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ABSTRACT

Copper zinc superoxide dismutase (Sod1) is a critical enzyme in limiting reactive
oxygen species in both the cytosol and the mitochondrial inner membrane space. Sod1
dismutes superoxide anions to hydrogen peroxide and oxygen. The catalytic reaction is
dependent on an active site copper ion and a disulfide-bonded conformation. The copper
chaperone for superoxide dismutase (Ccs1) mediates the activation of Sod1 either
through facilitated copper ion loading, disulfide bond formation or both. In the past
several decades, Sod1 has been studied extensively due to frequent mutations found in
the familial form of amyotrophic lateral sclerosis (ALS). To date, over 150 mutations
have been characterized in Sod1; however, the basic maturation process of the enzyme is
poorly understood.

In this study, we explore the basic mechanism by which Sod1 matures. To define
the activation process, we have performed extensive mutagenesis on the Cys residues in
Ccsl. These mutations show a strict dependence on the CXC motif in domain 3, and the
spacing of the two Cys residues. Mutations that alter the spacing or remove one of the
cysteinyl residues from the CXC motif result in defects in copper metallation and
disulfide oxidation. Mutations of the second Cys in the Ccs1 domain 3 or Cys146 of
Sodl, which participates in the intramolecular disulfide, results in enhanced stalling of
the heterdimeric complex between Ccsl and Sod1 when affinity purification of Sodl was

performed. The two Sodl cysteinyl residues exhibit differential phenotypes in copper



loading. A C57S Sodl mutant is catalytically dead and devoid of bound copper when
purified from yeast. In contrast, a C146S mutant is partially copper loaded and exhibits
weak Sod1 activity. C57S is proposed to serve as an entry site ligand during Cu(I)
loading. In an attempt to observe an entry site Cu(I) site, X-ray absorption spectroscopy
was performed on Sodl and Ccs1 mutants that stall the heterodimer. The Cu(I)
coordination site with thiolate ligands was observed. We believe that this entry site is
functional, and that a single redox turnover of Cu(I) to Cu(Il) is necessary to generate
hydrogen peroxide. We characterize that through a reaction of hydrogen peroxide with a
free thiol, cysteine146 of Sod1, a sulfenic acid intermediate is fomed. We propose that
the sulfenic acid intermediate is able to undergo a nucleophilic attack, potential from a

thiolate from the CXC motif in Ccsl, to promote a disulfide exchange reaction.
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CHAPTER 1

ROLE OF CCS1 IN THE OXYGEN-DEPENDENT
ACTIVATION OF CU, ZN -SUPEROXIDE

DISMUTASE-1



1.1 Introduction
Cu,Zn Superoxide dismutase (Sod1) is an antioxidant enzyme that is highly
conserved throughout eukaryotes. Sod1 is responsible for the dismutation of two

superoxide anions, a normal product of cellular respiration, to form hydrogen peroxide

and oxygen [20,” + 2H' 5 H,0, + O,] (1). Human Sod1 is a 15.9 kDa polypeptide that
forms a homodimer, with each monomer binding one copper and zinc ions within a
disulfide-bonded conformer. The activation of Sod1 is dependent on the copper
chaperone for superoxide dismutase (Ccs1) (2-5); however, the exact role of Cesl
remains under debate. Sod1 shows a high degree of sequence and structural conservation
between eukaryotic species. Sodl is highly abundant in the cytoplasm, yet limiting levels
are also found in the mitochondria intermembrane space (IMS) (6,7). Sod1 has also been
shown to relocate to the nucleus and peroxisomes (8-10).

Superoxide anions have the ability to act as oxidants or reductants. The major
adverse effects of the accumulation of superoxide anions are lipid peroxidation,
deoxyribonucleic acid (DNA) damage, and Fe-S cluster oxidation (11-14). Superoxide
anions are natural byproducts of several enzymes both in the mitochondria and the
cytosol. In particular, Complexes I and III of the mitochondrial respiratory chain are two
major sites of superoxide generation in the mitochondria along with 2-oxoacid
dehydrogenases (15). The cytosolic NADPH oxidases are major contributors to cytosolic
superoxide levels (16). The toxic buildup of superoxide anions is controlled by the
presence of Sodl in the mitochondrial IMS and cytosol along with the manganese
superoxide dismutase Sod2, in the mitochondrial matrix (6,17,18).

Sod1 has been studied extensively since its initial discovery, and over 150



mutations in the gene that codes for Sod1 have been implicated in the familial form of the
neurodegenerative disease amyotrophic lateral sclerosis (ALS) (19). The vast majority of
the documented ALS cases are sporadic by nature. The familial form of ALS (fALS)
makes up roughly 5-10% of all cases, with mutations in Sod1 occurring in roughly 12%
of familial cases (19). The role of Sodl in ALS has been reviewed extensively in the
literature and is not a primary focus of this review (20-22).

A strong association between a toxic gain-of-function of mutant Sod1 and the
motor neuron disease exists (23,24), yet the mechanism of pathogenesis remains unclear.
One prominent model is the association of mutant Sod1 with mitochondria and resulting
mitochondrial dysfunction (25-28). This model is supported by studies in tissues and cells
obtained from ALS animal models and patients (25-28). Many ALS patient mutations in
Sod1 destabilize the native fold, suggesting that the deleterious form of ALS Sodl is a
misfolded conformer (29,30).

Cells lacking Sod1 exhibit a myriad of phenotypes. The mutant cells exhibit
increased sensitivity to oxidative and metal stress, decreased life span, and deficiency of
respiration, among various other problems (31-35). Sod1 null mice are viable and have
been used to study the role of Sod1l in ALS; however, the mice do not develop with any
obvious motor neuron abnormalities (36). The mice do exhibit a variety of phenotypes
including increased motor neurons, increased vulnerability to stress, mitochondrial
defects, and progressive muscle loss, etc. (34,36,37).

Mammalian species also have an extracellular Cu,ZnSOD (SOD?3) that catalyzes
the same reaction as the intracellular Cu,Zn-Sod1 (38). Structurally, the extracellular

enzyme is a tetramer with an additional disulfide bond stabilizing the structure.



1.2 Sod1 structure

Mature Sod1 is a stable homodimer, with each monomer folded into an eight-
stranded Greek-key B-barrel conformer (38). The enzyme contains a solvent exposed
active site copper ion located at the bottom of a deep channel outside the -barrel (39).
The active site channel comprises roughly 660 A* and makes up ~10% of the total
surface area of the enzyme (39). The channel is comprised of 18 solvent exposed
residues, and the catalytic copper ion sits at the base of the channel. The copper
coordination environment varies depending on the oxidation state of the copper in the
active site. His46, His48, His120, and His63 coordinate the copper ion in its oxidized
cupric state, resulting in a distorted square planar geometry (40,41). One of the axial
directions of the copper ion is accessible to solvent (40). In its reduced cuprous state,
His46, His48, and His120 coordinate Cu(I) in a trigonal planar geometry. His63 bridges
the Cu(II) to a Zn(II) ion 6.3 A removed (41-44). The Zn(Il) site is buried and is
tetrahedrally coordinated via three histidine ligands (His63, His71, His80) and one
aspartate residue (Asp83), which is part of the B-barrel. The zinc ion has a structural role
in stabilizing a polypeptide, loop thereby increasing the enzyme stability (45). In
addition, the Zn(II) ion increases the redox potential of the catalytic Cu(Il) ion (39). A
disulfide bond between Cys57 and Cys146, both of which are invariant in eukaryotes,
further stabilizes Sod1. Figure 1.1 shows the native Sod1 structure and highlights the two
metal ions and their ligands, the two important loop segments, one of which is the
electrostatic segment (colored in orange). The disulfide loop (colored in purple) extends
to the Zn ligand loop (colored in cyan).

Fully metallated, disulfide oxidized Sod1 is an unusually stable enzyme with a



melting temperature >90°C (46). Human apo-Sod1 with the disulfide intact has a
diminished melting temperature of ~52°C, and upon reduction of the disulfide bond the
apo-protein has a melting temp of ~42°C (29). The disulfide bond reduction potential of
Sodl1 varies in different species. The yeast, human, and C. elegans proteins exhibit
potential of -234 mV, -248 mV, and -270 mV, respectively (47). However, due to the
overall intracellular GSH:GSSG redox state of -290 mV to -310 mV (48), yeast and
mammalian Sod1 molecules are expected to be reduced in the cytoplasm and disulfide
oxidation must be facilitated. The unusual stability of the Sod1 disulfide in the cytoplasm
suggests that other structural influences such as solvent accessibility contribute to the
stability of the disulfide bond.

The metallation state and disulfide status of Sod1 affect protein homo-
dimerization. The reduced apo-protein is predominantly in the monomeric state, where
the addition of Zn(II) or formation of the disulfide bond favors the formation of the
homodimer (49). The reduced disulfide conformer results in a rearrangement of loop IV
that enhances flexibility from residues 50-61. This flexibility attenuates the dimer
interaction (50,51). Binding of Zn(II), or both Zn(IT) and Cu(I) limits the flexibility of
this loop region and favors dimerization, even in the absence of disulfide oxidation. The

bridging His63 located near the end of this loop contributes to loop stabilization.

1.3 Sod1 enzymatic activity
The function of Sod1 as a reactive oxygen-scavenging enzyme is linked to the
redox properties of Cu ion in the active site. The process of superoxide anion dismutation

proceeds in a two-step mechanism (38). First, the initial superoxide anion binding to



Cu(II)-Sod1 reduces the cupric ion to produce molecular oxygen and Cu(I)-Sodl.
Reaction of Cu(I)-Sod1 with a second equivalent of superoxide anion results in Cu(I)
oxidation and hydrogen peroxide generation. The redox cycling of the copper is
accompanied by a change in its ligand environment, in which Cu(I) exists in a trigonal
(His)s environment whereas the oxidized Cu(II) ion is distorted square planar with four
His ligands. The enzymatic reaction of Sod1 proceeds with a rate constants of ~2 x 10’
M's™ which is approaching the rate of diffusion and is largely unaffected by pH changes
from ~5-9.5 (52).

A key attribute that contributes to the phenomenal catalytic rate is the formation
of a superoxide guidance channel in the enzyme (38). Long-range and short-range
superoxide guidance occurs primarily by electrostatic guidance by positive charges in the
active site channel. Argl43 (yeast Sodl residue numbering) is especially critical for this
guidance. Mutation of Argl43 or modification of the residue caused a dramatic loss of
Sod1 activity (53,54). Argl43 forms a transient hydrogen bond with the superoxide
substrate (39,53,55). The guanidinium group of Argl43, in combination with Thr137, is
able to sterically block any large non-native substrates from reacting with the copper ion
(43). Argl43 is located within a loop designated the electrostatic loop (Figure 1.1),
which contains other positively charged residues contributing to electrostatic guidance of
superoxide ions (55). The electrostatic loop is stabilized by the C57:C146 intra-subunit

disulfide bond (40).



1.4 Additional roles of Sod1 in the cell

Sod1 has been traditionally characterized a reactive oxygen scavenging protein,
yet only a small fraction of cellular Sodl is necessary for this role and the enzyme is one
of the most abundant in the cell (56). This leaves the possibility of alternative functions
of Sod1 in the cell. Recently, Sod1 was shown to function in the glucose repression of
cellular respiration in yeast (57). Sod1 interacts and stabilizes the membrane-bound
casein kinase homologs, Yck1 and Yck2, which are involved in several nutrient-sensing
pathways in the cell including glucose and amino acid sensing (58,59). Sod1 binds a C-
terminal degron in Yck1 consisting of residues 367-412 (57). Both the Yck1:Sod1
interaction and the H,O, product of Sod1 catalysis are necessary for Yck1/2 stabilization;
an inactive Sodl or expression of Sod2 in the cytoplasm are unable to stabilize Yckl,
resulting in its degradation. In addition, human Sod1 stabilized the bovine casein kinase
CK1g, demonstrating the conserved nature of this stabilization. Stabilization of the casein
kinases by Sod1 links the abundance of reactive oxygen species with regulation of
several signaling pathways through Sod1 (57).

Sod1 has additional regulatory roles during times of high oxidative stress. Sodl is
rapidly translocated to the nucleus in yeast and mammalian cells in response to oxidative
stress (60). The hydrogen peroxide activated Mec1 mediates this oxidant-mediated
translocation of Sod1 through the Dunl kinase. Activation of Mec1 by H,O triggers the
Dunl-mediated phosphorylation of yeast Sod1 at Ser60 and Ser99. The phosphorylation
of these residues in Sod1 results in its translocation to the nucleus. The presence of Sod1
within the nucleus correlates with a transcriptional response of a number of genes broadly

involved in oxidative stress response. The mechanism of Sod1 stimulation of gene



transcription appears to be through specific DNA binding (60).

In addition to physical interactions, hydrogen peroxide derived from Sodl has
been shown to be an important signaling molecule. Peroxide produced from
enzymatically active Sod1 has been shown to inhibit the protein tyrosine phosphatase,
PTP1B, by oxidizing the active site cysteine residue (61). Inhibition of Sod1 results in a
decrease in phosphorylation of ERK1/2 in A431 tumor cells (61). General intracellular
peroxide generation is also suggested to be a vital signaling molecule in the cell, not only
for PTP1B, but also for PTEN, and MAPK (62-66). Peroxide in general has been shown
to be involved in cell proliferation, apoptosis, and cell differentiation (16,67). A direct
link of peroxide generated through the enzymatic reaction of Sod1 has not been
demonstrated for many of these intracellular processes, however, it is reasonable to
believe that at least some fraction of the peroxide produced that act as a signaling

molecule could originate from Sodl.

1.5 Maturation of Sod1

The maturation of Sod1 is dependent on a series of post-translational
modifications. These include Zn(II) and Cu(I) binding, disulfide bond formation and
dimerization. Disruption of any of these modification steps results in an inactive protein.
Sod1 maturation is mediated by the Ccs1 metallochaperone, which has been suggested to
mediate Cu(I) ion insertion and disulfide bond formation, although its exact role has been
debated (2-4).

In addition to its cytosolic maturation process, Sod1 is present in the

mitochondrial IMS and peroxisomes (8-10). Its presence in the mitochondrial IMS is



dependent on Ccsl, which is imported into the IMS through the Mia40/Erv1 disulfide
relay pathway (7,68-70). Elevated IMS levels of Ccsl lead to increased accumulation of
Sod1 in that compartment (6,7). The steps in Sodl maturation within the IMS are less
clear since all proteins entering in the mitochondria are unfolded prior to extrusion
through the outer membrane TOM complex. The import of Sodl into peroxisomes is also
mediated by Ccsl through a C-terminal peroxisomal targeting motif on Ccsl (10).
Whether Sod1 is imported in a complex with Ccs1 has not been substantiated. The
following sections will discuss various steps in the maturation process in the context of

cytosolic Sodl.

1.6 Insertion of zinc

The mechanism of zinc incorporation into Sod1 is unknown but is Ces1-
independent. Zinc is the second most abundant trace metal and it is not redox active. Due
to the inert redox nature of zinc, it is not considered as deleterious to the cell as Fe or Cu,
which can both catalyze Fenton chemistry. Total intracellular zinc concentrations for
optimum growth are on the order of 10°-10® molecules per cell, yet due to the high
abundance of zinc metalloproteins, the “free” zinc pool may be quite low (71-73). From
these experiments, many have suggested that zinc may be shuttled via metallochaperones
to target proteins as a result of the low “free” pool. A more common thought is that zinc
distribution is not limited by metallochaperone delivery, especially since it is so widely
used as a cofactor and that no Zn metallochaperones have been discovered. In the latter
scenario, labile Zn pools would be responsible to metallating the various proteins,

presumably through a diffusion process. Regardless of how zinc is acquired by Sodl, it
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appears that Zn binding is the first maturation event. Two observations support this
conclusion. First, purification of Sod1 from yeast lacking Ccsl was Zn-loaded, but
deficient in copper and largely disulfide reduced (74). In the absence of Ccsl, the yeast
Sodl1 is isolated with Zn(II) in both the Zn and Cu sites. Thus, one clear role for Ccsl
may be ensuring proper metallation of the copper site.

Secondly, in vivo NMR analysis of human Sod1 overexpressed in HEK293T cells
led to the accumulation of 360 uM Sod1 (75). At this elevated concentration, backbone
atom signals from Sod1 were clearly seen and the HSQC signals could discriminate the
apo-protein from a Zn-loaded protein. In the absence of co-expression of Ccsl or added
copper, the cellular Sod1 was a mixture of apo-monomer and a Zn-loaded dimeric species
(75). These observations are consistent with a model that Zn(II) metalltion of Sod1

occurs from a labile Zn(II) pool.

1.7 Role of Ccsl in Sod1 maturation

The addition of copper and the disulfide in Sod1 are linked to the Ccsl
metallochaperone. Ces1 is a ~27kDa protein that was originally identified using a genetic
approach (2). The initial screen for a Sod1 chaperone was based on the premise that a
mutant lacking a Sod1-chaperone would mimic the known defects in the lysine and
methionine biosynthetic pathways observed in sod/A cells. Cells lacking the LYS7 gene
were found to have same phenotype as sodIA cells. Both lys7A and sodIA cells only
exhibited these phenotypes in the presence of oxygen. The LYS7 locus was reannotated as
CCS1 and a human homologue was identified from the human proteome (2). Cesl is

primarily localized within the cytosol and mitochondrial IMS, like Sod1. Yeast lacking
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Ccsl are largely devoid of cellular Sod1 activity, but a fraction of active Sod1 can be
rescued with the addition of exogenous Cu (76,77). Yeast Sod1 is dependent on the
presence of Ccs1 for activation under normal physiological conditions, yet other
organisms such as C. elegans lack Ccsl yet maintain a fully active Sod1. Human cells
contain both a Ccs1-dependent and independent activation pathway of Sod1. The
molecular details of the Ccs1-dependent maturation of Sod1 remain under investigation.

Cecsl has a secondary role in the function of Sod1. The presence of Sod1 within
the mitochondrial IMS is dependent on Ccs1 (6,7,9). Cells devoid of Ccs1 have reduced
Sod1 within the IMS, and conversely, cells with elevated IMS levels of Ccs1 mediate
enhanced retention of Sod1 within the mitochondrial compartment (6,7,9). Ccs1 uptake
into the IMS is mediated by the oxidative folding Mia40/Erv1 pathway, whereas Sodl1's
retention is solely dependent on the prior presence of Ccsl in the IMS (69,78).

The Ccsl protein consists of three distinct domains. The N-terminal domain
(domain 1, D1) shares structural homology with the Atx1 copper chaperone (79). This
domain is arranged in a BapPap fold and contains an Atx1-like MXCXXC motif capable
of stably binding one Cu(I) ion (5). Cu(I) binding to D1 of Ccs1 leads to minimal
structural changes in the tertiary fold of the domain itself (80). The presence of the Atx
motif suggests that D1 has a role in copper delivery to Sodl and a direct transfer of
Cu(I)-Ccs1 in which Cu(I) is present in D1 to apo-Sod1 was shown (80). Physiologically,
D1 is only required for in vivo activation of yeast Sod1 under copper-limiting growth
conditions (76). D1 also harbors two additional cysteine residues, C27 and C64. These
residues are able to form a disulfide bond in vivo and are involved in the import of Ccsl

into the mitochondrial IMS through the Mia40/Erv1 disulfide relay system mentioned



12

above (69,78). Either single or double mutations of C27 and C64 result in a marked
diminution of steady state levels of Ccs1 within the IMS but not as significantly
attenuated in the cytoplasm (69,78). Mutation of C27 or C64 limit mitochondrial Sod1
activity, but show very little effect on cytosolic Sod1 activity (78).

Domain 2 (D2) of Ccs1 consists of an eight-stranded antiparallel B-barrel domain
analogous to Sod1, and is termed the Sod1-like domain (79). This domain is necessary
for the heterodimer interaction with Sod1 (5,81,82). The overall fold of D2 is very similar
to Sod1, with the exception of the zinc and electrostatic loop regions. The human Ces1
D2 contains 3 of the 4 active site histidines, but this domain fails to bind copper (83).
Deletion of D2 or mutation of residues on dimer interface, disrupt the interaction with
Sodl.

Domain 3 (D3), known as the activation domain, is a highly flexible domain
containing an invariant CXC motif. The crystal structure of apo-Ccs1 from yeast was
shown to be a dimeric conformer but only domains 1 and 2 were structurally defined. D3
was disordered and not observed (79). D3 is stabilized upon complexation with Sodl and
one of the cysteines in the essential CXC motif has been shown able to form an
intermolecular disulfide with Sod1 (84). This structure was obtained from a stalled
Ccs1:Sodl heterodimer resulting from a Sod1 Cu ligand His48Phe substitution. C57 is
located on the disulfide loop (loop IV) of Sod1 and forms the intermolecular disulfide
with C229 of Ccs1 D3, which is observed as an extended ahelical conformation(84). A
second heterodimeric structure was obtained by mutation of Sod1 copper binding ligands
H46R and H48Q as well as a WEER to WAAA mutation in D3 of Ccsl (preliminary

data). In this stalled structure of Sod1:Ccsl, D3 is observed as a compact B-hairpin
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conformation and C231 of Ccsl is within 4 angstroms of C146 of Sod1.

Deletion of D3 or mutation of CXC motif impairs Sod] activation, indicating its
importance in Ccs1-mediated activation (2,76). The CXC motif has been proposed to be
involved in copper transfer and/or disulfide transfer (5), but direct evidence in vivo has
been elusive. The candidate Cu(I)-binding CXC motif in D3 has a binding affinity to
Cu(I) that is roughly one order of magnitude weaker than the MXCXXC motif in D1
(85), raising questions of a purported Cu(I) handoff from D1 to D3 as has been
suggested.

Mutation in the spacing of the D3 CXC motif yielding either a CC or a CXXC
motif results in a largely inactive, disulfide-reduced Sod1. Both CC and CXXC motifs
are well-known as Cu(I)-binding motifs (86), yet these Ccs1 variants are functionally
compromised (preliminary data). However, a C,30Cz3; Cesl variant supports limited
Sod1 activation unlike other spacing mutants (preliminary data). This Ccsl variant,
which cannot form an intramolecular D3 disulfide, ostensibly rule out prior models
implicating Ccs1 D3-mediated shuffling of a preformed disulfide bond to Sod! during
activation (87,88).

Ccsl involvement in the Sod1 disulfide oxidation process has been shown in vitro
as well as in vivo (5,75,88,89). The stalled intermolecular disulfide bond previously
mentioned supports the role of Ccs1 in disulfide formation. However, whether Ccsl is
responsible for the introduction the disulfide, an additional upstream enzyme, or small
molecule oxidant, is unresolved. The activation process in the native enzyme is oxygen-
dependent, as the addition of a Cu(I)-loaded Ccs] fails to activate yeast Sodl in vitro

under anaerobic conditions (88).
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The role of Cesl1 in the disulfide acquisition in human Sodl was demonstrated by
in vivo NMR analysis of human Sod1 overexpressed in HEK293T cells (75). Efficient
disulfide bond formation in Sod1 was dependent on the co-expression of Sod1l and Ccsl
along with the addition of supplemental copper salts in the growth medium (75). In the
absence of co-expression of Ccsl, the supplemental copper led to a modest increase in
Sod1 disulfide bond formation. Likewise, co-expression of Sod1 and Ccs1 without the
addition of added copper led to partial oxidation in Sod1. Efficient disulfide bond
formation in Sod1 is therefore dependent on copper, Ccsl, and oxygen.

Ccsl-mediated Cu(I) donation to Sod1 has been widely discussed. Cu-Ccsl is
able to activate Sod1 in vitro, however, it is not easy to distinguish copper transfer vs.
disulfide oxidation in vivo as they appear to be linked (3). Ccsl is critical for the
maturation of Sodl in yeast due to the presence of a proline residue (P144) in Sodl,
which is absent in the human enzyme (4). Expression of human Sod1 in yeast produces
~25-50% active enzyme in the absence of Ccs1 (4). Certain organisms, such as C.
elegans, lack Ccsl in their proteome and Sod1 is fully activated in a Ccsl-independent
manner (90). This begs the question of how the Cu(]) is inserted and the disulfide bond
formed in Sod1 in these organisms. Additionally, since Sod1 is susceptible to
mismetallation in the absence of Ccs1 (91), it is curious how the Ccs1-independent

organisms ensure proper metallation.

1.8 Copper acquisition of Sod1
In general, copper is high regulated in the cell due to its reactivity. Cellular

acquisition of copper is mediated by the high affinity Ctrl copper transporter and low
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affinity transporters, such as Fet4 in yeast (92). Ctrl leads to the import of Cu(I) (93-95).
Ctrl is an integral membrane protein, which forms a homo-trimeric complex with 3
transmembrane helices per subunit (96). The extracellular amino terminal domain
contains a methionine rich motif for Cu(I) binding (97-99). Unlike the P-type ATPases,
Ctrl lacks any known ATP hydrolysis site to facilitate Cu(I) ion uptake. Cu(I) uptake
may be driven by the copper concentration gradient between the cytoplasm and
extracellular fluid.

Several models have been proposed for how Cu(I) is distributed after import. In
the case of Sod1 metallation, one model posits that Ccs1 is weakly associated with the
plasma membrane through electrostatic interactions with the phosphate groups of the
bilayer (100). This interaction involves a positively charged surface on Ccsl composed of
lysine and arginine residues. Membrane association may aid in bringing Ccsl in
proximity to the Cu(I) transporters. The known association of Ccsl and Sod1 would then
permit Sod1 activation to occur close to the membrane interface. Mutation of the
mentioned basic residues in Ccs1 abolishes the interaction with the membrane, and
impairs copper metallation of Sod1 in vivo (100). These data suggest that association of
Cecsl to the membrane bilayers is necessary for efficient activation of Sod1. This implies
that Ccs1 may be able to directly acquire copper from Ctrl for transfer to Sod1.

A second hypothesis is that the copper chaperones such as Ccs1 or Atox1, do not
directly extract Cu(I) from Ctrl. Rather, the intracellular glutathione pool facilitates Cu(I)
transfer from Ctrl to the metallochaperones. Maryon et al. proposed this model in which
GSH mediates Cu(I) distribution in cells (101). In their studies, initial cellular copper

uptake was unaffected by either overexpression or knockdown of either Cesl or Atox1 in
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HEK293 cells. However, depletion of GSH by treating the cells with L-buthionine-
sulfoximine (BSO) caused a 50% decrease in the initial rate of Cu(I) uptake. This study
suggests that GSH is important for cellular copper uptake from Ctrl. This observation has
been supported by other studies (102,103).

Multiple studies have sought to delineate the process of copper transfer to Sod1.
Cecsl is intimately involved in the process, as deletion of Ccs1 results in a defect in Sod1
maturation in yeast and humans (2,4,83). Yeast Sod1 activity can be partially rescued in
the absence of Ccs1 with addition of copper salts (76,77). As mentioned, in vitro studies
using copper-loaded Ccsl are sufficient to transfer copper and oxidize the disulfide bond
in Sod1 (5,88). As previously mentioned, Ccs1 has two Cu(I) binding motifs, the D1
MXCXXC motif and the D3 CXC motif. One hypothesis is that there is direct copper
transfer from D1 to D3, then subsequently to Sod1. This seems unlikely since the Cu(I)
affinity of D1 is ~5 x 10" M at pH 7.5 and the affinity for D3 is ~6 x10'® M (85).

Elegant in vitro studies using Cu(I)-loaded Ccs1 and its domains demonstrated
that Cu(I) transfer and Sod1 activation occurred using full-length Ccs1, but not Cu(I)-
loaded Ccsl D1 (5). However, a Ccsl truncate containing only D1 and D2 was able to
mediate Cu(I) transfer to Sod1 in vitro, but the enzyme lacked the critical disulfide.
Curiously, a Cu(I)-Ccs1 truncate lacking D1 showed heterocomplex formation with Sod1
but no Cu(I) transfer. The reduced affinity of Cu(I) associated with D3 may compromise
such transfer. Cu(l) transfer to Sod1 was dependent on prior occupancy of the Zn(I) site
in Sod1 (5).

Cu(I) acquisition to Sod1 clearly involved the Ccsl D1 in mammalian cells and

yeast under conditions of copper limitation. The observed copper-activation of ccs/A
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yeast cells (77) demonstrates that Sod1 can access a labile cellular Cu(I) pool, such that
in the absence of the availability of Cu(I)-loaded Ccsl1, Sodl1 is able to acquire Cu(I). The
in vitro Cu(l) transfer studies also question the role of Ccs1 D3 in Cu(I) presentation to
Sodl. However, D3 is essential for acquisition of the Sod1 disulfide bond.

The acquisition of Cu(I) by Sod1 appears to involve the Sod1 disulfide cysteines
(80). The in vitro Cu(l) transfer from full-length Cu(I)-Ccsl1 to Sod1 was attenuated with
Sodl alleles containing either C57A or C146A substitutions (80). These substitutions do
not attenuate Cu(I) loading when Cu(I) was presented as a Cu(I)-acetonitrile complex.
Thus, Ces1 mediated activation of Sodl may require Cu(l) entry through the Sod1
thiolates as an intermediate to translocation to the active site.

We confirmed the importance of Cys57 and Cys146 in the copper loading of Sod1
in yeast. Purification of Sodl from yeast followed by metal analysis revealed that a C57S
or C146S variant were impaired in copper loading. Copper levels in these mutants were
~.07 and .19 g atoms Cu/mol protein, respectively (preliminary data). The more severe
copper defect in Sod1 C57S could be a result of this cysteine being involved as an initial
copper ligand in a transfer reaction. In the absence of electrostatic guidance, the Sod1
Argl143Glu mutant, although inactive, is ~40% copper metallated in vivo (preliminary
data).

We have validated this mode of Cu(l) entry. X-ray absorption spectroscopy
studies reveal a thiol-bound Cu(]) site in Sod1 when the active site Sod1 copper ligands
His46 and His48 are mutated to Arg and Gln, respectively (preliminary data). The entry
site is a novel trigonal Cu(I) ion coordinated by (Cys),His ligands (Figure 1.2). The

thiolates may be contributed exclusively by the Sod1 cysteines that form the disulfide, or
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a combination of Sod1 and the Ccs1 CXC motif. The His residue is likely either His120
or His48 from the copper active site. Cu(I) binding to this putative “entry site” is likely
an intermediate prior to reaching the His, active site. In this model, Ccsl acts as a protein
chaperone stabilizes a nascent conformation of Sod1 exposing a Cu(l) entry site.
Presumably, this entry site holds copper until the disulfide bond is formed, where copper

is pushed into the native active site (Figure 1.3).

1.9 Oxygen dependence of Sod1 activation

The cell is dependent on oxygen as the final electron acceptor in cellular
respiration through the electron transport chain. Despite this, oxygen can be deleterious
to the cell by modifying proteins and lipids (104,105). However, in order to properly
mature, Sodl is dependent on the abundance of oxygen. Early studies on superoxide
dismutase showed that yeast grown in pure oxygen vs. nitrogen showed a ~6 fold greater
activity that is attributed to Sod1 (106).

In vitro assays first explored the mechanism by which oxygen is necessary for
Sodl activation. It has been established that Cu(I)-loaded Ccsl is able to react with apo-
Sodl1 in vitro and facilitate Cu transfer and disulfide formation in the presence of oxygen
(3,5,88). In this experiment, a characteristic Cu(Il) signal was seen by EPR after
incubation of Cu(I)-Ccs1 with apo-Sod1 for 1 hr in oxygen at 37°C (3). However, the
same experiment has been performed in the absence of oxygen, and Ccsl failed to
activate Sodl, or give a signature Cu(Il) EPR signal (3). These experiments demonstrated
the importance of oxygen in vitro and are consistent with a model in which Cu(I) >

Cu(II) turnover may be an important aspect of Sod1 maturation.
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Additionally, yeast cells grown in the absence of oxygen lacked Sod1 activity, but
the mitochondrial Mn-Sod2 was largely unaffected. However, after lysis under anaerobic
condition, exposure of the lysates to oxygen resulted in a response where Sod1 protein
levels and overall activity increased in a time and oxygen dependent manor (3). A similar
experiment was performed where cells were treated with cyclohexamide, which inhibits
new protein synthesis, in anaerobic conditions prior to air exposure. Upon air exposure
cells treated with cyclohexamide showed a significant increase in Sod1 activity, but
steady state levels were unaffected (3). These results taken together demonstrate that
there is a rapid response, both transcriptional and post-translational, to increase Sod1
activity during increased oxidative stress.

Prolonged incubation of wild-type Sod1 under anaerobic conditions led to loss of
enzymatic activity (107). In contrast, a Pro144Ser mutant retains enzymatic activity when
shifted to an anaerobic environment. Under these conditions, the level of Sodl activity
shows an inverse relationship with the level of phosphorylation of Ser38, where a greater
abundance of phosphorylation was found after prolonged anaerobic exposure. The
Pro144Ser substitution, which permits Ccsl-independent activation, resulted in decreased

levels of Sod1 phosphorylation when compared to WT Sod1 under anaerobic conditions.

1.10 Introduction of the disulfide bond

Disulfide bonds confer stability to a myriad of proteins. In Sod1, the disulfide
bond between C57 and C146 is normally critical for enzyme activity. Careful analysis of
Sod1 mutants lacking one of the disulfide cysteines revealed limited catalytic activity

(91). This disulfide is unique in that a bulk of Sod1 is found in the highly reducing



20

environment of the cytosol. Cytosolic disulfides are rare due to the reducing potential of
the cytoplasm, and it is currently unknown how they are introduced.

The lumen of the endoplasmic reticulum (ER) and the mitochondrial IMS harbor
a large number of disulfide-bonded proteins and have redox potentials of ~-170 to -185
mV, and ~-300 mV, respectively. The IMS is roughly as reducing as the cytosol (~-306
mV), yet is still able to harbor disulfide-bonded proteins due to limiting levels of
glutaredoxin-2 (108-112). Both the ER and the IMS have dedicated disulfide relay
pathways that have been characterized in detail (113-116). Both pathways employ
sulthydryl oxidases (Erol and Erv1) and oxidoreductases (PDI and Mia40) to transfer
disulfide bonds to the substrate proteins through a disulfide relay. There are no known
sulthydryl oxidases in the cytoplasm, so the mechanism of Sod1 disulfide oxidation
remains elusive.

One model of Sod1 oxidation invoked the CXC motif in domain 3 of Ccsl as the
disulfide donor (5). In this model, Ccs1 would have to acquire an intramolecular disulfide
by an undefined sulthydryl oxidase or oxidized glutaredoxin. However, this model is
inconsistent with the Ccs1-independent activation pathway in humans.

An alternative hypothesis of disulfide introduction is through a peroxiredoxin-like
mechanism (117). Such enzymes with an active site cysteine react with hydrogen
peroxide to form a sulfenic acid intermediate that can mediate disulfide bond formation
in an interacting target protein. Cysteine side chains are most reactive nucleophiles out of
all amino acids under physiological pH and thus, free thiols in the cell can undergo a
variety of modifications which include glutathionylation, nitrosylation, and sulfenylation

(118-120). Sulfenic acid modifications are unique in that the formal oxidation state of the
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sulfur is 0, which can lead to reactivity as either a nucleophile or electrophile (121).

Protein sulfenic acid is generally an unstable reversible intermediate, but
additional reaction with hydrogen peroxide can yield irreversible sulfinic and sulfonic
oxidation states (121,122). While sulfenic acids have been known to be involved in
stress response and modulating enzymatic activity, it was not until recently that its role in
disulfide bond formation was observed (123). The peroxiredoxin Gpx3 is involved in an
oxidative stress response-signaling pathway (124). Upon sensing an elevated level of
oxidative stress, the active site cysteine of Gpx3, C36, is able to react with hydrogen
peroxide to form a sulfenic acid intermediate. The sulfenic acid modified Gpx3 interacts
with the transcription factor Yapl, and forms an intermolecular disulfide bond through a
nucleophilic attack from a thiolate in Yapl. The intermolecular disulfide bond is
resolved by a second thiolate in Yapl, and the oxidized Yapl can then translocate to the
nucleus where it initiates its transcriptional response (124). This mechanism has now
been defined in multiple other systems (125).

We propose a related mechanism for the activation of Sod1 with a copper-
mediated sulfenylation reaction. We observed copper-mediated sulfenylation of Sod1 in
yeast cultures (preliminary data). A model to account for this observation suggests that
Cu(I) presented by Ccs1 D1 or alternatively from a labile Cu(I) cellular complex
transiently binds to an entry site in Sod1 consisting of the Sod1 thiolates Cys57 and
Cys146 along with a histidine ligand. Cu(I) bound in the entry site is adjacent to an
electropositive hole created by the association of Ccsl with apo-Sod1. The
electropositive hole in Sod1 attracts either a superoxide anion of hydrogen peroxide

anion. Attraction of a superoxide anion to the bound Cu(I) ion would allow for a single



22

turnover event generating peroxide that can mediate Sod1 sulfenylation leaving Cu(II) in
the entry site. The Ccs1 D3 thiolates trigger disulfide exchange reactions leading to
formation of the Sod1 C57-C146 disulfide bond. In the process, Cu(Il) is chased into the
active site for catalysis. Alternatively, attraction of a peroxyl anion to the electropositive
hole would allow sulfenylation without concomitant Cu(I) oxidation. In this case,
disulfide bond formation may drive Cu(]) to the active site.

The sulfenic acid modification seems to be preferentially on Cys146, since a
C146S variant attenuates this modification. In a recent crystal structure of the Ccs1/Sod1
heterodimer, Cys146 of Sodl is ~ 4 A away from C231 of the CXC motif in Ccs1. This
presents the possibility of a disulfide exchange reaction involving the CXC motif in Ccsl.
Additionally, the crystal structure showed a salt bridge formed between Argl43 and
Cys57 of Sod1. Stabilization of thiolates by salt bridge or hydrogen bonds can increase
the nucleophilicity of the residue, suggesting that a nucleophilic attack of Cys57 to the
sulfenylated C146 may drive disulfide bond formation (126). This mechanism is
supported by the importance of Ccsl in disulfide bond formation especially in yeast and

the oxygen-dependency on the process.

1.11 Ccsl-independent mechanism of Sod1 activation

As mentioned, human Sodl1 is capable of limited activation in cells lacking Ccs1
(47). This is unlike the yeast protein that exhibits a more rigid dependency on Ccsl. The
question arises as to the mechanism of the Ccs1-independent pathway. This pathway is
dominant in C. elegans (90). One study addressing the Ccsl-independent pathway

demonstrated that both the Ccs1-dependent and Ccsl-independent pathways are
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dependent on the same source of intracellular copper (47). In contrast, the two pathways
diverge with regards to the requirement for copper and oxygen in the disulfide bond
formation. Expression of the C. elegans Sodl in a yeast sod /A strain resulted in oxidation
of the worm Sod1 independent of the copper status of cells (47). This is in marked
contrast to yeast Sod1. The Ccsl-independent process of human Sodl activation is
partially dependent on copper and oxygen. Substitution of Pro144 in yeast Sodl by a
serine permits limited Ccs1-independent Sod1 activation and the disulfide bond
formation proceeds in copper-deficient cells. The redox potential of the Sod1 cysteines in
human Sod1 were reported to be ~ -248 mV, but considering that the cytoplasmic redox
potential is closer to ~ -300 mV, this process would be inefficient.

The Ccsl-independent pathway appears to depend on glutathione. The Ccsl1-
independent activation of human Sod1 was found to be dependent on GSH (4).
Attenuation of glutathione by deletion of y-glutamyl cysteine synthase 1 (Gshl), results
in impaired human Sod1 activation in the absence of Ccs1. Sod1 was able to be activated
in ghsIA cells in cells containing Ccs1. Similar results were found using immortalized
fibroblasts from mice (4). Additional experiments suggest that the Ccs1-independent
pathway needs reduced glutathione. Deletion of glutathione reductase null (g/r/A), which
causes the accumulation of oxidized glutathione, resulted in an attenuation in Sod1

activity.

1.12 Conclusions and perspectives
Cu,Zn superoxide dismutase is one of the most abundant enzymes in the

eukaryotic cell, and its diverse roles are being continually updated. Where there has been
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considerable attention focused on the role of Sodl in ALS, the fundamental processes in
the in vivo activation process have not been completely defined. Of the two pathways for
Sod1 activation, the Ccsl-independent process exhibits less dependency on copper and
oxygen than the Ccs1-dependent process. Clearly, the most efficient process is the Ccsl-
dependent process for human and yeast Sod1. In this process, copper and oxygen are key
components of the activation process. The nature of the oxygen dependency has not been
addressed.

Recent observations support a model in which Cu(I) derived from either Ccs1 D3
or a labile Cu(I) pool initially binds to an entry site in Sod1 prior to its translocation to
the active site (preliminary data). This entry site Cu(l) is characterized by a trigonal
Cys;His environment, presumably by the cysteines of Sod1, or a combination of
cysteines from Sod1 and domain 3 of Ccs1, and on histidine residue from the native
active site. Superoxide anions produced from normal cellular respiration and the cytosolic
NADPH oxidases appear to be recruited to this entry site Sod1 intermediate by virtue of
an exposed electropositive hole adjacent to the entry site. Electrostatic attraction of either
a superoxide anion or peroxyl anion to the entry site Cu(I) leads to either a Cu(I)-
catalyzed generation of hydrogen peroxide leading to sulfenylation of a Sod1 thiolate,
presumably Cys146. Binding of a peroxyl anion may directly mediate sulfenylation of
Cys146. Sulfenic acid modifications are facile, and can resolve readily into inter- or
intramolecular disulfide bonds, releasing H,O in the process. Ccsl likely mediates the
disulfide exchange reactions leading to the mature Cys57-Cys146 disulfide in Sod1. This
model is consistent with the copper- and oxygen-dependencies of the activation process.

According to this model, oxygen, and particularly superoxide, is a modulator of Sod1
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activity.

Recently, numerous proteins in the cytosol have been shown to contain either
transient or stable disulfide bonds. Clearly, many of these proteins are oxidized in
response to oxidants that may involve sulfenylation chemistry (127,128). It remains
unclear whether Cu(I) mediates the oxidation of proteins other than Sod1. Transient
binding of Cu(I) may contribute to the oxidation process. Copper is an abundant trace
element and is tightly regulated due to its redox properties. Could cells have evolved a
mechanism to utilize the redox properties of this potentially toxic ion to form necessary
disulfide bonds as a stress response?

Sod1 has also been implicated in diverse roles in the cell, including that of a
transcription factor (60). It is also established that peroxide is utilized as a signaling
molecule to mediate differentiation, cell proliferation, and apoptosis (16,67). Since Sod1
is one of the most abundant enzymes in the cell, as well as a major producer of
endogenous peroxide, Sod1 may have a role in mediating cell signaling through its native
reaction as is known to be the case with the yeast Yck1. This may occur in
microenvironments during normal cellular growth. Future studies will shed further

insights into these potential mechanisms.
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Electrostatic
Loop

Figure 1.1 The crystal structure of the holo, homodimeric human Sod1.
The backbone barrel domain is shown in green. The zinc ion is shown in grey, while the
copper ion is shown in orange. The zinc loop and the electrostatic loop are shown in

cyan and orange, respectively, while the disulfide loop is shown in purple.
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Figure 1.2 Crystal structure of the heterodimeric Sod1/Cecs1 stalled complex.

Left, the crystal structure of the complex where Sodl1 is present in green with the
electrostatic loop highlighted in orange and the disulfide loop is shown in purple. Copper
binding ligands His 48 and His120 of Sod1 are shown as well as the two cysteine
residues (C57 and C146). Ccsl domain 1 is highlight in blue, domain 2 in grey, and
domain 3 in red. Right, the dimer interface has been rotated ~180 degrees and zoomed.

Shows the proposed entry site ligands of Ces1(red) and Sod1(purple and green).
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Figure 1.3 Model of the Ccs1 dependent activation of Sod1.

a) Ccsl is able to stabilize a conformation that allows for copper to bind in a Cys2His
entry site. Superoxide is funneled to the copper through electrostatic guidance created at
the dimer interface between Sodl and Ces1. Cu(]) reacts with superoxide at the entry site
to produce hydrogen peroxide which then reacts with the closest thiol (Cys146) to form a
sulfenic acid. b) The sulfenic acid formed on C146 of Sod1 undergoes a nucleophilic
attack from the C231 thiolate of Ccsl. This form a intermolecular disulfide bond, which
is resolved by subsequent nucleophilic attacks from the other cys residues in the relay. ¢)
The disulfide relay is capped off by formation of a disulfide between C57 and C146 of
Sodl. The disulfide formation pushes Cu(Il) into the native active site and Ccsl

dissociates.
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2.1 Abstract

Metallo-chaperones are a diverse family of trafficking molecules that provide
metal ions to protein targets for use as cofactors. The copper chaperone for Sod1 (Ccsl)
activates immature copper-zinc superoxide dismutase (Sod1) by delivering copper and
catalyzing the oxidation of the Sod1 intramolecular disulfide bond. Here, we present
structural, spectroscopic, and cell-based data supporting a novel copper-induced
mechanism for Sod1 activation. Ccsl binding exposes an electropositive cavity and
proposed “entry site” for copper ion delivery on immature Sodl. Copper-mediated
turnover of superoxide at this site produces hydrogen peroxide and Cu(II). Local
peroxide generation leads to a sulfenic acid intermediate that eventually resolves to form
the Sod1 disulfide bond with concomitant release of copper into the Sod1 active site.
Sod1 is the predominant disulfide bond requiring enzyme in the cytoplasm and this
copper-induced mechanism of disulfide bond formation obviates the need for a

thiol/disulfide oxidoreductase in that compartment.

2.2 Significance

We demonstrate with a novel structure of a complex between Cu,Zn-superoxide
dismutase and its chaperone Ccs1 and molecular studies that the Ccsl-mediated
activation of Sodl proceeds through a copper-mediated sulfenylation intermediate that
resolves to form the essential Sod1 disulfide bond. The structure of Ccsl bound to
an immature form of Sodl at2.35 A reveals a previously unobserved b-
hairpin conformation of Ccsl that creates an electropositive hole adjacent to a Cu(I)

binding entry site. Attraction of a superoxide anion towards the electropositive hole leads
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to a single catalytic turnover generating Cu(Il) and hydrogen peroxide that mediates Sod1
sulfenylation as an intermediate in disulfide bond formation. This mechanism is a novel

copper-mediated disulfide process in the highly reducing cytoplasm.

2.3 Introduction

The copper chaperone for superoxide dismutase (Ccs1) activates newly translated
copper-zinc superoxide dismutase (Sod1) proteins (1). Sod1 is a critical antioxidant
enzyme that detoxifies superoxide, a byproduct of cellular respiration, through redox
cycling at its catalytic copper ion [20,”+ 2H" = H,0, + 01] (2). Nascent Sod1 is
inactive and monomeric (3-7), but is converted to its active homodimeric form through its
interaction with Ccs1 (1,6,8). Yeast lacking Ccsl are devoid of Sod1 enzymatic activity
unless exogenous copper is added to the culture medium (9,10). Like ccs/A yeast,
Drosophila melanogaster deficient in Cesl lack Sod1 activity and are hypersensitive to
oxidative stress (11). Expression of human Sod1 in yeast ccs/A cells results in limited
Sod1 activity (~25%) through the ability of a subset of hSod1 proteins to acquire copper
independent of Cesl1 (11,12).

Ccsl proteins are comprised of three domains (D1, D2, and D3), each of which
plays a specialized role in Sod1 activation (9). The N-terminal domain (D1) contains a
MxCxxC copper binding motif and is required under copper-limiting growth conditions,
suggesting it may participate in the acquisition of copper from the membrane transporter
Ctrl (9,13,14). The second domain (D2) possesses significant sequence and structural
similarity with Sod1 that permits it to mediate interaction with the immature molecule via

residues analogous to those found at the Sodl homodimeric interface (15-18). Like D2,
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the C-terminal domain (D3) is essential for Sod1 activation and contains an invariant
CxC motif (1,9). Cells containing Ccs1 proteins lacking the D3 CxC motif possess Sod1
proteins devoid of copper and intra-subunit disulfide bonds (8,9,19).

Multiple studies have sought to delineate the mechanism by which Ccs1 activates
Sod1. Experiments in yeast demonstrated that Ccs1 acts on newly synthesized, metal-free
Sodl1 to facilitate Cu(I) ion insertion and oxidation of the Sod1 intra-subunit disulfide
bond (20). The presence of a disulfide bond in Sod1 is unusual for an enzyme found
predominantly in the highly reducing cytosolic environment. The two major cellular
compartments in eukaryotes in which disulfide oxidation is commonly observed are the
lumen of the endoplasmic reticulum and the mitochondrial intermembrane space, both of
which contain thiol/disulfide oxidoreductases [reviewed in (21)]. Although the
mechanism of disulfide oxidation in nascent cytosolic Sod1 had been elusive until now, it
was known that the disulfide bond is essential for full catalytic activity because it anchors
the side chain of R43 adjacent to the catalytic copper ion where it helps to guide
superoxide into the active site (22).

Copper ion delivery and disulfide bond oxidation appear to be linked processes.
In Ccsl-containing yeast, Sodl mutants unable to bind copper in the active site remain
largely disulfide reduced (23). The addition of Cu-Ccs1 to Zn-Sod1 fails to induce
oxidation of the disulfide bond anaerobically, but this process is facile in the presence of
oxygen or superoxide (20). A previous yeast Sod1+Ccsl crystal structure revealed an
intermolecular disulfide between Cs; of Sod1 and Cyy9 of Ccsl, suggesting the
intermolecular disulfide may be an intermediate that eventually resolves to the Cs7-Cja6

disulfide via a disulfide exchange reaction (18).



44

Unlike mammalian Sod1 proteins, yeast Sod1 proteins cannot acquire copper via
the Ccsl-independent pathway (10,24). The electrostatic loop of yeast Sod1 contains two
proline residues that preclude the low levels of Ccsl-independent activation observed in
the human and mouse enzymes (12,25). Replacement of the Pro residues (P42 and Pj44)
in the yeast enzyme with their cognate residues from mammalian Sodl proteins permits
yeast enzyme activation via a Ccs1-indpendent pathway (12). Likewise, ~25% of the
Sod1 pool is active in ccs! -/- null mice (26). The activation of Sod1 proteins without
Pro at these positions in ccs/D yeast cells (11,24) or in ces! -/- null mice suggests the
copper ion may be provided by labile Cu(I) complexes in the yeast cytosol (e.g., Cu-
glutathione) (27,28).

Here, we present structural, biochemical, and spectroscopic data that suggest a
mechanism of Sod1 activation not previously described. Crystallographic studies on a
new Sod1+Ccsl complex reveal a cavity with positive electrostatic potential exposed by a
previously unobserved B-hairpin conformation of Ccsl D3 that embraces the Sod1
"disulfide loop," displacing it from the B-barrel. Spectroscopic studies establish that Cu(I)
is held at a (Cys)»(His) “entry site” adjacent to the electropositive cavity and Sod1+Ccsl
interface. In vivo studies of yeast Sod1 and its variants strongly suggest that the “entry
site” is functionally relevant and that disulfide formation and Cu delivery into the Sod1
active site are linked processes dependent on sulfenylation of Ci46. This new model is
consistent with the vast majority of the biochemical data on Ccs1-mediated activation in

the literature.
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2.4 Results
2.4.1 Role(s) of Cesl D3 in Sodl Activation

Previous studies have highlighted the importance of the CxC motif in Ccs1 D3 for
Sod1 activation (9,29); however, debate continues on its exact role. Existing data suggest
that the CxC motif mediates Cu(I) transfer from D1 to Sod1 (9) and/or oxidation of the
Sod1 disulfide bond (8,20). We attempted to glean additional insights into the role of D3
by structurally characterizing the Sod1+Ccs1 heterocomplex and evaluating residue
spacing within the CxC motif.

Previously, Lamb and colleagues determined the structure of a yeast H48F
Sod1+Ccsl heterotetramer containing two Sod1+Ccsl heterodimers in the asymmetric
unit related by two-fold noncrystallographic symmetry (NCS) (18). Heterotetramer
assembly was mediated by reciprocal "swapping" interactions in which a highly
conserved Ccs1 D3 237WEER24¢ a-helical motif bound to grooves on D2 of NCS-related
heterodimers (Figure S2.1) (18). To probe the importance of the 237 WEER,49 motif, we
created a series of mutants targeting these residues. One variant, E»33A/E2390A/Ro40A
(237WAAA24) demonstrated ~5-fold greater yield and enhanced resistance to the
trypsinolysis observed at K66 in the linker region between D2 and D3 in wild type Ccsl
(17). H46R/HasQ Sod1 possesses an ablated copper-binding site (23) and forms a highly
stable, H4R/H43Q Sod1°E333A/E239A/R240A Ccsl heterocomplex useful here for

structural analysis.
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2.4.2 New Structure of the Sod1+Ccs1 Complex

Structure of the HasR/H43Q Sod1°E»33A/E239A/R240A Cesl complex was
determined by molecular replacement and refined in space group P2,2,2 to a resolution
of2.35 A. Table 2.1 provides the X-ray diffraction and structure refinement statistics.
Although the asymmetric unit contains two Sod1+Ccs1 heterodimers related by
noncrystallographic symmetry, the D3 conformation and heterodimeric orientations are
dramatically different from the previous yeast H48F Sod1+Ccsl heterotetramer structure
(Figure S2.1) (18). D3 in the new structure adopts a compact B-hairpin conformation
that strengthens the Sod1+Ccs1 interaction, consistent with previous data indicating that
the Sod1+Ccsl complex exists as a stable heterodimer in solution (16,23), and in contrast
to the extended a-helical and/or disordered conformations of D3 observed in earlier work
(17,18) (Figure 2.1a, b).

Multiple interactions with residues coming from Ces1 D1 and D2 stabilize the b-
hairpin conformation of Ccs1 D3 (Figure 2.1¢). The indole ring of W2y, stacks with the
side chain of Rjos from D2, immobilizing the residues immediately N-terminal to the -
hairpin (Figure 2.1a, ¢). The buried location of Wy, is dramatically different from the
solvent exposed environment observed in a previous Sod1+Ccsl complex structure
(Figure 2.1b). The invariant 237 WEER4 tryptophan fits nicely into a hydrophobic
pocket on D2 formed by residues Ig3, Vigo, and L;o3 and seemingly acts as a “latch”
stabilizing the D3 B-hairpin (Figure 2.1a, c).

Previous studies in solution reported that Ccs1 D3 is required not only for Sod1
activation, but also for robust Sod1+Ccs1 interaction (30). The Sod1+Ccsl complex

structure presented here provides a clear molecular basis for the latter observation.
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Figure 2.1c¢ highlights the interface between the Sod1 “disulfide loop” region and the
Ccs1 D3 B-hairpin as a stereo-image of the representative oA electron density with
coefficients 2mFo-DFc contoured at 1.2 ¢ superimposed on the refined model. The large
number of interactions between Sodl and Ccs1 (Table S2.1) can occur only when the
Sod1 disulfide bond is reduced, consistent with previous observations of stable
Sod1+Ccsl binding only under reducing conditions (23). These interactions, together
with the unanticipated intercalation of the D3 CxC motif cysteine (C,3;) between the
disulfide loop and B-barrel of Sod1, create a cysteine-rich “notch-into-groove”

complementary surface (Figure S2.2).

2.4.3 Spacing of D3 CxC Residues is Critical for Sodl Activation

By altering the spacing of the Ccsl D3 CxC cysteines, we can begin to
differentiate the roles of copper delivery and disulfide bond formation catalyzed by Ccsl.
Yeast mutants lacking mature (e.g., metal bound, disulfide oxidized) Sod1 are lysine
auxotrophs and exhibit impaired growth in -Lys media. Growth of the CxC variant yeast
strains were largely compromised (Figure 2.2a, b and S2.3) and lysates from these cells
exhibited nominal Sod1 activity (Figure 2.2¢). However, Sod1 can be partially activated
in cells expressing the C»30Ca31 Cesl variant as growth was comparable to WT cells and
lysates exhibited residual Sod1 activity at both 30° and 37°C (Figure 2.2b, ¢). Only
minimal Sodl1 activity is required for cell growth. These results suggest that two thiolates
are necessary in Ccs1 D3 for Sod1 activation and that a strong positional effect is
observed for both. With a dithiol configuration, only a C,30C»3; Ccsl variant shows any

significant Sod1 activation. The C,39Cs3; Cesl variant, which cannot form an
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intramolecular D3 disulfide, ostensibly rule out prior models implicating Ccs1 D3-
mediated shuffling of a preformed disulfide bond to Sod1 during activation (8,20,31).

To assess the redox status of the Sod1 disulfide bond in these studies, thiol-
specific alkylation experiments were performed. Modification of cysteines with
polyethylene glycol modified N-ethyl maleimide (m-PEG) selectively adds 2 kDa per
free thiol. Sod1 present in WT cells is resistant to m-PEG modification, whereas Sod1 in
ces 1A cells is readily modified (Figure 2.2d). Likewise, Sod1 modification is similar for
cells harboring Ccsl CxC spacer mutants (Figure 2.2d), suggesting the bulk of cellular
Sodl1 in these strains exists in the disulfide reduced inactive state. However, there may
be a small fraction of oxidized Sod1 in the cells expressing Ccs1 Ci30Cz31 that cannot be

visualized by alkylation which gives rise to the cell viability seen on plate assays.

2.4.4 Stalled Sodl+Ccs1 Complexes

Previous studies have noted and our current Sod1+Ccs] structure deciphers that
immature forms of Sod1 are the primary target of Ccsl (Figure 2.1¢) (16,23). Figure 2.3
shows the results from Strep-Sod1+Ccs1 pull-downs from yeast where Ccs1 does not
significantly co-purify with WT Strep-Sod1 (Figure 2.3a). Co-purification of stalled
Sod1+Ccsl complexes was enhanced in cells expressing the Sod1 variant Cj46S and to a
lesser degree with Cs5S or the catalytically inactive R 43E mutant (Figure 2.3a). The
Ccsl D3 CxC variant Cy3;S, but not Cy29S, enhanced co-purification relative to WT Ccs1
(Figure 2.3b). Enhancement persists when the Sod1 variant Ci46S, is mixed with Ccsl
D3 CxC variants (Figure 2.3¢). However, D3 CxC spacing mutants with C,3; still in

place did not affect complex stalling (Figure 2.3d, e). The positional requirement of Cs3;,
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but not Cyy9, posits deviating roles during the Sod1 activation process that may be

explained by their relative arrangements in our Sod1+Ccs1 complex (Figure 2.1a, c).

2.4.5 Sodl Disulfide Formation Secures Copper Delivery

Next, we strove to further examine the link between disulfide bond formation and
metal delivery to Sodl. Various affinity purified heterocomplexes were assessed on non-
reducing SDS-PAGE for the presence of an inter-molecular disulfide bond. A ~45 kDa
molecular mass band containing both Sod1 and Ccs1 was not only observed in samples
when C46S Sodl were utilized, but also when Cx2S or C,31S Cesl were present (Figure
2.4a). Without both Ccs1 D3 CxC cysteines present, the process guiding formation of
the Sod1 Cs7-Ci46 intra-subunit disulfide bond likely becomes trapped as an
intermolecular disulfide intermediate. Interestingly, though a high mass Sod1+Ccsl
complex was not visualized with Sod1 Cs;S, significant levels of Ccs1 were co-purified
with this Sod1 mutant (compare Figure 2.4a to Figure 2.3a). Thus, we repeated the
experiments with N-ethyl maleimide (NEM) to quench possible disulfide exchange
reactions. The addition of NEM resulted in all of the single mutants forming the high
molecular weight complex, nonetheless at least one of the D3 CxC cysteines is necessary
(Figure S2.4). Interestingly, a Ccsl D3 variant lacking both Cys residues was attenuated
in its interaction with Sod1 consistent with an intermolecular disulfide in the stalled
Sod1-Ccsl interaction. In order to rule out that the stalled heterocomplexes are bridged
by Cu(I) coordination, the Cu(I) chelator BCS was added to the reactions and stalled
complexes persisted even in the presence of excess BCS (Figure 2.4b).

To gauge whether Sod1 in the Ccs1 mutant cells contained bound metal ions, N-
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terminally Strep-tagged Sod1 purified from cells with WT and mutant Ccs1 variants were
probed for metals by ICP-OES (Figure 2.4¢). WT Sod1 contained roughly 1 mol equiv.
of both copper and zinc, whereas Sod1 purified from ccs/A cells contained essentially no
copper but ~2 mol equiv. of zinc. Sod1 purified from cells containing Ccs1 D3 variants
or Sod1 with a Cs7S substitution were devoid of copper. In contrast, the C;46S Sod1 was
isolated with appreciable levels (~0.3 mol equiv.) of copper relative to ccs/A cells. The
difference in the copper content of Cs7S vs. C46S Sodl may suggest that these two
cysteines play differing roles in copper loading and/or retention. Taken together, the
variant forms of Sodl or Ccsl that hinder efficient disulfide bond formation also hinder

the ability of Sod1 to receive its full complement of copper.

2.4.6 Cysteine Residues From Sodl and/or Ccsl Form a Cu(l) “Entry Site”

Next, we wanted to address the position and coordination of copper during
delivery to Sodl. WT and variant forms of Strep-Sod1 were purified from yeast cells
containing either WT or mutant Ccs1. Again, the mutant Sod1 samples, but not the WT,
co-purify with Ccs1. X-ray absorption spectroscopy was then utilized to probe copper
coordination. Absorption edge features can distinguish Cu(I) from Cu(II) and digonal
from trigonal complexes by comparison with extensive data coming from Cu(I) and
Cu(IT) model complexes (32). Figure 2.5a shows the XAS Cu K-edge for WT and
mutant Sod1. The absorption edge exhibited a feature at ~8983 eV consistent with a
1s—4p transition of the Cu ion. For all three samples, the energy and intensity of this
near-edge feature relative to the absorption continuum are characteristic of trigonal Cu(I)

complexes (32).
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Figure 2.5b shows the copper K-edge EXAFS spectra and Fourier transform of
the EXAFS for WT Sodl1. The Fourier transform consists of a major peak at 1.96 A and
two outer shell scatter peaks at ~3 and ~4 A. Simulations with different ligand types
reveal a best fit for the 1.96 A peak with three N/O ligands, which agrees well with the
known three histidyl ligand coordination of Cu(I) ion in the Sod1 active site (33). The
outer shell scatter peaks correspond to backscattering effects of the imidazole ring
carbons. Analyses of the HssR/H43Q Sod1 mutant, which cannot bind copper at the active
site, was carried out after purification from yeast containing WT Ccsl or the mutant Ces1
containing only the D3 CxC cysteines (Figure 2.5¢ and 2.5d, respectively). The copper
K-edge feature in both samples was indistinguishable from WT Sod1, suggestive of
trigonal Cu(I) coordination (Figure 2.5a). In contrast to WT Sod1, the EXAFS analyses
of the two variant samples reveal broader first shell peaks that best fit to mixed sulfur and
N/O coordination of the Cu(I) ion. Cu(I) binding to Ccs1 consists of only thiolate ligands,
so the candidate nitrogen ligand is likely from Sod1. The EXAFS Fourier transform of
the mutant Sod1 purified with WT Ccsl is best fit with a model containing two sulfur
ligands at 2.21 A (2.22 A for Cys variant Ccs1) and a single N/O at 1.92 A (1.93 A for
Cys variant Ccs1) (Figure 2.5¢, d). The Cu(I) site thiolate ligands are not fully
distinguished, but are consistent with a model in which Cu(l) is coordinated at an “entry

site” generated by the interaction between immature Sod1 and Ccsl.

2.4.7 Cesl Exposes an Electropositive Cavity on Immature Sodl
The reduced disulfide bond in Sod1 permits the intercalation of the Ccs1 D3 (-

hairpin between the “disulfide loop” and B-barrel, which exposes an electropositive



52

cavity on the Sodl surface inaccessible in the disulfide oxidized/mature enzyme (Figure
2.6a, b). The positive surface potential arises primarily through the amide nitrogen atoms
of Ao, T116, and L;;7. The cavity is immediately adjacent to the Sg atom of C,3; coming
from the Cesl D3 CxC motif and Sod1 residues Cs; and Ci46 that become oxidized to
form the disulfide bond. Replacement of the glutamine residue at position 48 in this
structure with the normal active site histidine suggests a structural equivalence between
Hag and H,¢ such that either could provide a ligand in a putative (Cys),His Cu(I) “entry
site” (Figure 2.6¢ and S2.5). Sod1 disulfide bond formation likely drives concomitant
copper delivery to the active site, as mutants where the disulfide bond is not formed are
defective in copper acquisition/retention (Figure 2.4c). These structural details provide
relevance for our hypothesis that an electropositive cavity and proximal copper ion “entry

site” exposed on Ccsl-bound Sod1 link copper ion delivery and disulfide oxidation.

2.4.8 Copper-Dependent Sulfenylation at the Sodl “Entry Site”

The dismutation of superoxide anions by Sod1 yields both molecular oxygen and
hydrogen peroxide. Thiols are particularly prone to modification by reactive oxygen
species in the cell and sulfenic acid is one product produced upon oxidation by hydrogen
peroxide (34,35). Protein microenvironment contributes significantly to the stability and
reactivity of cysteine sulfenic acids, and reactivity of specific thiolates cannot be
completely explained by solvent exposure (36,37). The formation of sulfenic acid on
glutathione peroxidase 3 is a critical precursor for the subsequent disulfide transfer to the
transcriptional activator Yap! under oxidative stress (38,39). Could redox turnover of

superoxide at an exposed Sod1 “entry site” be catalyzing a similar reaction?
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Purified Sodl treated with dimedone, which specifically labels sulfenic acid
modifications, was analyzed by western blot using a dimedone adduct specific antibody.
A gel band visualized by this technique comigrated with a band imaged with a Sod1
antibody (Figure 2.7a). Notably, sulfenylation was observed on mutant Sodl proteins
purified from yeast also containing untagged WT Sod1, so the modification did not arise
from a buildup of cellular reactive oxygen species. The sulfenylated adduct is detectable
in all Sod1 mutants except for Ci46S, advocating a preferred site for adduct formation
(Figure 2.7b). Interestingly, the adduct is more prevalent with the R;4;E variant.
Whereas, Rj43 is important for electrostatic guidance of superoxide into the catalytic site
of mature Sod1, the addition of a negative charge at R;4;E mutant may help push
superoxide towards the vicinal electropositive cavity and “entry site.” Sodl sulfenylation
is attenuated in yeast cells that are rendered copper-deficient by inclusion of the copper
chelator BCS in the growth media or selective knockout of the influx copper transporter
Ctrl (Figure 2.7¢). This strongly suggests that sulfenylation at Sod1 C,46 is a copper-
mediated reaction. Sulfenylation at this site likely promotes Cs7-C46 disulfide oxidation
in Sod1, which in turn releases the now oxidized Cu(Il) from its “entry site” ligands into

the nearby Sodl active site (see Figure 2.5c¢).

2.4.9 Sodl Activation Under Copper-Replete Conditions

For yeast Ccs1 (but not necessarily mammalian), D1 is required only under
copper limiting conditions in vivo (9,10,29). The conditional necessity of D1 in yeast
Cecsl suggests that the cellular environment may alter the mechanism of copper delivery.

During normal cellular conditions, copper ions are present in the cytosol as small
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molecule complexes with reduced glutathione (GSH) or metallothionein scavengers (40).
However, presently, only mammalian cells are known to utilize Cu(I)-GSH as an
alternate route for Sod1 activation (12). Figure 2.7d shows the results for an in vitro
yeast Sod1 activation assay incorporating Cu(I)-GSH. Lane 1 is metal-free (apo) Sodl,
which shows no detectable activity, as expected. The addition of Cu(I)-GSH to apo-Sod1
provides very little benefit, as minimal activity is observed (lane 2). Lane 3 is apo-Sod1
mixed with apo-Ccsl as a control for background activity. Remarkably, when apo-Sod1
is mixed with apo-Ccs1 and Cu(I)-GSH, abundant Sod1 activity is detected (lane 4); a
level of activity similar to apo-Sod1 mixed with Cu(I)-Ccs1 (lane 5). These data suggest
that when copper is readily available, Ccs1 may simply expose the electropositive cavity
and Cu(I) “entry site” on immature Sodl to allow entry of Cu(I) from a labile source such

as glutathione and then facilitating disulfide formation, as described above.

2.5 Discussion

Based upon the data presented here, Ccsl-mediated Sod1 maturation appears to
proceed via a Cu-mediated sulfenylation intermediate that resolves to form the stable
Sod1 disulfide bond. Our new Sod1+Ccsl complex structure demonstrates that upon
binding to immature Sod1, interactions between Ccsl and the disulfide loop of Sod1
orient the D3 B-hairpin towards Sod1. The indole side-chain of W»37 fits into a
hydrophobic pocket on Ccsl D2 securing the D3 B-hairpin. The intercalation of Cas;,
together with hydrogen bonding interactions between the side chain of Sod1 residue Ds;
with the indole nitrogen of W2y, pulls the disulfide loop away from the Sod1 b-barrel and

exposes a copper ion “entry site” and adjacent electropositive cavity. A copper ion
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coming from D3 or a labile Cu(I) pool can now be coordinated at the “entry site” and
superoxide is attracted towards the electropositive cavity harboring Sod1 Cj46. Copper
ion oxidation (e.g., Cu(I) — Cu(Il)) reduces the superoxide to hydrogen peroxide. This
newly generated peroxide molecule promotes sulfenylation of a cysteine, likely Sod1
Ci46, although sulfenylation could initially occur on a Ces1 D3 cysteine. Sulfenylation
subsequently mediates disulfide bond formation through disulfide exchange reactions
involving the Ccs1 D3 cysteines. Sulfenylation of Sod1 is not dependent on Ccs1 (Figure
2.7b), but the resolution to a disulfide bond is dependent on Ccsl. The driving force for
Cu(I) oxidation at the entry site may in part be due to stabilization of the Cu(II) product
via migration into the tetra-histidine environment of the mature catalytic site. Sod1
disulfide oxidation and copper ion release into the active site expels the Ccs1 D3 -
hairpin as the formation of the disulfide bond closes the electropositive cavity and
terminates interaction between Sod1 and Ccsl.

The Sod1+Ccsl interaction during the maturation process is likely short-lived and
is terminated by successful intra-subunit Cs7-C,46 disulfide bond formation in Sod1.
However, this transient binding event can be trapped as an intermolecular disulfide linked
intermediate in cells containing either Cj46S Sod1 or Cz3;S Ccesl, yet substitution of both
Ccsl D3 CxC cysteines expectedly attenuates trapping. These data support a model
where Ccs1-mediated disulfide exchange reactions between cysteine residues at the Cu(I)
“entry site” drive Sod1 maturation to completion.

The Sod1+Ccsl complex is stalled in Sod1 catalytic site His mutants. The
reactivity of the Cu(I)NS; complex at the entry site of this Sod1 mutant with superoxide

is expected to be diminished, since the driving force provided by subsequent Cu(Il)
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stabilization in the catalytic site is absent. This facilitates partial build-up of the Cu(I)
intermediate. A corollary to this premise is that the resolution of the C,4¢ sulfenic acid
intermediate by Cs; could also be inhibited since movement of Cs7 towards C4 is a
consequence of reorganization of the electrostatic loop to accommodate the bound Cu(II)
ion. Therefore, in the absence of the driving force supplied by cupric ion migration,
resolution of the C 46 sulfenic acid by a Ccesi-derived thiol may be a more favorable
reaction, which in turn would generate intermolecular cross links of the type observed by
Lamb et al. (41) and with the results from the present study that at least one Ces/-derived
thiol is required for formation of the cross-link.

Clear evidence for a Cu(I) “entry site” on immature Sod1 bound by Ccsl is
provided by X-ray absorption and related techniques. Cells harboring a Sod1 H4sR/H4sQ
variant unable to bind copper at the active site, coordinate Cu(I) using a (Cys),His
pseudo-trigonal planar geometry. Consistent with this geometry and ligand set, the new
heterocomplex structure reveals that the Sy atoms of Cy31, Cs7, and the position of Cu in
the activated enzyme are co-planar, with liganding nitrogen atoms from Hyg and H»
equidistant and normal to this plane (Figure 2.6¢). Thus, the entry site may be fluxional,
sampling some or all of the four possible thiolate ligands. Only one of these states might
lead to proper maturation, while others could result in nonproductive cross-links. A
Cu(I) resting state observed in the WT EXAFS analysis is consistent with in vivo NMR
analysis performed on the maturation steps of Sod1(6,7). In separate in vitro analysis,
transfer of copper from Cu(I)-Ccs1 to Sodl in the presence of oxygen showed a stable
Cu(II)-Sod1(42). The difference between these two experiments may be explained by the

presence or absence of abundant superoxide anions, since we know that superoxide is a
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substrate for both half reactions of the native Sod1 enzyme.

A readily accessible Cu(l) “entry site” requires direct delivery and “hand-off” by
a copper ion carrier. Cu-GSH complexes have shown the ability to activate human Sod1
in the absence of Ccs1; a process not replicable for yeast Sod1 due to proline residues just
upstream of Cj46 (12). Here, we show evidence that Cu-GSH can deliver copper to yeast
Sodl, but requires interaction with metal-free Ccsl. Under normal cellular conditions,
the major role of Ccsl may be to pull the disulfide loop away from the Sod1 B-barrel,
thereby exposing the electropositive cavity and “entry site” on immature Sod1.

We suggest the electropositive cavity flanking the Cu(I) “entry site” attracts
superoxide anion in a manner analogous to the role of Rj43 during normal Sod1 catalysis.
Oxidation of the copper ion bound at the “entry site” (e.g., Cu(I) — Cu(Il)) reduces the
superoxide to hydrogen peroxide, which in turn promotes sulfenylation of a nearby
thiolate, preferably Cj46. Sulfenylation is known to mediate disulfide bond formation in
biological systems (34,35). Sulfenylated C46 reacts with Cu-bound Cs7 or C3; at the
“entry site” resulting in disulfide exchange reactions that lead to eventual resolution of
the stable Sod1 disulfide and concomitant release of copper into the active site. Once
formed, the rigid Cs7-C46 disulfide bond helps to immobilize the guanidinium moiety of
R143 adjacent to the catalytic copper ion. An engineered Sodl monomer in which the
position of the disulfide bond is altered due to the loss of stabilizing interactions at the
homodimer interface is an order of magnitude less active than the disulfide oxidized
dimeric enzyme (5). In this context, the Cu(I) “entry site” and electropositive cavity are
integral to normal Sod1 function.

In conclusion, our biochemical studies and Sod1+Ccsl complex structure suggest
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a novel mechanism for Sod1 maturation. Copper delivery to an exposed “entry site” on
immature Sodl and redox turnover of a single superoxide substrate are required for the
initial maturation steps. Results indicate that cellular copper ion levels may dictate the
delivery source for the “entry site” and under normal conditions Ccsl may play an
indirect role in copper ion delivery by facilitating access to the “entry site.” Ccsl directs
Sod1 disulfide formation through sulfenylation of C,46, which keys disulfide exchange
reactions concluding in a stable Sod1 Cs7-C46 disulfide, copper ion placement in the
active site, and termination of the interaction with the now mature Sodl. The maturation
path is a concerted process requiring a specific conformation of thiolates in the entry
complex, accompanied by coupled sulfenylation, Cu(II) migration, and resolution to
disulfide, with the driving force dependent on all three molecular events. Our data and
ensuing mechanism also require that Sod1 maturation is initiated by oxidative chemistry,
as previously reported by the O’Halloran lab (43), and more specifically by superoxide
itself. This latter conclusion is significant since it implies that Sod1 metalation and
activation is regulated by the presence of its substrate such that its precious copper cargo

is only loaded when the cell or organelle experiences oxidative stress.

2.6 Materials and methods
2.6.1 Materials

Monobasic and dibasic potassium phosphate, acetonitrile (Optima grade), formic
acid, sodium hydroxide, yeast extract, peptone, dextrose (glucose), EDTA, sodium
chloride, and sodium acetate were obtained from Fischer Scientific. Ammonium sulfate

was purchased from US Biological. Polyethelyne glycol 1000 came from Fluka. Tris
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was purchased from Research Products International. Primers came from Invitrogen.
Agarose glycerol, DEAE Sephadex, DTT, and PMSF were obtained from Sigma. Pfu
DNA polymerase and deoxyribonucleotides were purchased from Stratagene. Glass
beads were obtained from Biospec. Crystallization screening kits and crystal growth
trays were purchased from Hampton Research. Phenyl Sepharose and Sephadex G-75
came from Pharmacia. All solutions were prepared using de-ionized water passed

through a Millipore ultra-purification system.

2.6.2 Sodl Cloning, Expression, and Purification

DNA fragments encoding the human H46R/H48Q Sod1 double mutant were
amplified by PCR and ligated into the YEP351-hSOD plasmid, where expression of the
Sod1 protein is directed under the control of its own promoter. The protein was
expressed, purified, and characterized, as previously described, (23) with the addition of a
DEAE-Sephadex chromatography step between the hydrophobic interaction
chromatography and gel filtration column steps. The metal content of purified Sod1 and
Cecsl proteins was determined using inductively coupled plasma mass spectrometry (ICP-

MS) at the Chemical Analysis Laboratory at the University of Georgia.

2.6.3 Ccsl Cloning, Expression, and Purification

DNA fragments encoding yCcs1 were generated by polymerase chain reaction
(PCR) from plasmids generously supplied by J.S. Valentine (UCLA). Ccsl constructs
were cloned into a pkA6H vector, which contains an inducible /acZ promoter, a 6x-N-

terminal His-tag, and a tobacco etch virus (TEV) cleavage site. Residues *’"WEER**" in
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D3 were substituted to >’ WAAA** via quick-change mutagenesis and these substitutions
dramatically enhanced the overall yield of recombinant Ccs1 (~5-fold) while
simultaneously obviating the instability and proteolysis observed in wild type Ccs1
otherwise identically prepared. Yeast Ccs1 was expressed in Escherichia coli BL21
(DE3). Transformed cells were grown in LB media at 37° C to an ODggp 0f 0.6 to 0.8.
After induction with 0.1 mM IPTG, the cells were transferred to 30° C for an additional 4
hr before being harvested. Ccs1 was purified using a HisTrap HP Ni*" affinity column
purchased from GE. After purification, the hexa-His-tag was removed by digestion
overnight with TEV protease produced in-house and engineered to contain its own non-
cleavable hexa-His tag. After digestion, the cleaved His tag and TEV protease was
removed from the Ccs1 sample by a final pass through the nickel column. This

procedure leaves a two residue (Gly-His) extension on the Ccs1 N-terminus.

2.6.4 Crystallization, Structure Determination, and Refinement

The H46R/H48Q Sod1+ E238 A/E239A/R239 Ccsl complex was prepared in
solution, as previously described (23). All crystals were grown at room temperature
using the hanging drop vapor diffusion method. Purified Sod1+Ccsl complex at 20
mg/mL in 50 mM MES, pH 6.5, 150 mM sodium chloride, 10 mM TCEP, and 50 uM
ZnSO4 was mixed with an equal volume of reservoir solution containing 100 mM Bis-
Tris, pH 6.5, 200 mM Ammonimum Sulfate, and 25% w/v PEG 3350. Rectangular
crystals grew in space group P2,2,2 within two weeks at room temperature. Suitable
specimens were soaked in a cryoprotectant consisting of reservoir solution made 10%

(v/v) in ethylene glycol before flash-cooling by plunging into liquid nitrogen. X-ray
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diffraction data were measured to a resolution of 2.5 A resolution at the Argonne
National Laboratory NE-CAT beamline 24-ID-E, which is equipped with microfocus
MD-E microdiffractometer. All diffraction data were processed using the HKL2000
program suite (44). The structure was determined by molecular replacement with the
program MOLREP (45) using the structures of human S134N Sodl [PDB: 10ZU (46)]
and yCcs1 D2 [PDB: 1JK9 (18)] as the search models. The Sod1 component was
positioned in the unit cell first, then yeast Ccsl DII followed by rigid body refinement
using the program PHENIX (47). The model was refined iteratively in PHENIX without
noncrystallographic symmetry restraints, invoking simulated annealing in the early
rounds of refinement and alternating with manual model adjustment into c-weighted
electron density map using the program COOT (48). No stereochemical restraints were
applied to the metal-ligand distances or bond angles. All structural figures were created

using the PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC.

2.6.5 Yeast Growth, Strains, and Plasmids

S. cerevisiae strains were grown in SC-glucose (dextrose) (SCD) media at 30°C
unless otherwise noted. BY4741 ccsiA::KanMX knockout was generously provided by
Dr. Val Culotta. The sodIA mutant in BY4741 as well as in the ccs/A::KanMX
background was generated with a URA3 disruption. Dr. Culotta generously provided both
pRS313-CCS! and YEP351-ySOD1 plasmid for in vivo and EXAFS experiments. N-
terminal Strep tag (WSHPQFEK) with a 2 Gly linker and all subsequent mutations in

ySOD1 were generated by Phusion mutagenesis PCR.
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2.6.6 Analysis of Sodl Disulfide Redox State and Activity Measurements

ces1A were transformed with CCS/-containing plasmids harboring specific
spacing mutations. 50 mL cultures were harvested at ODgoonm~1. Pellets were
resuspended in 8M Urea, 3mM EDTA, .5% Triton X-100, 50 mM Tris, pH 8.0 and split
into 2 aliquots containing or lacking mPEG-Mal (PEG Maleimide, MW 2000) purchased
from NANOCS. The cells were lysed by bead beating and centrifuged at 12,000 x g for
10 min. The supernatant was placed at 37°C for 1 hr and ~ 30 pg of lysate was analyzed
by western blot. Sodl activity was measured using the SOD assay kit purchased from

Sigma.

2.6.7 Sodl Purification

For Strep-tag affinity purification, ccs/AsodIA cells were co-transformed with
vectors encoding Sod1-Strep and Ccsl variants and grown to ODgponm~1 in SCD media.
Cells were resuspended in 50 mM NaH,PO4, 300 mM NacCl, pH 8.0 with Roche
cOmplete protease inhibitor cocktail tablets. Cells were lysed by bead beating and
centrifuged at 12,000 x g for 10 min. One mg of supernatant was diluted to 500 pl of
buffer and 50 ul bead volume of Strep-Tactin Superflow plus, purchased from Qiagen,
was added and incubated for either 4 hr or overnight. For nonreducing alkylation
experiments, 20 mM N-ethyl maleimide (NEM) was added to overnight incubation of
lysates. To test whether copper was involved in heterodimer complex, 500 uM BCS was
added to lysates in overnight incubation. Eluates were then analyzed by western blot
analysis. For purification of Sod1 HisR HasQ, cells were lysed by French pressure cell

press and centrifuged at 10,000 x g to clarify lysates. Ammonium sulfate was added to
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lysates at 4°C while stirring to a final concentration of 60%. Upon reaching 60%
saturation, an equal volume of methanol was added to the solution and stirred vigorously
for 10 min. The supernatant was centrifuged at 10,000 x g for 30 min and the supernatant
was dialyzed overnight into 50 mM phosphate buffer, 150 mM NaCl, pH 7.0. Following
dialysis, the eluate was loaded onto a Superdex 75 FPLC column and the major peak

containing Sod1 was dialyzed into 20 mM Tris, pH 8.0.

2.6.8 Sodl Metal Analysis

Sod1-Strep tagged constructs were grown in SCD media to ODggonm 1.5 and
harvested. Cells were lysed by French pressure cell press and centrifuged at 50,000 x g
for 1 hr at 4°C. The protein was purified using Strep-Tactin Superflow plus resin. Eluted
proteins were dialyzed overnight in 20 mM Tris pH 8.0 and analyzed by inductively

coupled plasma optical emission spectrometry (ICP-OES) for metal content.

2.6.9 Sod1 Sulfenylation

Sod1 was purified as described above. 5,5-dimethyl-1,3-cyclohexanedione
(dimedone), purchased from Sigma Aldrich, was added to a final concentration of 20 mM
to the eluate or to lysates. The protein was incubated at 37°C for 1 hr, and analyzed by
western blot analysis using an anti-cysteine sulfenic antibody purchased from EMD

Millipore which reacts with cysteine sulfenic acids derivatized with dimedone.
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2.6.10 X-ray Absorption Data Collection and Analysis

Copper K-edge (8.9 KeV) extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near edge structure (XANES) data were measured at the Stanford
Synchrotron Radiation Lightsource operating at 3 GeV with currents between 300 and
500 mA operated in continuous top-up mode. Samples were measured on beamline 7-3
using a Si[220] monochromator and an upstream Rh-coated mirror with 13 keV energy
cutoff in order to reject harmonics. Data were collected in fluorescence mode using a
Canberra 30-element Ge array detector with maximum count rates per array element set
to less than 120 kHz. A Z-1 nickel (NiO) filter and Soller slit assembly inserted in front
of the detector were used to reduce elastic scattering relative to the Cu Ka fluorescence.
Four scans of a buffer blank were averaged and subtracted from the averaged data for
each protein sample to remove the Ni Kg fluorescence and produce a flat pre-edge
baseline. Samples were measured as aqueous glasses in 20% ethylene glycol at 10K. Data
reduction and background subtractions were performed using the program modules of
EXAFSPAK (49). Spectral simulation was carried out using EXCURVE version 9.2
(50,51) as described previously (52-54). The best fit of the simulations of the EXAFS
data supported a mixed-shell coordination model consisting of imidazole from histidine
and sulfur from cysteine coordination where appropriate. The threshold energy, EO, was
chosen at 8985 eV, and refinement of structural parameters included distances (R),
coordination numbers (N), and Debye-Waller factors (26°), and included multiple

scattering contributions from outer-shell atoms of imidazole ring.
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Figure 2.1 Structures of Sod1°Ccs1 complexes

In all panels, the Sod1 B-barrel is shown in green with the electrostatic loop orange and
disulfide loop purple, Ccs1 D1 is marine, D2 is grey, and D3 is red. The Sod1 zinc ions
are shown as orange spheres. a) The heterodimeric complex between human HssR/H43Q
Sodl and yeast E233A/E230A/R40A Cesl determined in the present work. The reduced
disulfide bond of H4sR/H4sQ Sod1 between Cs; and C46 permits the displacement of the
disulfide loop from the Sod1 B-barrel where it interacts extensively with residues coming
from Ccsl D2 and D3. b) The heterodimeric complex between yeast HagsF Sod1 and
yeast Ccsl [pdb 1JK9] (18). Note the difference in the positions of W2, W237, and the
overall conformation of D3 relative to that shown in panel a). ¢) A stereo-image of the
representative aA electron density with coefficients 2mFo-DFc is contoured at 1.2 ¢
superimposed on the refined Sod1+Ccsl model. Atoms coming from D3 residues 217-224
interact extensively with atoms coming from residues 68-71 in the linker region
connecting D1 and D2 and residues from the displaced disulfide loop of Sod1 (residues

50-62). Stabilizing hydrogen bonds and salt-links are shown as dotted lines.
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Figure 2.2 The spacing of the D3 CxC Cys residues is critical for Sod1 activation

a) Mutations were made in the CxC motif of Ccsl to alter the spacing to either a CC or a
CxxC motif without disrupting downstream residues. b) Viability tests were performed
by plating cells on synthetic complete media with or without lysine at 30°C or 37°C. c¢)
Sodl activity for various Ccsl mutants was quantified. d) The status of the disulfide
bond was visualized by lysing cells in the presence of a PEG-maleimide alkylating agent

that selectively reacts with free thiols.
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Figure 2.3 Stalled Sod1°Ccs1 complexes

a) Lysates from sod /A transformed with Sod1-Strep mutants were subject to affinity
purification using Strep-Tactin resin b) Strep affinity purification from ccs/A cells
harboring Ccs1 CxC motif mutants ¢) Strep affinity purification from ccs/A sodIA cells
harboring Sod1 C46S-Strep and co-transformed with vectors encoding various Ccsl CxC
mutants d) and e) Strep affinity purification from lysates containing Ccsl CxC spacing

mutants coexpressing Sod1-Strep.
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Figure 2.4 Sod1 can form an intermolecular disulfide with Ccs1

a) Cell lysates from ccsIA sodIA co-transformed with WT or Ccs1 CxC mutants and WT

Sod1-Strep or Sod1-Strep mutants were subject to affinity purification. Reducing SDS

PAGE gels were run (top) as well as nonreducing SDS-PAGE gel (bottom) and blotted

for Sodl or Ccsl. b) WT Sodl1-Strep or mutants were purified in the presence or

absence of 500 uM bathocuproinedisulfonic acid (BCS) and analyzed for Ces1

interaction. ¢) Sod1-Strep (WT) or containing various Sod1 mutations were affinity

purified and metal ratios were determined by ICP-OES.
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Figure 2.5 Cysteine residues from Sod1 and/or Ccsl form a novel Cu(l) “entry site”
Sod1 was purified from yeast lysates containing the indicated Sod1 and Ccs1 mutations.
X-ray absorption spectroscopy was employed to determine the Cu coordination
environment of Sod1. a) The Cu K edge of WT samples along with WT Ccs1 + Sodl
Ha6R HusQ and Ces1 Ci720127/64/150S + Sod1 HasR HasQ, b) EXAFS region for WT
samples, ¢) EXAFS region for sample containing WT Ccs1 + Sod1 HseR HssQ, d)

EXAFS region for sample containing Ci7/20127/64/150S + Sod1 HasR HasQ.
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Figure 2.6 Electropositive cavity and copper ion “entry site” on immature Sod1

a) WT Sodl (colored as in Figure 2.1 and S2.2) shown in its disulfide oxidized mature
conformation (left). The electrostatic surface is contoured at + 4 kT (right). b) The
disulfide reduced, copper-free Sod1 molecule from the current Sod1+Ccs1 complex with
residues 46 and 48 exchanged back to histidine for demonstrative purposes. The box in
the right panel highlights an electropositive cavity on Sod1 made accessible through the
intercalation of the Ccs1 D3 B-hairpin. ¢) The Cu(I) “entry site” on immature Sod1 (solid
black lines), as shown here, contains two cysteine sulthydryl groups (Cs7, Ci46 from
Sod1) and one histidyl side chain from Hag or Hizo. The left panel shows a
semitransparent electrostatic surface covering the “entry site” from the view of the Ccsl
D3 B-hairpin. The right panel is rotated back and counterclockwise (both ~90°) from the
left panel and now the electropositive cavity surface is shown to emphasize its depth an

positioning with regard to the “entry site” ligands.
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Figure 2.7 Copper-dependent sulfenylation at the Sod1 “entry site” and a role for
reduced glutathione (GSH)

a) WT Sod1-Strep purified from yeast cells and treated with DMSO vehicle or dimedone
to a final concentration of 20 mM. Coomassie stain of the purified Sod1 samples are on
left panel and western blot using a cysteine sulfenic acid antibody or Sod1 antibody on
the panels on the right. b) Purified Sod1 with various mutations were reacted with
dimedone and visualized by western blot analysis. ¢) WT cells or ctr/A cells were
transformed with a Sod1-Strep-encoding plasmid. The cells were grown in the absence
or presence of 150 pM BCS and subject to Strep-Tactin affinity purification. d) Lane I -
Immature (metal-free, disulfide reduced) yeast Sod1 cannot scavenge superoxide (e.g., no
white band). Lane 2 — Immature ySodl + copper bound glutathione (Cu-GSH) or a
metal-free (apo) form of yCcsl (Lane 3). Lane 4 — Cu-GSH + immature ySod1 + apo-

yCcsl. Lane 5 — immature ySod1 + Cu-yCcsl.
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Table 2.1 Data collection, phasing, and refinement statistics

Data collection, phasing and refinement statistics

Data collection
Space group
Cell dimensions

a, b, c(A)

o, B,v(°)
Wavelength (A)
Resolution (A)
Rsym
Rpim
Mean (I/ 1)
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand
Solvent
B-factors
Protein
Ligand
Solvent
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Ramachandran statistics
Favored, allowed, outliers (%)

P21242

99.1,184.4, 48.5
90, 90, 90

0.97918

48.51-2.35 (2.48-2.35)*
0.112 (1.125)

0.051 (0.480)

13.8 (2.0)

99.9 (100)

7.0 (7.3)

46.92-2.35
37,948
0.186/0.235

0.009
1.142

98.7,1.3,0.0

*Values in parentheses are for the highest-resolution shell.
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Figure S2.1 Contents of the asymmetric units

a) The human H4sR/Ha3Q Sod1eyeast E»33A/E»390A/Ra40A Cesl complex structure
determined in this study, and b) the yeast HsgF Sodleyeast Ccsl complex structure
determined previously [pdb code 1JK9 (18)]. In both panels, Sodl is shown in green,
zinc ions are shown as orange spheres, Ccs1 D1 is cyan, D2 is light blue, and D3 is red.
The MxCxxC copper-binding motifs in D1 are shown in magenta. In panel b), note the
formation of an intermolecular disulfide bond between Sod1 Cs7 and Ccsl Cyyg and the
“swapping” of the a-helical 37 WEER,49 motif to form a heterotetrameric complex. This
237WEER 40-mediated swapping interaction suggested a functional Sod1+Ccsl

heterotetramer and was targeted for mutagenesis in this work.
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Figure S2.2 Space-filling notch-into-groove interaction of Ccsl D3 at the Sod1+Cesl
interface

The colors mimic that of Figure 1.1 a) Critical cysteine residues involved in Sod1
activation are displayed as yellow spheres. The B-hairpin of Ccs1 D3 displaces the Sod1
disulfide loop (purple) to gain access to the cysteine residues of the “entry site.” b)
Intercalation of the D3 B-hairpin between the Sod1 B-barrel and disulfide loop. Sod1 is
shown as an electrostatic surface contoured at = 4 kT. The reduced Cs7-C46 Sod1
disulfide bond exposes an electropositive “hole” near Ci46. Domains 1 (marine) and 2
(grey) of Ccs1 are shown as surfaces. The stabilizing positioning of the conserved Ccs1

tryptophan residues Wz, and Wa37 from D3 are highlighted.
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Figure S2.3 The D3 CxC and Sod1 disulfide cysteine residues are essential for Sod1
activation

a) Yeast viability assays performed by plating serial dilutions of cells on synthetic
complete media with or without lysine at 30°C. b) 30 pg of total cell lysates were

analyzed by western blot. The cytosolic marker PGK1 was used as a loading control.
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Figure S2.4 Hindered disulfide shuffling stalls the Sod1+Cecsl1 interaction

a) Cell lysates from ccsIA sodIA co-transformed with WT or Ccsl CxC mutants and WT
Sod1-Strep or Sod1-Strep mutants were subject to affinity purification. The addition of
20 mM NEM was added after lysis to overnight pull downs to deter disulfide exchange
reactions. Reducing SDS-PAGE gels were run (top) as well as nonreducing SDS-PAGE

gel (bottom) and blotted for Sod1 or Cesl.
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Figure S2.5 Detailed views of the electropositive cavity

a) The Sod1+Ccsl complex is displayed as an electrostatic surface contoured at + 4 kT.
The 90° rotation relating the left and right panels carries throughout the figure. b) The
electropositive cavity is clearly solvent accessible and large enough for a superoxide
molecule. Ordered water molecules that likely facilitate superoxide movement towards
the electropositive cavity are shown as cyan spheres. ¢) Same view as in panel B, but
without the electrostatic surface. d) Again, same view as in panels B and C, but the

actual cavity is shown as the surface to highlight its overall shape and charge distribution.
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Figure S2.6 R,43 plays a critical role in Sod1 activation.

a) Yeast viability assays performed by plating serial dilutions of cells on synthetic
complete media with or without lysine at 30°C. b) The status of the disulfide bond in
WT, ccslA, and Ry43E cells was visualized by lysing cells in the presence of a PEG-

maleimide alkylating agent that selectively reacts with free thiols.



Table S2.1 Interactions between Sod1 and Cecsl

Sod1—-ChainA | Ccs1-ChainB | 53(ASN) [CB | 83(ILE) [ CD1 3.95
54(THR) [N 83(ILE) | CD1 3.68

Residue | Atom | Residue | Atom [ Distance (A) | [ 54(THR) [ C 229(CYS) [ N 3.85
54(THR) [ O 228(VAL) | CA 3.58

5(VAL) CG1 [ 138(ASP) | CG 3.47 228(VAL) [ C 3.59
138(ASP) | OD2 3.7 229(CYS) [ N 2.75

138(ASP) | OD1 3.84 229(CYS) [ CA 3.67

138(ASP) | CA 3.75 229(CYS) | CB 3.53

138(ASP) | CB 3.58 229(CYS) | SG 3.69

7(VAL) CG1 [ 140(SER) [ N 3.72 54(THR) [ CB [ 227(GLN) | O 3.76
140(SER) [ CA 3.77 54(THR) | CG [ 103(LEU) | CD1 3.98

140(SER) | CB 3.93 83(ILE) | CD1 3.9

9(LYS) CE | 85(GLU) |CD 3.95 111(CYS) | SG | 217(ARG) | NH2 3.59
85(GLU) | OE1 3.35 113(ILE) [ C 217(ARG) | NE 3.95

85(GLU) | OE2 3.86 113(ILE) [ O 186(ILE) | CG2 3.64

9(LYS) NZ [85GLU) [CD 3.15 217(ARG) | NH2 3.32
85(GLU) | OE1 2.95 217(ARG) | CD 3.78

85(GLU) | OE2 2.68 217(ARG) | NE 2.75

11(ASP) [ CG | 230(ALA) | CB 3.88 217(ARG) | CZ 3.46
11(ASP) [ OD1 | 230(ALA) | CB 3.66 113(LE) [ CG [ 187(GLY) | CA 3.63
11(ASP) | OD2 [ 230(ALA) | C 3.97 114(GLY) | CA [ 186(ILE) [ CG2 3.79
231(CYS) [N 3.23 114(GLY) | C 217(ARG) [ N 3.92

231(CYS) | CA 3.66 114(GLY) | O 217(ARG) | CB 35

231(CYS) [ C 3.86 217(ARG) | CG 3.45

231(CYS) | CB 3.41 216(ALA) | CA 3.75

230(ALA) | CB 3.38 216(ALA) [ C 3.79

232(THR) [ N 32 216(ALA) | CB 3.94

232(THR) | CB 3.99 217(ARG) | N 2.91

232(THR) | OG1 3.11 217(ARG) | CA 3.76

50(PHE) | CA | 217(ARG) | O 3.81 217(ARG) | CD 3.82
50(PHE) [ C 217(ARG) | O 3.86 115(ARG) | CG | 217(ARG) | CD 3.76
50(PHE) | CB [ 217(ARG) | O 3.36 217(ARG) | NE 3.98
50(PHE) | CD | 218(SER) | N 3.9 115(ARG) | CZ [ 217(ARG) | CD 3.73
218(SER) | CA 3.74 217(ARG) | NE 3.69

218(SER) [ C 3.58 217(ARG) | CZ 3.94

219(ALA) [N 3.52 115(ARG) | NH | 217(ARG) | CD 3.45

50(PHE) | CE | 218(SER) | C 3.74 217(ARG) | NE 3.91
219(ALA) [N 3.47 115(ARG) | NH [ 217(ARG) | NE 3.84

219(ALA) | CA 3.72 217(ARG) | CZ 3.63

219(ALA) | CB 3.93 217(ARG) | NH1 3.71

50(PHE) | CZ | 219(ALA) | CA 3.95 148(VAL) | CB [ 214(VAL) | CB 3.86
219(ALA) | CB 3.63 214(VAL) | CG1 3.99

51(GLY) | N 217(ARG) | C 3.97 148(VAL) | CG [ 214(VAL) | CG1 3.62
217(ARG) | O 2.99 216(ALA) | CB 3.57

51(GLY) | CA [ 216(ALA) | CB 3.7 148(VAL) | CG | 216(ALA) | CB 3.93
217(ARG) | O 3.8 150(GLY) [ CA [ 137(GLY) [ O 3.57

51(GLY) [C 216(ALA) | CB 3.39 187(GLY) | O 3.54
217(ARG) | O 3.81 150(GLY) | C 187(GLY) | O 3.73

51(GLY) [ O 216(ALA) | CB 3.33 151(ILE) [N 187(GLY) [ C 3.93
52(ASP) | N 216(ALA) | CB 3.94 187(GLY) | O 2.96
217(ARG) | O 3.16 151(ILE) | CA [ 187(GLY) [ O 3.95

52(ASP) | CA [ 81(VAL) [CG1 3.76 151(LE) | C 137(GLY) | N 3.9
217(ARG) | O 3.86 151(ILE) | O 136(LYS) | CG 3.99

52(ASP) | CB | 81(VAL) | CG1 3.79 136(LYS) | CA 3.51
217(ARG) | O 3.51 136(LYS) [ C 3.62

218(SER) | CB 3.76 136(LYS) | CB 3.34

218(SER) | OG 3.84 137(GLY) [ N 2.92

52(ASP) | CG | 81(VAL) | CG1 3.46 137(GLY) | CA 3.79
218(SER) | CB 3.87 137(GLY) [ C 3.8

218(SER) | OG 3.55 138(ASP) | N 3.8

52(ASP) | OD [ 81(VAL) [ CG1 3.59 151(ILE) | CB | 187(GLY) | O 3.83
52(ASP) | OD | 81(VAL) | CG1 3.78 151(ILE) | CG [ 187(GLY) [ O 3.8
218(SER) | CB 3.13 151(ILE) | CD [ 188(ARG) | NH1 3.88

218(SER) | OG 2.49 186(LE) | O 3.9

222(TRP) | NE1 3.45 152(ALA) | C 136(LYS) | CD 3.84

53(ASN) | C 83(ILE) | CD1 3.56 152(ALA) | O 136(LYS) | CD 3.42
53(ASN) | O 229(CYS) | O 3.92 153(GLN) [ CG [ 136(LYS) | CD 3.71
83(ILE) | CD1 3.76 153(GLN) | NE | 136(LYS) | NZ 3.79
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Table S2.1 Continued

Sod1 - Chain C ‘ Ccs1—Chain D ‘ 54(THR) [¢] 227(GLN) | O 3.89

229(CYS) | SG 3.72

Residue [ Atom | Residue | Atom [ Distance (A) 228(VAL) [ CA 3.66

228(VAL) | C 377

5(VAL) | CG1 | 137(GLY) | O 3.83 229(CYS) | N 2.94

138(ASP) | CA 362 229(CYS) | CA 38

138(ASP) | CB 361 229(CYS) | CB 3.56

138(ASP) | CG 367 54(THR) | CB | 227(GLN) | O 38

7(VAL) | CG | 140(SER) | N 3.73 54(THR) | CG | 81(VAL) | CG2 3.92

140(SER) | CA 3.82 103(LEU) | CD1 3.83

9(LYS) | CE | 85(GLU) | OE1 3.65 111(CYS) | 5G| 217(ARG) | NH2 371

9(LYS) NZ 85(GLU) CD 3.47 113(ILE) | O 217(ARG) | CD 3.75

85(GLU) | OEA 333 217(ARG) | NE 274

85(GLU) OE2 2.93 217(ARG) | CZ 3.44

11(ASP) CG 230(ALA) | CB 3.72 217(ARG) | NH2 3.26

T1(ASP) | OD | 230(ALA) | CB 3.39 186(ILE) | CG2 3.55

11(ASP) oD 232(THR) | CB 3.9 113(ILE) CG 187(GLY) | CA 3.63

230(ALA) | C 39 114(GLY) | CA | 186(ILE) | CG2 363

231(CYS) | N 3.22 114(GLY) | C 217(ARG) | N 3.93

231(CYS) | CA 3.68 114(GLY) | O 217(ARG) | N 2.9

231(CYS) | C 382 217(ARG) | CA 373

232(THR) | N 3.11 217(ARG) | CB 3.49

230(ALA) | CB 3.34 217(ARG) | CG 3.45

231(CYS) | CB 3.58 217(ARG) | CD 3.85

232(THR) | OG1 3.08 216(ALA) | CA 3.75

17(LE) | CD | 140(SER) | CB 3.75 216(ALA) | C 38

50(PHE) CA 217(ARG) | O 3.78 115(ARG) | NE 217(ARG) | NE 3.98

50(PHE) | C 217(ARG) | O 3.76 115(ARG) | CZ 217(ARG) | CD 3.57

50(PHE) CB 217(ARG) | O 3.39 217(ARG) | NE 3.59

50(PHE) | CD | 219(ALA) | N 362 217(ARG) | CZ 3.94

218(SER) | N 3.98 115(ARG) | NH 217(ARG) | CD 3.29

218(SER) | CA 3.89 217(ARG) | NE 3.82

218(SER) | C 3.67 115(ARG) | NH 217(ARG) | NE 3.68

50(PHE) | CE | 219(ALA) | N 3.67 217(ARG) | CZ 3.56

219(ALA) | CA 3.83 217(ARG) | NH1 3.68

218(SER) | C 3.9 146(CYS) | SG 231(CYS) | SG 3.89

50(PHE) CE 219(ALA) | CB 3.84 148(VAL) | CB 214(VAL) | CB 3.84

50(PHE) Cz 219(ALA) | CA 3.93 148(VAL) | CG 216(ALA) | CB 3.7

219(ALA) | CB 3.64 214(VAL) | CG1 3.65

51(GLY) N 217(ARG) | C 3.86 150(GLY) | N 137(GLY) | O 3.93

217(ARG) | O 2.83 150(GLY) | CA 137(GLY) | O 3.39

51(GLY) | CA | 217(ARG) | O 361 187(GLY) | O 333

216(ALA) | CB 3.64 214(VAL) | CG1 3.79

51GLY) |C | 217(ARG) | O 3.66 150(GLY) | C 137(GLY) | O 3.84

216(ALA) | CB 3.34 187(GLY) | O 3.52

51(GLY) [¢] 216(ALA) | CB 3.21 151(ILE) N 137(GLY) | N 3:75

52(ASP) | N 217(ARG) | O 313 137(GLY) | CA 3.94

216(ALA) | CB 3.96 187(GLY) | C 374

52(ASP) CA 81(VAL) CG1 3.7 187(GLY) | O 277

217(ARG) | O 3.94 151(ILE) CA 187(GLY) | O 3.76

52(ASP) | CB_ | B1(VAL) | CG1 3.86 151(LE) | C 137(GLY) | N 3.76

217(ARG) | O 3.84 151(ILE) | O | 136(LYS) | C 3.45

218(SER) | CB 3.8 137(GLY) | N 275

218(SER) | OG 3.7 136(LYS) | CA 3.36

52(ASP) CG 81(VAL) CG1 3.54 137(GLY) | CA 3.64

218(SER) | CB 3.97 137(GLY) | C 3.7

218(SER) | OG 3.45 136(LYS) | CB 3.25

52(ASP) oD 81(VAL) CG1 3.53 136(LYS) | CG 3.9

52(ASP) oD 222(TRP) | CD1 3.85 138(ASP) | N 3.73

222(TRP) | NE1 3.36 151(ILE) CB 187(GLY) | O 3.67

81(VAL) CG1 3.96 151(ILE) CG 187(GLY) | C 3.92

218(SER) | CB 3.37 187(GLY) | O 3.58

218(SER) | OG 2.5 151(ILE) CD 186(ILE) (0] 3.55

53(ASN) | C 83(ILE) CD1 3.54 188(ARG) | CG 3.88

53(ASN) | O 229(CYS) | O 3.95 187(GLY) | C 3.9

83(ILE) CD1 3.59 152(ALA) | C 136(LYS) | CD 3.74

53(ASN) CB 83(ILE) CD1 3.9 152(ALA) | O 136(LYS) | CD 3.21
54(THR) | N 83(LE) | cD1 3.78
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CONCLUSION
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The accumulation of reactive oxygen species in the cell has been shown to be
deleterious by causing lipid peroxidation, DNA damage, and oxidation of Fe-S clusters
(1-4). Cu, Zn Superoxide dismutase 1 (Sod1l) is a highly abundant intracellular protein
that helps protect the cell from harmful reactive oxygen species. Sodl is localized
primarily to the cytosol and the mitochondrial intermembrane space, but has been found
in the nucleus and peroxisomes(5-9). Sodl harbors an unusually stable disulfide bond in
the highly reducing cytosolic environment where formation of disulfides is typically
thought to be unfavorable. Currently, there is no known disulfide transfer system present
in the cytosolic compartment.

Sodl1 utilizes redox cycling of its catalytic copper to convert two superoxide
anions to hydrogen peroxide and water(10). The maturation of Sod1 involves insertion of
a structural zinc ion, a catalytic copper ion, disulfide bond oxidation, and dimerization.
Insertion of the zinc ion is achieved by an unknown mechanism, but could be
accomplished through a diffusion-based mechanism. Insertion of the catalytic copper and
disulfide oxidation was thought to be achieved via the interaction with Ccs1; however,
the exact role has remained elusive (11-14).

In addition reactive oxygen scavenging, Sodl has been characterized to be
involved in several other cellular processes including glucose sensing, as a transcription
factor, and production of hydrogen peroxide for signaling purposes(15-17). Mutations in
Sod1 have been characterized to be involved in the familial for of amyotrophic lateral
sclerosis (fALS). There have been over 150 mutations characterized to date, which
display a variety of issues such as protein aggregation(18). Characterization of mutations

in Sod1 associated with ALS continues to be a major focus in the field. Thus,
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understanding the maturation process of Sod1 has broad implications in cellular
defense/signaling, oxidative folding, and in the molecular basis of disease.

Over the last several years, we have discovered several discrete steps in the
maturation process of Sod1. Work described in Chapter 2 supports a novel mechanism
for the Ccs1 dependent activation of Sodl. The model described earlier suggests that
Cu(I) originating from either Ccs1 domain 3 or a labile Cu(I)-GSH pool initially binds to
an Sodl “entry site” prior to translocation to the native active site. The presence of
domain 3 of Ccsl, and particularly the cysteine residues, are necessary to stabilize the
proposed entry site to allow copper coordination. The Cu(I) entry site is coordinated in a
trigonal environment, characterized by a Cys,His ligand set as shown by x-ray absorption
spectroscopy. The cysteine residues may be contributed entirely by Sod1 (Cys57 and
Cys146), or a combination of residues from Sodl and the CXC motif in domain 3 of
Ccsl. His120 likely contributes the histidine ligand in our studies, however, under
conditions where mutations in Sod1 are not present, it is presumed that His48 could also
act as a ligand also.

Superoxide anions appear to be involved in the maturation of Sod1 and are likely
recruited to the Sod1 entry site Cu(I) via an exposed electropositive hole adjacent to the
entry site that is formed from the interaction with Ccs1. The proposed electropositive
hole seems to function in a mechanism analogous to the native electrostatic guidance of
superoxide anions in the mature enzyme. Electrostatic guidance of a superoxide anion to
the entry site Cu(l) leads to a Cu(I)-catalyzed generation of hydrogen peroxide. The
reaction of hydrogen peroxide with a Sod1 thiolate, presumably Cys146, leads to sulfenic

acid formation. Depending on the microenvironment and the pKa of the cysteine, sulfenic
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acid modifications can readily undergo nucleophilic attacks from thiolates in close
proximity to form inter- or intramolecular disulfide bonds, while releasing H,O in the
process (19,20). Sufenic acid formation was detected on Sod1 isolated from cells
containing WT, ccsIA, Sodl C57S, and Sodl R143E mutants, but very little was detected
on the Sod1 C146S mutant. Importantly, sulfenic acid formation is diminished upon
growth and purification under copper chelating conditions. One important aspect of this
experiment is the detection of sulfenic acid formation in ccs1A cells. Traditionally, it
was thought that Ccs1 was responsible for the copper transfer to Sod1(11,14,21). This
result indicates that copper is able to bind to Sod1 in the absence of Ccsl1 to perform this
initial superoxide turnover. These data suggest that the role of Ccsl in Sod] maturation
is not for copper acquisition, but for resolution of the disulfide bond.

Domain 3 of Ccsl likely mediates the disulfide exchange reaction, either directly
or indirectly, leading to a Cys57-Cys146 disulfide bond in the mature enzyme.
Purification of Sod1-Strep from cells containing a Ces1 C229S or C231S mutant results
in an enhanced stalling of the Sod1/Ccsl1 heterodimeric species. Analysis of these
mutants under nonreducing conditions shows an intermolecular disulfide bond between
Ccsl and Sodl. The heterodimer can be further enhanced by purification in the presence
of the thiol alkylating agent, N-ethyl maleimide (NEM). Additionally, the spacing of the
CXC motif in domain 3 of Cesl is critical for the activation of Sod1. Mutation or
alteration of the spacing of this motif results in an inactive Sod1.

The model described is consistent with the copper- and oxygen-dependencies of
the Ccs1 dependent activation process. Oxygen, and particularly superoxide, is a

modulator of Sod1 activation. The data presented in Chapter 2 supports the notion that
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Sod1 can be actively modulated post-translationally, by the abundance of its native
substrate, and can rapidly respond to the accumulation of reactive oxygen species.

The research presented in Chapter 2 exposes several questions about the
maturation process of Sod1, and alternative functions of Sod1 in the cell. One question
that is obvious from the work, is whether the Ccs1 dependent, and Ces1 independent
pathways employ a similar mechanism of sulfenic acid intermediate? One key difference
between the pathways is that the Ccs1 independent pathway is dependent on the presence
of glutathione, where as the Ccs1 dependent pathway is not. This might simply be
explained by GSH delivering copper to Sod1, however, conclusive experiments have not
been performed. It seems feasible that the sulfenic acid intermediate could be a common
trait between both pathways.

The recent literature has described additional proteins that exist in the cytosol
with either a stable or transient disulfide bond(22). This could lead to the possibility of a
general mechanism where Cu(]) is involved in generating hydrogen peroxide in a
mechanism similar to what we described, or potentially that peroxide generated via Sod1
could be used for disulfide formation through a sulfenic acid intermediate. Copper is an
abundant trace element, and has been described to be highly regulated and highly reactive
intracellularly. This leads to the possibility that the cell could harness the inherently
reactive nature or Cu(I) to form disulfide bonds.

Sodl1 is involved in a diverse set of roles in the cell in addition to its role in
reactive oxygen scavenging. These include in roles in glucose repression, as a
transcription factor, and signaling(15-17). Sod]1 is one of the most abundant enzymes in

the cell, yet only a small percent of overall activity is necessary for the dismutation of
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superoxide anions(23). As mentioned earlier, the native Sod1 reaction produces
hydrogen peroxide. Hydrogen peroxide is particularly reactive towards cysteine residues,
and can oxidize thiols to for sulfenic, sulfinic, or sulfonic acids(24,25). The latter two are
irreversible reactions. One possibility to be explored is the role of peroxide generated
from Sod1 for signaling purposes. Sod1 derived peroxide could be important for
signaling under oxidative stressed and normal physiological conditions by modifying free
tholates reversibly or irreversibly to modulate enzyme activity.

We have contributed additional details pertaining to the understanding of the
maturation process of Ccs1 dependent Sod1 maturation. Studies involving the activation
process of Sod1 are important not only for the development of therapeutics to combat the
role of the protein in ALS, but also in the discovery of novel functions in the cell. While
much is known about the maturation process, it is not a complete story and additional

roles for Sod1 in the cell are still a possibility.
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