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Over 110 structurally diverse missense mutations in the

superoxide dismutase (SOD1) gene have been linked to

the pathogenesis of familial amyotrophic lateral sclerosis

(FALS), yet the mechanism by which these lead to cyto-

toxicity still remains unknown. We have synthesized

wild-type and mutant SOD1 in synchronized cell-free

reticulocyte extracts replete with the full complement of

molecular chaperones and folding facilitators that are

normally required to fold this metalloenzyme. Here, we

report that, despite being a small, single-domain protein,

human SOD1 folds post-translationally to a hyperstable

native-like conformation without a requirement for ATP-

dependent molecular chaperones. SOD1 folding requires

tight Zn but not Cu binding and proceeds through at least

three kinetically and biochemically distinct states. We find

that all 11 FALS-associated SOD1 mutants examined using

this system delay the kinetics of folding, but do not

necessarily preclude the formation of native-like states.

These data suggest a model whereby impaired post-trans-

lational folding increases the population of on- and off-

pathway folding intermediates that could provide an

important source of proto-toxic protein, and suggest a

unifying mechanism for SOD1-linked FALS pathogenesis.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive,

adult-onset neurodegenerative disease that selectively targets

motor neurons (Pasinelli and Brown, 2006). Although the

majority of ALS cases are sporadic (SALS), approximately 5–

10% of patients have a genetically inherited form known as

familial ALS (FALS) (Pasinelli and Brown, 2006). Nearly 20%

of FALS cases are linked to dominantly inherited missense

mutations in SOD1, which encodes the abundant and ubiqui-

tously expressed 32 kDa homodimeric cytoplasmic metal-

loenzyme Cu, Zn superoxide dismutase (SOD1) (Rosen,

1993). Although there is no compelling evidence implicating

SOD1 dysfunction in the vastly more prevalent sporadic

SALS, the similarities in clinical presentation and histopathol-

ogy among SOD1-linked FALS, SALS and animal models

expressing human mutant SOD1 transgenes have focused

intense attention on SOD1-linked FALS as a genetically and

biochemically tractable model for this devastating disease.

However, despite intense scrutiny and the identification of

over 110 FALS-linked mutations in SOD1 (http://alsod.org),

elucidation of a common mechanism linking motor neuron

death to structural alterations of the SOD1 protein remains

elusive.

It is now widely accepted that the genetic mechanism by

which mutations in the SOD1 gene cause FALS pathogenesis

is via a toxic gain of function, although the biochemical

nature of this toxic property (or whether there is indeed

a single common property) is controversial (Pasinelli and

Brown, 2006). As the vast preponderance of FALS-linked

SOD1 mutations are missense—as opposed to null—it has

been logically assumed that disease-causing mutations in

SOD1 should give rise to toxic or proto-toxic non-native

SOD1 molecules (Hart, 2006). This assumption is supported

by the presence of aggregated SOD1 in inclusion bodies in

spinal cords from FALS patients harboring SOD1 mutations

(Shibata et al, 1996; Nishiyama et al, 1997; Ince et al, 1998;

Kato et al, 1999; Kokubo et al, 1999) and from SOD1

transgenic mice (Wong et al, 1995; Bruijn et al, 1997; Dal

Canto and Gurney, 1997; Shibata et al, 1998; Watanabe et al,

2001) as well as in cell culture models (Durham et al, 1997;

Koide et al, 1998; Johnston et al, 2000). Moreover, the

appearance of SDS-insoluble high molecular weight human

SOD1-containing complexes in spinal cord extracts from

transgenic mice (Johnston et al, 2000; Wang et al, 2003)

preceding the onset of neurological symptoms (Johnston

et al, 2000) supports a linkage between ‘misfolding’ of

mutant SOD1 and motor neuron degeneration. Such non-

native SOD1 protomers could lead to toxicity in a variety of

ways: mislocalization to organelles such as mitochondria

(Liu et al, 2004) or peroxisomes (Higgins et al, 2003),

aberrant catalytic production of oxygen or peroxide radicals

(Pasinelli and Brown, 2006), aggregation into insoluble com-

plexes that could deplete soluble cellular factors (Hart, 2006)

or interference with axonal transport (Boillee et al, 2006) or

proteasome function (Kabashi et al, 2004).

Additional support for SOD1 misfolding comes from the

observation that some SOD1 mutants are incapable of produ-

cing fully metallated, native, enzymatically active protein

when expressed recombinantly (Hayward et al, 2002).

Unsurprisingly, most of these mutations correspond to

amino acids that directly or indirectly ligand the bound Zn

and Cu atoms that are required for stability and catalysis

(Hayward et al, 2002). Nevertheless, many of the FALS-linked

SOD1 mutants produce SOD1 molecules that exhibit full

enzymatic activity in vivo (Bowling et al, 1995; Ceroni et al,

1999) and in vitro (Hayward et al, 2002) along with tertiary

and quaternary structures that are virtually indistinguishable

from native wild-type protein (Valentine et al, 2005). These
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‘native-like’ mutations are scattered throughout the eight-

stranded flattened Greek key b-barrel that comprises the bulk

of the SOD1 structure and do not appear to impair metal

binding. One way to reconcile the synthesis of native,

enzymatically active SOD1 mutants with the production of

toxic, misfolded SOD1 conformers is if the FALS mutations

decrease the stability of the folded state, resulting in an

increased propensity to unfold. Although several FALS mu-

tants have been reported to exhibit reduced thermal stability

(Rodriguez et al, 2002), analysis of the metal-free states of 20

FALS-linked SOD1 mutants by differential scanning calorime-

try revealed a wide range of stabilities that overlap with the

wild-type protein (Rodriguez et al, 2005). Therefore, de-

creased stability is not a universal property of the metal-

free state of disease-linked SOD1 mutants, indicating that the

toxic, non-native forms of the protein must have an addi-

tional source.

A second way that the population of aggregation-prone

partially folded states might be increased would be if muta-

tions were to alter the energy landscape upon which SOD1

folding proceeds leading to increased latency of partially

folded intermediates. This hypothesis is supported by recent

in vitro chemical denaturation/refolding studies that describe

SOD1 folding by a three-state model with transitions proceed-

ing from metal-free unfolded monomer to metallated folded

monomer and subsequent dimerization (Lindberg et al, 2005;

Rumfeldt et al, 2006). It is not clear, however, to what extent

these in vitro studies using pure recombinant protein truly

reflect the situation in vivo. Physiological folding of SOD1

in the cell takes place in the reducing environment of the

cytoplasm, where protein concentrations are in excess of

50 mg/ml and nascent polypeptides are synthesized in an

ordered, N-terminal-first vectorial fashion and accessory

factors are required to facilitate metal loading (Culotta et al,

2006). It is thus of central importance to understand the

pathway of SOD1 folding under these physiological condi-

tions and the effects of FALS mutations thereupon.

In this study, we examined the folding of wild-type and

FALS-associated mutants of SOD1 in a synchronized cell-free

rabbit reticulocyte lysate (RRL) translation system. These

extracts contain physiological complements of molecular

chaperones and total protein. As such, they have been

extensively exploited to study protein folding under experi-

mentally tractable conditions that approximate those found

in the mammalian cytosol (Merrick, 1990; Frydman et al,

1994; Endo and Sawasaki, 2006). Moreover, as reticulocytes

normally produce high levels of SOD1, it is highly probable

that this system contains all possible factors required for

synthesizing and folding native SOD1. We developed several

assays to probe the folding state of newly synthesized SOD1,

exploiting distinctive characteristics of the native enzyme

such as hyper-resistance to proteolysis, dimer formation

and intramolecular disulfide bond formation. The data reveal

that nascent SOD1 molecules fold post-translationally via a

sequence of temporally ordered monomeric intermediates

that do not require ATP-dependent chaperones. We find

that all 11 FALS-associated SOD1 mutants examined using

this system delay the kinetics of folding, but do not necessa-

rily preclude the formation of native-like states. These data

suggest a model whereby impaired post-translational folding

increases the population of on- and off-pathway folding

intermediates that provide an important source of proto-

toxic protein, and may provide a unifying mechanism for

SOD1-linked FALS pathogenesis.

Results

Post-translational folding of SOD1 in synchronized

reticulocyte lysates

To monitor the kinetics and molecular requirements of SOD1

folding, in vitro-transcribed, m7G-capped mRNA encoding

WT-SOD1 was used to initiate protein synthesis in a RRL

translation system. To create a homogeneous pool of newly

synthesized WT-SOD1, translation was synchronized by the

addition of aurintricarboxylic acid (ATCA), an inhibitor of

translation initiation (Figure 1A) (Stewart et al, 1971;

Frydman et al, 1994). 35S-labeled full-length WT-SOD1 was

first detected B4 min following mRNA addition and pla-

teaued by 8 min, indicating that WT-SOD1 synthesis was

tightly synchronized in this system (data not shown). To

monitor the kinetics of WT-SOD1 folding, lysates were

digested with proteinase K (0.01 mg/ml) at various times

following initiation of protein synthesis (Figure 1B).

Initially, nascent WT-SOD1 was mostly (B85% at 4.5 min)

susceptible to proteolysis, but became progressively resistant

(t1/2B8 min) to digestion. As translation of WT-SOD1 is

completed by B8 min, these data indicate that the bulk of

newly synthesized WT-SOD1 folds post-translationally. No

proteolytic fragments from proteinase K digestion were

resolved by SDS–PAGE (data not shown), suggesting that

folding of WT-SOD1, as expected for a single-domain protein,

did not proceed through any stable protease-resistant inter-

mediates.

Native WT-SOD1 belongs to a class of hyperstable proteins

(Forman and Fridovich, 1973); it is resistant to proteinase K

concentrations of up to 1 mg/ml for 30 min at 371C

(Ratovitski et al, 1999). WT-SOD1 chains synthesized in

RRL became fully resistant to high (1 mg/ml) proteinase K

concentrations, with distinctly slower (t1/2B19 min) kinetics

compared to the lower protease concentration (Figure 1C),

indicating that RRL is capable of synthesizing and folding

WT-SOD1 to a highly protease-resistant conformation. Thus,

the folding of WT-SOD1 in RRL proceeds through at least two

steps that can be distinguished by differing levels of protease

resistance. Significantly, the folding kinetics of WT-SOD1,

assessed by acquisition of resistance to high concentrations

of proteinase K, were unaffected by ATP depletion

(Figure 1C), suggesting that ATP-dependent molecular cha-

perones such as Hsc/p70 are not required for its folding.

WT-SOD1 is a homodimeric metalloenzyme that binds

a single atom each of copper and zinc per monomer. To

examine the requirement for these metals for WT-SOD1

folding, metal chelators were added to the translation reac-

tion before initiating protein synthesis with mRNA.

Tetraethylenepentamine pentahydrochloride (TEPA), a cop-

per chelator, at 100mM had no effect on the kinetics or extent

of acquisition of protease resistance of WT-SOD1 (Figure 2A

and B). By contrast, addition of N,N,N0,N0-tetrakis(2-pyridyl-

methyl)ethylenediamine (TPEN), a zinc chelator, at 5 mM

completely abrogated the ability of WT-SOD1 to gain detect-

able resistance to high (Figure 2A) but not low (Figure 2B)

concentrations of proteinase K. Neither chelator affected the

kinetics or efficiency of WT-SOD1 translation (data not

shown), indicating that these metals are not required for
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protein synthesis in RRL. The inhibitory effect of TPEN on the

acquisition of high-level protease resistance was prevented by

preincubating TPEN with 1.5 M equivalents of zinc sulfate

(Figure 2A) confirming that the TPEN effect was specifically

due to chelation of zinc and not other metals. Addition

of TPEN to the reaction at 4.5 min, a time point at which

translation but not folding of a majority of WT-SOD1 chains

was complete, also eliminated the ability of WT-SOD1 to

acquire protease resistance (data not shown). By contrast,

TPEN treatment of lysates immediately before addition of

proteinase K had no effect on the extent of resistance to high

proteinase K concentrations (data not shown), suggesting

that Zn is extremely tightly bound by the protease-resistant

form (Kd TPEN for Zn¼ 10�15 M), as expected for correctly

folded, native WT-SOD1. Interestingly, TPEN, even at 100 mM,

did not interfere with the ability of WT-SOD1 to become

resistant to low (0.01 mg/ml) concentrations of proteinase K

(Figure 2B), indicating that the WT-SOD1 conformation de-

tected by this assay does not require zinc binding. To further

explore the role of Zn binding in WT-SOD1 folding, we

assessed the kinetics of acquisition of proteinase K resistance

in a SOD1 mutant lacking one of the triad of imidazole rings,

His80, that comprises the Zn-binding site. Like TPEN-treated

WT-SOD1, H80R was completely incapable of acquiring

resistance to high concentrations of proteinase K even in

the absence of chelator (Figure 2A). This mutant was able

to become resistant to low concentrations of protease

(Figure 2B), albeit with considerably delayed kinetics com-

pared to TPEN-treated WT-SOD1. Together, these data estab-

lish that post-translational Zn binding is essential for

WT-SOD1 to fold to a native-like hyperstable conformation,

but not for an earlier folding intermediate distinguished by

resistance to low but not high levels of protease. The fact that

H80R, a Zn-binding mutation, is linked to ALS (Alexander

et al, 2002) suggests that one way that mutations could give

rise to the formation of toxic species is to delay or prevent

folding of SOD1 to a hyperstable, native state.

Folding of SOD1 in mammalian cells and yeast normally

occurs in the presence of the copper chaperone for SOD1

(CCS), which facilitates copper loading via formation of a

transient heterodimer with SOD1. Although the TEPA experi-

ment demonstrated that WT-SOD1 does not require copper

binding, it is possible that CCS could facilitate SOD1 folding

by a process independent of copper delivery. For example,

CCS has been reported to facilitate formation of the intramo-

lecular disulfide bond in yeast (Furukawa et al, 2004). We

used quantitative immunoblot analysis with a standard of

highly purified CCS to estimate that the RRL contains CCS at a

concentration of approximately 200mg/ml (data not shown).

To assess a possible role for CCS in WT-SOD1 folding, we

quantified the extent and kinetics of association of newly

synthesized WT-SOD1 and CCS by co-immunoprecipitation

using a mAb to human CCS. A control experiment indicated

that the human CCS mAb was capable of precipitating at least

70% of endogenous rabbit CCS from RRL (Figure 2D).

However, only a small (o10%) fraction of nascent WT-

SOD1 chains could be co-precipitated with this antibody at

any time point following translation (Figure 2E). This fraction

remained relatively constant over the course of WT-SOD1

folding for at least 60 min. These results suggest that the
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WT-SOD1-CCS interaction is either too transient to capture

efficiently in this type of experiment, or that it forms asyn-

chronously during the course of post-translational folding.

Intramolecular disulfide bond formation

Formation of the single intramolecular disulfide bond in WT-

SOD1 was assessed by quantifying the relative amounts of

oxidized and reduced nascent [35S]SOD1 using non-reducing

SDS–PAGE of chemically alkylated RRL reactions (Figure 2C).

At the earliest time point examined (5 min), approximately

20% of WT-SOD1 was already in the oxidized form (com-

pared to 480% chain completion). As the protein resolved

to a monomer-sized band on the gel, this represented an

intramolecular and not intermolecular disulfide bond. The

kinetics for disulfide bond formation (t1/2B20 min) were

similar to the time required for acquisition of resistance to

high levels of proteinase K (Figure 1C). Treatment of folding

reactions with TPEN did not appear to influence the rate of

disulfide formation. Similarly, the extent of disulfide bond

formation was not altered by mutation of the zinc ligand

His80. Therefore, zinc binding is not essential for disulfide

bond formation in WT-SOD1.

Formation of WT-SOD1 dimers

To assess the oligomeric state of newly synthesized WT-

SOD1, folding reactions were separated by gel filtration at

various times and fractions were analyzed by SDS–PAGE. The

retention time for WT-SOD1 dimers was determined by
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analysis of WT-SOD1 purified from erythrocytes. The reten-

tion time for SOD1 monomers was determined by analysis

of an engineered SOD1 variant that contains two mutations

(F50E/G51E) in the dimer interface that have been previously

shown to prevent dimerization (Bertini et al, 1994). By gel

filtration (Figure 3A) and by native gel electrophoresis (data

not shown), newly synthesized F50E/G51E remained exclu-

sively monomeric, even upon prolonged incubation. By con-

trast, newly synthesized WT-SOD1 eluted largely in a

monomer-sized peak that progressively shifted to a dimer-

sized peak with increasing time (Figure 3A). These peaks

were deconvolved and the area under the dimer-sized peak

was fit to a single exponential equation yielding a t1/2 for

dimer formation of 30 min (Figure 3B), suggesting that WT-

SOD1 dimer formation occurs after the protein folds to a

proteinase K-resistant, oxidized state.

To further examine the relationship between dimerization

and folding, monomeric F50E/G51E was subjected to pro-

tease digestion. This variant exhibited similar kinetics of

acquisition of resistance to low (0.01 mg/ml) concentrations

of proteinase K compared to WT-SOD1 (Figure 3C). F50E/

G51E was also able to acquire resistance to the higher

concentration of proteinase K, albeit with significantly slower

kinetics compared to WT-SOD1 (Figure 3D). Likewise,
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although delayed, F50E/G51E was able to become fully

oxidized (Figure 3E).

Together, these data suggest that RRL is capable of sup-

porting the synthesis of WT-SOD1 molecules that resemble

native SOD1 in their ability to resist digestion with high

concentrations of proteinase K and to form homodimers

containing an intrachain disulfide bond. These data also

show that WT-SOD1 folding requires the presence of zinc

and proceeds through a set of at least three kinetically distinct

intermediates that can be probed with simple assays that are

suitable to the radiochemical levels of protein produced in

this complex milieu that closely mimics the conditions in

erythrocytic precursor cells that normally synthesize this

protein.

Folding of FALS-associated SOD1 mutants

The inability of the FALS-linked zinc-binding mutant, H80R,

to fold in our assay suggested the possibility that defective

folding might be a feature common to other FALS mutations.

To test this hypothesis, we subjected a subset of FALS

mutants, selected to span the major structural and functional

domains of the protein, to detailed analysis using the tools
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described above. The copper ligand mutants, H46R and

H48Q, were both slow to acquire resistance to the low

concentration of proteinase K (Figure 4A) and were severely

defective in gaining resistance to 1 mg/ml proteinase K

(Figure 4B). These mutants also exhibited delayed kinetics

of disulfide bond formation (Figure 4C). As chelation of

copper does not appear to affect WT-SOD1 folding

(Figure 2), these data are consistent with previous studies

suggesting that mutation of these copper ligand residues

influences the geometry of the metal-binding loop

(Hayward et al, 2002; Antonyuk et al, 2005). Additionally,

H46R shows significantly slower dimerization kinetics

(t1/2B90 min) compared to WT-SOD1 (Figure 4D and E).

SOD1 contains four cysteine residues of which two, Cys57

and Cys146, participate in the formation of the intramolecu-

lar disulfide bond. We selected three FALS-linked cysteine

mutations for analysis. C6F exhibited a complete inability to

fold as assessed by both the protease resistance assay and

the disulfide bond formation assay (Figure 5A and C). As

expected, the two disulfide bond mutants failed to form a

disulfide bond (Figure 5C). Although both disulfide bond

mutants exhibited impaired acquisition of proteinase K

resistance (Figure 5A and B), mutation of Cys57 was con-

siderably more severe than its counterpart.

A subset of SOD1 mutants, including E100K, D101N and

N139K, have been reported to exhibit wild-type thermal

stability and hydrogen–deuterium exchange kinetics, despite

being linked to the pathogenesis of autosomal dominant FALS

(Rodriguez et al, 2005). We found that all three of these

mutants demonstrated significantly slower initial rates of

folding as measured by both of the protease resistance assays,

although all were able to achieve greater than 50% resistance

to both high and low concentrations of proteinase K within

the 2 h assay period (Figure 6A and B). Additionally, both

D101N and N139K displayed a distinct delay in their initial

rate that was not observed with any of the other mutants

(Figure 6B). Substitution of Glu100 with Gly (E100G), one of

the more common FALS-linked mutations, was slightly more

impaired in the rate of acquisition of resistance to proteinase

K (Figure 7A and B) in comparison to the more conservative

Lys substitution. These four mutants (E100K, E100G, D101N

and N139K) also behaved identically to WT-SOD1 in the

disulfide bond formation assay (Figure 7C; data not

shown). Also, E100G showed similar kinetics to WT-SOD1

in the dimerization assay (Figure 7D). Similar to E100G, A4V,

the most common FALS mutation in North America, dis-

played significantly slower kinetics in the proteolysis assays

(Figure 7A and B) with no delay in disulfide bond formation

(Figure 7C). Unlike E100G, A4V, which is located along the

dimer interface, showed a significant retardation in dimer

formation (t1/2B80 min) (Figure 7D).

Discussion

Although the genetic linkage between SOD1 and FALS patho-

genesis has been recognized for over a decade, the mechan-

ism by which missense mutations in this gene give rise to

the toxic conformers of the SOD1 protein—the presumed
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consequence of such gain-of-function mutations—remains

unsolved. In this study, we have used cell-free synthesis in

reticulocyte lysates to probe the pathway by which WT-SOD1

folds and the effects of FALS-linked mutations on the kinetics

and yield of this process. Our data suggest that WT-SOD1

folds post-translationally and requires high-affinity zinc bind-

ing. The folding rates of all 11, structurally diverse, FALS

mutants examined in this study were significantly impaired

compared with WT-SOD1. We propose that FALS mutations

alter SOD1’s folding landscape, leading to increased popula-

tion of intermediates that are prone to becoming trapped in

inappropriate, potentially toxic aggregates.

Small, single-domain cytoplasmic proteins like SOD1 typi-

cally fold rapidly (o1 s) in vitro (Fersht, 2000), by a process

best described by a two-state model (Daggett and Fersht,

2003). Surprisingly, in vitro refolding of pure WT-SOD1 is

extremely inefficient and slow (424 h) (Rumfeldt et al,

2006), suggesting that its folding must require factors present

within the cytoplasm of cells in which it is normally synthe-

sized. In accord with this view, we find that folding of

WT-SOD1 in cell-free synchronized RRL translation extracts

proceeds with quantitative efficiency and considerably accel-

erated kinetics (t1/2¼ 20–30 min). Our data also establish that

WT-SOD1 folding in RRL occurs post-translationally and

proceeds through a set of biochemically and kinetically

distinct intermediates that can be distinguished by resistance

to different concentrations of proteinase K, oxidation of

Cys57 and Cys146, and assembly into homodimers.

Nascent WT-SOD1 rapidly (t1/2B8 min) forms a mono-

meric intermediate that is resistant to 10 mg/ml proteinase

K—a concentration often used to define folded states of

proteins (Frydman et al, 1994; Manning and Colon, 2004;

Hoffmann et al, 2006). Formation of this intermediate, which

lacks a disulfide bond, does not require the presence of Zn or

Cu. It is possible that this intermediate corresponds to the Zn-

free state in which, from solution NMR studies, the eight-

stranded b-barrel is opened up, clam-like, where each shell is

comprised of two four-stranded antiparallel b-sheets and the

metal-binding and electrostatic loops are highly disordered

(Banci et al, 2003). This intermediate compacts with time

(t1/2B19 min) into a second intermediate that more closely

resembles the native protein in that it is resistant to unusually

high concentrations of proteinase K, requires Zn (but not Cu)

and contains the correct intrachain disulfide bond.

Dimerization proceeds with slower (t1/2B30 min) kinetics

and is not essential for formation of the second compact

intermediate, as the engineered monomeric mutant, F50E/

G51E, was also capable of becoming resistant to high protei-

nase K concentrations.

Our data suggest that WT-SOD1 folding does not require

the activity of ATP-dependent molecular chaperones as ATP

depletion has no effect on its protease resistance, although

they do not rule out the possibility that ATP-dependent

chaperones are required for dimer formation. The absence

of an ATP requirement for WT-SOD1 folding is not surprising

as most single-domain proteins are able to fold efficiently

without the facilitation of ATP-dependent molecular chaper-

ones (Dobson and Karplus, 1999; Feldman and Frydman,

2000). However, the long delay between chain completion

(4–8 min) and formation of the native-like protease-resistant

intermediate (t1/2B19 min) is not consistent with such a

spontaneous folding process. By comparison, firefly lucifer-

ase, a two-domain protein and obligate chaperone substrate,

synthesized in a very similar synchronized RRL exhibits only

a short (B2 min) lag between completion of full-length

chains and acquisition of enzymatic activity (Frydman et al,

1994). Although SOD1 is a single-domain protein, it is also

a metalloenzyme and exhibits an absolute requirement for Zn

in forming a native-like compact intermediate.

Our data show that Cu binding is not required for con-

formational maturation of WT-SOD1 in RRL. Because of its

inherent toxicity, free Cu in cells is maintained at vanishingly

low concentrations (Rae et al, 1999); this metal must be

delivered to nascent SOD1 molecules by carriers such as CCS.

Although we find that conformational maturation of WT-

SOD1 does not require copper, our data do not strictly exclude

the possibility of a Cu-independent role for CCS in this
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process. For example, CCS has been implicated in facilitating

O2-dependent disulfide formation in yeast SOD1 (Furukawa

et al, 2004). Additionally, human CCS can bind the Zn(II) ion

and has been proposed to function as a Zn chaperone for

SOD1 (Furukawa and O’Halloran, 2006). CCS is highly homo-

logous to SOD1 and the yeast homologs of CCS and SOD1

have been shown to form a transient heterodimer using the

same interface normally used for SOD1 homodimer forma-

tion. Notably, this heterodimer does not require Cu to be

bound to CCS (Lamb et al, 2001). Although CCS can be

readily detected by immunoblot in RRL (data not shown),

our gel filtration HPLC system does not have the resolution

to discriminate between SOD1 homodimers and SOD1-CCS

heterodimers. Nevertheless, only a small fraction (o10%) of

nascent WT-SOD1 chains could be co-immunoprecipitated

with CCS antibodies at any time point following synthesis

(Figure 2E), despite near-quantitative pull-down of CCS

(Figure 2D, data not shown). Similarly, translation and

precipitation of a C-terminal S-tagged form of WT-SOD1

co-precipitated only a small amount (o10%) of endogenous

CCS at the folding times examined (data not shown). Thus,

although we cannot rule out a possible role for CCS in SOD1

folding in RRL, possible CCS heterodimers must be either

very short-lived, uncoupled to the formation of discrete

folding intermediates or both.

It is somewhat paradoxical that seemingly subtle missense

mutations in SOD1, one of the most stable proteins known,

should give rise to polypeptides that share the tendency to

form toxic aggregation-prone conformers. The mutants in-

vestigated in this study, although far from comprehensive,

were selected to be representative of the functional pheno-

types and structural domains that characterize the range and

diversity of FALS mutations. Three mutants, which each

display o7% of wild-type SOD1 levels of activity in vitro

(Valentine et al, 2005), are in the metal-binding ligands of

SOD1 (H46R, H48Q and H80R). Although both Cu-binding

mutants, H46R and H48Q, demonstrate retarded folding, they

also behave quite differently from each other. Whereas H48Q

is capable of slowly becoming protease resistant, H46R fails

to fold to a compact intermediate. This is not surprising as

H48Q is known to behave quite differently from H46R in vitro

(Hayward et al, 2002; Rodriguez et al, 2002). In fact, unlike

H46R, it can still bind copper, albeit in an altered geometry

(Hayward et al, 2002). Additionally, recombinant H46R but

not H48Q was found to be severely deficient in Zn binding,

providing a plausible explanation for the greater effect of this

substitution on SOD1 folding.

Mutation of either of the two cysteines, Cys57 and Cys146,

that participate in the intrachain disulfide bond also signifi-

cantly delays SOD1 folding, although C57R is far more

impaired than C146R. The solution NMR structure of reduced

WT-SOD1 reveals only local conformational disorder around

the reduced cysteines, although upon reduction Cys57

becomes highly solvent exposed (Banci et al, 2006). Our

data suggest that introduction of a guanidino group at position

57 probably interferes with a critical step in conformational

maturation. Interestingly, C6F is also incapable of forming a

disulfide bond, even though this residue is not oxidized in the
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native protein. Not surprisingly, replacement of the relatively

buried thiol with a bulky hydrophobic aromatic residue

completely abrogates SOD1 folding, although more conserva-

tive mutations at this site appear to be tolerated (Stathopulos

et al, 2003). Although the enzymatic activities of C6F and

C57R have not been examined, C146R displays o10% of wild-

type levels of activity in vitro (Valentine et al, 2005).

All of the FALS-associated SOD1 mutants in this study are

significantly impaired in their ability to fold to a native-like

dimeric, hyperstable state, even though several of the mu-

tants examined herein are capable of eventually reaching a

native-like state and have also been previously shown to be

enzymatically active in vitro (e.g. A4V and E100G; Hayward

et al, 2002). This delayed folding would be expected to

increase the fraction of completed SOD1 chains that populate

on-pathway folding intermediates or off-pathway states that

are prone to becoming mistargeted to organelles such as

mitochondria or to form toxic aggregates. We propose that

retarded folding kinetics is one potentially unifying mechan-

ism by which to reconcile the diversity of functional and

structural alterations imparted on the SOD1 protein by FALS

mutations with the toxic gain of function that underlies ALS

pathogenesis.

Materials and methods

Reagents
Luciferase and luciferin were a generous gift from J Frydman
(Stanford University). Apyrase, TPEN, TEPA and all other chemicals
were purchased from Sigma-Aldrich company.

Plasmids
Human WT-SOD1 in pcDNA3.1(�) was constructed via a three-step
process. Using the previously published SOD1-HA plasmids
(Johnston et al, 2000) as templates, SOD1 was PCR amplified to
create an untagged version. All mutants were constructed using
the QuikChange mutagenesis kit (Stratagene) with WT-SOD1 in
pcDNA3.1(�) as a template. All products were confirmed by
sequencing.

In vitro transcription
Plasmid DNA was linearized by digestion with HindIII and purified
with the QiaQuick PCR Purification kit (Qiagen). Capped SOD1 RNA
was then transcribed using Ambion’s MegaScript kit and Promega’s
Ribo m7G cap analog according to the MegaScript kit’s protocol.
RNA was purified by twice precipitating with 70 mM sodium acetate
and 75% ice-cold ethanol with 70% ice-cold ethanol washes. The
final product was resuspended in RNase-free water to a concentra-
tion of 7–10 mg/ml as determined by absorbance at 260 nm.

In vitro translation
Translation reactions were performed using Promega’s Flexi Rabbit
Reticulocyte Lysate kit according to the directions with 70 mM
potassium chloride and 0.8 mCi/ml [35S]cysteine. The kit’s protocol
was modified to include a 5-min incubation step at 301C before
addition of the RNA (0.2 mg/ml). Three minutes after RNA
addition, 75mM ATCA was added to inhibit re-initiation of
translation. At various times, 50 mU/ml apyrase was added to halt
ATP-dependent processes and reactions were then analyzed. For the
ATP depletion study, 50 mU/ml apyrase was added at 1.5 min after
ATCA addition. Depletion was confirmed via a luciferase activity
assay (Frydman and Hartl, 1996). For the chelation study, TPEN or
TEPA was added during the initial 5-min incubation at 301C before

addition of the RNA. For the quenching of TPEN, 7.5mM zinc sulfate
was added to 5mM TPEN on ice for 15 min before addition to the
translation reaction.

Proteinase K digestion
Halted translations were digested with 1 or 0.01 mg/ml proteinase K
for 10 min on ice. Phenylmethylsulfonylfluoride (5 mM) was then
added to halt digestion. Samples were boiled for 5 min after addition
of Laemmli sample buffer and then separated by 15% SDS–PAGE.

Disulfide bond formation assay
Halted translations were incubated with 6 M guanidine hydro-
chloride, 50 mM fresh iodoacetamide and 100 mM Tris (pH 8.0) for
2 h at room temperature in the dark. Samples were then precipitated
with addition of 0.04% deoxycholic acid and 4 mM trichloroacetic
acid. Precipitates were washed twice with 0.6 ml ice-cold acetone.
After resuspension in Laemmli sample buffer without reducing
agent and 5 min of boiling, samples were separated by 15% non-
reducing SDS–PAGE.

Dimerization assay
Gel filtration was performed using a Zorbax GF-250 4.6� 250 mm
gel filtration column (Agilent) on a Dionex DX500 HPLC. The
column was equilibrated in 50 mM Tris (pH 7.5) and 150 mM
sodium chloride. Molecular weight calibration was performed with
Biorad’s gel filtration standards and SOD1 (Sigma-Aldrich Com-
pany). Halted translations were separated on the column and
fractions were collected. After addition of Laemmli sample buffer,
the fractions were boiled for 5 min and separated by 15% SDS–
PAGE.

Immunoprecipitation
RRL was diluted to the concentration used for the in vitro
translations (66%) and 5 ml was incubated with 2 or 5 ml CCS
monoclonal antibody (LF-MA0042, Labfrontier) or 5ml HA.11
antibody (BAbCo) and brought to 100 ml with buffer A (0.1% NP-
40, 10 mM Tris, pH 7.5) for 1 h on ice. Reactions were then rotated
for 1 h at 41C after addition of 20ml of 50% protein G Sepharose in
phosphate-buffered saline and 100 mg/ml bovine serum albumin.
The resulting bead precipitates were washed five times with 0.5 ml
buffer A and once with 0.5 ml buffer B (1% NP-40, 10 mM Tris, pH
7.5). Beads were eluted with the addition of Laemmli sample buffer
and boiling for 5 min. They were then separated by 15% SDS–PAGE
and transferred to nitrocellulose whereupon they were probed with
a CCS polyclonal antibody (Santa Cruz Biotechnology Inc.) and
detected with an HRP-conjugated goat anti-rabbit secondary anti-
body. Immunoblots were then quantified by densitometry using
ImageJ (http://rsb.info.nih.gov/ij/). For the co-immunoprecipita-
tion from WT-SOD1 translations, using equal volumes of the
stopped translation reaction and the CCS or HA monoclonal
antibody, CCS was immunoprecipitated, as described above. Gels
were then analyzed for co-immunoprecipitation of translated WT-
SOD1, as described below.

Gel analysis and statistics
Gels were briefly rinsed in 10% glycerol and dried. SOD1 bands
were imaged by Biorad’s Typhoon phosphorimager and quantified
using ImageQuant software (Molecular Dynamics). Data fitting and
curve deconvolution were performed using OriginPro 7.5 software
(OriginLab). All experiments were performed at least three times.
Statistical analysis was performed using regression line comparison
with Lab Stat (Jim Codde).
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