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Solution Structure of Reduced Monomeric Q133M2 Copper, Zinc Superoxide
Dismutase (SOD). Why Is SOD a Dimeric Enzymg?
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ABSTRACT. Copper, zinc superoxide dismutase is a dimeric enzyme, and it has been shown that no
cooperativity between the two subunits of the dimer is operative. The substitution of two hydrophobic
residues, Phe 50 and Gly 51, with two Glu’s at the interface region has disrupted the quaternary structure
of the protein, thus producing a soluble monomeric form. However, this monomeric form was found to
have an activity lower than that of the native dimeric species (10%). To answer the fundamental question
of the role of the quaternary structure in the catalytic process of superoxide dismutase, we have determined
the solution structure of the reduced monomeric mutant through NMR spectroscopy. Another fundamental
issue with respect to the enzymatic mechanism is the coordination of reduced copper, which is the active
center. The three-dimensional solution structure of this 153-residue monomeric form of SOD (16 kDa)
has been determined using distance and dihedral angle constraints obtainétCiréi triple-resonance

NMR experiments. The solution structure is represented by a family of 36 structures, with a backbone
rmsd of 0.81+ 0.13 A over residues-3150 and of 0.56+ 0.08 A over residues-349 and 76-150.

This structure has been compared with the available X-ray structures of reduced SODs as well as with the
oxidized form of human and bovine isoenzymes. The structure contains the classical eight-stranded Greek
key g-barrel. In general, the backbone and the metal sites are not affected much by the monomerization,
except in the region involved in the subun#tubunit interface in the dimeric protein, where a large disorder

is present. Significative changes are observed in the conformation of the electrostatic loop, which forms
one side of the active site channel and which is fundamental in determining the optimal electrostatic
potential for driving the superoxide anions to the copper site which is the rate-limiting step of the enymatic
reaction under nonsaturating conditions. In the present monomer, its conformation is less favorable for
the diffusion of the substrate to the reaction site. The structure of the copper center is well-defined;
copper(l) is coordinated to three histidines, at variance with copper(ll) which is bound to four histidines.
The hydrogen atom which binds the histidine nitrogen detached from copper(l) is structurally identified.

Superoxide dismutase (SOD) is a copper enzyme which The observed rates for these reactions are very kast (
has for many years attracted the interest of researchers, whe= 2—3 x 1®® s 1 M™1) (6, 7). The enzyme is active in both
have had different approaches and goals. In particular, it copper(ll)- and copper(l)-containing forms. Under nonsat-
has been thoroughly characterized in terms of strueture urating conditions, the rate-limiting step is the diffusion of
function relationships so several aspects of the enzymaticsubstrate to the reaction sit®, ). The X-ray structure of
reaction could be understooti3, and references therein). the oxidized bovine isoenzyme has been known for more
This enzyme is responsible of scavenging superoxide radi-than 20 yearsl(0), while more recently, those of the oxidized
cals, catalyzing their dismutation to molecular oxygen and human isoenzymel() and of other isoenzymed%—18)

hydrogen peroxide through the two-step reactién5j were reported. X-ray data are also available for the reduced
species 19, 20) which show some conflicting results (see
C/t+0, —Cu" +0, later).
The protein is constituted by two identical subunits, which
+ - + + i i i i i
Cu"+ 0, +2H"—Cu’*" + H,0, experience extensive contacts, mainly hydrophobic even if

some hydrophilic interactions further stabilize the dimer. The
interacting parts include the N-terminal and the C-terminal
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outside thes-barrel. In the oxidized enzyme, copper(ll) is describing the species in a medium close to the physiological
coordinated by four His’s (His 46, 48, 120, and 63), one of one. Indeed, NMR spectroscopy can clearly monitor the
which (His 63) makes a bridge between copper and zinc. protons and therefore can unequivocally describe the pro-
The zinc ion is bound to three His's (His 63, 71, and 80) tonation status of the His which is bridging in the oxidized
and to an Asp residue, Asp 83, which belongs todrrel. form.

A complex network of hydrogen bonds determines the \We report here the three-dimensional solution structure
orientation of the metal ligands. A long bridge between of the reduced monomeric form obtained by conversion of
copper and zinc is formed by Asp 124 which connects, the two hydrophobic residues, Phe 50 and Gly 51, to two
through H-bonds, His 71 and His 46. The zinc ion is negative hydrophilic Glu groups (hereafter M2SOD). In this
completely buried in the protein. The copper ion sits at the system, Glu 133 has also been changed to a neutral group
bottom of the active site channel, a crevice 13 A deep and (GIn) (hereafter Q133M2SOD). It has been shown that
22 A large, which narrowsot3 A in theproximity of copper substitution of this residue with the neutral Gln increases
(21). The copper ion is solvent-exposed; a water molecule 2—3-fold the catalytic activity of both the dimeric protein

is positioned about 2.5 A (CtO) from copper 22—24). A (31) and the monomeric proteir).

recent XAFS study places this water molecule at 2.2 A at  The NMR structure is compared with the available X-ray

77 K (25). Furthermore, a chain of well-ordered water stryctures of reduced SODs as well as with the oxidized
molecules links this water molecule to the bulk solvent. The forms of human and bovine isoenzymes.

edge of the active site channel is constituted by charged
residues, whose side chains form a H-bond network. TheseMATERIALS AND METHODS
charged residues produce a positive electrostatic field which

drives the negative superoxide ion toward the copper ion. _ S@mple Preparation.The monomeric species of human
The residues involved are Glu 132, Glu 133, Lys 136, and SOD, Where the Phe 50 and Gly 51 residues at the subunit

Thr 137 on one side of the channel and Arg 143 on the other SUPunit interface have been replaced by two hydrophilic Glu
side. The rim of the channel is completed by the side chains residues and where a further mutation at position 133 (Glu
of Glu 120 and Lys 121. to GIn) has been introduced (Q133M2SOD), has been
A series of mutants have been produced and characterizeXPressed as previously reporté@)( TheEscherichia coli
on the residues of the active site chanr@6<37). The TOPP1 strain (Stratagene) was transformed with the plasmld
functional characterization of the wild type enzyme and of i:sa(\:rrylng 1t?e mu_tated SOD gene. The _cells Were grown in
the mutants and the dependence of the enzymatic activity <~ &nd*°N-enriched M9 minimal medium, as previously
on ionic strength have shown that electrostatic interactions €Scribed 43). The protein was isolated and purified as
are extremely important for determining the fast catalytic Previously reported3l). The resulting samples were fully

rates experienced by the enzyme, by increasing the diffusion€nfiched in**N and**C. The copper and zinc content was
of the substrate in the channel toward copper. Activity checked through atomic absorption analysis with a GBC 903

measurements have also shown that there is no cooperativig}Strument.  Reduction was achieved by addition of a 0.1
between the two subunits of the dima8), M solution of sodium isoascorbate (the final concentration

The disruption of the quaternary structure of SOD can be of isoascorbate was in.the range ef@mM, i.e., twice the .
created by mutation of some residues in the interface region.c‘)pp.e.r concentration) in phosphate buffer,'under anaerobic
Indeed, substitution of two hydrophobic residues, Phe 50 andconditions, at pH 5.0. The4® sample contained 10%;0

Gly 51, with two Glu's produced a soluble monomeric form [oF the lock signal. _ _ _
(39). The presence of a cystine bridge was observed with a

However, this monomeric form had a much lower activity SPS-acrylamide gel. The protein was treated with dithio-
than the native dimeric specied9. This behavior raises  threitol (DTT) as a reducing agent and compared to a
the fundamental question about the role of the quaternarynontreated sample. The dimeric wild type (WT) was also
structure of superoxide dismutase in the biological function. US€d as a control experiment.

Why has nature produced a dimer made by two identical NMR SpectroscopyThe NMR experiments were recorded
subunits when they work independently? And why are they on Bruker AMX 600 and Avance 800 spectrometers,
much less active when they are separated? To answer thes@Perating at 14.1 and 18.7 T, respectively. All experiments
questions and to further understand the struetfuaction ~ Wwere performed with a triple-resonance 5 mm probe and with
relationship of SOD, we have undertaken the determination @ BGU unit for self-shielded z-gradients. All NMR experi-
of the solution structure through NMR Spectroscopy of one ments were carried out at 298 K, unless otherwise SpeCified.
of the available monomers. The relatively low molecular ~ To identify side chain spin patterns, an (H)C(CO)NH-
weight of the monomer species (16 000) and the possibility TOCSY @4) experiment was recorded in,@& solution,

of totally labeling the protein witH3C and 5N make the  together with (H)CCH-TOCSY and H(C)CH-TOCSY ex-
determination of the solution structure a feasible goal. X-ray periments 45) carried out in RO solutions.

structures of both oxidized and reduced dimeric species are  NOESY—'°N HSQC and NOESY-'3C HSQC experi-
available for the yeast and for the bovine isoenzymiés (  ments @6) were performed to obtain dipolar connectivities,
14, 19, 20). In the reduced form, the bridge between copper and a HNHA experiment was performed to extr&dtNHA

and zinc is broken at the CtNe2 bond, and in the oxidized  coupling constants4) which are used in structure calcula-
form, the bridge is intact. On the other hand, it has been tions. All the experiments were performed using pulsed field
definitively shown by NMR that in solution the bridge is gradients (PFG) along theaxis. For most of the experi-
broken in the reduced dimeric prote#)((41). The structure  ments, PFG were applied during INEPT and inverse INEPT
determination in solution is also aimed at definitively transfers. Unless otherwise indicated, quadrature detection
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in the indirect dimensions was performed in the TPPI mode initially used for the calibration.

Banci et al.

Calibration was then

(48), and water suppression was achieved with a Watergatemodified iteratively during the structure calculation process.

sequence49).

For the assignment of side chains, (H){CCH-TOCSY and
H(C)CH-TOCSY experiments were performed at 600 MHz,
using 512 tH) x 74 (3C) x 74 (3C) and 512 {H) x 74
(*3C) x 174 (H) points, respectively. Spectral windows of
5000 Hz {H) x 9615 Hz {3C) x 9615 Hz {C) and of
5000 Hz tH) x 9615 Hz {3C) x 4000 Hz {H), respectively,

As far as the cross-peaks involving protons of the metal
ligand histidines are concerned, due to the fractional intensity
of the imidazole HN signals of these residues, an independent
calibration was used for each histidine. The intensities of
intraring connectivities of each histidine were used as
calibration factors to convert peak volumes into upper
distance limits for those cross-peaks arising from the same

were used. Both experiments were performed using PFGhistidine. 3Junnq cOupling constants were obtained from the

for coherence selection and Staté§)(and eche-antiecho
modes for indirect dimensions. The (H)C(CO)NH-TOCSY
experiment was carried out with 20484} x 64 (°N) x
192 (3C) data points over spectral windows of 10 535 Hz
(BC) x 1712 Hz {5N) x 7788 Hz tH). To identify the
coordination mode of metal binding histidines;> HSQC
experiment was performed for measurifiicrs, 2IneHe
2Inshe, and3Jysps coupling constants5). In this experi-
ment, the INEPT delay was set to 22 ms.

Experiments for obtaining constraints for structure calcula-
tions, i.e.,2J coupling constants and NOE intensities, were
carried out at 800 MHz. To extractlunne coupling

ratio between the intensity of the diagonal peak and that of
the cross-peak integrated on thé—'H slices of the HNHA
experiment where the cross-peak has the maximum intensity.
The scalar coupling constants were converted into dihedral
angle constraints by means of the appropriate Karplus
relationship $3). The parameters used for each typebf
coupling constants were those previously publisiat §5—
57). For3Junne values of>8 and<4.5 Hz, thep angle was
assumed to be betweenl55 and—85° and between-70
and —30°, respectively.

The three-dimensional structure was calculated with the
program DYANA (8). Four hundred random structures

constants, a HNHA experiment was carried out using 2048 were annealed in 18 000 steps using the NOESY and angle

real (H), 46 complex ®N), and 56 complex'{H) data points.
States-TPPI was used for both indirect dimensions. The
final data matrix was constituted by 51%H) x 128 (H) x
512 (°N) data points. NOES¥!SN HSQC spectra were
recorded with 2048'H) x 96 (1°N) x 340 (H) data points.

constraints. Stereospecific assignments were obtained with
the program GLOMSAR4).

Metal ions were added in the DYANA calculations using
a special linker (pseudoresidue) called LTNS. A linkeris a
rigid sequence of six dummy atoms spaceA from one

Spectral windows of 3012 and 9615 Hz were used, respec-another, making 90angles and allowing free rotation about

tively, for >N and both'H dimensions. The mixing time
was 130 ms. NOES¥!3C HSQC spectra were collected
with 2048 ¢H) x 256 ¢H) x 128 (3C) data points. Spectral

the central bond between atoms 3 and 4. Linkers can be
chained as many times as needed by overlapping the last
three atoms of one linker with the first three atoms of the

windows of 19 230 and 9615 Hz were used, respectively, next, in such a way to covd A each. The chain of linkers

for 13C and both'H dimensions. The mixing time was 100

does not affect the minimization algorithm as the dummy

ms. Watergate 2D NOESY experiments were carried out atoms have null van der Waals radii. The last dummy atom

to identify connectivities involving histidines of the active
site. Data for an 8kx 2K data point matrix were collected
at 298 K using a mixing time of 130 ms. A similar
experiment was carried out at 288 K, with a mixing time of
60 ms over a 2Kx 1K data point matrix.

in the chain of linkers represents the metal ion (ME) to which
a van der Waals radius of 1.64 A has been assigned. To
allow the two metal ions to span the whole space occupied
by the macromolecule, the protein was extended with a long
chain of 58 linkers in which one metal ion is placed after 29

Data were processed with the standard Bruker softwarelinkers (covering a distance of 30 A) and the second is placed

packages (UXNMR and XWINNMR) or with the software
package PROSA (ETH, Zurich, Switzerland2]. Data

at the end of the chain. Each metal ion is then linked to the
imidazole nitrogen atoms of the coordinated His or to the

analysis and assignment were performed using the programOd1 of Asp 83, with the N-ME or O-ME distance ranging

XEASY (ETH) (53).

Structure Calculations and Refinemenintensities of
dipolar connectivities in three-dimensiona- or 1°C-edited
NOESY and in two-dimensional NOESY spectra, obtained

between a lower limit of 1.8 A and an upper limit of 2.3 A.
The coordination site of each histidine (i.e., which histidines
should be coordinated to which of the two metal ions) has
been determined by perfoming a preliminary DYANA

using a 130 or 60 ms mixing time, were measured using the calculation without inserting the metal ions. This calculation
integration routines present in the program XEAS9)( The defined the conformation of the ligands around the metal
majority of cross-peaks have been obtained from the 3D sites, and therefore their coordination mode. The interresidue
NOESY—'5N HSQC experiment. For those regions of the NOEs unambiguously determine the histidine conformations
spectrum in which there is enough resolution to evaluate in such a way that His 46, His 48, and His 120 are bound to
cross-peak intensities from homonuclear experiments, 2D one of the two metal ions, His 71, His 80, and Asp 83 are
NOESY was used. Dipolar connectivities involvinggH  bound to the other, while His 63 could be bound to any of
protons have been detected in the NOESSC HSQC the two metal ions. Th&H—'N HSQC experiment tailored
experiment. Peak volumes were converted into upper limits to measure théJ NH couplings allowed us to indentify, for

of interatomic distances by following the methodology of each His, the nature of the N atom coordinating the metal
the program CALIBA B4). All the NOE cross-peaks were ion. The linkers only define the metahitrogen distances,
divided in different classes according to the nature of the leaving the conformation of the histidines completely free.
protons involved, and each class was calibrated indepen-In other words, the bond angles at the copper and zinc ions
dently. Cross-peaks corresponding to fixed distances wereare not imposed but can freely change in the structural
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calculations, being determined only by the experimental inter- d
histidine NOEs.

The chemical shift value of the Cys 1465Gitom is
indicative of the presence of a disulfide bridge between Cys a
146 and the unassigned Cys %B). The presence of such
a bond has been confirmed by the experiment with SDS
polyacrylamide gel electrophoresis (see Sample Preparation).
Therefore, the $—Sy distance for these residues was
supposed to range between an upper limit of 2.1 A and a A
lower limit of 2.0 A.

The final DYANA family was formed by the 36 structures
with the lowest target function.

Refinement was performed with restrained energy mini-
mization with the Sander module of the program AMBER b c g
(60). The setup was the same as that used for restrained
energy minimization and dynamics of the reduced form of e
the dimeric protein X9). In particular, the charges of the a
metal ions and their ligands were taken from that work and f
the other force field parameters were set like those previously
reported 19, 61). Force constants of 32 kJ mélfor the
distance and the angular constraints were ué&jl (The
restrained energy minimization calculations were performed, B
in vacuo, following the setup previously reportel®).

The quality of the obtained structures was checked using
the program PROCHECK-NMR6@) and Ramachandran c €
analysis. Structure calculations and analysis were performed f
on an IBM SPO02 parallel computer. g

o,

oy

RESULTS AND DISCUSSION

Assignment of Side Chaing.he set of experiments used )
to perform the backbone assignment and to establish the /\ j
elements of secondary structure of the present monofsgr ( C , /A N /\/ L
was also used to extend the assignment to most of the proton '

and carbon atoms of the side chains. In particular, H(C)- o (ppm) 15 14 13

CH-TOCSY @9, (H)CCH'TOC.SY 49, and (H)C.(CO)NH._ FiGURE 1: 800 MHz,?H NMR spectra of the 1612 ppm region
TOCSY (44) experiments provided most of the information of the Q133M2SOD derivative in 20 mM phosphate buffer at pH

used for the assignment of the side chain protons (first 50 obtained with different suppression schemes of the water
experiment) and of the side chain carbons (the other two signal: (A) presaturation at 298 K, (B) Watergate suppression at
experiments). The first two experiments, carried out with a 298 K, and (C) Watergate suppression at 288 K. Signal assignment
sample in RO, turned out to be particularly useful for those ZVSS(S)S Lollg’i’va:is(%',"% ';';27 higb%gf'\(% :l'\i;iécé's‘”\;ﬁ dHEZ)
residues whose HN signals were not observed or significantly yn 51 His 48.
broadened because of their exchange with the bulk solvent.
The overall assignment of side chain protons and carbonscheme as these protons exchange relatively fast with the
resonances is reported as Supporting Information. Ninety- bulk solvent. This could be related to their different solvent
three percent of the side chain proton resonances have beeaccessibilities. From their behavior, it appears that the
assigned. Overall, 88% of the total proton resonances havesolvent accessibility of His 80 and His 63 in this derivative
been assigned. No information was obtained on the sidejs larger than that in the case of the reduced dimeric protein
chains of the two residues, Cys 57 and Thr 58, for which no and of the monomeric M2SO[39). In the latter derivatives,
backbone signal was previously assigné@).( The complete  the imidazole HN signals of His 80 and His 63 can be easily
H, 13C, and*N resonance assignment is reported in the detected at 298 K, with a 13354) and a Watergate4)
Supporting Information. pulse scheme for water suppression. On the other hand, in
Assignment of Acte Site ResiduesFigure 1 shows a  this derivative, the exchange with the bulk solvent results
comparison of the 1612 ppm region of the'H NMR more quickly, as a 10 K decrease in temperature (288 K) is
spectrum obtained at pH 5.0 with different suppression required to detect them.
schemes of the water signal (Figure 2&). At this pH The assignment of th&H signals of the ring protons of
value, all the metal-coordinated histidines are protonated atthe coordinated histidines is obtained from theNOESY
the ring nitrogen not involved in a bond with the metal ion. experiments. Their shifts are almost identical to those
Consistent with what has previously been observed in the observed for the reduced M2SOD derivati@9) The!*N
reduced form of the dimeric proteirl@ and of the M2 resonances of the histidine rings can easily be individually
monomeric analogued®), the intensities of the histidine ring  defined in thelH—"N HSQC experiment on the basis of
HN signals are strongly dependent on the solvent suppressiortheir shift values. Furthermore, the resonances due to the
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addition, this experiment shows that the imidazolate bridge
. ‘ between the two metal ions, formed by His 63 in the oxidized
S T R form, is broken at the CtuNe2 bond, while the ZaNJ1
) ! H71 T $:180 bond of His 63 is conserved.
‘ Structure Calculations A total of 2508 upper distance

P limits and 65 dihedral angle constraints were assigned. They
were used as input for the program DYANBS). Of these
constraints, 469 upper distance limits were found to be
! irrelevant as they can never be violated or arise from protons
L F220 at fixed distances. A total of 2039 upper distance limits and
P 65 angle constraints together with 16 hydrogen bonds were
‘ used in all the subsequent calculations. Criteria for the
identification and use of H-bonds have been previously

; ‘ 8.0 75 7.0 6.5 6.0 reported 68). The number of costraints, divided in classes,

H'8 (ppm) are listed in Table 1. The average number of meaningful
FiGURe 2: 800 MHz,*H—15N HSQC spectrum of Q133M2SOD  structural constraints per residue is 13.8. The number of
obtained using 22 ms for the INEPT transfer delay. The sample gxperimental NOEs per residue (subdivided according to their
conditions are as described in the legend of Figure 1. . P - i

class) is reported in Figure 3A. Twenty-nine stereospecific

nitrogens coordinated to the metal ions have shift values assignments were obtained with the program GLOMS4).(
around 220 ppm while the noncoordinated nitrogens have The metal ions have been included by allowing copper to
values of around 180 ppn®1). The assignment of each bind to Ne2 of His 48 and His120 and todlof His46 and
15N resonance to the specific nitrogen type (i.e31Nr Ne2) allowing zinc to bind to M1of His 63, 71, and 80 and to
can be determined througii—°N heteronuclear experi- 001 of Asp 83. Lower and upper distance limits of 1.8 and
ments, by detecting th&) N—H coupling between the 2.3 A, respectively, were imposed between the metal ions
imidazole nitrogen and the nonexchangeable imidazole and the donor atoms (see Materials and Methods for the
protons 65—67). Figure 2 shows a portion of thél—15N strategy of the procedure).
HSQC spectrum collected using the INEPT delay optimized A family of 36 structures with a target function lower than
for detecting®) 5N—1H couplings. N2 nuclei experience 2.0 A? (the best structure has a target function of 1.2 A
two 2J couplings, i.e., with |1 and H2, while the N1 was obtained. These values correspond to an rmsd for the
nuclei experience only orfd coupling with H1. Through experimental constraint of 0.026 0.08 A. This family of
the sequence-specific assignment of proton resonances, thetructures was refined by performing restrained energy
sequence-specific assignment BN resonances is also  minimization on each member. The final family is charac-
obtained. It turns out that His 48 and His 120 are coordinated terized by an average rmsd value from the mean structure
to the metal ion through thed2 atom and that His 46, 63, of 0.81+ 0.13 A for the backbone atoms and of 1.23
71, and 80 are coordinated through théINatom. In 0.14 A for the heavy atoms (the rmsd values are calculated

0 .

——- ‘*Q N

15N 3 (ppm)

B

Table 1: Restraint Violations and Structural and Energetic Statistics for the Solution Structure of Reduced Q133M2SOD

REM REMO
rms violations per experimental distance constraint (A)
intraresidue (309) 0.02%& 0.003 0.023
sequential (589) 0.01% 0.002 0.013
interresidue short-range @ |i — j| < 5) (253) 0.024+ 0.005 0.030
interresidue long-rangéi(— j| > 5) (888) 0.024+ 0.002 0.022
total (2039) 0.022+ 0.001 0.021
rms violations per experimental dihedral angle constraint (dég) 1.85+ 0.31 1.81
average number of violations per structure
intraresidue 13.3% 2.23 12
sequential 14.08 2.68 13
interresidue short-range @ |i —j| < 5) 1417+ 2.64 16
interresidue long-rangeéi(— j| > 5) 43.11+ 4.07 34
dihedral angle 6.78& 1.97 6
total 84.75+ 6.26 75
violations larger than 0.3 A 0.22 0.41 0
violations between 0.1 and 0.3 A 31.474.58 34
largest violation (A) 0.38 0.28
energy of nonbonded interactions (kJ il —98164 297 —10140
PROCHECK-NMR
% of residues in most favored regions 676@.44 73.0
no. of bad contacts/100 residues 0.258.20 0
H-bond energy (kJ mot) 3.18+0.15 3.13
overall G-factor —0.39+£ 0.02 —-0.41

a2 REM indicates the energy-minimized family of 36 structures, @#EMCis the energy-minimized average structure obtained from the coordinates
of the individual REM structures, best fitted to each otfiéihe number of experimental constraints for each class is reported in parentriEses.
program PROCHECK-NMRE3) was used to assess the overall quality of the structure. For the PROCHECK statistic, less than 10 bad contacts
per 100 residues, an average hydrogen bond energy in the range-@f.@6J mot?, and an overalG-factor larger than-0.5 are expected for a
good quality structure.
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Ficure 4: Tube representation of the family of 36 accepted
structures of Q133M2SOD obtained with DYANA calculations and
refined with REM calculations. Structures were aligned by best-fit
superimposition of C, &, and N atoms of residues-38 and 63-
150. The drawing was produced with MOLMOLS).

RMSD (A)

in the generously allowed regions, and 2.5% (three residues)
in the disallowed regions. The three residues in the
disallowed regions are Lys 23, Glu 50, and Ala 55 which
belong to regions of high disorder. Also, the two residues
that are in the so-called “generously allowed regions” (Thr
54 and Ala 60) belong to disordered loop IV.

Amino acid

Ficure 3: (A) Number of intraresidue (white), sequential (light
gray), medium-range (gray), and long-range (black) NOEs per

residue in reduced Q133M2SOD. (B) Backbor®) (and heavy The PROCHECK-NMR analysis identified the following
atom () rmsd values per residue with respect to the average secondary structure elements: eighstrands made up of
structure of Q133M2SOD. residues 39, 15-21, 29-36, 41-48, 83-89, 96-101,

for residues 3-150). The rmsd per experimental constraint 116-120, and 143151 and aru-helix for residues 132
is 0.0194 0.006 A. The rmsd values per residue, with 137. The structure shows the typical SOD Greek key,
respect to the average structure, are shown in Figure 3B.formed by an eight-stranded-barrel. Such secondary
The structures of the family have been averaged and thenstructure, which was previously predicted from the analysis
minimized to produce the average structure used in the ©f medium- and long-range backbone NOBS)( is very
following analysis. A statistical analysis of the family of Well-defined. The average rmsds for the protein segments
structures and of the average structure is reported in Tableof the S-barrel are 0.30+ 0.05 and 0.804+ 0.08 A for
1. It can be seen that the agreement with the experimentalPackbone and all heavy atoms, respectively. This shows that
constraints is quite good, for all their types, with very low the -strands are characterized by lower disorder than.the
violation constraints within each class. loops connecting them. Other than the N- and C-terminal
General Shape of the Protein and Comparison with X-ray Parts, the most disordergd regions are those extending from
Data A tube representation of the family of structures residue 23 to 27 (belonging to loop Il) and from residue 50
(backbone and metal ions only) is shown in Figure 4. The t0 68 (belonging to loop 1V). A disorder larger than the
quality of the structure was assessed through back-calculatior@Verage rmsd (see Figure 3B) is present also for residues
of the NOESY cross-peaks on the minimized averaged 107—110 (belonging to loop VI).
structure. The calculation, carried out with the CORMA  The high rmsd values for the residue stretch of-69
program 69, 70) by using a single correlation time, was are particularly striking, possibly an indication of local
performed for the NOES¥*N HSQC spectrum as the large  mobility (study in progress). The global average rmsd values
majority of the peaks were assigned in this map. This for backbone and all heavy atoms drop to values of @56
analysis showed that a very small number of expected NOEs0.08 and 1.04+ 0.08 A, respectively, when they were
with significant intensity, located in disordered regions, are calculated without residues 5®9. This protein stretch,
missing in the experimental maps and that all the expectedwhich contains the two mutated residues (Phe 50 and Gly
NOEs between assigned protons have been assigned. Th&1) in the present monomeric species, is involved in
structure was evaluated with the Ramachandran plot and thehydrophobic intersubunit interactions in the dimeric fod@, (
PROCHECK-NMR analysis (Table 1). Itturns outthat 96% 11, 21). These interactions are determined to induce the
(117 residues) of the non-glycine and non-proline residues dimeric state of the native proteifh@ 11, 21). Itis therefore
have thep angle in the allowed region, 1.6% (two residues) reasonable that, once the hydrophobic interactions producing
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the dimeric form are eliminated, this loop is dramatically
affected. In the protein region of residues-&®, we have
not been able to assign five backbone HN signals out of ten

Banci et al.

because of their role in “building” the Greek key structure
and in “designing” the metal binding sites and the active
cavity of the system. In this monomeric structure, the

amino acids. This could be due to an exchange broadeningresolution of some side chains is such that some H-bonds
of these signals due to the large exposure of the correspondare unambiguously identified. Therefore, it has been possible

ing protons to the solvent. Furthermore, in this region,
several connectivities, which are expected on the basis of
the structure, have not been identified due to the lack of NH
signals. However, the backbone conformation of this region
in all the available X-ray structures of SOD lies substantially
inside the family.

Loop VI (residues 102114) is also partially involved in
intersubunit interactions in the dimeric protein. As it occurs
for residues 5668, the disorder observed for residues-+07

to observe a few differences in these interactions. In the
dimeric form, Asn 86 is H-bonded to Gly 44 and Asp 124.
These H-bonds are not observed in the present structure.
Indeed, Asn 86 shows a completely different orientation of
they, angle that prevents the formation of these two H-bonds.
The H-bond between Arg 115 and Glu 49 is not observed
in the present structure because of the high disorder of these
residues. Arg 115 also makes H-bonds with Ser 111 in the
dimeric proteins. The latter residue is well-resolved (and

110 can be reasonably ascribed to the absence of the secongbnserves all its H-bonds that are important for the thermal

subunit in the monomer.

The overall picture is that, while loops I, Ill, and V are
quite well-defined, even loops II, IV, and VI are much more
disordered. This quite systematic behavior could be related
to the fact that odd loops lie on the opposite side of the barrel
with respect to the protein region involved in the formation
of the dimer. The even loops constitute the most critical
part of the protein as they either define the active site channel
(loop IV) or define the interface between the monomeric units
(loops IV and VI). Furthermore, on average, even loops are
always longer than odd loops. This could be responsible
for the larger mobility. It is therefore evident that, when
the interactions that stabilize the dimeric form are eliminated,
the regions of the subunits interacting with each other are
now exposed to the solvent and may be less restricted in
their internal motions, thus producing a loss of resolution in
those regions. The extent and time scale of these motion
are under investigation.

In addition to the extensiv@-strand structure, a short
a-helix is formed in the segment of residues +337. Such
a helix is stabilized by the H-bond between the CO of Thr
135 and the peptide NH of the zinc-bound His 71. The latter
is in turn H-bonded also to the carboxylic group of Asp 124
which forms H-bonds with both His 71 (zinc-bound) and
His 46 (copper-bound). Such a network of H-bonds is
conserved in all the X-ray structures of the dimeric isoen-
zymes and was previously proposedil)( to have an
important role in stabilizing the active site structure and in
determining the orientation of the-helix with respect to
the active cavity. As ther-helix contains several charged
residues, its orientation is relevant for determining the
electrostatic potential at the active site chanid) (

The presence of the Cy£ys bond between residues 146

S

stability of the protein) in the present monomeric structure,
but it is displaced with respect to the position in the dimeric
enzyme. Although Arg 115 is quite disordered, it is likely
that such a H-bond is effectively missing in the present
derivative. The two residues are quite close to the subunit
subunit interface. The role of such a H-bond is to connect
loop IV and loop VI, which form the “base” of the barrel.
Again, this could be related to the monomerization of the
protein.

Metal Sites. The copper ligands are well-defined with a
single conformation. A stereoview of the structure of the
active site is shown in Figure 5. For all residues but Asp
83, the rmsd values calculated by considering all heavy atoms
are smaller than 1.0 A, i.e., by far smaller than the average
rmsd values observed for the other parts of the protein. The
rmsd between the average position of the seven ligands of
the metal ions of this monomeric structure and those of the
reduced form of the dimeric yeast SOD is 0.44 A. It is
apparent that there are no major differences between the
structure of the metal ligands of the dimeric protein and of
the monomeric mutant, with the exception of the bridging
histidine.

In the present structure, the copper(l) ion is tricoordinated,
while the zinc is regularly tetracoordinated. The HN
imidazole protons are solvent-exposed, consistent with their
exchangeability with the bulk solvent. His 63 is protonated
at the N2 position, the bound proton resonating at 12.6 ppm.
His 63 is bound to zinc and points toward copper outside its
coordination sphere. The distance between copper add N
is now 3.5 A, while it is 3.2 A in yeast SOD2(). This
distance, in the structure of the reduced dimeric bovine
enzyme, is as short as 2.3 A9j, consistent with the presence

and 57, where the latter residue has been proposed to stabilizef the coordination bond between Cu and His 63. The

the orientation of Arg 1431(1), can be inferred from the
chemical shift values of Cys 146 that are typical of a cystine
residue §9). Furthermore, SDSpolyacrylamide gel elec-

distance between copper and the hydroge éf His 63 is
3.0 A in the present structure, which is consistent with the
van der Waals distance, whereas the value of 2.6 A, reported

trophoresis clearly showed the presence of a cystine bridgefor reduced yeast SOD, violates the van der Waals distance.
in solution. As they are the only two Cys residues in this NMR provides unambiguous experimental evidence that His
protein, Cys 146 and Cys 54 are bound by a disulfide bridge. 63 is not coordinated to the copper ion. This is consistent

Relevant H-Bonds. Several authors pointed out, over the with what was previously described for the dimeric protein,
years, the relevance and the role of several H-bonds in thein the native state25, 40) and in the cobalt(ll)-substituted
structures of the dimeric proteins that are largely conservedderivative @1). Analogous coordination geometry for the
over most of the known isoenzymedQ( 11, 71). In copper ion was previously proposed from NMR data in the
particular, the occurrence of some H-bonds involving side native, reduced form of the M2SOD monomeric add38)(
chains of invariantly conserved residues with backbone atomsin only one X-ray report on the reduced bovine enzyme, His
has been noted. Such interactions have been pointed ou63 was found to be still bridging the two metal sitd9)
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HIS 46 ASP 83 HIS 46 ASPF;S:’)

4,HIS 80 &HIS 80

HIS 46 AP B3 HIS 80

HIS 120 HIS 120

FicurRe 5: (A) Stereoview of the active sites of the reduced human monomer (Q133M2SOD) (black) (present structure) and of the reduced
yeast dimer (gray)20). (B) Stereoview of the active sites of the reduced human monomer (Q133M2SOD) (black) (present structure) and
of the oxidized human dimer (gray21). The spheres represent the van der Waals radius of the metal ions.

While the position of metal ion ligands is very close to hand, the side chains of the other residues belonging to the
that in the reduced dimeric yeast isoenzyme, the copper ionelectrostatic loop, i.e., Glu 132, Glu 133, and Lys 136, are
experiences an average movement of about 0.6 A away fromoriented differently in the various isoenzymes, whereas the
His 63 and downward in the cavity. This movementis even oxidation state of copper does not seem to affect their
larger with respect to the X-ray structure of the dimeric position. Glu 133 is invariantly H-bonded to the hydroxyl
reduced bovine SOD (1.2 A) where the bridge is intact group of Thr 137, and the Lys 1365lu 132 and the Thr
(Figure 5). The position of copper in the latter protein is 137—Glu 133 H-bonds are well-conserved.

relatively close to that found in the oxidized form of the  the active site channel of the present monomer, compared
same bovine isoenzyme. Also, the zinc ion experiences ay it the X-ray data of the oxidized dimeric protein from

movement, in the opposite direction with respect to Copper; \ha same source (i.e., the human isoenzyme), is shown in

'Figure 6. In the present system, the Glu 133 is replaced by
a GIn. The backbone and the side chain of Thr 137 remain
o ; . . almost unaltered with respect to the X-ray structure of the
contnt_)utmg to the increase in the distance between COPPET xidized dimeric protein. However, in the present case, the
and His 63. oxygen and not the proton is involved in the H-bond with

The movement is the opposite of that occurring during Gn133. In other words, Thr 137 is transformed from proton
anion binding to copper(ll). Such movement had been 4, proton acceptor.

d t ic basig)(and lat firmed
proposed on a spectroscopic bagig)(and later confirme We observe that Glu 132 and GIn 133, which point toward

by X-ray studies 73). : , 3

Active Site Channel The active site channel is formed the copper ion, have shghtly shorter dls'Fances fro_m_ the
by electrostatic loop VII which also contains the short copper ion than they have in the human wild type oxidized
a-helix, on one side, and by loop IV on the other. It has protein. The side chain of Lys 136 is moved toward residue
been previously proposed that a H-bonding network inside 133 and toyvard the internal surfacg of the cavity. THe N
the cavity, formed by the side chains of some residues Of. Iays 136'&5.11'5’ Ak:‘rom COpp.g.rWZ'%h ShO.UId be comparled
belonging to loop VII, plays a major role in increasing the with 13.2 A in the human oxidized dimeric enzyme. Glu

ging D play ] g 132 moves in such a way that its negative CGfarboxylate

diffusion rates of the superoxide radical inside the cavity ; , itive N
(31). Such a network is supposed to optimize the conforma- 9r0UP iS almost in the same place where the positive™NH
of Lys 136 is in the dimeric protein. No H-bond is formed

tion of the electrostatic loop for driving superoxide toward ~' =Y~ i

Arg 143 and stabilizing it 26, 35, 74). The interaction  With either GIn 133 or Glu 132 (Figure 6).

betweeen superoxide and Arg 143 is the last step for The Thr 58, belonging to loop IV, that faces Glu 132 and
superoxide before the electron transfer occurs. Facing ArgGlu 133 and defines the “top” of the active cavity is 14.0 A
143 there is a Thr residue (Thr 137), which belongs to the from the copper ion. Therefore, the shallow crevice of the
electrostatic loop. Arg 143 and Thr 137 form a sort of active site channel is about 14 A deep and 19 A wide (the
bottleneck in the active cavity. The X-ray structures of Thr 58 Cy—Glu 132 & distance is 19 A on average). The
various dimeric isoenzymes, both in the oxidized and in the width of the shallow crevice is decreased by ai@®# with
reduced state, show no significant changes in the orientationrespect to that of the human oxidized dimeric protein, where
of the side chains of Arg 143 and Thr 137. On the other it is about 22 A.

thus, their distance is 7.2 A in the present monomeric protein
while itis 6.7 A in reduced yeast SOD. His 63 in the present
structure follows the zinc ion in this movement, thus
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ARG 14

GLN 133

FiGure 6: Stereoview of the active site channel of the reduced human monomer (Q133M2SOD) (black) (present structure) and of the
oxidized human dimer (grayRQ).

Although both loops IV and VII are relatively disordered, essentially determined by the conformation of the charged
the residues forming the active site cavity are well-defined. residues in electrostatic loop VII.

The side chain of Arg 143, belonging to loop VII, is tilted  |mplications for the MechanismsThe present solution
up with respect to its original position in the human oxidized structure of a monomeric form of SOD can shed light on a
dimeric enzyme. The position of Arg 143 in the latter is few aspects of the enzymatic mechanism of SOD and on
determined by the three H-bonds occurring between thethe factors affecting the catalytic rates. In this reduced
carbonyl oxygens of Cys 57 and Gly 61 and protons of both monomeric form, the bridge between copper and zinc is
N71 and Ny2 groups of Arg 143 and between the carbonyl invariantly found to be broken in solution, as in the case of
oxygen of Thr 58 and one#\ proton of Arg 143. None of  all the other investigated reduced isoenzymes.

these H-bonds is observed in the present structure. This is Upon reduction, a hydrogen atom is needed to protonate
due to the disorder of Cys 57 and Thr 58. Indeed, they are jis 3. The position of this proton is at van der Waals
in the mostd_isordered region of Io_op IV. This _di_so_rder leads gistance from copper(l) and is strategically located to be
to the breaking of the H-bonds with the guanidinium group jnyolved in the catalytic mechanism, presumably by interact-
of Arg 143. The consequence is that the latter moves awaying with 0, (22). A H-bond between His 63 and,Ocould
from its position (3 A, on average), and is less buried in the e’ the responsible for the attraction of an electron from
cavity. The Cu-N»nl and—N#2 (Arg 143) distances are copper(l) to Q-, with the subsequent formation of HO

e e 1K o o s mtenss i Thecoordnaton proeries of copper are oy lighly
distance is due. to the .movement of A.rg 143. which is affecte_d by_ the monomerization which, however, induces a
. ' . reduction in the catalytic rates of about one order of
partially balanced by the movement of copper (see Figure magnitude. It had been previously proposed that the
6). geometry of copper has little influence on the catalytic rates
As the electrostatic field produced by the active channel (28). Furthermore, the reduction potential of the copper ion,
is of great relevance for attracting superoxide to the active even if slightly lowered is still suitable for performing @
site and therefore for determining the catalytic rates, an dismutation as the monomeric form still performs the two
analysis of the changes in this field determined by the reactions, even if at lower rates. On the contrary, point
structural changes is quite significant. In Figure 7, the mutations of residues in the active site channel do affect such
electrostatic potential surfaces of the present structure andrates 28, 29, 33). Indeed, the conformation of the side
of a reduced and oxidized form are shown. The presentchains of residues belonging to the electrostatic loop,
reduced monomeric form is characterized by a relatively important for determining the catalytic rates, is strongly
small surface with a positive potential, just at the bottom of affected by monomerization. The conformations in this loop
the active channel, which is surrounded by large areas ofare substantially independent of the oxidation state, as
protein with negative electrostatic potentials. On the con- observed by comparing the oxidized and reduced X-ray
trary, the reduced form of a subunit of yeast SOD, which is structures of the bovine and yeast isoenzymes and as it would
characterized by the same charges at the copper site, showse inferred from the identity of the catalytic rates for the
a more extensive positive surface. Also, a single subunit of oxidized and reduced forms of the enzyrée?5). Relevant
the human oxidized SOD, which has the same charge as thefor the efficiency of the catalytic function may be the change
reduced form with the broken bridge, has a larger positive in position of the positive guanidinium group of Arg 143,
surface around the entrance of the active site channel. Thewhich in the present system is further from the copper ion
comparison of the distribution of the electrostatic potential and therefore from the reaction site.
on the surface of the single subunit and of the entire dimer
of the oxidized human structure indicates that the increased™ ith . .
.- . . . - as been spectrophotometrically observed that ferrocyanide is
positive potentials on the rims and in the active channel are not aple to reduce the copper(il) ion in this monomeric form, which is
not affected by the presence of the other subunit, thus beinghowever reduced by ascorbate.
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channel is much less positive than in all the dimeric forms
for which the structure is available. Therefore, the confor-
mations of loop VII and of Arg 143 in the monomeric form
of SOD are not optimized for fast diffusion rates of the
substrate at the reaction site.

CONCLUDING REMARKS

SOD is an important metalloenzyme both for its biological
role in oxygen and radical scavenging and for its possible
use in organ preservation. The presence of SOD mutants
has been tentatively related to familial amyotrophic lateral
sclerosis (FALS) pathology2(, 76, 77). The solution
structure of the reduced state of a monomeric form, here
determined for the first time, has shown that the folding is
the same for all the known SOD structures, with the typical
eight-strandegB-barrel. At the metal sites, the structure is
similar, though not identical, to one of the two crystal
structures of the reduced stat20), with the imidazolate
bridge between copper and zinc clearly broken at the copper
site. The charged residues, which form and surround the
active site channel, have quite different conformations with
respect to dimeric proteins which produce a less positive
electrostatic potential at the entrance of the channel. It turns
out that the electrostatic potential and size of the active site
channel are optimized for O diffusion in the wild type
dimeric protein. In the present monomeric species, where
the activity is about one order of magnitude smaller, the
orientation of several residues, e.g., Arg 143, etc., is different
from that in the WT dimeric protein. This is, at least partly,
due to the absence of a second subunit which is capable of
ordering the active channel and of providing a favorable
orientation of the residues inside the active site channel, thus
affecting the electrostatic potential.

The correct location of B2 of His 63 which is close, at
van der Waals distance from copper(l), is an important
structural result. This proton maintains the same charge at
the active site, both in the oxidized and in the reduced
proteins. Its location is presumably relevant for attracting
one electron from copper to superoxide and for the formation
of H-0..
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Ficure 7: Electrostatic potential mapped onto the surface of the . 1 15 .
reduced human monomer (Q133M2SOD) (top), reduced yeast dimer A table listing thelH,. %C, and®™N resonance assignments
(middle), and oxidized human dimer (bottom). The electrostatic of reduced monomeric Q133M2 Cu,ZnSOD at 298 K and

potential is color-coded with red for negatively charged, blue for pH 5.0 (4 pages). Ordering information is given on any
positively charged, and gray for neutral regions. The position of
the copper ion is indicated. The figure was drawn with MOLMOL current masthead page.
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