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ABSTRACT: The solution structure of the demetalated copper, zinc superoxide dismutase is obtained for
the monomeric Glu133Gln/Phe50Glu/Gly51Glu mutant through NMR spectroscopy. The demetalated
protein still has a well-defined tertiary structure; however, twoâ-strands containing two copper ligands
(His46 and His48,â4) and one zinc ligand (Asp83,â5) are shortened, and the sheet formed by these
strands and strandsâ7 andâ8 moves away from the other strands of theâ-barrel to form an open clam
with respect to a closed conformation in the holoprotein. Furthermore, loop IV which contains three zinc
ligands (His63, His71, and His80) and loop VII which contributes to the definition of the active cavity
channel are severely disordered, and experience extensive mobility as it results from thorough15N relaxation
measurements. These structural and mobility data, if compared with those of the copper-depleted protein
and holoprotein, point out the role of each metal ion in the protein folding, leading to the final tertiary
structure of the holoprotein, and provide hints for the mechanisms of metal delivery by metal chaperones.

The factors contributing to protein folding after expression
are not yet completely understood. Understanding the effects
produced by metal ion binding on the protein folding process
and on the formation of secondary structure elements in
metalloproteins is quite relevant with respect to the complete
comprehension of protein stability and function. In this light,
the knowledge of the structural properties of demetalated
proteins is a necessary starting point and may provide hints
for the interaction of the apoprotein with metal delivery
proteins called metal chaperones. Within this framework, we
have determined the solution structure of the apo form of
copper, zinc superoxide dismutase and characterized its
internal mobility. The NMR methodology is most appropriate
for studying proteins which may be partially unfolded and
may experience extensive mobility.

Copper, zinc superoxide dismutase (SOD)1 is present in
almost all eukaryotic cells and in a few prokaryotes (1). It
catalyzes the dismutation of the superoxide radical to
hydrogen peroxide and oxygen according to the following
reactions (2, 3):

The copper ion is the catalytic center. The zinc ion may
play both a structural role and a role in determining the
overall electrostatic field of the protein. The copper ion lies
at the bottom of a wide channel that is 10 Å deep (4). The

side chains of the residues in the active site channel create
a positive electrostatic field, which plays a critical role in
attracting the superoxide anion and thus determining the
catalytic rates (5). Zinc(II) is linked to copper(II) through a
histidinate bridge.

All the intracellular eukaryotic SODs are dimeric, with
two identical subunits held together by hydrophobic interac-
tions (6, 7), and have a very well conserved folding topology.
The quaternary structure of the dimeric enzyme determines
the conformational rigidity of strategic amino acids (8, 9)
and strong additional stability with respect to the monomeric
species (10). Each subunit of human SOD has 153 amino
acids arranged in a Greek keyâ-barrel structure composed
of eight antiparallelâ-strands (4). The strands are connected
by loops of various lengths, which have been numbered
according to the number of the first strand they connect. Loop
IV is involved in interactions between the two subunits, while
loop VII (the so-called electrostatic loop) contains several
charged residues which produce an electrostatic field that is
suitable for guiding the superoxide anion to the copper ion
(11-13). The metal ligands are located both inâ-strands
[His46 and His48 inâ4 and His120 inâ7 for the Cu(I) ion
and Asp83 inâ5 for the Zn(II) ion] and in loop IV [His63,
-71, and -80 for the Zn(II) ion] (4, 6).

Monomeric forms of the enzyme have been obtained by
substituting hydrophobic residues at the subunit-subunit
interface with hydrophilic residues. In particular, Phe50 and
Gly51 have been substituted with two Glu residues, yielding
a soluble single subunit (14). The enzymatic activity of this
mutant (M2SOD), however, is quite reduced with respect to
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that of the native form, i.e., to 10% (14). In a monomeric
variant, Glu133 has been neutralized to a Gln (15), to
partially restore the activity. On the native protein, this
mutation doubles the activity (11); the same occurs also on
the M2SOD monomeric form (15) (Q133M2SOD). The
global fold of monomeric SOD is essentially the same as
that of a single subunit of the wild-type enzyme, character-
ized by the well-conservedâ-barrel. Some increased disorder
is observed in loop IV, located at the protein-protein
interface in the native protein, which now becomes solvent-
exposed (8). Specific structural differences, in particular, the
orientation of Arg143 (16) in the active channel, have been
found between the dimeric and monomeric forms and
proposed to be responsible for the decreased catalytic activity
of monomeric SOD (8).

This apo Q133M2SOD structure determination follows
those of the fully metalated (8) and copper-depleted (17)
proteins. The analysis of the structural and dynamical
changes in the protein, where progressively the metal ions
are removed, will allow us to determine if and to what extent
the folding and the secondary structure elements are deter-
mined by the metal ions. The investigation of the monomeric
species is particularly meaningful as the copper transfer
between copper-depleted SOD and the copper SOD chap-
erone occursin ViVo through a monomer-monomer adduct
(18).

MATERIALS AND METHODS

Sample Preparation.Monomeric copper, zinc Q133M2SOD
was expressed in theEscherichia coliTOPP1 strain (Strat-
agene). The15N-labeled and15N- and 13C-labeled proteins
were obtained by growing the cells in minimal medium (M9).
The samples were isolated and purified according to previ-
ously published protocols (8, 11). The metal-free derivative
was prepared as reported elsewhere (2).

The NMR samples were at a concentration of∼2 mM in
20 mM phosphate buffer (pH 5.0).

NMR Spectroscopy.The NMR experiments were recorded
on Bruker Avance 800, 700, and 600 MHz spectrometers
operating at 18.8, 16.4, and 14.1 T, respectively. All the
experiments performed for the assignment, for the determi-
nation of the distance constraints and of the3JHNHR coupling
constants, and for the stereospecific assignments of the Hâ
protons are reported in Table 1.

A series of1H-15N HSQC spectra at different tempera-
tures, ranging from 280 to 298 K every 3 K, were acquired

at 700 MHz in an effort to detect the presence of cross-
peaks from amide protons which exchange with the solvent
faster or at a rate comparable to their chemical shift
difference with the bulk water signal.1H-15N HSQC spectra
were also acquired at various pHs ranging from 5 to 7.4
(physiological pH).

To detect amide hydrogen-deuterium exchange, the
protein was exchanged with 100% D2O buffer using an
Amicon Micro-Ultrafiltration System. Two1H-15N HSQC
spectra were collected at 700 MHz, 4 h and 3 days after the
buffer exchange.

All the experiments were carried out at 298 K pulsed field
gradients (PFG) along thez axis. Quadrature detection in
the indirect dimensions was performed and water suppression
achieved through the WATERGATE sequence (19).

Data have been processed with the standard Bruker
software packages (UXNMR and XWINNMR). Data analy-
sis and assignment have been performed using the program
XEASY (ETH, Zurich, Switzerland) (20).

15N Backbone Relaxation Measurements.All NMR experi-
ments for measuring15N relaxation rates were carried out at
298 K on a 600 Bruker Avance spectrometer. Experiments
were performed with a 5 mm triple-resonance probe on
samples enriched only in15N. The 15N longitudinal and
transversal relaxation rates,R1 and R2, respectively, were
determined by collecting a series of1H-15N HSQC spectra
with a variable delay, and a phase sensitive mode, using
echo-antiecho-TPPI gradient selection (21-24), was ap-
plied for water suppression. Then 2048× 256 data points
were collected using four scans for each experiment. The
recycle delay was 3.0 s with an acquisition time of 136.4
ms for all the relaxation measurements. Ten experiments
were carried out in an effort to measure the15N R1 relaxation
rates, with the delay ranging from 10 to 3000 ms. For the
determination of the15N R2, the CPMG pulse sequence (23)
was used with a CPMG refocusing delay,τCPMG, of 450µs
and with the variable delays ranging from 16.96 to 305.28
ms. To monitor the contribution of exchange phenomena to
the transverse relaxation rates,R2 values were also measured
as a function of theτCPMG value (23, 25). Experiments were
carried out with sixτCPMG values from 450 to 1150µs, with
the variable delay ranging from 17 to 354 ms. Heteronuclear
1H-15N NOEs were measured with and without1H satura-
tion, applied for 2.5 s (21). Forty-eight scans were collected
for each experiment. Four spectra were recorded: two spectra
with 1H saturation and two without.

Table 1: Acquisition Parameters for NMR Experiments Performed on Apo Q133M2SOD

dimension of acquired data (nucleus) spectral width (Hz)

t1 t2 t3 F1 F2 F3 ref
1H-1H NOESYa 1024 (1H) 1024 (1H) 25 25 76
1H-15N HSQCb 256 (15N) 1024 (1H) 2703 9254 77
CBCA(CO)NHc 256 (13C) 64 (15N) 2048 (1H) 11627 2702 9258 78
HNCACBc 256 (13C) 64 (15N) 2048 (1H) 11627 2702 9258 79
HNCOc 256 (13C) 64 (15N) 2048 (1H) 9258 2702 3530 80
HN(CA)COc 256 (13C) 64 (15N) 2048 (1H) 9258 2702 3530 80
13C H(C)CH-TOCSYb 256 (1H) 48 (13C) 1024 (1H) 10504 11184 10504 81
13C CC(CO)NH-TOCSYc 112 (15N) 64 (15N) 1024 (1H) 80 38 15 82
13C NOESY-HSQCb 320 (1H) 80 (13C) 1024 (1H) 9259 16949 9259 83
15N NOESY-HSQCc 448 (1H) 40 (15N) 2048 (1H) 10417 3243 10417 83
HNHAc 240 (1H) 32 (15N) 2048 (1H) 10417 2597 10417 27
3D HNHBc 128 (1H) 48 (15N) 2048 (1H) 10417 3246 10417 84

a Data acquired on a 600 MHz spectrometer.b Data acquired on a 700 MHz spectrometer.c Data acquired on an 800 MHz spectrometer.
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For all the experiments, the solvent signal was suppressed
with the flip-back pulse scheme (21). The data were zero-
filled to obtain 2048× 512 data point matrices; a com-
mercially available algorithm for linear prediction was used
for the indirect dimension, and quadrature detection was
applied using the TPPI (22) method.

Constraints Used in the Structure Calculations.15N and
13C NOESY-HSQC cross-peaks were integrated and con-
verted into upper distance limits for interproton distances
with the program CALIBA (26). The calibration curves were
iteratively adjusted as the structure calculations proceeded.
Stereospecific assignments of diastereotopic protons were
obtained using the program GLOMSA (26) and through the
analysis of the HNHB experiment.

Backbone dihedral angle restraintsφ were derived from
3JHNHR coupling constants through the Karplus relationship,
using the standard limits (27). The backbone dihedral angle
ψ for residuei - 1 was determined from the ratio of the
intensity of the HRi-1HNi-HRiHNi NOE cross-peaks found
on the 15N plane of residuei in the 15N NOESY-HSQC
spectrum. Ratio values of>1 are characteristic ofâ-strands,
while values of<1 indicate a right-handedR-helix (28).

The presence of the disulfide bridge between Cys57 and
Cys146 was checked through analysis of the13C shifts of
the Câ atoms of the cysteines. In the calculations, three upper
and three lower distance limits were used to define the
Cys57-Cys146 disulfide bond [between the Sγ atoms of
the two Cys residues, 2.0 Å (lower) and 2.1 Å (upper), and
between the Câ atom of one Cys and the Sγ atom of the
other, 3.0 Å (lower) and 3.1 Å (upper)] (29).

Structure calculations were performed by simulated an-
nealing calculations within torsion angle dynamics simula-
tions with the DYANA program (30). The 30 structures with
the lowest target function were refined through restrained
energy minimization (REM) calculations with the Sander
module of the program AMBER (31) performed on each
member of the family.

The program CORMA (32), which is based on relaxation
matrix calculations, was used to back-calculate the NOESY
cross-peaks from the calculated structure, to locate a few
more cross-peaks, and to check the completeness of the
assignment, which was assessed also with the AQUA
program (33, 34). The quality of the structure was checked
through the Ramachandran analysis using the program
PROCHECK-NMR (33).

Relaxation Data Analysis. R1 andR2 relaxation rates were
determined by fitting the cross-peak volumes (I), measured
as a function of the variable delay, to a single-exponential
decay (35). Heteronuclear NOE values were measured as
the ratio between peak volumes in spectra recorded with and
without 1H saturation. The heteronuclear NOE values and
their errors were estimated by calculating the mean and the
standard error from the available NMR data sets.

The 15N relaxation rates are determined by the dipolar
coupling of the15N spin with the attached proton and by the
15N chemical shift anisotropy (CSA). The experimental
relaxation rates were used to map the spectral density
function values,J(ωH), J(ωN), and J(0). This approach to
the interpretation of15N relaxation data, proposed by Peng
and Wagner (36), has the advantage of not requiring any
assumption for the molecular tumbling. The three spectral
density function values can be written as a function of the

relaxation rates with the approximation of neglectingωN with
respect toωH (36):

whered ) (µ0hγHγN)/(8π2rNH
3) andc ) [ωN(σ| - σ⊥)]/x3.

Je(0) is used instead ofJ(0) to indicate that possible contri-
butions from conformational exchange can be operative (36).

15N relaxation data were also analyzed in terms of the
model-free formalism (37) through the Modelfree 4.0
program, following the reported protocol (38). The analysis
of the overall tumbling of apo Q133M2SOD and an initial
estimate of the diffusion tensor (D) were carried out with
the program Quadric Diffusion (39), taking care to remove
those residues having an exchange contribution to theR2

value or exhibiting large-amplitude internal motions on a
time scale longer than a few hundred picoseconds (identified
from their low NOE value). Model selection in the model-
free calculations was performed according to the procedure
described in ref38, which is based onø2 and F statistics.
The uncertainties in the model-free parameter values were
estimated by Monte Carlo simulations (38). Fittings were
performed by introducing upper limits forS2 (e1), Sf

2 (e1),
and τe (<τm) and a lower limit for Rex (>0). No other
assumptions were used. In the last stage of the calculations,
the τm value was optimized using the Brent algorithm
together with all other model-free parameters (38, 40).

R2 data were analyzed as a function of theτCPMG length
as previously reported (41).

RESULTS AND DISCUSSION

Resonance Assignment and Hydrogen-Deuterium Ex-
change.The 1H-15N HSQC spectra of apo Q133M2SOD
(Figure 1) show a dispersion of the signals typical of a protein

FIGURE 1: 1H-15N HSQC 600 MHz spectra of apo Q133M2SOD
in 20 mM phosphate buffer (pH 5.0). In the inset, a close-up of the
central part of the spectra is shown. The peaks due to side chain
NH groups are indicated in italics.
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which is largely in a folded state. However, several signals
are present in a region of the spectra typical of unfolded
polypeptides (42), suggesting that some parts of the protein
are unstructured and experience multiple conformations. One
hundred forty-three of the 147 expected1H-15N backbone
resonances were observed in the1H-15N HSQC spectra if
recorded at different temperatures. Five further signals with
very low intensity were also observed. All 143 resonances
were assigned, and the five weak signals were ascribed to a
minor conformation.

Assignment of the1HN, 13C, and15N NMR resonances of
the backbone nuclei was carried out using triple-resonance
NMR experiments [CBCA(CO)NH, NHCACB, HN(CA)-
CO, and HNCO] in addition to1H-15N HSQC spectra. A
total of 98.3% of the backbone resonances were assigned. It
was not possible to assign the1H-15N backbone resonances
for Leu84, Asp124, Leu144, and Ala145, while all backbone
carbonyls were assigned, with the exception of Ala123 and
Leu144. The13CR atoms were assigned for all the residues.
The assignments were confirmed by the analysis of the
sequential connectivities in the CC(CO)HN and15N NOESY-
HSQC experiments.

The assignment of the side chain resonances was per-
formed through the analysis of three-dimensional (3D) H(C)-
CH-TOCSY and CC(CO)HN spectra together with15N
NOESY-HSQC and13C NOESY-HSQC spectra. In this way,
∼96% of the total proton resonances and 96% of the total
13C resonances were assigned. All the nitrogen side chain
resonances of Asn and Gln, with the exception of Gln133
and Gln153, were assigned. The resonance assignment is
reported as Supporting Information.

The 1H-15N HSQC spectra were essentially invariant in
the pH range of 5-7.4 (1H shifts of <0.03 ppm), with the
exception of some signals which disappear as a consequence
of the increased exchange rate at pH 7.4. This indicates that
we have no evidence of significant structural changes.

One hundred twenty-three amide protons, of the 143 that
were detected, were still present in the1H-15N HSQC
spectrum acquired 4 h after exchange in 100% D2O buffer.
After 3 days, 100 peaks were still present. All these residues
are located in regions with defined secondary structure. The
latter are involved in an extensive H-bond network which
stabilizes theâ-sheet structure typical of this protein. Few
exceptions are observed in strandsâ4 and â8, where the
amide protons of Gly44 and Arg143 do exchange. Moreover,
all the residues constituting strandsâ4 and â5 show a
broadening and in some cases disappearance of the signals.
Details about the exchange behavior of amide proton residues
are reported in Table 1 of the Supporting Information and
discussed in Comparison with E,Zn and Cu,Zn SODs.

Structure Calculation and Refinement.A total of 3083
upper distance limits (of which 2382 are meaningful), 42φ

and 41ψ dihedral angle constraints were measured and used
in the structural calculations, with the program DYANA (30).
The average number of meaningful structural constraints per
residue is 15.2. The number of experimental NOEs per
residue, subdivided according to their class, is reported in
Figure 2a. Twenty-two stereospecific assignments were
obtained from the analysis of HNHB spectra and 20 from
the program GLOMSA (26). As no information was obtained
on the nature of the protonation state of the histidine ring
HN groups, in the structure calculations the His residues were

taken in their energetically most favored conformation, i.e.,
with Nδ1 protonated. The back-calculation of the expected
NOEs, carried out with the CORMA program (32), was
performed for the15N NOESY-HSQC and13C NOESY-
HSQC spectra. This analysis showed that a very small
number of expected NOEs, with sizable intensity, but not
present in all the conformers of the family and involving
residues in the disordered regions, are missing in the
experimental maps and that all the expected NOEs between
assigned protons have been found.

A family of 30 conformers out of 400 with the lowest
target function (average value of 1.54( 0.13 Å2) was refined
by performing restrained energy minimization on each
member. The final family is characterized by an average rmsd
value to the mean structure (for residues 3-151) of 2.25(
0.19 Å for the backbone and 2.83( 0.18 Å for the heavy
atoms and an average penalty function for the distance
constraints of 0.48( 0.05 Å2. The rmsd drops to 0.75(
0.14 and 1.17( 0.12 Å for backbone and heavy atoms,
respectively, when it is calculated without residues 45-85
and 121-144. In Figure 2b, the rmsd values, to the mean
structure, per residue of the final REM family are reported.
The NMR solution structure is shown in Figure 3. A
statistical analysis of the family of conformers and of the
average structure is reported in Table 2.

As the pH at which the structure is determined is close to
the first pKa of histidine, the calculations were also performed
in the other extreme case where all the histidines are taken
to be biprotonated. These calculations provided structures
very close to the structures obtained with neutral histidine,
consistent with the invariance of the1H-15N HSQC spectra
in the pH range of 5-7.4. Also, the target function yields
the same value within error.

Description of the Structure.The elements of secondary
structurewereidentifiedthroughtheanalysiswithPROCHECK-
NMR, the pattern of backbone NOEs, and the chemical shift
index (CSI) (43) on the CR, Câ, HR, and CO resonances.
Eight â-strands (residues 2-7, 17-22, 29-34, 41-44, 86-
89, 96-101, 116-120, and 143-151) and oneR-helix
(residues 133-137) were identified in the mean structure.
The eight antiparallelâ-strands can be divided into two
regions: one with four well-definedâ-strands (â1-â3 and
â6) which form aâ-sheet, with rmsd values of 0.35( 0.07
and 0.78( 0.08 Å for backbone and all heavy atoms,
respectively; and the second, close in space and in sequence
to the metal ion ligands, also formed by the other four
â-strands (â4, â5, â7, andâ8) with rmsd values of 0.59(
0.12 and 1.13( 0.18 Å for backbone and all heavy atoms,
respectively. They also form aâ-sheet.

Odd loops I, III, and V which connect the well-ordered
â-strands (â1-â3 andâ6) are also well-defined. Loops II
and VI are less defined than odd loops I, III, and V,
resembling the fully metalated protein.

Strandsâ4 andâ5 as well asâ7 andâ8 are connected to
each other by two loops which are the most disordered
regions of the protein: loop IV (residues 45-85) and loop
VII (residues 121-142). In the native protein, loop IV and
the end of the twoâ-strands (â4 andâ5) connected to it
contain all the residues, except His120, coordinating both
the metal ions. Loop IV, together with the electrostatic loop
VII containing theR-helix, also forms the active channel of
the protein which is now quite disordered. Actually, the
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features of loop IV and loop VII suggest that these two
regions are unstructured, a condition which may approach
the random coil state. Random coil polypeptides are char-
acterized by chemical shift values in small ranges typical
for each residue (42), by an average value for3JHNHR of ∼6.9
Hz (44, 45), and by a smaller number of NOEs where the
long-range NOEs are almost absent (46, 47). The segments
of residues 45-85 (loop IV) and 121-143 (loopVII) have
chemical shift values in the ranges typical of random coil
residues (Figure 1).3JHNHR values range between 4.5 and
7.4 Hz and between 4.0 and 7.7 Hz for loops IV and VII,
respectively. Finally, very few long-range NOEs are observed
for most residues in these two loops (Figure 2a). The rmsd
maxima correlate closely with the smallest number of NOEs
(Figure 2a) and particularly of the long-range ones. This is
also in agreement with the mobility data (see below). The
same pattern of NMR parameters (chemical shift values,
3JHNHR values, and a small number of long-range NOEs)
holds for those residues forming theR-helix (residues 133-
137) which have a smaller number of NOEs and unusual
backbone relaxation parameters (see below). The partial
helical character is evidenced by HRi-HNi+3 medium-range
NOEs. A loose definition of theR-helix could be the
consequence of fast conformational exchange between helix

and coil conformations. The high degree of disorder of these
parts of the protein is clearly a consequence of the absence
of the metal ions.

Analysis of15N Relaxation Data.Reliable values of15N
R1 andR2 and the1H-15N NOE were obtained for 125 of
the 143 assigned backbone NH resonances (see Figure 4).
The signals of four residues (9, 46, 101, and 122) were too
weak to be integrated accurately, while those of 14 residues
were overlapped (8, 22, 40, 44, 50, 78, 82, 96, 97, 100, 103,
106, 121, and 143).R1, R2, and NOE values were relatively
constant throughout the molecule with the exception of two
regions, i.e., residues 52-86 (in loop IV) and 123-142 (in
loop VII), where a significant increase in theR1 values and
a relevant decrease in theR2 and NOE values were observed.
Average values calculated excluding these two regions are
1.24( 0.09 s-1, 12.6( 2.7 s-1, and 0.68( 0.16 forR1, R2,
and NOE, respectively.

The relaxation data were analyzed using the model-free
formalism of Lipari and Szabo (37) and through the spectral
density function analysis which is reported in the Supporting
Information. In this analysis, for the partially unstructured
segments, only an average conformation can be taken into
account. An isotropic model was used for describing the
rotational diffusion tensor, as no statistically significant

FIGURE 2: (a) Number of intraresidue (white), sequential (light gray), medium-range (gray), and long-range (black) NOEs per residue in
apo Q133M2SOD. (b) Average rmsd values of backbone ([) and heavy atoms (+) per residue with respect to the average structure of apo
Q133M2SOD.
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improvement in the fit was obtained using an axial or fully
anisotropic model. The optimizedDiso value is (1.59( 0.01)
× 107 s-1. Also in other monomeric forms, fully or partially
metalated, an isotropic model for the diffusion tensor was
able to correctly reproduce the relaxation data (17, 48), while
in the dimeric metalated form, the best fit is obtained with
an axial model (48). The model-free parameters for the apo
form are reported in Figure 4b. The relaxation rates of several
residues are fitted with sizable contributions of internal
motions faster than the overall molecular tumbling and for
which the individual correlation times (τe) can been deter-
mined (Figure 4b). In the last stage of the calculations, the
τm value was optimized, making it equal to 10.14( 0.29 ns
which is close to the value found for the monomeric fully
metalated SOD, 9.3( 0.10 ns (48), and copper-depleted
SOD, 8.40( 0.30 ns (17). These experimental values are
slightly higher than the values estimated from the Stokes-
Einstein equation for proteins with similar molecular weights.
Similar discrepancies have already been observed for other
proteins (38, 49-51). The largerτm value might be ascribed
to the shape of the molecule, which is not spherical. Indeed,
when the side chains are taken into account, the protein
surface is not a smooth sphere, and this surface roughness
could slow the rotation of the protein (52, and references
therein). Furthermore, the differences inτm between apo SOD
and the fully metalated and copper-depleted SOD may be
ascribed to the increase in the size upon removal of the metal
ions, as observed in the experimental structure.

From both the spectral density function and model-free
analyses, it appears that two regions, residues 52-86 (in loop
IV) and 123-142 (in loop VII), are characterized by striking
high values ofJ(ωH) and low values ofJ(0), as well as by
very low S2 values. This behavior indicates the presence of
local motions much faster than the overall protein tumbling
rate. The ratioJ(ωN)/J(ωH), very sensitive to internal motions
faster than the tumbling rate, shows a dramatic drop in its

value for the residues in these two regions, consistent with
the presence of fast motions (see the Supporting Information).
Strikingly, but not surprisingly, theJ(ωN)/J(ωH) ratio parallels
the number of experimental NOEs (Figure 2a). Other residues
presenting some internal mobility, even if smaller than that
of loops IV and VII, are Gly12 (loop I), Glu24-Gly27 (loop
II), Val94 (loop V), Ile104 and Gly108-Ile112 (loop VI),
Val119 (strandâ7), Gly147 (strandâ8), and Gln153. Most
of these residues are located in loop regions.

Exchange contributions to relaxation have been observed
for some residues, which have noticeably higher values of
Je(0) but not higherJ(ωN), lowerJ(ωH), or lowerJ(ωN)/J(ωH)
values with respect to their average values. The residues
involved in exchange processes are located mainly in
â-strands [Ala6 (â1), Asn19 and Glu21 (â2), Gly33 (â3),
His43 (â4), Val87-Ala89 (â5), Ser98 (â6), Val118-His120
(â7), Cys146, Val148-Gly150 (â8)] and in loops [Gly10,
Gly12, and Gln15 (loop I), Ile35, Lys36, and Thr39 (loop
III), Val47-Glu49, Leu67, and His80 (loop IV), Asp90 (loop
V), and Ala123, Asp125, and Ala140 (loop VII)]. The

FIGURE 3: Family of 30 conformers of apo Q133M2SOD. The
â-strands are shown in blue; loop IV is shown in green and loop
VII in orange. As a comparison, the average structure of the fully
metalated Q133M2SOD is shown in red.

Table 2: Summary of NMR Constraints, Violations, Structural
Statistics, and Energetics for the Restrained Energy-Minimized
Solution Structure of Apo Q133M2SOD

REMa

(30 structures)
〈REM〉a

(mean)

rms violations per meaningful
experimental distance constraint (Å)b

intraresidue (421) 0.0157( 0.0017 0.0159
sequential (739) 0.0136( 0.0011 0.0143
medium-range (257)c 0.0137( 0.0029 0.0109
long-range (965) 0.0112( 0.0013 0.0110
total (2382) 0.0132( 0.0008 0.0130

rms violations per experimental
dihedral angle constraint (deg)b

φ (42) 7.05( 2.11 7.3
ψ (41) 2.69( 0.11 2.0

average no. of violations per
structure lower than 0.3 Å

intraresidue 13.6( 2.8 10
sequential 22.9( 3.1 27
medium-range 8.9( 2.7 6
long-range 17.5( 2.8 15
total 62.9( 5.0 58
φ 4.2( 1.7 4
ψ 0.8( 0.7 1
average no. of NOE violations

larger than 0.3 Å
0 0

structural analysisd
% of residues in most favorable regions 69.9 80.4
% of residues in allowed regions 26.7 17.4
% of residues in generously

allowed regions
3.0 2.2

% of residues in disallowed regions 0.4 0
experimental restraint analysise

completeness of experimentally
observed NOEs up to 4 Å
cutoff distance (%)

75 62

completeness of experimentally
observed NOEs up to 5 Å
cutoff distance (%)

54 44

a REM represents the energy-minimized family of 30 structures, and
〈REM〉 is the energy-minimized mean structure obtained from the
coordinates of the individual REM structures.b The number of mean-
ingful experimental constraints for each class is reported in parentheses.
c Medium-range distance constraints are those between residuesi and
i + 2, i andi + 3, i andi + 4, andi andi + 5. d As it results from the
Ramachandran plot analysis on the secondary structure elements.e As
it results from the AQUA analysis (33) over all the residues of the
protein (34).
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presence of exchange contributions to transverse relaxation
was also independently evaluated throughR2 measurements
as a function of theτCPMG length which also provide the
correlation time for the exchange process (see Materials and
Methods). The latter data are reported in Table 6 of the
Supporting Information. Fourteen of the above residues,
mostly located in odd loops, show a dependence ofR2 on
the τCPMG length which indicates that the exchange process
occurs with a rate in the range of 70-120 µs (limits
determined by the experimental conditions).

Three of theâ-strands (â4, â5, and â7) involved in
exchange processes are connected to loops IV and VII, i.e.,
those regions experiencing the highest rmsd values and most
extensive sub-nanosecond mobility, while the other two
â-strands (â6 andâ8) are antiparallel to the former three
â-strands. The occurrence of these “slow” motions involving
â-strands may be related to “breathing” motions of the
â-barrel. Similar motions have also been observed for other
proteins with a similarâ-barrel fold (48, 50, 53). It is also
relevant that two residues which bind the copper ion in native
SOD and whose backbone HN group can be detected (His48
and His120) and one Zn ligand (His80) experience an
exchange contribution in the apo form.

Comparison with E,Zn and Cu,Zn SODs.The1H and15N
chemical shift differences and the weighted average chemical
shift differences∆average(HN) (54) of backbone resonances
among the fully metalated Q133M2SOD, the copper-depleted

E,Zn Q133M2SOD, and the apo Q133M2SOD forms are
reported in Figure 5. The distribution of chemical shift
differences is clearly not homogeneous over the entire
sequence but rather reflects significant structural changes in
loops IV and VII and in theâ4, â5, andâ7 strands for the
apo form with respect to both fully metalated and copper-
depleted proteins. These regions are those characterized by
a small number of NOEs, high rmsd values, and high
mobility in the apo form. Someâ-strands are shortened.
Particularly sizable is the reduction of strandâ4 which
stretches from residue 41 to 48 in the native and copper
depleted forms and from residue 41 to 44 in the apo form.
Consequently, the length of loop IV increases significantly,
from residues 49-82 in the native protein to residues 45-
85 in the apo form. The shortening of strandâ4 moves two
copper ligands (His46 and His48) in a loop, whereas they
are in theâ-strand in both metalated forms. Several residues
of theâ4 strand also experience a striking difference in the
hydrogen-deuterium exchange with respect to the fully
metalated (55) and copper-depleted (17) forms. Indeed, in
the apo form, the amide HN signals of three of the four
residues forming theâ4 strand disappear after 4 days, while
in the holoprotein and in the copper-depleted form, all the
amide resonances of theâ4 strand do not exchange with the
bulk solvent within 5 days.

The observation that the fully metalated and copper-
depleted forms are very similar to each other but different

FIGURE 4: 15N relaxation parameters (a) and model-free parameters (b) vs residue number for apo Q133M2SOD.
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from the apo form suggests that Zn has a quite relevant role
in determining the fold and the full development of secondary
structure elements. In Figure 6, the apo structure is compared
with those of the metalated proteins. It appears that the
â-sheet formed by strandsâ4, â5, â7, andâ8 and loops IV
and VII moves further away from the otherâ-sheet in the
apo form with respect to the distances in the other structures,
thus producing an increased width of the upper part of the
active channel. In this movement (Figure 6), loops III and
V act as a hinge which defines the relative position and
orientation of theâ-sheets. These conformational changes
make the zinc site solvent-exposed in the apo form. The
relevant structural role of these loops in determining the
subunit fold was already pointed out in the analysis of ALS-

related point mutation distribution (56). Their structural role
relies significantly on an extensive network of H-bonds
between these two loops and residues in theâ-barrel as
observed in the dimeric wild-type protein (16).

The mobility data indicate an unstructured state for loop
IV in the apoprotein, the first part of which shows also some
disorder in the fully metalated monomeric form. In the
dimeric native protein, the first part of loop IV is well-ordered
and is located at the interface between the two subunits which
is completely solvent-exposed in the monomeric forms. The
second segment loses its defined conformation as a conse-
quence of the lack of both metal ions. Multiple conformations
are also present, in the apoprotein, for the electrostatic loop
VII (residues 121-142), where some relevant H-bonds are

FIGURE 5: Chemical shift differences between Cu,Zn Q133M2SOD and apo Q133M2SOD (left) and between E,Zn Q133M2SOD and apo
Q133M2SOD (right) for the backbone amide proton (top) and backbone nitrogen (middle) and the weighted average chemical shift differences
∆average(HN) (16) (bottom). The secondary structure of the apo form is also reported at the top. Roman numerals denote the loops.

FIGURE 6: Comparison between the mean structures of the apo Q133M2SOD (green) and Cu,Zn Q133M2SOD (cyan) (left) and between
apo Q133M2SOD (green) and E,Zn Q133M2SOD (orange) (right). Theâ-strand and loops IV and VII with a schematic representation of
loop III (•••) are shown. The yellow sphere represents the Zn ion and the blue sphere the copper ion. All the structures were fitted to the
â-barrel of apo Q133M2SOD.
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lost. On the contrary, these H-bonds are present in the fully
metalated monomeric and dimeric SODs (Table 3), and most
of them also in the copper-depleted form.

Effects of Metal Ion Binding.Despite the absence of metal
ions, the protein is well-ordered in one of the two four-
strandedâ-sheets, whereas the other four-strandedâ-sheet
is reduced in size in comparison with the zinc-loaded and
the copper- and zinc-loaded proteins, although still well
organized. In the apoprotein, the twoâ-sheets look like an
opened clam, whereas they form a Greek keyâ-barrel in
the other species. Loop IV, which is involved in the
dimerization of the native protein, is longer in the apo
species, quite disordered, and flexible. Loop VII, which is
involved in defining the active cavity, is also extremely
disordered. From the comparison of the available structures
of SOD with different metal contents, it appears that the
binding of zinc has dramatic structuring effects; it organizes
all the â-strands with the full length as found in the native
state and induces the complete tertiary structure and the
optimal conformation of the electrostatic loop VII. Metal
binding, even only zinc, also induces a sizable reduction in
the internal mobility.

The availability of these structures allows us to propose
some hypotheses for the metal uptake processes. While the
metal chaperone responsible for copper binding to SOD, the
CCS protein, is known and has been characterized (18, 57),
no protein has been yet found which carries zinc to the
apoprotein. The order of the metal uptake is not knownin
ViVo; however, there is strong evidence that zinc binds before
copper (1, 58-60). The role of zinc in SOD has been matter
of discussion for decades (58). It has been suggested that
zinc binding preforms the copper site (61) and enhances its
affinity for copper (62). Furthermore, once zinc binds, there
is a decrease in disorder and mobility. The structure presented
here clearly shows that zinc has a major structural role in
the organization of the entire structure and in particular of
the copper binding site.

Biological Implications.One-electron reduction of oxygen
and the following partial reduction lead to the production of
reactive oxygen species (ROS) such as superoxide radicals,
hydrogen peroxide, and hydroxyl radicals which can damage
DNA, lipids, and proteins (63-66). Superoxide dismutase,
which catalyzes the disproportionation of superoxide to
hydrogen peroxide and water, represents a most important
defense against ROS (2, 67). In eukaryotes, 90% of the total
superoxide dismutation activity is due to homodimeric
copper, zinc SOD which is located in the cytosol (68). In
ViVo, the SOD protein reaches its active form through
interaction with CCS, a dimeric copper chaperone protein
which delivers copper ions to SOD. The metal transfer step
has been proposed to occur within a heterodimeric complex
comprising one monomer of CCS and one monomer of SOD
(18, 69-71), the formation of which is facilitated by the

presence of zinc (69). A model involving interactions
between the two homodimers has also been proposed (57).
Therefore, the characterization of a monomeric apo form of
SOD is quite relevant with respect to understanding the
processes of metal incorporation. In this study, the mono-
meric protein obtained through site-directed mutagenesis on
the dimeric interface has been characterized before the
binding of any metal ion, from both the structural and
dynamic points of view. In the apoprotein, the twoâ-sheets
that form the typical SOD Greek keyâ-barrel in the zinc-
bound protein and the copper- and zinc-bound protein look
like an open clam, with one of the two sheets reduced in
size. The movement of one of the twoâ-sheets with respect
to the other increases the width of the upper part of the active
channel, thus making the putative zinc site solvent-exposed
and ready to bind zinc. Two loops, one involved in the
dimerization of the native protein (loop IV) and the other,
the so-called electrostatic loop, or loop VII, involved in
defining the active cavity, are quite disordered and flexible.
Once zinc binds, the protein undertakes the final folding,
leaving only the copper binding site disordered and somewhat
open (57, 69-72). Despite the process of zinc bindingin
ViVo being unknown as no protein has been recognized as a
putative chaperone of this process, the structure of the
apoprotein might be suitable for the complex formation with
the zinc chaperone, and once the zinc is transferred, a
conformational trigger occurs which allows the zinc protein
to interact with the copper chaperone CCS (18, 69).

The role of zinc in SOD is that of providing a positive
charge and a structural stability to the holoenzyme (59, 73,
74) and to be involved in the catalytic mechanism through
the histidine-histidinato 63 link (75). The comparison
between the structure of the apoprotein and the zinc-bound
protein suggests a further role of zinc, i.e., that of providing
the correct structure for the interaction with CCS.

SUPPORTING INFORMATION AVAILABLE

Resonance assignments, experimental NOE intensities,
φ torsion angle constraints,ψ torsion angle constraints,
stereospecific assignments of diastereotopic pairs, backbone
amide nitrogens showing a dependence ofR2 on theτCPMG

lengths, spectral density functions, and ratios of the spectral
functions J(ωN)/J(ωH) versus the residue number for apo
Q133M2SOD at 298 K in 20 mM phosphate buffer (pH 5.0).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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