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ABSTRACT. The solution structure of the demetalated copper, zinc superoxide dismutase is obtained for
the monomeric Glul33GIn/Phe50GIu/Gly51Glu mutant through NMR spectroscopy. The demetalated
protein still has a well-defined tertiary structure; however, fivstrands containing two copper ligands
(His46 and His4834) and one zinc ligand (Asp8#5) are shortened, and the sheet formed by these
strands and strang®’ and38 moves away from the other strands of fiibarrel 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 theMaedpxation
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 side chains of the residues in the active site channel create
are not yet completely understood. Understanding the effectsa positive electrostatic field, which plays a critical role in
produced by metal ion binding on the protein folding process attracting the superoxide anion and thus determining the
and on the formation of secondary structure elements in catalytic ratesg). Zinc(ll) is linked to copper(ll) through a
metalloproteins is quite relevant with respect to the complete histidinate bridge.
comprehension of protein stability and function. In this light,  All the intracellular eukaryotic SODs are dimeric, with
the knowledge of the structural properties of demetalated two identical subunits held together by hydrophobic interac-
proteins is a necessary starting point and may provide hintstions @, 7), and have a very well conserved folding topology.
for the interaction of the apoprotein with metal delivery The quaternary structure of the dimeric enzyme determines
proteins called metal chaperones. Within this framework, we the conformational rigidity of strategic amino acids 9)
have determined the solution structure of the apo form of and strong additional stability with respect to the monomeric
copper, zinc superoxide dismutase and characterized itsspecies 10). Each subunit of human SOD has 153 amino
internal mobility. The NMR methodology is most appropriate acids arranged in a Greek k@ybarrel structure composed
for studying proteins which may be partially unfolded and of eight antiparalle-strands 4). The strands are connected

may experience extensive mobility. by loops of various lengths, which have been numbered
Copper, zinc superoxide dismutase (SOB)present in according to the number of the first strand they connect. Loop
almost all eukaryotic cells and in a few prokaryoté} (t IV is involved in interactions between the two subunits, while

catalyzes the dismutation of the superoxide radical to loop VII (the so-called electrostatic loop) contains several
hydrogen peroxide and oxygen according to the following charged residues which produce an electrostatic field that is

reactions 2, 3): suitable for guiding the superoxide anion to the copper ion
(11—13). The metal ligands are located both firstrands
C¥ +0,” —Cu"+0, [His46 and His48 i34 and His120 ir37 for the Cu(l) ion
- and Asp83 inj35 for the Zn(ll) ion] and in loop 1V [His63,
Cu" + 0, — Cu"(0,) — CU/" + H,0, -71, and -80 for the Zn(ll) ion]4, 6).

Monomeric forms of the enzyme have been obtained by

The copper ion is the catalytic center. The zinc ion may Substituting hydrophobic residues at the subusitbunit
play both a structural role and a role in determining the interface with hydrophilic residues. In particular, Phe50 and
overall electrostatic field of the protein. The copper ion lies Gly51 have been substituted with two Glu residues, yielding

at the bottom of a wide channel that is 10 A dedp The a soluble single subuniiL.g). The enzymatic activity of this
mutant (M2SOD), however, is quite reduced with respect to
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Table 1: Acquisition Parameters for NMR Experiments Performed on Apo Q133M2SOD
dimension of acquired data (nucleus) spectral width (Hz)
1 1 i3 Fy F> F3 ref
H—1H NOESY? 1024 (H) 1024 {H) 25 25 76
IH-1N HSQQ 256 (*°N) 1024 (H) 2703 9254 77
CBCA(CO)NH 256 (3C) 64 (°N) 2048 {H) 11627 2702 9258 78
HNCACB® 256 (3C) 64 (°N) 2048 {H) 11627 2702 9258 79
HNCC* 256 (°C) 64 (5N) 2048 (H) 9258 2702 3530 80
HN(CA)CC* 256 (°C) 64 (°N) 2048 {H) 9258 2702 3530 80
13C H(C)CH-TOCSY 256 (H) 48 (5C) 1024 tH) 10504 11184 10504 81
13C CC(CO)NH-TOCSY 112 (5N) 64 (°N) 1024 (H) 80 38 15 82
3C NOESY-HSQC 320 (H) 80 (:°C) 1024 {H) 9259 16949 9259 83
15\ NOESY-HSQC 448 (H) 40 (5N) 2048 (H) 10417 3243 10417 83
HNHA® 240 (H) 32 (5N) 2048 {H) 10417 2597 10417 27
3D HNHB* 128 (H) 48 (*5N) 2048 (H) 10417 3246 10417 84

aData acquired on a 600 MHz spectrometeData acquired on a 700 MHz spectrometddata acquired on an 800 MHz spectrometer.

that of the native form, i.e., to 109%44). In a monomeric
variant, Glul33 has been neutralized to a GIb){( to
partially restore the activity. On the native protein, this
mutation doubles the activityl(); the same occurs also on
the M2SOD monomeric form16) (Q133M2SOD). The

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 signdt—*N HSQC spectra

were also acquired at various pHs ranging from 5 to 7.4

global fold of monomeric SOD is essentially the same as (physiological pH).

that of a single subunit of the wild-type enzyme, character-
ized by the well-conservegtbarrel. Some increased disorder
is observed in loop 1V, located at the proteiprotein

To detect amide hydrogerdeuterium exchange, the
protein was exchanged with 100%,® buffer using an
Amicon Micro-Ultrafiltration System. TwdH—1N HSQC

interface in the native protein, which now becomes solvent- spectra were collected at 700 MH&h and 3 days after the

exposed®). Specific structural differences, in particular, the
orientation of Arg14316) in the active channel, have been
found between the dimeric and monomeric forms and

buffer exchange.
All the experiments were carried out at 298 K pulsed field
gradients (PFG) along the axis. Quadrature detection in

proposed to be responsible for the decreased catalytic activitythe indirect dimensions was performed and water suppression

of monomeric SOD §).

This apo Q133M2SOD structure determination follows
those of the fully metalated8] and copper-depletedL?)
proteins. The analysis of the structural and dynamical

achieved through the WATERGATE sequen@8)(

Data have been processed with the standard Bruker
software packages (UXNMR and XWINNMR). Data analy-
sis and assignment have been performed using the program

changes in the protein, where progressively the metal ionSXEASY (ETH, Zurich, Switzerland)Z0).

are removed, will allow us to determine if and to what extent

15N Backbone Relaxation Measuremedts NMR experi-

the folding and the secondary structure elements are deterents for measurinN relaxation rates were carried out at

mined by the metal ions. The investigation of the monomeric 29g k on a 600 Bruker Avance spectrometer. Experiments
species is particularly meaningful as the copper transferyqre performed wit a 5 mmtriple-resonance probe on
between copper-depleted SOD and the copper SOD chapsamples enriched only i#N. The N longitudinal and

erone occuré vivo through a monomermonomer adduct
(18).

MATERIALS AND METHODS

Sample PreparatioiMonomeric copper, zinc Q133M2SOD
was expressed in thescherichia coliTOPP1 strain (Strat-
agene). Thé*N-labeled and"N- and'3C-labeled proteins
were obtained by growing the cells in minimal medium (M9).

The samples were isolated and purified according to previ-

ously published protocol$8(11). The metal-free derivative
was prepared as reported elsewh&e (

The NMR samples were at a concentrationr~& mM in
20 mM phosphate buffer (pH 5.0).

NMR Spectroscopy.he NMR experiments were recorded

transversal relaxation rateR; and R,, respectively, were
determined by collecting a series f—1°N HSQC spectra
with a variable delay, and a phase sensitive mode, using
echo-antieche-TPPI gradient selectior2(—24), was ap-
plied for water suppression. Then 2048256 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 thé R; relaxation
rates, with the delay ranging from 10 to 3000 ms. For the
determination of thé’N R,, the CPMG pulse sequencz3}

was used with a CPMG refocusing delaypvc, of 450us

and with the variable delays ranging from 16.96 to 305.28
ms. To monitor the contribution of exchange phenomena to

on Bruker Avance 800, 700, and 600 MHz spectrometers the transverse relaxation rat&s,values were also measured

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 ¥igu, coupling
constants, and for the stereospecific assignments of the H
protons are reported in Table 1.

A series oflH—1N HSQC spectra at different tempera-
tures, ranging from 280 to 298 K every 3 K, were acquired

as a function of thecpuc Value @3, 25). Experiments were
carried out with sixccpuc Values from 450 to 1150s, with

the variable delay ranging from 17 to 354 ms. Heteronuclear
H—15N NOEs were measured with and withdtit satura-

tion, applied for 2.5 sZ1). Forty-eight scans were collected
for each experiment. Four spectra were recorded: two spectra
with *H saturation and two without.
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For all the experiments, the solvent signal was suppressed

with the flip-back pulse schem@Z). The data were zero-
filled to obtain 2048x 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 TPPR2Q) method.

Constraints Used in the Structure CalculatioA3 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 GLOMSZ284) and through the
analysis of the HNHB experiment.

Backbone dihedral angle restraintsvere derived from
3Junna coupling constants through the Karplus relationship,
using the standard limit2{). The backbone dihedral angle
y for residuei — 1 was determined from the ratio of the
intensity of the Hy—;HN;j—HaiHN; NOE cross-peaks found
on the >N plane of residud in the 1N NOESY-HSQC
spectrum. Ratio values o6f1 are characteristic ¢f-strands,
while values of<1 indicate a right-handed-helix (28).

The presence of the disulfide bridge between Cys57 and
Cys146 was checked through analysis of t#@ shifts of
the @3 atoms of the cysteines. In the calculations, three upper
and three lower distance limits were used to define the
Cys57Cys146 disulfide bond [between thes &toms of
the two Cys residues, 2.0 A (lower) and 2.1 A (upper), and
between the @ atom of one Cys and theySatom of the
other, 3.0 A (lower) and 3.1 A (upper)29).

Structure calculations were performed by simulated an-
nealing calculations within torsion angle dynamics simula-
tions with the DYANA program30). The 30 structures with
the lowest target function were refined through restrained
energy minimization (REM) calculations with the Sander
module of the program AMBER3(l) performed on each
member of the family.

The program CORMAZJ2), which is based on relaxation
matrix calculations, was used to back-calculate the NOESY
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Ficure 1: H—15N HSQC 600 MHz spectra of apo Q133M2S0OD
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.

relaxation rates with the approximation of neglectingwith
respect tawy (36):

6R, — 3R, — 1—58R1(NOE —~ 1)?/—:

J(0)=
«0) 3d? + 4c?
4R,

Jwy) =——
(@) 3d? + 4¢?

7 YN
1—=(NOE— 1)—
5( VH]

4 VN

J(w,) = 0.2R,(NOE — 1)— —

( H) 1( )d_ZVH

whered = (,uoh)/Hj/N)/(BﬂerH?’) andc = [a)N(a” - O'D)]/\/3
Je(0) is used instead af(0) to indicate that possible contri-
butions from conformational exchange can be opera8@g (
15N relaxation data were also analyzed in terms of the
model-free formalism 37) through the Modelfree 4.0
program, following the reported protocd8). The analysis

cross-peaks from the calculated structure, to locate a fewof the overall tumbling of apo Q133M2SOD and an initial
more cross-peaks, and to check the completeness of thesstimate of the diffusion tensobf were carried out with

assignment, which was assessed also with the AQUA
program 83, 34). The quality of the structure was checked

the program Quadric Diffusior3@), taking care to remove
those residues having an exchange contribution toRhe

through the Ramachandran analysis using the programvalue or exhibiting large-amplitude internal motions on a

PROCHECK-NMR 83).

Relaxation Data Analysis.;RindR; relaxation rates were
determined by fitting the cross-peak volumés fheasured
as a function of the variable delay, to a single-exponential
decay 85). Heteronuclear NOE values were measured as

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 on? andF statistics.
The uncertainties in the model-free parameter values were

the ratio between peak volumes in spectra recorded with andestimated by Monte Carlo simulation38]. Fittings were

without H saturation. The heteronuclear NOE values and

performed by introducing upper limits f& (<1), S? (<1),

their errors were estimated by calculating the mean and theand 7., (<z,,) and a lower limit for Rex (>0). No other

standard error from the available NMR data sets.

The N relaxation rates are determined by the dipolar
coupling of the'®>N spin with the attached proton and by the
15N chemical shift anisotropy (CSA). The experimental

assumptions were used. In the last stage of the calculations,
the t, value was optimized using the Brent algorithm
together with all other model-free paramete3s, (40).

R, data were analyzed as a function of thewmc length

relaxation rates were used to map the spectral densityas previously reportec4().

function valuesJ(wy), J(wn), and J(0). This approach to
the interpretation of®N relaxation data, proposed by Peng
and Wagner ¥6), 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

RESULTS AND DISCUSSION

Resonance Assignment and Hydrog®euterium Ex-
change.The 'H—15N HSQC spectra of apo Q133M2S0OD
(Figure 1) show a dispersion of the signals typical of a protein
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which is largely in a folded state. However, several signals taken in their energetically most favored conformation, i.e.,
are present in a region of the spectra typical of unfolded with Ns; protonated. The back-calculation of the expected
polypeptides 42), suggesting that some parts of the protein NOEs, carried out with the CORMA progran3d), was

are unstructured and experience multiple conformations. Oneperformed for the!>N NOESY-HSQC and'*C NOESY-
hundred forty-three of the 147 expectddi—°N backbone HSQC spectra. This analysis showed that a very small
resonances were observed in fie-1"N HSQC spectra if number of expected NOEs, with sizable intensity, but not
recorded at different temperatures. Five further signals with present in all the conformers of the family and involving
very low intensity were also observed. All 143 resonances residues in the disordered regions, are missing in the
were assigned, and the five weak signals were ascribed to aexperimental maps and that all the expected NOEs between
minor conformation. assigned protons have been found.

Assignment of théHy, 13C, and'>N NMR resonances of A family of 30 conformers out of 400 with the lowest
the backbone nuclei was carried out using triple-resonancetarget function (average value of 1.340.13 A2) was refined
NMR experiments [CBCA(CO)NH, NHCACB, HN(CA)- by performing restrained energy minimization on each
CO, and HNCO] in addition tdH—'5N HSQC spectra. A member. The final family is characterized by an average rmsd
total of 98.3% of the backbone resonances were assigned. Iivalue to the mean structure (for residuesl®1) of 2.25+
was not possible to assign thé—5N backbone resonances 0.19 A for the backbone and 2.88 0.18 A for the heavy
for Leu84, Aspl124, Leul4d4, and Alal45, while all backbone atoms and an average penalty function for the distance
carbonyls were assigned, with the exception of Ala123 and constraints of 0.48 0.05 A The rmsd drops to 0.7%
Leul44. The'*Co atoms were assigned for all the residues. 0.14 and 1.17+ 0.12 A for backbone and heavy atoms,
The assignments were confirmed by the analysis of the respectively, when it is calculated without residues-85
sequential connectivities in the CC(CO)HN dfid NOESY- and 121-144. In Figure 2b, the rmsd values, to the mean
HSQC experiments. structure, per residue of the final REM family are reported.

The assignment of the side chain resonances was per-The NMR solution structure is shown in Figure 3. A
formed through the analysis of three-dimensional (3D) H(C)- statistical analysis of the family of conformers and of the
CH-TOCSY and CC(CO)HN spectra together wittN average structure is reported in Table 2.

NOESY-HSQC and®C NOESY-HSQC spectra. In this way, As the pH at which the structure is determined is close to
~96% of the total proton resonances and 96% of the total the first (K, of histidine, the calculations were also performed
13C resonances were assigned. All the nitrogen side chainin the other extreme case where all the histidines are taken
resonances of Asn and GIn, with the exception of GIn133 to be biprotonated. These calculations provided structures
and GInl153, were assigned. The resonance assignment igery close to the structures obtained with neutral histidine,
reported as Supporting Information. consistent with the invariance of the—°N HSQC spectra

The 'H—1N HSQC spectra were essentially invariant in in the pH range of 57.4. Also, the target function yields
the pH range of 57.4 (H shifts of <0.03 ppm), with the  the same value within error.
exception of some signals which disappear as a consequence Description of the StructurelThe elements of secondary
of the increased exchange rate at pH 7.4. This indicates thatstructure were identified through the analysis with PROCHECK-
we have no evidence of significant structural changes. NMR, the pattern of backbone NOEs, and the chemical shift

One hundred twenty-three amide protons, of the 143 thatindex (CSI) @3) on the @G, CS, Ha, and CO resonances.
were detected, were still present in thd—N HSQC Eight3-strands (residues27, 17-22, 29-34, 41-44, 86—
spectrum acquik4 h after exchange in 100%,0 buffer. 89, 96-101, 116-120, and 143151) and onea-helix
After 3 days, 100 peaks were still present. All these residues(residues 133137) were identified in the mean structure.
are located in regions with defined secondary structure. TheThe eight antiparallefs-strands can be divided into two
latter are involved in an extensive H-bond network which regions: one with four well-defined-strands §1—/3 and
stabilizes the3-sheet structure typical of this protein. Few (6) which form ag-sheet, with rmsd values of 0.350.07
exceptions are observed in strang and 8, where the and 0.784+ 0.08 A for backbone and all heavy atoms,
amide protons of Gly44 and Arg143 do exchange. Moreover, respectively; and the second, close in space and in sequence
all the residues constituting strangl and 5 show a to the metal ion ligands, also formed by the other four
broadening and in some cases disappearance of the signalgi-strands 64, 55, 47, andf8) with rmsd values of 0.5%
Details about the exchange behavior of amide proton residues.12 and 1.13t 0.18 A for backbone and all heavy atoms,
are reported in Table 1 of the Supporting Information and respectively. They also form fa-sheet.

discussed in Comparison with E,Zn and Cu,Zn SODs. Odd loops |, Ill, and V which connect the well-ordered
Structure Calculation and Refinemem. total of 3083 pB-strands 1—£3 and6) are also well-defined. Loops Il

upper distance limits (of which 2382 are meaningful),42 and VI are less defined than odd loops I, lll, and V,

and 41y dihedral angle constraints were measured and usedresembling the fully metalated protein.

in the structural calculations, with the program DYAN2(. Strands$4 andS5 as well ag37 and38 are connected to

The average number of meaningful structural constraints pereach other by two loops which are the most disordered
residue is 15.2. The number of experimental NOEs per regions of the protein: loop IV (residues-485) and loop
residue, subdivided according to their class, is reported in VIl (residues 121142). In the native protein, loop IV and
Figure 2a. Twenty-two stereospecific assignments were the end of the twg3-strands 4 and5) connected to it
obtained from the analysis of HNHB spectra and 20 from contain all the residues, except His120, coordinating both
the program GLOMSAZ6). As no information was obtained the metal ions. Loop IV, together with the electrostatic loop
on the nature of the protonation state of the histidine ring VII containing theo-helix, also forms the active channel of
HN groups, in the structure calculations the His residues werethe protein which is now quite disordered. Actually, the
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Ficure 2: (a) Number of intraresidue (white), sequential (light gray), medium-range (gray), and long-range (black) NOEs per residue in

apo Q133M2SO0D. (b) Average rmsd values of backb®eand heavy atomsk) per residue with respect to the average structure of apo
Q133M2SO0D.

features of loop IV and loop VII suggest that these two and coil conformations. The high degree of disorder of these
regions are unstructured, a condition which may approach parts of the protein is clearly a consequence of the absence
the random coil state. Random coil polypeptides are char- of the metal ions.

acterized by chemical shift values in small ranges typical Analysis of'®N Relaxation DataReliable values of°N

for each residued@), by an average value f88ynp Of ~6.9 R; and R, and the'H—1*N NOE were obtained for 125 of

Hz (44, 45), and by a smaller number of NOEs where the the 143 assigned backbone NH resonances (see Figure 4).
long-range NOEs are almost absef,(47). The segments  The signals of four residues (9, 46, 101, and 122) were too
of residues 4585 (loop 1V) and 121143 (loopVIl) have weak to be integrated accurately, while those of 14 residues
chemical shift values in the ranges typical of random coil were overlapped (8, 22, 40, 44, 50, 78, 82, 96, 97, 100, 103,
residues (Figure 12Junne Values range between 4.5 and 106, 121, and 143y, R, and NOE values were relatively
7.4 Hz and between 4.0 and 7.7 Hz for loops IV and VII, constant throughout the molecule with the exception of two
respectively. Finally, very few long-range NOEs are observed regions, i.e., residues 586 (in loop 1V) and 123-142 (in

for most residues in these two loops (Figure 2a). The rmsd loop VII), where a significant increase in tli& values and
maxima correlate closely with the smallest number of NOEs a relevant decrease in tRe and NOE values were observed.
(Figure 2a) and particularly of the long-range ones. This is Average values calculated excluding these two regions are
also in agreement with the mobility data (see below). The 1.244-0.09 s%, 12.6+ 2.7 s'%, and 0.684+ 0.16 forRy, Ry,
same pattern of NMR parameters (chemical shift values, and NOE, respectively.

3Junna Values, and a small number of long-range NOEs)  The relaxation data were analyzed using the model-free
holds for those residues forming thehelix (residues 133 formalism of Lipari and Szab@{) and through the spectral
137) which have a smaller number of NOEs and unusual density function analysis which is reported in the Supporting
backbone relaxation parameters (see below). The partialinformation. In this analysis, for the partially unstructured
helical character is evidenced byHHN;+3 medium-range ~ segments, only an average conformation can be taken into
NOEs. A loose definition of theo-helix could be the account. An isotropic model was used for describing the
consequence of fast conformational exchange between helixrotational diffusion tensor, as no statistically significant
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Table 2: Summary of NMR Constraints, Violations, Structural
Statistics, and Energetics for the Restrained Energy-Minimized
Loop VII B4 Solution Structure of Apo Q133M2S0OD

REM? REMG
(30 structures) (mean)

rms violations per meaningful
experimental distance constraint PA)

& intraresidue (421) 0.015% 0.0017 0.0159
Loop IV sequential (739) 0.0136 0.0011 0.0143
medium-range (257) 0.01374+ 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 (deég)
¢ (42) 7.05+2.11 7.3
P (41) 2.69+0.11 2.0
average no. of violations per
structure lower than 0.3 A
intraresidue 13.62.8 10
sequential 22931 27
medium-range 8.927 6
long-range 17.5%2.8 15
E ; / Bl total 62.9+ 5.0 58
S L @ 42417 4
B2 Y 0.8£0.7 1
average no. of NOE violations 0 0
Ficure 3: Family of 30 conformers of apo Q133M2SOD. The larger than 0.3 A
p-strands are shown in blue; loop 1V is shown in green and loop structural analysfs
VIl in orange. As a comparison, the average structure of the fully % of residues in most favorable regions 69.9 80.4
metalated Q133M2SOD is shown in red. % of residues in allowed regions 26.7 17.4
% of residues in generously 3.0 2.2
improvement in the fit was obtained using an axial or fully allowed regions _
anisotropic model. The optimizdls, value is (1.5% 0.01) exp/gﬁrfnrgst'gf'&i{?a?r'ﬁ21':106‘1’;’;?;89'O”S 0.4 0
x 10" s7L. Also in other monomeric forms, fully or partially completeness of experimentally 75 62
metalated, an isotropic model for the diffusion tensor was observed NOEs up to 4 A
able to correctly reproduce the relaxation dafa 48), while cutoff distance (%)
in the dimeric metalated form, the best fit is obtained with ~ OmPleteness of experimentally 54 44
. observed NOEs upto 5 A
an axial model48). The model-free parameters for the apo cutoff distance (%)

form are reported in Figure 4b. The relaxation rates of several—; — ;

. - - . N . REM represents the energy-minimized family of 30 structures, and
reSIQUes are fitted with sizable contributions _Of internal REMUis the energy-minimized mean structure obtained from the
motions faster than the overall molecular tumbling and for coordinates of the individual REM structurésThe number of mean-
which the individual correlation timesd) can been deter-  ingful experimental constraints for each class is reported in parentheses.
mined (Figure 4b). In the last stage of the calculations, the ®Medium-range distance constraints are those between residnes
m value was optimized, making it equal to 10440.29 ns |R+ 2,iandi + 3,i andi + 4, andi andi + 5. 9 As it results from the

L. . amachandran plot analysis on the secondary structure elerhésts.
which is close to the value found for the monomeric fully it resyits from the AQUA analysis3@) over all the residues of the
metalated SOD, 9.3 0.10 ns 48), and copper-depleted  protein @4).

SOD, 8.40+ 0.30 ns 17). These experimental values are
slightly higher than the values estimated from the Stekes value for the residues in these two regions, consistent with
Einstein equation for proteins with similar molecular weights. the presence of fast motions (see the Supporting Information).
Similar discrepancies have already been observed for otherStrikingly, but not surprisingly, thé(wn)/J(wy) ratio parallels
proteins 88, 49—51). The largerry, value might be ascribed  the number of experimental NOEs (Figure 2a). Other residues
to the shape of the molecule, which is not spherical. Indeed, presenting some internal mobility, even if smaller than that
when the side chains are taken into account, the proteinof loops IV and VII, are Gly12 (loop 1), Glu24Gly27 (loop
surface is not a smooth sphere, and this surface roughnessl), Val94 (loop V), lle104 and Gly108lle112 (loop VI),
could slow the rotation of the proteirb?, and references  Valll9 (strand37), Gly147 (strangs8), and GIn153. Most
therein). Furthermore, the differenceginbetween apo SOD  of these residues are located in loop regions.

and the fully metalated and copper-depleted SOD may be Exchange contributions to relaxation have been observed
ascribed to the increase in the size upon removal of the metalfor some residues, which have noticeably higher values of

ions, as observed in the experimental structure. Je(0) but not highed(wy), lower J(wy), or lowerJ(wn)/I(wr)
From both the spectral density function and model-free values with respect to their average values. The residues
analyses, it appears that two regions, residues86in loop involved in exchange processes are located mainly in

IV) and 123-142 (in loop VII), are characterized by striking  -strands [Ala6 1), Asn19 and Glu2142), Gly33 (33),
high values of)J(wy) and low values 0f(0), as well as by His43 (54), Val87-Ala89 (55), Ser98 £6), Val118-His120
very low & values. This behavior indicates the presence of (7), Cys146, Val148Gly150 (38)] and in loops [Gly10,
local motions much faster than the overall protein tumbling Gly12, and GIn15 (loop I), 1le35, Lys36, and Thr39 (loop
rate. The ratid(wn)/J(wy), very sensitive to internal motions  111), Val47—Glu49, Leu67, and His80 (loop 1V), Asp90 (loop
faster than the tumbling rate, shows a dramatic drop in its V), and Alal23, Aspl125, and Alal40 (loop VII)]. The
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FIGURE 4: 15N relaxation parameters (a) and model-free parameters (b) vs residue number for apo Q133M2SOD.

presence of exchange contributions to transverse relaxatiorE,Zn Q133M2SOD, and the apo Q133M2SOD forms are
was also independently evaluated throlgtmeasurements  reported in Figure 5. The distribution of chemical shift
as a function of thecpyg length which also provide the  differences is clearly not homogeneous over the entire
correlation time for the exchange process (see Materials andsequence but rather reflects significant structural changes in
Methods). The latter data are reported in Table 6 of the loops IV and VII and in thef4, 5, andj7 strands for the
Supporting Information. Fourteen of the above residues, apo form with respect to both fully metalated and copper-

mostly located in odd loops, show a dependenc&:06n depleted proteins. These regions are those characterized by
the tcpmc length which indicates that the exchange process a small number of NOEs, high rmsd values, and high
occurs with a rate in the range of #@20 us (limits mobility in the apo form. Somg-strands are shortened.
determined by the experimental conditions). Particularly sizable is the reduction of strapd which
Three of thepg-strands £4, 5, and 57) involved in stretches from residue 41 to 48 in the native and copper

exchange processes are connected to loops IV and VI, i.e.,depleted forms and from residue 41 to 44 in the apo form.
those regions experiencing the highest rmsd values and mosConsequently, the length of loop IV increases significantly,
extensive sub-nanosecond mobility, while the other two from residues 4982 in the native protein to residues45
f-strands 6 and38) are antiparallel to the former three 85 in the apo form. The shortening of strgf¥l moves two
p-strands. The occurrence of these “slow” motions involving copper ligands (His46 and His48) in a loop, whereas they
pB-strands may be related to “breathing” motions of the are in thes-strand in both metalated forms. Several residues
fB-barrel. Similar motions have also been observed for other of the 34 strand also experience a striking difference in the
proteins with a simila-barrel fold @8, 50, 53). It is also hydrogen-deuterium exchange with respect to the fully
relevant that two residues which bind the copper ion in native metalated §5) and copper-depleted.{) forms. Indeed, in
SOD and whose backbone HN group can be detected (His48he apo form, the amide HN signals of three of the four
and His120) and one Zn ligand (His80) experience an residues forming thg4 strand disappear after 4 days, while
exchange contribution in the apo form. in the holoprotein and in the copper-depleted form, all the
Comparison with E,Zn and Cu,Zn SOO$1e'H and®®N amide resonances of tlfid strand do not exchange with the
chemical shift differences and the weighted average chemicalbulk solvent within 5 days.
shift differencesAaveragéHN) (54) of backbone resonances The observation that the fully metalated and copper-
among the fully metalated Q133M2SOD, the copper-depleted depleted forms are very similar to each other but different
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Ficure 5: Chemical shift differences between Cu,Zn Q133M2SOD and apo Q133M2SOD (left) and between E,Zn Q133M2SOD and apo
Q133M2SO0D (right) for the backbone amide proton (top) and backbone nitrogen (middle) and the weighted average chemical shift differences
AaveragéHN) (16) (bottom). The secondary structure of the apo form is also reported at the top. Roman numerals denote the loops.

Ficure 6: Comparison between the mean structures of the apo Q133M2SOD (green) and Cu,Zn Q133M2SOD (cyan) (left) and between
apo Q133M2S0D (green) and E,Zn Q133M2SOD (orange) (right).SFsgand and loops IV and VII with a schematic representation of

loop 111 (eee) are shown. The yellow sphere represents the Zn ion and the blue sphere the copper ion. All the structures were fitted to the
p-barrel of apo Q133M2SOD.

from the apo form suggests that Zn has a quite relevant rolerelated point mutation distributio®§). Their structural role

in determining the fold and the full development of secondary relies significantly on an extensive network of H-bonds
structure elements. In Figure 6, the apo structure is comparecbetween these two loops and residues in fHearrel as
with those of the metalated proteins. It appears that the observed in the dimeric wild-type proteiti6).

fB-sheet formed by strang#, 55, 37, and$8 and loops IV The mobility data indicate an unstructured state for loop
and VII moves further away from the othSrsheet in the IV in the apoprotein, the first part of which shows also some
apo form with respect to the distances in the other structures,disorder in the fully metalated monomeric form. In the
thus producing an increased width of the upper part of the dimeric native protein, the first part of loop IV is well-ordered
active channel. In this movement (Figure 6), loops Ill and and is located at the interface between the two subunits which
V act as a hinge which defines the relative position and is completely solvent-exposed in the monomeric forms. The
orientation of thes-sheets. These conformational changes second segment loses its defined conformation as a conse-
make the zinc site solvent-exposed in the apo form. The quence of the lack of both metal ions. Multiple conformations
relevant structural role of these loops in determining the are also present, in the apoprotein, for the electrostatic loop
subunit fold was already pointed out in the analysis of ALS- VII (residues 121+142), where some relevant H-bonds are
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Table 3: Conserved H-Bonds between Residues of Loop VII, Loop IV, and the Active Site in Some SOD Solution Structures

H-bond apo Q133M2SOD E,Zn Q133M2SODb Q133M2S0OD dimeric SOD
Asn86 HNz*--CO 124 absent absent present present
118 HN---CO 46 absent present present present
119 HN---CO 145 absent present present present
120 HN--CO 44 absent present present present

a Structure presented hefeTaken from refl7. ¢ Taken from ref8. @ Taken from refl6.

lost. On the contrary, these H-bonds are present in the fully presence of zinc 69). A model involving interactions
metalated monomeric and dimeric SODs (Table 3), and mostbetween the two homodimers has also been propdsad (

of them also in the copper-depleted form.

Effects of Metal lon BindingDespite the absence of metal
ions, the protein is well-ordered in one of the two four-
strandeds-sheets, whereas the other four-strandesheet

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

is reduced in size in comparison with the zinc-loaded and the dimeric interface has been characterized before the

the copper- and zinc-loaded proteins, although still well
organized. In the apoprotein, the tygesheets look like an

opened clam, whereas they form a Greek [elarrel 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

binding of any metal ion, from both the structural and
dynamic points of view. In the apoprotein, the tR«sheets
that form the typical SOD Greek ke§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 tyWesheets with respect

to the other increases the width of the upper part of the active

disordered. From the comparison of the available structureschannel, thus making the putative zinc site solvent-exposed
of SOD with different metal contents, it appears that the and ready to bind zinc. Two loops, one involved in the
binding of zinc has dramatic structuring effects; it organizes dimerization of the native protein (loop IV) and the other,

all the -strands with the full length as found in the native

the so-called electrostatic loop, or loop VII, involved in

state and induces the complete tertiary structure and thedefining the active cavity, are quite disordered and flexible.

optimal conformation of the electrostatic loop VII. Metal

Once zinc binds, the protein undertakes the final folding,

binding, even only zinc, also induces a sizable reduction in leaving only the copper binding site disordered and somewhat

the internal mobility.

open b7, 69—72). Despite the process of zinc bindirig

The availability of these structures allows us to propose viv0 being unknown as no protein has been recognized as a
some hypotheses for the metal uptake processes. While théoutative chaperone of this process, the structure of the
metal chaperone responsible for copper binding to SOD, the@poprotein might be suitable for the complex formation with

CCS protein, is known and has been characteriz8dy7),

the zinc chaperone, and once the zinc is transferred, a

no protein has been yet found which carries zinc to the conformational trigger occurs which allows the zinc protein

apoprotein. The order of the metal uptake is not knamwn

to interact with the copper chaperone CUS, (69).

vivo; however, there is strong evidence that zinc binds before  The role of zinc in SOD is that of providing a positive

copper {, 58—60). The role of zinc in SOD has been matter
of discussion for decade®§). It has been suggested that
zinc binding preforms the copper sitel] and enhances its

affinity for copper 62). Furthermore, once zinc binds, there

charge and a structural stability to the holoenzy®@ 73,

74) and to be involved in the catalytic mechanism through
the histidine-histidinato 63 link ¥5). The comparison
between the structure of the apoprotein and the zinc-bound

is a decrease in disorder and mobility. The structure presentedProtein suggests a further role of zinc, i.e., that of providing
here clearly shows that zinc has a major structural role in the correct structure for the interaction with CCS.

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

SUPPORTING INFORMATION AVAILABLE

Resonance assignments, experimental NOE intensities,
¢ torsion angle constraintgp torsion angle constraints,

reactive oxygen species (ROS) such as superoxide radicalsstereospecific assignments of diastereotopic pairs, backbone
hydrogen peroxide, and hydroxyl radicals which can damage amide nitrogens showing a dependencdrpbn thezcpuc

DNA, lipids, and proteins3—66). Superoxide dismutase,

lengths, spectral density functions, and ratios of the spectral

which catalyzes the disproportionation of superoxide to functions J(wn)/J(ww) versus the residue number for apo
hydrogen peroxide and water, represents a most importantQ133M2SOD at 298 K in 20 mM phosphate buffer (pH 5.0).

defense against RO, (67). In eukaryotes, 90% of the total
superoxide dismutation activity is due to homodimeric
copper, zinc SOD which is located in the cytosé8); 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

This material is available free of charge via the Internet at
http://pubs.acs.org.
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