

2.2 

8.5 
10.1 
8.5 
8.5 
5.1 
5.6 

5.1 
4.9 
7.0 
8.7 
6.0 

11.8 
9.6 
9.6 
4.5 

— GIu 

averaged 

6.8 
12.2 
11.9 
11.9 
16.3 
16.9 

5.1 
6.7 

2.3 

7.2 
8.7 
3.3 
3.3 
5.9 
7.9 

5.2 
5.2 

10.3 
11.0 
4.6 

7.2 
8.8 
7.6 
6.3 

3OD, and Arg 143 

Arg 143 — 

minimized 

7.8 
8.2 

11.5 
9.8 

13.9 
15.7 

5.7 
7.5 
2.2 

8.3 
9.6 
8.4 
8.2 
5.0 
6.2 

4.7 
4.0 
6.1 
8.0 
6.2 

11.5 
14.0 
11.8 
8.0 

— He 

lie 

averaged 

7.0 
13.1 
9.7 

10.6 
15.6 
15.9 

5.8 
7.7 
2.3 

4.6 
5.0 
8.8 
7.9 
8.6 
9.6 

3.2 
4.1 
9.5 
9.9 
4.9 

10.4 
12.8 
10.7 
8.4 

"Distances in A. * These distances refer to the starting structure with the mutated aminoacid. 

ion. During the dynamics Lys 136 undergoes large movements, 
moving away from copper (Figure 5, solid line) and interacting, 
after a few picoseconds of equilibration, with the negative car-
boxylate group of GIu 132 (Figure 5, dashed line). These two 
groups (Lys 136 and GIu 132) are conserved in most of the 
sequences known up to now.17 

GIu 132 and GIu 133 are two negative groups at the entrance 
of the active site cavity which, on the basis of electrostatic cal­
culations20,23 and of experimental results15 on mutants, produce 
a negative field which decreases the attraction for the substrate. 
The highly conserved Lys 136 group might have, on the basis of 
the present MD calculations, the role of neutralizing the negative 
groups of the highly conserved residues GIu 132 and GIu 133. In 
the present simulation, Lys 136 interacts with GIu 132, while the 
carboxylate group of GIu 133 is H-bonded to the OH moiety of 
Thr 137 ( 0 7 l - 0 « 2 distance is 2.9 A on average). All these 
interactions determine an extensive H-bond net at the entrance 
of the channel which would induce the correct orientation of the 
charged groups for substrate diffusion toward the active site. 
GIu 132 remains in a position similar to that observed in WT SOD 
but is not experiencing any significant interaction with residues 
closeby. 

MD on Arg 143 — GIu SOD Mutant The mobility of the active 
channel is decreased as a result of the substitution of the residue 

Figure 6. Stereoview of the active site in the starting (thin line) and MD 
average (bold line) structures of Arg 143 — GIu SOD. The most rele­
vant residues, in addition to the ligands of the metal ions, are shown. 

at the 143 position, while the overall mobility of the protein is 
similar to that of WT. The system equilibrates after a few pi­
coseconds of dynamics. The average rms fluctuation of the 
"orange" subunit is 0.53 and 0.46 A for the sole backbone. Again, 
the residues experiencing the largest fluctuations are those in the 
channel or near the active site. The mean deviation of the "orange" 
subunit between the MD average structure and the starting one 
is 1.26 A for all the protein atoms and 0.93 A for the backbone, 
while the values for the minimized structure with respect to the 
starting structure are 0.77 and 0.71 A, respectively. The rms 
deviation averaged per residue is reported in Figure 2b. The largest 
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Figure 7. Fluctuations of the distance between CS GIu 143 and CfI Thr 
137 in Arg 143 — GIu SOD. 

deviations are again for residues in the channel, yet at a smaller 
extent for the present case. 

Figure 6 shows the comparison between the starting and the 
MD average structure for the active site residues. The metal site 
structure is maintained also in the present system, and the number 
of water molecules in the cavity is almost constant. CWAT stays 
close to copper, with an average Cu-O distance of 2.3 A, with 
an rms of 0.3 A. This finding is again in agreement with the 
experimental results.53 FWAT, on the other hand, is quite mobile 
and diffuses out of the cavity. 

The main feature of the present system is the reduced width 
of the active channel entrance: GIu 143 is attracted inside the 
cavity and toward the copper ion, while Arg 143 is not. This 
produces a very narrow bottleneck to the copper site. Figure 7 
shows the distance between Cd GIu 143 and Q3 Thr 137; the 
closest approach of the two residues, taking into account the 
complete side chain, could be as small as 5.5 A. Lys 136 is 
extremely mobile also in the present system and, after a few ps, 
is H-bonded to GIu 133. The OH group of Thr 137 is also pointing 
toward GIu 133, even if it remains far for any kind of interaction. 

MD on Arg 143 -* De SOD Mutant This system has a neutral, 
hydrophobic group on position 143, instead of the positively 
charged, hydrophilic arginine. This system has intermediate 
properties, from the electrostatic point of view, with respect to 
WT and Arg 143 — GIu SOD mutant. And indeed an inter­
mediate behavior is observed in the MD trajectory with respect 
to the other investigated systems. 

After a few picoseconds of equilibration, the system is fairly 
stable, with an average rms fluctuation of the "orange" subunit 
of 0.56 and of 0.50 A for the backbone atoms. In agreement with 
what observed with the other two investigated systems, the largest 
fluctuations as well as the largest deviations are observed for 
residues in the active site channel. The deviation from the starting 
structure is smaller than for WT SOD, with an average rms 
deviation of 1.36 and of 1.15 A for the backbone atoms. The rms 
deviation averaged per residue is reported in Figure 2c. The values 
of the rms fluctuations and rms deviations result, for this system, 
in an intermediate value between those of WT and those of Arg 
143 —• GIu SOD. Figure 8 shows the comparison of the active 
site channel for the starting and the MD average structure for 
Arg 143 — He SOD. 

Also in this mutant the active site is quite stable, and the 
coordination geometry is maintained along the entire trajectory. 
In particular, the CWAT molecule stays close to the copper ion, 
with a copper-oxygen distance very similar to that found for the 
other two systems (2.32 A with an rms deviation of 0.01 A). This 
suggests that the nature of the residue on position 143 is not 
responsible for the presence of a semicoordinated water molecule 
at the copper ion. This, indeed, is again in agreement with the 
experimental results from NMRD measurements.53 

He 143 has a quite stable position, with the Cf3 He 143-QS Thr 
137 distance remaining constant along the entire trajectory (Figure 
9). It is interesting to note that, in the case of this mutant, which 

Figure 8. Stereoview of the active site in the starting (thin line) and MD 
average (bold line) structures of Arg 143 -* He SOD. The most relevant 
residues, in addition to the ligands of the metal ions, are shown. 

Figure 9. Fluctuations of the distance between C/3 He 143 and Q) Thr 
137 in Arg 143 — He SOD. 

has on position 143 a neutral residue, the width of the channel 
remains very close to that of the starting structure. This result 
could be indicative of a further role of the positive group Arg 143. 
The positive group, located at this position, may have a relevant 
structural role, in addition to its fundamental electrostatic role, 
determining a large flexibility of the active site channel. The group 
at position 143 would behave as a "gate" which, depending on the 
nature of the residue, tends to open or to close the access to the 
substrate. 

GIu 133 slightly approaches the copper ion and interacts with 
7OH Thr 137, while Lys 136 interacts with GIu 132, obtaining 
NfI Lys 136-Od GIu 132 distances as low as 2.5 A at the end 
of the trajectory. The rearrangement of Lys 136 is similar to that 
observed for WT SOD, providing similar structures for the two 
systems; however, in the present case, the rearrangement occurs 
at longer simulation time. These results indicate that the GIu 
132-Glu 133-Lys 136-Thr 137 side chains establish similar in­
teractions in all the systems investigated. These residues form 
quite a stable network which can have an important role in the 
enzymatic catalysis from both the electrostatic and the structural 
point of view. 

Implications for the Mechanism 
Our results have shown that MD calculations may be an ap­

propriate tool for the characterization of SOD, as they allow a 
detailed study of the mobility of the residues in the channel and 
of their role in the enzymatic catalysis. 

The rate limiting step for the catalytic process in SOD is, in 
nonsaturating concentrations of the substrate, as it occurs at 
physiological pH, the diffusion of the substrate in the active site 
channel and its binding to the copper ion.4 

The Arg 143 — lie and Arg 143 - • GIu SOD mutants expe­
rience a decrease of biological activity (about 10% and 4-2% of 
the WT activity, respectively)10 as well as a parallel decrease in 
the affinity for small anions, like azide, which can simulate the 
substrate.10 

The high catalytic rates of SOD are strongly determined by 
electrostatic effects which attract the substrate to the active site. 
This has already been demonstrated by electrostatic potential 
calculations19-23 as well as by experimental work.10,15 The present 
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MD calculations, however, show that other factors could contribute 
to the efficiency of the enzyme. Indeed, the dynamics of the cavity 
can be important for increasing the affinity of SOD toward the 
substrate. In WT SOD, the active site cavity has a large mobility, 
and the surface exposed to the solvent, and therefore to the 
substrate, is larger than that observed in the crystallographic 
structure. This suggests a synergistic role for the active cavity, 
where the electrostatic effects are enhanced by the fluxionality 
of the cavity. The charged groups, due to their high mobility, 
could produce a large attraction for superoxide; the larger surface 
exposed to the solvent facilitates the entrance of O2". 

The relevance of structural fluctuations in ligand and substrate 
binding to proteins, especially if they are small molecules like in 
the present case, has been already extensively discussed.28 A 
striking example of the effect of protein mobility in molecular 
binding is represented by myoglobin: energy calculations54 have 
demonstrated that the CO and O2 binding are strongly affected 
by the protein atoms fluxionality which determines the possible 
binding paths for these ligands in entering and leaving the heme 
pocket. The energy barriers for these paths are sizably reduced 
by protein motions. If myoglobin rigidly maintained its X-ray 
structure, no energetically feasible path was possible. 

The additional role for the active site channel due to its flux­
ionality is speculative at the present stage of the investigation but 
is consistent with the behavior of the two mutants here investigated. 
The reduced catalytic rates of the Arg 143 - • GIu mutant cor­
relate, in addition to the electrostatic effect of a negative charge, 
also with a reduced mobility and a smaller open section of the 

(54) Case, D. A.; Karplus, M. /. MoI. Biol. 1978, 132, 343-368. 

Enantioselective Total 

Introduction 
The highly toxic nature of the red tide has been known and 

feared since ancient times. Periodic outbreaks of the red tide often 
occur during the summer months along the North Atlantic coasts 
of America and Europe, in particular along the North Pacific coast 
from California to Alaska, and the coastal areas of Japan and 
South Africa. Under certain tropical conditions, a toxic single-cell 
dinoflagellate Gonyaulax catanella grows at an abnormal rate. 
As these algae produce a red pigment(s), a bloom of dinoflagellates 
imparts a red color to the sea. Clams and mussels, feeding on 
these and other dinoflagellates by filtration of seawater through 
their siphon, concentrate the toxic principle of dinoflagellates in 

active site channel. The Arg 143 —• He mutant, in which the 
positive charge is neutralized and not reversed in sign, has in­
termediate activity rates and intermediate mobility and open 
section of the channel, between the WT and the Arg 143 - • GIu 
SOD mutant. Therefore, the group on the 143 position may 
behave like a "gate keeper" at the reaction site. 

The mobility of other residues in the channel is directly con­
nected with their involvement in the catalytic process. For ex­
ample, the equilibrium position of Lys 136 results to be far from 
the copper ion, pointing outside the channel. Deprotonation of 
this residue was invoked as resposible of the drop in activity at 
high pH;55 however a biophysical and biochemical characterization 
of proteins with residue 136 mutated to neutral, not ionizable, 
residues has shown that Lys 136 has only a small electrostatic 
effect, without affecting sizably the overall enzymatic behavior.56 

This finding is in complete agreement with our results from MD 
calculations. 

The present MD simulations provide further hints on the en­
zymatic behavior of SOD and can shed light on the role of the 
active site channel in determining the high efficiency of this 
enzyme. 
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(55) O'Neil, P.; Davies, S.; Fielden, E. M.; Calabrese, L.; Capo, C; 
Marmocchi, F.; Natoli, G.; Rotilio, G. Biochem. J. 1988, 251, 41. 

(56) Band, L.; Bertini, I.; Luchinat, C; Viezzoli, M. S. Submitted. 

Synthesis of (-)-Decarbamoylsaxitoxin 

their organs and become poisonous to man, causing paralytic 
shellfish poisoning.1 

In 1957, the toxic component of the paralytic shellfish poison 
was first isolated in the pure state by Schantz and co-workers. 
Extracts of the hepatopancreas of Alaskan butter clams (Saxi-
domus giganteus) yielded a highly toxic amorphous substance, 

(1) For reviews on saxitoxin and related natural products, see: (a) Schantz, 
E. J. Pure Appl. Chem. 1980, 52, 183. (b) Shimizu, Y. In Progress in the 
Chemistry of Organic Natural Products: Herz, W., Grisebach, H., Kirby, 
G. W., Eds.; Springer-Verlag: New York, 1984; p 235. (c) Shimizu, Y. In 
Marine Natural Products; Scheuer, P. J., Ed.; Academic Press: New York, 
1978; Vol. I, p 1. 
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Abstract: An enantioselective total synthesis of (-)-decarbamoylsaxitoxin (2) has been accomplished, using the asymmetric 
trimolecular cyclization of 6, i.e., 6 + (J?)-glyceraldehyde 2,3-acetonide + Si(NCS)4 -> a-7, as the key step. The structure 
of the major product a-7 was determined by X-ray crystallographic analysis, with the C-6 configuration corresponding to the 
unnatural antipode of decarbamoylsaxitoxin. Acetonide a-7 was converted to thiourea 5, an intermediate used in our previous 
racemic synthesis of saxitoxin. Thiourea 5 was further transformed to the tricyclic urea-thiourea 3. At this stage, the 1H 
NMR spectrum (CDCl3) of optically active 3 was found to be dramatically different from that of racemic 3. On the basis 
of concentration-dependent NMR spectroscopy and other studies, it was suggested that racemic 3 exists as a dimer of d,l pairs 
via two sets of hydrogen bonds whereas optically active 3 exists as a monomer because of a lack of such interactions due to 
geometric restriction. By following the previous synthetic route, tricyclic urea-thiourea 3 was converted to the unnatural antipode 
of decarbamoylsaxitoxin (2). Since the transformation of racemic, as well as optically active, decarbamoylsaxitoxin to saxitoxin 
has already been established, this synthesis constitutes a formal enantioselective total synthesis of saxitoxin. In addition, it 
was unambiguously demonstrated that the unnatural antipode of decarbamoylsaxitoxin exhibits no sodium channel blocking 
activity. 
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