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ABSTRACT: The structure of the SodCII-encoded monomeric Cu, Zn superoxide dismutase from Salmonella
enterica has been solved by NMR spectroscopy. This represents the first solution structure of a natural
and fully active monomeric superoxide dismutase in solution, providing information useful for the
interpretation of the evolutional development of these enzymes. The protein scaffold consists of the
characteristic 3-barrel common to the whole enzyme family. The general shape of the protein is quite
similar to that of Escherichia coli Cu, Zn superoxide dismutase, although some differences are observed
mainly in the active site. SodCII presents a more rigid conformation with respect to the engineered
monomeric mutants of the human Cu, Zn superoxide dismutase, even though significant disorder is still
present in the loops shaping the active site. The analysis of both dynamics and hydration properties of the
protein in solution highlights the factors required to maintain the fully active and, at the same time,
monomeric protein. This study provides novel insights into the functional differences between monomeric
and dimeric bacterial Cu, Zn superoxide dismutases, in turn helping to explain the convergent evolution

toward a dimeric structure in prokaryotic and eukaryotic enzymes of this class.

Copper, zinc superoxide dismutases (CuZnSOD hereafter)
are a class of enzymes that catalyze the disproportion of
superoxide radical into oxygen and hydrogen peroxide.
Discovered about 40 years ago, they are among the most
extensively characterized metalloenzymes in terms of bio-
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physical properties, structure—function relationships, and
biological functions (/). They have been isolated and studied
from a number of eukaryotic and prokaryotic sources (2).

Eukaryotic CuZnSODs isolated so far are homodimeric
enzymes with an impressive degree of structural homology
(2). Upon site-directed mutagenesis, it has been possible to
obtain monomeric variants (3); however, their activity was
invariantly lower than that of the native dimeric enzymes
(4). The availability of mutants of the human enzyme in the
monomeric form has facilitated the acquisition of detailed
NMR structures (5) that, later on, have been extended also
to the dimeric form of yeast and human enzymes (6). The
comparison between solution and solid state structures has
led to a better understanding of structural and dynamics
processes providing researchers insight concerning structure
implication for neurodegenerative diseases such as FALS (7).

Prokaryotic CuZnSODs show a much larger structural
variability than eukaryotic enzymes, differing either in the
active site organization or in the modes of subunit association
(2). Moreover, some bacterial variants display differences
in amino acid sequences, quaternary structures, arrangements
of the active site ligands or other species-specific structural/
functional properties (§—117). Interestingly, prokaryotic en-
zymes can be isolated as active enzymes either as monomers
or as dimers with different subunit interfaces (/11—14). The
larger structural variability found in prokaryotic enzymes has
been addressed via X-ray crystallography (77, 13, 15). It has
been shown that the subunit architecture is conserved
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independently of the enzyme quaternary structure. However,
monomeric and dimeric CuZnSODs differ in biochemical
properties such as catalytic activity, metal affinity, thermal
stability, and susceptibility to protease digestion (16, 17).
Studies on the enzyme from Salmonella enterica demon-
strated the functional nonequivalency of monomeric and
dimeric forms (/7). Several strains of this organism possess
two independent genes, sodCI and sodClIl, encoding for a
dimeric (SodCI) and a monomeric (SodCIl) enzyme, respec-
tively (/7). Although the two proteins catalyze the same
reaction and share the same subunit fold, the sodCI and
sodClII genes are not functionally interchangeable, indicating
that the two proteins have distinctive structural or functional
properties, which are apparently related to their different
quaternary structure (/6, /7). The structure of SodCI has
been solved by X-ray crystallography (15), while SodCII has
85% sequence identity with the monomeric Escherichia coli
CuZnSOD (/2) (See Supporting Information, Figure S1).

To the best of our knowledge, no detailed structural
characterization for prokaryotic CuZnSODs in solution
currently exists. Therefore, in this study, we aimed to solve
the solution structure of the mature, monomeric CuZnSOD
encoded by the sodCII gene isolated from Salmonella
enterica serovar Choleraesuis strain (SodClII, hereafter).
Differences between solid state and solution state can be
related to functional aspects and can be a precious source of
information to understand reactivity (5, 18). Moreover,
solution state NMR studies provide unique information on
local dynamics that might, in turn, explain functional
differences between monomeric and dimeric bacterial and
eukaryotic CuZnSODs.

Since the presence of a paramagnetic Cu(Il) ion would
broaden beyond detection NMR signals within a large sphere
around the metal center (/9), we solved the structure of the
reduced Cu(]) state of the protein, which is diamagnetic. We
used a so-called hybrid NMR approach, in which the recently
developed battery of '3C direct detected experiments (20)
was used together with routine triple resonance 'H detected
experiments to assist NMR assignment and structure deter-
mination (27). The present structure represents one of the
first applications of this tool for structural biologists.

MATERIALS AND METHODS

Protein Expression and Purification. The nucleotide
sequence encoding SodCII was inserted in the plasmid
pSE420 under control of the trc promoter, thus obtaining
plasmid pSESCSodClI. This was introduced into Escherichia
coli BL21 cells to overproduce the protein. Bacteria were
cultivated in M9 minimal medium supplemented with 1.5
x 1079 M ZnSO,4 and 4 x 107° M CuSO,. PN-labeled and
N- and '3C-labeled protein samples were obtained by
preparing the minimal M9 medium with N ammonium
chloride and 'C-glucose purchased from Spectra 2000
(Rome, TItaly). Protein overexpression was obtained by
inducing the transcription from the #rc promoter in mid-log-
phase cultures by the addition of 1 mM isopropyl-S-p-
thiogalactopyranoside (IPTG). After 16 h of growth, cells
were harvested by centrifugation and resuspended in 20%
sucrose, 30 mM Tris-HCI, pH 8.0, | mM EDTA. After
incubation on ice in the presence of 1 mg/mL lysozyme,
bacteria were centrifuged at 12000g, and the supernatant was
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fractionated by (NH4),SO4 precipitation. Fractions containing
CuZnSOD were collected, dialyzed against 150 mM NacCl,
20 mM Tris-HCI, pH 7.4, concentrated to a small volume,
and then injected onto a HiLoadTM 16/60 SuperdexTM 75
FPLC gel filtration column (GE-Healthcare). Fractions
containing the monomeric protein were concentrated, dia-
lyzed against 20 mM Tris-HCI, pH 7.4, and subjected to ion
exchange chromatography on a HiLLoad 16/60 FPLC column
(Pharmacia) using a 0—0.1 M NaCl linear gradient. Fractions
containing CuZnSOD were concentrated and dialyzed against
10 mM phosphate buffer, pH 6.0. Enzyme purity was
checked by SDS—PAGE gel electrophoresis.

NMR Experiments. All 2D and 3D spectra were collected
at 298 K on Bruker Avance 500, 600, 700, 800, and 900
MHz spectrometers, processed using the TOPSPIN software
package (Bruker, Switzerland), and analyzed using CARA
software (ETH, Zurich, Switzerland). NMR experiments
required to obtain the complete assignment of protein
resonances have been previously published (22) and are
summarized in Supporting Information, Table S2, together
with the NMR experiments used to obtain NOE intensities
and *J coupling constants: 2D NOESY, "N- and ’C-
HSQC—NOESY, HNHA, and HNHB.

5N longitudinal and transversal relaxation rates (R, R»),
as well as 'TH—"N NOE values, were measured at 600 MHz,
298 K, as reported in Supporting Information, Table S2. R,
and R, were obtained by fitting peak intensities, measured
as a function of the relaxation delay, to a single-exponential
decay by using the Levenberg—Marquardt algorithm. Un-
certainties had been evaluated by using a Monte Carlo
approach. Heteronuclear NOE values were calculated as the
ratio of peak intensities in spectra recorded with and without
saturation of amide protons. Relaxation data were analyzed
using the FASTModelfree software (23), which simplifies
the input of the Modelfree package.

Hydration properties were studied at 500 MHz via '>N-
HSQC—PHOGSY (24) and 'N-HSQC—CLEANEX-PM
(see Supporting Information, Table S2). All spectrometers,
except the 600 MHz spectrometer, were equipped with
cryogenically cooled triple resonance 'H probe with a cooled
13C preamplifier (CP-TCI).

Structure Calculation and Refinement. Structure calcula-
tion was performed with the software package ATNOS/
CANDID/CYANA, using as input the amino acid sequence,
the chemical shift lists, and three NMR spectra (two-
dimensional NOESY, three-dimensional *C-resolved NOE-
SY, and three-dimensional 'N-resolved NOESY). The
standard protocol was applied using seven cycles of peak
picking with ATNOS (25), NOE assignment with CANDID
(25), and structure calculation with CYANA-2.1. Constraints
on @ and v dihedral angles were derived from the chemical
shiftindex (26) and from HNHA, HNHB, and HSQC—NOESY.
3Junno coupling constants were obtained from the ratio
between the intensity of diagonal and cross peaks integrated
on 'H—'H slices of the HNHA experiment and taking into
account the proper correction factor. Scalar coupling con-
stants were converted into dihedral angle constraints by the
established Karplus relationship. The ratio between
Hx())—Houi) and Hn())—Hou(i—1) NOEs taken from HSQC—
NOESY experiments, provided information on 1 dihedral
angles. Overall, 138 @ and 131 v dihedral angle values were
inserted into the calculation with a tolerance of =£30°.
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Stereospecific assignments were obtained with the program
GLOMSA. In the final run, 112 stereospecific assignments
were used for calculations. Hydrogen bonds were derived
from long-range HNCO experiments (27). Overall, 89
hydrogen bonds were used, with H—O distance limits in the
1.8—2.0 A range. The chemical shift of the Cys55 C atom
is indicative of the presence of a disulfide bridge between
Cys55 and Cys150. Therefore, the inter-residue Sy—Sy
distance was supposed to be in the 2.0—2.1 A range. In each
ATNOS/CANDID cycle, angle constraints were combined
with the updated NOE upper distance constraints for the
subsequent CYANA-2.1 structure calculation cycle. In the
final ATNOS—CANDID—CYANA cycle, we obtained 4454
cross-peaks and 3563 assignments from 2D NOESY, 2430
cross-peaks and 2066 assignments from 3D “N-resolved
NOESY, and 3369 cross-peaks and 2751 assignments from
13C-resolved NOESY. At the end of the CANDID module,
we had 3291 NOE constraints. After CYANA structure
calculation, we obtained a family of 20 conformers with a
target function of 10.29 A and rmsd of 0.63 A. Using
CYANA-2.1, we inserted metal ions Cu(I) and Zn(Il) in
structure calculations as additional constraints, and 30
conformers were considered for the final calculations. Metal
ions within CYANA calculations are defined following an
established procedure (5). According to the binding topology
established from spectroscopic data, copper and zinc ions
were linked to the imidazole nitrogen atoms of the coordi-
nated histidine or to the carboxylate oxygen of Asp93, with
the N—metal or O—metal distances defined with lower limits
of 1.80 A and upper limits of 2.10 A (5). The 30 conformers
with the lowest residual target function values were subjected
to restraints minimization with the AMBER 8.0 program (D.
Case, UCSF). NOE and torsion angle constraints were
applied with force constants of 50 kcal mol~! A=2 and 30
kcal mol™! rad™2, respectively. Force field parameters and
charges of the metal ions and their ligands were the same as
those used for restrained energy minimization and dynamics
of reduced form of human dimeric protein (28). Structure
quality was evaluated using the program PROCHECK-NMR
and WHATIF. Structure visualization was done with the
program MOLMOL (ETH, Zurich, Switzerland). Structure
calculations and analysis were performed on a cluster of
Linux PCs.

Atomic coordinates were deposited to the RCSB Protein
Data Bank, accession number 2k4w.

RESULTS

NMR Spectral Assignment. Throughout this paper, we have
used the amino acid numbering of the mature protein in
which the first 19 residues have been deleted. Sequence-
specific assignment of backbone and side chain resonances
(22) was obtained using HSQC, HNCA, HNCO, HNCACB,
CBCA(CO)NH,HBHA(CO)NH, (H)CCH-TOCSY, and 'H,">N-
NOESY—HSQC. In addition to the set of 2D and 3D 'H-
detected experiments, we acquired 1*C direct detected CACO,
CBCACO, CON and CC-COSY experiments (20, 29—31).
They confirmed proline sequential assignments and provided
complete resonance assignment of aspartic acid/asparagine
and glutamic acid/glutamine side chains and aromatic rings.
Even if 13C direct detection is especially useful for partially
or completely unfolded proteins (32) or for systems affected
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by exchange broadening effects, CON experiments provide
an alternative fingerprint also for a well-folded protein (22).

All atoms observed in routine NMR studies have been
identified except serine and cysteine Hy, threonine Hyl,
tyrosine Hy, lysine He2, N#, and Hyz, phenylalanine HO2
and He2, and arginine Cz, Nyl, Hyll, and Hy12. The
overall assignment was 97%. Almost all '3C resonances were
assigned (99.7%), and also the score for 'H was high
(96.4%). The lower percentage of >N assignments (89.4%)
was due to side chain atoms, especially those of lysine N.
The assignment of backbone resonances, including Cf3, was
100%. The complete resonance list has been deposited on
the BMRB (accession number 15112) (22).

The topology of metal bound histidines has been unam-
biguously determined from the 'H NMR spectrum of the
exchangeable histidine imidazole protons and HSQC patterns
(Supporting Information, Figure S3) and from NOESY
experiments. NOESY cross peaks from histidine side chains
to backbone atoms provide the residue specific assignment
of side chain imidazole groups and information on the metal
binding topology (3, 33). His50 and His128 are bound to
the metal via N&2, while His48, His73, His82, and His90
are bound to the metal via No1. His36 and His45 do not
bind any metal ion. The comparison with existing CuZnSOD
structures suggests that His48, His50, and His128 are bound
to Cu™, while His73, His82, and His90 are bound to Zn%".
Even if there is no direct spectroscopic evidence for the
existence of an aspartic acid COO~—Zn?* bond, the presence
of a conserved aspartic acid at position 93 that is invariantly
bound to Zn?" suggests that Asp93 COO~ is Zn-bound, as
in the active site of all CuZnSODs characterized thus far.
Furthermore, the occurrence of a direct COO~—Zn*" bond
is supported by a number of inter-residue NOEs experienced
by Asp93 Hp protons. These NOEs indicate that Asp93 side
chain is located in the active site, pointing toward the Zn>*
ion.

General Description of the Structure. After restrained
energy minimization with the AMBER 8.0 program, the final
bundle of 30 conformers of SodCII has an average total target
function of 0.60 £+ 0.08 A2 (CYANA units). The rmsd
(residues 3—150) from the average structure is 0.96 £ 0.12
A for the backbone atoms and 1.30 & 0.12 A for the heavy
atoms. In Table 1, the statistics on constraint violations in
the final family and in the average structure are reported,
together with selected quality parameters from a PROCHECK-
NMR and WHATIF analysis. These data indicate that the
solution structure obtained for SodClII is of good quality.
According to the Ramachandran plot (Table 1), 95% (3305
residues) of the non-glycine and non-proline residues have
@ dihedral angle in allowed regions, 3.0% (105 residues) in
the generously allowed regions, and 2% in disallowed regions
(70 residues).

The family of structures obtained for SodClII is shown in
Figure 1A (backbone and metal ions only). The structure
shows the typical CuZnSOD eight-stranded f-barrel Greek
key, conserved in all the conformers (3-strands are depicted
in violet in Figure 1A, while the seven loops are in pink).
Two small antiparallel S-strands for residues 59—60 and
63—64 in loop IV (cyan) and two short a-helices for residues
117—120 and 141—143 (red) are also observed within loop
VI and loop VII, respectively. The o-helix from residues
117—120 is also conserved throughout the family, while the
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Table 1: Statistical Analysis of the Energy-Minimized Family of
Conformers and Mean Structure of SodCII

Sod-CII Sod-CIl
(30 structures) (mean)

rms Violations per Meaningful Distance Constraints (A)”

intraresidue (339) 0.0104 £ 0.0014  0.0109
sequential (947) 0.0047 £ 0.0015  0.0040
medium range (391) 0.0026 £ 0.0026  0.0000
long range (1285) 0.0048 £ 0.0011  0.0033
Total (3022) 0.0056 £+ 0.0008  0.0048

rms Violations per Meaningful Angle Constraints (deg)

@ (210) 1.40 £ 0.97 2.1957
Y (213) 1.59 £ 1.15 0.8915
avg no. constraints per residue 21
Average Number of Violations per Conformer
@ 1.87 £ 1.17 2
Y 1.67 £ 0.94 1
NOE violations larger than 0.000 £ 0.00 0
03 A
NOE violations between 0.1 and 1.5 £ 1.2845 8
03 A
Average rmsd to the Mean (A)”
backbone 0.96 + 0.12 A 130 £0.12 A
heavy
Structural Analysis®
% of residues in most favorable 70.5 72.4
regions
% of residues in allowed regions  24.5 22.4
% of residues in generously 3 2.6
allowed regions
% of residues in disallowed 2 2.6
regions
WHAT IF Structure Z-Scores?
1st generation packing quality —3.195 —3.135
2nd generation packing quality —1.752 —0.745
Ramachandran plot appearance —3.617 —2.739
X1/y2 rotamer normality —2.878 —2.459
backbone conformation —3.784 —4.848
WHAT IF rms Z-Scores®
bond lengths 0.662 0.653
bond angles 1.303 1.253
omega angle restraints 2.011 2.089
side chain planarity 2.004 1.813
improper dihedral distribution 1.068 1.003
inside/outside distribution 0.928 0.913

“ Calculated over the 30 conformers representing the NMR structure.
The mean value and the standard deviation are given. ” Calculated for
the backbone atoms N, C?, and C’ of residues 3—150. ¢ Ramachandran
plot analysis performed with PROCHECK. ¢ Calculated on all residues
with the exception of those located in loop IV. A Z-score is defined as
the deviation from the average value for this indicator observed in a
database of high-resolution crystal structures, expressed in units of the
standard deviation of this database-derived average. Typically, Z-scores
below a value of —3 are considered poor, those below —4 are
considered bad [Vriend, G. ( 1990) J. Mol. Graphics 8]. ¢ Values
calculated on all residues with the exception of those located in loop IV.

141—143 o-helix is conserved only for 23 out of 30
conformers.

The rmsd for the B-barrel (Figure 1B) is 0.56 &+ 0.08 and
1.08 + 0.0.15 A for backbone and all heavy atoms,
respectively. The most disordered regions, where backbone
rmsd exceeds 1 10\, extend from Ala58 to Ala64, from Asp75
to Gly89, and from Gly131 to Gly145. Region 58—64 also
includes the two -strands that do not belong to the -barrel.
Region 75—89, which has the largest rmsd (ca. 2.5 A),
encompasses the Zn bound ligands from His73 to His90.
Both regions 58—64 and 75—89 belong to the long loop 1V,
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FIGURE 1: (A) Family of 30 accepted structures of reduced SodClI,
displayed with MOLMOL. Structures were aligned according to
best-fit superimposition of C, Co, and N atoms of residues 3—150.
The metal ions are pictured in green (copper) and in gray (zinc),
the S-barrel in purple, the two small 3-strands in blue and the two
a-helices in red. (B) Backbone rmsd values for the best 30
conformers of SodCII. (C) Superposition of the Ca trace of the
mean structure of reduced SodClI (red) with X-ray structure of E.
coli SOD (blue) (1eso.pdb).

which, together with loop VI and loop VII, provides the
architecture to build the metal binding site and the active
cavity. Also the Glyl31—Glyl145 region is critical for
CuZnSODs, because this segment participates in the con-
struction of the active site.

A comparison of the NMR structure of SodCII with the
X-ray structure of the E. coli enzyme, depicted in Figure
1C, identifies only minor differences in the f-barrel. The
topology of loop IV, the longest loop of the enzyme, is well
conserved in the two structures. Indeed, the disulfide bridge
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between Cys55, at the beginning of loop IV, and Cys150 in
strand 8 contribute to anchor loop IV with respect to the j3-
barrel, therefore favoring the typical loop topology that gives
rise to the zinc binding pocket. The short a-helix identified
in E. coli CuZnSOD between residues 64 and 67 is not
apparent in SodClII, where it is instead replaced by two short
[-strand segments.

Active Site Channel. Residues that define the access to
the active site channel are located in the first part of loop
IV, also termed the S—S subloop (residues 51—73), and in
loop VII, referred to as the electrostatic loop (residues
129—146) in the eukaryotic enzymes. For all of them, the
local backbone rmsd is larger than the average value. As
observed in other bacterial CuZnSODs (/4), these loops
display major structural differences with respect to eukaryotic
enzymes. In bacteria, the S—S subloop region has an eight-
residue insertion, whereas loop VII shows a four-residue
deletion. The longer S—S subloop folds at the entrance of
the active site channel and contributes to reduce solvent
exposure. In SodCll, this loop conserves the charged residue
motif (KDGK) typical of most bacterial CuZnSODs (2).
These residues are located in front of the active site channel
and are involved in the electrostatic substrate attraction
toward the active site, thus functionally substituting the
charged residues located in loop VII in the eukaryotic
enzymes (34). Unlike the dimeric bacterial enzymes, the S—S
loop of SodClII and E. coli CuZnSOD contains an additional
glutamic acid residue at position 68.

A conserved residue within the electrostatic loop is Argl147
(2). This is a key residue for the activity because it is either
involved in the electrostatic attraction mechanism or in a
direct interaction with the substrate (3, 5). The role and the
orientation of its guanidinium group has been proposed to
be a driving factor for the enzymatic activity (5). In human
oxidized CuZnSOD (35), three H-bonds with neighboring
residues locate the side chain of Argl47, while in Xenopus
laevis CuZnSOD (36) the correct orientation is mainly given
by hydrophobic interactions between its side chain and
neighboring residues. In E. coli CuZnSOD, the orientation
of Argl47 is imposed by a salt link between its guanidinium
group and Glu68 (37), and it is thought that this interaction
can compensate the absence of other stabilizing contacts that
occur in eukaryotic CuZnSODs (72). In the present structure,
Argl47 is not involved in any H-bond network similar to
that characterizing human CuZnSOD (38). We observe three
residues, Ala66, Met126, and Vall0, whose side chains are
close to the aliphatic part of Argl147 with inter-residue H—H
distances between 3.80 and 4.75 A. This suggests that
hydrophobic interactions among the aliphatic side chain of
Argl47 and nearby residues play a major role for the optimal
orientation of the arginine residue as previously observed in
X. laevis CuZnSOD (2). From the ensemble of structures,
we have found two different conformations for Argl147. One
of them is closer to the active site and corresponds to the
position present in the average structure, whereas the other
one is more solvent-exposed. The average structure suggests
an interaction between Argl47 guanidinium groups and
Gly145 and Ala67 carbonyl oxygens (147 Nyl1—145 O =
2.83 A; 147 Nij2—67 O = 2.78 A). A very similar orientation
is found in E. coli CuZnSOD.

Metal Binding Residues. The average rmsd calculated over
metal binding residues, considering all heavy atoms, is
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His 82

His 128

FIGURE 2: The active site superimposition of SodCII (orange), E.
coli CuZnSOD (purple), and human CuZnSOD (green-blue).

smaller than 1 A, and it is lower than the average global
value observed for side chains. Indeed, metal-to-donor
coordination bonds and several inter-residue NOEs among
histidines contribute to the precision of the active site
structure. The superimposition of backbone atoms of the
metal ion ligands in SodCII and E. coli CuZnSOD, shown
in Figure 2, exhibits an rmsd value of 0.47 A.

Zn-bound His73 is protonated at the Ne2 position,
consistent with a broken bridge and an imidazole ring tilted
with respect to the oxidized form. The distance between
copper and HNg2 is 3.15 A, and it is larger than the van der
Waals distance, while the distance between the copper ion
and His73Ne2 is 3.28 A. A similar Cu—N distance (3.44 A)
has been observed in the human reduced enzyme solved by
NMR (5). This is also consistent with the X-ray structure of
the fully reduced yeast enzyme, in which the Cu-HisNe2 is
3.2 A, longer than that observed in oxidized CuZnSODs (2.1
A in X. laevis, for example) (39). In contrast, intermediate
distances were found in the crystal structure of oxidized
bacterial enzymes from E. coli (2.7 A) (12) and SodCI (2.5
A) (15). As previously suggested (40), in the prokaryotic
enzymes solved by X-ray crystallography, a partial but not
complete reduction of the copper ion occurred under the
X-ray beam.

The oxidation state of the copper ion is possibly respon-
sible for some of the differences observed between SodCII
and E. coli SOD. Among them, the His73 ring plane flips
by approximately 20° with respect to the position occurring
in E. coli when the bridge between the two metal ions is
present. This movement is similar to that previously revealed
by NMR in the case of the human enzyme and is required
to prevent the occurrence of van der Waals violations when
His73 is protonated at the Ne2 position.

A slight shift is also observed for His128, one of the
copper ion ligands. In SodClII, the His128 ring plane moves
toward His48 with respect to the position observed in the E.
coli enzyme. As a consequence, the distance between His128
Cel and His48 NO1 is 3.79 A, while in E. coli CuZnSOD it
is 4.29 A, However, the Cu—Zn distance is 6.6 A, which is
similar to that observed in E. coli CuZnSOD (6.5 A) and in
most of the available X-ray and NMR structures of other
CuZnSODs (2). Even though NMR data do not provide direct
constraints on the Cu—Zn distances, and the latter is driven
not only by the experimental NMR restraints but also from
the additional links imposed from the histidine donor atoms
to the metal, these data indicate that the metal—metal
distances are not affected by metal ion reduction. Another
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Table 2: Interface Residues in PISod, ApSod, SodCI, SodClIl, and E.coli Sod”
2,3 loop p6d Zn subloop BSe pat 7,8 loop
27—-29 32 44 84, 85B, 87 96—98 107—110 112, 113 132 134
PISod NKY \Y M FWD ALF NPVL PR D H
ApSod SAY \Y L YWD ALF NPVL PR D H
SodCI TPY L 1 GYD GLV YPLL PR D Y
SodCII TEG K E G—-G VLV EPVT PR D M
E. coli Sod TDK E E G—-G ALV DAVI PR D M

“The fully conserved residues in dimeric Sod are in bold. Numbering refers to the SodCII studied in this work. Both SodCII and E. coli Sod have a

deletion at position 85B.

crucial residue to build the metal binding site is Asp132.
This residue drives the orientation of Cu-bound His48 and
Zn-bound His82 forming distinct H-bonds with imidazole
HNe2 protons, as occurs in other CuZnSODs.

Comparison between SodCII and Dimeric Bacterial CuZn-
SODs. The overall molecular fold of SodClII is comparable
to that of the subunits of the dimeric enzymes from
Salmonella enterica (SodCl), Photobacterium leiognathi
(P1Sod) (39), and Actinobacillus pleuropneumoniae (40),
which display 62%, 55%, and 62% sequence identity,
respectively, to SodCII. In these enzymes, the association
of the two subunits is mostly promoted by van der Waals
interactions and by a minor contribution from hydrogen
bonds (20, 38).

In particular, five regions are important for dimeric
assembly and stabilization of quaternary structure: loop II,
Zn subloop, fB-strands 4 and 5, and loop VII. These protein
fragments are characterized by some evolutionarily invariant
residues that are involved in subunit—subunit interaction.
Table 2, where residues are numbered according to SodCII
sequence, shows residues at the interface that give rise to
three clusters of interactions that drive the dimer stabilization.
There are substantial differences between SodCI and SodCII.
Four tyrosine residues, Tyr29, Tyr85B, Tyr107, and Tyr134,
are missing or substituted with non-aromatic residues in
SodCII. The Tyr29—Gly mutation, as well as the Tyr85B
deletion, severely impair many of the van der Walls
hydrophobic contacts between the two subunits of SodCI.
In SodCl, the cluster region is disrupted by residues 84 and
85B on one side, and residues 27, 29, 32, and 108—110 on
the other. Additionally, the Tyr29—Gly replacement, together
with the Asp87—Gly substitution, prevents the formation of
a Tyr29—Asp87 H-bond, which has been described as a
crucial factor for the subunit association. Likewise, Tyr107—Glu,
together with Ile44—Glu substitution, provides a negatively
charged region that prevents van der Walls contacts in the
second cluster region, defined by residues 44, 98, and 107.
Finally, the hydrophobic cavity that normally hosts the buried
water molecule bound to three tyrosine residues, is clearly
destabilized by the substitution of the Tyr134 by methionine.

A similar situation applies to the other monomeric protein,
that is the E. coli enzyme, where the same substitutions
described above (Tyr29, Tyr85B, Tyrl107, Tyr134, Ile44, and
Asp87) are observed.

Thus, the replacement of a few hydrophobic residues and
the increase of residues with different size and charge
throughout the hypothetical intersubunit region give rise to
a surface that is nonconducive to the formation of homo- or
heterodimeric proteins.

Protein Hydration. The analysis of ePHOGSY and CLEAN-
EX-PM experiments (24) shows the occurrence of water
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FIGURE 3: SodClII cartoon in which the residues identified via
CLEANEX-PM and PHOGSY experiments have been highlighted.
Residues colored in yellow (aa 3, 12, 18, 31, 49, 61, 63, 67, 72,
101, 145, and 146) are observed in the CLEANEX-PM experiments.
The exchange rate of amide protons with water molecules is faster
than the rotational correlation time of the protein. Residues colored
in red (aa 47, 77, 79, 89, and 91) are identified via the ePHOGSY
experiment. The water—protein interaction is therefore slower than
the rotational correlation time (structural water molecule).

molecules interacting with specific protein regions at different
exchange rates. Strong CLEANEX-PM peaks are observed
for a few amino acids, namely, residues 3, 12, 18, 28, 31,
49, 61, 63, 67, 72, 101, 145, and 146. They point out the
protein regions in which HO molecules bind to the protein
in an exchange regime faster than the rotational correlation
time of the protein. As shown in Figure 3, most of these
amino acids (8 out of 13) belong to the active channel. They
provide the hydrophilic environment contributing to driving
superoxide toward the metal ion. The fast exchange rate
experienced by these H,O molecules is required in order to
allow the fast diffusion of substrate to the active site.

The ePHOGSY peak to His48 HNe2 accounts for the
presence of a buried water molecule close to the copper ion
(41). However, the HOH—Cu distance, which is known to
be different in various CuZnSODs (2), cannot be accurately
estimated from this measurement. Another buried water
molecule is observed within the Zn-binding loop, indicated
by ePHOGSY peaks involving amino acids 77, 79, 89, and
91. However, no ePHOGSY peaks are observed from the
Zn-coordinated imidazole NH groups. This suggests that the
H,0 molecule observed in proximity of the Zn binding loop
is not inside the active cavity. Indeed, residues 75—80 and
85—92 define a loop where a water molecule could be buried
due to the presence of H-bonds with Asn78 and Gly89



12960 Biochemistry, Vol. 47, No. 49, 2008

Bs PP
= 44

Ao 25

B? Bﬁqiﬁs
= o 0=

ERS
17

1 11 21 31 a1 st 61 7 81 a8t 10 111 12 131 14 151

Ra(s™)

1 L - - S - - L L D - E I DO L1

111 21 81 4 ST 81 7181 81 101 111 120 131 14 151
Residue Mumber

Mori et al.

% By

BBO"WBQ
902 0=

D12 B, Ba Ps Ps PPs B,
=) === = 44 =

1 ] ‘I

111 21 8t & st 61 781 81 101 111 121 131 1d 151
E:zcuo
1800
1800
1400
@
@ 1200
—_
1m0
800
500
400
200 L
o ———
LIS R -3 - H I -2 T A T S-S [ TR RS F- B - IR - VR 11
F .
35
3
25
—
A
% 2
=
15
1
05
] 2 @
IS LR R | N3 -3 TR A N S - SN TR R I -3 N -2 IR F: VR ]

Residue Mumber

FIGURE 4: Plots showing the relaxation rates and mobility parameters in reduced SodCII, meassured at 600 MHz and 298 K: (A) longitudinal
relaxation; (B) transverse relaxation; (C) NH NOE; (D) order parameter, S?; (E) local correlation time for motions on the subnanosecond
time scale (z,); (F) exchange rates on the millisecond—microsecond time scale (Re).

contributing to the stabilization of the secondary structure
of the Zn-binding loop.

Protein Dynamics in Solution. Relaxation properties of 126
out of 142 assigned '"H—'’N resonances were analyzed.
Average values of 1.4 + 0.1 and 12 & 1 s7! were obtained
for PN longitudinal (R;) and transverse (R,) relaxation rates,
respectively, while the average "H—""N NOE value was 0.80
=+ 0.04 s™'. A simple isotropic model was sufficient to fit
the data using a 7. of 8.99 % 0.02 ns. This value is similar
to that observed for the monomeric variant of the human
superoxide dismutase (/8), as well as other proteins of its
size. The average order parameter value (S* = 0.94 £ 0.04)
confirms that the protein fold maintains a rigid structure. This
value is closest to the dimeric form of the homologous human
form (8> = 0.92 £+ 0.09) compared with that of the
monomeric one ($> = 0.89 &+ 0.11) (/8), the latter being
significantly less active (5). Relaxation data for SodCII are
summarized in Figure 4. The regions encompassing the two

shortest 3-sheets in the protein (Ile59—Ala64), the fragment
involving Thr106—Glul07, and Alal24 display a faster
internal mobility. The two [5-sheets in the 58—64 region form
a subloop that is quite solvent-exposed (as pointed out by
hydration experiments, in which peaks are observed for aa
61 and 63) and that defines the more peripheral part of the
active channel. However, low H—N NOEs and small R,
values suggest that the intervening motions are on the order
of subnanoseconds and that no large conformational ex-
change motions (typically at milli- or microsecond time scale)
occur.

DISCUSSION

All the structures of prokaryotic SOD described to date
have been obtained via X-ray crystallography. In this frame,
the solution structure of SodCII allows us to gain insights
into the dynamic and hydration properties of the protein and
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to correlate such properties with the enzymatic activity.
Recently, it has been observed that the catalytic activity of
SodCl is significantly higher than that of SodCII (/7) and
that the activity of SodCII is comparable to that of the
monomeric enzyme from E. coli (Battistoni et al., manuscript
in preparation). The catalytic rate of monomeric E. coli and
SodCII enzymes, measured by pulse radiolysis at low ionic
strength, is about 1.3 x 10° M~! s7! (34). This value is
comparable to that of the dimeric human enzyme (2.0 x 10°
M~!s7!) but is considerably lower than those of the dimeric
SodCI (1.3 x 10'°M~! s71) or PISod (8.5 x 10° M~ ! s71)
bacterial enzymes (/6). Moreover, the activity of the natural
monomeric prokaryotic enzymes is much higher than those
reported for the engineered monomeric human enzymes
(about 2.0 x 10® M~! s71) (42) whose large decrease in
catalytic rate is a likely consequence of the alterations in
the tertiary structure caused by extensive solvation or
distortion of the mutated dimer interface.

Our relaxation data allow speculation concerning the
activity of the enzyme and the monomer versus the native
dimer state. When relaxation data of dimeric vs monomeric
mutants of human SOD are compared, motions in the
millisecond time scale have been proposed to be responsible
of multiple conformations, which eventually prevent the
active site residues from assuming a functional orientation
(18). As no evidence for enhanced local mobility nor
conformational exchange on the millisecond time scale is
present in SodCll, in contrast to that observed for the partially
active monomeric human enzyme, the dynamics of SodCII
on the slow time scale resembles the fully active eukaryotic
dimeric enzyme rather than the partially active monomeric
enzyme. This supports the notion that fluctuations of the
electrostatic loop may affect the diffusion of substrate toward
the active site and therefore decrease the activity.

The mobility observed on fast time scales for the S—S
subloop (see Figure 4) is in excellent agreement with a
previous study on the E. coli enzyme based on the combined
use of limited proteolysis and molecular dynamics, showing
that this loop is quite mobile on the nanosecond—picosecond
time scale (43). The solution structure of dimeric human
CuZnSOD reveals an increase in mobility of the loops
shaping the active site thus pointing out that subnanosecond
mobility facilitates the diffusion of the substrate through the
active channel. The solution structure of human CuZnSOD
has also revealed that metal ions play a role in protein
structure (44, 45). Moreover, several studies have suggested
that in monomeric bacterial CuZnSODs the mobility of the
S—S loop might be affected more than in dimeric ones by
metal occupancy of the active site (17, 46).

The stability of monomer in solution is favored by the
high average S? observed. The rigidity of SodCII, together
with unfavorable electric charge distribution and the substitu-
tion of hydrophobic residues throughout the hypothetical
intersubunit region, contributes to the stability of the
monomer in solution. It has been already shown that
enhanced mobility of those amino acids involved in the
subunit—subunit interactions is one of the crucial factors for
the aggregation of dimeric CuZnSODs (7).

Another relevant result from this work is the identification
of water molecules in the active site channel. Thus, the
occurrence of increased mobility of the loops shaping the
active site and the presence of charged residues important
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for electrostatic attraction cooperate with the presence of
water molecules that can help the diffusion of the substrate
in order to obtain high catalytic efficiency.

These observations are relevant to understand the structural
and functional differences between monomeric and dimeric
enzymes. All characterized eukaryotic CuZnSODs show a
tight and stable dimeric structure. The amino acids involved
indimer formation are highly conserved and the subunit—subunit
recognition is based both on hydrophobic interactions and
direct hydrogen bonding (5, [3). The highly conserved
dimeric structure, typical of eukaryotic SODs, is not observed
in prokaryotic enzymes. Indeed, some enzymes of this class,
such as SodClIlI, are monomeric, while others are dimeric
yet present different subunit arrangements (/5). The residues
implicated in the interface subunit in the dimeric prokaryotic
enzymes are not always conserved. The surface is much less
hydrophobic when compared with the eukaryotic enzymes,
and it is characterized by the presence of intervening water
molecules, which can be considered components of the
bacterial quaternary structure, located within an intersubunit
cavity (2, 14, 15, 47). Mutations in the interface residues
and variations in number and orientation of trapped water
molecules may support a fine-tuning of subunit association
processes across the different prokaryotic species. Single
amino acid mutations at the dimer interface of PlSod
significantly decrease the affinity for copper but increase
catalytic rates, possibly due to an enhanced copper acces-
sibility and to an altered mobility of the S—S loop (15, 43).
Species-specific modifications in the intersubunit region have
therefore been proposed to contribute also to the exception-
ally high activity of SodCI (/5) and to the differences in
dimer stability, metal affinity, and protease resistance
between SodCI and PISod (16, 17).

The monomeric enzymes from E. coli and S. enterica have
clearly distinct functional features when compared with the
dimeric bacterial enzymes. These include lower activity and
thermal stability, looser metal cofactor affinity, and decreased
resistance to protease digestion (16, /7). These differences
have been tentatively explained as a consequence of alter-
ations in the mobility of the loops forming the active site
channel. Similar properties have been observed in PlSod
interface mutants, which have a strong tendency for mono-
merization (2). The present investigation shows that mono-
meric SodClI is characterized by significant disorder in the
loops shaping the active site, thus supporting this hypothesis.

The dimer interface of prokaryotic and eukaryotic CuZn-
SODs involves different fS-strand elements, indicating an
independent evolution toward the dimeric structure (/4).
Comparative studies on naturally occurring monomeric and
dimeric bacterial enzymes show that the dimeric structure
is associated with higher stability and activity (16, /7). This
is highlighted by recent studies on the two Salmonella
enzymes, which have shown that sodCI and sodCII are not
functionally exchangeable (/7). In fact, when the sequence
encoding for SodCII is placed under the control of the sodCI
promoter, it is not able to complement the lack of sodClI,
therefore suggesting that the dimeric enzyme has superior
properties. This observation raises questions regarding the
meaning of monomeric enzymes in different bacteria.
Monomers cannot be trivially considered as evolutionary
relics still present in the genome of scattered bacteria. In
fact, bacteria such as Salmonella and E. coli O157:H7
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express either monomeric or dimeric variants of the enzyme
(48). Moreover, dimeric CuZnSODs can be isolated from
the very ancient hyperthermophilic eubacterium Agquifex
aeolicus (Battistoni, A., and D’Orazio, M., unpublished
observations), indicating that dimeric structure formation in
CuZnSOD was an early step during evolution. In fact, SodCI
has a clear role in bacterial protection from phagocytic attack
(17), while the exact role of SodClII is still poorly defined.
Although it has been proposed that this enzyme protects
bacteria from toxic effects of endogenous superoxide gener-
ated within the periplasmic space (49), additional studies are
required to clarify whether its functions are correlated with
the monomeric structure.

In summary, this study describes the first solution structure
of a natural monomeric CuZnSOD from Salmonella enterica.
We provide indications about the mobility and the hydration
of the enzyme and clarify the essential factors required to
obtain a stable and fully active monomeric enzyme. In
addition, the structural and mobility features of the protein
surface highlight differences between monomeric and dimeric
CuZnSODs, which help to explain the functional diversifica-
tion between the bacterial enzymes of this class and the
convergent evolution of bacterial and eukaryotic CuZnSODs
toward the dimeric structure.
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