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Abstract

X-ray Crystallographic Investigations of the Structure and Function of
Oxidoreductases
by
Ross Andrew Edwards
Doctor of Philosophy
Massey University, New Zealand
1999

Associate Professor Geoffrey B. Jameson, Professor Edward N. Baker, Supervisors

The structure and function of oxidoreductases were studied using the manganese-con-
taining superoxide dismutase of Escherichia coli as the model system. The technique of
single-crystal X-ray crystallography was used to determine the three-dimensional struc-
ture of this system. The structures of derivatives of this system, including iron-substi-
tuted manganese superoxide dismutase, and the five mutants Y34F, QI46H, QI146L,
H30A and Y 174F, were also determined. Analysis of these structures on a near-atomic
scale revealed new structural aspects to the catalytic mechanism of this group of

enzymes.

A structural basis for the inactivity of E. coli Fe-substituted MnSOD has been deter-
mined in the altered geometry of the metal site on substitution of the non-native metal.
The change in geometry from active five-coordinate trigonal-bipyramidal to inactive six-
coordinate distorted octahedral modifies both the kinetics and thermodynamics of super-

oxide dismutation at the enzyme’s metal centre.

GIn146 is not essential for activity, but has an important role in optimising the reaction.

Unlike the naturally active Hisl146-containing MnSOD enzymes, the mutation of E. coli
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MnSOD GIn146 to histidine largely inactivates the enzyme. The inactivity may be a con-
sequence of the greater inflexibility of the mutated histidine when compared with its nat-

ural counterparts.

The lack of any change in both the primary and secondary coordination shells of the
H30A mutant active-site, coupled with a 70 % reduction in catalytic activity, indicate an

important role for His30 in optimising the catalytic mechanism.

It is likely that the 60 % reduction in catalytic activity of the Y 174F mutant is due to a
different orientation, and possibly different effective pKa of His30, although a loss of
activity due to the slight differences of the primary and secondary coordination spheres

can not be entirely ruled out.

Structural evidence supports a role for Tyr174 in orienting and possibly also modifying
the pK of His30. The association of His30, in particular via its NDI nitrogen, with
aspects of the catalytic mechanism including interaction or protonation of substrate, can

be postulated based on its structural behaviour.
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1 Introduction

Superoxide dismutases are a class of enzyme that catalyse the dismutation of superoxide
into dioxygen and hydrogen peroxide. Superoxide, a high-energy, free-radical, oxygen
species, is toxic to cellular function, and so must be removed by the organism. This is
achieved most efficiently by employing superoxide dismutases to scavenge and dismu-
tate superoxide into less harmful species. Superoxide dismutases are almost ubiquitous
enzymes as almost all organisms utilize or are subjected to some level of dioxygen, and

therefore require the defensive services this class of enzyme provides.

1.1. Superoxide chemistry

Superoxide (SO) is commonly written with the chemical formula of O, or O,™, and also
is referred to as the superoxide radical or superoxide anion. Superoxide is formed by the
univalent (single-electron) reduction of dioxygen in a thermodynamically unfavourable
reaction that gives O™ higher energy and reactivity than molecular oxygen. Protonation
of O,™ yields the perhydroxyl radical HO», also called the hydroperoxy or hydroperoxyl
radical. Two-electron reduction of dioxygen yields peroxide, 022'. Protonation of perox-
ide yields the peroxy anion, HO,", with further protonation forming hydrogen peroxide,
H>0,.

1.1.1. Electronic structure

The electronic structure of the various states of dioxygen can be described by means of
simple molecular orbital diagrams (see Figure 1-1 below). Ground-state dioxygen con-

tains two unpaired electrons in the 2, orbital and is a triplet (3Zg'). The two unpaired

£
electrons confer bi-radical nature. The other lowest energy excited states of dioxygen
occur by there being three possible ways of aligning electron spins in the two degenerate
21'cg orbitals. The other two states are singlet states (lAg and lZg+). Transitions from the
singlet states to the triplet ground state are forbidden. Singlet states, therefore, have a rel-
atively longer lifetime when compared with the other excited states of dioxygen which

are allowed to decay via allowed transitions [ 13].

Superoxide, being formed by gaining a single electron during the univalent reduction of

dioxygen, has an extra unpaired electron in one of the degenerate 2m, orbitals. The

g



¢ orbitals are then split in a Jahn-Teller type distortion caused by the une-

qual occupancies of the orbitals [14].

degenerate 21

0,(°Z,") 0,('Ay) 0,('Z,") 0,"
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Figure 1-1. Molecular-orbital diagrams for oxygen and superoxide

Bond orders, as deduced from the molecular orbital diagrams, for dioxygen, superoxide
and peroxide are 2, 1.5 and 1, respectively. The O-O bond lengths increase from 1.21 A
(05), to 1.34 A (0,7), to 1.49 A (022'), as successive electrons are added to the anti-

bonding orbitals, consistent with decreasing bond orders [15].

Superoxide is paramagnetic due to the single unpaired electron in one of the 2m, orbitals.
This allows O,™ to be observed by using electron paramagnetic resonance (EPR) tech-
niques. The unique EPR spectrum can be used for detection of O,™. EPR was the tech-

nique used to first show the presence of O, in a biological system [16].

Superoxide has an absorption band in the UV region with a maximum in the 240 to 260
nm range. The absorption has been assigned to a transition between the 26, and the 2m,

orbitals [17]. The perhydroxyl radical also absorbs within this range [18, 19].

1.1.2. Redox reactions of superoxide

The superoxide radical is capable of acting as either a reducing agent (Reaction la, 1b)
or an oxidising agent (Reaction 2). Superoxide is strongly solvated by water as con-
firmed by the shift of -0.44 V for the O,/O,™ couple on going from water to dimethylfor-

N9}



mamide (DMF).

O,+e == Oy E” =-0.137 V vs. NHE [20)' (1a)
O, + H* +¢ == HOy E° (pH 0) = +0.12 V vs. NHE [12] (1b)
O," +2H" +e¢ == H,0, E” =+0.89 V vs. NHE [12]? (2)

These two half-cell reactions yield the overall two-electron reduction of dioxygen to per-

oxide (Reaction 3).

02 +2H" + 2¢ — H:)_Oz (3)

The redox reactions are coupled with proton associations in water, conferring a pH
dependence on the redox couples. The conjugate acid of O, is the perhydroxyl radical
(HO5), which has a pK,, of 4.88 [21]. The perhydroxyl radical is the more powerful oxi-

dising species of the HO5/O5™ pair whereas O, is the better reducing agent [11].

Hydrogen peroxide is a relatively weak acid with a pK,, for the first ionisation of 11.7
[22]. So in aqueous solution at pH 7, O™ would be fully deprotonated and hydrogen per-
oxide would be fully protonated. Ionisations of dioxygen, superoxide and hydrogen per-

oxide are illustrated in Figure 1-2.

Figure 1-2. lonizations of dioxygen, superoxide and hydrogen peroxide

Some debate still remains over the correct values of the two half-reactions of superoxide.
The widely quoted value for the O»/O,™ couple is E?” = -0.33 V. This was calculated by

Wood [23] on a system coupled to duroquinone, and also by Ilan, Meisel and Czapski

1. Other values measured include: E¢=-0.33 Vvs. NHE |11]. E®’=-0.16 V vs. NHE [12]. and E° (in DMF)
-0.60 V vs. NHE [12].

2. Ilan er al. measure, E2= 1.00 Vvs. NHE | 11].



[24, 11] from pulse radiolysis data on oxygenated solutions of duroquinone and indigo
disulfonate. Barrette et al. [25] use the value of -0.16 V in their discussion that the opti-
mum reduction potential value for SOD catalysis falls between those of the two half
reactions of superoxide, quoting Stein et al. [26]. Vance and Miller [10], in a similar dis-
cussion, quote the value from Barrette et al. Stein et al. in fact did not measure or calcu-
late this potential, but rather presented a figure giving the reduction potentials for both
couples at acidic, neutral and basic pHs. The figure caption references Fee and Valentine
[27], and Schwarzenbach [28]. Values abstracted from the figure of Stein er al. are:
E2(0»/057), pH 0, -0.16 V; E?’(0,/057), -0.33 V; E?’(05>7/H>0,), +0.87 V. Fee er al. quote
E2(O,/0O57) as -0.33 V (referencing both Wood and Meisel, and calculate a value for
E?(O,7/H505,) of +0.87 V. Most recently Petlicki and van de Ven re-evaluated literature
data and found the standard redox potential for the oxygen/superoxide couple is -0.137 V
at pH 7.0. Their analysis included re-evaluation of the data of Meisel and Czapski, con-
cluding a new value of the dioxgen/superoxide couple from this data to be E®*(O35)/O°
'(aq)) -0.133 V. Using the value of -0.137 V and the calculation of Fee et al.. the value for
the superoxide/hydrogen peroxide couple (E*’) would be +0.67 V.

1.1.3. The dismutation reaction in aqueous solution

The overall dismutation reaction of O,™ in aqueous solution is very slow.

0," + 05" +2H* — H,0,+ 0, k<0.3M s 4)
However,

HO, + 0, +H* — H,0,+ 0, k=8.0x10" M™!s! (5)

HO, + HO,, — H,0,+ O, k=8.0x10° M™!s™! (6)

So dismutation becomes more rapid at lower pH where the conjugate acid of superoxide

will be more predominant. The overall rate of reaction at pH 7 is ~ 5.0x 10°M s,

1.2. Superoxide in biochemical systems

[t is unnecessary to extol the essential role of the oxygen in the air we breathe to human
life. Some forms of oxygen are decidedly more ambivalent in the role they play within
living organisms. Oxygen radicals have a dual and seemingly contradictory role in cell
metabolism, where they can act as either protector or provocateur. An example of the
former role is the deliberate production of superoxide radicals during a process called the
respiratory burst. Stimulus of neutrophils (granular white blood cells that participate in
the immune response) produces quantities of superoxide radicals, which are an interme-
diate in the formation of more powerful oxidant species used by cells as microbicidal

agents. Acting in the latter role, immoderate oxygen-radical production can have a dele-



terious effect on cell components, oxidising and modifying essential cell components
leading eventually to cell death. In addition to being a source of oxidative damage to the
cell, O, interacts with enzymes other than superoxide dismutases in an apparently ben-
eficial way. It has been implicated as a controlled source of reduction/oxidation potential,
an oxygenating substrate (particularly of ferric-heme proteins), an intermediate in the

peroxidase-NADH oscillator, and a regulator (in Escherichia coli) of the SoxRs regulon.

1.2.1. Production of superoxide in vivo

In vitro, superoxide is produced by the univalent reduction of dioxygen, and is the first
intermediate in the overall reduction of molecular oxygen to water. The overall process
requires four electrons and proceeds by a further two intermediates: H,O,, a two-elec-
tron reduction, and the OH radical, a three-electron reduction (O,™ shown in its proto-
nated state):

e

e
0O, o

& H

HO5 H,0, — HO+ H,0 —— 2H,0

This sequential, single-electron reduction process is necessary because the spin restric-

tion of dioxygen creates a barrier to the divalent reduction of dioxygen [29].

Dioxygen is used by aerobic organisms in respiratory-chain phosphorylation where the
energy generated by electron transport to oxygen is used in the formation of ATP from
ADP and phosphate. The aerobic organism, whilst benefiting from the greater energy
efficiency of aerobic respiration over anaerobic fermentation, must minimize the produc-
tion of the partially reduced oxygen intermediates. It does this in part by using enzymes
that mediate two or four-electron reductions without the release of the oxygen intermedi-
ates during the reduction [30]. However, because the univalent pathway is the most facile
route for the reduction of dioxygen, single-electron autooxidations of cellular compo-
nents can still occur, and are in fact the major source of superoxide within the cell. The

autooxidation reactions are of the form:

[cellular component]™ + O, == [oxidised cellular component]*™! 4+ 0,

Examples of cellular components which have been shown to produce O, by autooxida-
tion are hemoglobin, myoglobin, reduced cytochrome c. reduced ferredoxins, leukofla-

vins, tetrahydropterins, catecholamines and polyhydric phenols [31].

Superoxide could directly damage cellular components by acting as either a univalent
reducing or oxidising agent, and there are of examples of O, acting in both of these

capacities in vitro [31, 32]. Because of its relatively low redox potential, superoxide most



frequently acts as a reducing agent, and, as most cellular damage is due to oxidative
damage, the O,™ form may cause little or no direct cellular damage. Instead superoxide
causes more cellular damage indirectly by undergoing reactions whose products are even

more powerful cellular toxicants.

Superoxide has been shown to directly inactivate various dehydratases including dihy-
droxy-acid dehydratase, fumarase A, fumarase B, and mammalian aconitase as
expressed from E. coli. Dehydratases contain a [4Fe-4S] cluster which is oxidised by
O,™ to an unstable oxidation state; Fe(Il) is then released, and the cluster is degraded,
inactivating the enzyme. The release of Fe(II) from the cluster initiates another series of
oxygen-radical producing reactions, known collectively as the Fenton reaction [33]. In
another direct interaction, but acting in a reductive capacity, O, mediates the reductive
release of iron from ferritin [34]. During inflammation, O>™ and hydrogen peroxide are
produced by stimulated polymorphonuclear leukocytes and macrophages. The iron
released by the subsequent superoxide-mediated reduction of ferritin may potentiate the
formation of the OH' radical in inflammatory states [35], by catalysing its formation in
the Haber-Weiss reaction [36]. Ferritin has also been found to promote the peroxidation
of phospholipid liposomes, again by superoxide-stimulated iron release [37], although in
this case initiation of lipid peroxidation does not occur via the iron-catalysed Haber-

Weiss formation of OH".

The indirect damage to cellular components by superoxide occurs because O, reacts to
form further radicals. These radicals can have even greater oxidising power, and in some
cases are better placed within the cell to take advantage of damaging particular cellular

components.

The conjugate acid of superoxide. the perhydroxyl radical (HO»), is a more powerful
oxidising species than O-™. Since the perhydroxyl radical is a neutral acid, its 1onisation
involves charge separation. which is more favourable in solutions with a higher dielectric
constant. The movement of O,™ from water into environments within the cell with lower
dielectric constants, e.g. lipid micelles, membranes or the interior of globular proteins,
would be accompanied by its protonation. So it is likely that the reactive species in these
environments would be the perhydroxyl radical rather than the superoxide radical [31].
At the physiological pH of 7.4, in aqueous polar environment, less than 1 % of any O,™
formed will be present as HO," [38]. However, electrostatic forces concentrate protons
adjacent to anionic interfaces so that the hydrogen ion concentration in the vicinity of
biological membranes may be significantly higher than in bulk solution. Increased con-
centration of HO>" in such micro-environments can be expected. The perhydroxyl radical
has been shown to react directly with linoleic, linolenic and arachidonic unsaturated fatty

acids in vitro [39]. While HO» reacts with linoleic acid at biologically significant rates,



its conjugate base O, does not [40]. This reaction takes place in the absence of metal
catalysts or hydrogen peroxide, and, should it occur in vivo, could initiate oxidative dam-

age to polyunsaturated phospholipids, leading to impairment of membrane function.

By far the most important mechanism of indirect damage to cells, mediated by superox-
ide, is the formation of the more reactive radical species, the hydroxyl radical. Any sys-
tem generating O, will also produce H,O»,. The combination of O, and H,O, with
catalytic concentrations of transition metals leads to the formation of the extremely reac-

tive and powerful oxidising radical HO".

This process, which involves the univalent reduction of hydrogen peroxide, was first pro-
posed by H. J. H. Fenton [33] and by F. Haber and J. Weiss [36]. The metal ion acts as
the redox catalyst of the catalase reaction, and the cycle of reactions (Equations 7

through 10) is known as the Haber-Weiss cycle.

Fe’* + H,0,+ H* — Fe’* + HO + H,0 (7)
HO + H202 — H02 + Hzo (8)
HO, + Fe** — 0, +Fe’* +H* 9)
2H202 — 02 4= 2H20 (IO)

Hydroxyl radicals are highly reactive and will react with most cellular components upon
collision. Hydroxyl radicals generated in free solution are more likely therefore to react
with expendable sugar phosphates, amino acids, nucleotides and other less critical com-
ponents found in free solution. However, superoxide radicals are much less reactive and
so can diffuse from their formation sites and react with transition metal ions in different
parts of the cell. Because the catalytic metals are most likely to be found bound onto
polyanionic DNA or cell membranes rather than in free solution, the hydroxyl radicals
are more likely to be produced adjacent to, and hence react with, these more critical cel-
lular components rather than those in free solution. This sequence of events has been

termed the site-specific Haber-Weiss reaction [41, 42].

Superoxide has been implicated in damaging DNA in vivo. Enhanced mutation rates in
bacterial DNA occur on the addition of the superoxide-generating drug paraquat [43],
and strains that lack superoxide dismutase (SOD) show an increased rate of oxygen-
dependent spontaneous mutagenesis [44]. The removal of either catalytic metals or H>,O,
from systems that damage DNA fully protects DNA from superoxide [45]. This indicates
that O,™ does not directly attack DNA, but instead is involved with hydrogen peroxide

and metal catalysts in the production of the damaging species. The damaging species



could be the hydroxyl radical produced in the Haber-Weiss reaction. However, in vitro
Fenton systems have been shown to generate damage which cannot be inhibited by
hydroxyl-radical scavengers [46].

Studies of Fenton reactions in several systems [47, 48, 49] have led to the postulation of
a “crypto-hydroxyl radical”. That is, a hydroxyl radical that has a distinct character
because it is complexed to a metal ion. Hence, the Fenton reaction might be postulated to
include a crypto-hydroxyl intermediate such as the ferryl radical [46] (Equations 11
through 13).

Fe’* + H,0, + H¥ — Fe’*-HO" + H,0 (11)
Fe’*-HO- — Fe** + HO' (12)
Fe’* + H,0, + H¥ — Fe’* + HO" + H,0 (13)

1.2.3. Cellular defence from oxidative damage

The protection of cells from oxidative damage is carried out by a number of mecha-
nisms. The primary defence mechanism is the near ubiquitous enzyme superoxide dis-
mutase (SOD), which catalyses the dismutation of superoxide to hydrogen peroxide plus
dioxygen. However, one of the by-products, hydrogen peroxide is not only a strong oxi-
dant but is also a precursor to even more powerful oxidising radicals, such as the
hydroxyl radical (OH"), so a further defence mechanism involves the removal of hydro-
gen peroxide. Very low steady-state concentrations of hydrogen peroxide are maintained
by catalases and peroxidases. Catalases dismutate hydrogen peroxide into water plus
dioxygen. Peroxidases catalyse the reduction of hydrogen peroxide to water with the cor-
responding oxidation of an organic substrate which acts as the hydrogen donor. Further
oxidative damage is controlled in part by antioxidants, such as alpha-tocopherol, which
terminate free-radical reactions. And the final cellular response is the activation of repair

systems in an attempt to repair any cellular damage.

1.2.4. The regulatory role of superoxide in E. coli

In E. coli, as part of the cellular defence against oxidative stress, O»™ plays a regulatory
role by stimulating the SoxRS regulon. If O,™ concentrations within the cell increase,
this group of regulated genes is activated [50, 51]. The products of the SoxRS regulon
are a host of enzymes involved in the oxidative defence of the cell, including: MnSOD,
to eliminate O,™; glucose-6-phosphate dehydrogenase, to ensure a supply of NADPH;
endonuclease IV, to repair oxidatively damaged DNA; the stable form of fumarase c, to

replace the superoxide-sensitive forms; ferredoxin reductase, to reductively repair oxida-



tively disassembled [4Fe-4S] clusters; micF, to decrease the porosity of the outer mem-
brane; aconitase A, to replace superoxide-inactivated aconitase; and others [52]. SoxR is
the redox sensor and activates SoxS, which turns on the regulon. In a similar way,
another independent oxidative defence regulon, oxyR, is turned on in response to oxida-

tive stress from H>O».

1.2.5. Interactions with enzymes other than superoxide dismutases

Superoxide will also interact with enzymes other than superoxide dismutases, acting as
an oxidant or reductant, an oxygenating agent, or an intermediate. It will reduce and/or
oxygenate various ferric hemoproteins, including indoleamine-pyrrole 2.3-dioxygenase
[53], catalase [54], myeloperoxidase [55], ferricytochrome ¢ [56]. The physiological rel-
evance of some of these interactions is still ambiguous. In some cases O,™ acts as a nec-
essary redox step in the catalytic mechanism, e.g. in the reduction of ferricytochrome c,
while in other cases O>™ will inactivate enzymes, e.g. catalases where O,™ converts the
resting ferric enzyme to the poorly active ferro-oxy form. Superoxide is also an impor-
tant chemical intermediate in the peroxidase-NADH biochemical oscillator [57, 58],

where it oxidises peroxidase in one of the reaction steps of the oscillator.

1.3. Superoxide dismutase

Superoxide dismutases have the systematic name superoxide oxidoreductase. They cata-

lyse the dismutation of the superoxide radical into hydrogen peroxide and dioxygen.

202-' + 2H+ — 02 + HzOz (]4)

SOD is a ubiquitous enzyme in aerobic organisms, having an essential role in the biolog-
ical defence against superoxide, and therefore against any reactive radical species
derived from superoxide. Dismutation in the enzyme occurs at a transition metal-con-
taining, superoxide binding site. The transition metals that have been found to catalyse

the dismutation reaction at the active-site are Cu, Zn, Mn, Fe and Ni.

Dismutation of superoxide in aqueous solution is a rapid, spontaneous process, and it is
therefore not immediately obvious why organisms require an enzyme to catalyse this
reaction. The spontaneous dismutation reaction is second-order with respect to superox-
ide, and so the half-life of superoxide is dependent on the initial concentration. The
superoxide dismutase-catalysed dismutation is first-order in O,™, and so the half-life is
independent of O, concentration. The enzymic dismutation has been calculated to be
108-fold faster than the spontaneous reaction, if only due to fact that the likelihood of a
collision between O, and SOD is much greater than the likelihood of a collision with
another O, molecule [31]. This, and the fact that the reaction of O~ with SOD is 10%-
fold faster than the spontaneous reaction, allows the enzymic process to eliminate super-




oxide 10'0-fold faster than the spontaneous process [31]. The benefits of SODs in the

cellular environment are thus considerable.

Superoxide dismutases can be separated into two main classes based on biochemical and
physical properties. The first class contain Cu and Zn (CuZnSOD) at their active-sites;
the second class contain Mn (MnSOD), Fe (FeSOD) or Ni (NiSOD). The two classes are
evolutionarily unrelated and have totally different primary, secondary and tertiary struc-
tures, but both classes show essentially the same catalytic activity for superoxide in vitro.

1.3.1. Historical perspective

CuZnSOD was first discovered unintentionally during the isolation of carbonic anhy-
drase in 1939. Carbonic anhydrase was suspected of containing copper so protein frac-
tions derived from bovine hemolysate were being assayed both for the catalysis of the
hydration of CO, and for copper content. Carbonic anhydrase in fact contains zinc and
not copper, so the fractions isolated on the basis of their high copper content were not
active when assayed for carbonic anhydrase activity. Since the activity of the isolated
copper protein was not known the function of copper storage was assigned, and the pro-

tein named hemocuprein [59].

Hemocuprein was subsequently referred to as erythrocuprein. During the 1950’s, hepato-
cuprein was isolated from liver [60], cerebrocuprein was isolated from brain [61], and
human erythrocuprein was isolated from human erythrocytes [62]. The reduction of
cytochrome ¢ by xanthine oxidase and the inhibition of this reaction by carbonic anhy-
drase was studied [63]. Xanthine oxidase catalyses the aerobic oxidation of xanthine. In
the process it generates the superoxide radical. The superoxide radical had been shown
to reduce cytochrome c. A preparation of carbonic anhydrase from bovine erythrocytes
inhibited this reaction by reducing the steady-state concentration of the superoxide radi-
cal, presumably by catalysing the dismutation of superoxide to hydrogen peroxide and
oxygen. A note added in proof reported that the dismutation activity could be separated
from carbonic anhydrase activity by column chromatography of the bovine erythrocyte
carbonic anhydrase preparation. Inhibition was therefore not due to the carbonic anhy-

drase, but to an enzyme present in the carbonic anhydrase as an impurity.

In 1969 an enzyme from bovine erythrocytes was isolated and purified. The enzyme cat-
alysed the dismutation of superoxide radicals and so was named superoxide dismutase.
The properties of the enzyme were identical to the previously described copper-contain-
ing cupreins, and the connection was immediately obvious. Based on SOD activity, a
manganese-containing SOD was isolated from E. coli [64], and soon after, the iron-con-

taining SOD from the same species [65].



1.3.2. The copper-zinc superoxide dismutases

Copper-zinc superoxide dismutases are found primarily in the cytosols of eukaryotic
cells. They have also been isolated from bacteria, and a glycosylated CuZnSOD has been
characterised from extracellular fluids of vertebrates [66, 67]. In general, CuZnSODs
form homodimers with a molecular weight of ~ 32000 Da per subunit. They contain one
Cu®* and one Zn>* per subunit. The extracellular SOD is tetrameric with a molecular
weight of 135000 Da.

1.3.3. The manganese, iron and nickel superoxide dismutases

These SODs share high amino acid sequence and structural homology. They have been
isolated from a variety of prokaryotes. They tend to form homodimers with a subunit
molecular weight of ~ 22000 Da. MnSODs from mitochondria, the mycobacteria and the
thermophilic bacteria are tetrameric. Almost all FeSODs are dimeric. FeSOD from
Mycobacterium tuberculosis is tetrameric [68], as is FeSOD from Rhodococcus bronchi-
alis [69].

1.3.3.1. Transition metal binding

The active-sites of Fe, Mn and NiSODs are not specific for the binding of their native
metal ion. This was first demonstrated i/n vitro by the reversible removal of manganese
from E. coli MnSOD and its substitution with Co(II), Ni(II), and Zn(II), when present in
100mM excess over Mn [70]. However, none of these metal cations conferred superox-
ide dismutase activity on the enzyme. Given that E. coli has both a Mn-containing and a
Fe-containing SOD, and that the amino-acid sequences of these two enzymes are almost
identical at the active-site, Fe(II) could also be expected to bind to MnSOD. In fact iron
can compete with manganese for binding to the active site in this enzyme both during
reconstitution of the apo-enzyme [71] and during biosynthesis, yielding an inactive form
of MnSOD, termed a proMnSOD (72, 30, 73, 74].

In vivo incorporation of metals other than the native metal, including Cu [75]. and Co
[76], has also been shown to occur if the E. coli is grown on media depleted in the native
metal. Both zinc and copper have been found as constituent metals in SODs [77], again
forming an inactive enzyme. FeSOD as purified from Methylomonas J on Fe-enriched
media contained 1.04 mol Fe, 0.02 mol Mn, 0.05 mol Cu and 0.75 mol Zn per mole of

dimer.

The presence of inactive isozymes of SOD, largely arising from in vivo competition, in
otherwise purified protein solutions must be taken into account when comparing specific

activities and metal contents [30, 78].
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1.3.3.2. Metal-specific superoxide dismutases

The dismutase activity of almost all Fe and MnSODs characterised to date is dependent
on the metal ion at their active-site. These enzymes share high amino-acid sequence
identity. The Fe and Mn enzymes from E. coli share 45 % sequence identity based on a
structural alignment [79] (see Figure 2-6). The ligand-metal geometries in their active
sites are almost identical, and the secondary coordination sphere is similar in both. Yet
despite these similarities, substitution of the native metal with the other inactivates the
enzyme [80, 4, 81].

1.3.3.3. Metal-non-specific superoxide dismutases

Although the majority of SODs characterised show strict metal-ion specificity, several
SODs isolated from bacteria are active with either Fe or Mn at their active-site: Propion-
ibacterium shermanii [82]; Bacteroides thetaiotaomicron [77]; Streptococcus mutans
[83]; Porphyromonas gingivalis [84]; Methvlomonas J [85]; M ycobacterium smegmatis
[9]; and Bacteroides fragilis [86]. These enzymes have been called ‘cambialistic’ [83]
(from the Latin cambialis, suggesting change) to indicate enzymes capable of making a

co-factor substitution.

All these cambialistic SODs have been shown by various analytical techniques, and most
conclusively by complete protein amino-acid sequencing, to be derived from a single
apo-protein [87, 75]. This is in contrast to bacteria containing metal-specific SODs,
which are synthesised as independent Fe and Mn enzymes having different primary
sequences. It appears that these cambialistic SODs will incorporate Fe or Mn depending
on growth conditions and metal availability. In general, the cambialistic SODs purified
from anaerobic bacteria grown on complex media produce FeSODs, whereas those from
aerobic organisms or O»-induced anaerobes produce MnSOD. Supplementation or dele-
tion of either Fe or Mn from the media will produce a SOD incorporating the metal that
is still available to it. SOD from P. shermanii was shown to incorporate Cu in the
absence of Fe and Mn, and further in the absence of Fe, Mn and Cu to incorporate Co
[75, 76, 78]. The activity of the CoSOD was not reported directly, and that of the CuSOD
as showing 10 % of the activity of the native FeSOD.

Reported specific activities of cambialistic SODs vary considerably. The highest is 4546
U/mgl for the Mn-supplemented, aerobically grown MnSOD from S. mutans, and the

lowest is 89 U/mg for the FeSOD of Methylmonas J. Any direct comparisons of specific

1. The definition of a unit of superoxide dismutase activity was originally defined by McCord and Fridov-
ichin 1969 [198]. One unit of activity is defined as the amount of superoxide dismutase required to inhibit
the rate of reduction of cytochrome ¢ by 50 %, with the standard assay being carried out under set condi-
tions.



activities should be careful to take into account the metal content of the purified enzyme,

which also varies considerably.

1.3.3.4. Inactivation of FeSOD by hydrogen peroxide

In general, FeSOD is inactivated by hydrogen peroxide, whereas MnSOD is unaffected
[88]. CuZnSODs are also inactivated by hydrogen peroxide with the associated loss of
one histidine per subunit [89]. Pseudomonas ovalis FeSOD loses tryptophan and
cysteine residues as well as histidine [90], whereas E. coli FeSOD loses iron and tryp-
tophan but not histidine [91].

In CuZnSOD inactivation is preceded by bleaching of the active-site Cu(Il). It has been
proposed that peroxide reduces Cu(Il) to Cu(I). Cu(l) could then undergo a Fenton type
reaction with hydrogen peroxide to produce a strong oxidant capable of oxidising an
adjacent histidine residue [92, 93, 89].

A similar mechanism has been proposed for the hydrogen peroxide inactivation of
FeSOD [94], whereby an attacking oxidant is produced by reaction of hydrogen peroxide
with Fe. In E. coli FeSOD the primary electron removal from a ligated imidazole could
be immediately followed by electron transfer from a nearby tryptophan. This could
explain why tryptophan is lost on inactivation, whereas histidine is not. In the case of P.
ovalis, electron transfer to a tryptophan may be less efficient, resulting in loss of histidine

as well.

E. coli FeSOD is only inactivated by hydrogen peroxide to a limit of 90 % [95]. The
material associated with hydrogen peroxide-resistant activity had the electrophoretic
mobility of FeSOD. This would appear to reflect an intrinsic activity of the hydrogen
peroxide-modified FeSOD rather than either inadequate treatment with hydrogen perox-

ide, or an impurity of co-migrating, co-purifying, Mn-containing active FeSOD [94].

1.3.4. Evolution

The high number of similar or identical residues shared by MnSOD and FeSOD from
different sources suggests a common evolutionary origin. The considerable differences
between the CuZnSOD and the Mn and FeSOD classes in both primary and tertiary
structure suggest independent evolutionary origins. Mitochondria contain a MnSOD
while the cytosols of eukaryotic cells contain a CuZnSOD. The mitochondrial MnSOD
is homologous to the MnSOD and FeSOD found in prokaryotes but is completely differ-
ent from cytosolic CuZnSOD. This supports the endosymbiont hypothesis. However,
two bacteria do contain CuZnSOD. These are Photobacterium leiognathi [96] and Cau-
lobacterium crescentis [97]. Given that P. leiognathi is a symbiont, gene transfer from

the host to the bacterium is the most likely explanation for the presence of a CuZnSOD

13



in P. leiognathi [98].

1.4. Structural aspects of Mn and Fe superoxide dismutases

1.4.1. Primary structure

The complete or almost complete primary structures of 39 Mn and FeSODs have been
analysed [99]; 14 residues are invariant throughout, including the four involved in liga-
tion to the metal ion. Two residues distinguish MnSODs from FeSODs. Residue 76 is a
glycine in MnSODs and a glutamine in FeSODs. Residue 149 is an alanine in all FeS-
ODs and either glutamine or histidine in MnSODs. SODs from species that are active
with either metal ion at their active-site have the MnSOD sequence at these two posi-
tions. Structural studies have shown that residues 76 and 149 are in close proximity to
the active-site and that the glutamine (or histidine) residue interacts with the strictly con-
served Tyr34. Tyr34 is believed to be important for the function of the enzyme. Its

hydroxyl group is pointing towards and is only 5.4 A from the active-site metal.

1.4.2. Secondary and tertiary structure

Crystal structures of Mn and FeSODs from nine different species have been solved, the
best to 1.35 A resolution (see Table 1-1 below). The subunit tertiary structure is strongly
conserved, as is the active-site geometry. Almost all variations occur within loop

regions.

The basic subunit consists of two domains. The N-terminal domain is an all-alpha
domain consisting of two anti-parallel, adjacent alpha-helices (Al, A2) connected by a
loop region. There are two distinct conformations of this loop region. Human mitochon-
drial MnSOD (PDB ID: 1ABM) and MnSOD from M. tuberculosis (PDB ID: 1IDS)
have a short connecting loop of three and six residues respectively. FeSOD from E. coli
(PDB ID: 1ISA) and MnSOD from Thermus thermophilus (PDB ID: 3MDS) have an
extended loop region, the extension arising from shortening of the two a-helices. The
extended loop region (17- and 24-residues long respectively) has a 2-turn o-helix at its
apex. The entire loop region is folded over ~ 180° relative to the ends of Al and A2. The
loop folds away from the active-site side of the a-helical pair. MnSOD from E. coli is
similar to T. thermophilus enzyme, but has two single-turn, four-residue o-helices sepa-
rated by 3 residues, in the loop region. These two, short helices are not given alpha-

numerical designations in the schematic diagram of Figurel-3 (opposite).

A kink in Al in a histidine-rich region has the effect of positioning a conserved tyrosine
residue (Tyr34) closer to the metal centre [101, 100]. This places a phenolic hydroxyl
within 5.4 A of the metal centre. Ionisation of this phenolic hydroxyl may account for the

activity-limiting 1onisation (pKa ~ 9.5) responsible for a decline in activity with increas-
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ing pH [102, 103, 104, 105, 106, 107, 108, 112].

The C-terminal domain is an alpha-beta domain. The core consists of three strands of
anti-parallel beta sheet. The four a-helices of this domain lie on one side of the beta-

sheet.

The active site containing the catalytic metal ion lies between the two domains. Two lig-
ands are provided by each domain. Helices Al and A2 each provide a histidine ligand
coordinated through NE2. The end of the beta-sheet provides a histidine and an aspartate
residue. The metal ion is five coordinate with the fifth ligand being an axially bound sol-
vent molecule, either water or a hydroxide ion. The coordination geometry is a slightly

distorted trigonal bipyramid.

Figure 1-3. Schematic diagram of the E. coli MnSOD monomer

Schematic diagram of the E. co/i MnSOD monomer, identifying secondary structure ele-
ments (helices as ribbons, B-strands as arrows). Figure drawn with MOLSCRIPT [1].




Table 1-1. X-ray crystal structures of Fe and Mn superoxide dismutases

Organism

Aquifex pyrophilus

Baccilus stearothermophilus

Escherichia coli

E. coli

E. coli

E. coli

E. coli

Human mitochondrial
Human mitochondrial
Human mitochondrial
Human mitochondrial
Human mitochondrial

Human mitochondrial

Mycobacterium tuberculosis

M. tuberculosis
M. tuberculosis

Pseudomonas ovalis

Propionibacterium shermanii

P. shermanii
P. shermanii
P. shermanii
P. shermanii
P. shermanii
Sulfolobus solfataricus
Thermus thermophilus

T. thermophilus

Native Crystallographic distinc-

metal
Fe
Mn

Fe
Fe/Mn
Fe/Mn
Fe/Mn
Fe/Mn
Fe/Mn
Fe/Mn
Fe

Mn
Mn

tion

Fe(III)

Mn(III)

Fe(II)

Fe(III)

Fe(IIl) + azide
Mn(IIT)/Mn(II)
Fe(III)

Mn(III)

Mn(III)

Y34F orthorhombic form
Y34F hexagonal form
Q143N

IS8T

Fe(III)

H145Q

HI145E

Fe(III)

Fe(III)

Mn(III)

Fe(IIl) + azide

Fe(III) pH 6.1 + fluoride
Fe(III) pH 8.1

Fe(III) pH 10.0
Fe(III)

Mn(III)

Mn(III) + azide

PDB
ID

1CoJd

3SDP
1AR4
1ARS
1AVM
1BS3
1BSM
1BT8
15SS
3MDS
1MNG

Author

Lim
Parker
Lah

Lah

Lah
Edwards
Edwards
Wagner
Borgstahl
Guan
Guan
Hsieh
Borgstahl
Cooper
Bunting
Bunting
Stoddard
Schmidt
Schmidt
Schmidt
Schmidt
Schmidt
Schmidt
Ursby
Ludwig
Lah

Year

1997
1988
1995
1995
1995
1998
1998
1993
1992
1998
1998
1998
1996
1995
1998
1998
1990
1996
1996
1998
1999
1999
1999
1999
1991
1995

Res.
(A)

1.55
1.55
1.35
1.85
23
1.8
1.8

I Coordinates not deposited in the PDB |2, 3].

The entire active-site environment is hydrophobic with three Tyr, three Trp and two Phe

residues within 10 A of the metal centre. This shell of hydrophobic residues may play a

role in stabilising the Mn(III) which, because of its strong oxidising potential, would dis-

mutate to Mn(Il) plus Mn(IV)O, in water. These hydrophobic residues are conserved

throughout Mn and Fe SODs. Ligation of the metal with residues from both domains

allows the metal to provide for both structural stabilisation and catalysis. Removal of the
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metal leaves the apoMnSOD as a dimer, whereas the apoFeSOD dissociates into subu-
nits [4].

The crystal structures of Mn(I[)SOD [109] and Fe(I1)SOD [6] were compared with their
corresponding trivalent state using difference Fourier methods. No difference in active-

site geometry was observed. The crystals were reduced by soaking in dithionite.

Crystal studies of the active-site geometry in the presence of azide, a substrate mimic,
have been carried out on both FeSOD from E. coli and MnSOD from T. thermophilus.
Azide coordinates to Mn(III) at an in-plane site opposite the aspartate ligand. The His-
Mn-His bond angle opens from 1319 to 148° to accommodate the azide. The axial solvent
ligand remains bound. The metal forms a six-coordinate, octahedral geometry. The azide
binds to Fe(IlII) in essentially the same position but makes different non-bonding interac-

tions.

1.5. Kinetics and the catalytic mechanisms of Fe and MnSODs

The first kinetic studies were undertaken on E. coli MnSOD in 1974 by Pick et al. [110].
These were followed by studies on P. leiognathi FeSOD [111]. Bacillus thermophilus
MnSOD [102, 112], E. coli FeSOD [103, 105], Paracoccus denitrificans MnSOD [106],
and P. ovalis FeSOD [113]. Advances in kinetic techniques [105] produced more
detailed studies on E. coli FeSOD [105], T. thermophilus MnSOD (7], E. coli Fe and
MnSODs [114] and the cambialistic SOD from P. shermanii [115].

1.5.1. Kinetics of MnSODs

The kinetic studies of E. coli MnSOD [110] show a complicated reaction dependence
between substrate and enzyme when compared with the subsequently revealed kinetics
of CuZnSODs [116] and FeSODs [105]. When the initial concentration of O5™, [O57], Is
less than ten-times the initial concentration of E. coli MnSOD, [E],, the reaction is first-
order in both [O,7] and [E] with a rate constant of 1.5 0.15x10° Mgl However,
when [O,](/[E]y > 15 a biphasic process occurs. Initially, approximately 15 O,™ radi-
cals react per dismutase molecule at a relatively fast rate. The excess O, is removed by
a less efficient reaction, first order in [E], and nearly first-order in [O,™], at arate of 1.6 *
0.25x108 M~!s"!. These results were initially interpreted in terms of a series of four oxi-
dation and reduction reactions, utilising four different valence states of Mn, and subse-
quently reevaluated by Bull er al. [7] in a more concise scheme that also fitted the kinetic
data of T. thermophilus MnSOD. Bacillus thermophilus MnSOD showed similar behav-
iour having exponential decay of O, when [O5"](/[E], < 15. a non-exponential decay
when the ratio is between 15 and 100, and zero-order decay when [O,™]y/[E], > 100

[102]. This was interpreted as a fast cycle-slow cycle mechanism. The fast cycle is a
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rapid one-electron oxidation-reduction cycle, and the slow cycle is a concurrent slower
reaction that gives a superoxide-unreactive form of the enzyme which undergoes a first-
order decay to regenerate fully active enzyme. Terech er al. [106] did not observe this
behaviour in the MnSOD from Paracoccus denitrificans. Bull et al. [7] obtained kinetic
data on the MnSOD from T. thermophilus with decay curves similar to those of MnSOD
B. thermophilus showing three distinct phases: rapid disappearance of O,™ (the “burst”
phase), a period of approximately zero-order O, decay (the “steady-state” phase), and a
rapid depletion of O,™ at the end of the reaction. They determined that proton transfer is
probably the rate-limiting step when the enzyme is saturated with O»™, and the reaction
by which the inactive enzyme is converted to active enzyme is not limited by proton
transfer. The reaction in the steady-state was slowed down by using D>O at low tempera-
tures (2-6°C), allowing spectral changes of the metal ion to be monitored. The spectrum
was assigned to the inactive form of the enzyme, which is postulated to be a cyclic per-
oxo complex of Mn(Ill) formed by oxidative addition of O, to Mn(II). A reaction
mechanism (Figure 1-4) has been proposed to account for the kinetic behaviour of
MnSODs, based largely on the reaction mechanism of E. coli FeSOD [105], and includ-

ing the side reaction forming inactive enzyme, X.

E-Mn(l) Q.-

H202 \"
X E-Mn(I1)-O5" E-Mn(1I1)-O5"
or E-Mnay 92

<

Figure 1-4. Proposed reaction scheme for MnSOD-catalysed superoxide dismutation [7]
Proposed reaction scheme for MnSOD-catalysed superoxide dismutation including two

first-order rearrangements which lead from active enzyme (E) to inactive enzyme (X).
and back to active enzyme.

Crystal structures of both Mn and Fe SODs show the metal ion at the active-site to have

a five-coordinate geometry, changing to six-coordinate on binding of azide. Spectro-
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scopic studies on MnSOD from E. coli [5] show five-coordinate geometry is retained on
binding of azide to the Mn(III) form at room temperature. Variable temperature spectros-
copy shows a thermal transition from five to six coordinate at around 200 K. Because
both the native and azide complexes are five coordinate, the addition of the anion must
be associated with loss of one of the other ligands. The ligand most likely to be involved
is either the water ligand or the carboxylate group of the aspartate. The Mn-OD1 carbox-
ylate bond distance increases by 0.4 A (to 2.25 A) when azide is bound to T. rher-
mophilus MnSOD [6]. Dehydration would convert the complex to a square pyramid with
either the solvent or His28 bound axially. The retention of the displaced ligand as a satel-
lite in the outer sphere of the metal complex would account for the crystallographic
detection of six atoms around the active-site Mn in the azide complex of T. thermophilus
MnSOD. This is illustrated in Figure 1-5.

Onon -0y Onon
ous \I'
Niy 11 166 Ng
Nj70 g_sso%'lz‘mve ‘O
isplacement

H>0,
Redox Redox

Associative
Displacement 11
p N

N170 ; ; Ni70
H+

‘05 NZX

Figure 1-5. Reaction mechanism for MnSOD proposed by Whittaker er al. 1996 [8]

1.5.2. Kinetics of FeSODs

The most recently proposed mechanism for FeSOD catalysis, the *“5-6-5 mechanism”
[6], modifies schemes proposed by Bull and Fee in 1985 [105], and Stallings er al. in
1992 [117] and is presented below as Figure 1-6 along with a list of the salient points
forming the basis of the mechanism. The geometries of the first three central species in
the mechanism have been determined by X-ray analysis [6]. The X-ray structures show

that the active site is not directly accessible to solvent. Ligands and solvent are proposed
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to reach the iron because of thermal motions of Tyr34, His30, or because other residues
provide a transient pathway [118, 117].

1. Fein the resting oxidised enzyme coordinates an axial solvent ligand, postulated
to be OH™ at neutral pH. A proton (1.1 £ 0.1) is taken up by the protein when it is
reduced to the Fe(Il) species in the pH range 7-10 [105]. An OH™ metal ligand in
Fe(III)SOD is proposed as the acceptor of this proton. The proton acceptor should be
close to the metal ion for the reduction to have an effect on its pK. Of the protein ligands,
the aspartate is ionised and the three histidines are not charged at neutral pH so it would

seem unlikely that any of the protein ligands acts as the proton acceptor.

2. Superoxide anion binds at the partly open coordination site opposite OD2 of
Asp156 without substitution of ligated hydroxide anion, forming a distorted octahe-
dron. This intermediate is modelled by the azide complex of Fe(III) SOD. Electron
transfer then generates the dioxygen leaving group. Formation of Fe(Ill) innersphere
complexes is associated with only small reorientations of the metal-ligand geometry.
Reduction to Fe(Il) produces virtually no change in the active-site geometry. The mini-
mal perturbation required to form these catalytic intermediates is consistent with rapid
turnover (~ 26000 s'I at 25°C for FeSOD [105]).

3. Protonation of the axial solvent ligand restores the net +1 charge on the cluster
for the start of the second half reaction. Free reduced enzyme with trigonal bipy-

ramidal coordination then accepts a second superoxide.

4. The coordinated superoxide anion is reduced and receives two protons, one
shown as coming from the ligated HOH molecule, and leaves as hydrogen peroxide,
with SOD returning to the resting state (1). There is no X-ray structure which models
species (4). Neither azide nor OH™ has significant affinity for Fe(I)SOD [105]. However
NO' does form a stable complex with Fe(I[)SOD indicating that a coordination position
is available on the reduced metal [119]. Reduction of O,™ to form the doubly charged
peroxide anion (022') is likely to require direct ligation to the metal [120]. In the oxida-
tive step, Fe(II)-Ozl' 1s oxidised to Fe(IlI)—ng'. This basic species is then protonated to
Fe(III)-"OOH and dissociated to form a hydroperoxyl anion. The most likely proton
donor for this species is HOH, but there are no bound waters in the active-site other than
the ligated solvent. Thus motions of Tyr34 and His30 may be required for protonation of
the coordinated OH™ and peroxide anion, as well as for allowing access of the superoxide
radical to the metal ion. To explain the pH dependence of the turnover number and a sol-
vent deuterium isotope effect of ~ 3 [120], it is suggested that proton transfer from H,O

to developing basic centres is partly rate limiting when substrate is saturating.

S. A second OH" ligand is bound at the sixth coordination site. Given that the solvent
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Figure 1-6. Scheme for the enzyme-catalyzed dismutation of superoxide as proposed by
Lah et al. 1995 [6]

ligated to the Fe(IIl) is OH™ and not HOH at neutral pH, the metal associated pK, of 9 is
not due to ionisation of bound HOH, but instead due to binding of a second OH™ as a
sixth ligand. The K, for O,™ is influenced by the pK, of ~ 9 in the ferric form and by an
ionization in the reduced form that is not associated with the metal [105]. The pH

dependence of K, can be in part explained by competition between substrate (azide) and



OH" for a binding site at Fe(IIl). Extended X-ray absorption fine structure (EXAFS)
measurements [121] support both the ligation of OH™ and the six-coordinate Fe(III) spe-

cies with the addition of a second OH".

6. Conversion of species (5) to species (6) occurs by the reduction of Fe(III) SOD at
high pH. This step is accompanied by protonation of the axial ligand, loss of an OH" lig-
and, and ionisation of Tyr34. In order for proton uptake to remain constant near pH 9
during reduction, there must be an ionisation at pH 9 in Fe(II)SOD that compensates the
ionisation at pH 9 in Fe(III)SOD. The ligand that is titrated at pH 9 for Fe(I[)SOD is
most likely to be Tyr34. Mossbauer spectra show that the metal ligands do not ionize in
the pH range 7 - 10.8 [119, 105]. The OH" of Tyr34 is only 5.4 A from the metal centre,
and a hydrogen-bonding network links it with the metal centre. The components of this
network are conserved, and Tyr34 is invariant in all known Fe and MnSOD structures
[109].

1.5.3. Kinetics of cambialistic SODs

The only kinetic studies so far on this class of enzyme are those on the cambialistic
FeSOD from P. shermanii [115]. Reaction rates determined were comparable to other
metal-specific Fe- and Mn-containing SODs and were not decreased by D,0O. This is in
contrast to the FeSOD from E. coli, which showed the rate-limiting step under saturating
conditions was the transfer of a proton from a general acid (H,O) to a basic centre that
develops during catalysis [105]. In a similar fashion to the MnSOD from Paracoccus
denitrificans [106], which shows comparable reaction rates and K,, FeSOD from P.

shermanii 1s not saturable by O, under physiological conditions.

1.5.4. The role of reduction-oxidation potentials on catalysis

The generally accepted scheme for catalysis of the dismutation reaction (Reaction 4),
involves alternating reduction and oxidation of the metal ion in a ping-pong type mecha-
nism.

O, +SOD-M™ — SOD-M"™D* 40, (15)

0, +SOD-M™D* _» 5O0D-M™ + H,0, (16)

For a metal ion to be active as a superoxide dismutase, its standard reduction potential
must fall between those of the two half-reactions of superoxide.

Os+e3% Oy E* =-0.137 Vvs. NHE (17)

0, + e+ 2H* == H,0, E” = +0.67 V vs. NHE (18)

An optimum catalyst might be expected to have a reduction potential midway between

[\9]
[\S]
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Figure 1-7. Reduction potential tuning of metal ions by SOD enzyme structure

Schematic diagram illustrating reduction potential tuning of the active-site SOD metal
system by the enzyme, as proposed by Vance and Millar [10]. The native MnSOD
enzyme tunes the reduction potential of the Mn metal ion to an optimum value for super-
oxide dismutation. The same amount of reduction potential tuning is applied by the
MnSOD enzyme to the Fe metal ion in Fe;MnSOD. However, because typical Fe metal
systems have a lower reduction potential to start with, the reduction potential applied is
too great causing the reduction potential of Fe;MnSOD to be well below the optimum.

those for reactions 17 and 18; (E?’ |7 + E?”4)/2 ~+0.27 V vs. NHE. The potentials for all
the catalytically active SODs that have been measured so far fall in the range +0.23 V to
+0.40 V vs. NHE [25]. It has been proposed that the inactivity of metal-substituted
superoxide dismutases may be in part attributed to the fact that the standard reduction
potential of the metal-substituted enzyme falls outside this range [10]. The standard
reduction potential at pH 7.0 of E. coli Fe-substituted MnSOD was determined as -0.24
V vs. NHE. The Fe-substituted MnSOD should therefore, based on elementary redox
chemistry, be unable to oxidise superoxide to oxygen in reaction 17, thereby halting
catalysis. This was shown to be the case by in vitro potentiometric titrations. Vance and
Miller [10] proposed a mechanism of reduction potential tuning of the metal ion by the
enzyme (shown schematically in Figure 1-7). Mn systems in general have higher reduc-
tion potentials than those of Fe. Both have reduction potentials greater than the optimum
for superoxide catalysis (E?” ~ +0.27 V vs. NHE), and so the enzymes must depress or
‘tune’ the reduction potentials of their metal ions. It follows that the Mn-containing
enzymes must depress the reduction potential of their metal ion to a greater extent than
do the Fe-containing enzymes. When Fe is substituted into a MnSOD, the enzyme may

‘tune’ the non-native metal as if it were Mn, depressing it too far below the optimum,



leaving the Fe(III) centre unable to oxidise O, to oxygen. Similarly, if Mn is substituted
into a metal-specific FeSOD, the enzyme cannot depress the reduction potential of Mn

enough, and the reduction of O,™ to peroxide by Mn(lII) cannot be achieved.

1.5.5. pH dependence of activity and inhibition

Fe and MnSODs, both metal-specific and cambialistic, exhibit a pH dependence for
catalysis, reduction potential, spectral properties, and inhibition. Bacillus stearother-
mophilus MnSOD shows near-Nernstian behaviour for one proton coupled to the one-
electron reduction, with AE_,/pH ~ 50 mV [122]. E. coli MnSOD on the other hand
exhibits a more complicated activity dependence on pH. It has a mid-point potential
which changes little between pH 7 and pH &, but which changes by 140 mV between pH
8 and 9. This is consistent with the catalytic rate constant which only shows a small
change between pH 6.0 and pH 7.8, and decreases by about one-third between pH 7.8
and pH 8.5 [123]. The FeSODs from Azobacter vinelandii and P. ovalis show a similar a
pH dependence of E_, [25], having a AE_,/pH of -60 mV, with E, becoming independent
of pH above ~ pH 9.5.

The activity, anion affinity and spectra of the Fe-substituted, metal-specific MnSOD
from Serratia marcescens all show pH dependencies [199]. Activity increases with
decreasing pH from 1 % of native at pH 8.1 to 10 % at pH 6.0 with a pK, of 7. The affin-
ity for azide also increases with decreasing pH from K3 =0.9 mM at pH 8.2 to K4 = 0.1
mM at pH 6.2. The visible and EPR spectra of the active-site metal ion show pH-depend-
ent changes with pK, of 6.6 and pK, of 7.2, respectively. Because the pK, values derived
from the absorption spectra and the affinity for azide are close to the pK, for the pH-
dependent activity, a change in the Fe environment with increasing pH must be related to
the decreasing activity of the Fe-substituted MnSOD. Azide binding, spectral properties,
and the Michaelis constant for superoxide in E. coli FeSOD are all affected by pH in a
similar fashion, which is consistent with an ionizing group of pK, ~ 9 [103, 104]. The
same pH-dependent change in the metal environments of these two enzymes could con-
trol activity with different pK, values [199]. The differing pK, of the two Fe enzymes
could be due to differences in their primary structure, or deprotonation of groups near the
active-site such as coordinated water or histidine ligands. This change in the metal envi-
ronment is proposed to be due to the binding of a hydroxide anion in the sixth coordina-
tion position [124, 117, 6, 199]. As O," is also proposed to bind at this position [6], both
azide and hydroxide would act as competitive inhibitors by this mechanism. This mecha-
nism however, explains only part of the loss of activity of the Fe-substituted, metal-spe-
cific MnSOD from §. marcescens, as only 10 % activity is regained in the absence of
these inhibitors at pH 6.0. A reaction scheme for Fe-substituted MnSOD from S. marces-

cens is presented in Figure 1-8 (opposite). The mechanism of metal ion tuning as pro-



posed by Vance and Millar [10] may also be applicable to this Fe-substituted enzyme.

acidic pH alkaline pH
(ACTIVE) (INACTIVE)
pK~7
Fe''- H,O(OH)  —>— Fe’*- H,O(OH")
OH" |
Ny OH Ny
(high affinity) (low affinity)
Fe**- H,O(OH") Fe**- H,O(OH")
I I
Ny Ny
(INACTIVE) (INACTIVE)

Figure 1-8. Reaction scheme for Fe-substituted MnSOD from S. marcescens [199]

Fe3+-H20(OH‘) represents coordinated solvent to the trivalent iron in Fe-substituted
MnSOD. The inactive hydroxide form at alkaline pH represents species (5) in the 5-6-5
mechanism of Lah et al. |6].

Similar results have been obtained for the cambialistic FeSOD from P. shermanii [115,
125]. Reaction rates of both the Fe and MnSOD exhibit pH dependence. The activities of
both increase by a factor of 3-4 on decreasing from pH 8.0 to pH 6.5 [115]. The native
MnSOD shows no inhibition by azide or fluoride, whereas native FeSOD shows slight
(23 %) inhibition by azide at pH 7.8 increasing to 80 % inhibition at pH 6.8 [125].
FeSOD also exhibits changes in its EPR spectra above pH 8, attributed to binding of OH"

in the sixth coordination position in an analogous fashion with E. coli FeSOD.

1.6. E. coli iron and manganese superoxide dismutases

FeSOD is constitutively expressed in E. coli. Specific activity decreases slightly on
exposure of the growth medium to oxygen [126]. However, this is a result of there being
less Fe available in the media due to induction of cytochromes and other Fe-containing
proteins. Anaerobically grown E. coli produces an FeSOD. When E. coli is grown aero-
bically, MnSOD is induced, as well as a hybrid (see below). Very low levels of oxygen
present in static cultures are enough to cause full induction of MnSOD but will not sig-
nificantly induce the hybrid SOD or catalase. Agitation of the culture is sufficient to fully
induce the hybrid SOD.



1.6.1. Hybrid superoxide dismutases

Aerobically induced hybrid ferrisuperoxide dismutase has been purified and character-
ised from E. coli [126, 127, 95]. The hybrid is dimeric and consists of a subunit of
FeSOD and a subunit of MnSOD. The isolated hybrid, which originally contained both
manganese and iron, could be subjected to metal removal. Activity was restored with
either Fe(Il) or Mn(II), and to an even greater extent with both metals. The hybrid could
be produced in vitro by mixing purified MnSOD and FeSOD, and treating the mixture
with 8-hydroxyquinoline in the presence of 2.5 M guanidinium chloride to remove the

metal, followed by reconstitution with Fe and/or Mn [95].

Exposure of the E. coli hybrid SOD to hydrogen peroxide inactivated the enzyme, but
not completely. Residual activity remained to a level of about 40 %. This is consistent
with the hybrid being composed of both Fe and Mn subunits [95]. Partial inactivation of
the hybrid by exposure to hydrogen peroxide was accompanied by a resegregation of
subunits to form native Fe and Mn SOD dimers. Thus prior to hydrogen peroxide inacti-
vation, hybrid SOD revealed a single band of activity and a single band of protein on a
polyacrylamide electrophoresis gel, whereas after inactivation, two protein bands
formed. One band showed activity and migrated as MnSOD, and the other inactive band
migrated as FeSOD.

1.6.2. Manganese superoxide dismutase properties and features

MnSOD from E. coli is dimeric with two identical subunits each having 205 residues and
a molecular weight of 22900 Da. Some general properties of MnSOD are given in Table

1-2 (opposite).

1.6.2.1. Metal ion

ApoMnSOD from E. coli retaining less than 0.2 % of the activity of the holoenzyme can
be prepared by slight reversible denaturation followed by dialysis against a metal-chelat-
ing agent. The apoMnSOD can be reconstituted with Mn(II), with recovery of 70 % of
the initial enzyme activity. Unlike apoFeSOD, apoMnSOD does not dissociate into subu-
nits [4].

Co(I), Zn(II), Ni(II), Mg(I), Cr(III), Cu(Il), Fe(II), In(Il), and Mo(VI) have been tested
for their ability to replace manganese. None restores activity to the apoenzyme. When
present at a 100-fold molar excess over manganese, only Co(ll), Zn(II) or Ni(II) were

effective as competitors of manganese [70].

1.6.2.2. Redox forms

MnSOD as isolated from E. coli shows redox heterogeneity. Low-temperature EPR spec-
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tra show a 60:40 ratio of Mn(III) to Mn(II) [5]. Homogeneous and stable Mn(II[)SOD
can be produced by oxidation with molybdicyanide without loss of metal or significant
damage to the protein. Given that the redox potential of the Mn active-site is relatively
low (E®=0.31 V vs. NHE) [122], oxidation by ferricyanide should be theoretically possi-
ble but does not occur. Oxidation with the slightly more powerful oxidant hexachloroiri-
date Na,IrClg appears to result in irreversible damage to the protein [5]. Mn(II)SOD can
be formed by reduction with sodium dithionite, the purple colour of the oxidized enzyme
being lost and a colourless solution obtained. No significant change in metal content or
specific activity occurs upon reduction. Mn(II)SOD spontaneously reoxidises in air to
give a mixture of Mn(II) and Mn(III) forms [5]. Crystals of MnSOD can be reduced by
low concentrations of H,O,. Bleaching of the Mn(III) chromophore is readily apparent
on reduction to Mn(II).

Table 1-2. Summary of general properties of MnSOD [4. 5]

55%0.
s20x103 5)! 3 0.3
" 200+ 1.7

R, (A)*

. 23.8
Rmin (A)3
molecular weight (Da) 45800 £ 500

0.735

v (mL/g)4
€280 8.66x10% M lem™!
Amax 478nm (8478Mn =850 M'lcm_l)

5 25mM, I.1 M
Kd(l:—)~
K4(N3) 7.2 mM

I Sedimentation velocity determined in 50 mM potassium phosphate (pH 7.8) bufter containing
100 uM EDTA.

2 Stokes radius.
3 Calculated by assuming a non-hydrated sphere of MW=45800 Da.
4 Partial specific volume calculated from the amino acid sequence.

2 Two-step binding.

1.6.2.3. Ligands

Both F and N3™ bind to Mn(III[)SOD from E. coli. Dissociation constants for both of

these complexes have been extracted from the experimental data by non-linear regres-



sion against an equilibrium binding model [128], yielding K, values of 25 mM and 1.1
M for two-step binding of F~, and 7.2 mM for single-step N3~ complexation [5]. Temper-
ature-dependent absorption studies for anion complexes of MnSOD indicate a change in
coordination number for the metal complex at low temperatures. At 295 K, the spectrum
for the Mn(IlI)-azide complex is characteristic of five coordination. At low temperature,
the spectrum reflects six coordination with a midpoint for the transition near 200 K [8].
This differs from the geometry of FeSOD from E. coli, for which X-ray and spectro-

scopic data show six-coordination at room temperature.

1.6.2.4. Functional inequivalence of Mn and Fe forms

It has been demonstrated that E. coli Mn and Fe SOD are not functionally equivalent.
MnSOD is more effective than FeSOD in preventing damage to DNA, while the FeSOD
appears to be more effective in protecting a cytoplasmic superoxide-sensitive enzyme
[129]. MnSOD has been shown to bind non-specifically to DNA by electrophoretic
mobility shift assay and nitrocellulose-filter binding methodologies. The equilibrium dis-
sociation constants for interaction with a variety of double-stranded and single-stranded
oligonucleotides range from 1.5 £ 0.2 to 84 * 1.3 uM at 20°C. /n vivo binding of
MnSOD to DNA was supported by colocalisation of MnSOD and the E. coli nucleoid in
immunoelectron microscopy. Both MnSOD and DNA were inhomogeneously distrib-
uted in the cytosol, the concentration of each being higher in the centre of the cell and
relatively low near the inner membrane. FeSOD was shown to only bind weakly in vitro,
Ky > 40-220 pm. Association of MnSOD with DNA would localise the dismutase activ-
ity near a target of oxidative stress and increase protection of DNA from oxidative dam-

age.

1.7. Research aims

There are many intriguing aspects of Mn and FeSOD biochemistry that remain to be
investigated. Most of these revolve around the functional differences between the Mn
and FeSODs and are necessarily related; the answers to one question may also provide
the answers to others. Such questions include: the basis of the metal-ion specific nature
of Mn and FeSODs; the mechanism of H,O, inhibition of FeSODs but not MnSODs; the
basis of the cambialistic nature of some SODs; features of the general mechanism of Mn
and FeSODS including effects of pH and proton movements; the possibility of electron-

transfer pathways linking active-sites; the role of hybrid FeMnSODs.

This research has two main focuses. The first is the determination of the subtle structural
and chemical basis of the metal-ion specificity. Hence, the structures of E. coli MnSOD
and FeoMnSOD were determined to provide structural comparisons with E. coli FeSOD.

The second main focus involves elucidation of the mechanism of dismutation in more



detail, including the functional role of certain key residues as investigated in the site-

directed mutagenesis studies.






Crystal Structure of Escherichia coli
Manganese Superoxide Dismutase at
2.1 A Resolution

2.1. Introduction

Several types of superoxide dismutase exist, which use metal ions to assist in the dispro-
portionation reaction. These include the dinuclear Cu,Zn-superoxide dismutase that
occurs primarily in eukaryotes, the iron-dependent superoxide dismutase (FeSOD) found
in prokaryotes, the manganese-dependent enzyme (MnSOD) that is found in both
prokaryotes and eukaryotes [30], and the nickel-dependent enzyme recently character-

ised from Streptomyces species [136].

The MnSOD and FeSOD enzymes both have a subunit size of about 22kDa (~ 200 resi-
dues) and share substantial sequence similarity, typically 30 - 40 % identity when com-
pared on a pairwise basis [99]. Three-dimensional structures have been determined for
several FeSODs [137, 6] and MnSODs [109, 100, 134, 138]. These enzymes are struc-
turally homologous, and are quite distinct from the Cu,ZnSODs [139]. The Mn and FeS-
ODs have a two-domain structure comprising an all-o. N-terminal domain and an o/} C-
terminal domain. In each case the metal site is located between the domains with the
metal (Mn or Fe) bound by four protein ligands (3 His, I Asp), two being contributed by
each domain. The catalytic mechanism involves alternation of the metal ion between the
3+ and 2+ oxidation states [102, 111, 112].

In spite of the high sequence similarity and structural homology between Mn and Fe-
SODs, and the availability of high resolution structures from both classes, some curious
and as yet unexplained differences exist. First, there 1s a distinct metal ion specificity in
the two classes of enzyme: Fe(Ill) can substitute for Mn(III) (and vice versa), but only
the native metal 1on normally exhibits catalytic activity, despite the apparently identical
metal binding sites [4]. A few cambialistic SODs have been reported which are com-
pletely active with either Mn or Fe at the active-site [82, 86, 83, 77, 84]. Secondly, some
MnSODs are dimeric and others are tetrameric, but the factors that determine these dif-
ferences have not been clearly identified. Finally, there is the fundamental biological

question of why both manganese- and iron-dependent enzymes exist, often in the same
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organism. For example, Escherichia coli has both MnSOD and FeSOD, both cytosolic,
with 44 % sequence identity and identical rate constants [114]. The FeSOD is constitu-
tive, whereas expression of the MnSOD is inducible, in response to oxidative stress [140,
126], but the question remains as to why both are needed. One possibility is that particu-
lar molecular properties of the two enzymes enable them to protect different targets of
oxidative damage [129, 141], as suggested for example by the observation that MnSOD
can bind to DNA [142].

E. coli MnSOD has been well studied spectroscopically [4, 5] and functionally [129,
143]. There are also several high resolution structures of Mn and FeSODs available from
which meaningful comparisons can be made'. MnSOD from E. coli is dimeric, with sub-
unit size of 22kDa (205 residues) and can thus be compared with the tetrameric MnSODs
from Thermus thermophilus [109] and human mitochondria [134]. Moreover, since a
high resolution crystal structure has been determined for FeSOD from E. coli [6], a direct
comparison can be made between MnSOD and FeSOD from the same species to attempt
to answer questions of metal-ion specificity and functional specificity with respect to

interactions with DNA.

2.2. Structure determination

2.2.1. Purification

Mn superoxide dismutase was isolated from an E. coli strain (AB2463/pDT1-5) contain-
ing the sodA structural gene on an antibiotic-resistant plasmid [144]. MnSOD was puri-
fied as previously described [5] with the active-site metal ion in a redox heterogeneous
form. The native enzyme was dialysed against water in preparation for crystallisation tri-

als.

2.2.2. Crystallisation

Crystallisation trials were undertaken following previously published results [141].
Crystals were grown at room temperature using the hanging drop method. The hanging
drops were suspended over 0.75 mL of well solution (16 - 30 % PEG 6000 and 0.05 M
bicine titrated to pH 8.5) and consisted of 2 L of well solution and 2 L of protein solu-
tion (MnSOD at 12 mg/mL in water). Crystals were formed as needles or elongated
blocks in space-group C222,, with a = 100.72, b = 108.86, ¢ = 181.87 A. Crystals

appeared after 1 - 3 days, the largest being approximately 0.2 mm x 0.2 mm x 0.6 mm.

1. Thermus thermophilus MnSOD (with azide bound), solved at 1.8 A resolution,
PDB ID: IMNG [6]; Homo sapiens MnSOD (recombinant in E. coli), 2.2 A,
1ABM [134]; Escherichia coli FeSOD (with azide bound), 1.8 A, 11SC [61;
Mycobacterium tuberculosis FeSOD, 2.0 A, 1IDS [135].

32



The crystals have a faint magenta colour whose intensity varies with crystal volume,
being more noticeable in larger crystals. Calculations based on the expected solvent con-
tent of protein crystals [145] gave a Matthews’ coefficient, Vm, of 2.75 A3/Dalton (sol-
vent content, Vsolv = 55 %) for a crystal having four SOD monomers in the asymmetric

unit.

2.2.3. Data collection and processing

Native data were collected to a resolution of 1.9 A at room temperature on a Rigaku R-
Axis IIC image plate detector, using Cu-Ka radiation from a Rigaku RU-200B rotating
anode generator. The native data set was collected from a single crystal over 30 hours
after which the crystal began to deteriorate from radiation damage. The images were
subsequently indexed and integrated to 2.0 A using the program DENZO [146], and the
program SCALEPACK [146] was used to scale and merge the resulting data.

A single image was indexed using the automatic peak-picking and auto-indexing facili-
ties within DENZO. 1237 peaks between 40.0 and 2.5 A resolution, and real-space vec-
tor lengths between 11.5 and 300 A were used in auto-indexing. The highest symmetry
lattice requiring the least distortion to match an equivalent symmetry restrained cell, was
C centred orthorhombic. The metric tensor distortion index was 0.01 %, and the unre-
strained cell was a = 100.86, b = 108.94, ¢ = 182.11 A, o.=89.99, B = 90.00, y = 89.99°.

Detector and crystal parameters were then refined by the least-squares minimisation of
the difference between the predicted and observed diffraction pattern. The crystal orien-
tation and the position of the direct beam spot were first refined using only diffraction
spots between 20 and 5.0 A resolution. After convergence, the resolution was extended
to 40 and 2.0 A, and beam divergence and focusing (crossfire), image plate orientation, y
scale, skew, cell and crystal to film distance were all refined. Appropriate spot shape,
spot size, background box, mosaicity and profile fitting parameters were chosen and the
detector and crystal parameters again refined to convergence. A circular region of the
oscillation image corresponding to the beam stop shadow was ignored during process-
ing. Correct indexing was confirmed by processing two further images, having phi
angles 45 and 90° apart from the originally indexed image, using the same detector and
crystal parameters. After all images were processed, the cell and mosaicity were post-
refined in SCALEPACK. All images were then reprocessed with the cell fixed to that of

the post-refined cell, and with the updated value for crystal mosaicity.

Scaling and merging of diffraction intensities were done using the program SCA-
LEPACK. Initial scale factors and B-factors were calculated for each image, and the
post-refined cell and mosaicity were reconfirmed. The value of xz in each resolution bin

was checked, and the values for the estimated errors in each resolution bin were adjusted
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appropriately to improve the error model. Once the x2 values were approximately one,
and therefore the error model most accurately reflected the actual errors in the data,
reflections flagged as outliers were rejected. Multiple rounds of outlier rejection and res-

caling were run until all outliers were removed from the data.

Table 2-1. Data collection and reduction statistics for native E. coli MnSOD

Crystal Native MnSOD, E. coli Native MnSOD, E. coli

Space group C222, C222,

Z(Z2) 32(4) 32(4)

Unit cell a=100.718 A a=100.717 A
b=108.858 A b=108.857 A
c=181.869 A c=181.869 A

V(m), A%/Da 2.77 2.77

Solvent content 55 % 55%

Mosaicity 0.35° 0.35¢°

Data collection temperature 293 K 293 K

Data processing

Resolution limits (of last shell) 50-2.1 A (2.18-2.10) 40-2.0A (2.02-2.00)
Unique reflections 58757 67705
Observed reflections 324296 353625
Observed reflections after averaging 215051 234191
Observed reflections after averaging I > 10 212295 230617
Observed reflections after merging 56883 62514
Observations deleted manually 392 270
Redundancy 38 3.7
Completeness 96.8 % (77.0) 92.4 % (55.8)
Rierge ON intensities” 0.056 (0.191) 0.059 (0.263)
Overall I/c 22.0(5.4) 20.0(3.2)

I The values in the first column of the table are those for the dataset used for the refinement, gener-
ating the coordinates in PDB ID: | VEW, although by error the cell used for refinement was that
previously reported (100.84,108.91,182.1A) [79]. The values in the second column are those for a
dataset processed from the same raw data but using the processing protocol described above.

“ Rinerge = S|i-<I>|/Zl, where </> is the mean of individual observations of intensities /.

The averaged intensities as output from SCALEPACK were converted to structure factor
amplitudes using the procedure of French and Wilson [147] as encoded in the CCP4 pro-
gram TRUNCATE [148]. Rather than simply taking the square-root of intensities, and

setting any negative values to zero, the procedure of French and Wilson calculates a best
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estimate of F from I, o(I), and the distribution of intensities in resolution shells. This has
the effect of forcing all negative observations to be positive, and inflating the weakest
reflections (less than about 30), because an observation significantly smaller than the
average intensity is likely to be underestimated. TRUNCATE rejects reflections having
intensities less than minus four standard deviations. The data were then put on an
approximately absolute scale using the scale factor taken from a Wilson plot. Relevant

data collection and processing statistics are given in Table 2-1 (opposite).

2.2.4. Structure solution

The structure was solved using molecular replacement. The structure of MnSOD from T.
thermophilus solved to 1.8 A [109] was used as a search model. MnSOD from E. coli
and MnSOD from T. thermophilus share an amino-acid sequence identity of ~ 59 %. The
search model dimer was modified by replacing all residues not conserved between the
two amino-acid sequences with alanines. The program AMORE [149] was used to
search for two copies of the dimeric search model, and a correct solution was found with
a correlation coefficient of 0.44 and R-factor of 0.41 using data in the range 8 A to 4 A.
Five cycles of rigid-body refinement were performed in TNT [130] using data in the

range 10 A to 3.1 A, giving a starting R-factor for refinement of 0.456.

2.2.5. Model building and refinement

Refinement was carried out using the program TNT [130] by the method of restrained
reciprocal space least-squares minimisation. Strict non-crystallographic symmetry
(NCS) constraints were imposed on the four subunits of the asymmetric unit during the
first stages of refinement. Poorly defined regions of the model were removed and rebuilt
with the aid of the molecular modelling program TURBO-FRODO [150]. Several
rounds of model building and refinement produced a model with an R-factor of 0.25
(Riree 0.26) at which time the NCS constraints were replaced with NCS restraints forcing
similarity between the four molecules of the asymmetric unit. Further rounds of model
building and refinement produced a model with 6528 protein atoms, 415 water mole-
cules and four manganese ions. The R-factor is 0.188 (R 0.218) for 53872 reflections
in the resolution range 50 to 2.1 A. A bulk solvent correction, based on the scaling func-
tion suggested by Moews and Kretsinger [151], was applied to the low resolution terms
using the program TNT [130]. Bond lengths and angles have RMS deviations of 0.011 A
and 1.2°, respectively, from the Engh and Huber target values [152]. Subsequent discus-
sion is based upon the results of refinement using data to 2.1 A (column one of Tables 2-
| and 2-2).



Table 2-2. Refinement and model statistics for native E. coli MnSOD!

Model
PDB ID I VEW -
No. of residues 820 820
No. of protein atoms 6532 6512
No. of water molecules 415 411
No. of manganese ions 4 4

Average B-factors, A’

Main-chain atoms 31.2 23.0

Side-chain atoms 35.7 23.9

Water molecules 47.9 31.7

Manganese ions 21.8 13.7

Overall 343 23.9
Retinement

Refinement program TNT [130] CNS v0.5[131]

Reflections used in refinement (no //c(/) cutoff)
Reflections used in calculation of Ryyee

Resolution limits

53872
2873 (5.3 %)
50.0-2.1 A

59340
3156 (5.3 %)
40.0-2.0A

RMS bond lengths 0.011 A 0005 A
RMS bond angles 22 L2k
R-factor (all data) 0.188 0.176
R free (all data) 0.218 0.197

I Columns of refinement and model statistics correspond with equivalent columns of data collec-
tion and reduction statistics in Table 2-1.

2.3. Structure description and discussion

2.3.1. Model validation

Details of the final model are given in Table 2-2. Of the 820 residues, 21 had sidechains
which could not be suitably modelled due to poor electron density. In all four subunits,
positions for Glu47, Asn50, Lys137, Lys186 and Lys205 sidechains were poorly defined
as was Asp61 in subunit B. The electron density at the apex of the loop between the first
two helices, Al and A2, is also not well defined, especially around Pro52. Some disorder
was apparent but could not be satisfactorily modelled. Almost 92 % of all residues fall
within the sterically most favoured regions of a Ramachandran plot, as defined in PRO-
CHECK [153]. Both Asnl45 and GIn178 have normally disallowed phi and psi angles in
each of the four subunits. Asn145 is the i+1 residue in a type II'(ea) B-turn (residues 144
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- 147) between the B-strands B2 and B3. This B-turn includes the active-site residue

GInl46. Likewise, GIn178 is the i+1 residue in another type 1I’(ec) B-turn (residues 177

- 180) which is positioned just before helix AS. Type II'(ea) B-turns that have (¢,y)

angles around (60°,-120°) for the i+1 residue are relatively uncommon. In a study of B-

turn types in proteins, only 3 % were found to be type II’(eat) B-turns [154]. The Asnl146

eo B-turn is structurally conserved amongst the five Mn and Fe SOD structures from dif-

ferent species for which model coordinates are currently available, with the exception of
the Ramachandrally challenged Pseudomonas ovalis FeSOD (PDB ID: 3SDP). The

GIn178 ea B-turn is not strictly structurally conserved, however, with MnSOD from

Bacillus stearothermophilus having a different combination of B-turns in this region.

Y (degrees)
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Figure 2-1. Multiple Ramachandran plot for native E. coli MnSOD

Ramachandran plots for each of the four subunits are shown superimposed on, and
linked by solid lines to, the average Ramachandran plot for all four subunits. This has
the effect of immediately highlighting any residues that have outlying phi or psi angles.

Several methods have been proposed [155] for assessing the similarity of NCS-related

molecules to determine whether the differences between the molecules are truly signifi-
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cant or artefacts of the building and refinement processes. Figure 2-1 (above) shows a
multiple Ramachandran plot of all four subunits, and Table 2-3 gives the RMS devia-
tions of mainchain and all atoms between the four subunits. Both the Ramachandran plot
and the RMS deviations show that the four subunits of the asymmetric unit are essen-
tially identical. The only significant difference among the subunits occurs in chain A for
residues Lys134, Gly135 and Asp136. These residues form the loop between [3-strands
Bl and B2. The loop is distorted in chain A to provide a weak intermolecular crystal
contact between the two dimers of the asymmetric unit with three hydrogen bonds being
formed between subunit A of dimer | and subunit D of dimer 2. The RMS differences
between main-chain atoms in a pairwise comparison range between 0.11 and 0.30 A;
between all atoms the values are 0.32 and 0.43 A (see Table 2-3).

Table 2-3. RMS superpositions for subunits of native E. coli MnSOD!

A B C D
A - 0.308 0.258 0.264
B 0.447 - 0.110 0.130
C 0.371 0.318 - 0.115
D 0.450 0.339 0.382 -

I.RMS superpositions of main-chain (above the diagonal) and all atoms (below the diagonal) of A,
B, C and D subunits (A).

2.3.2. Polypeptide chain conformation

The monomeric subunit of MnSOD from E. coli has 205 amino acids and a molecular
weight of 22.9 kDa [4]. The overall tertiary structure is as found for the other Mn and Fe
SODs whose structures have been characterised, with an all-oc N-terminal domain and an
o/B C-terminal domain. The MnSOD dimer is shown as a Ca plot in Figure 2-2 (oppo-
site) and a schematic diagram of the monomer is shown in Figure 1-3. The Mn ion at the
active site is bound between the two domains. The assignment of all secondary structure
elements was done using the program DSSP [132] and these secondary structures can be

seen in Figure 1-3.

The N-terminal domain has two long anti-parallel o-helices (A1, A2) having 23 and 22
residues respectively, which are connected by an extended loop region. The loop con-
tains two one-turn o-helices and a one-turn 3 y-helix. A 19-residue N-terminal arm lies
anti-parallel to helix Al. The C-terminal domain consists of two o-helices (A3, A4), fol-
lowed by a central core of three strands of twisted anti-parallel B-sheet (B1, B2, B3), fol-

lowed by two more o-helices (A5, A6). The four a-helices of this a/f domain lie on one

38



side of the B-sheet, with the other side of the B-sheet facing the N-terminal domain.
Sidechains from this B-sheet thus contribute both to the hydrophobic core of the C-termi-
nal domain and to the active-site and interdomain interface. The loop regions connecting

the B-strands also contains two short (one-turn) a-helices and two 3, -type turns.

Figure 2-2. Stereo Ca plot for the native E. coli MnSOD dimer

The plot shows the polypeptide folding and the close proximity of the two active-sites in
the dimer. The manganese atoms are shown as large shaded circles. Figure drawn with
MOLSCRIPT [1].

The N-terminal arm lies anti-parallel to and forms various hydrogen bonds with helix
Al. The sidechains of Asn39 at one end, His27 in the middle and Glul5, Aspl9 and
Thr22 at the other end are prominent in these interactions. Two proline residues in the N-
terminal arm have unusual configurations. Pro8 has ¢,y angles (-90°,20°) that depart
from those usually expected for proline residues (¢ ~ -65% [156]), possibly because this
residue, in all four subunits, makes close intermolecular symmetry contacts; these may
impose steric constraints. Prol6 is preceded by a cis-peptide. This is a feature of all other

MnSODs and FeSODs whose structures have been solved to date.

A characteristic distortion is found in the middle of helix Al in all Mn and FeSODs,
which involves widening of one turn to a n-type configuration. In E. coli MnSOD this
distortion is centred on Lys29, which has ¢,y angles (-110%-60°), and creates a slight

kink in the helix (the axes of the N- and C-terminal halves are at an angle of 176°) and a
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displacement of the C-terminal half by approximately 2 A towards the manganese cen-
tre. It is of critical importance to the active site as the active-site residues His26 and

Tyr34 lie on either side of the distortion and His30 is in the middle.

The loop region (residues 43 - 64) between helices Al and A2 has a primary structure
that is highly variable amongst Fe and MnSOD species. The entire loop region folds over
at the ends of Al and A2 and lies alongside this o-helical pair on the opposite side to the
active-site. There are two distinct conformations of this loop region amongst Fe and Mn
SODs. Human mitochondrial MnSOD (PDB ID: 1 ABM) and MnSOD from M. tubeircu-
losis (PDB ID: 11DS) have a short connecting loop of three and six residues respectively.
FeSOD from E. coli (PDB ID: 1ISA) and MnSOD from T. thermophilus (PDB ID:
3MDS) have an extended loop region, the extension arising from the shortening of the
two a-helices in the oa-helical pair. MnSOD from E. coli has a similar extended loop

region.

2.3.3. Quaternary structure

The crystals of E. coli MnSOD contain two dimers in the asymmetric unit. The buried
surface area between the two subunits that comprise the MnSOD dimer is 850 A2 per
subunit. Relative to the surface area of an isolated subunit (9600 A), the fraction buried
(9 %) is typical of strongly associated dimers [157]. The buried surface area involved in
the crystal packing contact between the two dimers in the asymmetric unit is, by contrast,
only 430 A~

The program ASC [158, 159] was used to calculate the solvent-accessible surface area of
residues firstly as a part of each subunit within the dimer, and secondly as part of the
dimer as a whole. For point of comparison with the FeSOD, residues whose surface area
decreased by more than 1.5 A2 upon dimerisation were taken to be a part of the dimer
interface. A total of 19 residues fits this criterion in E. coli MnSOD, i.e. GIn21, Ile25,
Lys29, His30, Tyr34, Asn73, Asn74, Phe124, Gly 125, Ser126, Asnl45, GIn146, Trp169,
Glul70, Hisl171, Tyr174, Leul75, GIn178 and Asnl79. Interface residues for both E.
coli Mn and FeSOD, along with their values for the decrease in surface area upon dimer-
isation, are given in Appendix B. Most of the contacts between the two monomers of the
dimer are hydrophobic, and residues Asn73 and Phel24 form an amino/aromatic stack-
ing type interaction across the dimer interface; the sp2 N ... ring carbon distance is about
3.6 A. However, there are also a small number of direct hydrogen bonds between protein
atoms, across the dimer interface, and other hydrogen bonding interactions mediated by

bridging water molecules.

The list of hydrogen bonds between the two monomers (Table 2-4 opposite) highlights

one remarkable feature of the MnSOD dimer. This is the extent to which the active site is
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linked with dimerisation. Among the residues of the dimer interface are five active-site-
associated residues, i.e. His30, Tyr34, Glul70, Hisl71 and Tyr174. Moreover, of the
seven sidechain-sidechain hydrogen bonds across the dimer interface, three of the four
unique bonds (the others are related by the non-crystallographic symmetry of the dimer)
involve active-site residues, i.e. His30_NE2...Tyr174B_OH, His171_N...Glul70B_OEI
and His171_NDI...Glu170B_OE2. Exactly the same contacts are seen in the interface
between the C and D subunits.

Table 2-4. Hydrogen bonding interactions in the dimer interfaces of Mn and FeSODs
from E. coli'

MnSOD E. coli FeSOD E. coli
Residue Ao Residue A6t Dist Residue Atom Residue R Dist.
(chain A) (chain B) (A)  (chain A) (chain B) (A)

His30 NE2 Tyrl74 OH 2.59 | His30 NE2 Tyr163 OH 2.70
His171 N Glul70 OEl 2.90 |Hisl60 N Glul59 OEl 3.02
Hisl71 NDI Glul70 OE2 2.79 | Hisl60 NDI Glul59 OE2 2.88
Serl26 OG Ser126 OG 2.83 | Serl20 OG Ser120 OG 2.76
Asn73 Phel24 Ar-ring 36 | Asn6S5 Phel24 Ar-ring 3.7

Gln 178 No equivalent bond Argl67 NH?2 Glu2l OE2 2.88

I There are no main-chain to main-chain hydrogen bonds across the interface.

2.3.4. The active site

The active site containing the catalytic manganese ion lies between the two domains in a
substantially hydrophobic pocket which is characterised by a large number of aromatic
sidechains. The four ligands which coordinate the manganese ion are invariant amongst
Fe and MnSOD species. Two ligands are provided by each domain. The N-terminal
domain provides His26 (in helix A1 below the kink) and His81 (in helix A2) both coor-
dinated via their NE2 nitrogen. The C-terminal domain provides Asp167 (at the C-termi-
nal end of B3) coordinated via its OD2 oxygen and His171 (in the 1-turn, 3;,-helix after
B3) coordinated via its NE2 nitrogen. Additional density associated with the metal ion
was interpreted as a solvent molecule bound to the manganese. When this was included
in the model as an oxygen atom it refined to a value of 16 A?, comparable with the B-fac-
tors of the other ligands, which range between 15 and 25 AZ. This is consistent with a
full-occupancy water or hydroxide ion bound to manganese; given that the net charge of
the other four ligands (3 His, 1Asp) is almost certainly 1-, it appears likely that it is a
hydroxide ion that is bound to the Mn(III). The B-factor of the manganese ion (22 Az)
implies that this site, too, is fully-occupied. The observed Mn-O separation of 2.24 A is
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consistent with a mixture of Mn(Il[)-OH and Mn(II)-OH moieties, the latter being
favoured over an Mn(Il)-OH; moiety due to the basic conditions for crystallisation (pH
8.5) and the hydrogen bonds made by this coordinated solvent species (see below).
Moreover, the difference electron density for this site is spherical, indicating a relatively
small difference between Mn(III)-O and Mn(II)-O separations.

Ginl46 Glnl46

Figure 2-3. Stereo view of the metal site in native E. coli MnSOD

Stereo view of the metal site in MnSOD, showing the manganese coordination and the
network of geometrically-favourable hydrogen bonds (broken lines) linking Gln146 and
the metal-bound solvent molecule (filled circle). Covalent bonds formed with the man-
ganese ion are, Mn-His26_NE2 2.19 A; Mn-His81_NE2 2.25 A; Mn-Asp167_OD2 2.05
A; Mn-His171_NE2 2.19 A; Mn-Ow207_O 2.24 A. Hydrogen bond lengths are,
OH207_0 ... Asp167_OD1 2.75 A; OH207_O ... GIn146_NE2 2.89 A; Tyr34_OH ...
GInl46_NE2 3.00 A, GInl46_OEl .. Asn80_ND2 3.33 A; GInl46_OEIl
Trpl 28_NEI 293 A. Figure drawn with MOLSCRIPT [1].

Spectroscopic studies of E. coli MnSOD suggest a distorted trigonal bi-pyramidal envi-
ronment around the Mn ion [5]. This is confirmed by the structural analysis, which
clearly shows a five-coordinate manganese centre, with no suggestion of any low-occu-
pancy six-coordinate species (Figure 2-3). The two axial ligands are His26_NE2 and
Ow207, with the equatorial plane formed by His81_NE2, Aspl67_OD2 and
His171_NE2. The bond lengths and angles show a high degree of regularity in the geom-
etry, with the His26_NE2-Mn-OW207 angle (175°) very close to the ideal 180° and the
Mn only 0.05 A out of the equatorial plane, in the direction of His26. The principal dis-
tortion is in the equatorial plane, with the angle His81_NE2-Mn-NE2_His171 expanded
to 129° (from the ideal 120°) and the angle His81_NE2-Mn-OD2_Asp167 reduced to
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110°. This is a common feature of all Mn and FeSOD metal sites, and helps create an
open face in the coordination sphere where N5~ (and possibly O;") may bind [6].

The ligands are for the most part tightly constrained by the surrounding structure. The
non-coordinated ND1 atoms of His81 and His171 are hydrogen bonded respectively to
Arg77_0O (from the preceding turn of helix A2) and Glu170_OE2 (from the other subu-
nit of the MnSOD dimer). The non-coordinating carboxylate oxygen of Asp167, ODI, is
an acceptor of two hydrogen bonds, one from the metal-bound solvent molecule Ow207
(2.75 A) and the other from the peptide NH of residue Trp169 (3.26 A) in an n...NH(n+2)
interaction (Figure 2-3 opposite), also known as an “Asx turn” [160, 161]. Only the
His26 ligand is not directly constrained by any protein group, its NDI1 atom being hydro-
gen bonded to a buried solvent molecule, Ow261, that is found to be conserved in most
Mn or FeSOD structures.

The metal-bound solvent molecule (water or hydroxide) is firmly fixed in place by two
hydrogen bonds, (Figure 2-3 opposite). It is the donor in the hydrogen bond with
Asp167_ODI1 and an acceptor of a hydrogen bond from NE2 of Gln146. Both hydrogen
bonds are geometrically favourable with respect to length, 2.75 A and 2.89 A respec-
tively, and angles; the N-H...O angle for the Gln146_NE?2...0w207 interaction is 159°
(assuming trigonal geometry for the -NH, group of GInl46) and the Mn-
Ow207...0D1_Asp167 angle is 85°, reasonably close to the tetrahedral angle of 109.5°.
This implies that this bond is also approximately linear.

The hydrogen bonding network extends further from the metal-bound solvent through
GIn 146, which is also hydrogen bonded through NE2 to Tyr34_OH and through OEI to
Asn80_ND2 and Trp128_NEI. This emphasises the key role of Gln146 in the active site;
its hydrogen bond potential is fully utilised and it appears firmly fixed in place. This in
turn is consistent with the idea [6] that the metal-bound solvent is not displaced during
catalysis.

The importance of a sidechain that can hydrogen bond with the coordinated solvent mol-
ecule is also evident from comparisons of both Mn and FeSODs. This sidechain (Gln146
in E. coli MnSOD) is, however, provided from a different position in the structure
depending on the species. In the structures solved to date, the following pattern is
observed. In MnSODs the residue occupying the position equivalent to GIn146 is always
either a glutamine or a histidine, and the residue at the position equivalent to Gly77 is
always a glycine. In FeSODs the position equivalent to GIn146 is either a histidine or an
alanine, in which case the residue at the position equivalent to Gly77 is a glycine or
glutamine, respectively. In this way a hydrogen bonding sidechain group is always struc-
turally conserved, occupying a position within hydrogen bonding distance of the coordi-
nated solvent water.
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2.3.5. The wider active-site region

The residues making up the secondary coordination sphere were identified by measuring
the increase in solvent-accessible surface area of residues around the active-site upon
removal of the metal ion, ligated solvent molecule and ligand sidechains. The active-site
pocket consists of 11 main residues (His30, His31, Tyr34, Gly77, Phe84, Trp85, Trp128,
GInl146, Trpl169, Alal172, Glul70B) and includes two waters (Ow261 and Ow1721) in
addition to the metal ligands. Of these 11 residues, four (His30, Tyr34, Trp128, Glul70)
are completely invariant and three (His31, Trp85, Trp169) are semi-invariant, having
only one exception among the more than 50 sequences of Fe and MnSODs that were
compared. The two waters in the active-site pocket are also conserved in the three
MnSOD structures (E. coli, T. thermophilus, Homo sapiens), in the FeSOD from M.
tuberculosis, and in the Fe/Mn cambialistic SOD (Propionibacterium shermanii), but not
in FeSOD from E. coli. Almost 60 % of the surface area of the active-site pocket is pro-
vided by non-polar, hydrophobic residues.

2.3.6. Solvent regions adjoining the active site

Most of the modelled solvent forms a monolayer around the protein surface. Two solvent
regions deserve special mention, however. The first is the solvent-filled funnel that leads
from the outside towards the manganese site of each monomer, and the other is an inter-

nal network of water molecules that lies behind the metal site starting at the ligand
His26.

The funnel by which O," could reach the metal centre has been described in detail for the
MnSOD of T. thermophilus [109]. For each metal site the funnel is formed by residues
from both monomers and leads towards the metal-bound solvent molecule. Thus, in E.
coli MnSOD access to the metal centre of monomer A is via a funnel bounded by resi-
dues Asn37A, Asn73A, Asn74A, Phe124B, Asn179B and Argl181B at the entry, and res-
idues His30A, Tyr34A, Trpl69A and Glul70B nearer to the metal. Two hydrogen-
bonding groups project into the funnel in a position where they could interact with
incoming substrate, i.e. His30_ND1 and Tyr34_OH. His30 is oriented by a hydrogen
bond with Tyr174_OH from monomer B, and Tyr34 is oriented by a hydrogen bond with
GIn146; Tyr34 stretches across the funnel, its OH pointing directly at the aromatic ring
of Trp169 and has been called a ‘gateway’ residue [162] because it is presumed to have
to move to allow access to the metal site [118, 109]. The funnel is filled with some 17
solvent molecules (see Figure 2-4 opposite). Many of these have relatively high B-fac-
tors, implying mobility. However, three waters, Ow1251, Ow341 (which forms a hydro-
gen bond with the conserved Tyr34), and Ow1731, make multiple hydrogen bonds. This
is reflected in their having B-factors considerably lower than the average.



On the inner side of the manganese, trans to the metal-bound solvent molecule, is
another water cluster which lies between the N- and C-terminal domains. This begins at
water Ow261, which is hydrogen bonded to ND1 of the ligand, His26. This water and its
neighbour Ow1721 are in a hydrophobic pocket bounded by Phel8, Phe84 and Trp184,
and do not use their full hydrogen bonding potential; Ow261 hydrogen bonds with
His26_NDI1, Met23_SD and Ow1721, and Ow1721 hydrogen bonds only with Ow261
and Alal72_0. These two waters appear to be a conserved feature of MnSODs. Beyond
Ow1721 are found more buried waters, Ow191, Ow193, Owl711 and Ow1741B which
are more extensively hydrogen bonded, with three or four hydrogen bonds each to resi-
dues from both domains. These waters do not seem to have a functional significance
except in so far as they contribute substantially to interdomain interactions.

Figure 2-4. Stereodiagram of the solvent structure in the substrate-access funnel of
MnSOD from E. coli

The 17 waters in the substrate-access funnel of the native structure are coloured by B-
factor. B < 20 Az, purple; 20 - 30 Az, blue; 31 - 39 Az, green; > 40 AZ, red. The average
B for solvents in the protein is 32 A2, and for the 17 waters in the substrate-access fun-
nel, 30 AZ. The larger purple-shaded sphere represents the Mn atom. Some active-site
ligands have been excluded for clarity. The ligated solvent OH207 is drawn as a smaller
red sphere. Figure drawn with MOLSCRIPT [1].

2.3.7. The significance of the dimer

A striking feature of the MnSOD structure shared by all Mn and FeSODs is the extent to
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which the active site of each monomer is linked with formation of a functional dimer.
The dimer contributes a number of elements to the active-site. First, residues from both
monomers are required in order to create the solvent-filled funnel through which the sub-
strate is presumed to approach the metal site (see above). Second, His30, which is a
‘gateway’ residue projecting into the active-site funnel just above the metal site, and
which may play an important role either as a proton donor/acceptor or in orienting the
incoming substrate, is oriented by a hydrogen bond with Tyrl 74 from the other monomer

of the dimer, as described above.

The third feature of the dimer is the bridge involving Glul70 which provides a connec-
tion between the two metal sites of the dimer [137]. The Mn...Mn distance is relatively
long (18.4 A) for communication between them. However, Glul170 of one monomer is
hydrogen bonded to the manganese ligand, His171, of the other monomer; one carboxy-
late oxygen, OEI, is hydrogen bonded to the peptide NH of His171 and the other carbox-
ylate oxygen, OE2, hydrogen bonds with NDI of His171. This gives a three-residue
bridge comprising 17 bonds that link one manganese to the other (Figure 2-5). Moreover,

it is a double bridge because of the twofold symmetry of the dimer.

Mn(A) / (/P

Q. ' ,
I s Glu 170(A)

[~4 )

His 171(A)(_ : _
279 jf / S His 171(B)
h\ 2'.92 )
Glu 1708),__ ﬂ 216y

\\ | Mn(B)

Figure 2-5. Glutamate bridge linking the two active sites of the MnSOD dimer

A schematic diagram of the 17-bond, three-residue, glutamate bridge linking the two
active-sites of the MnSOD dimer. Hydrogen bonds are shown with broken lines.

Both Glu170 and His171 are absolutely conserved in all Mn and FeSODs, and this dou-
ble glutamate bridge is thus likely to be a conserved structural feature. It may play a role
in communicating between the two metal sites, either in communicating the redox or lig-

and-binding state of the metal centres, or in providing a pathway for electron transfer
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between them, permitting recovery from oxidative damage when the metal is oxidised to
a higher oxidation state, e.g. Mn(IV). A through-bond electron transfer pathway of this
length is fully compatible with present ideas of electron transfer mechanisms [163].

2.3.8. Comparison with E. coli FeSOD

The availability of 3D structures for both MnSOD and FeSOD from E. coli allows com-
parisons to be made which may give insight into the different in vivo roles that these two

enzymes play. Analysis of their secondary structures shows that the main secondary
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Figure 2-6. A structure-based sequence alignment of E. coli manganese and iron
superoxide dismutases

Residues absolutely conserved amongst Fe and MnSODs are shown in bold typeface.
Secondary structure elements as calculated using the program DSSP [132] are shaded.
Light shading, 3;9-helix; Medium-shading, a-helix; Dark shading, B-strands. Sequence
insertions are indicated by a period (.). Insertions whose insertion points are ambiguous
(~ 2 A cutoff) are indicated by a tilde (~).
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structural units and topology are highly conserved. This then allows the structures to be
superimposed and a structure-based sequence comparison to be made (Figure 2-6
above). The Fe and Mn enzymes from E. coli share 45 % sequence identity based on this

structural alignment.

A superposition of the structures based on the main-chain atoms (N, CA, C, O) of the
conserved secondary structure elements, together with the active-site residues, gives an
RMS difference of 0.6 A (388 atoms) for superpositions of the monomeric chains. An
almost identical RMS difference of 0.7 A (776 atoms) is obtained for the superposition
of the dimers. There is, therefore, no significant difference in the orientations of the mon-
omers within the dimer between the Mn and Fe structures. Four areas of the polypeptide
backbone deviate significantly, all of them in loop or turn regions. All the sequence
insertions and deletions between the 205-amino acid MnSOD and 192-amino acid
FeSOD are within these four areas. Residues 133 - 136 contain a single amino acid dele-
tion in MnSOD relative to FeSOD with these four residues forming a type IV B-turn on
the surface of the MnSOD enzyme (except for chain A which is distorted to a type I’ (yy)
B-turn due to the dimer-dimer crystal packing contact). Residues 90 - 93 contain a two
amino-acid deletion in MnSOD relative to FeSOD and, like the 133 - 136 region, this
region is on the surface of the protein, well away from both the active-site and the dimer-
dimer interface. The more significant differences occur in the regions 45 - 69 and 153 -
158. Residues 45 to 69 form part of the major loop region between Al and A2. The loop
in MnSOD has a seven-residue insertion (residues 61 - 67) relative to FeSOD. These res-
idues form an extra loop which projects out from the surface and into the large hemicy-
lindrical groove in the dimer formed between the two monomers. Residues 153 - 158 lie
in the loop between B2 and B3 and contain a six-residue insertion relative to FeSOD.
These extra residues also project out into the dimer groove, and because of the symmet-
rical nature of the dimer these two extra loops are present on both sides of the dimer
groove (Figure 2-7 opposite). The sidechains in the loop 153 - 158 constrict the diameter
of the hemicylindrical groove to around 14 A. The sidechains of the positively charged
residues Arg72, Lys118 and Argl23 form part of the surface of the dimer groove. In
FeSOD the corresponding residues are Phe, Asp and Asn.

E. coli MnSOD has been shown [142] to bind non-specifically to various single- and
double-stranded oligonucleotides with K in the range 1.5 - 1.8 pM. In contrast, interac-
tions between FeSOD and the same oligonucleotides were much weaker with binding
constants Ky > 40 - 220 uM. Given the markedly different surface properties in the dimer
groove of MnSOD as compared with FeSOD illustrated in Figure 2-7 (opposite), it
seems reasonable to suggest that the binding of DNA might occur within this region.
There are a number of points favourable to the binding of DNA to MnSOD which are not
emulated in FeSOD. The electrostatic potential at the surface of the dimer groove, as cal-
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culated and viewed using the program GRASP [133], shows the MnSOD surface has an
overall positive charge in the dimer groove (Figure 2-7a) whereas FeSOD has an overall
negative charge (Figure 2-7b).

Figure 2-7. Surface comparisons of the E. coli FeSOD and MnSOD dimers

Comparison of the surfaces of the E. coli FeSOD and MnSOD dimers shaded according
to electrostatic potential in the range -15 kgT (red) to 15 kgT (blue) (where kg is the
Boltzmann constant and T is the absolute temperature). In (a) the MnSOD surface is
shown. In (b) the FeSOD surface is shown, with the MnSOD dimer superimposed on it;
the four extra loops present in MnSOD (black) are shown as a Ca backbone worm, pro-
truding on either side of the dimer groove. Note the positive charge of the MnSOD
dimer surface (blue), compared to the negative charge of the corresponding FeSOD sur-
face (red). Diagrams produced with GRASP [133].

A model for the interaction of standard B-DNA with the dimer groove of MnSOD is
illustrated in Figure 2-8 (below). The two-fold axes of the dimer and duplex are approxi-
mately coincident. A total of ~ 3000 A? of surface is buried by this interaction. Even
without optimisation there are no unnaturally close contacts between the two molecules.
In this model non-specific enzyme-DNA interactions are mediated via the positively
charged residues on the surface of the dimer groove, and the negatively charged phos-
phates of the DNA. Additionally, the insertions in the sequence of MnSOD (relative to
FeSOD) provide protrusions from the surface which are suitably placed for interacting
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Figure 2-8. A model of the interaction of standard B-DNA with the dimer groove of
native E. coli MnSOD

A surface representation of a model of the interaction of standard B-DNA with the dimer
groove of MnSOD. The two-fold axes of the dimer and duplex are approximately coinci-
dent, and pass through the centre of the enzyme, perpendicular to the plane of the figure.
The B-DNA model is shown in (a) as a solvent-accessible surface shaded in grey, and in
(b) without the surface showing the underlying B-DNA structure. Areas of contact
between the two surfaces within ~ 1 A are highlighted in light blue. Diagrams produced
with GRASP [133].

with the major grooves of DNA. Physical access to the active site is unimpeded by the
binding of DNA, although there may be electrostatic consequences on superoxide-dis-
mutase activity arising from proximity of the active site to the negatively charged DNA
moiety. Other possible DNA-binding sites exist, but offer less extensive interactions with
the protein. For example, DNA need not necessarily bind exactly parallel with the sym-
metrical dimer groove. The other region on the MnSOD surface of localised positive
charge occurs at the C-terminus where three of the last six residues are positively
charged; however, the number of possible interactions at this site is much less when
compared to the number of interactions afforded by binding in the dimer groove. The
MnSODs from human mitochondria and T. thermophilus also have a similarly positively
charged dimer groove and DNA can be modelled into the dimer groove of MnSOD from
T. thermophilus with only minor distortion of the DNA from its standard geometry. As
structurally characterised, however, both human mitochondrial and T. thermophilus
MnSODs are tetrameric. Within the tetrameric association, the dimer grooves face
toward each other forming a tunnel. The tunnel has insufficient space for a double-
stranded oligonucleotide without substantial rearrangement of the tetrameric structure.
Thus, should tetrameric MnSODs also have a functional role in binding DNA by non-
specific association, the binding would have to be at a site other than along the dimer
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groove, or the functional unit would need to be dimeric

Comparison of the active sites of the E. coli Mn and FeSODs shows a very high struc-
tural correspondence, confirming the view that their metal-ion specificity is more of a
subtle chernical or electrostatic phenomenon than a distinct structural change [138, 162].
Superposition of the immediate metal sites (metal ions and ligands, 40 atoms) gives an
RMS deviation of 0.2 A, with the only significant difference being a slight rotation (11°)
of the sidechain of His26, about its CB-CG bond (see Figure 2-9). This does not change
the position of the coordinated NE2, relative to the metal, and so does not change the
basic metal geometry, but could change M-N dn-pn interactions. The slight movement is
probably due to repulsion by the nearby Trp77 in FeSOD which is itself shifted relative
to the equivalent residue (Trp85) in MnSOD

T'yr34 Tyr34

His81 His81

His171 His171

His30 His30

Figure 2-9. Stereodiagram of the metal environment of native MnSOD and FeSOD from
E. coli

MnSOD in black lines and FeSOD in blue lines. Respectively, the axial angles are 175°
and 174° and the equatorial angles range from 111° to 129° and 113° to 127°. Figure
drawn with MOLSCRIPT [1].

The MnSOD and FeSOD enzymes of E. coli are both homodimeric and structurally
homologous but their solution properties are different, in particular with respect to their
oligomeric state [4]. Apo-FeSOD undergoes dissociation into monomers at protein con-
centrations less than 150 pg/ml whereas apo-MnSOD does not. Given the close proxim-
ity of the metal ion to the dimer interface it is possible that differences in the dimer
interface between the two enzymes, mediated through the loss of the metal ion, could
account for the differing dissociation properties of the two enzymes.
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Of the 19 residues in the E. coli MnSOD interface and 21 residues in the E. coli FeSOD
interface, 14 are structurally conserved. The seven hydrogen bonds found in the MnSOD
interface are also conserved in the FeSOD interface (Table 2-4 above). Of the residues
that are not conserved within the interface, the most obvious change is the substitution of
GIn178 in MnSOD by an arginine residue in FeSOD. This substitution allows the forma-
tion of a 2.93 A salt bridge across the subunits at each side of the interface. The Asn73/
Phel 24 amino/aromatic stacking interaction is also conserved in the FeSOD dimer inter-
face. Amongst other Fe and MnSODs two arrangements of this stacking interaction can
be found. T. thermophilus MnSOD and B. stearothermophilus MnSOD have the same
arrangement as the Mn and FeSODs from E. coli. In the second arrangement, which is
found in M. tuberculosis FeSOD and human mitochondrial MnSOD, the asparagine is
replaced by a phenylalanine, and the phenylalanine replaced by a glutamine. The extra
carbon-carbon bond in the glutamine relative to the asparagine sidechain causes the
amino nitrogen to lie further along the phenylalanine ring plane, weakening the amino/
aromatic interaction. Like the GInl146/Gly77 interaction, this represents another example
in Mn and FeSODs where a structural entity has been conserved by the complementary
mutation of two residues. Tyrl 74 is the only invariant residue in the interface amongst
Mn and Fe-SODs that is not also a direct part of the active-site pocket. However, Tyr174
forms a strong hydrogen bond with His30. This hydrogen bond is conserved in all struc-
tures which have main-chain dihedral angles acceptably sampling sterically allowed phi-
psi space. This would suggest an important role in dimer formation or substrate access to
the active-site.

2.4. Structure determination of an azide derivative

Various attempts were made to obtain the structure of the azide-bound native MnSOD. A
summary of the preparation method and selected structure determination parameters of
azide derivative wildtype MnSOD crystals is presented in Table 2-5 (opposite).

Method I: Pseudo-mother liquor (well solution with an extra 5 % w/v PEG 6 K) was pre-
pared. A native crystal was then transferred and stabilised in this solution. The same
pseudo-mother liquor, but with the addition of 100 mM sodium azide was prepared. The
crystal was transferred directly into the azide-containing mother liquor and left to equili-
brate for twelve hours before commencing data collection. Data were collected at ambi-

ent temperature.

Method II: Wild-type protein was first reacted with 200 mM sodium azide, then crystal-
lised by seeding into sitting drops containing 200 mM sodium azide. Data were collected
on crystals at ambient temperature and at 113 K. Crystals were frozen by flash freezing
in a cryo-solution comprising 25 % PEG6K, 15 % MPD and 0.2 M bicine at pH 8.65. A

52



separate batch of crystals was prepared in a similar way but with all azide concentrations
at 100 mM. Data on these crystals were collected at ambient temperature.

Method III: The oxidising agent K4Mo(CN)g was prepared by a previously published
method [164]. Wild-type crystals were stabilised in pseudo-mother liquor. The crystals
were then transferred into a solution containing pseudo-mother liquor, oxidant and azide.
The first crystal was soaked for one hour in an oxidising solution with an azide concen-
tration of 100 mM. The second crystal was soaked for 24 hours, where the concentration
of azide was 320 mM. Data were collected on both crystals at 113 K.

Refinement and inspection of all six structures revealed no azide had bound at the active

site.
Table 2-5. Summary of potential azide derivative structures
Crystal Method  Description Temp. Res. Refinement Rgp,./
(K) (A) Program R-factor
3 I 12 hour soak in 100mM NaN, 293 3.0 CNS
7 II reacted/seeded in 0.200mM azide 293 22 TNT 0.213/0.184
8 II reacted/seeded in 0.200mM azide 113 22 TNT 0.353/0.301
12 II reacted/seeded in 0.100mM 293 23 TNT 0.268/0.237
14 111 ~ lhr soak in 100mM azide + 113 23 TNT 0.370/0.322
K Mn(CN)g
15 11 ~ 24hr soak in 320mM azide + 113 27 TNT 0.297/0.237
K4Mn(CN)g

2.5. Conclusions

This structural analysis identifies two factors that may be of importance for function.
Firstly, the interdependence of the two active sites of the dimer emphasizes the impor-
tance of the dimer structure, and the double “bridge” between the two Mn centres, com-
prising the His171 and Glul70 residues of opposing monomers, may allow electron
transfer between them as a means of recovering from oxidative damage. And secondly,
significant differences in surface properties occur between the Mn and FeSOD enzymes
from E. coli in the groove formed between the two monomers. The dimer groove may be
a potential site for non-specific interaction with oligonucleotides, consistent with the evi-
dence that MnSOD binds more tightly to oligonucleotides than does FeSOD.

Whilst this structural analysis of E. coli MnSOD does not in itself reveal the mechanism
of metal-ion specificity, the structure does provide an important basis for further study of
this problem, notably in comparisons with the Fe-substituted E. coli MnSOD presented
in Chapter 3, and in the mutagenesis studies presented in Chapters 4 and 5.
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Crystal Structure of Iron-
substituted Escherichia coli
Manganese Superoxide Dismutase at
2.2 A Resolution

3.1. Introduction

One of the more intriguing properties of the manganese and iron superoxide dismutases
is their metal-ion specificity. The dismutase activity of almost all Fe and MnSODs char-
acterised to date is dependent on the metal ion at their active site: substitution of the
native metal with the other inactivates the enzyme [80, 4, 81]. Given the different chem-
ical properties of these two metal ions, it should not seem at all unusual that these Fe and
MnSOD enzymes have adapted to more efficiently utilise their native metal ions. But one
would expect that such adaptions would be apparent and conserved in the structures of
these two types of enzyme, particularly at the active-site, or in the secondary coordina-
tion sphere so as to have an influence on activity at the active site. In fact, while differ-
ences have been observed, most notably in the position and type of residue involved in
hydrogen bonding with the metal-coordinated solvent molecule, the ligand-metal
geometries in the active sites of these two enzymes are almost identical, and the second-
ary coordination sphere is similar in both. Close scrutiny of the X-ray crystallographic
structures of iron and manganese superoxide dismutase from different organisms [6]. and
more recently from the same organism [79], failed to reveal the structural nature of the
specificity. The structural differences that influence the metal-ion specificity would thus
appear to be subtle. The X-ray crystallographic structure of iron-substituted manganese
superoxide dismutase (FeoMnSOD), presented here, is the first of any inactive form of
the iron or manganese SODs. The aim of this structural investigation was to determine
the structural nature of the metal-ion specificity by comparison between the structures of
the active and inactive forms of E. coli MnSOD. This work complements the compari-

sons already made between the active forms of E. coli Fe and MnSOD [79].
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3.2. Structure determination

3.2.1. Purification

FesMnSOD was prepared and purified as for native MnSOD ([5] except that the medium
was supplemented with iron salts. Quantitative uptake of iron was confirmed by atomic

absorption spectrometry.

3.2.2. Crystallisation

Crystallisation of Fe,MnSOD was initially attempted by using a coarse screen based
around the crystallisation conditions of the native enzyme. Sitting drops consisting of 1
uL of 10 mg/mL protein with 1 LL of well solution were prepared on micro-bridges.
Well solution volumes were 1 mL, and contained 14 - 29 % w/v PEG 6000 in 3 % incre-
ments and 0.1 M bicine titrated to pH 8.0, 8.3, 8.6 and 9.0. Wells were covered using
CRYSTAL CLEAR, a transparent plastic adhesive tape. After 2 - 3 daysat 12°C a heavy
precipitate was formed in all wells. Further screening with reduced PEG concentrations
(5,10 % w/v PEG 6000) and otherwise similar conditions also failed to produce crystals.
The trays were removed to stand at room temperature. The temperature change did not

induce crystal growth.

As the crystallisation conditions for the native enzyme were not suitable for growth of
crystals of the iron-substituted enzyme, it was decided to try various general crystallisa-
tion screens. The ‘PEG Screen’ [165] and the ‘Crystal Screen’ [166] were tested, and

both produced crystalline material.

Of the four conditions in the ‘PEG Screen’ which produced results, all crystalline mate-
rial was produced within three days, and none was suitable for testing by X-ray diffrac-
tion (see Table 3-1).

Table 3-1. Crystallisation conditions in the ‘PEG screen’ [165] in which crystalline
material was produced

Run Precipitant Butter pH
11 21 % PEG 6000 0.2 M succinic acid/KOH 5.5
24 28 %9 PEG-mme 5000 0.2 M cacodylic acid/KOH 6.1
29 7 % PEG-mme 5000 0.2 M bis-tris propane/HCI 6.7
47 21 % PEG-mme 5000 0.2 M tris/HCL 79

The “Crystal Screen’ had four wells containing crystalline material (see Table 3-2 oppo-
site). The crystals formed in Run 4 were salt crystals formed by dehydration. Crystals

formed in the conditions of Run 6 have a very fast growth rate, and can be made to



appear almost instantly. They grow as a thick mass of very fine crystalline fibres, in some
cases encompassing the entire drop, which when diluted and viewed under a microscope
can be seen to be individual crystals. These individual crystals are too small for use in
single-crystal X-ray diffraction experiments. Optimisation of this crystal form was aided
by their fast-growing nature, which allowed for quick assessment of results and redesign

of experiments.

Table 3-2. Crystallisation conditions in the ‘Crystal screen” [166] in which crystalline
material was produced

Run Precipitant Butter pH Time

4 2.0 M Ammonium sulfate 0.1 M tris/HCI 8.5 13 months

6 30 % PEG 4000 0.1 M tris/HClL. 0.2 M Mg chloride 8.5 <l hour

17 30 % PEG 4000 0.1 M tris/HCI, 0.2 M lithium sulfate 8.5 14 days

18 20 % PEG 8000 0.1 M Na cacodylate, 0.2 M Mg ace- 6.5 5 days
tate

Initial optimisation experiments were designed to test requirements for the magnesium
cation, the chloride anion, the effects of different precipitant concentrations, salt concen-
trations, pH, different ratios of protein and well solution in the drop, different protein

concentrations, drop sizes, and the effects of micro and macro seeding.

Crystals would not grow if the concentration of magnesium chloride in the drop was
<0.18 M, nor would they grow when magnesium sulfate or magnesium acetate were sub-
stituted for magnesium chloride. Crystals would grow between pH 7.5 and pH 9.0 in the
tris buffer, and in buffer concentrations between 0.05 and 0.2 M. Higher pH seemed to
favour slightly larger crystals. Crystals in sitting drops of 4 uL were larger than those in
equivalent hanging drops. By decreasing the ratio of protein to precipitant in the drop,
initial drop concentrations are closer to the well concentrations. This has the effect of
reducing the density of crystals formed, but did not affect the size of crystals. Micro
seeding was also effective at reducing density of crystals in drops but also helped form
larger crystals. Macro seeding could also produce crystals of suitable diffraction size, but
the results were quite variable with seed crystals seldom growing, and in some cases

completely new crystals growing in the same drop.

The crystallisation conditions used to produce the crystals for which data were subse-
quently collected are listed in Table 3-3 (below). No crystals grown and tested after these
diffracted, even though the crystal size and form appeared identical to the original dif-

fracting crystals.



Table 3-3. Crystallisation methods and conditions of Fe>sMnSOD crystals

o

Fe,MnSOD, room temperature, ~ 0.02 % w/v sodium azide 30A
30 % w/v PEG 4000 0.1 M tris/HCL pH 8.4 0.2 M MgCl,

Well volume was | mL. Hanging drops were formed under glass microscope cover slips, and con-
sisted of 1 1L of protein solution at 10 mg/mL to which was added 1 LLL of well solution. The
resultant crystal used for data collection was ~ 0.005 x 0.01 x 0.50 mm. All crystallisation solu-
tions contained ~ 0.02 % v/v sodium azide.

o

Fe>;MnSOD, room temperature, ~ 0.02 % w/v sodium azide 27A
30 % w/v PEG 4000 0.1 M tris/HCL pH 8.5 0.2 M MgCl,

Well volume was | mL. Hanging drops were formed under glass microscope cover slips, and con-
sisted of | L of protein solution at 10 mg/mL to which was added 1 [IL of well solution. The
crystals grown at room temperature in this drop were then used for macro seeding. A single crys-
tal was chosen and washed successively in solutions of 30, 25, 20 and 15 % w/v PEG 4000. The
washed crystal was introduced into a sitting drop consisting of 10 (L of 10 mg/mL protein solu-
tion and 10 pIL of well solution. The resultant crystal used for data collection was ~ 0.015 x 0.03
x 1.0 mm. All crystallisation solutions contained ~ 0.02 % w/v sodium azide.

o

Fe;MnSOD, 110 K, ~ 0.02 % w/v sodium azide 22A
19 % w/v PEG 4000 0.1 M tris/HCL pH 8.5 0.2 M MgCl,

Well volume was | mL. Sitting drops were formed in micro bridges, and consisted ot 5 puL of pro-
tein solution at 10 mg/mL to which was added 5 IL of well solution. The crystals were grown at
room temperature. All crystallisation solutions contained ~ 0.02 % w/v sodium azide.

Fe>MnSOD, 110 K, no sodium azide 22 108
18 % w/v PEG 4000 0.1 M tris/HCL pH 8.7 0.2 M MgCl,

Well volume was 0.8 mL. Sitting drops were formed in micro bridges, and consisted of 3 |1L of
protein solution at 10 mg/mL to which was added 3 pL of well solution. The crystals were grown
at room temperature.

3.2.3. Data collection and processing

Four data sets were collected from crystals of FesMnSOD. Data were collected on a
Rigaku R-Axis IIC image-plate detector, using Cu-Ko radiation from a Rigaku RU-
200B rotating anode generator. The Cu radiation was collimated using a 0.1 mm collima-
tor. Using the smallest available collimator improved the signal to noise ratio of the data
obtained from the small crystals by maximising the ratio of the radiation impinging on
the crystal to the radiation passing by the crystal. The crystallisation methods and condi-
tions of the four crystals for which data were collected are summarised in Table 3-3. Rel-
evant data collection and processing statistics for three of these are given in Table 3-4

(opposite).

The first data collected were from a very small crystal with dimensions of ~ 0.005 x 0.01
x 0.50 mm. The crystal was sealed in a 0.1 mm glass capillary. The mother liquor was
not completely drawn away from the crystal because of the difficulty in manipulating the

very small crystal. Data were collected to 3.0 A resolution, but proved difficult to process



because of changes in the crystal orientation as it moved slightly in the mother liquor.
The data did, however, prove the crystal to be formed of protein, and also allowed the

determination of the unit cell and crystal symmetry.

Table 3-4. Data collection and reduction statistics for E. coli Fe;MnSOD

Completeness

96.8 % (86.8)

89.9 % (68.6)

“Crystal Fe,MnSOD Fe-MnSOD Fe;MnSOD

R.T.,trace N3~ 110K, trace N;” 110 K. no N3’

Space group €222, C222, €222,

VAV 16(2) 16(2) 16(2)

Unit cell a=47.234 A a=46.277 A a=46.190 A
b=90.164 A b=89.138 A b=89.040 A
c=208.379 A ¢=206592A  ¢=206.671 A

V(m), A¥Da 2.47 2.37 2.36

Solvent content 50 % 48 % 48 Y%

Mosaicity 0.27¢ 0.48° 0.31¢

Data collection temperature 293K 110K 110 K

Data processing

Resolution limits (of last shell) 50-2.7A 50-22A 50-224A
(2.75-2.70) (2.28-2.20) (2.28 -2.20)

Unique reflections 12796 22346 22227

Observed retlections 130893 265952 225177

Observed retlections after averaging 47915 77472 88015

Observed reflections after averaging [ > 16; 46809 74951 86464

Observed reflections after merging 12392 20089 20726

Observations deleted manually 45 72 422

Redundancy 3.8 3.7 4.2

93.2 % (82.6)

R oree ON intensities! 0.113 (0.327) 0.080 (0.319) 0.090 (0.266)
Overall I/ 8.9(2.6) 13.8(3.0) 14.0 (4.6)
. Rierge = I)I-<I>|/Z1, where </> is the mean of individual observations of intensities /,

Data were collected on a second, larger crystal at room temperature. The crystal had
dimensions of ~ 0.015 x 0.03 x 1.0 mm. The length of the crystal allowed three frag-
ments to be mounted separately. The fragments were mounted in 0.1 mm glass capillar-
ies. Excess mother liquor was drawn away from the crystal using very fine glass
capillaries. Plugs of mother liquor at each end of the capillary ensured the crystal frag-

ment remained hydrated, and each end of the capillary was sealed with wax. Data were



collected from all three fragments, with the first fragment being long enough to translate
in the X-ray beam after significant radiation damage had accumulated. The crystal dif-

fracted to 2.6 A, and was subsequently indexed, integrated and scaled to 2.7 A.

Fe>MnSOD crystals are more susceptible to radiation damage than native MnSOD crys-
tals. Whereas native MnSOD crystals only start to suffer significant radiation damage
after 35 - 40 hours at room temperature, FeoaMnSOD crystals exhibit the same level of
damage in 20 hours or less. The combination of a long cell edge (~ 207 A), small crystal
size, and susceptibility to radiation damage at room temperature, effectively limits col-
lecting data from a single crystal to about 2.6 A resolution. To collect data to higher res-
olution on the R-Axis IIC, it is necessary to both increase the effective exposure time of
oscillations and to swing out the two-theta stage of the detector. Both of these actions
markedly increase the length of time needed for the data collection, and also therefore
the number of crystals needed to collect a complete and redundant data set. Freezing a
single crystal to around 110K effectively eliminates radiation damage, thus allowing col-
lection of data to be limited by factors other than the lifetime of the crystal. Finding a
suitable cyroprotectant for this crystal form was therefore fundamental to collecting
higher resolution data. A summary of cryoprotectants tried is given in Table 3-5. The
cryoprotectant giving the best results, the criteria being both diffraction to highest resolu-
tion and lowest mosaic spread, was a combination of 25 % PEG 4000 and 15 % MPD
acting as the cryoprotectant, and 0.1 M tris titrated to pH 8.7 with HCl acting as a buffer

to maintain the pH.

Table 3-5. Effects of different cryoprotectants on diffraction of FesMnSOD

25 % PEG 4000, 15 % PEG 400 +0.1 M tris/HCI pH 8.7

Gave mixed results, with sometimes no diffraction and sometimes reasonable diffraction. Differ-
ent soak times were trialed, 60 s, 1 - 2 min, 2 - 3 min, 10 min and | - 2 hour very slow equilibra-
tions. The best results were from the quickest soaks of < 60 s. These quick soaks were tried on
two different crystals; one diffracted to ~ 3 A and the other did not diffract at all.

25 % PEG 4000, 15 % Glycerol +0.1 M tris/HCI pH 8.7

A single 60 s soak was tried resulting in very poor diffraction. Crystals dissolved in butfers and
40 % glycerol with no PEG.

25 % PEG 4000, 15 % MPD +0.1 M tris/HCI pH 8.7

This set of conditions consistently gave the best results. Short soaks of ~ 20 s and slow equilibra-
tions of up to one hour both gave diffraction to ~ 3 A. A combination of 20 % PEG 4000 /30 %
MPD with butfers resulted in higher mosaicity, and 30 % PEG 4000/ 10 % MPD with butters did
not diftract. Diffraction to 2.2 A with a mosaicity of about 0.3° could be consistently achieved
with ~ 60 s soaks in a cryoprotectant containing 25 % PEG 4000, 15 % MPD, and 0.1M tris/HCI
pH 8.7.

Two FesMnSOD data sets were collected at 110 K, with both crystals diffracting to 2.2

A. The first was from a crystal grown using solutions containing trace (0.02 % v/v)
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sodium azide. The second was from a crystal grown from sodium azide-free solutions.
The first of these frozen data sets suffers from both incompleteness (89.9 % overall, 68.6
% in the 2.28 - 2.20 A shell) and a higher mosaic spread of 0.48°. The higher mosaicity
increases the size of reflections, and therefore the possibility of overlapping reflections.
The second frozen data set exhibited better mosaicity of 0.319, and was both more redun-
dant and more complete (93.2 % overall, 82.6 % in the 2.28 - 2.20 A shell).

3.2.4. Structure solution

The structure of FeoMnSOD was solved by the technique of molecular replacement
using the data from the room temperature, 2.7 A resolution data set. The model of the
native MnSOD dimer (subunits A and B) was used as the search model. All solvent mol-
ecules were removed from the search model. Calculations based on the expected solvent
content of protein crystals [145] gave a Matthews’ coefficient, Vm, of 2.36 A3/Dalton
for a crystal having a single Fe,MnSOD dimer in the asymmetric unit. The CCP4 [148]
program AMORE was therefore used to search for one copy of the Fe;MnSOD dimer in
the rotation function. The highest peak in the rotation function had a correlation coeffi-
cient of 0.23. The translation function corresponding to this rotation was calculated, and
the highest peak had a correlation coefficient of 0.76 and an R-factor of 0.30. Rigid-body
fitting of the search model improved this to 0.82 and 0.28 respectively. Packing of the
molecular replacement solution model was checked visually using the graphics program
TURBO. and the model moved to an asymmetric unit comparable to that of the native
MnSOD AB-dimer.

3.2.5. Model building and refinement

Refinement of the 2.7 A resolution model was done using the program TNT [130]. The
B-factors of all protein atoms in the starting refinement model were reset to 30.0 A2, The
occupancy of the metal ion, metal ligands, Tyr34 and GInl46 were set to zero. Eight
cycles of model building and refinement followed, including the addition of some 30 sol-
vent water molecules and two molecules of azide. The azide molecules were initially
modelled at half occupancy. The initial choice of occupancy was based on the peak
height of the electron density in the difference map for the nitrogen atom of azide cova-
lently bonding to the Fe. Peak heights for the other two atoms were progressively
smaller. The partial occupancy was confirmed by the B-factors which were near the aver-
age of 30 A2 for the metal proximal nitrogen of the azide and increased to 50 A2 for the

distal nitrogen.

The coordinates from the room temperature, model of Fe;MnSOD at 2.7 A resolution
were used as the starting point for refinement of the azide-free, model at 2.2 A resolu-

tion. The occupancies of the active-site metal and ligands were set to zero, and the B-fac-
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tors of all atoms were reset to the Wilson B of 10.0 AZ. Rigid-body refinement was
performed using TNT, and improved the value of Ry, from 0.393 to 0.323. Five further
cycles of model building and refinement, including the addition of the active-site metal
and ligands, and solvent water molecules reduced Ry.. to 0.274. Further refinement, in
conjunction with model building, was carried out using CNS. Various NCS weighting
schemes were tested to choose the optimal NCS weighting parameter. The effects on the
pairwise RMS differences of mainchain atoms between the two NCS-related subunits,
and the corresponding Ry .. and R-factor for various NCS weighting schemes, are shown
in Table 3-6. The value of Ry was independent of the NCS weighting parameter cho-
sen, but the R-factor showed considerable correlation with the weighting scheme, chang-
ing by over 2 % for the values tested. The R-factor increased when the NCS restraints
were tightened, and decreased when they were loosened. A weighting scheme was cho-
sen to give RMS differences tighter than those expected. Separate NCS weighting
parameters of 300 and 100 were used for main-chain and side-chain atoms respectively,
reflecting the added mobility of side-chains atoms. A peak in the electron density differ-
ence map ~ 2 A from the active-site Mn in chain B was modelled as a covalently bound
solvent molecule (see Figure 3-7 below). The final model has a value for Ry, of 0.229
and an R-factor of 0.192.

Table 3-6. Effects of different NCS weighting schemes

CNS NCS weighting parameter RMS difference (A) of main- Ryree R-factor
chain atoms

Selected All atoms

atoms’
none 0.176 0.361 0.253 0.215
10 0.132 0.238 0.252 0.219
25 0.096 0.154 0.252 0:222
50 0.062 0.090 0.252 0.226
75 0.045 0.064 0.252 0229
100 0.038 0.055 0.252 0.229
300 0.019 0.027 0.253 0.233
500 0.013 0.019 0.253 0.233
1000 0.008 0.012 0.253 0.234

I A subset of all atoms is used in the calculation of the overall RMS difference. An atom pair is
excluded if its distance deviates by more than 3 (overall standard deviation).

2 Residues 1. 104, 136 and 202 - 205 were excluded because of large natural deviations due to
crystal packing contacts.




Table 3-7. Refinement and model statistics for native E. coli MnSOD

Refinement program

Reflections used in refinement

TNT v5e {130]
11764

Model Fe>MnSOD Fe-MnSOD Fe>MnSOD
R.T..trace N3~ 110K, trace N3~ 110 K, no N5~
PDB ID ! - MMM
No. of residues 410 410
No. of protein atoms 3262 3256
No. of water molecules 155 284
No. of Fe ions 2 2
Average B-factors, Al
Main-chain atoms 10.2 13.1
Side-chain atoms 12.2 139
Water molecules 15.5 16.6
Fe 13.1 13.1
Overall 11.4 13.8
Refinement

CNSv0.5(131]

19132

Reflections used in calculation of R, 597 (4.8 %) 1557 (7.0 %3
Resolution limits 50.0-2.7 A 50.0-22A
RMS bond lengths 0.018 A 0.006 A
RMS bond angles 0.47¢ 1.25%
R-factor (all data) 0.225 0.196
R .. (all data) 0.275 0.235

I-Refinement of this model is not complete as indicated by the tightly constrained bond angles and
relatively high Rg..

- No model has been refined for this data.

3.3. Structure description

3.3.1. Model validation

Details of the final models for two of the three data collections are given in Table 3-7, no
model has been refined against the 2.2 A, trace azide data. Of the 410 amino-acid resi-
dues five had sidechains which could not be suitably modelled due to poor electron den-
sity. All five, GIn21, GIn47, Asn50, Lys137 and Lys205 are in chain B, and are solvent-
exposed residues on the enzyme surface. Almost 91 % of all residues fall within the ster-
ically most favoured regions of a Ramachandran plot, as defined in PROCHECK [153].
As in the structure of E. coli MnSOD, Asn145 and GIn178 have normally disallowed phi
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and psi angles in each of the subunits, and the peptide conformation of Prol6 is cis. Fig-

ure 3-1 shows a multiple Ramachandran plot of the two subunits of the dimer.

Wy (degrees)

¢ (degrees)

Figure 3-1. Multiple Ramachandran plot for E. coli FeaMnSOD

Ramachandran plots for each of the two subunits are shown superimposed on, and
linked by solid lines to, the average Ramachandran plot for the two subunits.

3.3.2. Secondary, tertiary and quaternary structure

The tertiary structure of the A and B subunits of the dimer are similar. Significant devia-
tions do exist between the two subunits in residue 1 at the N-terminus, in residues 63 -
67, and in residues 204 - 205 of the C-terminus. All of these deviations are caused by
crystal packing contacts. Figure 3-2 (opposite) shows an overlay of the Co-traces of the
two subunits for the azide-free FeosMnSOD structure. The RMS difference between
main-chain atoms in a pairwise comparison for the two subunits is 0.70 A, for all 820
main-chain atoms, and 0.16 A for a subset of 800 mainchain atoms excluding residues 1,
63 - 66 and 204 - 205. Fifteen residues have significantly different chil and chi2 side-

chain torsion angles between the A and B subunits. All fifteen residues are either in the
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naturally variable regions of the N-terminus, the Al - A2 loop, and the C-terminus, or
are involved in crystal packing contacts.

Figure 3-2. An overlay of the Ca-traces of the A and B subunits of E. coli Fe,MnSOD

Subunit A is drawn in black, and subunit B in blue. Residues 63 - 67, whose main-chain
differs significantly in subunit B due to a crystal packing contact, are drawn with a thick
blue line. The metal ion is indicated by a grey sphere, and red spheres highlight the Ca
atoms of the four metal-binding amino-acids. Figure drawn with MOLSCRIPT [1].

3.3.3. Active site of azide-free Fe,MnSOD

The active sites of the azide-free Fe,MnSOD dimer are dissimilar. Coordination of the
iron in the active site of subunit B is six-coordinate, compared with that of subunit A
which is five-coordinate. A water/hydroxide has been modelled as the sixth ligand,
OH208, in subunit B. Ignoring this sixth ligand, the stereochemistry of the two active
sites appear identical, both having a slightly distorted square-pyramidal geometry. The
distortion arises in the non-linearity of the His81_NE2 - Fe - His171_NE2 axis, the angle
being 148° instead of 180° for a regular square-pyramid.

Figure 3-3 (below) is a stereodiagram showing an overlay of the A and B subunit active-
sites. Small rotations and shifts in active-site ligands can be observed, most being within
the error limits of the model and superposition. There are, however, two coupled move-
ments, possibly caused by the addition of the second solvent molecule to the coordina-

tion sphere of the Fe in subunit B, which may be noted. The first is a rotation in Asp167
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about its chi2 side-chain torsion angle of ~ 15° This makes the Asp167_OD2-Fe -
OH208 angle of subunit B more linear (177°) than if the rotation did not occur (171°).
This rotation may be coupled to the linearisation of the OH207 - Fe - His26_NE2 angle
(178° in subunit B, and 174° in subunit A), with the shortening of the Asp167_OD1 ...
OH207 hydrogen bond by ~ 0.3 A, to 2.85 A. The second coupled movement occurs
between His81 and Trp128. The side-chain of His81 rotates ~ 10° around its chi2 torsion
angle (chi2, subunit A = 83° chi2, subunit B = 72.7°). This has the effect of positioning
the His81B_CE2 carbon atom ~ 0.3 - 0.4 A closer to Trp128B_CZ. Trp128 rotates away
from His81, undergoing a rotation of ~ 5° in chil (chil, subunit A =-65.2°% chi2, subunit
B =-70.4°). Due to the length of the tryptophan side-chain, this amounts to a significant
shift in the position of the CZ atom, maintaining an otherwise 3.2 A His81B_CE2 ...
Trp128B_CZ interaction at 3.5 A.

Glnl46 Glnl46
1‘\ '\\
o p169 : % Trpl69
OH207 (4 Asp167 OH207 Aspl67

His81 Dt His8l } '

@'{@\ His171 @/‘i@~ His171
@ ™ & iy
Tyr34 OH208! Q Tyr34 OH208 ! Q

His30

His30

His26 His26

Figure 3-3. A stereodiagram showing an overlay of the two active-sites of the
Fe,MnSOD dimer

The active site of subunit A (drawn in blue lines) is five-coordinate. That of subunit B
(drawn in black) is six-coordinate. Figure drawn with MOLSCRIPT [1].

The B-factors of the metal ions in the two active sites (12.1 A% in subunit A and 14.1 A2
in subunit B) are 50 to 100 % higher than the B-factors of their ligated amino-acids (see
Table 3-8 opposite). The higher B-factors of the metals may indicate a higher thermal
motion due to static disorder of the metal position, particularly if the metal is in a mixed

valency state. The higher B-factor may also be representative of partial occupancy of the
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metal ion. In subunit B, the B-factor of OH208 (16.1 A?) is over three times higher than
that of the other metal bound solvent OH207 (4.5 A?). Again this is likely due to either
partial occupancy or higher thermal motion.

Table 3-8. Selected B-factors (A?) at the active site of FezMnSOD1

Residue B-factor subunit A B-factor subunit B
Fe 12.1 14.1

OH207 7.5 4.5

OH208 - 16.1

His26_NE2 5.7(5.9) 8.8(7.3)
His81_NE2 8.6 (8.6) 11.0(10.8)
Aspl67_0D2 10.8 (8.9) 7.7(9.7)
His171_NE2 9.9 (9.7) 8.8(8.3)
Glnl46_NE2 9.5 (1.0} 8.4(10.4)
Tyr34_OH 18.4 (12.4) 16.0 (13.8)

1 Average value for side-chain given in brackets.

Some disorder is apparent in the secondary coordination sphere of subunit A. Tyr34,
which is ordered in subunit B, is disordered in subunit A. The disorder, which could not
be satisfactorily modelled, is represented by a total lack of electron density around the
CE2 carbon of Tyr34A (see Figure 3-4 below). Simulated-annealing IF -IF.| omit maps,
calculated by omitting residues within 3 A of Tyr34 (see Figure 3-7 below), have been
calculated for subunits A and B. In subunit B, electron density contoured at 3.0c and -
2.50 is indicative of an ordered Tyr34, and OH208. The corresponding map for subunit
A shows the tyrosine to be disordered, and no electron density is apparent for an equiva-
lent OH208.

3.3.4. Comparison with native MnSOD E. coli

The tertiary and quaternary structures of dimeric Fe;MnSOD are very similar to that of
native MnSOD (see Figure 3-5 below). The RMS differences for a pair-wise overlay of
the native AB and CD dimers of MnSOD on the AB dimer of Fe;MnSOD range between
0.49 and 0.51 A for 1624 main-chain atoms, and between 0.29 and 0.34 A for a subset of
~ 1400 main-chain atoms. Comparison of phi and psi poly-peptide torsion angles on a
per residue basis for the monomeric subunits of MnSOD and Fe,MnSOD reveal signifi-
cant deviations in residues 1 - 3, 63, 67, 134 - 136, 204 - 205. All can be attributed to
crystal packing contacts in subunits of either MnSOD or Fe;MnSOD. Residues showing

significant deviations in chil and chi2 side-chain torsion angles between MnSOD and
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Figure 3-4. A stereodiagram showing electron density around the disordered Tyr34 in
subunit A of Fe;MnSOD

Stereoview of the sigma A-weighted (2IF ,|-IF.l) electron density map around Tyr34 and
the active-site of subunit A, contoured at 2¢. The disorder of Tyr34, as represented by
the lack of electron density around the CE2 carbon, is apparent. The iron is represented
by the orange-coloured sphere. Covalent bonds between the iron and its ligands are rep-
resented by solid lines and hydrogen bonds by dashed lines. Figure drawn with MOL-
SCRIPT [1].

Fe,MnSOD either show similar variation within their own subunits, are affected by crys-
tal packing contacts, or are solvent-exposed surface residues. The dimer interface of
Fe,MnSOD is identical to that of native MnSOD, with the buried surface area between
the two subunits being 850 A? per subunit, and the same 19 residues being buried in the

interface.

Contrasting to the similar nature of the tertiary and quaternary structures of Fe,MnSOD
and native MnSOD is the marked difference in their active sites. Native MnSOD is five-
coordinate and has trigonal-bipyramidal geometry, whereas Fe,MnSOD is five- or six-
coordinate and for the five ligands in common has distorted square-pyramidal geometry
(see Figure 3-6 below). In the rearrangement from trigonal-bipyramidal to square-
pyramidal, the His81-metal-Hisl 71 angle opens by ~ 16° from an average of 131.4° in
MnSOD to 148.0° in Fe,MnSOD. This geometry, though still distorted from square-
pyramidal, allows for the coordination of a sixth ligand opposite Asp167_OD?2, as seen
in subunit B of Fe,MnSOD. The Asp167_0OD2-Fe-OH208 angle is 177.1°, and the axial
His26_NE2-Fe-OH207 angle is 176.0°. The rearrangement to distorted square-pyramidal
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Figure 3-5. A stereodiagram showing an overlay of the Fe;MnSOD dimer on the AB
dimer of native MnSOD

Native MnSOD in black lines, and Fe;MnSOD in blue lines. The metal ions are indi-
cated by grey spheres. Figure drawn with MOLSCRIPT [1].
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Figure 3-6. A stereodiagram showing an overlay of the Fe;MnSOD subunit B active-site
on that of native MnSOD

Native MnSOD (subunit A) in blue lines, and Fe;MnSOD in black lines. The metal

environment of Fe in subunit A is similar to that for chain B, with the largest exception
being the absence of OH208 (see Figure 3-3). Figure drawn with MOLSCRIPT [1].
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geometry in Fe,MnSOD is not a consequence of the coordination of the sixth, metal-
bound solvent, but rather is the geometry imposed by the binding of the Fe to the
enzyme, as subunit A maintains the same geometry in the absence of the sixth ligand.
Metal-ligand bond lengths, averaged over subunits, differ by between 0.02 and 0.13 A.
The largest shifts in Fe,MnSOD bond lengths relative to MnSOD, occur in the
His26_NE2-Fe bond (-0.13 A) and the OH207-Fe bond (-0.11 A). The hydrogen bond
between Glnl46_NE2 and OH207 shortens by nearly 0.3 A, from 2.91 A in MnSOD to
2.63 A in Fe,MnSOD.

The hydrogen-bonding network of the active site, linking OH207 to solvent in the sub-
strate-access funnel via GIn146_NE?2 and Tyr34_OH, is maintained in Fe,MnSOD. An
additional 2.88 A hydrogen bond is formed in subunit B between OH208 and Tyr34_OH
(see Figure 3-7 opposite). The tyrosine undergoes a rotation of approximately 5° about
its chil side-chain torsion angle (MnSOD, chil =-65.4°% Fe,MnSOD, chil = -61.0°), the
side-chain rotation moving the phenolic oxygen by ~ 1.0 A to form the hydrogen bond.
Tyr34 of subunit A undergoes a similar rotation, although it is disordered and does not

form the hydrogen bond with OH208 because of the absence of the latter in subunit A.

The rotation of the Tyr34 side-chain causes rearrangements of the ordered solvent struc-
ture in the substrate-access funnel. Of the 17 ordered waters in the substrate-access fun-
nel of Fe;MnSOD, 13 correspond to ordered waters in native MnSOD, two correspond
with a single ordered water in MnSOD near the lip of the substrate-access funnel, and
two undergo both positional movements of 1.4 and 1.0 A and rearrangement of hydrogen

bonds, due to the rotation of the tyrosine side-chain.

In all four subunits of the native structure, a water in the substrate-access funnel forms a
hydrogen bond (2.9 A) with Tyr34_OH. This water has an average B-factor of 18 Az,
compared with the average solvent B-factors in the structure and the substrate-access
funnel of 32 and 30 A2, respectively. In Fe,MnSOD, because of the large spatial shift of
Tyr34_OH, this water no longer forms a hydrogen bond with Tyr34_OH, and instead
moves ~ 1.0 A to optimise other hydrogen-bonding contacts in the substrate-access fun-
nel (Figure 3-8 below). The hydrogen bond between Tyr34_OH and ordered solvent in
the substrate-access funnel is, however, maintained in Fe,MnSOD. A poorly ordered
(average B-factor of 39 Az) water found in only the B and D subunits of the native struc-
ture, moves ~ 1.4 A in the Fe,MnSOD structure to form a hydrogen-bond bridge
between Tyr34_OH and His30_NDI. This bridging water in Fe,MnSOD is found in both
subunits and has an average B-factor of 17 AZ. In the native structure His30_NDI forms
no hydrogen bonds because the position of Tyr34_OH does not allow for a water to
adopt a suitable geometry for hydrogen bonding to His30_NDI.
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Figure 3-7. Stereodiagrams showing simulated-annealing omit maps of selected residues
in the active-sites of Fe,MnSOD

Stereoview of the sigma A-weighted (IF|-IF ) electron density map around Tyr34 and
the active-site of subunit A (top), and subunit B (bottom) contoured at 36 (blue) and -
2.50 (red). The disorder of Tyr34, as represented by the lack of electron density around
the CE2 carbon, is apparent in subunit A. The iron is represented by the orange-coloured
sphere. Covalent bonds between the iron and its ligands are represented by solid lines
and hydrogen bonds by dashed lines. Figure drawn with MOLSCRIPT [1].
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Figure 3-8. A stereodiagram showing the movement of waters in the substrate-access
funnel of Fe;,MnSOD relative to those of native MnSOD

Fe,MnSOD structure (subunit B) coloured by atom-type, and native structure (subunit
A) in green. The iron is represented by the larger yellow sphere, and covalently-bonded
solvent molecules OH207 and OH208 by smaller red spheres. The other metal ligands
are omitted for clarity. Conserved substrate access funnel waters near the gateway are
represented by crosses. The two substrate access funnel waters at the gateway that
occupy different positions in the Fe-substituted structure are represented by small
spheres. Figure drawn with MOLSCRIPT [1].

3.4. Fe;MnSOD-azide complex

Data were collected from two crystals possibly containing enzyme-azide complexes. The
azide was introduced into the crystallisation conditions by its inclusion as an anti-bacte-
ricide in crystallisation solutions at concentrations of 0.02 % w/v. Given that Fe,MnSOD
has a K4 of 0.3 mM [162], azide would be expected to occupy only around 1 % of the
metal ion sites. Refinement of a model using the first dataset, collected at room tempera-
ture to a resolution of 2.7 A, is not complete. Inspection of difference electron-density
maps, however, reveals suitable electron density for azide covalently bound to the metal
ion at an occupancy of < 20 %. A model is yet to be refined using the data collected at
110 K to a resolution of 2.2 A. Crystallisations under the same conditions but with all
traces of azide removed from crystallisation solutions initially proved successful and led
to the azide-free structure of Fe,MnSOD at 2.2 A reported above. Considerable effort
was made to repeat these crystallisations in order to produce a higher occupancy
enzyme-azide complex by controlled soaking. Crystals were produced under the same

conditions and having the same habit, but these crystals would not diffract.
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3.5. Discussien

The mechanism of the metal-specific nature of Fe and MnSOD activity has been the
focus of many investigations on these enzymes since first noted [70]. Theories on the
basis of this mechanism were initially focused on proposed differences in the primary or
secondary coordination sphere as a result of differences in the primary sequences of
these enzymes. Although conserved differences between the primary structures of Fe and
MnSODs have been observed, most notably the Gln/His/Ala substitutions at positions 76
and 146 (E. coli MnSOD numbering scheme) as discussed in Section 1.4.1, none have
been related chemically to the metal specificity. More recent biochemical studies showed
the metal-specific activity to be dependent in part on the pH of the enzymic environment
[167, 9, 162]. Further, the redox potential of the metal ion has been determined as a
cause of the inactivity of metal-substituted SODs [10]. However, the structural factors
that cause these chemical effects have yet to be identified. Comparisons of the enzyme
structures as determined by X-ray crystallography, including the native Fe and MnSODs
from E. coli [79] have failed to determine the necessarily subtle structural factors under-
pinning the inactivity. The X-ray crystallographic structure of the inactive iron-substi-
tuted form of MnSOD from E. coli has been solved with the aim of determining the

structural basis of the inactivity.

The structure of FeoMnSOD revealed two major differences from those of native Mn and
FeSOD. Firstly, the geometry at the active site is distorted square-pyramidal compared
with the trigonal-bipyramidal geometry of the native structures. Secondly, a sixth ligand
was shown te bind to the Fe, albeit at partial occupancy, and only in one subunit of the

enzyme.

Various pKs associated with the pH dependence of a number of properties of Fe;MnSOD
have been measured. There is considerable variation between measured values, but in
general they fall around either a low pH or high pH transition. Reported values for the
low pH pK lie between 6.4 and 7.2, and for the high pH pK between 8.5 and 9.1.

The FeoMnSOD from §S. marcescens exhibits a pH dependence for activity (pK 7.0),
optical absorption spectra (pK 6.6), EPR spectra (pK 7.2) and for azide affinity (pK 7.0)
[199]. The high pH transition is yet to be observed for this enzyme.

The FeoMnSOD from E. coli shows a pH dependence in activity (pK 6.4) and optical
absorption spectra Aygg (pK 6.4) [162], A7 (pPK 6.7 and 8.5), 'H NMR (pK 9.1). EPR
spectra (pK 8.5) and azide affinity (pK 7.0) [200].

E. coli FeSOD also shows a pH dependence at both low (pK 5.1) and high (pK 8.6-8.9)
pH, with the high pH transition affecting activity, optical and EPR spectra, and substrate
analog binding [104, 105]. The high pH transition is proposed to be either the loss of a
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proton by the deprotonation of a bound water [105], or the binding of OH™ to the Fe(III)
metal centre to form a six-coordinate complex [124, 121]. Because the same pH-depend-
ent changes in spectra, activity and azide affinity of Fe;MnSOD occur also for FeSOD, it
has been proposed that these changes reflect the same chemical transition but with the
pK shifted downward in Fe;MnSOD (pK ~ 7) relative to FeSOD (pK ~ 9). In addition, in
an analogous fashion to FeSOD, OH" can act as a competitive inhibitor of superoxide
binding to FesMnSOD, but with inhibition occurring at a pH closer to the biological pH.
Competitive inhibition by OH" could therefore partly account for the loss of activity of
the FesMnSOD at a pH where the native enzyme is most active.

Since the report of the previously undetected high pH transition in E. coli Fe;MnSOD, it
remains unclear as to whether the binding of OH" is associated with the higher or lower
pH transition. The pH of crystallisation of this structural study was ~ 8.5, and as such
falls close to the pK of the high pH transition. Inaccuracies in the crystallisation pH, and
the possibilities of partial metal-ion occupancy in the enzyme or redox non-homogeneity
make it difficult to assign the binding event to a pK based solely on the crystallographic
occupancy of the OH". An X-ray crystallographic investigation at a range of pHs around
or near the reported transitions, and taking careful account of redox state, pH and metal-

ion occupancy. could provide supporting evidence for assigning this transition.

Vance et al. 1998 note the possibility that the lower pK of 6.7 may not be associated with
OH" binding to Fe(IlI), but may represent the prebinding of substrate analog to a protein
site near the Fe in analogy with the two-step binding of N3 to FeSOD [200]. The process
associated with the lower pK appears to affect substrate-analog binding, as seen by the
large changes in the optical spectra at A4, but has a more subtle effect on the EPR spec-

tra.

The group responsible for the pK of 6.7 is not Tyr34 as the Y34F mutant of Feo,MnSOD
retains the optical signature of the pK but at a modified pK value [162, 200]. The group
is likely to interact with Tyr34, however, due to its effecting a shift in the pK of the
mutant. A possible candidate for this group is His30. His30 lies at the entrance to the
active-site in the substrate-access funnel. The pK of His30 should be similar to that of
typical histidine residues as the micro-environment of His30 is not extraordinary and is
solvent-exposed, although His30 is involved in a strong hydrogen bond with the abso-
lutely conserved Tyr174. The solvent-exposed ND1 nitrogen of His30 lies near to Tyr34.
In the native E. coli MnSOD structure, no hydrogen bonds are formed to this nitrogen.
However, due to the movement of Tyr34 in the Fe;MnSOD structure, a suitable geome-
try exists for a water to form bridging hydrogen bonds between His30 and Tyr34. A
change in the protonation state of His30 could account for observed effects on negatively

charged substrate-analog interactions with the enzyme. Azide affinity for Fe;MnSOD is
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20-fold weaker at pH 7.8 than pH 7.0 [162], possibly due to changes in protonation states

of adjacent residues or due to competition with H>O/OH™ for the vacant sixth site.

Significant asymmetry occurs between the active-sites in the two subunits of the £. coli
Fe>MnSOD dimer, being most evident in the different coordination numbers of the metal
ions. Crystallographic subunit A is five-coordinate and subunit B is six-coordinate, with
both having a square-pyramidal metal-ligand geometry. Additional asymmetry occurs in
the disorder of Tyr34 seen only in subunit A, whereas Tyr34 of subunit B is well ordered.
The disorder of Tyr34 is most likely coupled to the absence of OH208 in subunit A. The
partial occupancy of OH208 in subunit B can be caused by a number of factors including
redox non-homogeneity of the metal, incomplete occupancy of the metal, and the affinity
of the ligand for the metal. These reasons can not be used to explain why OH208 is not

occupied (partially or otherwise) to the same extent in subunit A as that of B.

It is not uncommon for structural entities in crystallographically different but biologi-
cally identical subunits to have differing spatial orientations. These differences are usu-
ally caused by the different crystal-lattice packing environments of the subunits. While
such effects are generally seen at the surface of proteins where the crystal-packing con-
tacts occur, it is none the less possible for such a contact to be transmitted through the
structure, either electrostatically or sterically, to affect the buried metal centre. At the res-

olution of this study such an effect would be difficult to detect.

Active-site coupling could also explain the asymmetry. Although the two active sites are
separated by more than 18 A, a three-residue, 17-bond bridge links the active sites (Sec-
tion 2.3.7 and references [137, 79]). This connection could allow the communication of

ligand or redox state between the metals.

Despite the difference in coordination number, both active sites maintain the same rest-
ing-state geometry. The disorder of Tyr34 in subunit A could not be modelled discretely.
The single conformation modelled represents an average position of the real dynamic
locations of this residue. This average position is similar to that of Tyr34 in subunit B,
and the hydrogen bond to GInl46 is maintained. The absence of OH208 in subunit A,
and therefore the hydrogen bond between Tyr34 and OH208, may make this residue

more flexible, leading to the observed disorder.

The standard reduction potential of £. coli FeoMnSOD has been measured as -0.24 V
[200]. This is considerably lower than the standard reduction potentials of £. coli FeSOD
(+0.22 V) and E. coli MnSOD (+ 0.23 V). Because E?” of Fe,MnSOD is lower than that
of the O,/0O," couple (E?” =-0.133V), Fe(Ill)»MnSOD is unable to oxidise superoxide in
the first step of the catalytic redox cycle. The lowered E®" of Fe;MnSOD is consistent

with thermodynamic stabilisation of its active site relative to that of the native MnSOD



enzyme. The observed change from five- to six-coordinate geometry is consistent with

this stabilisation. The factors causing the change in geometry could not be identified.
3.6. Conclusions

A structural basis for the inactivity of E. coli Fe-substituted MnSOD has been deter-
mined in the altered geometry of the metal site on substitution of the non-native metal.
The change in geometry from active five-coordinate trigonal-bipyramidal to inactive six-
coordinate distorted octahedral (subunit A) and square pyramidal five-coordinate (subu-
nit B) modifies both the kinetics and thermodynamics of superoxide dismutation at the
enzyme’s metal centre. Coordination of a sixth exogenous ligand blocks direct substrate
access to the metal, a kinetic factor controlling activity. The predisposition for a geome-
try favouring stabilisation of six-coordinate adducts provides evidence in support of the
observation that the redox potential of Fe in Fe;sMnSOD (but not in native FeSOD) lies
below that required to oxidise superoxide ion - a crucial thermodynamic factor in con-
trolling activity. The structural and chemical factors that lead to the altered metal geome-

try could not be identified from this X-ray crystallographic structure.
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Crystal Structures of Active-site
Mutants of Escherichia coli
Manganese Superoxide Dismutase

4.1. Introduction

The extended active-site region of manganese superoxide dismutases when compared
across species is generally highly conserved with some 65 % of the twenty-four residues
within 8 A of the active-site having sequence identity or sharing high sequence similar-
ity. From the time that the first X-ray crystallographic structures of both iron and manga-
nese superoxide dismutase revealed their location, two of these highly conserved
residues, Tyr34 and GlInl46, have been implicated as playing an important role in the
catalytic fine-tuning of these enzymes. This structural implication in catalytic activity
has been largely based on their position in the secondary-coordination sphere of the
metal, and on the conserved hydrogen-bonding pattern in which these residues are
involved. Tyr34 is absolutely conserved in iron and manganese superoxide dismutases.
The phenolic oxygen of Tyr34 lies only 5.4 A from the metal centre and is consistently
found to form a hydrogen bond to the amide nitrogen of GInl46 (or its structurally
equivalent residue). Tyr34 has been described as a gateway residue [162], however,
because of its proximity to the active site, its interactions with GIn146 and potentially
with substrate coordinated to the metal, Tyr34 is included here as an active-site residue.
The amide nitrogen of GIn146 lies 4.7 A from the metal, and forms another hydrogen
bond to a solvent molecule that is covalently bonded to the metal. This solvent molecule,
H->0O or HO™ depending on the redox state of the metal ion, completes a hydrogen-bond-
ing relay extending from the solvent surrounding the enzyme to the metal ion via Tyr34,
GInl46, and the metal-bound solvent. Proton involvement in the mechanism of superox-
ide dismutation is important as two protons are required in the overall reaction. The
hydrogen-bonding relay may function to deliver protons to oxyanion intermediates dur-
ing turnover [162]. In fact, it is the NH (nitrogen-hydrogen) moiety and not GIlnl46 that
is the strictly conserved component of the hydrogen-bonding relay. In MnSODs, this
functional group can be provided by either a glutamine or a histidine. In FeSODs, the
NH nitrogen 1s only ever provided by a glutamine, with the added twist that the

glutamine residue is part of a different secondary structure element. In FeSOD the
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glutamine is provided from part-way along the second alpha-helix, A2, typically four
residues before the active-site residue His81. In MnSOD the glutamine or histidine is at
the beginning of the loop between the beta-strands B2 and B3. In either case a nitrogen
atom always occupies the same position relative to the metal coordination geometry, so

that the hydrogen-bonding relay is absolutely conserved.

The effect that these two active-site residues have on the function of the enzyme can be
tested by their selective replacement. This work presents the X-ray crystallographic
structures of three active-site mutants, Y34F, QI146H and Q146L. While this work was in
progress, structural and functional studies were published by other groups on Y34F and
Q143N mutants of human mitochondrial MnSOD [168, 169], and H145Q and HI145E
mutants of the FeSOD from M. tuberculosis [170]). These studies complement the work
reported here and permit a deeper analysis of the role of these residues in enzyme func-

tion.

4.1.1. Rationale of mutants

The conservative replacement of the active-site tyrosine with a phenylalanine (Y 34F)
potentially breaks the hydrogen-bonding relay to the metal by removing the phenolic
oxygen. The aromatic ring and general steric bulk are largely unchanged by this substitu-

tion.

Replacement of the glutamine by histidine (Q146H) can potentially maintain the hydro-
gen-bonding relay and approximate steric bulk. This substitution is useful for two rea-
sons. Not only is the amino nitrogen in the correct position to preserve part of the
hydrogen-bonding relay, but the amino nitrogen is in a different environment, namely
within a five-membered ring. In addition, histidine is the only other amino acid which is
naturally selected for in this position. This would confer a primary structure on the
active-site of £. coli MnSOD similar to that of the cambialistic MnSOD from Propioni-
bacterium shermanii. This substitution may have important consequences for metal-ion

specificity.

The substitution of glutamine with leucine (Q146L) is designed to replace both hydro-
gen-bonding groups with methyl groups. The steric bulk of the amino acid is largely

maintained, although leucine is one methylene shorter in length than glutamine.

The X-ray crystallographic structures of these mutants should firstly confirm the amino
acid substitution. Secondly, they will determine whether or not changes to the structure
are limited to the immediate vicinity of the mutation, or whether they cause wider
changes to the structure, which could lead to misinterpretation of other biochemical
results. Thirdly, by careful examination of the structural consequences of all three muta-

tions, it should be possible to provide a more authoritative interpretation of other bio-
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chemical, spectroscopic and structural analyses and, thus, further insight into the

function of this enzyme may be obtained.

4.1.2. Characterisation of mutants of Tyr34

MnSOD Y34F, FeoMnSOD Y 34F [162] and FeSOD Y 34F [171] from E. coli have all
been characterised, as has human mitochondrial MnSOD Y 34F [168]. The Y 34F muta-
tion of MnSOD and FeoMnSOD E. coli has a number of effects on function [162],
including changing catalytic activity, pH sensitivity of the metal ion, anion affinities and

anion coordination, as outlined below:

(i) The Y34F mutation of E. coli MnSOD reduces superoxide dismutase activity by
about 20 % compared with WT. Both WT and mutant show a slight pH dependence, with
the activity decreasing with increasing pH. About 20 % of activity is lost when the pH is
increased from 7.8 to 9.0. In contrast, FeoMnSOD Y 34F shows greater activity and
smaller pH sensitivity than FeoMnSOD WT over the pH range 6.3 t0 9.0. Like MnSOD,
the WT and Y34F Fe-MnSOD both show decreasing activity with increasing pH. Cata-
lytic activities of wild-type and iron-substituted MnSOD and their mutants from E. coli

at various values of pH are given in Table 4-1.

Table 4-1. Catalytic activities of wild-type and iron-substituted MnSOD and their
mutants from E. coli at various values of pH [162 and J.Whittaker unpublished results)

/\&ivity (U/mg)

MnSOD form pH 6.3 pH 6.5 pH7.0 pH7.8 pH9.0
Mn, WT 7300 5900
Mn, Y34F 6000 5000
Fes WT 480 140 60 <5

Fes Y34F 1560 1540 850 150
Mn, Q146L - 340

Fe, Ql46L - 120

Mn, Q146H 590 600

Fe, Q146H 1050 430

apo-Q146E - -

(ii) The active-site metal centre of the Y34F mutant is less sensitive to pH than the wild-
type. Structural changes in the metal site can be probed using absorption spectroscopy.
Changes of pH are communicated to the metal ion via the coordinated metal ligands, and
the effects can be observed by following changes in absorption of the Mn(III) ion at 480
nm. The Mn(III) A g4 band of WT decreases by 30 % on increasing the pH from 5 to 10,
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with pKa’s of 6.93 and 9.72. The mutant is less sensitive, changing by only 6 % over the
same pH range and having only one pKa (pKa ~ 7) below pH 11. The pH sensitivity of
FesMnSOD Y34F can also be followed in the optical spectrum. FesMnSOD WT has
both a high and a low pH form, with a pKa of 6.4. Fe;MnSOD Y34F also has high and
low pH forms but the transition is shifted by 1.5 pH units to a pKa of 7.9.

(iii) The Y34F mutant has different anion binding properties. On binding of azide,
MnSOD WT is five-coordinate at room temperature and six-coordinate at low tempera-
ture. MnSOD Y 34F is six-coordinate at both temperatures. Binding of cyanate (OCN")
which, like N5, can act as an electronic analog of the hydroperoxide anion, is, however,
five-coordinate to MnSOD Y34F. FesMnSOD WT and Y34F have higher affinities for
azide than their Mn equivalents. Azide affinity is increased for the low pH forms, and for
Y 34F over WT (see Table 4-2).

Table 4-2. Anion affinities of wild-type and iron-substituted MnSOD and their Y34F
mutants from E. coli at various values of pH [162, 200]

Ky (mM)
MnSOD form pH 5.0 pH 6.0 pH7.0 pH 7.3 pH9.0
Mn, WT A2
Mn, Y34F 1.6
Fe, WT 0.015 0.090 0.30
Fe, Y34F 0.010 0.10

Sensitivities to hydrogen peroxide are also affected by the mutation. Both WT and Y34F
MnSOD are insensitive to hydrogen peroxide at pH 7.0. On the other hand Fe;MnSOD
WT is sensitive to inactivation by hydrogen peroxide, and the Y34F Fe,MnSOD mutant
even more so. Inactivation of Y34F FeoMnSOD by hydrogen peroxide is pH dependent,

being more pronounced at pH 9.0.

The function of the Y34F mutant of human mitochondrial MnSOD (hMnSOD) has also
been investigated [168]. Thermal stability, kinetics and product inhibition were studied
in conjunction with the crystal structure, determined to a resolution of 1.9 A. The Y34F
mutant of hMnSOD was shown to have increased thermal stability relative to the wild-
type enzyme. Differential scanning calorimetry determined values for the melting tem-
perature, T, of ~ 892C for the native, and 96°C for Y34F. This is a surprisingly large
increase in stability given that the structural changes in the enzyme are negligible and
that two hydrogen bonds, both to Tyr34, are hroken. Guan et al. concluded that the rea-
son for conservation of Tyr34 must therefore be for optimisation of function rather than
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optimisation of stability. This is consistent with studies on T4 lysozyme which support

the theory that residues involved in function are not optimised for stability [172].

Pulse radiolysis experiments were used to follow the rate at which O,™ is consumed by
the enzyme hMnSOD, the decrease in superoxide concentration being followed by its
absorbance at 250 nm. The Y34F mutant has a value for k,,, the rate of maximal cataly-
sis under conditions where the substrate is saturating, approximately ten-fold less than
that of the wildtype enzyme. However k_,/Ky; for the mutant remains the same as the
wildtype at about 10°M™!s7!, which is close to the limiting rate of substrate diffusion to

the catalytic centre.

The Y34F mutant of hMnSOD was also found to be more susceptible to product inhibi-
tion by peroxide. Catalysis by hMnSOD showed an initial burst, followed by a much
slower zero-order decay of superoxide. The slow down may be due to inhibition by bind-
ing of product peroxide dianion to the enzyme. The Y34F mutant is more susceptible
than the WT to this effect. None the less, multiple turnovers occur before the enzyme is
inhibited. The wild-type is less inhibited and has more catalytic cycles before inhibition
occurs [168]. The region of zero-order catalysis in WT hMnSOD has a solvent hydrogen
1sotope effect between 2.2 and 3.1, suggesting a need for proton transfer in the steps in
which product is released from the inhibited enzyme [173]. The product inhibition of
WT and Y34F hMnSOD could not be overcome by the use of proton-donating buffers,

implicating water as the source of protons (or deuterons).

The X-ray crystallographic structure of the hMnSOD Y 34F mutant revealed very slight
shifts in all metal and ligand positions, but changes are probably within the error limits
of the model. The ring plane of His81 showed the most movement with a rotation of 20°
in subunit A and 10? in subunit B. The aromatic ring of Phe34 in the mutant superim-
poses on that of Tyr34 in the WT, and because of the absence of the phenolic oxygen, the
hydrogen-bonding relay in Y34F is broken. No additional solvent species permeate the

active-site to maintain the relay.

E. coli FeSOD Y34F has also been purified and analysed [171]. In addition to the Y34F
mutant, mutants Y 34S and Y34C were prepared. The activities (normalised against the
WT) for these three mutants are, respectively, 31 %, 1 % and 18 %. The Y34F mutant
exhibited decreased thermal stability, which is in contrast to the results found for Y34F
hMnSOD. The activity of Y34F was shown to decrease relative to that of the WT on
increasing the pH from 7.8 to 11.0. Azide binding was tighter in the mutant, K; = 0.1
mM, compared with WT, K;=2.0 mM.

4.1.3. Characterisation of mutants of GIn146

hMnSOD Q143N has been prepared and analysed with regards to thermal stability,
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kinetics and X-ray crystallographic structure [169]. Two mutants of FeSOD from M.
tuberculosis, H145Q and H145E have been structurally characterised, although no stud-
ies of activity or inhibitor binding have been done [170]. MnSOD Q146L, Fe;MnSOD
Ql46L, MnSOD QI46H and FesMnSOD Q146H, all from E. coli, have been analysed
with regards to enzyme activity, pH dependence, ligand binding, and absorption spec-
troscopy [Whittaker1999, unpublished results]. The structures of the Q146H and Q146L
mutants of E. coli MnSOD form the subject of this chapter.

The biochemical characterisation of hMnSOD Q143N revealed a number of effects of
the mutation [169]. Enzymatic activity is markedly decreased in the mutant. The value of
k. for the mutant is two orders of magnitude lower than that for the WT, and /Ky is
three orders of magnitude lower than that for the WT. This contrasts significantly with
the Y34F mutant from hMnSOD, which maintained the diffusion-controlled rate of the
wildtype enzyme. Q143N is slightly more stable than the wild-type with an increase in
Ty of 22C. Q143N lacks the typical WT Mn(III) visible absorption spectra. It also has a
complex EPR spectrum, suggesting that the redox state of the metal centre is predomi-
nantly Mn(II), in comparison to the wildtype which is predominantly Mn(III).

Structurally, hMnSOD Q143N shows significant rearrangement. The mutation to Asn
shortens the sidechain by a methylene group. An additional water moves into the cavity
created by the effective shortening of this residue. The water lies in a similar position to
that for the amido nitrogen of Q143, hydrogen-bonding to both Asnl43 NDI and a
shifted Tyr34 OH. The new water also forms a hydrogen bond with the metal-bound sol-
vent. Asnl43 OD1 maintains the hydrogen bond to Trp123 NEI. The Tyr34 sidechain
shifts by 0.4 A in subunit B and 0.9 A in subunit A. The main-chain of residues which
connect the two domains shift 0.9 and 0.5 A for subunits A and B, respectively. There are
other subtle but significant differences between the two subunits. The Mn-OH distance is
2.26 A in subunit A, being slightly longer than the typical distance of 2.0 A, and indicat-
ing a possible change of OH" to H>O. Ligand-metal bonds expand in the mutant, consist-

ent with a reduced, Mn(Il), redox state for the metal 1on.

In an attempt to alter metal ion specificity, H145Q and H145E mutants of M. tuberculo-
sis FeSOD have been prepared [170]. The X-ray crystallographic structures of these
enzymes were solved at 4.0 A and 2.5 A, respectively. Neither mutation revealed any
gross effect on the conformation of the active-site. However, a more detailed analysis

was limited by the low resolution of the structures.
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4.2. Structure determination of Y34F

4.2.1. Crystallisation

Crystals were grown under similar conditions to the wild-type enzyme, i.e. 14 to 24 %

w/v PEG 6000, 0.1 M bicine pH 8 - 9, and at protein concentrations of 2.5 or 9 mg/mL.

Two MnSOD Y 34F data sets were collected. Both were collected at room temperature on
a Rigaku R-Axis IIC image plate detector, using Cu-Ko radiation from a Rigaku RU-
200B rotating anode generator. The first crystal on which data were collected was grown
from 20 % w/v PEG 6000, 0.1 M bicine pH 8.3 at a protein concentration of 2.5 mg/mL.
This crystal diffracted to a resolution of 2.6 A. The second crystal, on which data were
collected to 2.3 A, was grown from 20 % w/v PEG 6000, 0.1 M bicine pH 8.3 at a pro-
tein concentration of 9.0 mg/mL, and in the presence of 25 mM NaN5. Data were proc-
essed and scaled using the programs DENZO [146], and SCALEPACK [146]. The data
were put on an approximately absolute scale using the scale factor taken from a Wilson

plot. Relevant data collection and processing statistics are given in Table 4-3 (below).

4.2.3. Structure solution, model building and refinement

An initial model for refinement was created from the model of native MnSOD. The
model was modified before refinement by removing the metal ions, all solvent water
molecules, and the sidechains of all residues within a 10 A sphere of Phe 34. Rigid-body
refinement of this model in TNT, with the four subunits of the asymmetric unit being
treated as the rigid bodies, resulted in only small rotations and shifts and an increase in
the value of Ry from 0.373 to 0.394. Rigid-body refinement was therefore abandoned,
and an initial 30 cycles of restrained reciprocal space least-squares minimisation in TNT
were carried out, decreasing R, 10 0.365. Two rounds of model building and refine-
ment bought R t0 0.325 and the R-factor to 0.294, at which point individual B-factor
refinement saw the Rg,.. drop a further 2.4 % to 0.301. A further 10 cycles of model
building and refinement, including the addition of the metal ion and associated ligands,
and some 231 solvent water molecules, created a model with a value for Ry, of 0.231
and an R-factor of 0.199. Refinement and model statistics for Y34F MnSOD are given in
Table 4-4 (below).

4.3. Structure determination of Q146L

4.3.1. Data collection and processing

Data were collected from two crystals at room temperature on a Rigaku R-Axis IIC

image plate detector, using Cu-Ko radiation from a Rigaku RU-200B rotating anode
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Table 4-3. Data collection and reduction statistics for E. coli Y34F, Q146H and Q146L

MnSOD
Crystal Y34F MnSOD  QI46H MnSOD Q146L MnSOD

Space group C222, C222, C222,

VAVAS) 32(4) 32(4) 32(4)

Unit cell a=100845A  a=100766 A  a=101.698 A
b=108.893 A  b=109.239A  5=109.297 A
c=182.882A  =180889 A  =181.722A

V(m), A%/Da 2.79 2.79 281

Solvent content 56 % 56 % 56 %

Mosaicity 0.30¢° 0.20¢° 0.21°

Data collection temperature 293K 203 K 293 K

Data processing

Resolution limits (of last shell) 40-23A 40-2.0A 40-2.0 A
(2.33-2.30) (2.05-2.00) (2.05-2.00)

Unique reflections 45092 68276 68589

Observed reflections 348981 400712 812160

Observed reflections after averaging 242697 227560 609197

Observed reflections after averaging I > lo; 241639 220099 609136

Observed reflections after merging 43949 65122 66399

Observations deleted manually 116 210 3423

Redundancy 5.5 35 9.2

Completeness 97.5 % (79.2) 95.4 % (86.0) 96.8 % (87.4)

Rmerge ON intensities' 0.087 (0.298) 0.051 (0.327) 0.067 (0.255)

Overall I/c 17.2(3.2) 19.8 (4.5) 34.4(4.7)

" Rnerge = S|I-<I>|/%1, where </> is the mean of individual observations of intensities /.

generator. The second crystal was large enough to translate once in the X-ray beam when
radiation damage of the exposed part of the crystal became too great. Data from the two
crystals were indexed and integrated separately using the program DENZO [146].
Images from the first crystal were processed between 50.0 and 2.3 A resolution. Images
from the second crystal were processed between 4.0 and 2.0 A resolution. Because the
exposure times for these images were increased by a factor of four, the reflections from
the second crystal were more intense. The processing was therefore truncated at 4.0 A
resolution to avoid having to increase the spot integration size to fit the low resolution
reflections. Increasing the spot integration size would have the effect of introducing

excessive number of overlaps to the integration of the high resolution data. The program
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SCALEPACK [146] was used to scale and merge the resulting data from both crystals.
The data were then put on an approximately absolute scale using the scale factor taken
from a Wilson plot. Relevant data collection and processing statistics are given in Table

4-3 (opposite).

Table 4-4. Refinement and model statistics for E. coli Y34F, Q146H and Q146L MnSOD

Model Y34F QIi46H Ql4e6L
PDBID
No. ot residues 820 820 820
No. of protein atoms 6508 6516 6528
No. of water molecules 303 444 300
No. of Mn ions 4 4 4

. o9
Average B-factors, A~

Main-chain atoms 24.1 25.8 29.9
Side-chain atoms 25.6 25.1 319
Water molecules 27.4 34.4 35.5
Mn 11.6 13.5 16.9
Overall 25.0 26.0 31.0
Retinement
Refinement program CNSv0.5(131] CNSv0.4(131] CNS v05 {131}
Reflections used in refinement 43928 65109 66352
Reflections used in calculation of Ry;e. 2220 (5.1 %) 3182 (4.9 %) 3258 (4.9 %)
Resolution limits 40.0-2.3 A 40.0-2.0 A 40.0 - 2.0 A
R.M.S bond lengths 0.005 A 0.005 A 0.006 A
R.M.S bond angles 1.19° 1.16° 1.13¢
R-tfactor (all data) 0.164 0.192 0.189
Rree fall data) 0.192 0.211 0.214
4.3.2. Structure solution, model building and refinement

The structure was solved using molecular replacement with the structure of native
dimeric MnSOD as the search model. The molecular replacement solution was shifted to
the same asymmetric unit as the native structure. Rigid-body refinement was carried out
in CNS generating a starting model for refinement having a value for Ry, 0f 0.305 and
an R-factor of 0.294. Five cycles of model building and refinement in CNS gave a model
with a value for Ry of 0.214 and an R-factor of 0.189. Refinement and model statistics
for Q146L MnSOD are given in Table 4-4.



4.4. Structure determination of Q146H

4.4.1. Data collection and processing

Data were collected from a single crystal at room temperature on a Rigaku R-Axis IIC
image plate detector, using Cu-Ka radiation from a Rigaku RU-200B rotating anode
generator. Use was made of the fact that the crystal was reasonably large (0.25 x 0.3 x
1.2 mm) in that the crystal was translated during data collection when the X-ray exposed
part of the crystal had suffered significant radiation damage. The images were subse-
quently indexed and integrated to 2.0 A using the program DENZO [146]. The program
SCALEPACK [146] was used to scale and merge the resulting data. The data were then
put on an approximately absolute scale using the scale factor taken from a Wilson plot.

Relevant data collection and processing statistics are given in Table 4-3 (above).

4.4.2. Structure solution, model building and refinement

The structure of MnSOD QI46L was used as the starting model for refinement of
MnSOD QI146H, having a value for Ry, and a R-factor against the MnSOD Q146H data
of 0.332 and 0.323, respectively. An initial round of automated torsion-angle dynamics
simulated-annealing refinement against maximume-likelihood targets was carried out in
CNS. This procedure starts with 200 conjugate-gradient minimisation steps to gain ini-
tial estimates of 6, and the weight for the maximum-likelihood target. Torsion angle
molecular dynamics in combination with simulated annealing is then started from a tem-
perature of 2500 K and decreased to 0 K in 25 K steps. Finally, two cycles of 100 steps of
conjugate-gradient minimisation are carried out, between which the 6, and weight val-
ues are updated. This automated simulated annealing protocol produced a model having
a value for Ry of 0.300 and an R-factor of 0.272. Four further rounds of model building
and refinement, including the addition of 444 waters, produced a final model having a
value for Ry and a R-factor of 0.211 and 0.192. Refinement and model statistics for
Q146H MnSOD are given in Table 4-4 (above).

4.5. Structural description of Y34F

4.5.1. Structural effects of the Y34F mutation

Tyr34 is absolutely conserved in all Fe and MnSODs. The phenolic oxygen of this resi-
due lies 5.4 A from the metal, and forms part of the hydrogen-bonding relay linking the
metal with solvent in the substrate-access funnel via GInl46 and the metal bound
hydroxide. Its mutation to phenylalanine causes only small rearrangements of the resi-
dues in and around the active-site. The mutation breaks the 3.0 A hydrogen bond with
the NE2 nitrogen of GInl46, and the hydrogen bond with the water in the substrate-

access funnel. No water is observed to move into or near the site vacated by the OH of
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Tyr34 in the Y34F mutant. The loss of these position-restraining hydrogen bonds, cou-
pled with the change in steric and polar character for this residue, causes a small change
in the rotamer of Phe34. The ring plane of Phe34 swings around chil by 3 - 4° toward
GlIn146, which corresponds to a shift of 0.37 A for the CZ carbon of the phenyl ring (Fig-
ure 4-1). The average chil of Tyr34 and Phe34 for the four subunits in there respective
structures is -65.8° (esd = 0.6°), and -69.3° (esd = 1.0°), respectively. The main-chain of
helix A1 is slightly offset from the corresponding position in the native structure, being
further away from A2 and the active-site. The shift starts around Phe34 and extends to
the end of the helix, with main-chain atoms shifting by between 0.1 and 0.2 A. This
movement of Al also contributes to the change of position of Phe34 relative to Tyr34 in

the native structure.

OH207
@

~
“
~
~

Glul70(B)

His171

Figure 4-1. A stereo diagram showing an overlay of Y34F and the native structure in the
region of the mutation

A stereo diagram showing an overlay of Y34F subunit A (green) and the native subunit
A (coloured by atom-type) in the region of the mutation. The mutated residue Phe34 is
shown in thick green lines. The largest change is in Phe34, undergoing rotation in chil
by 3 - 4°. The Mn ion is represented by the larger purple sphere, and its coordinated sol-
vent by the smaller red sphere. Figure drawn with MOLSCRIPT [1].

The active-site geometry of the mutant is very similar to that of the native. There are
small differences in the bond lengths and angles of ligands associated with the metal. All
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metal bond lengths (averaged over the four subunits) decrease by between 0.02 and 0.08
A, with standard deviations ranging between 0.01 and 0.05 A. This may represent a
higher proportion of Mn(IIl) in the Y34F mutant. The hydrogen bond between
GIn146_NE2 and the metal-bound solvent decreases in the mutant structure by 0.12 A to
2.88 A, but also shows the most variability having a standard deviation of 0.10 A, aver-
aged over the four subunits. Metal ligand rotamers also show more variability in Y34F
than the native. In the native structure the standard deviations for the chil and chi2 tor-
sion angles range between 0.1° and 2.6°, with the largest deviation shown in the chi2 of
Aspl67. In the mutant structure, these standard deviations range between 0.5° and 5.1°.
The largest deviation is again shown by the chi2 of Asp167, but significant deviations of
3.1° and 3.5° are shown by the chi2 angles of His26 and His81.

The hydrogen bond of Tyr34 to the water in the substrate-access funnel is also broken by
the mutation. Of the 16 waters in the substrate-access funnel of Y34F, 15 can be found in
equivalent positions in the native structure (see Figure 4-2 opposite). The extra water in
the Y34F structure is found in chains B, C and D, and is near the edge of the substrate-
access funnel. There are 17 waters in the substrate-access funnel of the native structure,
two of which do not have a corresponding fully occupied water in the Y34F structure. In
the native structure the water involved in the hydrogen bond with Tyr34 is present in all
four subunits, and is well ordered, having an average B-factor of 18.0 A? (compared with
the average solvent B-factor in the structure of 31.6 A2). In Y34F this water is only seen
at an occupancy of close to 1.0 in subunit C, having a B-factor of 28.0 A?, being pre-
served by its hydrogen bonds with neighbouring waters in the substrate-access funnel.
However, residual electron density in subunit D suggests the possibility of a low occu-
pancy water in an equivalent position in this subunit. The native structure also has
another water in contact with Tyr34. This water is 3.48 A from the phenolic oxygen, and
is in a poor geometry for a hydrogen bond. It is only seen in subunits B and D of the

native structure.

The position of Phe34 does not leave sufficient room for a water to hydrogen bond
directly with the NE2 nitrogen of GIn146. Such a water would have 2.7 - 3.0 A contacts
with carbon atoms on Phe34 and Trp169. Subunit D however does have some residual
diffuse electron density in this position at the 2 - 3o level in a 1|Fo-Fcl electron density
map. The peak of the diffuse electron density corresponds to a position ~ 2.1 A from
Phe34_CZ and ~ 3.0 A from the Gln146_NE2. Similar residual density, also in subunit
D, indicates the possibility of a low occupancy water 2.6 A from the NDI nitrogen of
His30.

4.5.2. Tertiary structure

Pairwise RMS deviations for the monomers of Y34F range between 0.15 and 0.35 A for
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Figure 4-2. A stereo diagram of the waters in the substrate-access funnel of Y34F
MnSOD

The 16 waters in the substrate-access funnel of Y34F are coloured by B-factor. B < 25
A?, purple; 26 - 30 A2, blue; 31- 35 A2, green; 35+ A2, red. The average B for solvent in
the protein is 28 A2, and for the 16 waters in the substrate-access funnel, 30 A% The
unique waters in the substrate-access funnel of the native structure are superimposed for
comparison, and drawn as grey spheres. Tyr34 of the native structure is shown in green,
along with its hydrogen bond to a water in the substrate-access funnel. Labels on water
molecules indicate that an ordered water molecule was nor found in all four subunits at
this position. The label lists the subunits in which ordered water molecules were found.
No label indicates the water was present in all four subunits. The Mn ion is represented
by the larger purple sphere. Figure drawn with MOLSCRIPT [1].

superpositions based on all 820 main-chain (C, CA, N, O) atoms in the dimer. If atom
pairs are excluded when their deviation is greater than 3.0 times the overall standard
deviation, the pairwise RMS deviations range between 0.02 (for a subset of 420 main-
chain atoms) and 0.06 A (for a subset of 600 mainchain atoms). The greatest deviations
occur at the N-terminal region, the loop between Al and A2, and for residues 134 - 136.

Consistent with the facts that the mutation is conservative, interior to the enzyme, and
not directly involved in the dimer interface, the tertiary structures of the native and
mutant are highly similar. Figure 4-3 (below) shows an overlay of the Ca trace of the
native and Y34F mutant structures. Pairwise RMS deviations for the dimers of Y34F
superimposed on the dimers of the native structure range between 0.15 and 0.35 A for
superpositions based on all 820 main-chain (C, CA, N, O) atoms in the dimer.
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Figure 4-3. A stereo plot of the Ca main-chain trace of the native and Y34F AB dimers,
overlaid using the A subunit of each dimer

The 820 main-chain (C, CA, N, O) atoms of subunit A were used to perform the overlay.
Using only one subunit in the overlay has the effect of showing the extent of the reorien-
tation of subunit B with respect to subunit A. Native structure in black, and Y34F in
blue. The two grey spheres represent the Mn ions in the active sites. Figure drawn with
MOLSCRIPT [1].

4.6. Structural description of Q146H

4.6.1. Structural effects of the Q146H mutation

GlIn146, whilst not a metal ligand, is an important inner-sphere residue. The hydrogen
bond between the metal-coordinated solvent molecule and a nitrogen atom on either a
Gln or His is conserved in all Fe and MnSODs. In the native structure, Glnl46 is
involved in four hydrogen bonds. The NE2 nitrogen of GIln146 is the donor in hydrogen
bonds with the metal-coordinated solvent (2.95 A), and the phenolic oxygen of Tyr34
(2.97 A). The OEI oxygen of GIn146 is an acceptor in a hydrogen bond with the NEI
nitrogen of Trp128 (2.97 A) and a weaker hydrogen bond (3.34 A) with the ND2 nitro-
gen of Asn80 (see Figure 4-4 opposite). In the mutation to histidine, three of these four
hydrogen bonds are broken, with only the hydrogen bond to the metal-coordinated sol-
vent remaining.

The rotamer adopted by His146 would create 2.3 A contacts between the histidine CE1
carbon and the CZ and OH atoms on Tyr34. The steric repulsion of these close contacts
coupled with the loss of the hydrogen bond to residue 146 causes a rotation of the Tyr34
side-chain into the substrate-access funnel. This rotation of 17.3°in chil, and 8.8° in chi2
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(native Tyr34 average chil,chi2 = -65.8° -49.0° Q146H Tyr34 average chil,chi2 = -
48.5° -40.2°; and a shift of the phenolic oxygen by 1.5 A), causes changes in the posi-
tions of ordered solvents within the substrate-access funnel, but does not affect the posi-
tions of any other residue side-chains. The sidechain of Tyr34 forms a 2.8 A hydrogen
bond with an ordered water in the substrate-access funnel, the hydrogen bond being
present in all four subunits. In the mutant structure the phenolic oxygen lies only 3.7 A
from the ND1 nitrogen of His30, but the proximity of the tyrosine to the histidine does
not affect the position of His30.

His171

Figure 4-4. A stereo diagram showing an overlay of Q146H and the native structure in
the region of the mutation

Q146H structure in green (alternate conformation of Trp128 in red), and native structure
coloured by atom-type. The Mn ion of the native structure is coloured purple. Figure
drawn with MOLSCRIPT [1].

The hydrogen bonds between the OEl oxygen of GInl146 and residues Asn80 and
Trp128 are not conserved on the mutation of Gln146 to histidine. In the native structure,
the side-chain of Asn80 forms two hydrogen bonds. Both hydrogen bonds are formed via
the ND2 nitrogen which acts as the donor in a 3.34 A hydrogen bond to GIn146, and the
donor in a 2.93 A hydrogen bond with the main-chain oxygen of Gln146. The mutation

of residue 146 to a histidine removes the acceptor for the first hydrogen bond, and the
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Asn80 side-chain undergoes a rotation. The chi2 angle of Asn80 changes, on average
over the four subunits, from -17.5° (s.d. = 1.2°) in the native to 0.6° (s.d. = 3.8°) in the
mutant. The rotation lengthens the hydrogen bond to the main-chain oxygen of GIn146
to 3.40 A, and allows the ND2 nitrogen of the side-chain to act as a donor in a hydrogen
bond to the main-chain oxygen of Asp147. The ODI1 oxygen of Asn80 forms a hydrogen
bond with a buried water that is conserved in the mutant. The hydrogen bond between
GIn146 and the side-chain of Trp128 is also broken because of the loss of the GIn146
OEI oxygen acceptor on mutation. In this case the effect on the tryptophan is quite dra-
matic, occupying at approximately 50 % occupancy a discrete alternate conformation.
Trp128 lies in a large solvent-excluded cavity, and the alternate conformation adopted is
an approximately 180° rotation around chi2. The chil, chi2 angles for the native Trp128
side-chain are -66.4° and 72.7°, and for the alternate conformation in the mutant, -131.4°
and -87.0°. In the alternate conformation of Trp128 no hydrogen bonds are formed with
the side-chain. The movement of Trp128 causes a slight rotation of Trp130 around chi2

(95.2° in native and 87.8° in mutant) due to steric repulsion.

The main-chain of the first half of helix A2 in the Q146H structure deviates from the
native structure. The shift at the start of the helix (residue 66) is up to 1.0 A, but drops
back to normal deviations (0.1 - 0.2 A) by residue 77. The main-chain shift allows the
2.98 A hydrogen bond between Asn73_O and His146_ND1. The side-chain of Phe124
also shifts to reoptimise its packing against the side-chain of Asn73. The altered position
of the Phel124 is a result of both movement of its main-chain, and rotations of its chi2
side-chain torsion angle (chi2 native, 73.5°% chi2 mutant 85.4°). Phe124 forms part of the

lip of the substrate-access funnel.

Metal-ligand bond lengths in the mutant and native structures are very similar with the
differences in the bond lengths ranging from -0.03 to 0.06 A, being in the same range as
the standard deviations of the values when compared over the four subunits. The bond
angles differ slightly on account of the movement of the metal-coordinated solvent. The
His26_NE2-Mn-OH207_0O angle of 174.6° in the native is 177.9° in the mutant structure,
becoming more linear. The Asp167_0OD1-Mn-OH207_O angle changes the most, being
53.6° in the native structure and 63.1° in the Q146H.

4.6.2. Tertiary structure

Pairwise RMS deviations for the monomers of Q146H range between 0.14 and 0.43 A
for superpositions based on all 820 main-chain (C, CA, N, O) atoms in the dimer. If atom
pairs are excluded when their deviation is greater than 3.0 times the overall standard
deviation, the pairwise RMS deviations then range between 0.02 (for a subset of 420
main-chain atoms) and 0.07 A (for subsets of 500 - 600 mainchain atoms). The greatest
deviations occurring at the N-terminal region, the loop between Al and A2, residues 134
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136, and at the C-terminus.

Figure 4-5 shows an overlay of the Ca trace of the native, Q146H and Q146L AB dim-
ers. Pairwise RMS deviations for the dimers of Q146H superimposed on the dimers of
the native structure range between 0.38 and 0.61 A for superpositions based on all 1640
main-chain (C, CA, N, O) atoms in the dimer. The regions of largest deviation are the N-
terminus, the loop between Al and A2, the A3 - A4 loop, residues 134 - 136, and the
loop between B2 and B3.

Figure 4-5. A stereo plot of the Cat main-chain trace of the native, Q146H, and Q146L
AB dimers

The 1640 main-chain (C, CA, N, O) atoms of the dimer were used to perform the over-
lay. Native structure in black, Q146H in blue and Q146L in red. The two grey spheres
represent the Mn ions in the active sites. Figure drawn with MOLSCRIPT [1].

4.6.3. Comparison with natural His146 MnSOD from P. shermanii

The only structure determined having a histidine naturally present at position 146, and
that is active with manganese, is the cambialistic SOD from P. shermanii. An overlay of
the active-site of E. coli Q146H MnSOD and P. shermanii MnSOD (PDB ID: 1ARYS)
reveals the primary metal protein-ligands to occupy similar geometries. The bond length
of the metal-bound solvent molecule to metal bond is longer in Q146H by ~ 0.2 A (2.3 as
opposed to 2.1 A). More extensive differences in the hydrogen-bonding patterns around
the active-sites of these two enzymes exist due to subtle differences in positions of resi-
dues His146, Trp128 and Tyr34.
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In P. shermanii MnSOD, the orientation of the His 146 ring-plane is not clearly defined
in that it may be subject to a flip of ~ 180° around chil, completely reorienting its hydro-
gen bond donors and acceptors [138]. Potential hydrogen bonds with His146 in both
enzymes are shown in Table 4-5. At the pH for which Q146H MnSOD was crystallised
(8.5), the ND1 nitrogen of His146 is likely to be de-protonated or partially protonated at
best. Thus, there may only be a partial hydrogen-bond with the main-chain oxygen of
Asn73, even considering the favourable geometry. In contrast with P. shermanii
MnSOD, the orientation of the His146 ring-plane is defined in E. coli Q146. The mod-
elled orientation is likely to be the correct one due to the strong hydrogen bond between
His146_NE2 and the solvent bound water molecule. Weaker hydrogen bonds to
Trp128_NEI1 (3.6 A) and Tyr34_OH (3.6 A), and a less favourable His146_CEI ...
OH207 interaction, make adoption of the other orientation unlikely.

Table 4-5. Selected inter-atomic contacts associated with His146 in E. coli Q146H
MnSOD and P. shermanii MnSOD

Residue numbering for P. shermanii MnSOD given in parentheses. The covalent
bond distance between the metal and its bound solvent is also given.

Ql46H P sher
Mn206 MN OH207 o 23 2.1
His146 (His146) NE2 OH207 (0] 2.8 3.2
His146 (His146) ND1 Asn73 (Phe67) o 3.0 3.7
His146 (His146) CD2 Trp128 (Trp126) NEI 3.6 3.0
His146 (His146) CEl Tyr34 (Tyr35) OH 3.6 3.1

4.7. Structural description of Q146L

4.7.1. Structural effects of the Q146 mutation

The leucine side-chain has no hydrogen bond acceptor or donor atoms, so the four
hydrogen bonds that Gln146 makes in the native structure cannot be made when the
glutamine is mutated to leucine. Leucine is one methyl carbon shorter in length than
glutamine, but has sp3 hybridisation of its CG carbon as compared with the sp2 hybridi-
sation of the CD carbon of glutamine, affording the leucine a similar steric bulk. The leu-
cine is, however, a hydrophobic residue, so would be expected to prefer different residue
packing contacts to that of the polar glutamine. Leul46 adopts a similar rotamer (see
Figure 4-6 opposite) to Gln146, having a similar value for the chil torsion angle of -
67.0°% and -67.6° respectively. The chi2 torsion angle is largely determined by residue
packing contacts of which there are nine between 3.1 and 3.8 A.

The sidechain of Tyr34 is rotated away from Leul46 due to steric repulsion by the CDI
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Figure 4-6. A stereo diagram showing an overlay of Q146L and the native structure in
the region of the mutation

QI146L structure in green (alternative conformation of Trp128 in red), native structure
coloured by atom-type. Figure drawn with MOLSCRIPT [1].

carbon of Leul46. If the native conformation of Tyr34 were to be maintained, the
Leul46 CDI to Tyr34 CZ, CEl and OH contracts would be 2.95, 3.15 and 3.11 A,
respectively. Instead, rotation of 11.3° (native chil, chi2 are -65.8° -49.0°;, Q146L chil,
chi2 are -54.5° -44.4°) around chil and a small rotation around the ring plane extend
these contact distances to 3.52, 3.59 and 3.81 A.

Asn80 and Trp128 both rearrange their side-chain rotamers as a result of losing their
hydrogen bonds to the residue 146. Asn80 rotates in chi2 (native chi2, -65.2° QI146L
chi2, -68.7°). The rotation allows the ND2 nitrogen of Asn80 to form a 2.9 A hydrogen
bond with the main-chain oxygen of Asp147 as also occurs for Q146H. This new hydro-
gen bond forms at the expense of the existing hydrogen bond between Asn80_ND?2 and
the mainchain oxygen of residue 146, which lengths from 2.9 A in the native structure to
3.3 A QI46L. Trp128 without the hydrogen bond to residue 146 is more flexible. It
undergoes a rotation of 19.1° in chil and 23.3° in chi2 to accommodate the change in
position of Asn80, the 3.4 A contact between Asn80_ND2 and Trpl128_NEI being
extended to 4.1 A. Without the hydrogen bond with residue 146 to hold the Trp128 side-
chain in place, the side-chain becomes disordered, adopting the same alternate confor-
mation seen in QI46H. In the Q146L. mutant, the NE1 nitrogen of Trp128 forms no
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hydrogen bonds in either conformation. The hydrogen on Trpl128_NEI1 may have a weak
3.5 A interaction with the metal-coordinated solvent, although the geometry is poor. In
the native structure the same Trp128_NEI1 to OH207 distance is 4.0 A. The disorder
shown by Trp128 is not consistent in all four subunits. In subunit A, the tryptophan side-
chain is split about 50:50 between the native and alternate conformations. In subunits B,
C and D, this ratio is closer to 80:20.

The active-site ligands maintain very similar positions to the native structure, varying
less from the native structure than those in Q146H (see Figure 4-6 above). Bond lengths
in Q146L show the same variability as those in Q146H with respect to the native struc-
ture, with differences between the mean bond lengths of the Q146L and native struc-
tures, calculated over the four subunits, ranging from -0.04 to 0.05 A.

4.7.2. Tertiary Structure

Pairwise RMS deviations for the monomers of Q146L range between 0.16 and 0.48 A
for superpositions based on all 820 main-chain (C, CA, N, O) atoms in the dimer. If atom
pairs are excluded when their deviation is greater than 3.0 times the overall standard
deviation, the pairwise RMS deviations range between 0.06 (for a subset of 505 main-
chain atoms) and 0.14 A (for subsets of 500 - 600 mainchain atoms).

Pairwise RMS deviations for the dimers of Q146L superimposed on the dimers of the
native structure range between 0.39 and 0.55 A for superpositions based on all 1640
main-chain (C, CA, N, O) atoms in the dimer (see Figure 4-5 above). The regions of
largest deviation are the same as those in Q146H; the N-terminus, the loop between Al
and A2, the A3 - A4 loop, residues 134 - 136, and the loop between B2 and B3.

4.8. Discussion

4.8.1. Y34F

Residues in the secondary coordination sphere of catalytic metal ions are well known to
modulate the behaviour of the metal via their interactions with metal-ligands. These res-
idues catalytically fine-tune the enzyme by correctly orienting critical residues, modify-
ing the redox properties of the metal system, altering substrate-metal binding properties
and affecting metal-charge stabilisation, all of which affect catalytic activity [174, 175,
139,176, 177, 178, 179].

The structural effects of the Y34F mutation are subtle, the most noticeable being a rota-
tion of the phenylalanine sidechain and that no additional solvent diffuses into the active
site to maintain the hydrogen-bond relay linking the Tyr34 to the metal ion via GIn146,

and the metal-bound solvent molecule.
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The Y34F mutation causes the loss of hydrogen bonds to GIn146 and solvent in the sub-
strate-access funnel, and is coupled to a rotation of the phenylalanine side-chain around
chil, displacing the CZ atom of the phenyl ring ~ 0.4 A from its corresponding position
in the wildtype tyrosine. The GIn146_NE2 ... OH207 hydrogen bond is stronger in the
mutant but also shows the most variability over all four subunits of the mutant. Solvent
structure in the substrate-access funnel is very similar except the water that forms a
hydrogen bond with Tyr34_OH in the wildtype is less ordered in the Y34F mutant.
Importantly it can be confirmed that no ordered water diffuses into the active-site on any
significant scale. This confirms that the proposed hydrogen-bond relay from the sub-
strate-access funnel to the metal is completely disrupted by the mutation. However, this
disruption is accompanied by only ~ 20 % loss of activity at pH 7.8 and 9.0. Either the
proton shuttle is not particularly important to catalytic activity, or highly dissociated

water replaces the Tyr OH group to maintain the proton shuttle.

Redox potentials of Y34F mutants of MnSOD and FeSOD have not been measured, so
the effect of this mutation on the thermodynamic stability of the metal-ligand complex is

not known.

Azide affinities have been measured at a variety of pH values for both wildtype and
Y34F mutant MnSOD and Fe>MnSOD. In all cases azide affinity for the Y34F mutant
structures increases by 1.5 - 4 times over the wildtype (see Table 4-2 above). Substrate
binding is affected by both steric and electrostatic factors, including charge stabilisation
of the metal, and substrate-protein interactions. Tighter binding of the negatively charged
substrate analog in Y 34F mutants could be due to an overall more positive charge on the
metal centre, or stabilisation of the azide-enzyme complex by more favourable interac-

tions with protein residues.

The structure of azide complexed to MnSOD from T. thermophilus (PDB ID: 1IMNG)
shows azide binding in the sixth, vacant coordination site, with the linear azide molecule
pointing toward the substrate-access funnel and Tyr34, and lying close and parallel to the
ring-plane of the coordinated histidine ligand (His171, E. coli numbering scheme) [6].
The coordinated azide forms hydrogen bonds with Tyr34_OH (2.6 A) and His30_NDI
(3.2 /0\, E. coli numbering scheme). In contrast, in FeSOD-azide structures from E. coli
(PDB ID: 11SC) and P. shermanii (PDB ID: 1 AVM), the azide points away from the sub-

strate-access funnel, into the cavity around the active-site and forms no hydrogen bonds.

Azide has been shown to bind to both wildtype and Y34F E. coli MnSOD. However, X-
ray crystallographic structures of this complex could not be determined. Crystals of
wildtype and Y34F grown using azide-complexed enzyme, and crystals soaked in azide
both fail to show azide at the active site, or anywhere else in the structure. It cannot be

determined from the Y34F mutant structure alone why this apparent anomaly exists
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between azide complexing to the solution-state as determined spectroscopically, and the
solid-state crystallographic results. The pH of crystallisation (8.5) is higher than the pH
at which the dissociation constant of azide was measured (7.0). In the iron-substituted
enzyme, azide affinities decrease with increasing pH. The pH dependence of azide bind-
ing to wildtype and Y34F MnSOD has not been determined. The increasing ionisation of
the tyrosine side-chain in the wildtype would likely destabilise the binding of the azide
molecule if it were to bind in a geometry similar to that of MnSOD from T. thermophilus,
as the hydrogen bond between Tyr34 and azide would be replaced by a negatively
charged dipole on ionisation of Tyr34. However, azide is also absent from the active site
of Y34F MnSOD, and as Phe34 has no negatively-charged dipole, the absence of azide
in the crystallographic structures cannot be solely a consequence of the effect of pH of

crystallisation on Tyr34.

4.8.2. Q146H
The activity of QI146H MnSOD is 10 % of that of the wildtype. A small number of Mn

and FeSOD naturally have histidine at this position and are, or presumed to be, biologi-
cally active. The naturally occurring His146 enzymes all have a glycine at position 77.
Typically in FeSODs residue 77 is a glutamine. The glutamine and histidine substitutions
are mutually exclusive in that steric requirements would otherwise see these two residues
occupying the same space. All MnSODs have a glycine at position 77 so the single-point
Q146H mutation of £. coli MnSOD is sterically feasible.

The histidine side-chain of residue 146 adopts a conformation sterically similar to that of
the wildtype glutamine it substitutes. Because of the different types and positions of
hydrogen-bonding groups on the histidine, the hydrogen-bonding network of the

wildtype is disrupted, leading to movement of Tyr34 and disorder of Trp128.

Both hydrogen bonds formed between GInl46_OE] in the wildtype and the residues
Asn80 and Trpl28 are broken by the Q146H mutation. In the wildtype, Asn80 and
Trp128 orient the glutamine, and also possibly modulate its character. These roles can be
further examined in future mutation studies. The loss of the hydrogen bond with Trpl28
causes conformational disorder of this residue, which adopts two positions in equal
amounts, the wildtype orientation and another in which the Trp128 side-chain rotates
~180° around chil. The NEI nitrogen of Trpl28 in the new orientation seen in the
QI46H mutant is not involved in any hydrogen bonds. The orientation of the His146
ring-planes in X-ray crystallographic structures where residue 146 is a naturally occur-
ring histidine, differ. The two FeSODs (M. tuberculosis PDB 1D: 11DS, S. solfataricus
PDB ID: 1SSS) with a histidine at position 146 share the same orientation. The CE1l of
the histidine points toward OH207, the NE2 at Tyr34, and the ND1 at Trp128. The anal-
ogous histidine of the cambialistic MnSOD (P. shermanii PDB ID: 1ARS) and the

98



QI146H E. coli mutant share the opposite orientation to that of the two iron structures. If
the histidine is involved in modulating the character of the metal ion via the metal bound

solvent, then the orientation of His146, and its hydrogen bonds, becomes important.

In the cambialistic P. shermanii MnSOD, the orientation of the histidine ring-plane could
not be determined unambiguously [138]. Suitable hydrogen bond lengths (3.0 -3.2 A)
occur for three of the four possible hydrogen bonds formed when both orientations are
considered. The possibility that the histidine changes its ring-plane orientation depend-
ing on pH, metal-ligand environment, or metal oxidation state can not be discounted.
High-pH protonation of the histidine in the orientations modelled for the FeSODs is not
possible without rearrangments of residues because Trp128_NEI must act as the hydro-
gen bond donor. Involvement of the histidine in a proton-transfer relay in an analogous
fashion to that proposed for the GIn146 of E. coli MnSOD [162] is not possible with
either of the static orientations, but could be accommodated by a mechanism where a
histidine ring flip promotes the ND1 hydrogen bond donor alternately to Tyr34 and the

metal-bound solvent.

The orientation of His146 in the E. coli Q146H mutant can be assigned unambiguously,
in contrast with the P. shermanii structure. Both hydrogen bonds in the alternate orienta-
tion of Trp128_NEI and Y34_OH are very weak at 3.6 A. In the orientation as modelled,
both ND1 and NE2 make reasonable hydrogen bonds at 2.8 and 3.0 A respectively. In
both hydrogen bonds the histidine acts as the hydrogen donor. Because of the arrange-
ment of strong hydrogen bonds in the modelled orientation and weak hydrogen bonds in
the alternate conformation, the inactive Q146H E. coli MnSOD is unlikely to undergo

any dynamic flipping of is His146 ring.

4.8.3. Q1461

The Q146L mutation is nearly isosteric being one methylene carbon shorter. Not being
completely isosteric makes it more difficult to distinguish between changes due to the
loss of all hydrogen-bonding groups. and those due to steric repulsion from the different

atomic arrangement.

Rearrangements occur for Tyr34, Asn80 and Trp128, largely due to the loss of hydrogen
bonds between these residues and Leul46. Tyr34 moves towards the substrate-access
funnel due to repulsion from the CD1 carbon of leucine. In both the Q146H and Q146L
mutants, the rotation of Tyr34 can be determined to be entirely due to steric repulsion
from residue 146, rather than loss of a hydrogen bond to the same residue. Movement
due to loss of the hydrogen bond can be discounted as Phe34 in the Y34F mutant under-
goes very little rotation, and in fact rotates toward residue GIn146. Trp128 exhibits dis-

order in the same way that occurs in the QI46H mutant, and Asn80 reorients to
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maximise its hydrogen bonding potential.

The position of the metal-bound solvent is largely unaffected by both the Q146H and
QI146L mutations, having bond distances (2.31 and 2.30 A respectively) comparable to
the native (2.27 A). Thus residue 146 appears not to modify the ligand-field strength of
the metal-bound solvent appreciably.

Both the Q146H and Q146L mutations, while drastically reducing activity to 10 % and 5
% of that of wild-type MnSOD, respectively, do not completely stop superoxide dis-
mutase activity. GIn146 is therefore not essential for activity, but must act to optimise the
dismutation reaction. Optimisation of the reaction may occur in proton transfer to the
product, stabilisation of ligand displacement [162], or in modifying the stability of the
metal iron and therefore its redox potential. The latter can be examined by determining

the redox potentials of these mutants.

4.9. Conclusions

The proposed hydrogen-bond relay from the substrate access funnel to the metal is com-
pletely disrupted by the Y34F mutation. Any role this relay may have in catalysis is

therefore not critical, but acts to optimise the reaction.

GIn146 is not essential for activity, but has an important role in optimising the reaction.
Unlike the naturally active His146-containing MnSOD and FeSOD enzymes, the muta-
tion of E. coli MnSOD GIn146 to histidine largely inactivates the enzyme. The inactivity
may be a consequence of the greater inflexibility of the mutated histidine when com-

pared with its more mobile natural counterparts.
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Crystal Structures of Gateway
Mutants in Escherichia coli
Manganese Superoxide Dismutase

5.1. Introduction

The catalytic efficiency of an enzyme is only as good as the slowest step in its reaction
mechanism. MnSOD has a maximal catalytic rate that approaches the diffusion-control-
led limit of 10%-10° M"1s™! [168]. This implies that access of substrate and product to and
from the active-site is relatively unimpeded if not actually facilitated by the protein
structure. In the Mn and FeSODs, substrate access to the active site occurs via a solvent-
filled funnel that leads from the outside surface towards the manganese site of each mon-
omer [109]. For each metal site the funnel is formed by residues from both monomers
and leads towards the metal-bound solvent molecule. Four residues at the bottom of the
funnel partly shield the active site from the bulk solvent. A small hole between them
allows small anions and solvent to enter the active site. Because access to the active site
for substrate must occur via these residues, they have been termed ‘gateway’ residues
[162].

His30 is highly conserved. In a sequence alignment of 87 Fe and MnSOD sequences (see
Appendix C), only two species had anything other than His at this residue, and both of
those had Asn (FeSOD from P. aeruginosa [181], and MnSOD from maize [182]). In the
same sequence alignment, Tyr174 is absolutely conserved across all Fe and MnSODs,
although the sequences of some 14 MnSOD species did not extend as far as this residue.
In all Fe and Mn structures, Tyr174 forms a hydrogen bond across the dimer interface
with His30 of the other subunit in the dimer. Thus the position and orientation of His30
1s strongly determined by this interaction. A predetermined orientation for His30 may be
beneficial for proton interactions in the catalytic mechanism or in interactions with the
substrate as it enters the active site. Mutants of H30A and Y 1 74F have been prepared to

investigate the role of these gateway residues in the enzymatic mechanism.
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5.2. Structure determination of H30A

5.2.1. Crystallisation

Crystals of H30A were grown in sitting drops. The well solution contained 16 - 20 %
PEG 6000, and 0.1 M bicine titrated between pH 8.0 and 8.3. Crystals formed as hexag-
onal blocks rather than the elongated blocks of the wildtype enzyme. Only with polypro-
pylene wells (instead of the more common polyethylene wells) was crystalline material
obtained.

Data were collected from a single crystal at room temperature on a Rigaku R-Axis IIC
image plate detector, using Cu-Ko radiation from a Rigaku RU-200B rotating anode
generator. Many crystals were tried before one suitable for data collection could be
found as this crystal form is very much more fragile than the wildtype crystal form. After
an initial 90° wedge of data was collected using the 0.1 mm collimator, the crystal was
translated and a second 90° wedge of data was collected using the 0.3 mm collimator.
The 20 stage of the detector was swung out 6.7° to collect the higher resolution data. The
images were subsequently indexed and integrated to 2.2 A using the program DENZO
[146], and the program SCALEPACK [146] was used to scale and merge the resulting
data. The data were then put on an approximately absolute scale using the scale factor
taken from a Wilson plot. Approximately 5 % of the reflections were flagged for use in
calculating the value of Ry... The Ry, reflections, chosen for this and for all other
mutant datasets sharing the same cell and spacegroup, corresponded to Ry, reflections
from the native dataset. Relevant data collection and processing statistics are given in

Table 5-1 (opposite).

5.2.3. Structure solution, model building, and refinement

Calculations based on the expected solvent content of protein crystals [ 145] gave a Mat-
thews’ coefficient, Vm, of 2.76 A3/Dalton and a solvent content of 55 %, for a crystal
having two MnSOD dimers in the asymmetric unit. A starting model for molecular
replacement was generated from the dimeric structure of Q146L MnSOD chains A and
B. The model was modified by removing all solvent waters, the metal ion and the sol-
vent-bound hydroxide, and changing Leul46 to Gln, and His30 to Ala. The program
AMORE [149] was used to search for two copies of the dimeric search model. The two
highest unique peaks in the rotation function had correlation coefficients of 0.20. A
translation function was calculated for the first rotation, and a solution was found having
a correlation coefficient of 0.35 and an R-factor of 0.48. The rotation and translation of
this dimer was fixed, and a suitable translation for the second rotation peak was searched

for. A solution was found which increased the correlation coefficient to 0.64 and



Table 5-1. Data collection and reduction statistics for E. coli H30A and Y 174F MnSOD

Crystal
Space group

rensities !
Rmerge on intensities

Overall I/c

H30A MnSOD

C222,

0.059 (0.259)
22.4(4.0)

Y 174F MnSOD
P2,

Z(Z) 32(4) 4(2)

Unit cell a=100.681 A 0=46.893 A
b=109.110 A b=46.017 A
c=181.072A  ¢=95993 A

=98.40°

V(m), A*/Da 2.76 2.28

Solvent content 55 % 40 %

Mosaicity 0.25° 0.21¢

Data collection temperature 293 K 110 K

Data processing

Resolution limits (of last shell) 40-22 A 50-1.35 A
(2.25-2.20) (1.37-1.35)

Unique reflections 50905 89143

Observed reflections 458707 561459

Observed reflections after averaging 255035 373356

Observed reflections after averaging I > 1o 254625 372430

Observed reflections after merging 48514 89109

Observations deleted manually 666 142

Redundancy 5.3 4.2

Completeness 95.3 % (73.0) 100.0 % (99.9)

0.027 (0.071)
52.5 (18.3)

I Ruerge = I|/-<I>|/Z1, where </> is the mean of individual observations of intensities /.

improved the R-factor to a value of 0.37. Rigid-body fitting of the rotation and transla-
tion values was carried out in AMORE, further improving the correlation coefficient and
R-factor to 0.79 and 0.31, respectively. The choice of asymmetric unit was changed to be
the same as that for the native MnSOD structure. Simulated annealing by torsion-angle
molecular dynamics and slow-cooling from 5000 K to O K in 50 steps was carried out
using CNS [131] (development version 0.3c) on the model resulting from molecular
replacement. The starting Ry and R-factor of 0.42 and 0.42 were improved to 0.297
and 0.269 by the end of the simulated annealing. Five cycles of model building and
refinement were required to complete the model. The four Mn atoms, the four metal-

bound solvent molecules, and some 250 waters were added to the model during these
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five cycles. Model building was carried out using the graphics program TURBO [150,
183]. Refinement of both atom coordinates and atomic B-factors against maximum-like-
lihood target functions [184] was carried out using CNS (development version 0.5)
[131]. The final model has a Ry, of 0.211 for 2456 reflections in the test set and an R-
factor of 0.184 for 46048 reflections in the working set in the resolution range 40.0 - 2.2

A. Refinement and model statistics are given in Table 5-2.

Table 5-2. Refinement and model statistics for £. coli H30A and Y 174F MnSOD

Model H30A MnSOD Y 174F MnSOD
PDB ID - :
No. of residues 820 410
No. of protein atoms 6492 3254
No. of water molecules 255 498
No. of manganese ions 4 p)

Average B-tactors, A?

Main-chain atoms 239 9.5

Side-chain atoms 253 10.8

Water molecules 28.3 18.1

Manganese ions 14.5 6.1

Overall 24.7 11.2
Refinement

Refinement program CNS v5.0[131] SHELXL [180]

Reflections used in refinement 48504 84648

Reflections used in calculation of Ryee

Resolution limits

2456 (5.1 %)
40.0-22A

4444 (5.2 %)
50.0 - 1.35 A

RMS bond lengths 0.005 A 0.005 A

RMS bond angles 1.16° 1.34°
R-factor (all data) 0.184 0.170
Ryree (all data) 0.211 0.196

5.3. Structure determination of Y174F

5.3.1. Data collection and processing

Synchrotron data were collected as described in Chapter 6. Data collected from the non-
reduced, non-azido, crystal were indexed and integrated to 1.35 A using the program
DENZO [146], and the program SCALEPACK [146] was used to scale and merge the
resulting data. The data were processed only to 1.35 A rather than the limit of 0.90 A to

which data were collected, for two reasons. Firstly, the version of the program SCA-
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LEPACK [146] (version 1.9.1) used to scale the data was unable to scale all the data,
between 50.0 and 0.90 A successfully. Secondly, for point of comparison with the struc-
wural changes of the other mutants, a structure to 1.35 A is adequate, and requires a lot

less time to model than would the structure to 0.90 A.

For the purposes of indexing and integration, the data were treated as two individual
batches, representing the low and medium resolution passes of the data collection. The
low resolution pass extended between 50.0 and 2.55 A, and the medium resolution pass
between 10.0 and 1.35 A. The procedure used for indexing and integration was the same
for both passes. An initial frame was indexed, appropriate crystal and detector parame-
ters were chosen, and these parameters were refined to convergence. All parameters
(crystal orientation, direct beam position, cassette orientation, unit cell, radial and angu-
lar offsets, and crossfire), except for crystal to detector distance, were refined. This dis-
tance was not refined because of its close correlation to the unit cell and radial offset
parameters at medium to low resolution. Once these starting parameters had been deter-
mined, the remaining frames in the pass were integrated automatically by the program in
a batch mode. The integrated frames in the pass were then scaled and the reflections
merged. Post-refinement of the cell and mosaicity parameter was done to determine more
accurate values for these parameters. The integration of all frames in the pass was then
repeated using the updated values for the cell and mosaicity parameters, and with the
additional restraint that the cell parameters were fixed during refinement to the post-
refinement values. After both the low and medium resolution passes had been integrated
individually, all frames from both passes were scaled together. Multiple rounds of scal-
ing, averaging and reflection outlier rejection were done before the reflections were
finally merged. The relevant data collection and processing statistics are presented in
Table 5-1 (above). The data were then put on an approximately absolute scale using a
Wilson plot. Approximately 5 % of the reflections were flagged for use in calculating the
value of Ryee. Rypee reflections were chosen which corresponded to Ry, reflections from

the native and other mutant data sharing the same cell and spacegroup.

5.3.2. Model building and refinement

The model of Y174F MnSOD, which was originally refined against data collected to 1.5
A on the in-house Rigaku R-Axis IIC image plate detector (see Chapter 6 for data collec-
tion, processing and refinement of this model), was used as the starting model for refine-
ment of the 1.35 A data. The two Mn metal ions and all solvent waters were removed
from the starting model, and the B-factors of all atoms were reset to the Wilson B of 8.0
A% SHELXL (Release 97-2) [180] was used to refine the structure. The refinement pro-
tocol is given in Table 5-3 (below). Refinement and model statistics are given in Table 5-

2 (opposite).



Table 5-3. Summary of refinement protocol of the 1.35 A model of Y 174F MnSOD

Job Action Cycles N res.! N par.” R-factor  Ryee
0 Srarting model: No metal or solvent molecules, B-factor reset to Wilson B of 8.0 A?

| SWAT CGLS 10 13391 13027 0.277 0.296
2 Rebuild: added 322 waters CGLS 6 13409 14323 0.205 0.228
3 Rebuild: added 176 waters CGLS 12 13402 15027 0.188 0.212
4 HOPE CGLS 4 13404 15039 0.175 0.198
5 ANIS waters, ISOR waters CGLS 4 16393 17529 0.170 0.196

I Number of restraints.

i .
= Number of parameters.

5.4. Structural description of H30A

5.4.1. Structural effects of the H30A mutation

His30 is part of helix Al and forms a hydrogen bond across the dimer interface to
Tyr174 of the other subunit. The mutation of the histidine to an alanine breaks this
hydrogen bond. Because of the strong internal hydrogen bonding of helices, the main-
chain in the region of His30 is not affected by the mutation. Tyr174, however, is part of
the loop between [-strand B3 and helix AS, and the breaking of the hydrogen bond has a
greater effect on the main-chain of this loop. There are shifts of up to 0.5 A in the main-
chain of the loop containing this residue. The space vacated by the mutation of the histi-
dine to alanine is not occupied by waters. In fact, the region around Tyr174 is subject to
some considerable disorder with Tyr174, Asn179 and, to a lesser extent, Gln178, Arg180
and Leul75 all showing difference density corresponding to alternative conformations.
Positions for partially occupied waters are also apparent. Difference density indicates
Asnl179 rotates 160° in chil to form an alternative conformation where the terminal
atoms of the Asn side-chain lie in the approximate position of the NE2 of His30. This is
accompanied by a concerted rotation of about 152 around chil for Tyr174, due to steric
repulsion. The tyrosine shifts into the cavity which is occupied by water Ow1741M in
the native structure. A stereo plot of the H30A mutant and native structures in the region

of the mutation is shown overlaid in Figure 5-1 (opposite).

The secondary, tertiary and quaternary structure remain mostly unchanged by the muta-
tion. Superimposing the dimers of the mutant structure onto the native dimer results in
RMS differences between 1640 (C, CA, N, O) main-chain atoms in a pairwise compari-
son of between 0.2 and 0.3 A. The largest differences between the mutant main-chain

and the native main-chain occur in the variable loop region. Variation also occurs at the
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Figure 5-1. A stereo plot showing an overlay of H30A and the native structure in the
region of the mutation

H30A MnSOD (subunit A active site) is drawn in green, and the native structure (subu-
nit A active site) coloured by atom-type. Subunit B of H30A, drawn in light-green, shifts
relative to subunit B of the native structure. The Mn ion is represented by the purple
sphere. Figure drawn with MOLSCRIPT [1).

N-terminus, in helices A3 and A4, and in residues 174 - 180 in the loop between B3 and
AS. Figure 5-2 (below) shows an overlay of dimers from the native, H30A and Y174F
structures superimposed using the main-chain residues of subunit A.

The active-site bond lengths and angles are unchanged by the mutation

5.5. Structural description of Y174F

5.5.1. Structural effects of the Y174F mutation

Mutation of Tyr174 to a phenylalanine breaks the 2.6 A hydrogen bond between Tyr174
of one subunit and His30 of the other subunit. This hydrogen bond between two con-
served residues is one of seven (four unique) spanning the dimer interface. The same
hydrogen bond is broken in the H30A mutant; however, disruption to the dimer interface
and subunit orientations within the dimer are far more extensive for the Y 174F mutation.
In the H30A mutant, where the histidine is replaced with a much smaller, non-flexible
alanine residue, the position of Tyrl174 hardly changes. In the Y174F mutant the tyro-
sine, a large polar residue, is replaced with a phenylalanine, a similarly sized but entirely
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Figure 5-2. A stereo plot of the Cat main-chain trace of the native, H30A and Y174F
dimers, overlaid using the A subunit of each dimer

The 820 main-chain (C, CA, N, O) atoms of subunit A were used to perform the super-
position. Using only one subunit in the superposition has the effect of showing the extent
of the reorientation of subunit B with respect to subunit A. Native structure in black,
H30A in red and Y174F in blue. The grey spheres represent the Mn ions. Figure drawn
with MOLSCRIPT [1].

hydrophobic residue. The change in side-chain nature from polar to hydrophobic causes
a reorientation of F174 that maximises hydrophobic contacts. This simple side-chain
movement stimulates extensive rearrangements of neighbouring residues in the dimer
interface, and subsequently, large concerted shifts of the main-chain as the subunits
within the dimer reorientate to accommodate the changes. A stereo plot of the mutant
and native structures in the region of the Y 174F mutation are shown overlaid in Figure 5-
3 (opposite).

On the atomic level, the mutation represents the removal of a single oxygen atom. This
phenolic oxygen of Tyr174 in the native structure is involved in two hydrogen bonds,
being the likely acceptor in a hydrogen bond with His30, and a donor or acceptor in a
hydrogen bond with a lone solvent water molecule (Ow1741M) sitting in an adjacent
cavity.

The removal of the phenolic oxygen in the mutation of the tyrosine to a phenylalanine,
breaks both hydrogen bonds. Without the strong 2.6 A hydrogen bond with His30 to ori-
ent the Phel74 side-chain, and to maximise hydrophobic contacts, Phel74 undergoes a
rotation. The rotation of the chil torsion angle, is ~ 30°. The chi2 torsion angle does not
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Figure 5-3. A stereo plot showing an overlay of Y174F and the native structure in the
region of the mutation

Y 174F MnSOD is drawn in green, and the native structure is coloured by atom-type.
Subunit B of Y174F, drawn in light-green, shifts relative to subunit B of the native struc-
ture. The Mn ion is represented by the purple sphere. Figure drawn with MOLSCRIPT
(1].

change; however, the ring plane of Phe174 has an effective rotation relative to the A sub-
unit of ~ 30° due to the movement of the entire B subunit relative to the A subunit. The
rotation in chil is toward the adjacent, largely hydrophobic cavity. This cavity in the
native structure contained the solvent water molecule Owl1741M. The position of
Ow1741M was maintained in this cavity by two hydrogen bonds, one being a 2.9 A
hydrogen bond with Tyr174, and the other a 2.9 A hydrogen bond with the main-chain
oxygen of His171. The loss of one of these hydrogen bonds in the mutant structure cou-
pled with an increased hydrophobic environment and steric repulsion from Phel74,
causes this solvent molecule to abandon the cavity. In its new orientation, Phe 174 makes
hydrophobic contacts between 3.8 and 4.6 A with Leul75 from the same subunit, and
[1e25, Leul 75, the CB of His 171, and Phel 74, all from the other subunit. The NCS axis
relating the two subunits of the dimer is close to Tyr174. In the native structure the CD2
atoms of Tyr174 are 5.3 A apart, whereas in the mutant structure the CD2 atoms of
Phe174 are only 3.8 A apart. The movement of Phe174 toward the NCS axis brings this
residue close enough to its counterpart in the other subunit to share hydrophobic contacts

around the axis. Leul75 also undergoes a side-chain shift, bringing the CD2 atoms of
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this side-chain from 4.3 A to within 3.7 A. In this case, the side-chain shift is due to rela-

tive shifts of the main-chain rather than a change of the rotamer.

His30, the partner in the hydrogen bond being disrupted by the mutation, also undergoes
reorientation. The residue rotates around the chi2 torsion angle by ~ 150°, flipping the
histidine ring. The native His30 side-chain orientation is defined by its 2.6 A hydrogen
bond with Tyr174. At basic pH the NE2 nitrogen atom of histidine is more usually proto-
nated rather than the NDI nitrogen [185]. Also, the potential hydrogen on the NE?2 nitro-
gen is pointing directly at the phenolic oxygen of Tyr174. It is likely therefore that the
NE2 nitrogen of His30 is protonated, and is the donor in the hydrogen bond with Tyr174.

[t is unlikely, at the pH of crystallisation, that this histidine is charged. The flipped His30
ring of the mutant forms a 2.77 A hydrogen bond via its NE2 nitrogen with an ordered
water molecule (Ow101L) in the substrate-access funnel. This water molecule is not
present in the native structure. The NDI nitrogen may form a potential, albeit weak, 3.6
A hydrogen bond with the main-chain oxygen of Ile25. If the histidine ring were flipped
180° to conform to the approximate orientation of His30 in native MnSOD, the 2.77 A
hydrogen bond to water Ow101L would be broken, and a 3.14 A hydrogen bond would
be formed between the ND1 nitrogen and another ordered water molecule (Ow198L) in
the substrate-access funnel. Of these two possibilities, the modelled orientation seems
the most likely.

The side-chain of Asnl79 also undergoes a conformational change. In the native struc-
ture Asnl79 forms part of the lip of the substrate-access funnel, with its sidechain point-
ing out toward the surface of the dimer. In the Y174F mutant structure the sidechain
undergoes a 220° rotation around the chil torsion angle, pointing the sidechain into the
substrate-access funnel. Two waters occupy the space vacated by the change in rotamer.
The new position of the side-chain lies above His30, such that His30 is no longer directly
visible to bulk solvent outside the dimer. The movement of this sidechain into the sub-
strate-access funnel is accentuated by a shift of the main-chain in the region of this resi-
due, which affects the position and order of solvent in the funnel. Asn179 in the Y 174F
mutant makes three hydrogen bonds to waters in the funnel: Asnl79_ND2...Ow61L
(2.88 A); Asn179_OD1..0w70M (2.72 A); Asn179_ODI...0w69M (2.79 A). The con-
formation of Asnl79 in the Y174F mutant does not correspond to the conformations
seen in the native and the H30A mutant.

Comparison of the ordered solvent structure of the Y 174F mutant with the ordered sol-
vent structure of the native MnSOD must take into consideration the much tighter crystal
packing of Y174F, as highlighted by its lower percentage of bulk-solvent (40 % in
Y 174F, and 55 % in native MnSOD), the appreciably higher resolution of the Y174F
structure, and the fact that the native structure was determined at ambient temperature
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while the Y174F structure was determined at 110 K. These differences will markedly
affect the number and order of the external solvent molecules involved in intermolecular
contacts. Moreover, the functionally more interesting solvent molecules internal to the
dimer and in the substrate-access funnel may also show discrepancies in their number
and order. Those in the substrate-access funnel may be particularly affected by changes
in crystal packing and temperature. An additional ordered solvent appears in the Y 174F
mutant structure that is not present in the native structure. This water, Owl98L, is posi-
tioned between the phenolic oxygen of Tyr34, and the CD2 of His30. In the native struc-
ture the Tyr34_OH to His30_NDI distance is 5.1 A. The equivalent distance to
His30_CD2 in the Y 174F mutant structure is 5.7 A, the distance increasing due to small
rotations of these two residues away from each other. In the mutant structure Tyr34
undergoes a 2° rotation around chil, which shifts the position of the phenolic oxygen by
0.4 A. This shift, however, shortens insignificantly the Tyr34_OH...GIn146_NE2 hydro-
gen bond from 2.97 A in the native to 2.90 A in the mutant structure. The rotations of
Tyr34 and His30 in the mutant structure increase the distance between these two residues
enough for a water to occupy the space between them. Water Ow198L forms three

hydrogen bonds with other solvent waters, and a 2.60 A hydrogen bond with Tyr34.

Table 5-4. Temperature factor (,ZX.Z) statistics for the two chains of Y174F

Chain A ChainB

Average main chain 83 10.8

Sigma main chain 4.0 3.9

Average side chain 9.5 12.2

Sigma side chain 5.1 5.1

Average protein 8.9 115

Average solvent (number) 17.3(259) 19.0 (239

Metal ion 53 6.9

Metal-bound solvent 5.5 8.2

5.5.2. NCS analysis

No non-crystallographic symmetry restraints were applied to the 1.35 A refinement in
SHELXL. NCS geometry restraints would have the advantage of increasing the effective
data to parameter ratio, necessary if anisotropic refinement were attempted at this resolu-
tion. NCS B-factor restraints, restraining B-factors of NCS-equivalent atoms to be
approximately equal could not be employed because of the large difference in average
temperature factors between the two NCS-related chains. The average temperature factor
for both main-chain and side-chain atoms of chain B is ~ 30 % higher than those of chain
A (see Table 5-4). This can be appreciated visually: when viewing the electron density
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via TURBO, that for chain B is noticeably more diffuse and disordered than that for
chain A. A plot of Ca temperature factors by residue for the two chains is shown in Fig-
ure 5-4.
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Figure 5-4. Plot of temperature factor of Ca atoms by residue number for the two chains
of Y174F

Co temperature factors for chain A are drawn in black, and for chain B in red. The aver-
age main-chain temperature factor for subunit A is 8.3 A? (horizontal black line), and the
average main-chain temperature factor for subunit B is 10.8 A? (horizontal red line).

To highlight differences in the main-chain dihedral angles between the two NCS-related
subunits, the standard deviation of psi and phi is plotted as a function of residue number
(Figure 5-5 opposite). Fifteen residues show appreciable deviation from the RMS differ-
ence: Serl, Tyr2, Leu7, Lys20, Phe48, Asn50, GluS5, Asp61, Gly91, Thr92, Glyl35,
Aspl136, Ile163, Lys204 and Lys205. The deviations shown by these residues can be
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attributed to differences in their inter- or intramolecular contacts and in the solvent envi-
ronment as a result of crystal packing. The greatest deviation occurs for the C-terminus
residues Lys204 and Lys205. In chain A Lys205 is well defined, folding back on chain A,
and forming contacts via ordered solvents to a symmetry-related chain A N-terminus.
Lys205 in chain B is less well defined and adopts a completely different conformation as
a result of not having the equivalent symmetry-related contacts of chain A
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Figure 5-5. Standard deviation of phi and psi plotted as a function of residue number for
Y 174F

The black curve shows the standard deviation of the phi angles of corresponding resi-

dues in the two NCS-related subunits. The red curve shows the standard deviation of the
psi angles.

In a similar fashion, the standard deviations of side-chain torsion angles, chil and chi2,
are plotted as a function of residue number. Some twenty-four residues show signifi-

cantly different side-chain torsion angles between the subunits. Side-chains of residues
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having a corresponding deviation in the phi-psi plot are assumed to deviate for the same
reason that the main-chain torsion angles deviate. Deviations of side-chains in the varia-
ble loop region (residues Glu43 - Lys48) are attributed to the extensive crystal-packing
contacts, high main-chain variability, and disorder exhibited in this region. An additional
five residues, Glu21, Lys118, Pro149, GIn178 and Asn179, show deviations. Differences
within the subunits between the side-chains of Glu21, Lys118, GInl178 and Asn179 can
be attributed to disorder and/or symmetry contacts. Prol49 has a different ring-pucker,
possibly mediated via a symmetry contact.

The program SUPPOS was used to superimpose the two NCS-related subunits of Y174F.
In all superpositions involving Y 174F, residues Lys204 and Lys205 are excluded as the
large distances between these residues (~ 10 A ) skews the RMS differences. The RMS
difference for the overlay of subunit B on subunit A using all 812 main-chain (CA, C, N,
O) atoms in each subunit, is 0.28 A. This is comparable with the values for the pairwise
overlay of the native subunits which range from 0.14 - 0.35 A. However differences in
the native subunits are confined to three main areas, the N-terminus, the variable loop
region and residues 134 - 136. In addition the RMS differences for the native are over-
stated because of the large differences of residues 134 - 136. In fact the Y 1 74F subunits
show less similarity with each other than do the native subunits. The major differences
between the Y 174F subunits are at the N-terminus, the variable loop region, particularly
residues 49 - 51, residues 85 - 100, particularly Gly91, residues 134 - 136 and the C-ter-
minus.

5.5.3. Comparisons of Y174F with native

There are few differences in phi and psi angles between subunits of the native structure.
Such differences are clearly shown by plotting sigma of phi and sigma of psi as a func-
tion of residue number in a phi-psi sigma plot. The phi-psi sigma plot for subunits of the
native structure is very clean, having only a single major peak (¢ = 80°) for residues 134
- 136, which are involved in a crystal packing contact. Smaller peaks where sigma is less
than 10° are located in two other regions, the N-terminus, and the variable loop region
centred around residue Asn50. The remarkably clean plot is in part a consequence of rea-
sonably tight NCS restraints applied during refinement, and few disruptive main-chain
crystal packing contacts. The phi-psi sigma plot (Figure 5-5 above) for Y 174F shows
more residues having significant deviations in their main-chain phi and psi angles.
Y 174F has 15 residues having sigma of phi or psi around the 10° level or higher. The
larger number of differences in Y 174F compared with the native structure may be in part
due to the absence of NCS restraints in refinement, but also to the more extensive nature
of the crystal packing-contacts.

A phi-psi sigma plot of the estimated standard deviation for the scatter of phi and psi
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angles of a given residue about their respective means (sigma) can be generated using all
subunits from both the native and Y 174F structures. Ignoring peaks in this plot that have
been contributed from differences in either the native or Y 174F structures alone leaves
only three peaks corresponding to residues Asn145, Phel77 and Asn179. The sigma val-
ues for these peaks are all less than 10° indicating only small differences in phi and psi
torsion angles. Phel77 and Asnl79 are part of a surface loop and Asn179 is disordered
in Y174F. Asnl45 is an important internal residue in the tight turn which holds the
highly conserved active-site residue Gln146.
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Figure 5-6. Sigma of the chil and chi2 angles plotted as a function of residue number

Sigma of chil is plotted in black, and sigma of chi2 in red.
In a similar way differences in side-chain rotamers can be determined from chil-chi2

sigma plots. The sigma of chil and chi2 angles among all the subunits of the native and
Y174F structures can be plotted as a function of residue number. Residues whose
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sidechains deviate significantly within the subunits of either the native or Y 174F struc-
ture are removed from the plot. Such residues have different chil and chi2 angles
because of either intermolecular contacts or disorder. The chil-chi2 sigma plot shows 15
residues in Y 174F have side-chain conformations that are significantly different from the
equivalent residues in the native structure (Figure 5-6 above). The rotation of F174 is
picked up in this analysis. Residues Thr93, Metl 64, and Vall192 may be better modelled
in the native structure by imposing the rotamer of their better defined Y 174F counterpart.

Of all the mutant structures, Y 174F shows the greatest changes in tertiary structure from
the native. Overlaying the two native dimers on the Y 174F dimer gives RMS differences
of 0.98 A for the 1624 main-chain atoms of the native AB dimer, and 0.85 A for the CD
dimer. This is significantly higher than the RMS difference of 0.25 A (1618 main-chain
atoms) for the overlay of the native AB dimer with the native CD dimer. Figure 5-2
(above) shows a Ca trace of the native AB dimer and the Y174F dimer, superimposed
using main-chain atoms only in the A subunit. This shows the extent to which subunit
orientation is affected by the mutation.

The active-site bond lengths and angles are unchanged by the mutation.

Table 5-5. Details of the crystal packing contacts for the primitive orthorhombic lattice

of Y174F
Buried sur-  Subunitsinvolvedin  Region of subunit involved in contact
face (Az) contact
2x 1130 B Variable loop near top of A2 with start of A3 and A6.
Residues 135 - 136 with N-terminal arm.
2 x 1030 A C-terminal helix with bottom of N-terminal arm.
A2 - A3 loop (90 - 91) with end of A1 (50 - 52).
2 x 520 B A4 with top of A1 and variable loop region.
2x230 A A3 with AS.
A3 - A4 loop with B1 - B2 loop.
2x 180 AB Residues GIn21, Asp61, Alal54 and Lys20.
5.5.4. Crystal packing

Crystals of MnSOD Y 174F formed as large elongated blocks in space-group P2,. The
crystalline structure is formed from two alternating layers of dimeric molecules. The lay-
ers form in the ab-plane at ¢=0 and 0.5 (see Figure 5-7 opposite). Dimers within one
layer are related to those in the adjacent layer by the two-fold rotation component of the
2,-screw axes parallel to the b-axis. Molecules within the planes form into columns run-
ning parallel to the a- and b-axes. The dimers in the columns parallel to the b-axis pack

closely, with only a small solvent channel forming parallel to the b-axis. A similar sol-
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vent channel running parallel to the a-axis forms between the dimers within a layer.
These solvent channels are kept compact because of both the tight packing of the dimers
within the column and the overlapping nature of the alternating layers in the ab-plane.
No solvent channels form along the c-axis because of the offset (along both the a- and 5-
axes) of the alternating layers.

(a)

Figure 5-7 Schematic diagram of the packing of dimeric MnSOD Y1 74F within the
crystal lattice

Layers of dimers are shown running left to right, and form in the #b-plane. The layer of
light grey molecules are translated relative to the layer of dark grey molecules by 0.5 in
b due to the 2;-screw axes. In (b), the solvent channels forming parallel to the b-axis are
shown. In (a), the solvent channels forming parallel to the a-axis are shown. No solvent
channels form parallel to the ¢-axis due to the overlapping of the alternating layers of
dimers.

The solvent-accessible surface area of the dimer was calculated as 17200 A2 using the
" program ASC [158, 159]. Approximately 6300 A? (37 %) of this surface is buried by
symmetry-related molecules. The contributions to the buried surface area by the individ-
ual crystal-packing contacts are given in Table 5-5 (opposite), and are shown schemati-
cally in Figure 5-8 (below). The two most extensive crystal-packing contacts are created
between dimers in the alternating layers. Subunit A of the dimer has 10 hydrogen bonds
forming with residues in the A subunit of a s ymmetry-related molecule. These contacts,
between residues in the variable loop near the top of helix A2, the start of helix A3 and
helix A6, bury ~ 2260 A? of solvent-accessible surface. Subunit B also has 10 hydrogen
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bonds to residues in symmetry-related B subunits. The crystal-packing contacts in the B
subunit form in two areas: between the C-terminal helix and the lower half of the N-ter-
minal arm, and between the A2 - A3 loop and the variable loop near the end of helix Al.
These contacts bury ~ 2060 AZ? of solvent-accessible surface. Further close contacts are
formed between molecules within the layers. Subunit B-subunit B contacts bury ~ 1040
A2 of solvent-accessible surface and include one hydrogen bond. Subunit A-subunit A (~
460 A?) and subunit A-subunit B (~ 360 A2 ) also form contacts between molecules
lying within the plane. The Ca overlay of the native dimer and MnSOD Y 174F, superim-
posed using only the Ca atoms in the A subunit (see Figure 5-2 above), shows the
regions of greatest deviation are also those involved in the most extensive crystal-pack-
ing contacts.

Figure 5-8. A schematic diagram showing the packing of the dimers into planes of
identical subunits

The dimers shaded in yellow are at y+1/2 relative to the dimers shaded in gray. Crystal-
packing contacts between subunits are shown with the red arrows, and the corresponding
buried surface area is given in AZ. The two major contacts form between the planes. The
red circle in the center represents the 180 A2 contact. This contact is along b in the ac
plane, and is made with a molecule related by a translation of one cell length along b.
Axes are orthogonalised for clarity.

5.6. Discussion

Tyr174 is absolutely conserved in Fe and MnSODs, and His30 is highly conserved,
being replaced by asparagine in only two of 87 sequences examined (see Appendix C).
The side-chains of these two residues are provided from different subunits to form a
hydrogen bond which spans the dimer interface.
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Mutation of His30 to alanine reduces the catalytic activity to 30 % of wildtype, and sub-
stitution of Tyr174 by phenylalanine to 40 % of wildtype. Neither of these residues is
directly linked with the active-site metal ion. Careful examinations of the structural con-
sequences of these mutations are necessary inorder to explain the loss of activity when

these non-active-site residues are mutated.

Two structural elements are disrupted by the H30A and Y174F mutations. In both
mutants, the hydrogen bond spanning the dimer interface is broken. This hydrogen bond
1s one of seven connecting the subunits across the dimer, four of which are unique, and
the other three being related by the NCS symmetry of the dimer. The second element
being disrupted is the gateway residue His30, one of four residues forming the entrance

to the active site at the base of the substrate-access funnel.

The H30A mutation does not affect the active site, or even the residues in the secondary
coordination sphere. The largest structural changes are the movements of Tyrl 74 and its
main-chain loop, which also changes the position of Asn179(B). Asn179, a residue at the
edge of the substrate-access funnel, exhibits disorder in H30A. The Y 174F mutation cre-
ates more extensive disruption both to the dimer interface and the active-site. Including

the flipping of the His30 ring, and a different conformation for Asn179.

5.6.1. H30A

The active-site of the H30A mutant is unperturbed by the mutation. Even Glul70(B) a
secondary coordination sphere residue, which, like Tyr174, is provided by the ‘other’
subunit, i1s not significantly affected by the mutation. The only significant structural
changes, other than the loss of His30, is the exposure of the Tyr174 phenolic oxygen, and
the effect of the alternate conformation of Asnl79(B). The hydrogen-bonding potential
of Tyr174 is maintained in part by hydrogen-bond formation with a partially occupied
water molecule in the cavity toward which Tyr174 shifts, and the alternate conformation
of Asnl179(B). In the T. thermophilus MnSOD-azide complex, the metal-ligated azide
molecule interacts with both Tyr34 and His30. The His30_ND1 ... N3"_N2 and N5 "_N3
distances are 3.5 and 3.1 A respectively. Whilst the alternate conformation of Asn179(B)
is in the approximate steric position of the deleted histidine, any potential
Asnl179(B)_ND2 ... N3"_N3interaction would be weak at ~ 4.6 A.

5.6.2. Y174F

Structural changes due to the Y 174F mutation are far more pervasive than those due to
the H30A mutation, even though the same dimer-interface hydrogen bond is broken in
both cases. The dniving force for the rearrangement of the dimer interface of Y174F
appears to be the change in character of residue 174 from a polar tyrosine to a hydropho-

bic phenylalanine. The propensity of hydrophobic residues to pack into solvent-
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excluded, non-polar environments causes Phel74 of the Y174F mutant to undergo a

greater conformational change than that which occurs for Tyr174 in the H30A mutant.

The resulting movements of residues and main-chain atoms in the dimer interface per-
meates through the structure to cause changes at the active-site. Because of the changes
at the active site of the Y 1 74F mutant, it is not as simple to differentiate the loss of activ-
ity from modifications occurring at the active site as was able to be done for the H30A
mutant whose active site was essentially unchanged. The changes in the primary coordi-
nation sphere of the Y 174F mutant are, however, limited to barely significant shifts and
rotations of residue side-chains. More significant is the effect the mutation has on the

position and orientation of His30.

The ring-plane of His30 is effectively flipped, modifying the positioning of its hydrogen-
bonding groups. The orientation of His30 then is largely determined by its hydrogen
bond with Tyr174. In the native orientation of His30, the NDI nitrogen is projected
toward the both the active-site and Tyr34, while the NE2 nitrogen is involved in the
strong hydrogen bond with Tyr174. The position of His30_ND1 may therefore be impor-
tant for optimising the catalytic reaction. Roles for the NDI nitrogen could revolve
around its ability to become protonated. Tyr174 may therefore not only orient His30, but
act to modify its effective pKa. The NDI nitrogen of His30 could be involved in proto-
nation of product, interactions with and orientation of incoming substrate, or to provide a

positive (if protonated) charge at the base of the substrate-access funnel.

The movement of His30 also allows for a solvent water to diffuse into the space between
His30 and Tyr34. This water is also present in the inactive iron-substituted MnSOD
structure, but is not seen in the active wildtype enzyme.

Asn179(B) is the only other residue to adopt a significantly different conformation.
Asnl79(B) flips into the substrate-access funnel, fully occupying a conformation that
lies above His30, effectively creating both a steric and electrostatic shield between His30
and the bulk solvent. This new position for Asn179(B) also narrows the substrate-access
funnel, but probably not enough to sterically hinder substrate diffusion into the active-

site.

5.7. Conclusions

The lack of any changes in both the primary and secondary coordination shells of the
H30A mutant active-site, coupled with a 70 % reduction in catalytic activity, indicate an

important role for His30 in optimising the catalytic mechanism.

It is likely that the 60 % reduction in catalytic activity of the Y 174F mutant is due to a

different orientation, and possibly different effective pKa of His30, although a loss of



activity due to the slight differences of the primary and secondary coordination spheres

can not be entirely ruled out.

Structural evidence supports a role for Tyr174 in orienting and possibly also modifying
the pK of His30. The involvement of His30, in particular via its NDI nitrogen, with
aspects of the catalytic mechanism including interaction or protonation of substrate, can

be postulated based on its structural behaviour.






Atomic Resolution Crystal Structure
of Escherichia coli Y174F
Manganese Superoxide Dismutase

6.1. Introduction

The structural detail of X-ray crystallographic investigations of protein structures is
largely limited by the quality of the crystals from which data are collected. The quality of
crystals, as measured in these studies by the resolution to which they diffract, is an inher-
ent property of the molecular packing, and of the solvent content within the crystal. In
general, because of the large size and flexible nature of macromolecules, the protein
crystalline lattice is represented by few inter-molecular packing contacts and by large
regions of diffuse solvent. This has the effect of reducing the order of the crystalline lat-
tice and, therefore, the resolution to which the crystal diffracts. Unfortunately such prop-
erties of protein crystals are not easily engineered, and although experimental techniques
at both the crystallisation and data collection stages can improve the quality of data
obtained, the discovery of a protein crystal which diffracts to atomic resolution (<1.2 A)

is still regarded as fortuitous.

Whilst the number of atomic resolution structures is steadily increasing, largely due to
advances in experimental technique, and the rate at which protein structures in general
are being solved, few protein crystals diffract to < 1.0 A resolution, and most that do
have less than 100 residues in the asymmetric unit. The P2, crystalline form of the
Y 174F mutant of E. coli MnSOD is therefore unusual in that not only does it diffract to a
resolution of 0.90 A, but it is a dimer of 410 residues in the asymmetric unit. The advan-
tages of atomic resolution data to X-ray crystallographic investigations stem from the
accuracy with which the positions of individual protein atoms can be determined. The
higher number of reflections recorded at atomic resolutions also improves the ratio of
data to model parameters; in the case of Y 174F MnSOD the data to parameter ratio is

further improved by the presence of non-crystallographic symmetry within the dimer.

The discovery of a crystal of a superoxide dismutase that diffracts to atomic resolution
will be a considerable benefit to both mechanistic and modelling aspects of Mn and Fe

superoxide dismutases, and may lead to the advancement of techniques in the crystallo-
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graphic investigation of protein structures in general.

6.2. Data collection and processing

Data have been collected from five crystals of MnSOD Y 174F using differing X-ray
sources and data collection strategies. The fundamental differences between these data

collections are summarised in Table 6-1.

Table 6-1. Data collections of Y 174F MnSOD with various oxidation states and ligands

Data set Description Res. Temp. X-ray Wavelength  File identi-
Ay (K) source (A) fier

MnSOD Y174F native oxidation state 1.50 113 lab source 1.5418 mnsod22
MnSOD Y174F native oxidation state 1.10 113 lab source 1.5418 mnsod24
MnSOD Y174F native oxidation state 090 110 DESY XI11 0.9058 mnsod44
redMnSOD reduced 0.90 110 DESY X11 0.9058 mnsod47
Y 174F

redMnSOD-azide reduced, 100mM NaN; 1.25 110 DESY XI11 0.9058 mnsod50
Y174F

6.2.1. Crystal mounting and freezing

All data were collected at a temperature of between 110 to 113 K. The cryoprotectant
used to protect the crystal during freezing was the same as that used for the low tempera-
ture data collections of WT MnSOD, 25 % PEG 6000, 15 % MPD, and the same concen-
tration and pH of buffer used in the crystallisation, usually 0.1 M bicine pH 8.5. All
crystals were frozen by the same procedure. A series of different diameter 20 UM nylon
loops are mounted on supporting bases. The loops are glued to one end of 14 mm long,
0.65 mm diameter, stainless steel tubes. The other end of the tube is glued into a plastic
support platform which contains an iron base. The support platform is designed to be
fixed by magnetic attraction to a matching goniometer head. A single crystal or fragment
is selected. A mounted loop is chosen such that the diameter of the loop will completely
encompass the selected crystal without deformation of the loop. The loop and supporting
base are then mounted on the goniometer, and the goniometer adjusted to align the loop
with the dry liquid nitrogen stream which will be used to flash freeze the crystal. The
crystal is scooped out of its drop using the loop and immediately released into the cyro-
protectant. The action of retrieving the crystal from the cyroprotectant, back into the
loop, takes between 30 and 60 s. During this time the crystal is pushed through the cyro-
protectant and much of its surrounding mother liquor is replaced by cryoprotectant. Once
the crystal is back in the loop, the loop and supporting base are immediately mounted on
the goniometer head, and the crystal is flash frozen by the stream of dry liquid nitrogen

blowing around it.
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Two data sets were collected from crystals of Y174F MnSOD in-house. Data were col-
lected on a Rigaku R-Axis IIC image plate detector, using Cu-Ko radiation from a
Rigaku RU-200B rotating anode generator. The Cu radiation was collimated using a 0.3
mm collimator. Selected crystallographic data statistics are given in Table 6-2 (below).
The initial data collected to 1.5 A suffered from poor redundancy and completeness. To
collect the high resolution data it is necessary to swing the two-theta stage of the detector
away from the path of the direct beam in order to collect the higher angle reflections.
Because these high-angle reflections are intense enough to be collected, the effective size
of the reciprocal lattice required for collection is increased relative to a lower resolution
data collection with the same detector geometry. In effect, many more frames have to be
collected to obtain comparable redundancy and completeness to lower resolution data
collections. A second data set was collected to 1.1 A resolution, to both extend the reso-

lution of the data, and to improve on the redundancy and completeness.

The data were collected in two batches, a high resolution batch (2.3 - 1.1 /3;) and a low
resolution batch (50.0 - 1.5 A). The 1.1 A limit of this data is the highest possible resolu-
tion obtainable on the R-AxisIIC with this crystal cell. The detector was positioned as
close as possible (100.0 mm) to the crystal without incurring excessive overlapping of
reflections. Potential overlaps were further reduced by collecting small (0.25°) oscilla-
tions. Given that the mosaicity of these crystals is about 0.5°. no reflections were fully
recorded on any one image. The 26 stage on which the detector is mounted was swung
out as far as possible (45.67), to the edge of the detector table. A total of 1140 0.252, 10-
minute exposure oscillations were collected in the high resolution batch. The low resolu-
tion batch, 50.0 - 1.5 A was collected in two passes. In the first pass to 1.5 A, 386 0.75,
10-minute exposure oscillations were collected. The crystal to film distance was 140.0
mm and 20 was 27°. A second, quicker pass to 2.3 A was made to improve the redun-
dancy and completeness of the low resolution data. In this pass, 90 2.0¢, 10-minute expo-
sure oscillations were collected. The crystal to film distance was 205.0 mm and 20 was
13.0% An additional high-resolution pass was made after reorienting the crystal in order
to improve the completeness in the 2.3 - 1.1 A shell. During the reorientation the crystal
experienced a thaw-freeze cycle, leading to an increase in mosaicity. The data subse-
quently collected only diffract to 1.5 A resolution. A further 240 oscillations (0.252, 10
minute exposure) oscillations were collected with a crystal to film distance of 100.0 mm
and 20 of 45.7<.

Data were integrated, scaled and merged using the programs DENZO and SCALEPACK
[ 146]. Because the number of frames collected (1616) exceeded the number of frames

that SCALEPACK (version 1.9.1) was able to scale at any one time, data were first



scaled in the batches in which they were collected. The scaled, un-merged and outlier-
rejected data from these six batches were then scaled and merged together, using the six

scale and B factors calculated between the batches.

Table 6-2. Data collection and reduction statistics for £. coli Y 174F MnSOD. Data were
collected on an RaxislIC in-house

Crystal MnSOD Y174F MnSOD Y174F

Space group P2, P2,

AVA 4(2) 4(2)

Unit cell a=46.75 A a=46.874 A
b=45.78 A b=45.830 A
c=95.68 A c=95.947 A
B=98.1° B=98.29°

V(m), A*/Da

Solvent content

Mosaicity 0.42¢ 0.48°
Data collection temperature 113K 113K

Data processing

Resolution limits (of last shell) 50-1.5A 50-1.1A
(1.55 - 1.50) (1.12-1.10)
Unique reflections 64794 163425
Observed reflections 379947 1409498
Observed retlections after averaging 148829 472953
Observed reflections after averaging 1> 10, 143835 438341
Observed reflections after merging 56826 149343
Observations deleted manually 10149 -
Redundancy 2.53 BE2
Completeness 87.7 % (68.2) 91.4 % (67.5)
Rmerge ON intensities' 0.043 (0.058) 0.039 (0.216)
Overall I/c - 31.5(4.0)

I R nerse = Z|/-</>|/Z1, where </> is the mean of individual observations of intensities /.

6.2.3. Collection and processing of synchrotron data

Atomic resolution data were collected on the X11 beamline of the European Molecular
Biology Laboratory (EMBL) Hamburg Outstation at the Deutsches Elektronen-Synchro-
tron (DESY), Hamburg, Germany. The synchrotron source for the X11 beamline is the
DORIS Storage Ring, with a positron energy of 4.45 GeV. The X11 beamline is a fixed



wavelength (0.91 A) beamline with a bent single-crystal germanium triangular mono-
chromator and segmented mirror. The detector used was a Mar345 imaging plate. An
Oxford cryogenic cooling system was used to maintain the crystals at cryogenic temper-

atures.

Crystals were harvested, frozen and tested on the R-AxislIC at Massey. The crystals
were then transferred to the cryogenic storage dewer used to transport them to Germany.
In addition a number of crystals were harvested and transferred to Eppendorf tubes sur-
rounded in their mother liquor. The Eppendorfs containing the crystals were packed into
an additional container and packed with foam to act as both a barrier to vibration and
sudden temperature changes. These crystals were transported to Germany at ambient

temperatures.

Three data sets were collected during the five days of allotted beam time on X11. The
first was collected from a crystal that had been tested at Massey, and transported in the
cryogenic storage dewer. This crystal, in its native oxidation state diffracted to 0.90 A.
The second data set collected was from a crystal transported at ambient temperature. The
crystal was reduced by the addition of 1 part 10 % H>O» with 40 parts mother liquor. The
pale violet colour of the crystal was visibly bleached out over a period of a few minutes
as the reduced form of the enzyme was produced within the crystal lattice. This reduced
crystal was then frozen in sizu and data collected to 0.90 A. A third crystal was reduced
in the same way, and subjected to the addition of 0.1 M NaNj; slowly over a period of a

few hours. This crystal diffracted to 1.25 A resolution.

For the data t0 0.90 A, three separate passes were collected, a high, medium and low res-
olution pass (see Table 6.3 below for data collection parameters). Because of the inten-
sity of the reflections in the low resolution pass, it was necessary to add an attenuator
into the path of the X-ray beam. A piece of folded aluminium foil taped in front of the X-
ray shutter acted as the attenuator. For the data to 1.25 A resolution only high and low
resolution passes were needed. After collection of the three datasets, the several hours of
the remaining beam time were utilised by putting the reduced MnSOD Y 174F crystal
back into the beam and collecting an additional low resolution pass. The crystal orienta-
tion was changed from that of the original data collection by offsetting its rotation on the
goniometer by ~ 10? around the axis perpendicular to both the X-ray beam, and the spin-

dle axis.

Data collected from the non-reduced crystal form of Y 174F MnSOD were indexed and
integrated using the program DENZO [146]. The high, medium and low resolution
passes were all processed independently. Each of the high and medium resolution passes
was processed in batches of between 50 and 100 frames to facilitate better use of com-

puting resources. The autoindexing routine in DENZO was used to index 1325 reflection
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Table 6-3. Data collection parameters for data collected on beamline X11 at DESY

Data collection parameter MnSOD redMnSOD redMnSOD-N7~
Y 174F Y 174F Y 174F
High resolution pass
Eftective resolution range (/0\) 2.40-0.90 2.80-1.25
Oscillation range (°) 0.4 0.8 1.0
Exposure time (s) 120 100 200
Crystal to film distance (mm) 96 96 160
Degrees collected (%) 159952 188.4 154
Med resolution pass
Effective resolution range (A) 10.0- 1.35 35.0 - 1.50
Oscillation range (%) 0.7 1.4 1.4
Exposure time (s) 50 50 60
Crystal to film distance (mm) 180 180 210
Degrees collected (%) 179.9 197.4
Low resolution pass
Etfective resolution range (A) 50.0 - 2.55 45.0 - 2.20
Oscillation range (°) 2.0 2.5 2.2
Exposure time (s) 20 12 30
Crystal to film distance (mm) 400 340 320
Degrees collected (%) 196 545 193.6

in frame two of the high resolution pass. The highest symmetry Bravais lattice requiring
the least distortion to fit the lattice as determined by the data was primitive monoclinic,
with a metric tensor distortion index of 0.01 %. The higher symmetry C-centred
orthorhombic lattice showed the next least-highest distortion of 2.16 %. The indexing
was confirmed by first refining all parameters to convergence, then using the refined
parameters to index an image collected with a significantly different value of phi. The
indexing parameters of frame two were then used to index the first frame in each of the
batches of the high resolution pass, and the parameters for each of these frames were
refined to convergence. The individual batches in the high resolution pass were then
indexed and integrated automatically using the batch mode of the program. The refined
parameters from the first frame of each batch were used as the starting parameters for
indexing of that batch. Only reflections falling between the resolution limits given in
Table 6-3 for each resolution pass, were integrated. Parameters refined were: the crystal
orientation; the unit cell dimensions; the position of the image plate; the crystal to image-
plate distance; the position of the direct X-ray beam; the spiral scanner alignment correc-

tions, radial and angular offset; and the divergence and focusing (crossfire) of the X-ray



beam. The medium and low resolution passes were processed in the same manner except
that the distance parameter was not refined, but fixed at the measured value from the

detector geometry.

Table 6-4. Data collection and reduction statistics for native oxidation state, and reduced-
MnSOD-N3", Y174F MnSODs from E. coli

Data were collected on the X 11 beamline at DESY. and scaled using SCALEPACK ver-

sion 1.9.1.
Crystal MnSOD Y 174F redMnSOD-
N3 Y174F
Space group P2, P2,
YAV 4(2) 4(2)
Unit cell a=46.893 A a=46.707 A
b=46.017 A b=45.972 A
¢=95.993 A c=95.993 A
p=98.40° B=97.96°
Vim), A3/Da
Solvent content
Mosaicity 0.24° 0.70°
Data collection temperature 110 K 110 K
Data processing
Resolution limits (of last shell) 50-0.90 A 50-1.25 A

(0.91 - 0.90) (1.26 - 1.25)

Unique retlections 208677 111733
Observed retlections 2448558 1359380
Observed retlections after averaging 1324166 679506
Observed retlections after averaging I > o 1272901 678939
Observed retlections after merging 287514 108342
Observations deleted manually(low,med,high) 7+179+2022 1045
Redundancy 4.6 6.27
Completeness 96.3 % (68.0) 97.0 % (94.8)
R erae ON intensities' 0.033(0.355)  0.041(0.335)
Overall //c 43.0(2.5) 33.1 {4.0)
LR = X|/-<I>|/ZI, where <I> is the mean of individual observations of intensities /.

mergd

Scaling, merging and post-refinement of each resolution pass was carried out using the

program SCALEPACK [146] in order to determine accurate values of the unit cell

parameters and of mosaicity. Scale and B factors were calculated for each of the frames



in the high resolution pass. In an iterative procedure, multiple rounds of scaling and out-
lier rejection were carried out until all significant outliers had been rejected. In the final
round of this iterative procedure, post-refinement of the unit cell parameters, crystal ori-
entation, and mosaicity were carried out, and the scaled and averaged reflections merged.
The high, medium and low resolution passes were then reprocessed. The updated values
of the mosaicity for each pass were used in the reprocessing. The unit cell parameters
were fixed at those determined by post-refinement of the high-resolution pass, and were
not allowed to refine during the reprocessing. The program SCALEPACK (version 1.9.1)
was unable to simultaneously scale, or merge, all frames of the reprocessed data, due to
the large number of parameters involved. For this reason, the scaling was separated into
smaller batches, and the smaller batches were then scaled together. The individual reso-
lution passes were firstly scaled using the reprocessed data with multiple rounds of scal-
ing and outlier rejection being carried out. The scaled data were then averaged but not
merged and three sets of scaled, outlier-rejected, and non-merged data were then output
corresponding to the high, medium and low resolution data collection passes. In a final
round of scaling, three sets of scale and B factors were calculated between the three
passes, and the data merged. Data from the redMnSOD-N5" crystal form were also
indexed, integrated, scaled and merged using this protocol. Because of the lower resolu-
tion (1.25 A) of the redMnSOD-N3" data and, therefore, the fewer number of parameters,
the scaling and merging of all frames of this data were able to be carried out in a single
batch. Selected data collection and processing statistics are given for the data scaled
using version 1.9.1 of SCALEPACK in Table 6-4 (above).

With the subsequent development of a new version of SCALEPACK (version 1.12), all
three data sets were able to be rescaled in a single batch. Selected data collection and
processing statistics are given for the data scaled using version 1.12 of SCALEPACK in
Table 6-5 (opposite).

6.3. Synchrotron X-ray data quality

6.3.1. Accuracy of cell dimensions

One problem with some atomic resolution structures whose data were collected at Ham-
burg has been the accuracy of the cell dimensions used in refinement [186]. Validation of
these structures using the programs WHATCHECK [187], SQUID [188] and PROVE
[189] all suggested cell dimensions were in error by up to 0.5 %. Errors in the cell
dimensions lead to systematic deviations of the refined atomic parameters, which is how
the validation programs detect this problem. For the structures having this problem, the
cell dimensions had been calculated during data reduction using the program DENZO,
and the estimated values of wavelength and crystal to detector distance. The experimen-

tal dimensions as calculated in this manner all appeared to be too short by about 0.5 % on
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Table 6-5. Data collection and reduction statistics for native and reduced oxidation states

of Y174F MnSOD and for a Y174F reduced-MnSOD-Nj5 derivative from E. coli
Data were collected on the X 11 beamline at DESY, and scaled using SCALEPACK ver-

sion 1.12.

Crystal

MnSOD Y174F redMnSOD

41.5(2.5)

L Rinerge = ZU-<I>I/Z1, where <I> is the mean of individual observations of intensities /.

redMnSOD-N5"

Y174F Y 174F
Space group P2, P2, P2,
YAVA 4(2) 4(2) 4(2)
Unit cell a=46.893 A «=46815A  4=46.707 A
b=46.017 A b=45.832 A b=45.973 A
c=95.993 A ¢=96.187 A ¢=95.980 A
B=98.40° 3=98.20° B=97.97°
V(m), A3/Da
Solvent content
Mosaicity 0.24° 0.41° 0.70°
Data collection temperature 110K 110K 110 K
Data processing
Resolution limits (of last shell) 50.0-0.90A  450-090A  450-1.25A
(0.91 - 0.90) (091 -0.90) (126 -1.25)
Unigue reflections 208677 297741 111733
Observed reflections 2446982 2588590 1367429
Observed reflections after averaging 1273711 1535891 681878
Observed reflections after averaging [ > 16y 1264359 1533647 681304
Observed reflections after merging 287455 274173 108370
Observations deleted manually 2189 1050 1772
Redundancy 4.4 56 6.3
Completeness 96.2 % {67 .8) 92.1% (8175 97.0 % (94.8)
Rinerse 0N intensities! 0.033(0.355)  0.030 (03953 0.043 (0.335)
Overall I 56.8 (2.6} 38.0 (4.0)

average, leading to an underestimate of cell volume of 1 to 2 %. The errors were deter-
mined to be due to poor definition of both the absolute wavelength and the crystal to
detector distance. In response to this, the estimation of wavelength and crystal to detector
distance were subsequently improved at Hamburg. The wavelength of the radiation used
to collect the Y174F MnSOD data was calibrated during the data collection at 0.9058 A,
and as such is sufficiently accurate. The method used to determine the unit cell dimen-

sions for Y174F MnSOD, as described above (see 6.2.3 Collection and processing of
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synchrotron data), was by post-refinement of the integrated, high-resolution (2.4 - 0.90
A) data, where the crystal to detector distance parameter was allowed to refine during the
parameter refinement stage of the reflection integration. It may be that using the fixed
value for the crystal to detector distance recorded during data collection at Hamburg will
lead to more accurate estimates of cell dimensions. Calculations using the program
WHATCHECK showed no systematic deviations in bond lengths in the 1.35 A structure
of Y174F MnSOD, as presented in Chapter 5, indicating that the values for the unit cell

are sufficiently accurate for refinement at this resolution.
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Figure 6-1. Completeness of data plotted against resolution for the three synchrotron
data sets of Y174F MnSOD

Percentage of theoretical completeness plotted with, filled symbols for all reflections,
and unfilled symbols for reflections with I > 3o(I). Native oxidation state crystal form
represented by red triangles, reduced form by black circles and reduced form with azide
by green squares.
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6.3.2. Diffraction limits and effective resolution

Diffraction of crystals of Y174F MnSOD was observed to the edge of the Mar345 imag-
ing plate at a crystal to film distance of 96.0 mm, corresponding to a resolution of 0.90 A.
Data at a lower resolution than 50 A were obscured by the X-ray beam stop. The diffrac-
tion limits of this study are therefore 50.0 - 0.90 A.

The effective resolution of X-ray crystallographic data is the resolution to which the data
is considered statistically meaningful. The choice of the value of the effective resolution
is usually based on statistical analyses of the data, the criteria involved in this decision
being quite variable amongst crystallographers, but usually considering the variation
over the data of the ratio of I to o(I), the merging R(I)-factor for symmetry-related reflec-
tions, and percentage of theoretical completeness. In some cases, data are used for refine-

ment or structure solution to a resolution higher than the effective resolution [190].

In Figure 6-1 (opposite) the percentage of theoretical completeness is plotted as a func-
tion of resolution for the three s ynchrotron data sets, firstly, for all reflections (filled sym-
bols), and, secondly, for reflections having I > 36(I) (hollow symbols). In Figure 6-2
(below), the merging R(I)-factor for symmetry-related reflections is plotted as a function
of resolution for the three synchrotron data sets, again separately for all reflections, and
for reflections having I < 35(1). Inspection of these plots allows critical evaluation of the
effective resolution of these data.

6.4. Benefits of atomic resolution data of E. coli Y174F MnS@D

6.4.1. In investigations of Mn and Fe superoxide dismutases

The structure of Y174F MnSOD is the first Fe or MnSOD structure at atomic resolution,
the previous highest resolution structure being that of P. shermanii cambialistic FeSOD
[191] at 1.35 A resolution. Atomic resolution structures of MnSOD will have several
benefits for studies on Fe and MnSODs.

Firstly, the accurate determination of the active-site metal geometry. As the mechanism
of superoxide dismutation used by these enzymes is a cyclic redox mechanism, the
enzyme alternates between the reduced and oxidised states. The atomic resolution struc-
tures of both the resting oxidation state and the reduced oxidation state will allow the
accurate description of differences between them, be that different coordination states of
the metal, or more subtly in the positions of ligands in the secondary coordination
sphere. The accurate determination of bond lengths and angles of the metal ion will
allow the application of more accurate restraints in the refinement of similar structures at
lower resolution. Additionally, it will be possible, given the high data to parameter ratio

and the inherent thermal order observed in the region of the metal ion, to refine the occu-
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Figure 6-2. R yerge plotted against resolution for the three synchrotron data sets of Y174F
MnSOD

Rierger Where Rpere = ZI/-<I>I/Z/, and </> is the mean of individual observations of
intensities /, is plotted with, filled symbols for all reflections, and unfilled symbols for
reflections with I > 3o(I). Native oxidation state crystal form represented by red trian-
gles, reduced form by black circles and reduced form with azide by green squares.

pancy of the metal ion, which has been shown experimentally to have an occupancy of

less than one metal per active site.

Secondly, atomic resolution data can in some cases reveal the atomic positions of hydro-
gen atoms, which at lower resolutions are generally not observed due to their low (sin-
gle-electron) X-ray scattering power. The mechanism of superoxide dismutation requires
that two protons be taken up per cycle. At what stage the protons are picked up by
departing substrate is still unclear. If the atomic positions of hydrogen atoms can be
observed within the active-site of the enzyme and on key residues, their likelihood of
involvement in the mechanism may be inferred from their positions and orientations.
Key residues include the metal-bound solvent molecule, residues involved in the puta-

tive hydrogen-bonding relay from the metal to bulk solvent (GIln146, Tyr34), the gate-
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way residue His30, and the conserved solvent molecule at the entrance to the active site.

Thirdly, the protonation states of catalytic residues can be determined experimentally at
different values of pH. The activity and ligand-binding properties of Fe and MnSODs is
dependent on pH [125, 115, 9, 199]. Structural studies on the cambialistic SOD of P.
shermanii at different values of pH have been reported [191]. The advantage of doing
such studies at atomic resolution is that the protonation state of residues can be deter-

mined experimentally and related to the pH-dependent activity of the enzyme.

6.4.2. Advancement of crystallographic techniques and protocols

The combination of diffraction to atomic resolution and large number of atoms for the
Y 174F MnSOD structure is quite unique. The data can therefore be used in testing the
effectiveness of crystallographic programs for atomic resolution, many-atom models. In
particular, structure solution by ab initio methods may be investigated (see 6.4.3 Ab ini-

tio structure solution).

Atomic resolution protein structures, while becoming increasingly more common, are
still very much the exception rather than the norm. However, this small subset of struc-
tures is used in designing appropriate geometric and conformational restrains for appli-
cation in refinement of structures at lower resolutions. Atomic resolution structures have
also been used to check and aid in the development of protein structure validation pro-
grams such as PROCHECK, PROVE, SQUID and WHATCHECK [186].

6.4.3. Ab initio structure solution

Ab initio methods, also commonly known as direct methods, are the most common
method for solving structures with fewer than 180 non-hydrogen atoms. This method for
overcoming the phase problem utilizes the relationship between the phases of structure
factors and the distribution of normalized structure factors. For protein molecules these
distributions are more complicated and less apparent because of the larger number of
non-hydrogen atoms and non-atomicity (non atomic resolution) of most data sets.
Atomic resolution data has the advantage over lower resolution data for similarly sized
protein structures in that the number of reflections is greatly increased, allowing for more
relationships to be found between reflections. Data to better than 1.2 A resolution is
required for ab initio structure solution using direct methods [192]. The program SnB
[193] has been used to successfully solve structures with between 100 and 1080 non-
hydrogen atoms [194], including the 1001 non-hydrogen atom structure of triclinic lys-
ozyme at 1.0 A resolution [195]. SnB uses a variation on the conventional direct-meth-
ods procedure, called shake-and-bake. In the shake-and-bake method, triplet invariants
are first generated from the normalized structure-factor magnitudes. A trial structure of

randomly positioned atoms is used to calculate initial phases, and this is followed by
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cycles of phase refinement alternated with real-space density modification. The program
SHELXS implements a similar scheme of automatic Fourier recycling to improve and
extend a trial structure [196]. SHELXS uses a peaklist optimization procedure to
improve the starting phases from a trial structure. The trial structure is generated from
either a direct methods solution, or from tangent expansion of a partial structure. Slightly
better than random phases can be used initially if the positions of any heavy atoms in the

structure can be located by interpretation of the Patterson function.

Solution of the Y 174F MnSOD structure by direct methods is not essential to the refine-
ment, as molecular replacement techniques have already provided a structure solution.
Nonetheless, structure solution by ab initio methods offers the advantage that no previ-
ously refined model was ever used in the calculation of the phases of the atomic resolu-
tion refinement, thereby eliminating any possibility of phase bias. In addition, a
completely different set of Ry, reflections could be chosen to avoid those that are
related to the reflections in the working set by the NCS-relationships within the data
[197].
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7 Perspectives

7.1. Concluding remarks

A detailed mechanism of superoxide dismutation by the Mn- and Fe-containing superox-
ide dismutases is far from complete. Although the basic mechanism of this metal-cata-
lysed redox reaction is known, many aspects still remain undetermined. Key amongst
them is the binding mode of superoxide in each state of the reaction, where, when and
how the protonation events occur, and how the enzyme structure controls the redox
potential of the metal ion. Currents efforts revolve around both biochemical and struc-
tural studies including pH-dependent activity, substrate analog binding, and redox poten-
tial measurements, and structure determination by both X-ray crystallography and NMR
techniques. The same studies on mutants of these enzymes will prove useful in determin-

ing roles for individual residues in the enzyme.

A key aspect of thisenzyme’s behaviour now appears to be the pH dependence exhibited
by many of its biochemical characteristics. Biochemical measurements conducted at a
single pH can be misleading. Hence, a precise understanding of the protonation events of
this enzyme requires biochemical measurements, including activity and redox potential,
to be made over a range of pH values, on both the wildtype enzyme and site-directed

mutants.

The necessary inter-relation of biochemical and structural data therefore requires that the
structural studies likewise be concerned with accurate pH determination. Other aspects
of this enzyme also require particular attention if structural analysis, in particular by the
X-ray crystallographic technique, are to be meaningful. Primary concerns are metal-ion

content, redox state and pH.

Metal-ion content, both in the type of metal and the occupancy of the metal site, if not
controlled, must at least be accurately known. Clearly single active-site, mixed-metal
species should be avoided due to complications arising in liganding states. Likewise
incomplete metal occupancy of the active-site would require that multiple ligand confor-
mations be modelled. Such models lead to a more difficult and less accurate determina-

tion of active-site parameters, at least at modest resolution. The oxidation state of the
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active-site is equally important, with mixed redox species giving rise to similar problems
as described for mixed-metal or partial occupancy species. Knowing accurately the pH
of the structure determination is important if structural explanations of protonation

behaviour are to be related to equivalent biochemical evidence.

The complete structural determination of a Mn- or Fe-containing superoxide dismutase,
native or mutant, should therefore consider the above aspects. In practical terms the
metal type and active-site contents of the enzyme solution must be determined. The pos-
sibility of non-active-site metal binding has to be considered [10]. Multiple structure
determinations at different pH values based around important enzymic pK’s could prove
useful at tracking structural changes due to these protonation events. The pH of the crys-
tallisation buffer solutions can not be taken as an accurate value for the pH of the crystal.
If crystal behaviour allows, titration of crystals by soaking in a pseudo mother liquor of
adequate volume for accurate pH determination, would allow for more accurate esti-
mates of the pH of crystallisation. The same consideration would be required for solu-
tions of cyroprotectant. Whilst not always easy to achieve, preferred redox states for the
crystal would be either fully reduced or fully oxidised. The complete structural determi-
nation may therefore require a number of individual structure determinations at varying

pH values and in different redox states.

The roles of secondary and even tertiary coordination sphere residues will need to be
examined before all aspects of the mechanism are determined. The influence in particu-
lar of such residues as Asn80 and Trpl28 on the secondary coordination sphere residue
GIn146 could be carefully examined in mutagenesis studies. Mutants of the gateway res-
idues, including the naturally occurring H30N substitution may also prove beneficial.
Further mutation of Tyrl174, in the hope of a substitution which correctly orients His30
without modifying its effective pK, a seemingly difficult prospect, would distinguish fur-

ther the roles of these two gateway residues.
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Selected active-site bond lengths and angles

Native E. coli MnSOD Bond Lengths (A)

A B C D Avg. S.D.
34  OH 146 NE2 . 2098 3.08 2.98 2.98 3.00 0.04
146  NE2 207 OH 2.95 2.92 2.89 2.86 291 0.03
146 OEI 128 NEI 2.97 3.00 3.06 2.97 3.00 0.03
206 MN 26 NE2 ) 221 2.20 2.19 2.18 2.19 0.01
206 MN 81  NE2 225 2.20 224 222 2.22 0.02
206 MN 167 ODI 3.53 3.56 3.53 3.52 3.54 0.02
206 MN 167 OD2 198 2.02 2.01 1.96 1.99 0.02
206 MN 171 NE2 | 221 2.8 224 2.26 2.25 0.03
206 MN 207 OH 224 2.26 2.30 2.29 227 0.02

E. coli FeoMnSOD Bond Lengths (A)

A B Avg, S.D.
34 OH 146  NE2 % 3.10 3.05 3.08 0.03
34 OH 208  OH ; - 2.88 - -
146  NE2 207 OH ll 2.65 2.60 2.63 0.02
146  OEIl 128 NEI 2.93 2.88 ¢ 2.90 0.03
206 FE 26 NE2 2.20 2.20 ,: 2.20 0.00
206 FE 81 NE2 2.03 2.15 2.09 0.06
206 FE 167  ODI 363 347 3.55 0.08
206 FE 167 0OD2 2.02 1.98 2.00 0.02
206 FE 171 NE2 2.31 2.28 2.30 0.01
206 FE 207 OH 2.10 2.22 2.16 0.06
206 FE 208  OH - 2.05 - -
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Native E. coli MnSOD Bond Angles (°)

A B C D Avg. S.D.
26 NE2 206 MN 81 NE2 93.8 91.8 91.8 91.6 0p%) 0.9
26 NE2 206 MN 167 ODI 121.6 1208 1215 123.1 121.7 0.8
26 NE2 206 MN 167 OD2 90.3 88.3 88.6 91.4 89.7 1.3
26 NE2 206 MN 171 NE2 90.1 90.1 90.1 89.5 89.9 0.3
26  NE2 206 MN 207 OH 173.6  173.4 1749 176.7| 174.6 1.3
81 NE2 206 MN 167 ODI 116.1  117.7  116.6  118.1 117.1 0.8
81 NE2 206 MN 167 OD2 109.0 1147 1120 1100| 111.6 2.1
81 NE2 206 MN 171 NE2 133.1  131.2 1329 1288| 1314 1.7
81 NE2 206 MN 207 OH 91.1 92.9 90.0 89.9 91.0 1’9
167 ODI 206 MN 167 OD2 343 3817 344 34.5 34.2 0.3
167 ODI 206 MN 171 NE2 1009 102.6 1020 1034| 102.1 0.9
167 ODI 206 MN 207 OH 523 52.7 53.6 53.6 53.0 0.6
167 OD2 206 MN 171 NE2 117.8 1142 1151 1202| 116.8 2.4
167 OD2 206 MN 207 OH 84.2 85.5 86.3 85.2 85.3 0.8
171 NE2 206 MN 207 OH 89.6 90.3 92.2 92.0 91.0 1.1
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E. coli FesMnSOD Bond Angles (%)

A B Avg S.D.
26 NE2 206 FE 81 NE2 ] 86.9 91.9 89.4 2.5
26 NE2 206 FE 167 ODl [ 115.7 123.2 119.4 3.8
26 NE2 206 FE 167 OD2 { 87.0 87.8 1 87.4 0.4
26 NE2 206 FE 171 NE2 ] 89.4 90.4 89.9 0.5
26 NE2 206 FE 207 OH ] 174.0 178.1 176.0 2.1
26 NE2 206 FE 208 OH j 89.9 -
81 NE2 206 FE 167 ODl || 117.3 109.5 113.4 39
81 NE2 206 FE 167 OoD2 i 103.8 108.6 106.1 2.4
81 NE2 206 FE 171 NE2 | 148.1 148.0 148.0 0.1
81 NE2 206 FE 207 OH f 98.4 89.2 93.8 4.6
81 NE2 206 FE 208 OH ] 69.7 -
146 NE2 34 OH 208 OH JI - 92.0 - -
167 ODI 206 FE 167 OoD2 %I 322 36.0 34.1 1.9
167 OD1 206 FE 171 NE2 % 92.7 95.6 94.2 1.4
167  ODI 206 FE 207 OH | 59.4 549 57.2 2.2
167 ODl1 206 FE 208 OH Il 146.6
167 OD2 206 FE 171 NE2 i! 107.6 103.3 105.4 2.2
167 OD2 206 FE 207 OH | 89.1 90.4 | 89.8 0.7
167 OD2 206 FE 208 OH - 177.1 ; -
171 NE2 206 FE 207 OH 87.5 89.6 I] 88.5 1.0
171 NE2 206 FE 208 OH - 78.4 | -
207 OH 206 FE 208 OH 91.9 - -
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Surface Area of Interface Residues

Interface atoms of native E. coli MnSOD and FeSOD as defined by the decrease in SA
(Az) of residues on dimerization of chain A and chain B.

MnSOD
Residue Chain A
Gln 21 -3.0
Ile 25 -40.2
Lys 20 -28.2
His 30 -38.2
Thr 33 -1.7
Tyr 34 -11.8
Asn 73 -38.2
Asn 74 -4.2
Phe 124 -136.9
Gly 125 -46.5
Ser 126 -28.2
Asn 145 -294
Gln 146 -3.0
Trp 169 -44.1
Glu 170 -90.4
His 171 -38.1
Tyr 174 -96.7
Leu 175 -62.0
Gln 178 -40.3
Asn 179 -65.4
Arg 181 -1.0

Chain B

-3.1
-41.2
-28.6
-37.1

-38.0
-4.0

138.7
-45.8
-29.1
-29.8

-3.0

FeSOD
Residue Chain A
Glu 21 -18.5
Tyr 25 -51.4
Lys 29 -24.8
His 30 -40.0
Tyr 34 -11.4
Asn 65 -38.2
Asn 66 0%
Gln 69 -2.5
Phe 118 -135.2
Gly 119 -41.7
Ser 120 -28.9
Ser 139 -7.8
Asn 140 -50.2
Ala 141 221
Trp 158 -45.8
Glu 159 -92.6
His 160 -333
Tyr 163 -89.6
Ile 164 -37.9
Arg 167 -88.7
Asn 168 -68.8

Chain B
-16.6
-51.4
-2338
-40.4

-10.8
-38.4
-2.8




C Mn and FeSOD Sequence Alignments

Species codes for FeSOD sequence alignment
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SODF_METT
SODF_ENTH
SODF_ARAT
SODF_SOYB
SODF_NICP
SODF_TETP
SODF_CAMC
SODF_CAMJ
SODF_HELP
SODF_BACF
SODF_PORG
SODF_P LEB
SODF_SYNP
SODF_ECOL
SODF_LEGP
SODF_METJ
SODF_MYCT
SODF_PSEA
SODF_PSEO
SODF_COXB
SODF_PHOL

SODF_METT
SODF_ENTH
SODF_ARAT
SODF_SOYB
SODF_NICP
SODF_TETP
SODF_CAMC
SODF_CAMJ
SODF_HELP
SODF_BACF
SODF_PORG
SODF_PLEB
SODF_SYNP
SODF_ECOL
SODF_LEGP
SODF_METJ
SODF_MYCT
SODF_PSEA
SODF_PSEO
SODF_COXB
SODF_PHOL

SODF_METT
SODF_ENTH
SODF_ARAT
SODF_SOYB
SODF_NICP
SODF_TETP
SODF_CAMC
SODF_CAMJ
SODF_HELP
SODF _BACF
SODF_PORG
SODF_PLEB
SODF_SYNP
SODF_ECOL
SODF_LEGP
SODF_METJ
SODF_MYCT
SODF_PSEA
SODF_PSEO
SODF_COXB
SODF_PHOL

Iron superoxide dismutase sequence alignment

-------------------- MNDLEKKFYELPELPYPYDALEPHIS--REQLTI'HQ”
-------------------------- MSFQLPQLPYAYNALEPHIS--KETLEF HD
----SLHSSLKLELQLQRMAASSAVTANYVLKPPPFALDALEPHMS--KQTLEF WG
--MASLGGLQNVSGINFLIKEGPKVNAKFELKPPPYPLNGLEPVMS--QQTLEF WG

-------------------------- MTFTLPQLPYALDALAPHVS--KETLEY YG
--------------------------- AYTLPPLDYAYTALEPHID--AQTMEI HT
------------------------- MAEYTLPDLDWDYGALEPHIS--GQINEL .
--------------------------- AFELPPLPYEKNALEPHIS--AETLEY: HD
--------------------------- AFELPPLPYAHDALQPHIS--KETLEY HD:
-------------------------- MAFELPDLPYKLNALEPHIS--QETLEY HG
--------------------------- AFELPALPFAMNALEPHIS--QETLEY YG

PR

GANALLR-KLDEARESDTDVDIKAA--~----~- LKELSFHVGGYVL:LFFWGN------ MGPADEC
KLNGLVK-GTEQEHKTLEELIKQKP-~-~-~---- TQAIYN~AAQAW --------- MCGC
NLKKQVL-GTELEGKPLEHIIHSTYNNGD---LLPAFN AAQAW EFFWES-------- MKPGG
NLKKQVV- GTELDGKSLEEIIVTSYNKGD---ILPAFN AAQVW  -DFFWEC-------- MKPGG

NLNKQID- GTELDGKTLEDIILVTYNKGA---PLPAFN "AAQAW
NLNATYE-QIAAATKENDAHKIATL
NLNNLIK-YTEFASKDLVSIIKSS
NLNNLIK-DTEFAGKDLVSIIKTS
NLNNLIK-GTDFEKSSLFDILTKS
NLNSLVP-GTEYEGKTVEAIVASAP
NLNKLII-GTEFENADLNTIVQKS--------

NLNKLVE- GTPMESLSLEDVIKQSFGDSS—-—KVGVFN AAQVW
NYNNAVK-DTDLDGQPIEAVIKAIAGDAS---KAGLFN AAQAW
NLNNLIK-GTAFEGKSLEEIIRSS-------- EGGVFN#AAQVW
NLNKLIP-GTEFESMTLEEIIMKA-------- KGGIFN AA
NVNAALE-GTSFANEPVEALLQKLDSLPENL-RGPVRN.
GANDAVA-KLEEARAKEDHSAILLN------- EKNLAF
NLTNLIP-GTEFEGKSLEEIVKSS-------- SGGIFN
NLNNLVP-GTPEFEGKTLEEIVKSS
KLNKLIE-GTPFEKEPLEEIIRKS
KLNGLVE-GTELAEKSLEEIIKTS

GGEPS-GK 'AEYIEKD
GVKPS-EQSTAKLTAA,

GGKPS-GE'
GGEPS-GE:
LPDEH-SP
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SODF_METT
SODF_ENTH
SODF_ARAT
SODF_SOYB
SODF_NICP
SODF_TETP
SODF_CAMC
SODF_CAMJ
SODF_HELP
SODF_BACF
SODF_PORG
SODF_PLEB
SODF_SYNP
SODF_ECOL
SODF_LEGP
SODF_METJ
SODF_MYCT
SODF_PSEA
SODF_PSEO
SODF_COXB
SODF_PHOL

SODF_METT
SODF_ENTH
SODF_ARAT
SODF_SOYB
SODF_NICP
SODF_TETP
SODF_CAMC
SODF_CAMJ
SODF_HELP
SODF_BACF
SODF_PORG
SODF_PLEB
SODF_SYNP
SODF_ECOL
SODF_LEGP
SODF_METJ
SODF_MYCT
SODF_PSEA
SODF_PSEO
SODF_COXB
SODF_PHOL

Iron superoxide dismutase sequence alignment

RTD-R FIMQVE-KHNVNVIPHF--RI.-°~

-DG-K EIIDTH-DAVN MTHGH--K .
-NE~K KVVKTP-NAVN LVLGS--F_
EDN-K VVLKSP-NAVN LVWGGY-Y-

EEK-K, ALVKTP HAEW LVLGY--T
VSK~5- RLFELG HQDM EWSSI--V |

KNQ-K KFVGTS-NRAT ITEDK--V-
KNQ-K EFVGTS-HAAT NTEDK-vV

DTQ- KIEIIQTS HAQT VYIDKEK--V
KDG-K HITKEFP- NGEN~ VRAGL--K
ANG -~ K "SIEKEP-NAGN .VRKGL--N
-66-T KVTKTP-NAEN "LVHGQ--K
-NG-T ‘KITKTG-NADT IAHGQ--T.-
SDG-K AIVSTS-HNAGT LYTDA--T

QSG- A KIINTS- HRGT MTEGL--NA

PEK- K VVESTG-NQODS "LSTGN--T
LGN-K"~ “LIFQVY- DHQTNFPLGI--V

NNG-K' EVLSTV HARN HTEGK--K
ANG-S AIVHTS-NAGC ITEEGV-T

" SSRLEQAKALITSR-—=-—n-====-=
SSRLEAATR-=-==rr—==-=———~
EKRYLQAIE-=-——===========-
AKAYEWALKEGMGSVSFYANELHPVK-
AKAYEWALKEGMGSVSFYANELHSVK-

CAQNLAR-— === e s e mmea
ASANYAAAIA---------=------~-
GAKNLAA-------=------------

I.

SQCYEWAKKEGLGSVDYYINELVHKKA

. IDTR N-
LDFQ R-

"IDYR V- EDYVEAFWHIVH--"
ARYLEHWWHVVN--
PDYIKTFMTHLVS-
 PDYISVFMDKLVS-"

TPDYISIFHEKLVS-
;PKYLTEVHKIVH—-

LDYQ R-"ADDVNKLWEIID--

SLTYQ R~ ADHLKDLWSIVD--
DFQ A- PAFIKNFLDNLVN-
pYg- “R- PDYISTFVEKLAN-"DF
‘IDYR'A- PGYLEHFWALVN--~

IDYE, R-"PDYIERFWSLVHN--

‘LKYQ R- PEYIGAFFNVVH--"
QYK V-KVDFAKAFRNVVN- -
IDYRTA~SEVRRA-FWHLVN--"

DYR L-' PKYVEAFWNLVN--"

:IDTRJD-rPKYVHHFHQVVN—-:
IDYR L- PSYMDGFWALVM-- |

_ A- PAYLEKFYAHIN--
VDHR,A- PAYLEKFYAHIN--
IDHK A- PVYLEKFYGHIN--

KE
KF

‘EA

DA
EA
RE
EF
EF
AF
DV
DI

DF

EF
!DF

DE
AD
‘DF
AF
DF
DF



Species codes for MnSOD sequence alignment

SODM_HUMAN MN HOMO SAPIENS (HUMAN) .

SODM_BOVIN MN BOS TAURUS (BOVINE) .

SODM_MOUSE MN MUS MUSCULUS (MOUSE) .

SODM_RAT MN RATTUS NORVEGICUS (RAT) .

SODM_RABIT MN ORYCTOLAGUS CUNICULUS (RABBIT) .

SODM_CAVPO MN CAVIA PORCELLUS (GUINEA PIG) .

SODM_PEA MN PISUM SATIVUM (GARDEN PEA).

SODM_NICPL " MN NICOTIANA PLUMBAGINIFOLIA (LEADWORT-LEAVED TOBACCO) .
SODM_HEVBR MN HEVEA BRASILIENSIS (PARA RUBBER TREE) .
SODM_CAEEL MN CAENORHABDITIS ELEGANS.

SODN_CAEEL MN CAENORHABDITIS ELEGANS.

SODM_MAIZE MN ZEA MAYS (MAIZE).

SODN_MAIZE MN ZEA MAYS (MAIZE) .

SODO_MAIZE MN ZEA MAYS (MAIZE) .

SODP_MAIZE MN ZEA MAYS (MAIZE) .

SODM_DROME MN DROSOPHILA MELANOGASTER (FRUIT FLY) .
SODM_BRAFL MN BRANCHIOSTOMA FLORIDAE (FLORIDA LANCELET) (AMPHIOXUS) .
SODM_PIG MN SUS SCROFA (PIG) .

SODM_PETMA MN PETROMY20ON MARINUS (SEA LAMPREY) .
SODM_PARCL MN PARASTICHOPUS CALIFORNICUS (SEA CUCUMBER) .
SOBM_PALVU MN PALINURUS VULGARIS (EUROPEAN SPINY LOBSTER)
SODM_EPTST - MN EPTATRETUS STOUTII (PACIFIC HAGFISH) .
SODM_ECOLI MN ESCHERICHIA COLI.

SODM_SALTY MN SALMONELLA TYPHIMURIUM.

SODM_BACST MN BACILLUS STEAROTHERMOPHILUS.

SODM_BACSU MN BACILLUS SUBTILIS.

SODM_BACCA ‘MN BACILLUS CALDOTENAX.

SODM_LACLA MN LACTOCOCCUS LACTIS (SUBSP. LACTIS) (STREPTOCOCCUS LACTIS) .
SOD1_PLEBO MN PLECTONEMA BORYANUM.

SOD2_PLEBO MN, PLECTONEMA BORYANUM.

SOD3_PLEBO MN PLECTONEMA BORYANUM.

SODM_THETH MN THERMUS AQUATICUS (SUBSP. THERMOPHILUS)
SODM_THEAQ MN THERMUS AQUATICUS.

SODM_LISMO MN LISTERIA MONOCYTOGENES.

SODM_LISIV MN LISTERIA IVANOVII.

SODM_BORPE MN BORDETELLA PERTUSSIS.

SODM_HAEIN MN HAEMOPHILUS INFLUENZAE.

SODM_XANCP MN XANTHOMONAS CAMPESTRIS (PV. CAMPESTRIS) .
SODM_PSEAE MN PSEUDOMONAS AERUGINOSA.

SODM_HALHA MN HALOBACTERIUM HALOBIUM, AND HALOBACTERIUM CUTIRUBRUM.
SOD1_HALCU MN HALOBACTERIUM CUTIRUBRUM.

SOD1_HALSG MN HALOBACTERIUM SP. (STRAIN GRB).

SOD2_HALSG MN HALOBACTERIUM SP. (STRAIN GRB)

SODM_HALMA MN HALOARCULA MARISMORTUI (HALOBACTERIUM MARISMORTUI) .
SOD1_HALVO MN HALOBACTERIUM VOLCANII (HALOFERAX VOLCANII)
SOD2_HALVO MN HALOBACTERIUM VOLCANII (HALOFERAX VOLCANII) .
SODM_ PROFR MN PROPIONIBACTERIUM FREUDENREICHII SHERMANII.
SODM_NOCAS MN NOCARDIA ASTEROIDES.

SODM_MYCLE MN MYCOBACTERIUM LEPRAE.

SODM_MYCAV MN MYCOBACTERIUM AVIUM.

S0DM _MYCCE MN MYCOBACTERIUM CELATUM.

SODM_MYCCH MN MYCOBACTERIUM CHELONAE.

SODM_MYCIT MN MYCOBACTERIUM INTRACELLULARE.

SODM_MYCKA MN MYCOBACTERIUM KANSASII.

SODM_MYCMA MN MYCOBACTERIUM MALMOENSE.

SODM_MYCMR MN MYCOBACTERIUM MARINUM.

SODM_MYCPA MN MYCOBACTERIUM PARATUBERCULOSIS.

SODM_MYCPH MN MYCOBACTERIUM PHLETI.

SODM_MYCSC MN MYCOBACTERIUM SCROFULACEUM.

SODM_MYCsSZ MN MYCOBACTERIUM SZULGATI.

SODM_MYCSM MN MYCOBACTERIUM SMEGMATIS.

SODM_CORDI MN CORYNEBACTERIUM DIPHTHERIAE.

SODM_ONCVO MN ONCHOCERCA VOLVULUS.

SODM_YEAST MN SACCHAROMYCES CEREVISIAE (BAKER’S YEAST).
SODF_SULAC MN SULFOLOBUS ACIDOCALDARIUS.

SODM_YEREN MN YERSINIA ENTEROCOLITICA.
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Manganese superoxide dismutase sequence alignment

SODM_HUMAN - -—-—-—-———— - — oo mm—m oo = MLSRAVCGTSRQLAPALGYLGSRQRHSLPDLPYDYGALEPH
SODM_BOVIN -------mmmm e mmmmeem oo MLSRAACSTSRRLVPALSVLGSRQRHSLPDLPYDYGALEPH
SODM_MOUSE ----====m---mmmmmmm e e - MLCRAACSTGRRLGPVAGAAGSRHRHSLPDLPYDYGALEPH
SODM_RAT  --—------—----—m-mm—m = MLCRAACSAGRRLGPAASTAGSRHKHSLPDLPYDYGALEPH
SODM_RABIT -----------ecccceccccccc-cccccccccec——————- HGRGMKHSLPDLPYDYGALEPH
SODM_CAVPO - -----—-————mm—mmmm———— MLCRAVCSASRRLAPALGILGVRQKHSLPDLPYDYGALQPH
SODM_PEA  ------=--- MAARTLLCRKTLSSVLRNDARPIGAAIAAASTQSRGLHVFTLPDLAYDYGALEPV
SODM_NICPL --------—-——m——mo o MALRTLVSRRTLATGLGFRQQLRGLQTFSLPDLPYDYGALEPA
SODM_HEVBR - --------ommmmomo o MALRSLVTRRNLPSAFRAATGLGQLRGLQTFSLPDLPYDYGALEPA
SODM_CAEEL ~-------m---—-—mmo o ————— MLONTVRCVSKLVQPITGVAAVRSKHSLPDLPYDYADLEPV
SODN_CAEEL -----------cmcmmmmmmmoun MLQSTARTASKLVQPVAGVLAVRSKHTLPDLPFDYADLEPV
SODM_MAIZE ------------- MALRTLASKKVLSFPF--GGAGRPLAAAASARGVTTVTLPDLSYDFGALEPA
SODN_MAIZE ---------=--—=--= MALRTLASKENALSFALGGAARP- - SAASARGVTTVALPDLSYDFGALEPV
SODO_MAIZE ---------—-———- MALRTLASKNALSFALGGAARP--SAESARGVTTVALPDLSYDFGALEPV
SODP_MAIZE ------—-——————- MALRTLASKNALSFALGGAARP- -SAASARGVTTVALPDLSYDFGALEPA
SODM_DROME - = - - = - - - - - oo oo mm e e oo = MFVARKISPNCKPGVRGKHTLPRLPYDYAALEPI
SODM_BRAFL - — - - = == = —m o o oo o o o o= v
(=203 5. 0 - o < S N NS H
SODM_PETMA - - = = = = = = = — o = m o o o o o o oo H
SODM_PARCL = = = = = = = = = & o o o o o oo v
SODM_PALVU - = - = — o o o o o o o o o= H
SODM_EPTST = - - - = = — = —m — & o — oo oo oo - H
SODM_ECOLI =--— == B T PP SYTLPSLPYAYDALEPH
SODM_SALTY === == === === o m o oo o o oo mmmmmmm e SYTLPSLPYAYDALEPH
SODM_BACST === == === === m o o oo oo o oo m oo PFELPALPYPYDALEPH
SODM_BACSU === == === = oo o oo o oo oo o oo AYELPELPYAYDALEPH
SODM_BACCA = - = = = = = = = —m — — o oo oo PFELPALPYPYDALEPH
SODM_LACLA - = - — - - m === = == = oo o oo oo MAFTLPELPYAPNALEPF
SOD1_PLEBO ------ MQTTFRRILILFVGLLVPLFFACQSNSQVDAAPSAAPQLSASPARLDPLPYDYAALEPY
SOD2_PLEBO == === === === = = o o oo oo e mm - MAFELRKPLPYAYDALEPY
SOD3_PLEBO ------=========== ASTQQTPAQSPTASPTVSTPVAYVDRPLTASPAQLPPLPYDAGALSKA
SODM_THETH === === = === oo oo oo oo e PYPFRLPDLGYPYEALEPH
SODM_THEAQ === == == === = == o o o o oo oo o oo m o PYPFRLPELGYPYEALEPH
SODM_LISMO === == === === - o m o oo o mm e m e mm—— - MTYELPRLPYTYDALEPN
SODM_LISIV == - - = m e e e e e e e e e MTYELPRLPYTYDALEPN
SODM_BORPE === == == === = m = oo o oo e o MPYVLPALSYAYDALEPH
SODM_HAEIN - == == == = - oo o oo o o o= e oo mmm oo SYTLPELGYAYNALEPH
SODM_XANCP === === == === = o oo o o oo e mmmmmm e emm oo MAYTLPQLPYAYDALEPN
SODM_PSEAE — == === == === === = s o oo oo oo MPHALPPLPYAYDALEPH
SODM_HALHA = - === === === = o o == e e e e e MSQHELPSLPYDYDALEPH
SOD1_HALCU === === = = = oo o o o o oo e e oo emmmm o SEYELPPLPYDYDALEPH
SOD1_HALSG = - - === === — = — oo oo o e e MSEYELPPLPYDYDALEPH
SOD2_HALSG === == == === = = o oo oo oo MSQHELPSLPYDYDALEPH
SODM_HALMA === === === - - oo oo o= e e mmmmmemmm oo MSEHSNPELPPLPYDYDALEPH
SOD1_HALVO == === == == == o o oo oo e mm e MSDYELDPLPYEYDALEPH
SOD2_HALVO === = === = o m o o oo o o e e e e oo MSYELDPLPYEYDALEPH
SODM_PROFR == === === m - o o oo e = = e e e oo oo e m e AVYTLPELPYDYSALEPY
SODM_NOCAS === === === = o oo oo o o= e AEYTLPDLDYDYSALEPH
SODM_MYCLE - == = = - == = == = = oo o o o e emm AEYTLPDLDWDYAALEPH
SODM_MYCAV = == = = = e e e o o o e e e e AEYTLPDLDWDYAALEPH
SODM_MYCCE = == = = m o o o o e oo
SODM_MYCCH = = = = = = = o o o o o o o e e
SODM_MYCIT —— - = —m — o m o oo oo -
SODM_MYCKA = = = = = = = = — o o o o oo
SODM_MYCMA = — = = = = — m = — o o oo o -
SODM_MYCMR === == == == = e = e e e e e e e e e e e e e ——
SODM_MYCPA = — = = = = = o = o — oo .
SODM_MYCPH = - = = = = — o oo o oo o o -
SODM_MYCSC === == == === = == = e e e e e e e e e e e e mm—— e mm -
SODM_MYCSZ =------------cemceeceecceececcecceceececcemec-memmeemmememe—m—————-
SODM_MYCSM = — = = = — = = = o — o oo o -
SODM_CORDI = = = = = = = = = o o o o o e e e e oo
SODM_ONCVO ----==mmmmmmmmmmmmm e e e = MNLIIGVAGRLLVGENYCLNTQRLRKHVLPDLPYDYGALEPI
SODM_YEAST ----------—-———————u—— MFAKTAAANLTKKGGLSLLSTTARRTKVTLPDLRWDFGALEPY
SODF_SULAC —-=-=—-——— - - mmm oo e MTQVIQLRKRYEFPQLPYKVDALEPY
SODM_YEREN - - - - - & o o oo oo —mm oo MSYSLPSLPYAYDALEPH
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SODM_HUMAN
SODM_BOVIN
SODM_MOUSE
SODM_RAT

SODM_RABIT
SODM_CAVPO
SODM_PEA

SODM_NICPL
SODM_HEVBR
SODM__CAEEL
SODN_CAEEL
SODM_MAIZE
SODN_MAIZE
SODO_MAIZE
SODP_MAIZE
SODM_DROME
SODM_BRAFL
SODM_PIG

SODM_PETMA
SODM_PARCL
SODM_PALVU
SODM_EPTST
SODM_ECOLI
SODM_SALTY
SODM_BACST
SODM_BACSU
SODM_BACCA
SODM_LACLA
SOD1_PLEBO
SOD2_PLEBO
SOD3_PLEBO
SODM_THETH
SODM_THEAQ
SODM_LISMO
SODM_LISIV
SODM_BORPE
SODM_HAEIN
SODM_XANCP
SODM_PSEAE
SODM_HALHA
SOD1_HALCU
SOD1_HALSG
SOD2_HALSG
SODM_HALMA
SOD1_HALVO
SOD2_HALVO
SODM_PROFR
SODM_NOCAS
SODM_MYCLE
SODM_MYCAV
SODM_MYCCE
SODM_MYCCH
SODM_MYCIT
SODM_MYCKA
SODM_MYCMA
SODM_MYCMR
SODM_MYCPA
SODM_MYCPH
SODM_MYCSC
SODM_MYCSZ
SODM_MYCSM
SODM_CORDI
SODM_ONCVO
SODM_YEAST
SODF_SULAC
SODM_YEREN

Manganese superoxide dismutase sequence alignment

—

IN-AQIMQLiiISK Ai/NNL [VTEE-KYQEALAKGDVTAQIA----~---- LQPALKFNGGT
IN-AQIMQL 5sx«.% AA@NNL 'VAEE-KYREALEKGDVTAQIA--—--—---- LQPALKFNGG: !
IN-AQIMQL  SK | AA| rmu.\ ATEE-KYHEALAKGDVTTQVA---——---— LQPALKFNGG!
IN-AQIMQL ;sx AT%/NNL VTEE-KYHEALAKGDVTTQVA----=--- LQPALKFNGG
IN-AQIMEL AA;&!NNL'  ATEE-KYREALARGDVTAHVA----—--—- LQPALKFKGG |
IN- -vAA:y:LNNL@IAEE KYQEALAKGDVTAQVA----=----- LQPALKFNGG ||
IS- Q-rhx'mygxu.r: QLHDAVAKADTSTTVK----=-—--— LQNAIKFNGG,‘
IS- GDIMQLr QNr QTy_@cTNY?KALE QLHDAISKGDAPTVAK---—-—--- LHSAIKFNGG!
IS-GEIMQL. 'Q'rgITNthALE QLNDAIEKGDSAAVVK-----——-—-- LQSAIKFNGG,

IS-HEIMQL::

IS-HEIMQL YV LQPALKFNGG§£
IS-GEIMRL QK ° ~ATﬂVANYvKALE QLETAVSKGDASAVVQ --------- LQAAIKFNGG»
IS-GEIMRL *QK%aATMkVNYyKALE QLDAVVVRKGDASAVVQ

IS-GEIMRL ' KN“ATQMVNY RKALE-QIDDVVVRKGDDSAVVQ

«GNY | KALE - -QLDAAVARKGDASAVVQ

IC-REIMEL. -'Q W‘QT%vNNL:AAEE -QLEEAKSKSDTTEKLIQ
IS-AEIMQV 5QKﬂ?mTL~NNL$AAEE -QLAEATIHKQDVTEKMIA
IN vSE AAHMNNLwVVEE KYQEALKKGDVTAQVA

ATl NNL;VAEQ KLAEAVARGDVTAEIA

JKKW ATNTNNL AAEE-KLAAAHAEGDIGGMIA
IS-EMIMQI&QTK »QA%FNNLKACTE KLKQAEQANDVAAMNA

QT%MNNA‘AALE SLPEFANLPVEELITRKLDQLP--ADKKTVLRNNAG:
QTﬂkNNA AALE-NLPEFASLPVEELITRKLDQVP--ADKKTVLRNNAG:
NTP”TNL AALE- GHPDLQNKSLEELLSNLEALP--ESIRTAVRNNGG
NTilTNL‘KAVE GNTALANKSVEELVADLDSVP--ENIRTAVRNNGG

2 222 2

NT%&TNL:AALE -~-GHPDLQNKSLEELLSNLEALP--ESIRTAVRNNGG:

QT NNL#AAIE KHNELDDLSLEELLTDLSAIP--EDIRTAVRNNGG !

VAT‘ NNI ETLK-AYPDLQKQSVDSLIQNLNQVP--EAIRTKIRNNGG:*
UNNL.AAIE- KYSDLQSMSVEDLVTHLDRVP——EDVRTTVRNNAGr-

aﬁnNL¥TALK DQPNLQNLSIEAMLRDLNAVP-—ENIRNTIRNNAG'2
“ ‘GA
ID- ARTMEI&_QK‘MGA

FD-KETMEI YTK_ { NT TKLHEAVA GHPELASKSAEELVTNLDSVP——EDIRGAVRNHGGP
ﬂYTK*ﬁNI ‘TKL*EAVS GHAELASKPGEELVANLDSVP--EEIRGAVRNHGG .|
*TmédQT NGL&AALE GAGLDSEEPVEQLLRRIPALP--PGIHGAVRNHGG |
1

33éSKWtQAm‘“NNA"AALE GLPAELVEMYPGHLISNLDKIP-AEKRGALRNNAG:

ID- AQTMEI'iTK”gQT INNV. AALE-GTEYADLPIEELVSKLKSLP---ENLQGPVRNNGG:® !
D~ ALTMEI» SK’JQTu&NNL'AALE GTPYAEQPVESLLRQLAGLP---EKLRTPVVNNGG%E
-QS: 4 /DGL . SAEE-TLAENRETGDHASTAGALGDVTH--~-=-===-~ NGC = .|
vﬁQG NGW DAEE-TLAENRETGDHASTAGALGDVTH
IS~ EQVLTW* DT °QGﬁkNGW¥DAEE TLAENRETGDHASTAGALGDVTH
IS~ EQAVTWE:DT%GQS DGL SAEE-NLAGNRETGDHASTAGALGDVTH
I8- EQVLTWL‘DT‘ QGQ&NGLESAEE TLAENRDAGDFGSSAAAWVNVTH
IS- EQVLTWI DT*#QGg&NGw ADDE-TLAENREAGEFGSSAGAVRNVTH
IS-EQVLTWF ‘DT -QG} ANGW ADDE-TLAENREAGEFGSSAGAVRNVTH
IS-GEIMEL: zDK&“KA DGA  TALD-KLAEARDKADFGAINKLEKDLAF
IS- GQINEL %SKM‘AA (AGA  TALE-KLEAAREAGDHSAIFLHEKNLAF
I8~ GEINEIzaTKN AAA%KGV DALA-KRLDEARAKRDDHSAIFLNERNLAF
IS-GQINEI_ . TK_ 1AT%%KGV DALA-RKLEEARANEDHAAIFLNEKRNLAF
-------- SK&EATi KGA DALE-KLEEARAKDDQSTVLLNEKNLAF
‘SK AAQEAGV 'SAVA-KLEEAREKRGDHAAIFLNERNLAF
'SK AT KGV‘DALS KLEEARANEDHAAIFLNERKNLAF
-------- LﬁWSK ATwﬁKGAaDAVA KLEEARAKREDHSAILLNERNLAF
ﬁ:SK AAngGV DAVA-KLEEARARDDHSAIFLNERNLAF
SgSKﬁEATg%KGA DAVT-KLEEARAREDHSTILLNERNLAF
KGV DALA-KLEEARANEDHAAIFLNERNLAF
DAIA-KLEEARANGDHGAIFLHERNLAF

2222

(a2 2222

2 2 !

'S
§SKI

.’_’?‘Gxx

NAL*QAEE KVKEALAKGDTQAAVAGTKLMNF
NGF@TAVD QFQELSDLLAREPSPANARKMIAIQQNIKF--HGG: E
wwNGA&SLLD RLERLIKGDLPQGQYDLQGILRGLTF------ NINQ%
AMQTqMNNA TVLE-SFPELARFSVEDLIRDLDRVPAERRTFMRN--NAG
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SODM_HUMAN
SODM_BOVIN
SODM_MOUSE
SODM_RAT

SODM_RABIT
SODM_CAVPO
SODM_PEA

SODM_NICPL
SODM_HEVBR
SODM_CAEEL
SODN_CAEEL
SODM_MAIZE
SODN_MAIZE
SODO_MAIZE
SODP_MAIZE
SODM_DROME
SODM_BRAFL
SODM_PIG

SODM_PETMA
SODM_PARCL
SODM_PALVU
SODM_EPTST
SODM_ECOLI
SODM_SALTY
SODM_BACST
SODM_BACSU
SODM_BACCA
SODM_LACLA
SOD1_PLEBO
SoD2_PLEBO
SOD3_PLEBO
SODM_THETH
SODM_THEAQ
SODM_LISMO
SODM_LISIV
SODM_BORPE
SODM_HAEIN
SODM_XANCP
SODM_PSEAE
SODM_HALHA
SOD1_HALCU
SOD1_HALSG
SOD2_HALSG
SODM_HALMA
SOD1_HALVO
SOD2_HALVO
SODM_PROFR
SODM_NOCAS
SODM_MYCLE
SODM_MYCAV
SODM_MYCCE
SODM_MYCCH
SODM_MYCIT
SODM_MYCKA
SODM_MYCMA
SODM_MYCMR
SODM_MYCPA
SODM_MYCPH
SODM_MYCSC
SODM_MYCSZ
SODM_MYCSM
SODM_CORDI
SODM_ONCVO
SODM_YEAST
SODF_SULAC
SODM_YEREN

Manganese superoxide dismutase sequence alignment

TN-LSP-N-GGGE
TN-LSP-N-GGGE
TH-LSP-K-GGGE
TN-LSP-K-GGGE
TN-LSP-N-GGGE_,
TN-L5P-N-GGGE'
EN-LAPVSEGGGE
KN~ LApvnEGGGE

S-FDRFREKLTAASVGV]-G
S8-FARFRERLTAVSVGV{-G
S-FERFREXLTAMSVGVQ -G
S -FEKFKEKLTAVSVGVQ-G
S-FDEFRERLTAVSVGV(Q-G

8- FEALVKKMNAEGAALQ-G
§-FEALVERMNAEGAALQ-G
& -FEALVERMNAEGAALQ -G
2-FEALVERMNAEGAALQ-
-FKKELTTLTVAVQ----G
8-FEAFREXKMTAATVAVC-G
Cg-FEKFRERLTAVSVEVQ-G
S -FTRLQEEKMSAVSVAVQ-G
8-FDSFRTTLTAATVAIQ-G

TH-LSPN--GGGE
TN-LSPN--GGGA’
TN-LSPQ--GGGV.,

S -VDNFERAEFERAAASRF -G
Z-VDNFRAEFERAAATRF - &
o E-FITAFRDEFSKAAAGRF -G
S-FDRFKEQFAARRAAGRF-G
E-FTAFRDEFSEAAAGRF-G

TI-LEPN--GBGGE
TL-LSPN--GGGE

QI-MAPR--AGGT
EI-MGAN--GSGA::
QI-MSPD--GGGQ

RL-LTPG--GAKE",
RL-LTPG~-GARE
I-LSPN--GGGA’
S-LSPN--GGGAT:
TV-MSPS--GGGR

T-FDEFRERFNAAAARARF-G
T-FDEFRERFNAAAARARF -G
CG-HDAFQAAFTQARALGRF -G
S-VDAFRKAEFEKAAATRF-G
G-FERFKEAFTEAAVERF -G

V- uqu-—GGGR‘
EH-MSPD--GGGE
Q8-MSPA--GGDE:

E R

-iS FDRFRAQFHARAATTVQ - G
-gs FDEFRAQFSAAANGLOD -

S-LETMIDELNAKTIAIR -G

S-LDELIKLTNTELAGYQ-
ALADLWNKQY—---%s-pnanQvFSESANSLp-
S DLRAALERDi~~---%§-VDBFKEKFEAARATRF -

b=

LF KG-LELGTTLT
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SODM_HUMAN
SODM_BOVIN
SODM_MOUSE
SODM_RAT

SODM_RABIT
SODM_CAVPO
SODM_PEA

SODM_NICPL
SODM_HEVBR
SODM_CAEEL
SODN_CAEEL
SODM_MAIZE
SODN_MAIZE
SODO_MAIZE
SODP_MAIZE
SODM_DROME
SODM_BRAFL
SODM_PIG

SODM_PETMA
SODM_PARCL
SODM_PALVU
SODM_EPTST
SODM_ECOLTI
SODM_SALTY
SODM_BACST
SODM_BACSU
SODM_BACCA
SODM_LACLA
SOD1_PLEBO
SOD2_PLEBO
SOD3_PLEBO
SODM_THETH
SODM_THEAQ
SODM_LISMO
SODM_LISIV
SODM_BORPE
SODM_HAEIN
SODM_XANCP
SODM_PSEAE
SODM_HALHA
SOD1_HALCU
SOD1_HALSG
SOD2_HALSG
SODM_HALMA
SOD1_HALVO
SOD2_HALVO
SODM_PROFR
SODM_NOCAS
SODM_MYCLE
SODM_MYCAV
SODM_MYCCE
SODM_MYCCH
SODM_MYCIT
SODM_MYCKA
SODM_MYCMA
SODM_MYCMR
SODM_MYCPA
SODM_MYCPH
SODM_MYCSC
SODM_MYCS2z
SODM_MYCSM
SODM_CORDI
SODM_ONCVO
SODM_YEAST
SODF_SULAC
SODM_YEREN

Manganese superoxide dismutase sequence alignment

‘AYYLQYKNVR
AYYLQYRKNVR

rGVD-KELK----RﬁVIETTANQD-PLVSKGANL --------- VGLLGIEV;'gAYYLQYKNVR
W/ ALD-KELK----K/VVETTANQD-PLVTKGPTL LLGIWV@ﬁ&AYYLQYKNVR
W/GYC-PRGK----TI ‘KVATCANQD-PLEATTGL----=---—-~ “LFGI'V ' AYYLQYKNVR
Gyc-xxnx--——IijATCANQD-pLEGu ------------- ] ) i
W ALD- -KEAK- - - -KVSVETTANQD- PLVTKGASL---------
W ALD-KEPK----K/SVETTANQD-PLVTKGASL
W/ALD-KEAK----KVSVETTANQD- PLVTKGASL
W./ALD-KEPK----K/SVETTANQD-PLVTKGASL -~ ====~-~
W /GFN-KKSG-- - -K QLAALPNQD-PLEASTGL------~---
W/GLD-PTSK----K /RIVACPNQD-PLEGTTGL
'GFN-KEQG----RJQIAACSNQD-PLQGTTGL
GYD-KETG----RJRIAACANQD-PLQATTGL----------
GFD-PKTH----H KIATCVNQD-PLQATTGM- - =~ =—-
GYC-PRND----K/AVATCQNQD-PLQLTHGL - - - - -- - - -
'GFN-KESK----R'QIATCANQD-PLQGTTGL=--~----=-=-~ F
VLx---GD----x3AvvsrANQD SPLMGEAI SGASG 3
'VLR---GD----K’AVVSTANQD-SPLMGEAISGASG F-
W/VVN--N-G----E EITSTPNQD-SPIMEGK---=-----—-~ g:ncnﬁv :AYYLKYQNRR
W VVN--N-G----K EITSTPNQD-SPLSEGR----------- T ILGL'V AYYLNYQNRR
W//VVN--N-G----E/EITSTPNQD-SPIMEGK------=--—- xncn“v " AYYLRKYQNRR
W VVD-EA-G----K/KVVSTANQD-NPISEGL------=~~~~ LGL" x!ngYnynnvn
W VSD-RQ-G----K/SITSTANQD-NPLMSNPNA--—---—-- ILGNﬁVﬁ%!AYYLKYQNRR
W/VRS-QQ-G----D/QILSTPNQD-SPLIEGH- -~ ==--==~~-~
WAVRN-AQ-G----Q/QIVSTANQD-NPIMEGN- - — = — - — — — -~
W/VRD-P-FG----K /HVLSTPNQD-NPVMEGF - - ===~ Eip
W/ VKD-P-FG----K HVISTANQD-NPVMGGF - ---=====~~ wr»AYYLKYQNRR
W/VVN-DG------ KgEIVSTANQD-SPLSDGK ----------- %FmYYLerNRR
W VVN-NG------ KEIVSTANQD-SPLSEGK----------- itgAYYLKFQNRR
W TVT-PAG----- R/RVDSSANQD-SPLMEGN------=--=~ T | AYYLQYQNRR
wfVLT-AEG ----- K AVVSTANQD - NPLMGKEVAGCEG----- F“LLGva | AYYLKFQNRR
'SVT-PDK----- K VVESTANQD-SPLFEGN--=-==---=- T%ILGL&V [ AYYLKYQNRR
w@svr -PQ-G----S /LVESSGNQD-SPLMNGN- -~~~ -=--=~ T ILGL'V _ AYYLEYQNRR
L/VYD-PVAK----Q RNVAVDNHD-EGALWGS- - === --==-- HvILAL*V' U SYYYDYGPDR
L VYD-SHSN----T RNVAVDNHD-EGALWGS----------- ﬁILALqV {SYYYDYGPDR
LIVYD-SHSN- - - - T/'RNVAVDNHD - EGALWGS ILALGV‘ SYYYDYGPDR
L VYD-PVAK- - --Q/RNVAVDNHD - EGALWGS H ILAL'V YYYDYGPDR
L'VYD-PCAR----Q/RNVPVDKHD -QGALWGS ILAL" YYYDYGPAR
L VYD-SFSN----Q RNVVVDKHD-QGALWGS ILAL.V | SYYHDYGPAR
LVYD-SFSN----QRNVVVDKHD - QGALWGS HILAL'V, ' SYYHDYGPAR
S’VWD-PLGK- - - -RINTLQFYDHQ-NNLPAGS- - - - - —— = - - 1 LLQL"ng?AFYLQYKNVK
V//GYD-TLGQ- - - -KLTFQLYDQQ-ANVPLGI-~~-= ===~~~ Ignnqvu L /AFYLQYRNVK
V/GYD-TLGN-- - -K/LTFQLYDQQ-ANVSLGI
VIiGYD- TLGS----R%LTFQLYDQQ ANVPLGTI
A%Gwn -NLGE - - - -K/LIFQVYDHQ- SNFPLGV
V{!GYD-SLGQ----K/LTFQLYDQQ-ANVPLGI
V. GYD-TLGN----RILTFQLYDQQ-ANVPLGI
AGWD-TLGN----K/LIFQVYDHQ- TNFPLGI
V/GYD-SLGD----K/LTFQLYDQQ-ANVPLGI
A GWD-TLGN----K/LIFQVYDHQ- TNFPLGI
V//GYD-TVGS----RILTFQLYDQQ-ANVPLGI
Vi{GYD-TLGD----R/LTFQLYDQQ-ANVPLGI
V/GYD-TLGS----RLTFQLYDQQ-ANVPLGI -~~~ ====~~ I LLQV. M, {HAFYLQYKNVK
A’GWD-TLGN----K LIFQVYDHQ-TNFPLGI - nm-mm-m=- VHLLan o 11 .
VI’GYD-SLGG-- - -RILTFQLYDQQ-ANVPLGI- - - - ===~
ViGYD-HIGG----R/VIEQLTDQQ-GNISANL-—------=—-
W?AYD-KEMK----R JQLACCPNQD-LLEPTTGL -~~~ -==-=~
FIVKN-LSNGG---K DVVQTYNQD-TVTGPL-~- ===~~~
vﬁvyb -NESG----N QIMTVENHF -MNHIAEL--------=-=--
W/VLK-DDG-- - - - K /AVVSTANQD- SPLMGEAVSGASG- - - - - FIIIVGL: v‘\wnyynxrounn
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Manganese superoxide dismutase sequence alignment

SODM_HUMAN
SODM_BOVIN
SODM_MOUSE
SODM_RAT

SODM_RABIT
SODM_CAVPO
SODM_PEA

SODM_NICPL
SODM_HEVBR
SODM_CAEEL
SODN_ CAEEL
SODM MAIZE
SODN_MAIZE
SODO_MAIZE
SODP_MAIZE
SODM_DROME
SODM_BRAFL
SODM_P1IG

SODM_PETMA
SODM_PARCL
SODM_PALVU
SODM_EPTST
SODM_ECOLI
SODM_SALTY
SODM_BACST
SODM_BACSU
SODM_BACCA
SODM_LACLA
SoD1_ PLEBO
SoD2_ PLEBO
SOD3_PLEBO
SODM_THETH
SODM_THEAQ
SODM LISMO
SODM_ LISIV
SODM BORPE
SODM_HAEIN
SODM_XANCP
SODM_PSEAE
SODM_HALHA
SOD1_HALCU
SOD1 HALSG
SoD2_ HALSG
SODM_HALMA
SOD1~ HALVO
SOD2_HALVO
SODM_PROFR
SODM_NOCAS
SODM_MYCLE
SODM_MYCAV
SODM_MYCCE
SODM_MYCCH
SODM_MYCIT
SODM_MYCKA
SODM_MYCMA
SODM_MYCMR
SODM_MYCPA
SODM_MYCPH
SODM_MYCSC
SODM_MYCSZ
SODM_MYCSM
SODM_CORDI
SODM_ONCVO
SODM_YEAST
SODF_SULAC
SODM_YEREN

PDYLKAIWNVIN----WENVTERYMACKK------------- ———— e =
PDYLKAIWNVIN----WENVTARYTACSK--=--==—-mc-cmmmmm e e mm
PDYLKAIWNVIN----WENVTERYTACKK------ - - e e e e e e e e = =
PDYLKAIWNVIN----WENVSQRYIVCKK---------—-coemm oo - -
PDYLKAIWNVIT----WENVTERYMACK------—-c e e m e~ —— =
PDYLKAIWKVIKNS ——= - mm e m e mmm e mm e mmm e mm e m e m o
PDYLKNIWKVIN----WKHASEVYEKESS---—--- e e e - =
PDYLKNIWKVMN----WKYANEVYEKECP-------c - e e e — - - —
PDYLKNIWKVMN----WKYASEVYAKECPSS-----—---—--cccmm— o
PDYVNAIWKIAN----WKNVSERFAKAQQ-------—-—-——-—-————-—-—-—-——-
PDYVHAIWKIAN----WKNISERFANARQ---=---m--occ-coommmmma
PDYLNNIWKVMN----WKYAGEVYENVLA-—=--—-—-c e e e e e m e = —
PDYLNNIWKVMN----WKYAGEVYENVLA--—=--—-m cmm e e e e e e — -
PDYLNNIWKVMN----WKYAGEVYENVLA - m e e e e e == =
PDYLNNIWKVMN----WKYAGEVYENVLA- - e e e e e e = —
PSYVEAIWDIAN----WDDISCRFQEAKKLGC-------------cc-----

PDYIKEFWNVVN----WDEAAARFAAKK--————-- - e e e - -
PDYIKEFWNVVN----WDEAAARFALK-------m e e e e e e e mm = =
PEYIAAFWNVVN----WDEVAKRYSEAKAK------—---———-——-c————-
PDYISAFWNVVN----WDEVARLYSDENNGTNKVLIMGPCFFMSSFYISRFE
PEYIAAFWNIVN----WDEVAKRYSEAKAK---==----cccccmcconno-
PDYIEAFFNLVN----WDKVNELYAKAK--—--—— - e e e e e o = =
AEYLTNWWNVVN----WQAVNQRYAQAQRK----—--—-——-—-——-—cc—c—o—-
PEYLNAWWNVLN----WEEINRRFDAAMSGH-------=--—-—-—-—-—-——-——-—-—
ADYLNNWWNVVN----WNEINRRFQAASQQQARS---=-—-—-—-—-—----o--——x
ADYLQAIWNVLN----WDVAEEFFKKA-—w--—————————— e —mem————
ADYLQAIWNVLN----WDVAEEIYKGA--=-=======--—-—-———— === ===~
PEYIETFWNVIN----WDEANKRFDAAK--—~--—- - e mm e e o
PEYIDTFWNVIN----WDERNKRFDAAK--=—- - m e e e e e e e =
PEYIEAFYRVVD----WAEVARRYEIALAELGREAA-----=---=—-—-—-—-=-=
PDYIKEFWNVVN----WDFVAERFEQKTAHSNCAK------=--—-———-—-=—~
PEYIGAFYNAVN----WEEVERRYHAAIA---~--—=-c-=cc e e =~
PEYIGAFYNVID----WREVARRYAQALA-------—----- - oo —
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