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Oxygen derived radicals are involved in many aspects of life from aging
and cell signaling to disease states as diverse as heart disease, diabetes,
neurodegeneration and inflammation. Therefore, understanding the function of
antioxidant defense proteins and the effects of oxygen derived radicals on
protein function is essential to elucidate the role of reactive oxygen species in
disease. This thesis describes the X-ray crystallographic structure and
biochemical properties of two antioxidant defense enzymes; the N-terminal
domain of alkyl hydroperoxide reductase flavoprotein (AhpF) of Salmonella
typhimurium and zinc-deficient superoxide dismutase (SOD). In addition, the
effect of peroxynitrite on the fluorescence of green fluorescent protein (GFP)
was investigated.

The N-terminal domain of AhpF has two redox active cysteines that
were found to be sensitive to X-ray induced reduction. Additionally, the
disulfide redox center had an unusually low redox potential in relation to the
pKa of the active site thiols of other thioredoxin family members. The N-
terminal domain of AhpF provides a platform to investigate the factors that
govern the relationship between the pK, and reduction potential of the active

site cysteines.



Previous studies have shown that the loss of zinc from Cu,Zn SOD is
sufficient to kill motor neurons and is important in the pathogenesis of
amyotrophic lateral sclerosis. Structural studies reported herein revealed how
zinc organizes the zinc-binding loop (loop 1V), electrostatic loop (loop VII), and
quaternary structure of SOD. The absence of zinc also increased the
susceptibility of zinc-deficient SOD to aggregate in the presence of a
reductant. Together these discoveries explain many of the properties that
cause zinc-deficient SOD to be toxic to motor neurons.

Green fluorescent protein has been proposed as a real-time marker for
tyrosine nitration in vivo. We demonstrate that GFP was not sensitive enough
to monitor peroxynitrite-mediated nitration in vivo, even with large bolus
additions of peroxynitrite totaling 150uM. Hence, measuring the loss of GFP

fluorescence in cells has limited utility as a measure of nitrative stress.
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Structural Studies of the Antioxidant Defense Enzymes; Copper, Zinc
Superoxide Dismutase and Alkyl Hydroperoxide Reductase Flavoprotein.

Chapter 1

Introduction

The paradox of molecular oxygen (O,) being both necessary for human
life and yet being toxic can be understood using molecular orbital theory,
which predicts two unpaired electrons occupying two m-antibonding orbitals.
Usually, molecules with unpaired electrons are highly reactive. However, the
molecular bonding of diatomic oxygen is kinetically unreactive compared to
most other radicals. Oxygen can be transformed into reactive species, such as
superoxide (O,"), hydroxyl radical ("OH), singlet oxygen (*O.*) and hydrogen
peroxide (H20,). Uncontrolled, reactive oxygen species are capable of
reacting rapidly with other molecules, setting off a radical chain reaction similar
to an atomic bomb. Nature has extensive antioxidant defenses to prevent,
avoid, repair or contain reactive oxygen species. This thesis will explore subtle
aspects of structural influences on the functioning of Cu,Zn SOD and N-
terminal domain of alkyl hydroperoxide reductase flavoprotein, two antioxidant
proteins that play major roles in minimizing the damage caused by reactive
oxygen species. Lastly, the effects of peroxynitrite (ONOO’) on the
fluorescence of green fluorescent protein (GFP) were explored.

Copper, zinc superoxide dismutase (SOD) is distributed to many
cellular components of eukaryotic cells including the cytosol, nucleus,
peroxisomes and the mitochondrial intremembrane space and is even found in
the periplasmic space of prokaryotes. * % 3 SOD is a 16 kDa protein that has
one copper and one zinc ion bound per subunit. As the name implies, the
main function of SOD is to catalyze the dismutation of superoxide
(Schemel).%>



Scheme 1:

202.- + 2 H+ _> 02 + H202

The rate that SOD scavenges superoxide is nearly diffusion limited (~2 x 10°
M?s™) and is independent of pH over the range of 5-9.5.% ® Mechanistically,
SOD scavenges superoxide through the successive reduction and oxidation of
the bound copper. *” 8 Zinc, although not directly involved in the dismutation
of superoxide, is crucial for maintaining the pH-independence of the enzymatic
rate of SOD and provides structural stability.® % 10 11:12:13

Mutations to the SOD1 gene are linked to 2-3% of the patients that
have the fatal neurodegenerative disease Amyotrophic Lateral Sclerosis
(ALS). ALS is typically an adult onset disease characterized by the
progressive death of motor neurons in the spinal cord, brain stem and cortex.
4 The majority of ALS cases (90%) are sporadic without a known cause. The
remaining 10% of ALS cases have a familial link.*> *® Currently, there are well
over 100 missense mutations of SOD that have been identified.

(www.alsod.org) The symptoms of both familial and sporadic cases of ALS are

similar and may indicate that both forms of ALS are propagated by a
comparable mechanism. Thus fostering the hope that elucidating the
mechanisms that cause the familial form of the disease will be directly
applicable to the sporadic cases as well. After 14 years of intensive research
the mechanism of toxicity remains unclear. However, we do know that all of
the mutations to the SOD1 gene are inherited in an autosomal dominant
fashion, except D90A,'" '8 and that transgenic animals over-expressing ALS
mutant forms of SOD develop ALS symptoms.*® *° These observations have
led to the consensus that mutations of SOD lead to a toxic gain in function for
the enzyme that cannot be explained by simply a loss of superoxide

scavenging activity.
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Naturally, a plethora of hypotheses have been proposed for the toxicity
of SOD in ALS.? For the purposes of this thesis, we will focus on the
aggregation and the zinc-deficient SOD hypotheses. The aggregation
hypothesis posits that the aggregation of SOD is causative of ALS. This
hypothesis is based on the observations of SOD-rich aggregates in the motor
neurons and astrocytes of familial ALS patients and transgenic animals

21; 22;

expressing ALS-mutant SOD* 23 putative mechanisms for how

aggregates of SOD would be toxic to motor neurons include causing

% depletion of chaperones;?*® and

dysfunction of the mitochondria;**
dysfunction of the ubiquitin-proteasome system.?* 2" However, it is not clear if
the large aggregates of SOD seen in tissue are directly toxic. Indeed there is
evidence that the aggregation of SOD, which occurs late in the disease, are
not themselves toxic and may be protective.?® 2% 3°

Despite the ambiguity of toxicity, a number of studies have deduced the
process of how SOD aggregates.?” Investigations into ALS-causing mutants of
SOD have shown that mutant SODs are destabilized and have an increased
propensity to aggregate.®" 3> Furthermore, the destabilization of SOD mutants
correlates with disease progression where the fastest progressing mutants are
also the most destabilized.** In vitro studies have shown that the formation of
aggregation prone apo-monomers of SOD involves the reduction of the single
disulfide and the loss of metals. ** 3% % Because zinc is bound about 7000
times less tightly than copper it is likely that the process of aggregation from
the holo enzyme involves a zinc-deficient intermediate, which may have
important implications for ALS.*

The zinc-deficient hypothesis is based on aberrant copper chemistry
causing the production of superoxide and the depletion of small molecular
weight antioxidants such as ascorbate and glutathione.®® *” *® Zinc-deficient
SOD has been shown to be toxic to cultured motor neurons.® In addition,
several ALS mutants of SOD have altered zinc-binding properties.®¥ 4% %! The

toxicity of zinc-deficient SOD is hypothesized to result from catalyzing the
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reduction of molecular oxygen to form superoxide (scheme 2) *, which reacts
with nitric oxide to create peroxynitrite.

Scheme 2:

SOD-Cu™+0, —» SOD-Cu*® + O,"
The source of electrons that fuel the production of superoxide may be small
molecular weight reductants such as ascorbate, which reduces copper in zinc-
deficient SOD 1,000 fold faster than in the zinc replete enzyme.® This thesis
aimed to understand how the loss of zinc affects the structure and aggregation
properties of SOD.

In general, oxygen derived radicals are thought to be detrimental to the
health of a cell or organism and the constant battle of antioxidants versus
reactive oxygen species is thought to play a central role for disease and
aging.** ®® In disease processes such as heart disease, diabetes and ALS,
reactive oxygen species are thought to evade the antioxidant defenses
causing cellular dysfunction and ultimately clinical symptoms, such as the loss
of motor function or heart attack. However, depending on the perspective of
the organism, reactive oxygen species are not always detrimental. In the case
of a bacterial infection, such as Salmonella typhimurium, neutrophils engulf
and bathe the invading bacterium with hydrogen peroxide, hypochlorus acid,
superoxide and peroxynitrite.** *° In this case, reactive oxygen species are the
hero for the host and the villain for the bacterium. To defend against the
onslaught of reactive oxygen species, bacteria such as Salmonella
typhimurium have several key defense enzymes, such as Cu,Zn SOD and an
inducible system known as the alkyl hydroperoxide reductase system, which
are able to efficiently reduce hydrogen peroxide, organic hydroperoxides and
peroxynitrite using NADH as a source of reducing equivalents,*® 47 48: 49

The alkyl hydroperoxide reductase system is found in many bacteria
and is an essential response to exposure to reactive oxygen species.”®*! In S.
typhimurium, the AhpR system is composed of two proteins, AhpF and AhpC.
AhpC is a member of the peroxiredoxin family and has two redox-active



5

cysteinyl residues that are directly involved in the reduction of
hydroperoxides.®® During catalysis, the peroxidic cysteine of AhpC is oxidized
to sulfenic acid (S-OH) by hydroperoxides. The resolving cysteine then
condenses with the sulfenic acid to yield a disulfide.>* >* % °® The oxidized
form of AhpC is then reduced by AhpF thus completing the catalytic
cycle.(Scheme 3)

Scheme 3
s H20 _SOH
H* + NADH AhpC | 4_& AhpC\ ROH
—~g SH
AhpF
/SH
NAD AhpC ROOH
SH

In this system, AhpF acts as a FAD-dependent protein disulfide reductase
charged by the reductive power of NADH.?% *’
In S. typhimurium, the peroxidic cysteine of AhpC is resistant to the

irreversible oxidation to a sulfinic acid (SO;H). However, in mammals®: >

58; 59; 60 61; 62

plants and yeast , the peroxiredoxin homologues are more sensitive
to irreversible inactivation by peroxides by a factor of 100. The exaggerated
sensitivity of mammalian, plant and yeast peroxiredoxins to inactivation by
peroxides has been proposed to be an adaptive feature for organisms that use
peroxide signaling.®® This so-called floodgate model proposes that under
normal physiological conditions, peroxiredoxins keep peroxides levels low.
However, during times of peroxide signaling, the flood of peroxides inactivate
peroxiredoxins and thus allow peroxide to reach target proteins.®® However, in
S. typhimurium, high concentrations of peroxides indicates an attack; therefore
inactivation of AhpC by peroxides would be detrimental to the bacterium

because the AhpR system is essential for the bacterium’s resistance to
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hydrogen peroxide.>® This thesis will explore the thioredoxin-like active site of
the N-terminal domain of AhpF, which is responsible for reducing AhpC back
to the dithiol form of the enzyme.

Directly measuring ephemeral reactive oxygen species in vivo remains
one of the greatest challenges for understanding the role of oxidative stress in
biology. The majority of techniques involve the detection of the oxidation
products of amino acids, DNA and lipids. However, the recent advent of
fluorescent probes that can specifically detect reactive oxygen species offers
the promise of evaluating reactive oxygen species in vivo and in real-time.
Two such probes are Mito-soxgep™", Which can form a novel product that
appears to be specific for the detection of superoxide®® and NiSPY which
becomes fluorescent upon nitration by peroxynitrite.®

In addition to these two small molecular weight probes, green
fluorescent protein has been suggested as a probe to measure in vivo
nitration.®® The fluorescence of GFP is dependent on the cyclization and
spontaneous oxidation of the tri-peptide Ser65-Tyr66-Gly67.%" °® ® GFP was
initially suggested as a useful probe for nitration due to the requirement of
Tyr66 for fluorescence. Espey et al.?® hypothesized that the addition of a nitro
group would quench the fluorescence and thus should provide a means to
monitor nitration. In vitro, the authors showed that the GFP fluorescence was
sensitive to bolus additions of peroxynitrite®® However, the oxidative
modifications that resulted in the decrease in GFP fluorescence were not
determined and no evidence was provided to show whether the Tyr66-derived
chromophore was directly modified by peroxynitrite or other reactive nitrogen
species. In addition, the authors questioned the ability of peroxynitrite to cross
cellular membranes to nitrate proteins based on the observation that the
intracellular fluorescence of GFP was not affected by bolus addition of
peroxynitrite. This thesis will provide evidence that GFP has limited utility as
an intracellular marker for nitration, and that the loss of fluorescence that
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results after treatment with peroxynitrite is due to the oxidative modification of
residues other than Tyr66.



Chapter 2

Structural Characterization of Zinc-deficient Human Superoxide
Dismutase and its Potential Implications for ALS

Blaine R. Roberts®, John A. Tainer?, Elizabeth D. Getzoff?, Dean A. Malencik?,
Sonia R. Anderson, Valerie C. Bomben®, Kathrin R. Meyers?*, P. Andrew
Karplus', Joseph S. Beckman®*"

Formatted for publication



2.1 Abstract

Over 130 mutations to copper, zinc superoxide dismutase (SOD) are
implicated in the selective death of motor neurons found in 2% of amyotrophic
lateral sclerosis (ALS) patients. Misfolding mutations that weaken SOD
structure will also selectively decrease the enzymes affinity for zinc. Loss of
zinc from SOD is sufficient to induce apoptosis in motor neurons in vitro. We
report here the first crystal structure of zinc-deficient SOD at 2.0 A resolution.
The structure revealed a ca. 9° twist of the subunits at the SOD dimer
interface, which is the largest inter-subunit rotational shift yet observed for
human a SOD variant. The electrostatic loop and zinc-binding sub-loop were
disordered, the catalytically important Argl43 was rotated away from the
active site, and the normally rigid intramolecular Cys57-Cys146 disulfide
bridge assumed two distinct conformations. Together, these changes allow
small molecules greater access to copper, consistent with the observed
increased redox activity of zinc-deficient SOD. In addition, the dimer interface
is weakened and the Cys57-Cys146 disulfide is more labile as demonstrated
by the increased aggregation of zinc-deficient SOD in the presence of a thiol
reductant. However, aggregation was prevented by addition of equimolar
Cu,Zn SOD, which we show rapidly forms heterodimers with zinc-deficient
SOD (ti2 = 15 min). The apparent stabilization of zinc-deficient SOD as a
heterodimer with Cu,Zn SOD may be a contributing factor to the dominant
inheritance of ALS mutations.
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2.2 Introduction

A major focus of neurodegeneration research involves the
characterization of how the superoxide-scavenging enzyme Cu, Zn superoxide
dismutase (SOD) is involved in amyotrophic lateral sclerosis (ALS). ALS is an
adult onset disease involving the progressive death of lower motor neurons in
the spinal cord and upper motor neurons in the brain stem and cortex.* In
1993, the first clue implicating a molecular cause for ALS came when
mutations to the SOD gene were identified in approximately 2-3% of ALS
patients. Since then, more than 130 different missense mutations as well as
several C-terminal truncation mutations to the SOD gene have been linked to
ALS (www.alsod.org).*®

The discovery of a relationship between SOD mutations and ALS
spurred intensive structural and other biophysical analyses aimed at revealing
the molecular basis for the disease. Currently over 70 Cu,Zn SOD structures
have been solved from various sources, including over 23 variants of human
SOD. Human SOD is a tightly associated homodimer of 153 residues per
subunit with each chain folding into an eight-stranded Greek key p-barrel
(Figure. 1(a)). The active site channel on each subunit is formed on the
outside of the p-barrels by two long loops (known as loop IV and loop VII) that
bind copper and zinc ions, and also form part of the dimer interface. Of these,
loop IV can be divided into a dimer interface subloop, a disulfide sub-loop and
a zinc-binding sub-loop (Figure 1(a)). The dimer interface sub-loop forms 38%
of the contact area that builds the dimer (Figure 1(b)). Loop VII, also known as
the electrostatic loop, helps attract and orient superoxide anion into the active
site.

Despite a wealth of structural and biochemical knowledge, how SOD is
involved in ALS remains controversial. The mutations associated with ALS
occur in all of the functional domains of the protein including the active site,

dimer interface and p-barrel and many weaken the stability of SOD.?* 2% 26 70
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I The seven available X-ray structures of ALS-causing SOD mutants (A4V
[IN192,1UXM™], G37R [1AZV"®], H43R [1PTZ’Y, H46R [10ZT", 1113T
[LUXL™], D125H [1P1V"?], S134D [134N"*)) show some local distortions at the
site of the mutation, but are otherwise remarkably similar to wild type Cu,Zn
SOD, including the positions of the metals, the disulfide bridge, and the active
site residue Argl43. However, the autosomal dominant inheritance and the
development of motor neuron disease in transgenic animals over-expressing
ALS SOD mutants provides strong evidence that these mutations somehow
confer a toxic gain-of-function.'®*°

The loss of copper and zinc from SOD facilitates the reduction of the
intra-molecular disulfide between C57 of the zinc-loop and C146 of the -
barrel. Recently, studies of SOD where the disulfide has been removed either
by reduction or by mutation have shown that metal loss and disulfide reduction
are thermodynamically linked to each other with disulfide formation
contributing about 1.6 kcalmol™ to dimer stability.®® "® Structural studies of
disulfide-free SOD with the holo or apo forms® ’* indicate that the disulfide
stabilizes the dimer by ordering the interface sub-region of loop IV (Figure
1(a)). Furthermore, the side chain of Arg 143 is an important link between the
interface, the disulfide regions of loop IV and the copper active site.3* "®

Reduction of the disulfide favors dissociation of Cu,Zn SOD into
monomers, which greatly increases their propensity to form insoluble
aggregates. Aggregation has been variously postulated to confer toxicity
through disrupting mitochondrial function, interfering with chaperones,? or by
inducing dysfunction of the ubiquitin-proteasome system.?® 2% 2’ Misfolded
SODs may also preferentially associate with other proteins and even with
RNA.”® ALS mutant proteins have been shown to have increased hydrophobic

character®® 8!

and associate with the anti-apoptotic protein Bcl-2 in a
hydrophobic manner.®> However, a major shortcoming of the aggregation
hypothesis is that little evidence directly demonstrates that either SOD

aggregates or apoSOD itself are directly toxic to motor neurons.® 8 A long
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standing enigma is why the A4V mutation, which causes the most aggressive
form of ALS in patients, does not produce disease when overexpressed in
transgenic mice despite the presence of aggregated A4V protein in motor
neurons.™®

Many SOD mutations, including A4V, produce proteins that have
comparable superoxide scavenging activity to that of wild-type SOD.*
However, ALS mutations make the SOD mutants more susceptible to the loss
of their metal cofactors. Zinc is more likely to disassociate than copper,
because SOD has approximately a seven thousand fold lower affinity for zinc
than it does for copper.** Zinc-deficiency dramatically increases the reduction
of the active site copper by low molecular weight reductants such as
ascorbate.® Delivery of zinc-deficient SOD intracellularly into cultured motor
neurons by liposomes is sufficient to induce apoptosis. The basis for the
toxicity of zinc-deficient SOD in this system was shown to involve increased
redox activity of the remaining copper.® Furthermore, zinc-deficient wild-type
SOD was shown to be just as toxic to cultured motor neurons as zinc-deficient
mutant SOD.*® Thus, the loss of zinc from wild-type SOD could be involved in
the 98% of patients without SOD mutations. In the zinc-deficient hypothesis,
the mutations to SOD do not directly cause the toxic gain-in-function, but
rather increase the propensity of SOD to become zinc-deficient.

The loss of zinc from SOD is potentially important for both the
aggregation and zinc-deficient hypotheses. Currently, structures are available
for apoSOD,’* # zn,zn SOD,”* " # E,Zn SOD (i.e. copper-deficient SOD),”
and for an engineered obligatory monomeric Cu,Zn SOD.?® To characterize
the effects of losing zinc, we have inactivated the zinc-binding pocket by
generating mutations to create constitutively zinc-deficient SOD proteins.
These mutations also prevent the migration of copper into the zinc pocket
during the crystallization process. Here, we have solved the X-ray crystal
structure of a zinc-deficient SOD protein and characterized how the loss of
zinc affects dimer stability and aggregation.
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2.3 Results

Crystal structure of zinc-deficient SOD.

The constitutively zinc-deficient SOD mutant H80S/D83S/C6A/C111S
formed crystals belonging to the monoclinic space group C2 with unit cell
constants that are unique among all previously observed SOD crystals. The
asymmetric unit contained two chains of SOD constituting a dimer. The
structure was solved by molecular replacement and refined to 2.0 A resolution
with final R/Rsee factors of 0.19/0.25 (Table 1). The electron density map
confirmed the presence of all four mutated side chains. Compared to either the
wild-type or C111S/C6A Cu,Zn SOD, the basic fold of zinc-deficient SOD
remained unchanged. The main chain conformations for the 123 residues
principally forming the f-barrel core of SOD were well defined with an
expected coordinate accuracy of 0.3 A. These residues were generally similar
in chains A and B (C, rmsd=0.38 A) and structural descriptions refer to both
chains unless explicitly noted.

Consistent with the HB80S/D83S mutations causing zinc-deficiency,
electron density for zinc was absent in the zinc-binding site, but density for
copper was clearly defined in the copper-binding site. Surprisingly, the
coordination of copper remained quite similar to that found in Cu,Zn SOD.
Even His63, which forms ligands with both copper and zinc in wild-type SOD,
remained in a nearly native position in the zinc-deficient structure. In chain A,
a small fraction (~17%) of copper could be modeled at an alternate position
shifted by 1.3 A to a location commonly associated with reduced (Cu*) SOD
(Figure 2). Reduction of copper is commonly observed in SOD as the result of
radiation-induced damage during data collection®” . However, only chain A of
the SOD dimer had evidence for the alternate copper site.

The most striking change in the zinc-deficient SOD monomers was the

lack of electron density for the zinc-binding section of loop IV (residues 68-78),
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as might be expected from the loss of zinc coordination to its four ligands in
this loop. The disruption extended to residues 132-139 of the electrostatic loop
VII, which makes contacts with the zinc-binding sub-loop. The combined
disordering of the electrostatic and zinc-binding loops substantially disrupted
the active site channel, resulting in greater solvent accessibility of the copper
(Figure 3).

The dimer interface of zinc-deficient SOD was substantially twisted
compared to wild-type Cu,Zn SOD. Chain A was rotated 9° relative to chain B
(Figure 4(a)) and exhibited subtle differences that affected the disulfide and
interface sub-loop sections of loop IV (Figure 4(b)). The ca. 1.5 A shift of the
disulfide sub-loop into the dimer interface of chain A involves 5-15° shifts in
the phi/psi angles of residues 53-59 and was accompanied by a new hydrogen
bond between Thr58N and Ala550. Together the changes in residues 53-59
of chain A result in a more pure 330 helix. The shift in the disulfide sub-loop
was also associated with a 0.6 A shift of the guanidinium group of Arg143
away from the copper active site in chain A (Figure 4(d)). While Arg143
maintained hydrogen bonds to the carbonyl of Cys57 and two water
molecules, Arg143 in the new conformation no longer formed hydrogen bonds
to the carbonyl of Gly61, but instead formed a hydrogen bond to the carbonyl
of Thr58. Coinciding with these shifts was the presence of two distinguishable
conformations for the Cys57-Cysl146 disulfide bridge (Figure 4(c)). The
predominant conformation (occupancy=0.65) was the left-handed spiral
conformation found in nearly all SOD structures; the second conformation
involved a significant shift of only one atom, Cys146-Sy, to yield a right-
handed hook®. The conformations of Arg 143 and the disulfide subloop in
chain B remained similar to those seen in wild-type Cu,Zn SOD.

Residues 124-131 of the electrostatic loop deviated substantially from
other SOD structures due in part to a crystal packing interactions these
residues make with the equivalent residues of a symmetry-related chain B
subunit (Figure 5). Also, the observed asymmetry in the disulfide sub-loop of
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chain A was stabilized by a crystal contacts with chain B of a symmetry mate
(Figure 5). Two hydrogen bonds linked Argl43 of chain A with residues
Lys91Bsym and Asp92Bsym, while Thr58A made two hydrogen bonds with
Lys91Bsym and Glu40Bsym.

Comparison of the zinc-deficient SOD structure with other known structures.

To assess the novelty of various structural features seen in zinc-
deficient SOD, an overlay was carried out with all human SOD crystal
structures in the Protein Data Bank® with 2.0 A or better resolution. Fifteen
structures comprising 83 SOD chains meet these criteria. These comparisons
show that the Argl43 conformation seen here was unusual, with only the
A4VIC6A/C111S mutant having a similar positioning, and the artificially
engineered monomeric form of human SOD having a conformation that is
even more dramatically shifted from its canonical position (Figure 6(a)).

The partially occupied left-handed spiral conformation of the disulfide
observed in this study was also rather unusual. A search of all SODs in the
PDB (n=76) revealed at only three structures shared a similar conformation
and partial occupancy. The human monomeric Cu,Zn SOD and “as-isolated”
human Zn,Zn SOD (2C9U) displayed the partially occupied left-handed spiral
disulfide however, in these cases it showed evidence of partial reduction with
Sy-Sy distances of ~2.7 A. The recently determined Schistosoma mansoni
Cu,Zn SOD(1TO4) provides on additional example of partially occupied
alternate conformation of the disulfide. Similar to the structure reported here,
the Schistosoma mansoni disulfides Sy-Sy distances of ~2.1 A indicating that

the disulfide is oxidized.
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Thiol-dependent aggregation and heterodimer formation.

The propensity of zinc-deficient SOD to aggregate was studied using
analytical ultracentrifugation (Figure 7(a)). In the absence of the reductant
dithiothreitol (DTT), all SODs tested, whether Cu,Zn or zinc-deficient, were
resistant to aggregation (<10% aggregation after 72 hours at 20°C). In the
presence of DTT, ~50% of both the D124N and D83S forms of zinc-deficient
SOD aggregated, whereas < 5% of wild type and C111S Cu,Zn SODs
aggregated. Surprisingly, the DTT-induced aggregation of both zinc-deficient
SOD mutants was prevented by the addition of Cu,Zn SOD (Figure 7(a)). To
determine whether heterodimers could form between Cu,Zn SOD and D83S
SOD, two technigues were employed: fluorescence resonance energy transfer
(FRET) and native gel electrophoresis (Figure 7(b) and 7(c)). Both approaches
showed that subunit exchange between Cu,Zn SODs and D83S occurs readily
at 37°C to create heterodimers; the measured half-lives were 17 + 4 min and

12.5 + 0.6 min for native gel and FRET experiments, respectively.

2.4 Discussion

Zinc-deficient SOD can be an important intermediate in both the
aggregation and pro-oxidant models for ALS progression. The present
structure reveals that the loss of zinc alters the structure of SOD far more than
any ALS mutation that has been characterized to date. Overall, the zinc-
deficient structure reveals features that help explain both its greater redox
activity and susceptibility to aggregation. The most dramatic structural change
is the disorder of the loop IV that forms the zinc-binding pocket containing all
four zinc ligands. The electrostatic loop also becomes disordered because it
makes significant contacts with the zinc loop. The disorder of these two loops

is comparable to the disorder caused by the lack of both copper and zinc.®*
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The loss of zinc leaves the p-barrel itself essentially unaffected. In
addition, the active site copper is in a nearly identical geometry in zinc-
deficient SOD as found in oxidized Cu,Zn SOD. His63, which normally
coordinates with both copper and zinc, also assumes a conformation similar to
that found in Cu,Zn SOD even though much of the rest of loop IV is
disordered. The remarkably similar geometries of the active site are consistent
with the ability of oxidized (Cu*?) zinc-deficient SOD to scavange superoxide
at a rate that is nearly identical to the rate of Cu,Zn SOD.® However, the
second step in catalysis, the oxidation of Cu** by superoxide, is slower and
becomes pH dependent upon the loss of zinc from the enzyme.® *°

An important consequence of the disruption of loops IV and VIl is the
opening of the narrow 4 A wide channel that normally restricts small molecules
from accessing the catalytic copper. The increased accessibility to the copper
in zinc-deficient SOD provides a rationale for why copper in zinc-deficient SOD
is more than a thousand-times more reactive with intracellular reductants such
as ascorbate and glutathione than Cu,Zn SOD (Eqn. 1).*® Although the
reduced copper will continually be reoxidized by molecular oxygen to produce
superoxide (Egn. 2), in vivo the copper will tend to be maintained in a reduced
state by oxidizing low molecular weight antioxidants to their respective free
radical intermediates (Eqn. 1). With respect to motor neurons and ALS the
depletion of ascorbate has been shown to be lethal in guinea pigs on a
tocopherol-depleted diet.®* This provides an additional mechanism that may
account for the motor neuron toxicity of zinc-deficient SOD observed by

Estevez et al.®

Ascorbate + Cu(ll),E-SOD — Ascorbyl Radical + Cu(l),E-SOD (Equation 1)
Cu(),E-SOD + O, — Cu(l),E-SOD + 0Oy (Equation 2)

Curiously, Mycobacterium tuberculosis expresses a membrane-bound,

copper containing form of SOD (MtSOD) that does not have a zinc-binding
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site.®? This MtSOD is up-regulated and expressed on the extracellular surface
of the mycobacterium upon entry into human macrophages, where superoxide
levels are expected to be high.*® Despite the absence of zinc, MtSOD has an
enzymatic rate comparable to that of most Cu, Zn SODs.%? Consistent with
zinc-deficient human SOD, the rate of superoxide dismutation of M.
tuberculosis is pH dependent.”> When exposed to high superoxide fluxes, as
will occur in a macrophage phagosome, the rate of reoxidation (Egn. 2) of
Cu** by oxygen would be inconsequential. Because the host limits zinc
availability within a macrophage, M. tuberculosis would have a selective
advantage to express an efficient SOD lacking zinc®. To accommodate the
absence of zinc, the dimer interface of MtSOD involves the electrostatic loop
and the addition of a unique dimerization loop.?? The dimer interface in MtSOD
occludes more surface area and involves over 30 hydrogen bonds, compared
to only a few hydrogen bonds in human SOD.? The increased stability of the
dimer interface may be a mechanism to compensate for the loss in structural

stability conferred by zinc in traditional copper and zinc containing SODs.

Crystal packing effects on structure.

An important aspect of the zinc-deficient SOD structure is that chain A
assumed a somewhat different conformation from chain B and this is related to
the structural changes in the dimer interface. In the crystal, the asymmetry
observed in chain A was stabilized by interactions with symmetry-related
molecules of chain B. This could represent an inherent asymmetry of zinc-
deficient SOD or could have been induced by crystal packing interactions.
Because so many SOD structures have been solved that do not show this
asymmetry, we favor the hypothesis that the asymmetry reflects alterations to
the dimer in solution. Even if this is not the case, the fact that the structure of
chain A is perturbed in the crystal indicates that there has been a fundamental
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destabilization of the structure to an extent not seen for other ALS SOD
mutants characterized to date.

Zinc-loss leads to an altered dimer.

Rearrangements in loop IV along the dimer interface resulted in a nine-
degree rotation in the monomer-monomer orientation, which is the largest shift
reported for any SOD structure. The disorder in the normally rigidly held
disulfide bond and the large rotation in the dimer interaction suggests that the
monomer structure is itself more loosely packed and flexible, and that the
dimer interface is also weaker. These observations are consistent with the loss
of zinc being an initial step in the process of forming apo enzyme and
consequent disulfide reduction, dimer dissociation, unfolding and aggregation.
Except for the disorder of loops IV and VII, chain B closely resembles the
structure of Cu,Zn SOD, while chain A shares features that are intermediate
between a genetically engineered monomeric form of SOD and Cu,Zn SOD.
The rotation of the guanidinium moiety of Argl43 away from the active site
copper and movement of the disulfide region of loop IV are consistent with
observations seen in the recently solved structures of the metal depleted,
C57S, C146S disulfide mutants of SOD.** These changes in Argl143
emphasize the interconnections between the active site, the disulfide and the

dimer interface.

Aggregation properties and insights into the mechanisms of disease.

Monomeric

SOD subunits are now recognized to be a major intermediate in the
formation of insoluble aggregates (Figure 8).%> ’® % |n the present study, we
found that the thiol reducing agent DTT strongly promoted aggregation of zinc-

deficient SOD. As noted above, the alternate conformation seen for the
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Cys57-Cys146 disulfide in chain A of the zinc-deficient SOD structure is
particularly noteworthy in this regard, as it implies a greater level of mobility
that would be expected to correlate with greater ease of reduction.
Remarkably, the thiol-dependent aggregation of zinc-deficient SOD was
almost entirely prevented by the addition of Cu,Zn SOD (Figure 7(a)). As we
have shown that heterodimers form readily (Figure 7(b) and (c)), we propose
that Cu,Zn SOD prevents the thiol-dependent aggregation of zinc-deficient
SOD through the formation of heterodimers with zinc-deficient SOD.
Structurally this makes sense because the Cu,Zn subunit would stabilize the
more native-like conformation of the disulfide section of loop IV in the zinc-
deficient SOD subunit, and a more native conformation would make the
disulfide less susceptible to reduction and thereby decrease the rate of
formation of aggregation-prone monomers in the presence of DTT.

Possibly, the most intriguing aspect of this work is the implication of
how heterodimer formation could influence disease progression. Cu,Zn and
zinc-deficient SOD heterodimer formation significantly inhibits aggregation of
the zinc-deficient enzyme (Figure 7(a)). The two different hypotheses of zinc-
deficient toxicity and aggregation toxicity would predict different disease
outcomes with respect to heterodimer formation. Under the aggregation
hypothesis, heterodimer formation would be expected to decrease
aggregation and therefore, lead to slower disease onset. According to the
zinc-deficient SOD hypothesis (Figure 8), heterodimer formation would lead to
more rapid disease onset because decreased aggregation would increase the
lifetime of zinc-deficient mutant SOD, resulting in an increased consumption of
ascorbate and production of superoxide. Indeed, crossing mice
overexpressing wild-type SOD with FALS SOD mice accelerates development
of motor neuron disease.”® ¥ Fukada et al.*® attributed the accelerated
disease progression to the stabilization of mutant SOD via the formation of
heterodimers. In humans, FALS is an autosomal dominant disease, which
allows for the formation of heterodimers of wild type and mutant SOD. The
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zinc-deficient SOD structure provides new insights into how the formation of
heterodimers with Cu,Zn wild-type SOD would stabilize zinc-deficient mutant
SOD, a species known to be toxic to motor neurons, and thus contributes to

the dominant inheritance of SOD mutations.

2.5 Materials and Methods

Description of SOD mutants. In the course of this work, we used five
different forms of human Cu,Zn SOD with metal content assessed using the 4-
pyridylazaresorcinol (PAR) assay*": wild-type (wild-type), C111S (C111S, 1.07
copper per monomer, 1.18 zinc per monomer), H80S/D83S/C6A/C111S
(H80S/D83S), D124N/C111S (D124N,0.93 copper per monomer, 0.03 zinc per
monomer), and D83S/C111S (D83S, 0.93 copper per monomer, 0.08 zinc per
monomer). The previously characterized C111S and C6A mutations facilitate
expression of soluble, stable protein from E. coli and do not significantly alter
the structure or metal binding of SOD.”™ ® % Mutation of the zinc ligands
His80 and Asp83 makes SOD constitutively zinc-deficient. The D124N
mutation was shown to yield a zinc-deficient SOD by disrupting hydrogen-
bonds networks that stabilize the Zn ligands His46 and His71'2. For the
purposes of this study, we have grouped these variants into two categories:
the normally “Cu, Zn” containing enzymes, wt SOD and C111S SOD, and the
constitutively zinc-deficient (Cu, E) enzymes D124N SOD, D83S SOD and
H80S/D83S SOD.

Expression and purification of SOD.

Zinc-deficient SOD was created by mutating the zinc-binding residues
Asp83 and His80 to Ser or by mutating Asp124 to Asn using mutagenic PCR
as previously described.'* "> All SOD proteins used in this study were
expressed and purified from E. coli as previously described.”* °*® Copper and
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zinc content was determined using the 4-pyridylazaresorcinol (PAR) assay.*
Protein concentrations were based on &= 5,810 Mcm™ for the denatured

protein that was calculated from the amino acid composition.*®

Crystallization.

Crystals were grown at room temperature in less than one week using a
reservoir of 2.45 M ammonium sulfate, 200 mM NaCl in 50 mM Tris, pH 7.5,
and a drop made from 2 uL of 15.7 mg/mL protein in 50 mM Na/K phosphate

pH 7.7 mixed with 2 uL of reservoir solution.

Data collection and refinement.

Diffraction data were collected at the Advanced Light Source
(Lawrence-Berkeley National Laboratory, USA) at -170° C (1°oscillations; A=
1.01 A), and were processed using programs DENZO and SCALEPACK
(Table 1)!®*. The crystals formed in space group C2 with unit cell axes a=107.2
A, b=35.9 A, ¢=68.30 and p=104.8". All crystallographic refinement was done
using the Crystallography and NMR System software (v1.1)'%%. A random 5%
of the data were selected for cross-validation. The structure of the CG6A,
C111S SOD mutant (PDB code 1N18) succeeded as a search model to carry
out molecular replacement against data from 20 to 5 A resolution. Rigid body
refinement yielded R/Rfee values of 0.31/0.35, consistent with a correct
solution. The 2Fo — F¢ electron density map displayed well-defined density for
residues 1-68, 79-131 and 140-153, however there was no clear density for
atoms of the zinc binding sub-loop residues 68-78 or the electrostatic loop
residues132-139 in either chain A or B. Hence, these residues were removed
from the model for successive refinements. Residues 1-2, 23-28, 66-67 and
131 had weak backbone density but sufficient to allow them to be modeled.

Local positional and B-factor refinement extending to 2.0 A resolution, rapidly
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dropped the R-factors to R= 0.226 and Rjee= 0.273. Manual rebuilding of the

model using the program O *® was guided by 2Fo — F¢ and Fo — Fc electron
density maps. Water molecules were added both manually and using the CNS
utility Water-Pick with the following criteria: (1) a minimum 3o peak in Fo — Fc
maps and (2) a reasonable hydrogen-bonding geometry. At the later stages of
refinement, the largest positive difference peak corresponded to an alternate
position for the Sy atom of residue Cys 146. Occupancy of the Cys146-Sy
alternate position was selected as the value that yielded equivalent B-factors
for the two positions '**: final B-factors of ~30 A2 resulted from occupancies of
0.65 for the native-like Cys146-Sy and 0.35 for the alternate conformation of
Cys146-Sy. Waters were numbered such that water 1 had the strongest
electron density and water 193 had the weakest density. Waters with 2Fo-Fc
density of <1c were removed from the model. Potential atomic clashes and
erroneous side chain rotamers were identified with Molprobity %°. Refinement
was considered complete when the largest difference map peaks were not
interpretable and R and Rgee had converged. Final statistics are reported in
Table I. In addition, 100% of the ¢,y-angles are in the allowed regions of the
Ramachadran plot.

Root-mean-square deviation calculations and structural overlays were
performed using the program HOMOLOGCORE (P.A. Karplus). The program
HBPLUS v2.24 was used to define hydrogen bonds within the zinc-deficient
model . Structural figures were made using PyMOL*".

Native gel electrophoresis.

Wild-type Cu, Zn SOD (40 uM) and D83S (40 uM) were combined in
100 mM sodium phosphate, pH=7.4, and 100 mM sodium chloride and
incubated at 37° C for the time indicated. After incubation samples were flash
frozen with liquid N,. Samples were prepared with native sample buffer (Bio-
Rad) and resolved using 7.5 % acrylamide/bis-acrylamide (37.5:1) resolving
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gel and a 3% stacking gel. Electrophoresis was carried out at 4° C for 120
min. at 130 V. The gel was then stained with Coomassie Blue and quantified
with NIH Image (http://rsb.info.nih.gov/nih-image/). Heterodimer formation was
guantified as density of heterodimer band divided by the total density of all

three bands.

Fluorescent resonance energy transfer (FRET).

SOD protein samples were conjugated to primary amines via
succinamide esters of either donor fluorphore Alexa594 or acceptor
fluorophore Alexa647 as described by the manufacturer (Invitrogen, Eugene,
OR). Briefly a 10-fold molar excess of reactive dye was allowed to react with
SOD for 2 h at pH=8.0 and 4° C. Conjugated SOD was purified from free dye
using a Sephadex G25 column (30 cm x 0.75 cm) pre-equilibrated with 100
mM phosphate buffer, pH = 7.4. The degree of labeling ranged between 0.8
and 1.3 conjugates per SOD monomer. Fluorescent measurements were
carried out at 37° C. Protein concentrations were 100 nM of each the acceptor
and donor labeled protein. Fluorescence was measured by irradiating the
sample with 586 nm excitation and monitoring the emission at 670 nm. To
correct for background fluorescence, separate measurements were taken of

the acceptor-labeled or donor-labeled SOD.

Analytical ultracentrifugation.

Equilibrium experiments were performed in a Beckman Optima XL-A
analytical ultracentrifuge. Buffer densities and viscosity corrections were made
according to Laue et al.’®®. The partial specific volume of SOD (0.725 cm?/g)
was estimated from the protein sequence'®™. The buffers were 100 mM
potassium phosphate, pH 7.4, 100 mM NaCl with or without 1 mM DTT.
Sedimentation velocity runs were performed at 20°C using a four hole AN-60Ti
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rotor and double-sector charcoal/Epon filled centerpieces. 10 uM SOD
samples (A230=0.8) were centrifuged at 42,000 rpm. Aggregation of the protein
was measured as a loss in absorbance. Scans were collected using
absorbance optics and analyzed by the method of van Holde and Weischet*°,
or an enhanced method as implemented in the UltraScan software™* **2. This
analysis vyields the integral distribution G(s) of diffusion-corrected
sedimentation coefficients across the sedimentation boundary. In addition, the
data were analyzed by the computer program Sedfit. This software analyses
analytical ultracentrifuge velocity data files by direct fitting with numerical
solutions of the Lamm Equation™*,

Sedimentation equilibrium experiments were performed at 20°C
according to procedures described™*. Typically, three 120-pl samples of 10
MM SOD were centrifuged to equilibrium at 3 different speeds from 15,000-
22,000 rpm. Scans were collected with absorbance optics at wavelengths
between 230 and 280 nm. The radial step size was 0.001 cm, and each ¢
versus r data point was the average of 15 independent measurements.
Wavelengths were chosen so that no points exceeded an absorbance of 1.0.
Using UltraScan software, equilibrium data were fit to multiple models using
global fitting. The most appropriate model was chosen based on the statistics
and on visual inspection of the residual patterns.

Coordinates.

The coordinates and structure factors have been deposited in the
Protein Data Bank (http://www.pdb.org/).
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Figure 2.1

(b)

Figure 2.1 Key structural features of wild-type Cu,Zn SOD (PDB code 1HL5).
(a) In the right hand monomer (chain A) copper (orange) and zinc (grey) are
shown as spheres. Loop IV is divided into three sections; the dimerization sub-
loop (yellow) creates part of the dimer interface, the disulfide sub-loop
(raspberry) covalently attaches to the p-barrel via the Cys57-Cys146 disulfide
and the zinc-binding region (blue) contains His63, His71, His80 and Asp83
(shown as sticks). Copper is coordinated by residues His63, His46, His48, and
His120 (orange sticks). (b) Surface buried upon dimerization is shown for
chain A. The ca. 1400 A? area is divided into three regions contributed by the
dimerization sub-loop (yellow), area buried by the interaction with the
dimerization sub-loop of chain B (cyan with yellow ribbon showing chain B
segment) and additional surface (light grey). As shown, the dimerization sub-
loop is involved in ~ 75% of the total surface area buried.
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Figure 2.2

WAT127

Alternate Cu-site
Occupancy = 0.17

Figure 2.2 The copper active site of zinc-deficient SOD chain A. The 2Fo-Fc
electron density is contoured at 7o (blue mesh) and the Fo-Fc difference map
after omitting the alternate copper is contoured at 3o (magenta mesh). The
axial water (red sphere) and histidine residues 46, 48, 63, 120 coordinate Cu
(orange sphere) with a distorted square planar geometry. The magenta
positive density peak (peak height 5.70) indicates some of the copper (light
yellow sphere) is in the alternate copper site, implying that it is in the Cu**
state.

2+
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Figure 2.3

(b)

Figure 2.3 Disorder of the active site channel increases copper accessibility.
(a) Access to the active site copper (orange) of wild type Cu,Zn SOD (green)
is limited by the electrostatic and zinc-binding loops. The red dashes illustrate
the dimensions of the active site channel, which narrows from ca. 12 A to ca. 4
A. (b) The active site of zinc-deficient SOD (blue) is open and more accessible
due to the disorder of the electrostatic and zinc-binding loops.
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Figure 2.4

Figure 2.4. Crystal contacts influencing structure. Chain B of a symmetry
related molecule (grey; Syml) contacts both chains A and B (blue) of the
asymmetric unit. The inset shows the symmetry mate makes four hydrogen
bonds (red dashes) with chain A. The Sym1l symmetry mate also makes a
single salt bridge with chain B. The electrostatic loop residues 124-131 are
ordered due to an interaction across a two-fold with the same residues of
another (Sym2) symmetry related molecule.
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Figure 2.5

Figure 2.5 Origins of the shift in dimer orientation. (a) The zinc-deficient SOD
dimer (blue ribbon) was overlaid with C6A, C111S Cu,Zn SOD (gray ribbon)
based on the left hand monomer (chain A). The shift in the right hand
monomer orientation of 9.3° can be seen in the misalignment of the 3-barrel.
The average shift between zinc-deficient SOD and five different human SOD
structures is 9.3°+ 1.4°(std) (n=21 dimers)[pdb codes 1PUO, 1N18, 1HLS5,
1HL4,10ZT]. (b) Close up view of the shift in the disulfide sub-loop of chain A
towards the dimer interface. Thr58 prevents the shift in Arg143 due to clashes
that would be created between the Nn and Ca of Thr58. The shift in the
disulfide sub-loop is ca. 1 A as measured at the Ca atom of Thr58. (c) The
left-handed spiral conformation found in Cu,Zn SOD and in chain A and B of
the zinc-deficient structure (orange spheres). The right-handed hook
conformation observed as an alternate conformation in chain A of zinc-
deficient SOD (yellow sphere) is shown with omit Fo-Fc density contoured to
30 (magenta mesh). (d) Stereo image of the altered position of Argl43 in
Chain A. In wild type Cu,Zn SOD (PDB code 1HL5) Arg143 H-bonds (gray
dashes) to three waters (gray spheres), to the carbonyl oxygen of Gly61 and
to the carbonyl oxygen of Cys57. Conversely, Arg1l43 in chain A of zinc-
deficient SOD makes no H-bonds to Gly61-O, but makes a new H-bond to
Thr58-0 (red dashes).
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Figure 2.6

Monomeric IMFM (b)

==

Figure 2.6. (a) Comparison of 83 independent Argl43 sidechains from 15
human SOD structures with resolution of 2.0 A or better (PDB codes 1AZV,
1HL4, 1HL5, 1IMFM, 1N18, 1N19, 10ZU, 1P1V, 1PTZ, 1PUO, 1UXL, 1UXM,
2C9S, 2CU, 2C9V). The overlay was based on the main chain and Cp atoms
of Argl43. Argl43 of the monomeric (green, 1MFM), chain A of
A4VIC6A/C111S (red, 1N19) and chain A of zinc-deficient (blue) SOD are
shown as thicker models. (b) Overlay excluding the Argl43 of
A4VIC6A/C111S, monomeric and zinc-deficient SOD showing that no other
conformations were hidden by the sticks in panel A.

A4V

Zinc-deficient
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Figure 2.7

Figure 2.7. Aggregation and heterodimer formation. (a) The stability of the
protein against aggregation is measured as the amount of protein remaining in
solution at the end of a 72 h analytical ultracentrifuge equilibrium run. Copper
and zinc containing SOD (open bars), zinc-deficient SOD (hashed bars) and
zinc-deficient SOD mixed with Cu,Zn SOD (filled bars) were all measured with
and without DTT as indicated (n=2). (b) SOD Native gel electrophoresis shows
the time course of the formation of heterodimer as monitored by the
appearance of a middle band. The half-life of heterodimer formation
determined using densitometry was 17 + 4 min (s.d.,n=3). (c) Shown is
increase fluorescence at 670 nm as a function of time after mixing Alexa 647
conjugated zinc-deficient SOD(D83S) and Alexa-594 conjugated Cu,Zn SOD.
Heterodimer formation was measured as an increase in fluorescence
resonance energy transfer as indicated by the increase in the acceptor (Alexa
647) fluorophore fluorescence at 670 nm. The half-life of heterodimer
formation was measured to be 12.5 £ 0.6 min (s.d.,n=3).
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Figure 2.7
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Figure 2.8

Holo Heterodimer Zn-Def Monomeric Aggregated
Cu,Zn SOD Cu-SOD SOD SOD
Zn* Zn* 2Cu”*
| 4 |
-Superoxide -Superoxide
production production
-Stabilized dimer -Unstable dimer
interface -Copper accessible
-Possibly increase and redox active
toxicity -Disulfide flexible and
-Protected disulfide reducible

Figure 2.8. Zinc-deficient SOD, an intermediate that can be formed by both wild-type and mutant Cu,Zn SOD may
contribute to the cellular toxicity in ALS. The loss of zinc or lack of zinc incorporation creates zinc-deficient
heterodimers that are capable of producing superoxide and catalyzing the oxidation of ascorbate. This study
describes how the loss of zinc both leads to disorder of loops IV and VIl allowing access to the active site cooper and
perturbs the quaternary structure of SOD to enhance its susceptibility to disulfide reduction and aggregation. The
formation of heterodimers decreases the propensity of zinc-deficient SOD to aggregate and hence increases the
lifetime over which zinc-deficient subunits can produce superoxide and deplete ascorbate. In this light, the enhanced
toxicity seen when wild type SOD is coexpressed with mutant SOD*® would seem to support the pro-oxidant

hypothesis for ALS.
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Table 1.1. Data collection and refinement statistics for zinc-deficient SOD

Data collection
Resolution limits (A)
Unique observations
Rsym
Completeness (%)
Refinement
No. of protein molecules
No. of amino acid residues
No. of water sites
Average B-factor (A%
RWork
Rrree (5% of data)
r.m.s.d. bond lengths (A)
r.m.s.d. bond angles (°)

20-2.0 (2.07-2.0)
15899

0.061 (0.267)
95.8 (94.5)

2

268
190
36
0.187
0.246
0.016
1.84

37

& Numbers in parentheses correspond to values in the highest resolution shell
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Chapter 3

Oxidized and synchrotron cleaved structures of the disulfide redox center in

the N-terminal domain of Salmonella typhimurium AhpF

Blaine R. Roberts, Zachary A. Wood, Thomas J. Jonsson, Leslie B. Poole, and
P. Andrew Karplus

Published in Protein Science,
The Protein Society, Bethesda, Maryland, USA
2005, 14 (9), 2414-2420.



39
3.1 Abstract

The flavoprotein component (AhpF) of Salmonella typhimurium alkyl
hydroperoxide reductase contains an N-terminal domain (NTD) with two
contiguous thioredoxin folds but only one redox-active disulfide (within the
sequence —Cysiz9-His-Asn-Cysq32-). This active site is responsible for
mediating the transfer of electrons from the thioredoxin reductase-like
segment of AhpF to AhpC, the peroxiredoxin component of the two-protein
peroxidase system. The previously-reported crystal structure of AhpF
possessed a reduced NTD active site although fully oxidized protein was used
for crystallization [Wood, Z.A., Poole, L.B., and Karplus, P.A. 2001.
Biochemistry 40: 3900-3911]. To further investigate this active site, we
crystallized an isolated recombinant NTD (rNTD); using diffraction data sets
collected first at our in-house X-ray source and subsequently at a synchrotron,
we show that the active site disulfide bond (Cys129-Cys132) is oxidized in the
native crystals, but becomes reduced during synchrotron data collection. The
NTD disulfide bond is apparently particularly sensitive to radiation cleavage
compared to other protein disulfides. The two data sets provide the first view
of an oxidized (disulfide) form of rNTD, and show that the changes in
conformation upon reduction of the disulfide are localized and small.
Furthermore, we report the apparent pK, of the active site thiol to be ~5.1, a
relatively low pKs given its redox potential (-265 mV) compared to most

members of the thioredoxin family.

3.2 Introduction

The alkyl hydroperoxide reductase system found in many eubacteria is
responsible for catalyzing the reduction of hydrogen peroxide and organic
hydroperoxides to their corresponding alcohols and water * 48 4% Thjs

peroxide-inducible system helps to protect cells against oxidative and
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nitrosative damage to DNA and other cellular macromolecules “°. The two
protein components, AhpF and AhpC, work together to use NADH to reduce
the hydroperoxide substrates as seen in Scheme 1:

Scheme 1
NADH AhpF“* AhpC**” ROOH
NAD* AhpF*“*" AhpC** ROH + H,O

The AhpC component of the Salmonella typhimurium system is a
member of the peroxiredoxin family and has two redox-active cysteinyl
residues involved in the reduction of hydroperoxides '°. The structure of AhpC
has been solved in both the oxidized * and reduced ® forms, and it is
proposed to go through a dimer-decamer transition during its catalytic cycle *°.
The AhpF component is a homodimeric flavoenzyme (2x 57 kDa) composed of
three domains, a 196-residue N-terminal redox domain (NTD), and a portion
similar to E. coli thioredoxin reductase (TrxR), which includes an FAD binding
domain and an NADH/redox-active disulfide domain (NADH/SS) "°.

The NTD domain of AhpF, the focus of this work, is the direct electron
donor to AhpC, and it effectively acts as an appended substrate for the TrxR-
like portion of AhpF “* '"®  Indeed, both soluble recombinant NTD (rNTD)
mixed with TrxR and NTD fused to TrxR endowed TrxR with AhpC reducing
activity """ "8 In the crystal structure of AhpF '*°, the NTD was seen to be
attached to the FAD domain of AhpF by a flexible 14-residue linker consistent
with its role as an appended substrate. In addition, the NTD was seen to be
representative of a new class of thioredoxin-related proteins that contain a
single redox-active disulfide in the context of two fused thioredoxin folds, the
active site itself having a mirror image relationship to that of thioredoxin. A
surprising result from the crystal structure of AhpF was that, although the
oxidized protein was used for crystallization, the active site cysteines of the
NTD (Cys129 and Cys132) were found to be in the reduced form. They
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demonstrated a very close sulfur-sulfur distance of ~ 3 A, and this interaction
was proposed to be a thiol-thiolate hydrogen bond (Wood et al. 2001).

To further characterize this interesting variation on the thioredoxin motif,
we are pursuing biochemical, and structural (NMR and X-ray) investigations of
the isolated rNTD, which is smaller and more amenable to analysis than is
intact AhpF. Here, we characterize the rNTD crystal structure and the pKj, of
the active site Cys. We show that the rNTD active site disulfide is exquisitely
sensitive to radiation-induced cleavage and, using laboratory-based diffraction
data, we describe the structure of the disulfide form of the rNTD active site.

3.3 Results
Background.

In preliminary work, two data sets from crystals of INTD were collected
at synchrotron sources. These data sets, at 2.1 and 2.8 A resolution, were
easily solved by molecular replacement. One crystal was in space group
P2,2424 and the other was space group P442:2, but both showed a similar
active site structure as was seen in the intact AhpF structure ''°: that is, the
active site Cys residues did not form a disulfide, but appeared to be in a close,
non-bonded interaction (near 3 A separation). Being surprised again that the
disulfide was reduced despite the lack of reducing agent in the purification and
crystallization buffers, we biochemically assessed the oxidation state of
purified NTD using a thiol-sensitive assay. Quantification of free thiol levels
with DTNB demonstrated that the protein used for crystallization began in the
oxidized state (0.05 moles of reactive thiol per mole of rNTD as purified vs.
2.21 thiols per mole of DTT reduced rNTD). This led us to conjecture that the
disulfide was being reduced during synchrotron data collection, as has been
seen for some other proteins 2 '2°. To test this hypothesis, and if possible,
determine a structure of the unperturbed oxidized NTD, we selected a single
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large crystal with the P44242 space group (2 molecules/asymmetric unit) and
collected two data sets: first one from our laboratory x-ray source and then

one at a synchrotron.
Structure determinations and overall structure.

The refinements against both the LAB (2.3 A resolution) and SYNC
(2.4 A resolution) data behaved well and led to structures with an expected
accuracy for well ordered parts of the protein of ~0.3 A."?" Consistent with this
expected coordinate accuracy, the LAB and SYNC structures are very similar
to one another, with C, rms deviations of 0.2 A for chains A_ag Vs. Async and
BLas Vvs. Bsync. In contrast, comparisons of NTD chains in different crystal
environments, chain A versus chain B and chains A and B versus the NTD as
seen in intact AhpF, differed by 0.5 A. Overall, no significant differences are
observed between the isolated rNTD and intact AhpF crystal structures (Figure

3.1) so the structural descriptions of Wood et al.""®

are relevant. For simplicity,
the discussion and the figures refer to molecule A from the LAB and SYNC
data sets, but the results hold for molecule B also.

Oxidation state of active site cysteines in the crystal structures. The
structure determined from the LAB data set unambiguously revealed cysteines
129 and 132 to be in a disulfide bond (Figure 3.2). Confirmation of the
oxidized state came from two trial refinements; in the first case, cysteines 129
and 132 were mutated to alanine and in the second case, the Sy sulfurs of
cysteines 129 and 132 were refined without van der Waals interactions. The
results of both experiments were in agreement with the sulfurs being at a
normal covalent disulfide bonding distance (ca. 2.1 A).

The structure deduced from the SYNC data set, again refined without
van der Waals constraints on the active site sulfur atoms, resulted in an

electron density distribution and a model that were not consistent with a
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disulfide bond. The refined Sy- Sy distance near 2.9 A (Figure 3.2) was very

similar to that reported for intact AhpF '*°.
Determination of the pK, for the active site Cys.

To confirm whether the short Sy- Sy distances observed in the
synchrotron exposed crystals of AhpF'"® and the rNTD were due to a thiol-
thiolate interation, we determined the pK, of the reduced “dithiol” form of the
active site. Following the formation of the thiolate ion by absorbance at 240 nm
122,123, 124125 " \ve obtained an apparent pK, of 5.1 + 0.4 (Figure 3.3). Two
observations suggested that indeed the absorbance change is due to thiolate
formation rather than another change in structure first the observation that the
absorbance of oxidized (disulfide) rNTD remained constant over the pH range

126
d

studie , and second that the change in extinction coefficient of ca. 6000 M

'em™ (Figure 3.3) matches that expected for a single thiolate '?%.
3.4 Discussion

Disulfide cleavage from synchrotron radiation. The two crystal
structures of rNTD reveal an interesting story of radiation-generated cleavage
of a disulfide bond. Cleavage of disulfide bonds has been reported to
selectively occur when disulfide-containing proteins are exposed to intense
radiation ®. In fact, this phenomenon of disulfide cleavage has been used to
purposely generate structures of reduced tryparedoxin, when other attempts
had proven unsuccessful '®. The Sy-Sy bond distance increased from 2.05 A
in the oxidized state to 2.8 A and 3.0 A in the radiation-generated reduced
state. In that case, reduction required prolonged x-ray exposures;
accompanying the reduction of the disulfide bond, there were also decreases
in diffraction strength indicating that general radiation damage to the crystal
had also occurred.®® ' In contrast, the reduction of the rNTD disulfide was
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much more rapid, and without evidence of general radiation damage. It
occurred so rapidly, that a single 15 min data set behaves as if the protein was
fully reduced. These observations indicate that the disulfide bond of rNTD is
exquisitely sensitive to radiation cleavage and will be a useful model system
for studying this process. Although we cannot recreate the radiation doses
used for the structure solution of AhpF, this disulfide cleavage also occurred
during the collection of a single data set consistent with it being similarly

sensitive '°.
The oxidized structure of the NTD.

The structure solved from the rNTD LAB data set represents the first
crystal structure of the oxidized form of this unusual domain. The AhpF

crystals analyzed by Wood et al.'"®

were not large enough to be analyzed
using a laboratory source, but it was our good fortune that the size and order
of the rNTD crystals did support such an analysis. Compared to the reduced
form ''°, the oxidized rNTD redox center shows only minor structural changes
confined to the immediate vicinity of the disulfide bond. The only consistent
and significant movement is the small rotation of the Cys129-y torsion angle
needed to form the disulfide. In one of the two monomers (chain A), there is
also a shift of a His130-x to a different rotomer, but this side chain is very
disordered already. The small differences between the reduced and oxidized
rNTD structures are consistent with what has been seen for thioredoxin."*’
The oxidized rNTD is the redox form that is attacked by one of the Cys
residues in the thioredoxin reductase-like portion of AhpF which initiates the
thiol-disulfide interchange reaction resulting in NTD reduction ° " Two
further structures needed to complete a structural view of the catalytic cycle of
the NTD are the mixed disulfides it forms when it is being reduced by the
thioredoxin reductase-like part of AhpF and when it is passing reducing

equivalents to AhpC. We have been able to covalently trap both of these
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mixed disulfide complexes, one via the generation of a C132S/C348S double

F 128

mutant of Ahp , and the second with two single mutants, C132S AhpF and

C46S of AhpC."?® We are working to crystallize these constructs.
The NTD pKa and thiol-thiolate hydrogen bonding.

As seen in the full length AhpF structure ''°, the two cysteinyl residues
(Cys129,Cys132) are involved in a close, ca. 3 A, non-covalent interaction.
Wood et al.'® presented compelling arguments that this is a thiol-thiolate
interaction, and now the measurement of a pK, of 5.1 £ 0.4 for one of the
active-site Cys residues confirms that one Cys would be expected to be mostly
deprotonated (i.e. in a thiolate form) both in the rNTD crystals studied here,
which are at pH = 8.4, and in the original AhpF crystals, that were at pH = 5.6.
Although we have no direct evidence as to which Cys is being titrated, the

geometry of the active site (see discussion in Wood et al. ')

, and analogy
with thioredoxin and related proteins contatining the —C-X-X-C- motif both lead
to the expectation that the low pKs belongs to the Cys129, the more N-terminal
and exposed Cys that attacks disulfide substrates "%,

This low pKj is not unprecedented for thioredoxin-fold proteins, as the
pKa of E. coli DsbA is as low as ~3.2 %5 1% put it is lower than the pKy’s of
other Prx-reducing domains/proteins. Other reductants of Prxs such as E. coli
Trx and Trypanosoma brucei tryparedoxin (Txn) have reported pKy's around
7.0 131 182 133 134 "Thys, for all of these Trx-like —Cys-X-X-Cys- containing
proteins, the pKs of the more N-terminal Cys thiol is shifted significantly below
the value of ~8.3 for an unperturbed Cys thiol in solution, but the specific
values cover a wide range between 3.2 and 7.2. While the thiol-thiolate
hydrogen bond exerts an important influence on this residue’s pKs, (e.g. Jeng
et al. 1995; Méssner et al. 2000)"*% '*° most or all proteins in this group are

127; 136; 137

thought to have such an interaction , SO this cannot be the distinctive

feature. Additional contributing factors documented in the literature are
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structure-related effects including hydrogen bonding and electrostatic
interactions % '3 139 For Trx-fold proteins, numerous studies have used
mutations to study the role of the residues present between the two Cys
residues in the —Cys-X-X-Cys- motif 125 130 138 140: 141: 142,143 “ A important
insight synthesizing many observations was that the pK, of the N-terminal Cys
appears largely determined by the number of hydrogen bonds that the —X-X-

Cys residues provide to stabilize the thiolate "% 4

, with proteins having four,
three, and two hydrogen bonds to the thiolate showing pK,'s of ~3 (e.g. DsbA),
~5 (e.g. Grx3), and ~7 (e.g. Trx). The NTD fits this generalization as it has
three hydrogen bonds (from the Cys132 thiol, and the backbone amides of
residues 131 and 132). In the NTD, the nearest positively charged side chains,
His131 and Arg185, cannot approach Cys129 to form a hydrogen bond
without rearrangements in backbone structure. As has been done for other
Trx-like proteins 2 13% 138143 ‘this explanation for modulation of the pKa could
be tested by mutation of position 131 to His to add a fourth hydrogen bond
and match the DsbA sequence or to Pro to remove a hydrogen bond and
match the Trx sequence. Still, additional factors such as protein dynamics '*°

%% also contribute to the active site properties, as

and global electrostatics
some Trx family members with common dipeptide sequences but from
different organisms exhibit considerably different pK, values (e.g. Nelson and
Creighton 1994; Ruddock et al. 1996)'%% 146,

Finally, a surprising result is that the pK, of ca. 5.1 £ 0.4 for the NTD
does not fit with the free energy correlation between the N-terminal Cys pK,
values and the redox potentials that has been demonstrated empirically for a
number of Trx family members."% 3% 143 147 Ty and Txn exhibit quite low
redox potentials at pH 7.0 (E,’) of -270 and -249 mV, consistent with their
highly reducing nature and relatively high pKy's of ~7."*% % The redox
potential E,’ of -264 + 8 mV '"® and function of the NTD are quite similar to
these other redox donors, but the pK; for Cys129 in the NTD, at ca. 5.1 £ 0.4,

is not. In this regard, characterization of the mutants of the —Cys-X-X-Cys-
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motif suggested above will be a useful first step to probe this unusual property
of the NTD, and will reveal whether a group of NTD mutants will have a pKa-
to-redox potential relationship that is shifted but with the same slope as seen
for other Trx proteins, or whether it has a different slope. Either way, because
of its unusual properties, further work on the NTD promises to yield new
insights into the factors governing the relationship between the pKj's and
redox potentials of the Trx family proteins.

3.5 Materials and Methods
Purification of rNTD.

The separately-expressed rNTD of AhpF, also known as F[1-202], was
purified as previously described '’ from a 10 L fermentor growth by sequential
chromatography on Q sepharose HP and Superose 12 columns using an Akta
Explorer 10S FPLC instrument (Amersham Biosciences). For crystallization,
rNTD was stored at 22.7 mg/mL in 25 mM potassium phosphate buffer, pH
7.0, containing 1 mM EDTA. rNTD concentration was assessed using an &z79=
15100 M cm™ 7.

Thiol quantification.

Thiols were quantified via reaction with DTNB [5,5-dithio-bis-(2-
nitrobenzoic acid), Ellman’s reagent] as described previously *2. Briefly, the
free thiol groups within the oxidized and dithiothreitol- (DTT-) reduced rNTD
protein were measured at pH 7.0 by the addition of 150 uM DTNB in the
presence or absence of 4 M guanidine hydrochloride (denaturing or non-
denaturing conditions, respectively) followed by detection of the TNB produced
at 412 nm 14150 M cm™ ™8 on a thermostated Milton Roy Spectronic 3000

diode array spectrophotometer.
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Crystallization.

Rod-like crystals (ca. 1 x 0.2 x 0.2 mm®) were grown at room
temperature in about 3 weeks using a reservoir of 0.2 M ammonium acetate,
0.1 M Tris pH 8.4, 30-35% polyethylene glycol 4000, and a drop made from 2
uL of rNTD storage solution mixed with 2 uL of the reservoir solution. Most
crystals had splayed ends but a few were single. For data collection, crystals
were scooped into cryoloops through a mineral oil monolayer and immediately
flash-frozen by plunging into liquid nitrogen.

Data collection and Refinement.

Two data sets were collected at —170 °C from a single rNTD crystal.
Various parts of the crystal had variable diffraction quality and for each data
set we attempted to find an optimal volume of the crystal through trial
exposures. The first data set (LAB) was collected on an R-axis |V image plate
detector (Molecular Structure Corp.) with a Rigaku RUH3R rotating anode
(CuK,) operating at 50 kV and 100 mA with a 0.3-mm collimator. The crystal
was recovered and stored in liquid nitrogen until 8 weeks later when the
second data set (SYNC) was collected at beamline 5.0.3 of the Advanced
Light Source (Lawrence-Berkeley National Laboratory, USA) in two passes.
The first pass included 50° of data (15 s per 1° frame; A= 1.01 A), and to avoid
saturation of the lower resolution reflections, a second 45° of data were
collected more rapidly (3 s per 1° frame). X-ray data were processed using
programs DENZO and SCALEPACK '*° and the LAB and SYNC data each
have reasonable statistics extending to 2.3 A and 2.4 A respectively (Table 1).
We speculate that the slightly poorer resolution limit of the synchrotron data
was limited by the intrinsic order of the volume of the crystal used. The
crystals belong to the tetragonal space group P41242 with two molecules in the
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asymmetric unit and 56% solvent. A random 10% of the data were selected for
cross validation.

The structure of NTD was solved by molecular replacement using the
CNS suite of programs (v1.1) " and a search model based on the N-terminal
domain (residues 1-196) from the structure of AhpF (PDB code 1HYU) '*°.
Two molecules were unambiguously placed using data from 50.0 to 4.0 A
resolution, and rigid body refinement led to R and Rgee values of 0.330 and
0.329, respectively. Positional and B-factor refinement from 50.0 to 2.3 A
resolution, rapidly dropped the R-factors to R= 0.267 and Rgee= 0.299. Manual
rebuilding of the model into 2Fo — F¢c and Fo — F¢ electron density maps was
done using program O '%. Only small modifications of side chains were
necessary. Waters were added both manually and using the CNS utility Water-
Pick with the following criteria: (1) a minimum 3o peak in 2Fo — Fc maps and
(2) a minimum distance of 2.6 A and a maximum distance of 3.5 A to potential
hydrogen-bond donor or acceptor. To allow for unbiased determination of the
Cys129 and Cys132 positions, the van der Waals interactions for the sulfurs
were turned off by use of an “IGROUP” statement in the minimization input file
for CNS. In a separate control refinement, Cys129 and Cys132 were mutated
to alanine to remove model bias. Refinements were considered complete
when the largest difference map peaks were not interpretable and R and Ryee
had converged. Refinement using the SYNC data set was done starting with
the final model from the LAB data set including waters. After one round of
positional and B-factor refinement from 50.0 to 2.4 A, R and Ryec Were 0.221
and 0.267, respectively. Two additional rounds of manual rebuilding and
positional and B-factor refinement completed the refinement. Final statistics of

both models are reported in Table 3.1.
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Cysteine pK, determination.

The thiolate anion was directly monitored at 240 nm (using a Shimadzu
UV-2401PC UV-Vis spectrophotometer) as previously described by Kortemme
et. AL.'®. All measurements were carried out at 25 °C in buffer A: 1 mM each
sodium citrate (pKy = 3.13, 4.76, and 6.40), sodium borate (pKs = 9.24), and
sodium phosphate (pKa = 2.15, 7.20, and 12.38), with 200 mM NaCl. Reduced
NTD was prepared by incubation with 0.1 M Tris-HCI, 5 mM DTT, pH 7.4 for
15 min at room temperature. After incubation, the DTT was removed by a
1000-fold dilution into buffer-A at the appropriate pH by three successive 10-
fold dilutions and concentration using Centricon concentrators (Millipore, 5
kDa cutoff) buffer without protein was used to control for residual DTT which
had an absorbance of less than 0.001 at the wavelengths measured. Protein
concentrations were between 10-15 uM. As a control the absorbance at 240
nm for the NTD in the disulfide form was measured over the same pH range.

All measurements were carried out in triplicate.
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3.7 Abbreviations
AhpF, alkyl hydroperoxide reductase flavoprotein or NADH:peroxiredoxin
oxidoreductase; NTD, N-terminal domain of AhpF; rNTD, recombinant NTD;
DTT, 1,4-dithiothreitol; DTNB, 5,5’-dithio-bis-(2-nitrobenzoic acid); TNB, 2-
nitro-5-thiobenzoate
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Figure 3.1

Figure 3.1. Comparison of rNTD with the N-terminal domain of AhpF. The
backbones of rNTD (blue) and the N-terminal domain of AhpF (red) are
represented as a ribbon; the bonds of the redox center (Cys129-Cys132) are
depicted as sticks. The rmsd for the overlay is 0.5 A for 196 Ca atoms. The

figure was generated using Pymol.'"’
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Figure 3.2

A Cys 129 B Cys 129

Figure 3.2. Reduction of the NTD redox-active disulfide center by synchrotron
radiation. (A)The active site Cys-Xaa-Xaa-Cys of rNTD in its electron density
based on the LAB data set, and (B) the equivalent image based on the SYNC
data set. The electron density in both panels is contoured at 3.5 A, and the Sy-
Sy distances are given. The figure was generated using Pymol.'"’
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Figure 3.3
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Figure 3.3. Apparent pK, determination of the active site Cys129 thiol(ate).
Absorbance values at 240 nm of reduced (circles) and oxidized (triangles)
rNTD proteins were determined over the pH range of 4.5 to 8 as described in
Methods. The difference in €240nm between the reduced and oxidized (average
oxidized €240nm 28,100 M™'cm™) protein was about 6000 M~'cm™ which is in the
range of 4000-6000 M™'cm™ that is expected for the titration of a single thiol
group '?2. Data points were fit to the equation:

(Axle)+ (BxloPKa )
10" +10P%a

In this equation, x is the pH value and y the corresponding absorbance value,
and A and B are allowed to vary and represent the upper and lower
absorbances of the titration data, respectively. Final values from the fit using
Kaleidagraph (Synergy Software) were 5.1 + 0.4, 34,700 £ 400 and 29,500 +
1500 for pKa, A and B, respectively.

y:
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Table 3.1. Data collection and refinement statistics for NTD

LAB SYNC
Resolution limits (A) 50-2.3 (2.38-2.3) 50-2.4 (2.49-2.4)
Space group P44242 P44242
Unit cell(A) a = 85.41 a=85.27

b=c=108.60 b=c=107.94
Data collection

Unique observations 22423 19094
Multiplicity 6.5 (6.5) 5.7 (3.2)
Average l/o 16.2 (2.7) 12.2 (1.6)
Rmeas (%) 7.2 (46.1) 9.2(51.9)
Rmergd-F (%) 7.7 (35.3) 9.6(53.7)
Completeness (%) 99.7 (99.5) 98.7 (97.5)
Refinement
No. of protein molecules 2 2
No. of amino acid residues 392 392
Average B-factor (A% 45 44
Non-hydrogen protein atoms 3042 3042
R-Factor 0.199 (0.262) 0.206 (0.298)
Free R-factor (10% of data) 0.256 (0.325) 0.261 (0.343)
r.m.s.d. bond lengths (A) 0.010 0.006
r.m.s.d. bond angles(°) 1.41 1.20

& Numbers in parentheses correspond to values in the highest resolution shell
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Green fluorescent protein (GFP) is a widely used molecular marker for gene
expression, gene product location, and has been reengineered to monitor
intracellular halides, metals and pH. GFP fluorescence is dependent on the
spontaneous oxidation and cyclization of Ser®® (or Thr®®) —Tyr®®-Gly®’ that
produces a fluorophore rigidly bound within an 11-stranded R-barrel. Because
GFP fluorescence requires Tyr®®, Espey et al. [Espey, M. G., Xavier, S.,
Thomas, D. D., Miranda, K. M. and Wink, D. A. 2002. Proc Natl Acad Sci U S
A 99: 3481-6] proposed that the loss of fluorescence of GFP could be useful to
monitor protein nitration in vitro and in vivo. Based on the loss of fluorescence
upon addition of peroxynitrite to cells, they concluded that peroxynitrite did not
cross cell membranes to nitrate proteins. Here, we further investigate the loss
in fluorescence by peroxynitrite and its utility as an intracellular marker for
protein nitration. Purified recombinant GFP exposed to peroxynitrite showed a
concentration-dependent loss of fluorescence correlating with a modest
susceptibility to nitration as determined by western blot analysis. However, no
evidence was found for the nitration of the fluorophore Tyr66 as determined by
difference absorbance spectroscopy. Although U-87 cells expressing a-actinin
fused with GFP showed less than a 5% decrease in fluorescence after a 100
uM treatment with bolus additions of synthetic peroxynitrite, western blot
analysis of cellular lysates for 3-nitrotyrosine reveals abundant nitration of
multiple cellular proteins. Our results suggest that the oxidation by
peroxynitrite of an amino acid other than tyrosine may be responsible for the
loss of fluorescence by GFP and this oxidation is relatively insensitive
compared to oxidation of other proteins, making GFP an ineffective indicator of

intracellular protein nitration.
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4 .2 Introduction

Nitrotyrosine is found in a multitude of disease states such as ischemic
reperfusion, atherosclerosis, neurodegenerative diseases and severe
inflammation. '°" 19% 153 1% As 3 bjomarker, nitrotyrosine has biological and
clinical importance because levels of nitrotyrosine correlate with disease risk
and nitration of tyrosine affects protein function. > '*® In vivo, the nitration of
tyrosine is indicative of aberrant free radical chemistry, resulting from the
production of the reactive nitrogen species peroxynitrite (ONOQO") and nitrogen
dioxide (*NO;). The powerful oxidant peroxynitrite is formed by the diffusion
controlled reaction of nitric oxide (*NO) with superoxide (02" ; rate ~10"°M™"'s”
")."*” Nitrogen dioxide is produced from essentially two sources — one involves
the homolytic cleavage of O-O bond of peroxynitrite catalyzed by the Lewis

198 159 Alternatively, *NO; is

acids H", CO, or transition metal centers.
generated by heme-containing enzymes such as myeloperoxidase and
horseradish peroxidase, which both use hydrogen peroxide and nitrite as
substrates to produce *NO,."%% 161

Peroxynitrite does not react directly with tyrosine to form
nitrotyrosine.’® Rather, the nitration of tyrosine is generally thought to be a
two-step process first requiring a 1 e oxidation to produce a tyrosyl radical.
Carbonate radical (CO3™), nitrogen dioxide, oxo-metal species (M"=0) such as
oxoferryl (Fe**=0) and to a lesser extent hydroxyl radical (*OH) are the
oxidants that lead to the formation of the tyrosyl radical. Once the tyrosyl
radical is formed, the near diffusion-controlled coupling of the tyrosyl radical
with *NO;, completes the nitration of tyrosine. Fortuitously, the homolysis of the
O-0O bond of peroxynitrite is catalyzed most efficiently by CO2 and more slowly
by H*, yielding the powerful oxidizing radicals *OH or CO3" and *NO,, which
appear to mediate tyrosine nitration. Nitration is about 8-14% efficient due to
diffusion and alternative reactions of the nitrating species such as the
reduction of *NO; to nitrite. In addition, the antioxidants such as glutathione
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and urate present in vivo will further scavenge these radical intermediates
responsible for the nitration of tyrosine.'®® '® Current techniques and the low
yield of nitrotyrosine in vivo limit the real-time detection of nitration.

Intracellular detection of nitration in real time could yield new
information about the processes generating reactive nitrogen intermediates in
vivo. Furthermore, the ability to detect reactive nitrogen species in vivo would
aid in testing the efficacy of therapeutic treatments in many disease
processes. Espey et al.?® proposed that the intracellular expression of GFP is
well suited for the detection of nitration in vivo because of the requirement of
Tyr®® for the fluorescence of GFP.

The green fluorescent protein (GFP) from the jellyfish Aequorea Victoria
and its mutant derivatives of GFP have proved to be superbly useful tools in
cell biology and biotechnology.'®* 8% 196 187 GFP consists of 238 amino acids
that fold into an 11-stranded p-barrel wrapped around an a-helix that contains
residues Ser65-Tyr66-Gly67. As the native protein folds, residues 65, 66 and
67 undergo spontaneous cyclization and oxidation, which yields the
chromophore required for GFP fluorescence (Figure 4.1)."®® The chromophore
outside of the interior of the GFP B-barrel is not fluorescent. '*° Likewise, the
fluorescence of GFP is lost when the protein is denatured.®® '"° Deletion
mapping experiments have shown that nearly all 238 amino acids (2-232 and
7-229) are required for chromophore formation and fluorescence, emphasizing
the functional influence that nearly every residue has on the fluorescence of
GFP. ' 172 The sensitivity of the choromphore to its local environment has
been exploited by genetically engineering GFP to produce intracellular probes
of pH, Ca®', nitrate, halide concentrations and metal concentration.'”® 174 175
'76 Espey et al. demonstrated that peroxynitrite can decrease the fluorescence
of purified GFP and suggested that nitration of the chromophore was
responsible for the loss in GFP fluorescence.®® However, the sites of oxidative
modifications that result in the loss of GFP fluorescence were not determined.
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In this study, we investigated whether the loss in GFP fluorescence was
due to nitration of the GFP chromophore. In addition, we investigated if GFP
fluorescence was sufficiently sensitive to detect nitrating species in the

presence of alternative oxidation targets, such as bovine serum albumin.

4.3 Results

Repeated additions of 5 yM peroxynitrite decreased the fluorescence of
wild-type GFP with 21 + 0.7 uM required to inhibit the fluorescence signal by
50 % (Figure 4.2). The nitration of GFP was assed using a polyclonal antibody
specific for 3-nitrotyrosine. By Western blot analysis, the nitration of GFP only
became visible after the total addition of 20 uM peroxynitrite, a concentration
which decreased fluorescence of GFP by 50% (Figure 4.3 A). In contrast, the
polyclonal antibody was readily able to detect nitration of bovine serum
albumin (BSA) from a BSA and GFP mixture that had been treated with only 5
MM  peroxynitrite (Figure 4.3 B). For these experiments, one half the
concentration of BSA compared to GFP was used, because it contains 21
tyrosine residues as compared to 10 in GFP. When equivalent concentrations
of BSA, based on tyrosine content, was added to GFP solutions 50 pM
peroxynitrite was required to decrease fluorescence by 50% (Figure 4.3 B).
And similar to the nitration of GFP alone, the formation of nitrated GFP
became visible after the fluorescence of GFP had decreased by ~50 % (Figure
4.3 B). These data suggest that oxidation of an amino acid other than tyrosine
is likely to be responsible for the loss of fluorescence of GFP.

During the maturation of GFP, Tyr66 undergoes a cyclization and
oxidation to yield the chropmophore. The modifications to Tyr66 may be
extensive enough to prevent the nitrotyrosine antibodies from recognizing the
nitrated form of Tyr66. Therefore, we used difference spectroscopy to evaluate
whether the GFP chromophore was susceptible to nitration. The chromophore
of mature GFP under native conditions has characteristic absorbance
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maximums at 395 nm and 475 nm. Upon the denaturation of GFP with urea
the absorbance maximums shift 380 nm and 450 nm (Figure 4.4 B). The
difference spectrum of native GFP treated with successive 100 uM bolus
additions of peroxynitrite revealed two absorbance peaks at 360 and 430 nm
(Figure 4.4 A), which are characteristic of the absorbance of 3-nitrotyrosine
(Amax= 360nm and 428 nm), the absorption of the GFP chromophore was
unchanged with peroxynitrite treatment. When GFP was denatured in urea
and then treated with 100-400 uM peroxynitrite, the difference spectra of the
GFP chromophore decreased at 385 nm and 460 nm consistent with a
modification of Tyr66 (Figure 4.4 B). Larger concentrations of peroxynitrite did
not further modify the chromophore of denatured GFP, but additional spectral
changes occurred that were consistent with nitration of other tyrosines.

The sites of modification were investigated by tandem mass
spectrometry using both Maldi and electrospray ionization methods. MS/MS of
samples of GFP treated with a total of 100 uM in successive 5 uM bolus
additions of peroxynitrite showed nitration of tyrosine residues 182 and 200.
We also identified a peptide containing the only tryptophan (W57) in GFP
although we did not identify any oxidative modifications of W57. Typically
sequence coverage was 15-30% despite using two different ionization sources
and 5 different digestion procedures. GFP is known to remarkable resistant to
proteolysis.""”

U87 glioma cells expressing a GFP-a-actinin fusion protein were used
to determine if the loss of GFP fluorescence could be used assess the
diffusion of peroxynitrite across cellular membranes. The treatment of cells
with up to 100 uM peroxynitrite produced <3% decrease in GFP fluorescence
(Figure 4.5 A). A western blot for nitrotyrosine prepared from the soluble
fraction of the cellular lysates from peroxynitrite-treated U87-GFP-a-actinin
cells, revealed that many proteins were immunoreactive for nitrotyrosine
(Figure 4.5 B).
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4 .4 Discussion

Espey et al. reported that intracellular GFP fluorescence was
unaffected by bolus additions of peroxynitrite, and concluded peroxynitrite was
unable to cross cellular membranes to nitrate proteins.®® This conclusion is at
odds with previous literature showing that peroxynitrite can traverse biological
membranes as well as mediate the nitration of intracellular proteins.'® Even
mitochondrial matrix proteins such as manganese SOD are modified by
peroxynitrite added extracellularly, showing peroxynitrite can traverse as many
as three membranes. Our western blot analysis for nitrotyrosine of the cellular
lysates of GFP-expressing cells treated with 100 yM peroxynitrite (Figure 4.5
B) confirmed that peroxynitrite was nitrating proteins without changing the
fluorescence of GFP.

The insensitivity of GFP fluorescence to intracellular nitration is likely
due to two factors: the low level of GFP expression relative to the total protein
content of the cell, and the lower susceptibility of GFP to modification, relative
to tyrosines in other proteins, by peroxynitrite. For example, the sensitivity of
GFP fluorescence to peroxynitrite was effectively attenuated by the addition of
bovine serum albumin (BSA). Previous studies have also documented that
certain tyrosine residues on the same protein are far more susceptible to
nitration."”® Western blots showed that BSA, which itself is not particularly
sensitive to tyrosine nitration,*' has a 5-10x greater sensitivity to nitration than
GFP. The local environment surrounding a particular tyrosine in a given
protein can greatly increase the susceptibility to nitration. ' *' Charged
residues, such as acidic residues on the carboxy side or arginine on the amino
side of tyrosine can increase the susceptibility to nitration in neurofilamant
coiled-coil domains.'”® Similarly, the susceptibility of tyrosine to chlorination
also depends on the neighboring residues as has been demonstrated for the
lipoprotein ApoE."® The ability of low concentrations of BSA to diminish the
sensitivity of GFP to peroxynitrite suggests that, intracellularly, GFP lacks the
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sensitivity necessary to compete with cellular proteins for reactive nitrogen
species.

The fluorescence of the GFP chromophore is, however, exquisitely
sensitive to the local environment and mutations that expose the chromophore
to solvent or shift the hydrogen bonding network of the chromophore either
decrease fluorescence or change the excitation and emission properties of
GFP." Espey et al. hypothesized that the decrease in GFP fluorescence was
due to the nitration of Tyr66-derived chromophore. However, difference
spectroscopy established that the nitration of GFP does not affect the
chromophore unless GFP had first been denatured with ~ 7 M urea. This
suggests that peroxynitrite is likely to affect the fluorescence of GFP by
modifying residues on the surface of GFP, which could result in a local
perturbation and increased solvent exposure of the chromophore. For
example, His148 and Tyr145 are both solvent accessible, making them
potential targets for oxidation and nitration. Oxidative modification of His148 or
the neighboring Tyr145 would directly affect the fluorescence of GFP as they
are both part of a p-bulge that is intimately connected with the
chromophore.”" 82 The mass spectrometry analysis of peptide digests
identified nitration of Tyr182, which is located only 4.5 A (C_- C, distance) from
Tyr145 on the adjacent p-strand. However, due to low sequence coverage it is
not possible to conclude that the nitration of Tyr182 or Tyr200 has any direct
affect on the fluorescence of GFP.

Although GFP has proved to be a revolutionary tool to study gene
expression in vivo, it appears to be too insensitive for use as an intracellular
probe of reactive nitrogen species derived from peroxynitrite (Figure 4.5 A and
B). The sensitivity of GFP to nitration would need to be substantially enhanced
for GFP to be a useful in vivo marker for nitration. Even if the sensitivity of
GFP to nitration was increased by several orders of magnitude, it may still be
difficult to achieve high enough expression levels to be able to adequately
detect nitration. The assay is complicated because one is attempting to
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measure a small decrease in fluorescence of a protein whose level of
expression can vary significantly between cells as well as within any cellular
compartment. Given this a more useful approach is to develop probes that
become fluorescent upon modification by nitration, but this has not been
possible because nitration typically quenches fluorescence. In an elegant
paper, Ueno et al.’® demonstrated that nitration generally quenches
fluorescence of small fluorescent molecules because the nitro group is a
strong electron-withdrawing agent. They constructed a new fluorescent probe
NiSPY-1, where the highly fluorescent BoDipy moiety is quenched by electron-
donating phenolic ring. The phenolic moiety is readily nitrated by peroxynitrite
and no longer quenches fluorescence. Ueno et al. further demonstrated that
this new fluorescent probe detects exogenous peroxynitrite added to cells,

thus providing a novel and exciting probe for intracellular nitration.®®

4 .5 Materials and Methods

Expression and purification of GFP.

Wild-type GFP was expressed and affinity purified from E. coli BL21 as

previously described'®

with the following changes. After induction with 1mM
IPTG (isopropyl-beta-D-thiogalactopyranoside), the temperature was reduce to
15°C and expression was allowed to proceed for 16 hours before harvesting.
The cells were lysed and N-terminal Hise-tagged GFP was affinity-purified
using Ni-NTA agarose resin (BioRad). After removal of the N-terminal histidine
tag GFP with y-chymotrypsin, GFP was dialyzed against 20 mM tris, pH 8.0,
and then loaded onto a HQ anion exchange column (Biorad) for further
purification. GFP was eluted using 1 M NaCl in 20 mM tris, pH 8.0, and GFP-
containing fractions were pooled and exhaustively dialyzed into protein 100
mM NaCl, 100 mM phosphate pH 7.4. Purified GFP was concentrate to 10-20

mg/mL using Centricon™ membrane concentrators (5k molecular weight
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cutoff, Millipore) and stored at —20°C until needed. Protein concentrations

were determined using an esgs = 21,000 M'cm™ for wtGFP.'®

Fluorescence spectroscopy.

Fluorescence measurements were made with a dual monchromator
fluorometer using a 3 mL quartz cuvette. Excitation and emission scans were
preformed on solutions of purified GFP to determine the exitation and
emission maxima (WtGFP Aex = 395 nm Aem = 512 nm). All nitration
experiments where carried out at 37°C in a buffered solution consisting of 100
mM sodium phosphate, pH 7.4, 100 mM NaCl and 100 uM diethylenetriamine
penta-acetic acid (DTPA). Peroxynitrite was synthezied as previously
described using hydrogen peroxide and nitrite.'®® The concentration of
peroxynitrite was determined using the extinction coefficient 1710 M™'cm™."8®
Between 5-15 uL of a stock solution of peroxynitrite (typically 2-3 mM) were
added in 5 uM or 10 uM increments to a 2.0 mL stirred solution of 300 nM
GFP maintained at 37°C. After the addition of peroxynitrite the solution was
allowed to stir continuously for 30 sec. before taking a fluorescence
measurement. Between additions of peroxynitrite, 20 uL aliquots of the GFP
solution were collected for western blot analysis. Fluorescence measurements
were corrected for the dilution caused by the addition of peroxynitrite. After
completing the titration of peroxynitrite, the pH of the solution was determined
using pH strips and in all cases the pH of the solution remained between 7.4
and 8.0.

Detection of nitrotyrosine.
Aliquots of GFP collected during the titration of peroxynitrite were mixed

with Laemmli’s sodium dodecy! sulfate-loading buffer followed by incubation at
95°C for 5 min. Then, 50 ng of protein was loaded on to a 12.5% SDS gel,
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electrophoresis conducted at room temperature and transferred to
nitrocellulose membrane with a semidry blotting apparatus. After transfer, the
membrane was incubated with 5% non-fat dry milk in phosphate buffered
saline pH 7.4 for 1 h at room temperature. The membrane was then probed
with a polyclonal rabbit antibody specific for 3-nitrotyrosine (stock
concentration 1.5 mg/mL,1:1500; Upstate) for 12-16 hours at 4°C. The blot
was then washed 3x with phosphate buffered saline pH 7.4 and then probed
with goat anti-rabbit-HRP secondary antibody (1:3000, for 1 hour, Biorad) at
room temperature. The blot was then rinsed 3x with phosphate buffered saline
and then treated with a chemiluminescent substrate (Pierce, SuperSignal
West Pico) followed by exposure to X-ray film (Pierce, CL-Xposure Film).

Difference Spectroscopy.

Spectral scans (200-700nm) using an absorbance-matched pair of
quartz cuvettes were taken before each bolus addition of peroxynitrite.
Peroxynitrite was added in 100 uM steps to vigorously stirred solutions of GFP
maintained at room temperature (20°C). Decomposed peroxynitrite was added
to the reference cuvette to correct for dilution effects. Absorbance scans of the
samples were taken at the beginning of the titration and after the final addition
of peroxynitrite. GFP was denatured by diluting the protein into 8 M urea 100
mM sodium phosphate, pH 7.4, 100 mM NaCl for a final urea concentration of
7.2 M. After dilution the GFP samples were placed in a 60°C water bath for 5
minutes. Solutions were then allowed to cool to room temperature (20°C) and
an absorbance scan from 300-600 nm revealed two absorbance maximums at

380 nm and 450 nm confirming GFP had been denatured.®



67

Culture of U87MG glioblastoma cells.

U-87MG glioblastoma cells (ATCC) were cultured and transformed with
GFP-a-actinin as previously described.” '8 Cells were grown to confluence
and harvested using trypsin, then pelleted and washed 3 times with 100 mM
NaCl, 100 mM phosphate pH 7.4 buffer containing 50 uM diethylenetriamine
penta-acetic acid (DTPA). The cells were resuspended, using the same wash
buffer, to a density of 5x10° cells/mL. Two milliliters of cells were transferred to
a 3 mL quartz cuvette maintained at 37°C with stirring and then treated with
peroxynitrite in 10 uM steps until a total of 100 uM peroxynitrite had been
added. The cells were then pelleted by centrifugation at 400 g. The
supernatant was then decanted and the cells were lysed by resuspension in
doubly distilled water followed by 30 seconds of sonication. The lysate was
clarified by centrifugation (5 min, 16,000 g) and 40 uL of clarified cell lysate
was electrophoresed using 12.5% SDS-polyacrylimide gel and then transfer to
nitrocellulose membranes. Immunodetection for nitrotyrosine was then
preformed. Protein loading was assed by electrophoresing a duplicate amount
of cell lysate on a 12.5% SDS-polyacrylimide gel followed by staining with
coomassie brilliant blue R-250.

Pepsin digest of GFP.

The pH of a 50 uL aliquot of GFP (300 nM) that had been treated with
100 uM peroxynitrite (as described above under fluorescence spectroscopy)
was adjusted using 50 uL 1.0 M phosphate buffer pH 1.8. The digest was
preformed by incubating 3 mg of pepsin from porcine gastric mucosa, cross-
linked to agarose (30-70 units/mg, Sigma) for 2-3 minutes at room
temperature. After incubation, the pepsin-agarose beads were pelleted by
centrifugation (20 s at 5000g) and the supernatant was removed and retained.
The supernatant was then immediately desalted using a Cis-Ziptip (Millipore)
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following the manufactures instructions. Mass spectrometric data was
interpreted with the aid of the search engine Mascot

(www.matrixscience.com). All peptides identified using mascot were confirmed

by manually inspecting the MS/MS data for each peptide.
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Figure 4.1

Figure 4.1.The structure of GFP and the fluorescent chromophore (pdb code
1EMA)'®. (A) A ribbon diagram of the structure of GFP viewed from the side
and looking down through the p-barrel. The spheres illistrate the position of the
chromophore in the B-barrel (green=carbon, red=oxygen, blue=nitrogen). (B)
Shown is the chromophore of GFP (S65-Y66-G67) the neighboring residues
and water (red sphere) that make hydrogen bonds (red dashes) to the
chromophore. The figure was generated using Pymol.""’
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Figure 4.2
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Figure 4.2 Sensitivity of GFP fluorescence to peroxynitrite. Shown is the
decrease in the fluorescence of GFP (300 nM) exposed to 5 uM bolus
additions of peroxynitrite (closed circles) at 37°C, pH 7.4, with stirring (ICso =
20.7 uM). Mixing bovine serum albumin (150 nM) to a solution of GFP (300
nM; open circles) attenuated the decrease in GFP fluorescence caused by
peroxynitrite (ICso = 52.7 uM). The addition of decomposed peroxynitrite (open
squares) did not cause a change in the fluorescence intensity of GFP. The
resulting fluorescence data was fit to a single exponential decay with a
nonzero offset (solid lines) using the program Kaleidagraph (Synergy
Software).
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Detection of nitrated GFP using a polyclonal antibody to nitrotyrosine. (A) GFP
treated with increasing concentrations of peroxynitrite showed increased
immunoreactivity for nitrotyrosine as determined by western blot analysis.
Nitration of GFP became evident after the addition of 20 uM peroxynitrite. (B)
Western blot analysis for nitrotyrosine of GFP +BSA samples treated with
peroxynitrite. Nitration of BSA was immediately detectable after the first
addition of peroxynitrite. Immunoreactiveity for the nitration of GFP became
evident after the addition of 30 uM peroxynitrite. Below each western blot is
the densitometry of the bands that correspond to nitrated GFP (filled circles) or
nitrated BSA (filled trangles).
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Figure 4.4
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Figure 4.4. Difference spectra of denatured or native GFP treated with
peroxynitrite. (A) Shown is the change in difference spectrum of native GFP
treated with successive addition of 100 uM peroxynitrite. The two peaks
shown have absorbance maximum at 355 nm and 436 nm consistent with the
formation of nitrotyrosine. (B) The treatment of urea denatured GFP with 100
uM additions of peroxynitrite produced a decrease in the difference spectrum
centered at 385 nm and 460 nm consistent with a change in the absorbance
characteristics of the chromophore (inset, absorbance of GFP denatured with
urea).
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Figure 4.5. Nitration of glial cells expressing GFP-a-actinin with peroxynitrite.
(A) Shown is the intracellular fluorescence of GFP from glial exposed to 10 uM
sequential additions of peroxynitrite (filled squares, Avg. or 4 experiments +/-
STD) or decomposed peroxynitrite(open circles, Avg. of 3 experiments +/-
STD). (B) The western blot analysis for nitrotyrosine and the subsequent
densitomety of the entire lane of the cellular lysates from the glial cells treated
with 100 uM peroxynitrite (lane 1) or decomposed peroxynitrite (lane 2).
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Chapter 5

Conclusion and Outlook

My research on oxidation of GFP and alkyl hydroperoxide reductase
began as first year laboratory rotation projects, which drew my interest
towards the subtle interactions of protein structure with oxidative stress.
Although superoxide dismutase, the alkyl hydroperoxide reductase system
and green fluorescent protein are completely different systems, understanding
how the structure of each individually affects their interactions with oxidants
has provided unanticipated insights into the subtle aspects of how multiple
mutations to SOD may induce subtle alterations affecting a protein disulfide
bond within SOD to cause ALS.

An appreciation for the subtleties of disulfide bond formation came from
the structural studies of the thioredoxin-like N-terminal domain of AhpF (NTD-
AhpF; chapter 3), which revealed in atomic detail, two intermediates in the
catalytic cycle of the AhpR system of Salmonella typhmirium. The first was the
oxidized structure of the active site and the second was a rarely observed
reduced thiol-thiolate hydrogen bond intermediate.

Cys-S-S-Cys Oxidized
Cys-SH"S-Cys Thiol-thioloate Intermediate also reduced
Cys-SH HS-Cys  Reduced

The structure of the N-terminal domain of AhpF is unusual compared to
other thioredoxin family members, because it is composed of two contiguous
thioredoxin-like domains with only one functional active site. The structures of
both the oxidized and reduced form of NTD-AhpF represent proposed
intermediates in the catalytic cycle of many thioredoxin family members that
have the conserved -C-X-X-C- motif. The measured pKa of 5.1'% for NTD-
AhpF and the high reduction potential (ca. -264mV)""® deviated from the norm
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observed for other members of the thioredoxin family, such as thioredoxin (pKa
~ 7; Eo' ~270mV). The uncoupling between the pK, value and redox potential
observed for NTD-AhpF provides an opportunity to study the factors that
govern the redox potential of a disulfide bond.

Functionally, a lower pK, would result in a greater fraction of reduced
enzyme forming the thiol-thiolate intermediate at physiological pH. Hence, the
decrease in pK; observed for the NTD-AhpF may promote the reduction of
oxidized AhpC. Minimizing the time that AhpC was in the oxidized state could
be advantageous for S. typhimurium because the more rapidly that AhpC can
be regenerated, the better the defense against hydrogen peroxide produced
by the host’s immune system. Conversely, peroxiredoxins in H. sapiens are
less likely to be subject to a high concentration of hydrogen peroxide produced
by phagocytic cells. Thus, the turnover of H. sapiens peroxiredoxins does not
need to be as rapid, and therefore the higher pK, of thioredoxin is less
disadvantageous. The need for S. typhimurium to rapidly turnover oxidized
AhpC may have driven the selection for a thioredoxin-like domain that retains
the highly reducing nature of thioredoxin but has increased reactivity due to a
lowered pK,. This may explain why the ratio between pK, and redox potential
for NTD-AhpF is shifted compared to thioredoxin from many eukaryotes.
Furthermore, this hypothesis would predict that other prokaryotes that rely on
the alkylhydroperoxidase system for defense against the immune systems of a
host will also have a pKa/redox potential similar to NTD-AhpF.

Two neighboring cysteines have been engineered to create a redox-
sensitive GFP. When oxidized, these cysteines form a disulfide bond near the
beta bulge centered at His148."°" 92 This redox-sensitve GFP system
provided a platform to study how neighboring amino acids can modulate the
redox potential of a disulfide bond. Using mutational analysis, Cannon and
Remington showed that introducing positively charge residues near the
disulfide of redox-sensitive GFP resulted in a more oxidizing redox potential.’
This is in agreement with the ability of positively charged residues to reduce
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the pKa, of the active site of many thioredoxin-like proteins.' 138 139 144

Decreasing the pK, generally results in a more oxidizing redox potential. The
similarities in the factors that regulate the disulfide in redox-sensitive GFP and
thioredoxin family members allude to the possibility that the factors that govern
the properties of disulfides may be conserved. Thus, insights into the factors
that govern the active site disulfide from thioredoxin motifs and redox active
GFP may be applicable to disulfides in other proteins such as SOD.

The study of redox-sensitive GFP and the mutational analysis of
residues around the p-bulge centered at residue H148 have demonstrated that
the fluorescence of GFP is particularly sensitive to changes in the amino acids
in that region.’®" 82 We have demonstrated that the decrease in GFP
fluorescence induced by peroxynitrite was not due to nitration of Tyr66 that
forms the chromophore (chapter 4) and that nitration or oxidation of other
residues than the chromophore is most likely responsible for the loss in
fluorescence. This is structurally reasonable considering that the beta barrel
of GFP fully surrounds the chromophore and thus protects the chromophore
from oxidation by limiting its solvent accessibility. Oxidative modification of
His148 or the neighboring Tyr145 could plausibly affect the fluorescence of
GFP, as they are both part of the g-bulge. In addition, His148 and Tyr145 are
both solvent accessible, unlike Tyr66 of the chromophore, making them more
likely targets for oxidation and nitration. We were unable to identify Try 145 by
mass spectrometry and can therefore not conclude if nitration of Tyr 145
affects GFP fluorescence. Alternatively, Trp57, which is precariously
positioned at the top of the helix that extends thru the p-barrel of GFP, may be
a target of oxidation that results in the loss of GFP fluorescence.

Over 100 mutations to the superoxide-scavenging enzyme; superoxide
dismutase have been linked to ALS since 1993. These mutations are inherited
in a dominant fashion, but cause only 2-3% of ALS cases. Roughly 90% of
ALS cases are sporadic with no familial history, while other mostly unknown
genes underlie another 8% of familial ALS. People with mutations to SOD
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develop ALS at the same age as sporadic patients, which is typically between
40-80 years of age. The mutant SOD is expressed in all cells from birth. A
causal role for SOD mutations was quickly established when transgenic mice
expressing G93A SOD were created by Gurney et al. in 1994. Since then,
multiple lines of transgenic mice as well as two lines of mutant SOD-
expressing rats have been created that all develop motor neuron disease. The
mutations are widely distributed throughout the SOD protein and are generally
recognized to destabilize the protein (Figure 5.1). Mutations associated with
ALS occur in all of the functional domains of the protein including the active
site, dimer interface and p-barrel. Many reduce the stability of SOD.?% 2': 26: 70
71

The mutant proteins are also more prone to aggregation when
expressed in vitro. Aggregates of SOD in motor neurons are observed in some
animal models, but often late in the disease and do not necessarily correlate
with the development of disease. In spite of 14 years of intense research, the
mechanism of how SOD causes ALS remains highly debated with several
paradoxical results. For example, expression of wild type SOD generally
protects transgenic animals from many types of stress, but expression of both
wild-type and mutant SOD in transgenic mice accelerates disease
progression® °. Eliminating the endogenous mouse copper chaperone for
SOD (CCS) has no significant effect on disease progression in mutant SOD.
However, SOD can obtain copper by a mechanism independent of the copper
chaperone protein.'®® Remarkably, overexpressing human CCS dramatically
accelerates the death of low expressing G93A SOD mice from 220 days to 39
days'®, suggesting the insertion of copper into SOD greatly enhances toxicity.
On the other hand, a mutant of SOD with all four ligands for copper eliminated
can still cause motor neuron disease to develop, which appears to rule out a
role of copper in ALS. However, copper has been recognized since the 1970’s
to migrate into the zinc site of SOD and thus might still be participating in the
toxicity of this Quad-His mutant SOD.*
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Understanding the potentially toxic properties of zinc-deficient SOD
prompted us to characterize the effects of zinc deficiency on the structure of
SOD. Through collaboration with the Tainer lab (Scripps Institute), we
completed the structural analysis of a constitutively zinc-deficient mutant
protein of superoxide dismutase (chapter 2). The loss of zinc resulted in a
remarkable destabilization of the two loops forming the active site channel that
normally limits access of small molecules to the bound copper. The opening of
the active site channel provides a rational for the 3000 fold acceleration in the
rate of ascorbate oxidation by zinc-deficient SOD.*® Functionally, two
important consequences of increased accessibility to the copper in zinc-
deficient SOD are to deplete intracellular antioxidants such as ascorbate and
increase in the production of superoxide and peroxynitrite.®

A surprising result from the crystal structure of zinc-deficient SOD was
that the dimer interface was perturbed, allowing the SOD monomers to
reorient with respect to each other more than has been described in any other
crystal structure (chapter 2). The altered dimer interface suggests that there
should be a general decrease in the stability of the dimer. The shift in the
orientation of SOD monomers was also coupled with an increased flexibility of
the single disulfide (C57-C146) contained in SOD. The zinc-binding loop is
connected by a short sequence to C57, which forms 70% of the dimer
interface (Figure 5.2). Thus, the increased flexibility resulting from the loss of
zinc would be expected to increase the flexibility of the normally rigid disulfide
and make it more susceptible to reduction (Figure 5.3). The loss of zinc in
combination with the reduction of the C57-C146 disulfide promotes the

%  Consistent with the

formation of aggregation-prone monomers>>
interrelation between zinc-deficiency and reduction of the C57-C146 disulfide,
we found that zinc-deficient SOD is more susceptible to aggregation in the
presence of thiol-reductants (chapter 2).

The ability of Cu,Zn SOD to prevent the thiol-dependent aggregation of

zinc-deficient SOD is consistent with the more native-like conformation of the
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Cu,Zn subunit stabilizing the disulfide loop of the zinc-deficient SOD subunit.
An increase in the stability of the disulfide would make zinc-deficient SOD less
susceptible to disulfide reduction and thereby decrease the rate of formation of
aggregation-prone monomers. Recently, the formation of a heterodimer of
apoSOD with zinc-replete SOD has been shown to diminish the binding of zinc
to the zinc-deficient apo subunit.'®” The diminished ability of zinc-deficient
SOD to bind zinc and the protection of the disulfide from reduction due to
heterodimer formation, would increase the half-life of zinc-deficient SOD. This
stabilization of zinc-deficient SOD by wild-type Cu,Zn SOD might help explain
the dominant inheritance of SOD.

Thus, the structure of zinc-deficient SOD has provided insights into how
SOD can become toxic to motor neurons through simply the loss of the zinc
atom. These considerations apply equally to sporadic ALS because wild-type
SOD that becomes zinc-deficient is equally toxic as zinc-deficient SOD. In this
hypothesis, the ALS-associated mutations to SOD would simply increase the
chances that mutant SOD will become zinc-deficient. However, important
questions remains as to why the ALS-SOD mutations could lead to the
formation of zinc-deficient SOD in motor neurons.

Because mutations of SOD increase the susceptibility of the C57-C146
disulfide to reduction under physiological conditions,’®® we propose that the
reduction of the disulfide makes the mutant SODs more susceptible to the loss
of zinc. Just as the loss of zinc makes SOD more susceptible to reduction of
the disulfide, reduction of the disulfide should strongly favor the loss of zinc. In
contrast, copper is held by three histidine ligands on the stable beta-barrel and
thus would be retained more strongly than zinc. Copper might also help in the
reoxidation of C57 and C146 after zinc is lost to reform the stabilized disulfide
bridge. Without zinc, both the loop containing C57 will be more mobile as well
as Arg143 that sits between the disulfide bond and the active site copper that
is normally located about 8 A from C57 (Figure 5.3). Thus, the copper could
readily oxidize C57 to a radical, which would react with C146. The resulting
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disulfide radical is strongly reducing and will react with oxygen to produce
superoxide to regenerate the C57-C146 disulfide bridge.

C57-SH + Cu?* > C57-S' + Cu' + H*
C57-S + C146-SH > C57 S™-S-C146 + H*
C57 S™-S-C146 + 02 > C57-S-S-C146 + Oy~

In this sequence, intracellular thiol reducing agents may promote the loss of
zinc from SOD, while allowing the disulfide to reform. The process of copper
catalyzed disulfide reduction would provide an additional means to stabilize
zinc-deficient SOD by enabling it to form homodimers or heterodimers with
Cu,Zn SOD. If the disulfide remained reduced, the SOD would stay as a
monomer and be removed as a nontoxic aggregate.

The presence of a stable disulfide in SOD is unusual because SOD is
found in the reducing environment of the cytosol and even 100 mM DTT
concentrations do not appreciably reduce the disulfide in wild-type SOD.%
However, mutations to SOD that perturb the SOD structure will create greater
flexibility of the disulfide bond and make it more accessible to physiologically
relevant concentrations of glutathione or thiol-reducing enzymes such as
glutaredoxin or thioredoxin. Thus, the transient reduction of the disulfide bridge
may make mutant SOD more susceptible to losing zinc in vivo.

This mechanism may help explain one of the most striking results
obtained in SOD-expressing mice. The copper chaperone (CCS) protein is
responsible for the direct insertion of copper into the active site of SOD. Little
is known about how SOD obtains zinc, however it is known that the copper
chaperone protein requires zinc to be bound to SOD in order to insert
copper.’® In a low expressing G93A SOD transgenic mouse model of ALS,
coexpression of human CCS dramatically reduced the mean survival time from
~240 days in the G93A mice to 36 days in the doubly transgenic mice,'®* but
has no ill effects in wild-type SOD transgenic mice. These results are
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consistent with CCS inserting copper into both wild type SOD and mutant
SOD, but that zinc is lost more readily from the mutant SOD and this results in
the dramatically more rapid progression of disease in these mice.

Mitochondria may also have an important role in the formation of zinc
deficient SOD as well as in the resulting toxicity. There is an increasing
amount of interest in the role that mitochondria have in ALS. Several reports
have shown that SOD associates with the mitochondria as the disease
progresses and SOD can be toxic to the mitochondria .?* 2> ¥ The import of
SOD into the mitochondria requires that the SOD have a reduced disulfide and
not contain metals.” Interestingly, there is evidence that the final step of
activation of Cu,Zn SOD in the inter membrane space of the mitochondria
maybe regulated by a thiol-disulfide conversion mediated by protein disulfide
isomerase (PDI).%° Protein disulfide isomerase is a member of the thioredoxin
family and has the classic -C-X-X-C- motif that is also found in the NTD-AhpF
(chapter 3). PDI is known to have both protein chaperone and disulfide
exchange properties that facilitate the folding and disulfide formation of
nascent proteins.?’" 292 Recent studies have shown that PDI can be located in
the inter mitochondrial space in addition to the endoplasmic reticulum. PDI has
also be found to complex with both wild type and mutant SOD.?*® In addition to
the PDI complexes, the insertion of copper by CCS into SOD involves a
CCS:SOD complex that is held together by hydrophobic interactions and an
intermolecular disulfide bond.?®* How the CCS:SOD intramolecular disulfide is
resolved remains unclear, but PDI is a prime candidate because of its disulfide
exchange properties. The activation of SOD in the inter mitochondrial space is
dependent on the function of PDI.?® The strong reducing environment of the
mitochondria may increase the formation of zinc-deficient mutant SOD
compared to wild-type SOD because of the more facile reduction of the
disulfide bridge.

In conclusion, this thesis describes the first X-ray crystal structure of
zinc-deficient form of Cu, Zn SOD. The aggregation and dimer exchange
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properties of zinc-deficient SOD reported in this thesis extend our
understanding of how zinc-deficient SOD is toxic and how mutations to SOD
may result in ALS. In addition, the biochemical characterization of the NTD-
AhpF revealed a relationship between the pK, and redox potential of the active
site disulfide that has not been observed in other members of the thioredoxin
family. Lastly, we demonstrate that GFP is not a sufficiently sensitive reporter

for detecting in vivo nitration.
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Figure 5.1

Figure 5.1. Location of ALS causing mutations on SOD. Shown is a ribbon
diagram of Cu,Zn SOD. Residues that have been associated with the familial
form of Amyotrophic lateral sclerosis (Blue) are found throughout the SOD
polypeptide. Copper (copper) and zinc (grey) are represented as spheres. This
image was generated using Pymol."”’
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Figure 5.2 The link between the disulfide and the zinc binding site and dimer
interface. The yellow ribbon diagram of Cu, Zn SOD illustrates the relationship
between the C57-C146 disulfide (yellow sticks) and the zinc-binding
site(orange ribbon). Arg 143 (blue sticks), copper, and zinc (orange and grey
spheres respectively) are also depicted. The surface of the residues from the
opposing subunit that are in contact with the dimer interface sub-loop
(raspberry) are shown in light blue. This image was generated using Pymol
and pdb code 1HL5.™
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Figure 5.3
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Figure 5.3. The affect the loss of zinc has on the stability of the zinc loop. The
disulfide and part of the zinc-binding loop are shown as a pale yellow ribbon
the residues highlighted in orange represent the part of the zinc-loop that
becomes disordered in the absence of zinc. The interface between the
opposing subunit (light blue surface) and the dimer interface sub-loop
(raspberry ribbon) are also shown. This image was generated using Pymol
and pdb code 1HL5.""
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