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The superoxide dismutase (SOD) enzymes are important antioxidant
agents that protect cells from reactive oxygen species. The SOD family is
responsible for catalyzing the disproportionation of superoxide radical to
oxygen and hydrogen peroxide. Manganese- and iron-containing SOD
exhibit product inhibition whereas Cu/ZnSOD does not. Here, we report
the crystal structure of Escherichia coli MnSOD with hydrogen peroxide
cryotrapped in the active site. Crystallographic refinement to 1.55 A and
close inspection revealed electron density for hydrogen peroxide in three
of the four active sites in the asymmetric unit. The hydrogen peroxide
molecules are in the position opposite His26 that is normally assumed by
water in the trigonal bipyramidal resting state of the enzyme. Hydrogen
peroxide is present in active sites B, C, and D and is side-on coordinated
to the active-site manganese. In chains B and D, the peroxide is oriented
in the plane formed by manganese and ligands Asp167 and His26. In
chain C, the peroxide is bound, making a 70° angle to the plane.
Comparison of the peroxide-bound active site with the hydroxide-bound
octahedral form shows a shifting of residue Tyr34 towards the active site
when peroxide is bound. Comparison with peroxide-soaked Cu/ZnSOD
indicates end-on binding of peroxide when the SOD does not exhibit
inhibition by peroxide and side-on binding of peroxide in the product-
inhibited state of MnSOD.

© 2010 Elsevier Ltd. All rights reserved.

Keywords: manganese superoxide dismutase; X-ray crystallography; hydro-
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Superoxide dismutases (SODs) are important
antioxidant enzymes that protect against toxic
oxygen metabolites and are found in all cells. The
sodl gene codes for the cytoplasmic copper/zinc
forms, sod2 codes for the mitochondrial manganese
form, and sod3 codes for the secreted extracellular
form." Defects in SODs are relevant to brain
pathology, cancer, and other late-onset diseases.?
For example, mutations in SOD are associated with
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the inherited form of amyotrophic lateral sclerosis,
or Lou Gehrig’s disease, a fatal neurodegenerative
disorder.>*

The MnSODs from bacteria are homologous to
human SODs and have similar monomeric folds and
practically identical active-site geometries.””
MnSODs can be either homodimers or homotetra-
mers, where each subunit has a molecular mass of
~22 kDa. Escherichia coli MnSOD, as well as the
homologous FeSOD, functions as a homodimer (as
shown in Fig. 1a). Human MnSOD functions as a
tetramer. Each MnSOD subunit is composed of two
domains, which flank the active-site manganese
(Fig. 1b). The N-terminal domain contains two a-
helices and the C-terminal domain contains four a-
helices and a three-stranded antiparallel p-sheet.
Each domain contributes ligands that coordinate to
the active-site manganese. His26 and His81 from the

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fig.1. MnSOD ribbon diagrams. (a) MnSOD homodimer; the active-site manganese is pink, a-helices are cyan, and
B-strands are magenta. (b) Individual monomer (chain B) with active-site manganese, bound peroxide, and active-site
residues (oxygen, red; nitrogen, blue; carbon, yellow). Secondary structural units, including a-helices, p-strands, and

N- and C-termini, are labeled.

N-terminal domain and Asp167 and His171 from
the C-terminal domain are covalently bound to the
active-site manganese. In the resting state, the active
site has a distorted trigonal bipyramidal geometry
with a water molecule in the fifth position (opposite
His26 in Fig. 2d). MnSOD and FeSOD inhibitors
such as sodium azide and hydroxide bind to the
manganese in the sixth position (opposite Asp167 in
Fig. 2a) in a distorted octahedral geometry.

SODs are characterized as some of the fastest
known enzymes with a ke,¢/ Ky, of 10°M s tand
are rate-limited only bg the diffusion of their
substrates and products.” SOD catalyzes the dis-

(@) mis171 (b)

His171

His81

mutation of superoxide to oxygen and hydrogen
peroxide, utilizing a reaction mechanism that
involves the cyclic transition of the metal ion
between the trivalent and divalent state as they
oxidize their substrate.” MnSOD exhibits strong
product inhibition whereas Cu/ZnSOD does
not, 10-14

k
P-Mn* + 05" ;:& [P-Mn** - O;]

-1

& p-Mn2* 40, (1)

(€) misi7 (d) His171

His81

Chain A: octahedral ChainB & D Chain C trigonal bipyramidal

Fig. 2. Schematics of MnSOD coordination states found in peroxide-soaked crystals (a—c) and the normal resting state
(d). (a) Chain A contained a six-coordinate octahedral active site with two hydroxides bound. (b) Chains B and D
contained one peroxide bound in the plane with Asp167 and His26. (c) In chain C, the hydrogen peroxide is bound at an
angle to the plane and hydroxide is observed in the second position. (d) The five-coordinate trigonal bipyramidal

coordination state found in most crystal structures.
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B ke N _Di . . -
P-Mn2t + 0; + H & [P—Mn2+ -0, ] Table 1. Diffraction data and refinement statistics
3 A. Data
ky Space grou C222
+ M3t pace group . 1
+2H" < P-Mn™" + H,O, () Unit cel dimensions (4) 2=100.85, b=107.42, c=180.04
o Resolution range (A) 50-1.55
No. of unique reflections 135,945
ks T ks Average redundancy 8.5
P-Mn3+-X (3) Completeness (%) 96.4 (82.0)
/o 22,0 (2.2)
Here, P-Mn represents the protein bound to metal ~ Ryym (%) 5.8 (43.4)

in the trigonal bipyramidal geometry. The product-
inhibited form of the enzyme is represented as P-
Mn**-X in Eq. (3).

One proposed reaction mechanism based on
crystal structure analysis and X-ray absorption
studies suggests that superoxide coordinates to the
metal atom and becomes oxidized to hydrogen
peroxide in a two-step mechanism, during which
the coordination state of the active site goes from
five-coordinate trigonal bipyramidal to six-coordi-
nate octahedral and back to five-coordinate (5-6-5
mechanism) again.'”"” It was also concluded that
anionic inhibitors bind in the same orientation (end-
on) and position (sixth) as the substrate superoxide.
A second mechanism, called associative displace-
ment, was proposed from studies on temperature-
dependent absorption or thermochromism of anion
complexes.'® Tt is believed that in this mechanism,
six-coordinate anionic complexes represent an inac-
tive form of the enzyme, and in the active form, the
metal ion is always five-coordinate, with anion
binding displacing one of the manganese ligands
(bound water or Asp167). This study on the binding
of peroxide to the active site should show how
product can inhibit the enzyme and shed some light
on the mechanism employed by MnSOD.

Due to the fast catalytic rate of SOD enzymes, it
has proven difficult to trap reaction intermediates of
SOD. Inhibitory hydroxide binding to MnSOD was
observed by cryotrapping.'” More recently, a
cryotrapped peroxide binding to Cu/ZnSOD
reported end-on binding of peroxide to the active-
site copper.”” In this study, we have applied these
cryotrapping techniques to solve the structure of E.
coli MnSOD with bound peroxide. We were able to
trap peroxide in the active site of MnSOD and
visualized side-on binding of peroxide to the active-
site manganese. The peroxide displaced the water
normally bound to manganese.

For the structure determination of peroxide-
bound MnSOD, cryocooled synchrotron diffraction
data from a crystal soaked in reservoir solution
containing 20% glycerol and 0.008% peroxide were
collected (Table 1). The structure was solved using
the complementary, non-soaked, cryocooled struc-
ture solved previously [ID5N] that contained two
hydroxides in a distorted octahedral active site due
to the pH used for crystal growth (pH 8.5)."” All
solvent and active-site metals were removed from
the starting coordinates, and simple molecular
replacement was done by rigid-body refinement
followed by restrained-positional refinement using
Refmac to 1.55 A resolution.”” The protein model
was compared to omit electron density maps and fit.

B. Refinement
Contents of model

Protein 4 %205 amino acid residues
Manganese 4
Hydrogen peroxide molecules 3
Hydroxide ligands 6
Water molecules 492
Geometry i
r.m.s.d. bonds (A) 0.011
r.m.s.d. angles (°) 1.339
X-ray data (%) .
R-factor (20-1.55 A) 22.7
Rfree (20-1.55 A) 27.0
Average B-factors (A%
Protein 6.83
Manganese 2.75
Hydroxide/Peroxide 3.14
Water 9.31

E. coli MnSOD crystals were grown as previously described'® and
then soaked in reservoir solution containing 20% glycerol and 0.008%
hydrogen peroxide for 1 h. The crystal was mounted on a loop and
flash-cooled in a nitrogen stream at 100 K. Diffraction data were
collected at Stanford Synchrotron Radiation Lightsource beamline 7-1
in April 2001 with N=1.08 A using a Mar345 detector and were
processed using HKI.2000." Reym = 3 1 {Twa) = Tnia | /3 T
Refinement was carried out using Refmac5.5.2 The 1.55-A
structure of E. coli MnSOD (1D5N) was used as a starting
model.'” All solvent and manganese atoms were initially removed
from the structure, and the initial R value was 47.3%. The R value
was decreased by iterative cycles of rigid-body refinement where
the resolution was increased in steps (R=37.5% and Ryee =40.2%).
The structure was then subjected to 20 cycles of restrained
refinement to 1.55 A. F,—F. maps showed density for manganese
in each of the four active sites. Manganese was therefore added to
each active site and then subjected to another 20 cycles of
restrained refinement. Following refinement, active sites B, C,
and D showed density for Mn-bound hydrogen peroxide. Partially
occupied peroxides and hydroxide were then added to the active
sites followed by another round of restrained refinement.
Ramachandran analysis in Procheck indicates that 90.9% and
7.5% of residues fall within the sterically most favored regions and
additional allowed regions of a Ramachandran plot, respectively.”
Side chains in the region 101-110 displayed poor electron density
in chain B, but these side chains were retained in the model.

Completely new solvent structure was modeled
with Coot,* and active-site manganese ions with
their covalently bound peroxide and/or hydroxide
ligands were modeled by-hand into omit electron
density maps (Fig. 3; Table 1). Due to cryocooling
and diffraction that extended beyond the edge of the
X-ray detector, the protein atoms have low mobility
with a mean B-factor of 7.5 A”, Water molecules
have an average B-factor of 6.3 A%. The active sites
were very well ordered with average B-factors of 1.9
and 3.9 A® for the manganese and hydrogen
peroxide, respectively. In the last stages of refine-
ment, anisotropic temperature factors were refined
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Fig. 3. Peroxide-soaked MnSOD active-site model and electron density. (a) Chain A, (b) chain B, (c) chain C, and (d)
chain D. Omit maps were calculated to remove phase bias as follows. First, the manganese and bound solvent were
omitted from the structure, and then the structure was randomly distorted by 0.1 A using Moleman?2 software followed
by positional refinement and map calculation by Refmac. Omit maps were calculated with Fourier coefficients F,—F. in

green, and 2F,—F density is in blue.

and the occupancies of manganese ligands (H,O,
and OH) were varied manually to obtain reasonable,
refined B-factors between bonded atoms and a flat
F,—F. electron density map.

This crystal form of E. coli MnSOD has two
homodimers in the crystallographic asymmetric
unit, and this provides four atomic views of the
manganese-containing active site.'” The active site
varied in ligand composition as summarized in
Fig. 2a—c. In active site A, two hydroxide ligands
were modeled as was found in the complementa-
ry, non-soaked structure (PDB code 1D5N). Par-
tially occupied peroxide/hydroxide was modeled
in active sites B, C, and D when the electron
density had a “baking potato-like” ellipsoid shape
(Fig. 3). More electron density was observed near
oxygen Ol of the peroxide and the B-factors of the

two peroxide oxygens did not refine equivalently;
hence, it was decided that a partially occupied
hydroxide probably resides in that position and
was modeled and refined. For active site C, the
sixth ligand position was modeled with hydroxide
(OH2, Fig. 2c), but the electron density for chains B
and D was judged to be too poorly occupied to
justify modeling a ligand although some residual
density was observed (Fig. 3).

In three out of four active sites, one hydrogen
peroxide molecule H,O,1 is side-on bound to the
active-site manganese in the position normally
occupied by an active-site water or hydroxide. The
peroxide molecule is neighbored by outer shell
residues Tyr34, GIn146, and Trp169 (Fig. 4). Trp169
forms a hydrophobic side of the active-site cavity of
MnSOD. The peroxide lies in a position that is
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Chain C active site

Fig. 4. Active-site view of each subunit. (a) Chain A, (b) chain B, (c) chain C, and (d) chain D. Manganese ion (pink); -
helices (cyan); B-strands (pink); bound hydroxide or peroxide (red); bound His26, His81, Asp167, and His171 ligands; and
second shell residues His30, Tyr34, Trp128, GIn146, and Trp169 (carbon yellow, nitrogen blue, oxygen red) are shown.

parallel to Trp169 and is in hydrogen-bond distance ~ manganese, N** of His26, and O of Asp167 and is in
with N°? of GIn146 and O®' of Asp167. In chains B hydrogen-bond distance with OH of Tyr34 (Table 2).
and D, the peroxide lies in the plane with the  In chain C, the presumably inhibitory hydroxide is

Table 2. Active-site geometry®

Chain A Chain B Chain C Chain D 1D5NP

A. Covalent bonds (A)

Mn-His26(N*?) 2.06 2.10 2.09 2.06 2.19 (0.03)
Mn-His81(N*?) 2.07 2.08 2.09 2.07 2.19 (0.02)
Mn-Asp167(0°?) 1.95 1.95 1.94 1.95 2.04 (0.04)
Mn-His171(N*?) 2.11 2.07 2.09 2.07 2.19 (0.01)
Mn-OH1(O)® 223 2.11 225 221 2.19 (0.02)
Mn-OH2(O) 237 2.35 2.42 (0.01)
Mn-H,0,1(01) 2.09 2.09 2.09

Mn-H,0,1(02) 2.58 2.10 2.49

B. Hydrogen bonds (4)

OH1(0)-GIn146(N®?) 2.67 2.85 2.94 2.89 2.89 (0.04)
OH1(0)-Asp167(0™) 2.98 2.89 2.64 2.72 2.83 (0.08)
OH2(0)-Tyr34(OH) 3.02 2.40 3.43 (0.23)
H,0,1(01)-Asp167(0°')° 2.58 2.94 2.54

H,0,1(02)-GIn146(N?) 242 3.04 2.24

H,0,1(02)-Tyr34(OH) 3.19 4.08 2.83

GIn146(N")-Tyr34(OH) 2.85 297 2.89 2.68 2.94 (0.02)
GIn146(O°")-Asn80(N™) 3.17 3.13 3.29 3.39 3.25 (0.08)
GIn146(0°")-Trp128(N*") 2.90 2.86 2.87 2.85 2.97 (0.01)

# The corresponding residues between E. coli and human MnSOD are as follows: His26=His26, Tyr34=Tyr34, Asn80=Asn73,
His81=His74, Trp128=Trp123, GIn146 =GIn143, Asp167=Asp159, and His171=His163.

b For 1D5N, a 100 K E. coli MnSOD structure with two hydroxides in the distorted octahedral active site; the average of all four active
sites is given with the standard deviation in parentheses.

¢ In chains B, C, and D, the peroxide atom H,0,1(O1) and hydroxide atom OH1(O) are partially occupied and reside in the same
position in the active site.
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in the sixth position and the peroxide is at an ~70°
angle to the Mn-His26-Asp167 plane and the bond to
OH of Tyr34 is stretched to>4 A. Thus, in chain C, the
bond to OH of Tyr34 is broken and is not replaced
with another hydrogen bond.

Most of the features of the peroxide-soaked
structure are similar to the non-soaked counterpart
(Fig. 5) with the six-coordinate octahedral active site.
The C® atoms of the polypeptide chain were
superimposed in order to compare these two
structures. This comparison shows that upon
peroxide binding, there are no major global changes
taking place, but rather small changes in active-site
geometry. The largest movement is that of the OH of
Tyr34, which shifted 0.9 A towards the bound
hydroxide OH2 and peroxide in chain C.

Side-on binding of peroxide to manganese is
observed in three out of four active sites in the
crystallographic asymmetric unit. There is prece-
dence for side-on binding of peroxide to manga-
nese in several model compound crystal
structures.”®”” The observation of side-on binding
of peroxide to MnSOD is very different from the
end-on binding of azide to FeSOD. Inhibitory
azide binding is also different in that it binds to
the sixth position of the active-site metal whereas

_—

we observe peroxide displacing the active-site
water in the fifth position.!> It is also different
from the end-on peroxide binding to Cu/
ZnSOD.” With these structural differences, it is
noteworthy that MnSOD exhibits product inhibi-
tion whereas Cu/ZnSOD does not (excluding
Fenton effects).""'* MnSOD is strongly product
inhibited, and earlier kinetic studies on MnSOD
assigned the inactive form of the enzyme to
characteristic bands near 650 and 410 nm."" This
inactivation was speculated to occur by oxidative
addition of superoxide to Mn(II), within a Michae-
lis complex, forming a cyclic peroxo complex of
Mn(IlI). Adding peroxide to MnSOD gives a
visible absorption spectrum identical with the
product-inhibited complex.13 Therefore, the side-
on peroxide structure determined here most likely
represents this inhibited state of the enzyme.

The peroxide molecule is surrounded by outer
shell residues Tyr34, GIn146, and Trp169. Interest-
ingly, mutation of Tyr34 to Phe results in
negligible changes in active-site structure, in
enhanced product inhibition during the catalysis
of superoxide dismutation, and in a slower rate of
decay of the P-Mn’**—X complex in Eq. (3)."*%
The peroxide is next to Trpl69, which forms a

Chain D

Fig. 5. Comparison of cryotrapped peroxide-soaked (present study) with cryotrapped hydroxide-bound MnSOD
(1ID5N active-site residues are denoted in purple sticks and spheres. Movement of the Y34 OH is given.
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hydrophobic side for the active-site cavity of
MnSOD. When Trpl69 is mutated to Phe, the
enzyme becomes highly product inhibited.” Mu-
tation of Trp169 to Ala causes significant structural
conformational changes to GInl43 and Tyr34,
causes the catalysis to decrease by at least 100-
fold, and promotes a competing pathway leading
to product inhibition.'” These observed increases
in product inhibition when the neighbors of the
peroxide are mutated are consistent with this as
the true location of the bound peroxide.

Peroxide binding causes a motion of Tyr34
towards the active site. It is known that dissociation
of the product-inhibited complex involves proton
transfer, but the source of the protons is still
unclear.'” There is some evidence suggesting that
Tyr34 is not a proton donor promoting the dissoci-
ation of the product-inhibited complex.’* The
motion of Tyr34 towards the peroxide is consistent
with improved hydrogen bonding to the active site
when peroxide is bound.

In conclusion, the structure of peroxide-bound
MnSOD indicates that product inhibition occurs
when the peroxide complex becomes inner sphere. If
the peroxide inhibits MnSOD by binding competi-
tively to the same location as superoxide, then one
can speculate that position 5 is where superoxide
substrate binds during catalysis. Our structure
shows that the active-site water (OH1) is displaced
by peroxide binding and supports the associative-
displacement mechanism proposed by Whittaker
and Whittaker in 1996.'®

Database accession numbers

Structure factors and atomic coordinates for the
peroxide-soaked E. coli MnSOD crystals have been
deposited in the Research Collaboratory for
Structural Bioinformatics PDB with accession
number 3K9S.
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