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Summary

The SMN complex is essential for the biogenesis of small nuclear ribonucleoproteins (ShRNPs), the
major constituents of the spliceosome. Deficiency in functional SMN protein causes spinal muscular
atrophy (SMA), a common motor neuron degenerative disease of severity commensurate with SMN
levels, and correspondingly, SnRNP assembly decrease. We developed a high throughput screen for
snRNP assembly modifiers and discovered that reactive oxygen species (ROS) inhibit SMN complex
activity in a dose-dependent manner. ROS-generating compounds, e.g, the environmental toxins
menadione and B-lapachone (in vivo 1C53=0.45 uM) also cause intermolecular disulfide crosslinking
of SMN. Both the oxidative inactivation and SMN crosslinking can be reversed by reductants. We
identified two cysteines that form SMN-SMN disulfide crosslinks, defining specific contact points
in oligomeric SMN. Thus, the SMN complex is a redox-sensitive assemblyosome and a novel ROS
target, suggesting that it may play a role in oxidative stress pathophysiology, which is associated
with many degenerative diseases.

Introduction

Genetic lesions in the survival of motor neurons gene (SMN1) that decrease the levels of
functional SMN protein are the cause of spinal muscular atrophy (SMA), a common motor
neuron degenerative disease and a leading genetic cause of infant mortality (Cifuentes-Diaz et
al., 2002; Lefebvre et al., 1995; Talbot and Davies, 2001; Wirth et al., 2006). SMN, as an
oligomeric protein, nucleates the SMN complex, which includes at least seven additional
proteins called Gemins (Liu et al., 1997; Meister et al., 2002; Yong et al., 2004). SMN is
ubiquitously expressed, present in all tissues and is essential for viability of all cells in
eukaryotes (Schrank et al., 1997), yet SMN deficiency selectively affects motor neurons
(Monani, 2005). Although a specific function for the SMN complex in motor neurons cannot
be ruled out as the reason for the pathology of SMA, a definitive body of evidence indicates
that the SMN complex has a fundamental role in cellular RNA metabolism, particularly in the
biogenesis of RNA-protein complexes (RNPs) and post-transcriptional gene regulation (Zhang
et al., 2008). The best characterized function of the SMN complex is in the assembly of small
nuclear ribonucleoprotein particles (ShnRNPs) (Meister et al., 2001; Meister et al., 2002;
Pellizzoni et al., 2002; Yong et al., 2004).

snRNPs are the major components of the spliceosome, the machinery that carries out pre-
mRNA splicing (Nilsen, 2003; Tarn and Steitz, 1997; Will and Luhrmann, 2001). Each of the
snRNPs, U1, U2, U4, U5, Udatac, U11 and U12, is comprised of one snRNA, a heptameric
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ring structure of Sm proteins (the Sm core), and several U snRNP-specific proteins (Kambach
et al., 1999). The key step in sSnRNP biogenesis, the assembly of the common Sm proteins B/
B’, D1, D2, D3, E, F, and G into a stable Sm core on a conserved uridine-rich sequence of the
SnRNA (the Sm site), occurs in the cytoplasm after the newly transcribed sSnRNAS are exported
from the nucleus. Sm cores, which are remarkably stable, can form spontaneously in vitro with
Sm proteins and RNA alone (Raker et al., 1999; Sumpter et al., 1992), but lack the necessary
specificity for snRNAs. In cells, illicit Sm core formation is prevented and stringent specificity
towards snRNAs is conferred by the SMN complex (Pellizzoni et al., 2002), which binds
directly to specific sequences in the snRNAs (the snRNP code) (Golembe et al., 2005) and to
the Sm proteins and carries the SnRNP assembly reaction. SMN complex-mediated ShRNP
assembly is ATP-dependent, and can be recapitulated in vitro with cell extracts (Meister et al.,
2001; Pellizzoni et al., 2002). Quantitative measurements of SnRNP assembly (Wan et al.,
2005) revealed that the extent of Sm core assembly strictly depends on the amount of SMN
protein and is modulated by components of the SMN complex (Battle et al., 2006; Feng et al.,
2005; Wan et al., 2005). Indeed, cells of SMA patients have lower SnRNP assembly capacity
corresponding directly to the lower amount of SMN protein they contain (Wan et al., 2005).
These findings provided evidence for a biochemical deficit in cells of SMA patients, and
demonstrated that the activity of the SMN complex in SnRNP assembly is relevant to the
pathogenesis of SMA. Other observations further supported the link between the deficiency in
the biogenesis of SnRNPs and the pathogenesis of SMA (Winkler et al., 2005).

Small molecules have been critically important for understanding the mechanism and
regulation of diverse cellular processes, including those involving protein-nucleic acid
interactions such as transcription and translation. Here we describe a high throughput assay to
study the regulation of the SMN complex and the mechanism of snRNP assembly. Using this
assay for high throughput screening (HTS), we identified small molecules that selectively
inhibit the SMN complex, and their characterization revealed that reactive oxygen species
(ROS) cause intermolecular disulfide crosslinking of SMN and inactivation of the SMN
complex, both of which are prevented by reducing agents. Mutational analysis of oxidized
SMN identified the positions of disulfide crosslinks and indicated contact points in SMN-SMN
oligomers, demonstrating that ROS provide a powerful tool for investigating the structure of
the SMN complex. ROS have been linked to numerous diseases, particularly neurodegenerative
diseases and aging. Our findings reveal SMN as a novel target for ROS and indicate that
oxidative stress causes a functional inactivation of the SMN complex similar to that caused by
SMN protein deficiency. ROS may thus mimic or exacerbate the SMA phenotype and it is
likely that the redox-sensitive SMN complex plays a potentially significant role in oxidative
stress physiology and associated pathologies.

High throughput screening for small molecule modulators of SMN complex activity in snRNP

assembly

We have previously described a quantitative ShRNP (Sm core) assembly assay based on
quantitation of biotinylated SnRNAs on which Sm cores assembled and subsequently captured
on magnetic beads in 96-well plates (Wan et al., 2005). In order to perform HTS for small
molecule modulators of SMN complex activity, we developed a different SnARNP assembly
assay that can be performed in 384- or 1536-well plate format. The scheme of this assay,
illustrated in Figure 1, consists of incubating sSnRNAs, which are produced and labeled with
biotins by in vitro transcription, with cell extracts in the presence of ATP for Sm core assembly
to occur. The reactions are performed in avidin-coated microplates, which capture the RNAs
onto the plate surface by avidin-biotin binding. After washing at high stringency with a buffer
that spares only the highly stable Sm cores, the amount of Sm cores that assemble on the
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captured RNAs is determined with anti-Sm antibody (Y12), which is then detected with
horseradish peroxidase (HRP)-conjugated secondary antibody. The HRP provides enzymatic
amplification of a chemiluminescent substrate and the signal in each well is measured in a plate
reader. Readings of a representative 384-well plate are shown in Figure 2A. Each dot represents
the luminescence signal from a single well, which contains a standard assembly reaction with
HelLa cell extract and U4 snRNA in the presence of a compound. The ratio of signal to
background (assembly reactions without cell extracts, indicated in the green box) obtained in
this assay is approximately 30, the standard deviation (SD) from all the assay wells is 13.17%,
and the Z’ factor is 0.54. Compounds that have significant effects can easily be identified (dots
circled in red), demonstrating that this assay is sensitive and robust, and therefore suitable for
high throughput screens. Subsequent technical improvements, including direct conjugation of
HRP to Y12, resulted in further improved assay parameters and simplified assay procedures.
Initial screening was performed on a collection of ~5,000 bioactive compounds at a final
concentration of 20 uM in triplicate. In this collection, 22 compounds strongly inhibited the
activity of the SMN complex (>3SD; Figure 2B), but none were found that significantly
increased it. The inhibitory activities of these compounds were confirmed and validated in
magnetic beads sSnRNP assembly assay (Wan et al., 2005). Further validation of the HTS
method was provided using gel mobility shift assay, a standard method for studying SnRNP
assembly (Kleinschmidt et al., 1989; Raker et al., 1999), with both U1 and U4 snRNAs (Figure
2C and data not shown).

1dudsnueiy Joyiny [INHH

To assess the selectivity of the compounds and eliminate general inhibitors of ATP-dependent
processes and RNA-protein interactions, we set up a counter-screening assay. For this, we
carried out in vitro transcription and translation of luciferase DNA in rabbit reticulocyte lysate
in the presence of 20 uM compound or DMSO control, and measured the amount of luciferase
activity produced from the translated proteins. As shown in Figure 2D, 13 out of the 22
compounds identified from the primary screen also inhibited transcription and translation by
>3SD of the assay, suggesting that these are not selective inhibitors of SnRNP assembly.

B-lapachone is a potent inhibitor of SMN complex-dependent snRNP assembly

We next tested the in vivo effects of the remaining compounds on HelLa cells. Several of the
compounds were extremely toxic to cells even at low concentrations and were not studied
further. For the rest, extracts from cells treated for 6 hours with sub-toxic concentrations of
each compound were prepared and their sShRNP assembly activities were measured. Here, we
describe one of these, p-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-b]pyran-5,6-
dione; Figure 3A, labeled as L-2037), that showed a particularly strong inhibition of about
90%, but did not significantly inhibit the transcription and translation of a transfected luciferase
reporter. Inhibition of SnRNP assembly by >80% was observed within 30 minutes of -
lapachone treatment (data not shown), suggesting that its inhibition of the SMN complex is
likely due to a direct effect of the compound. The inhibition of the activity of the SMN complex
in treated cells was dependent on B-lapachone concentration with a calculated 1Csq of 0.45
uM (Figure 3B). ICsq estimated from dose-response measurements in vitro using extracts of
untreated cells was ~30 uM (data not shown). Thus, B-lapachone inhibits the activity of the
SMN complex both in cell extracts and in living cells, showing higher potency in vivo than in
vitro.

1dudsnuey Joyiny [INHH

The persistence of the inhibition in extracts prepared after 3-lapachone was washed away from
the treated cells suggested that it either caused a modification of one or more components in
the snRNP assembly pathway or interfered with protein-protein or protein-RNA interactions.
We first asked if B-lapachone inhibits the interactions among the Sm proteins or their capacity
to bind sSnRNAs. Sm cores can form spontaneously in vitro from purified Sm proteins and
exogenous snRNAs without auxiliary factors (Raker et al., 1999; Sumpter et al., 1992). This
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Sm core assembly, unlike assembly in cell extracts and in vivo, is independent of the SMN
complex and does not require ATP. It reflects the high propensity of the Sm proteins to form
heptameric cores on many Sm site-resembling sequences, but lacks the strict specificity that
the SMN complex confers towards its appropriate substrates, the SnRNAs (Pellizzoni et al.,
2002). We therefore compared the effect of B-lapachone on sSnRNP assembly using either cell
extracts, which contain the SMN complex and all the components required for Sm core
assembly, or a purified fraction of native SnRNP proteins which is highly enriched in Sm
proteins but lacking the SMN complex components (Raker et al., 1999; Sumpter et al., 1992).
As shown in Figure 3C, both of these preparations assembled Sm cores on the U4 snRNA but
not on the control U4ASm RNA which lacks the Sm site. As expected, B-lapachone inhibited
assembly in the cell extracts, which is SMN complex-directed, however, it had no effect on
Sm core formation from the purified SnRNP proteins. This indicates that the target of -
lapachone inhibition is not the Sm-Sm protein interactions or the Sm-snRNA binding, but
rather is likely the assembly machinery, the SMN complex.

B-lapachone induces intermolecular disulfide bonds in SMN

To further investigate the mechanism of action of B-lapachone, we asked whether it affected
the cellular localization or composition of the SMN complex and of proteins involved in the
SnRNP biogenesis pathway. Typically, by immunofluorescence microscopy, SMN is found
throughout the cytoplasm and in the nucleus where it is concentrated in Gems (Liu and
Dreyfuss, 1996). However, no detectable difference was observed in SMN signal intensity or
localization between B-lapachone treated and control cells (Figure 4A). There was also no
obvious change in the amount or localization of Sm proteins, most of which are found in
SnRNPs (Fury and Zieve, 1996) and are detected by Y12 antibody (Figure 4A).

B-lapachone is a redox-active ortho-quinone (Boveris et al., 1978; Fernandez Villamil et al.,
2004). We therefore considered the possibility that the inhibition of the activity of the SMN
complex by p-lapachone may be due to its activity as a generator of redox cycles, a process in
which the quinone is reduced and reactive oxygen species (ROS), superoxide anion (O,7) and
hydrogen peroxide (H,0O5) are produced. B-lapachone cannot directly react with sulfhydryl
groups by 1,4-Michael addition since it is fully-substituted, but the ROS it generates might
oxidize sulfhydryls which might then form disulfides or other cysteine modifications in protein
components of the SMN complex. To test this, extracts from p-lapachone-treated cells or
DMSO-treated control cells were prepared in gel electrophoresis sample buffer without the
reducing agent dithiothreitol (DTT) to preserve potential disulfides, resolved by SDS-PAGE,
and analyzed by quantitative Western blots. To simultaneously monitor different SMN
complex components and associated proteins, the blots were cut into strips corresponding to
the known molecular mass of the various proteins at their monomer size, and each was then
probed separately. Strikingly, while there was no detectable change in signal intensities of the
other proteins examined, the intensity of the SMN band was consistently and significantly
lower in B-lapachone treated cells prepared without DTT (~60% decrease compared to DMSO
controls; Figure 4B). Because the decrease in monomeric-size SMN most likely resulted from
ROS-induced disulfide crosslinking, we performed Western blots on SMN complexes purified
from B-lapachone- or DMSO-treated cell extracts prepared either with or without DTT, and
probed the entire length of the membrane with anti-SMN antibody. As shown in Figure 4C, in
the absence of DTT, the band at ~35 kDa, corresponding to monomeric SMN (redSMN), is
decreased upon B-lapachone treatment and several higher molecular weight SMN-reactive
forms (0xXSMN), corresponding in sizes to SMN dimer and possibly larger forms are observed.
When the same samples were prepared with DTT, all the higher molecular weight SMN-
containing bands disappeared and the same amount of SMN migrated at the monomer size in
both B-lapachone-treated and control extracts. These findings indicate that upon p-lapachone
treatment, the SMN protein experienced an oxidative environment and became crosslinked via
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disulfide bonds. We note that even in the DMSO control, there was a detectable low level of
SMN crosslinking. The p-lapachone-induced crosslinking appeared to be selective to SMN; it
was not observed for the other proteins that were probed for in the same experiment, including
several Gemins, the methyltransferase JBP1, Magoh and Sm proteins (Figure 4B), as well as
several other proteins tested, e.g., hnRNP Al and the fragile X mental retardation protein FMR1
(data not shown).

ROS inhibit the SMN complex in vitro and in cells

The data described above indicated that the activity of the SMN complex might be regulated
by redox status and could be sensitive to other oxidative stress-inducing agents. We therefore
examined the effect of other sources of ROS. H,0, and cumene hydroperoxide, both of which
are capable of oxidizing cysteines (Marnett et al., 2003), inhibited the activity of the SMN
complex in vitro with 1Csq values in the low millimolar range (Figure 5A and data not shown).
Menadione (vitamin K3; 2-methyl-1,4-napthoquinone), a redox-active p-quinone, inhibited
the activity of the SMN complex much more efficiently, yielding an 1Cgq of 25 uM (Figure
5B). Treatment of cells with menadione at concentrations commonly used to study oxidative
stress also resulted in dose-dependent inhibition of SMN complex activity (Figure 5C) and a
corresponding degree of SMN disulfide crosslinking (Figure 5D), similar to that observed with
B-lapachone. These findings indicate that the SMN complex is susceptible to inactivation by
ROS, and its activity can be modulated by the cellular redox state.

Additional direct evidence for the ROS-generating activity of the compounds in live cells was
obtained by staining cells with 2’,7-dichlorodihydrofluorescein diacetate (HoDCFDA), a
nonfluorescent dye that becomes fluorescent upon exposure to ROS (Figure 5E). The
fluorescence intensity of B-lapachone-treated cells was much higher than that of menadione-
treated cells at similar concentrations, indicating that their potency as inactivators of SMN
complex corresponds to their ROS-generating capacity.

DTT protects the SMN complex from ROS inactivation

To further determine if the inhibition of the activity of the SMN complex by ROS is related to
the oxidative modification of cysteines, reflected by disulfide protein crosslinking, we asked
whether B-lapachone inhibition could be prevented by DTT, since DTT reversed SMN protein
crosslinking (Figure 4C and 5D). As shown in Figure 6, DTT completely neutralized the
inhibitory effect of B-lapachone. Furthermore, the extent of SMN oxidative crosslinking,
determined by the corresponding decrease in unoxidized monomeric SMN (redSMN), is
directly proportional to the inhibition of SMN complex activity. Similarly, another reductant
and antioxidant N-acetyl-L-cysteine (NAC) also completely prevented the inhibition of -
lapachone, menadione and H,O» (data not shown). This strongly suggests that ROS inhibit the
activity of the SMN complex by causing oxidation of sulfhydryl groups of cysteines and
inducing disulfide crosslinking, including in SMN itself.

ROS cause SMN-SMN disulfide crosslinking through at least two cysteines

SMN can form homo-oligomers (Lorson et al., 1998; Pellizzoni et al., 1999) and it interacts
with many other proteins (Yong et al., 2004). The apparent sizes of the ROS-induced disulfide-
crosslinked forms correspond to SMN dimers or larger forms (Figure 4C and 5D), and we
therefore asked if SMN-SMN crosslinks occur. To determine this, we generated constructs for
full-length wild-type human SMN, amino- and carboxyl-terminal deletion mutants, and SMN
in which all eight cysteines were mutated to alanines. The corresponding proteins were
produced by transcription and translation in vitro with [3S]methionine. The samples were then
treated with p-lapachone to generate ROS or with DMSO as a control, and resolved by SDS-
PAGE without DTT. As shown in Figure 7B, wild-type SMN (WT) formed disulfide-
crosslinked species similar in sizes to those observed in B-lapachone-treated cells and cell
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extracts (Figure 4C and 5D). This demonstrates that intermolecular SMN-SMN oxidative
crosslinks occur. Although not precisely defined, sequences capable of homotypic interactions
have been described in exons 6-7 and in exon 2b (Lorson et al., 1998; Pellizzoni et al., 1999).
However, while SMN with an amino terminal deletion that includes sequences encoded by
exons 1-2b (Figure 7C, labeled as Ex3-7) could still form a disulfide crosslinked dimer, deletion
of the carboxyl terminal sequences encoded by exons 5-7 (Figure 7C, labeled as Ex1-4)
completely abolished oxidative crosslinking. Additionally, no oxidative SMN-SMN
crosslinking occurred in exon 7-deleted SMN (Figure 7B, labeled as AEX7), the predominant
product of the remaining SMN2 gene in SMA patients, which is defective in oligomerization
(Lorson etal., 1998; Pellizzoni et al., 1999). We conclude that SMN oligomerization, mediated
by its carboxyl terminus, is required for SMN-SMN disulfide crosslinking.

Among the eight cysteines in human SMN, four are evolutionarily conserved in vertebrates
(Figure 7A). SMN in which all eight cysteines were mutated to alanines did not show oxidative
crosslinking (Figure 7B), confirming that disulfides bridge SMN molecules. To identify the
cysteines that can engage in SMN-SMN disulfide bond formation, we produced SMN
constructs that mutated seven cysteines to alanines but retained each of the conserved cysteines,
at positions 60, 98, 123, and 250, respectively. B-lapachone treatment of these mutants, each
containing a single cysteine, showed that either C60 or C250 is sufficient to efficiently form
SMN-SMN crosslinked dimers upon exposure to ROS. In contrast, the two most highly
conserved cysteines, C98 and C123, which are buried in the structure of the Tudor domain
(Selenko et al., 2001; Sprangers et al., 2003), did not (Figure 7B). Thus C60 and C250 must
be juxtaposed to the corresponding cysteines in SMN-SMN oligomers.

Discussion

The high throughput assay we describe here provides a powerful tool to study the Sm core
assembly process and the mechanism and regulation of the SMN complex. It is highly sensitive
and robust, making it suitable for large-scale screens for chemical and genetic modifiers of the
SMN complex. With slight modifications of the RNA, extract and reaction conditions, this
assay can be broadly applied to many other reactions involving RNA-protein interactions. It
obviates the need to analyze nucleic acid-protein complexes by gel electrophoretic mobility
shifts and opens the way to rapidly identify effectors and dissect the pathway of RNP
biogenesis. Although a genetically-determined decrease in functional SMN protein is
manifested in loss of motor neurons, the activity of the SMN complex and the biogenesis of
snRNPs are of fundamental importance to all eukaryotic cells (Schrank et al., 1997). Our
rationale for developing this assay was that compounds that modulate the activity of the SMN
complex would be useful both as research tools and as potential therapeutics for SMA.
Compounds that increase or bypass the activity of the SMN complex, if such exist, as well as
inhibitors of the SMN complex could point to how it is regulated and suggest therapeutic
approaches. Using this HTS assay, we identified the first class of inhibitors of the SMN
complex and of the sSnRNP biogenesis pathway, and this revealed a surprising and hitherto
unknown aspect of the regulation of the SMN complex.

The most potent inhibitor we found, B-lapachone, is a naturally occurring naphthoquinone and
a potent generator of a futile redox cycle that catalyzes the formation of ROS (Fernandez
Villamil et al., 2004). B-lapachone has been shown to inhibit several enzymes, including
NADH/NADPH oxidoreductase, topoisomerase I, HIV reverse transcriptase, telomerase and
NF-kB (Pardee et al., 2002). The inhibition of NF-xB by B-lapachone can be reversed by DTT
and involves critical sulfhydryl groups (Manna et al., 1999). Three lines of evidence indicate
that the inhibition of the SMN complex by B-lapachone is the result of the ROS it generates.
First, other structurally unrelated and diverse oxidants, including H,O,, cumene hydroperoxide
as well as several environmental toxins known to generate ROS, menadione, 9,10-
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phenanthrenequinone and tetrachloro-1,2-benzoquinone, have the same effect. In contrast, the
position isomer B-lapachone, which unlike a-lapachone has no appreciable redox cycling
capability (Boveris et al., 1978), does not inhibit the SMN complex (Figure 5 and data not
shown). Second, B-lapachone and the other oxidants cause formation of intermolecular
disulfide bonds in SMN and these, as well as the inhibition of the activity of the SMN complex,
are counter-acted or reversed by DTT (Figure 4, 5 and 6). Third, the potency of the compounds
to induce SMN disulfide crosslinks and inactivate the SMN complex parallels their ROS-
generating activity in live cells (Figure 5E).

The sensitivity of the SMN complex to ROS inactivation is remarkable considering that
transcription, splicing and translation are not inhibited under similar oxidative stress. Although
the disulfide-crosslinked SMN demonstrates that SMN itself becomes oxidized, it is not yet
known if this is the causative or the only target of ROS-mediated inactivation of the SMN
complex. Other proteins involved in the snRNP assembly reactions may also be modified by
ROS, causing inactivation. Nevertheless, ROS provide a powerful tool for studying the
structure and domain interactions of SMN. Disulfide bonds can only form if the cysteines
involved are in immediate juxtaposition (“zero-distance” crosslinking). The observation of
SMN-SMN disulfide crosslinks, indicate that SMN homo-oligomers, previously shown in
vitro (Lorson et al., 1998; Pellizzoni et al., 1999; Young et al., 2000), exist in cells. These
homo-oligomers depend on sequences encoded in exons 6 and 7, near the carboxyl terminus,
but which have not yet been fully characterized. The crosslinks of single-cysteine SMNs, C60
and C250, define these cysteines as specific contact points in exon 2b and exon 6, respectively.
In contrast, the two most highly conserved SMN cysteines, C98 and C123, do not form
intermolecular disulfides, consistent with their solvent-inaccessible positions in the interior of
Tudor domain. The absence of C60-C60 contacts in C-terminal deleted SMN indicates that the
exon 2b-2b interactions are either not sufficient for oligomerization or if they do occur, that
the C-terminal domain influences the structure of the exon 2b-enoded peptide. ROS should
facilitate further studies of the structure of SMN, about which little is known, including the
arrangement of Tudor domains in SMN oligomers.

All cells are exposed to oxidative stress as an unavoidable consequence of the utilization of
oxygen for energy production and other metabolic processes, as well as from exposure to
environmental oxidants (Ischiropoulos and Beckman, 2003; Marnett et al., 2003; Valko et al.,
2007). The physiologic process of oxygen reduction in mitochondria generates ROS which
diffuse from mitochondria. ROS can also be generated by redox-active compounds, including
numerous metabolites and xenobiotics e.g., quinones and polycyclic aromatic hydrocarbons,
which can be converted to their corresponding redox-active quinones by aldo-keto reductases
(Penning et al., 1999). Under normal conditions, cellular antioxidant defenses, comprised of
small molecules (including glutathione and ascorbate) as well as enzymes (particularly
superoxide dismutase, catalase, glutathione peroxidase and peroxyredoxins), are capable of
neutralizing the hazardous ROS (Valko et al., 2007). However, when ROS exceed the
antioxidant capacity, they react with proteins, DNA and lipids, and can impair numerous
physiologic functions (Marnett et al., 2003; Valko et al., 2007). ROS readily react with thiols
(-SH), including those in protein cysteines, to form sulfenic acid (-SOH), which can then readily
react with available thiols either in glutathione or in an adjacent cysteine to form disulfides
(Marnett et al., 2003). Disulfides (-S-S-) are reversible by cellular reducing systems that
maintain the thiol-disulfide homeostasis. However, ROS can also over-oxidize cysteines by
further reacting with sulfenic acid to form the corresponding sulfinic (-SO,H) and sulfonic (-
SO3H) acids, which are not reversible and can result in permanent inactivation of proteins
(Marnett et al., 2003). It is conceivable that the disulfide bonds that form in SMN cysteines
protect it from irreversible oxidative damage. However, the possibility that irreversible
inactivation of the SMN complex occurs upon excessive exposure to ROS, must also be
considered. We have shown here that SMNAEX7, the major protein product of SMN2, the only
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remaining gene in SMA patients, does not form reversible disulfide crosslinks upon ROS. Thus,
SMNAEX7 may be more susceptible to irreversible cysteine hyper-oxidation and permanent
inactivation of its function.

SMN protein deficiency is deleterious to all cells, causing aberrations in gene expression and
leading to SMA (Zhang et al., 2008). The dose-dependent ROS inactivation of the SMN
complex causes a functional deficiency equivalent to that which occurs upon SMN protein
deficiency. This suggests that cells that experience more oxidative stress, particularly if they
already have decreased levels of SMN, as SMA patients do, may be especially vulnerable.
Different cells experience oxidative stress to different degrees, depending on the balance of
ROS and anti-oxidant defense they have. Neurons, including motor neurons, are amongst the
most metabolically active cells in the body and their extremely high rate of oxygen
consumption could generate relatively high levels of ROS (Barber et al., 2006; Ischiropoulos
and Beckman, 2003). Oxidative stress has been suggested to play a major role in the etiology
of many neurodegenerative diseases, including Alzheimer’s and Parkinson’s disease and in
aging (Droge, 2003; Ischiropoulos and Beckman, 2003; Lin and Beal, 2006; Perry et al.,
2002; Valko et al., 2007). Another motor neuron degenerative disease with similar clinical
phenotypes to SMA is amyotrophic lateral sclerosis (ALS). Although the cause of ALS in the
majority of patients is unknown, a small percentage of ALS cases are familial, resulting from
mutations in the Cu/Zn superoxide dismutase (SOD1) (Beckman et al., 2001). The mechanism
whereby SOD1 mutations cause motor neuron death is not certain, but considerable evidence
suggest that excessive oxidative stress occurs and contributes to motor neuron injuries (Barber
et al., 2006; Pacher et al., 2007; Rizzardini et al., 2005). Our findings that the SMN complex
is highly susceptible to ROS and the role of ROS in neurodegenerative diseases suggest a
potential mechanistic convergence of these diseases, particularly ALS with SMA, with the
SMN complex as a plausible target. The vulnerability of the SMN complex to inactivation by
ROS suggests that xenobiotics that could increase the exposure of the neuronal environment
to oxidative stress, as well as anti-oxidants that may protect it from excessive ROS, deserve
careful consideration, particularly for SMA patients.

Experimental Procedures

Chemical compounds

A library of ~5,000 pure bioactive chemicals that includes FDA-approved drugs, known
inhibitors and activators of diverse enzymes and receptors, and pure natural compounds was
assembled from several commercial sources (Microsource Diversity, Tocris, Lopac, Sigma-
Aldrich and other suppliers) at 2 mM stock concentration for each compound dissolved in
DMSO. For confirmation studies and treatment on cells, B-lapachone, H,05, cumene
hydroperoxide, and menadione were purchased from Sigma-Aldrich Chemical Co.

HTS assay for SMN complex activity in snRNP assembly

An automated and quantitative assay for in vitro snRNP assembly was developed for HTS
using biotinylated U4 snRNA to capture snRNPs assembled from cell extracts onto 384-well
neutravidin coated microplates. The plate map for the screen is shown in Figure 2A. Columns
1 and 2 contained controls corresponding to 100% assembly activity in the presence of DMSO.
Library compounds were located in the 320 central wells, and columns 23 and 24 contained
controls for non-specific background (no cell extract added). The assay was conducted as
follows: 10 ul of reconstitution buffer containing 2.5 mM ATP, 0.25 pg/ul Escherichia coli
tRNA, 0.2 U/l RNasin RNase Inhibitor (Promega) and HeLa cytoplasmic extract (4 ug of
total protein) was aliquoted into Reacti-Bind NeutrAvidin coated black 384-well microplates
(Pierce) with a Multidrop (Thermo labsystems). Next, 5 pl of compounds in reconstitution
buffer (final concentration 20 uM in < 0.1% DMSO), and 5 pl of biotin-labeled U4 snRNA
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(final concentration 5 nM) were added to each well using Biomek FX workstation (Beckman
Coulter). The plates were centrifuged gently, and the assembly reactions were incubated for 1
hour at room temperature (RT). Subsequently, 20 ul of RSB-500 buffer (10 mM Tris/HCI pH
7.5,500 mM NaCl, 2.5 mM MgCly) containing 2 mg/ml heparin, 0.1% NP-40, 0.2 U/ul RNasin
was added to each well, mixed by pipetting with the Biomek FX, and incubated for 1 hour at
RT. The reaction mixtures were removed and 40 pl/well of Y12 antibody (diluted 1:1000 in
RSB-500 containing 0.1% NP-40, 1 mg/ml BSA) was added with a Multidrop (Thermo
labsystems). After 1 hour incubation at RT, the plates were washed 10 times with RSB-500
containing 0.1% NP-40 using an ELx405 microplate washer (Bio-Tek), followed by the
addition of 40 ul/well of horseradish peroxidase (HRP)-conjugated AffiniPure goat anti-mouse
IgG + IgM (diluted 1:10,000 in RSB-500 containing 0.1% NP-40, 1 mg/ml BSA; Jackson
Laboratories) and incubation for 1 hour at RT. The plates were washed again 10 times and 40
ul of SuperSignal ELISA Femto Maximum Sensitivity enhanced chemiluminescence substrate
working solution (Pierce) was added into each well. Luminescence signals were measured
using an EnVision Reader (PerkinElmer) with standard luminescence settings. Percentage
activity from each well of the plate was calculated from the equation:

S=M 100

(S -N)

Where S is sample well signal, N'is median non-specific background signal from wells in
column 23, and S is median sample signal from 320 central wells.

In vitro transcription and translation assay

In vitro transcription and translation reactions were set up in 384-well microplate using TNT
Quick Coupled Transcription/Translation Systems (Promega) with luciferase DNA as a
reporter in the presence of 20 uM compounds. The plate was centrifuged briefly and the
reactions were incubated at 30°C for 1.5 hours. Subsequently, 20 ul of Luciferase Assay
Reagent (Promega) was added into each well and mixed. Luminescence signals were measured
immediately using an EnVision Reader (PerkinElmer) with standard luminescence settings.

Crosslinking assay of in vitro transcribed and translated SMN

In vitro transcription and translation reactions were performed with each plasmid in the
presence of 3°S-Methionine for protein labeling using T7 TNT Quick Coupled Transcription/
Translation Systems (Promega). Subsequently, 0.7 ul of each translated product was added to
in vitro snRNP assembly reaction mixture in the presence of 40 uM B-lapachone or DMSO as
a control, incubated for 1 hour, and then mixed with sample buffer without DTT for analysis
on 4-12% SDS-PAGE and detection by autoradiography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental scheme of the high throughput SMN complex activity assay for detection of in
vitro assembled snRNPs in 384-well microplate format (see text for details)
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Figure 2. High throughput screening for small molecule modulators of the activity of the SMN
complex in SnRNP assembly

(A)Scatter plot of a representative 384-well microplate from a chemical library screening. Each
dot represents the signal from one well containing a standard assembly reaction mixture in the
presence of individual compounds at 20 uM. Green box indicates reactions lacking cell extracts,
representing non-specific background of the assay. Red circles indicate wells containing
compounds that significantly decreased SMN complex activity.

(B) High throughput screening and selection of potential inhibitors of SMN complex activity.
~5,000 compounds were screened in triplicate at 20 uM. As shown, 22 compounds were
selected as potential inhibitors based on the criteria that they inhibited SMN complex activity
by more than 3 times the standard deviation (>3SD) of the assay, as indicated by the red dotted
line. The compounds are labeled according to library nomenclature. Error bars represent SDs
from triplicate samples.

(C) Validation of potential SMN complex inhibitors by gel mobility shift assay using [32P]
UTP-labeled U1 snRNA mixed with HelL a total cell extracts in the presence of 20 or 100 pM
compound, or cycloheximide or DMSO controls.

(D) Assessment of selectivity of potential SMN complex inhibitors by in vitro transcription
and translation assay. Reactions were set up using luciferase DNA as a reporter in the presence
of either 20 uM compound or DMSO control. Luciferase activities of the in vitro produced
proteins were measured and compared to DMSO control (100% activity). The SD of this assay
is 3.5%. Error bars represent SDs from triplicate measurements of each compound. Red dotted
line indicates 3SD.
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Figure 3. p-lapachone potently and selectively inhibits the SMN complex-mediated ShRNP
assembly in vitro and in cells

(A) Chemical structure of B-lapachone.

(B) Concentration-dependent inhibition of SMN complex activity by p-lapachone in cells.
HelLa cells were treated with various concentrations of -lapachone or with DMSO (control)
for 1 hour. SMN complex activity in extracts from treated cells was measured using magnetic
beads snRNP assembly assay and compared to DMSO-treated control cells (100% activity).
1C5q was calculated from the dose-reponse graph. Error bars represent SDs from 3 independent
measurements.

(C) B-lapachone selectively inhibits SMN complex-mediated Sm core assembly. Assembly
reactions were performed using either cell extracts or purified native SnRNP proteins lacking
the SMN complex (Sm proteins). Both samples were adjusted to contain a similar amount of
Sm proteins. Magnetic beads snRNP assembly assay was carried out with U4 or control
U4ASm snRNA in the presence of either 20 or 100 uM B-lapachone or DMSO control. Sm
core assembly on U4 snRNA in the presence of DMSO was considered 100% activity. The
error bars represent SDs from 3 independent measurements.
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Figure 4. SMN protein is oxidized to form intermolecular disulfide bonds upon p-lapachone
treatment

(A) Indirect immunofluorescence staining of SMN (2B1; green) and snRNPs (Y12; red) in
HelLa PV cells treated 3 hours with 5 uM B-lapachone or DMSO control.

(B) HeLa total cell extracts prepared from cells treated 3 hours with 5 uM B-lapachone or
DMSO control were resolved by SDS-PAGE and analyzed by quantitative Western blotting,
using JBP1 and Magoh as loading controls. Extracts were prepared and mixed with sample
buffer without DTT. The membrane was cut into strips for probing of each protein at the
corresponding molecular mass.

(C) B-lapachone causes intermolecular disulfide crosslinking of SMN. Total cell extracts from
HeLa cells stably expressing Flag-Gemin2 (Yong et al., 2002) were used for in vitro assembly
reactions in the presence of either 100 uM B-lapachone or DMSO control. The SMN complex
was isolated by anti-Flag immunoprecipitation, mixed with sample buffer without or with DTT
and resolved by SDS-PAGE. Western blot analysis was performed on the entire membrane
with anti-SMN antibody 62E7. Molecular mass markers in kDa are indicated on the left.
“redSMN” indicates monomer SMN migrating at normal molecular mass and “oxSMN”
indicates disulfide-crosslinked SMN upon oxidation.
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Figure 5. ROS reagents inhibit the activity of the SMN complex in vitro and in cells

(A) Effect of H,O, on the activity of the SMN complex in vitro. Magnetic beads SnRNP
assembly assay was carried out in the presence of increasing amounts of H,O,. 1C5p was
calculated from the dose-response curve. Error bars represent SDs from triplicate
measurements.

(B) Effect of menadione on SMN complex activity in vitro. The same experimental procedure
was carried out as in (A), except that menadione was used instead.

(C) Dose-dependent effect of menadione on SMN complex activity in cells. HeLa cells were
treated with menadione at the indicated concentrations or with DMSO control for 1 hour. SMN
complex activity in extracts from various treated cells was measured in comparison to DMSO
control cell extract (100% activity) by magnetic beads SnRNP assembly assay. Error bars
represent SDs from 3 independent measurements.

(D) Extracts from (C) mixed with sample buffer without or with DTT were resolved by SDS-
PAGE and analyzed by Western blot of the entire membrane with anti-SMN antibody 62E7.
The molecular mass markers in kDa are indicated on the left. “redSMN” indicates monomer
SMN migrating at normal molecular mass and “oxSMN” indicates disulfide-crosslinked SMN
upon oxidation.

(E) B-lapachone and menadione generate ROS in live cells. HeLa cells were incubated 30
minutes with ROS indicator dye HoDCFDA (10 uM) or without dye as a control, then treated
with compounds at indicated concentrations or DMSO as control. Fluorescence images were
acquired 30 minutes after treatment.
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Figure 6. DTT prevents the inhibition of the activity of the SMN complex by B-lapachone

Cell extracts treated with 20 uM B-lapachone, or 20 uM B-lapachone together with 20 mM
DTT, or DMSO control were analyzed by non-reducing Western blot. The relative levels of
monomer SMN (“redSMN”) were calculated as the percentage of that in DMSO control and
shown by the blue bar. Assembly activities of the SMN complex were measured by magnetic
beads snRNP assembly assay using the same set of treated extracts and shown by the red bar.
Error bars represent SDs from 3 independent experiments.
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Exon 1 - | — Exon 2a - | — 6
Homo sapiens lIAISSGGSGGGV'EQIDSVLFIIGYCGSDDIBI'DDYALIlAVDKAVA!FKHALllEDIIEiE'51
Mus musculus ' MAMGSGGAGS- - -EQEDTVLFRRGTGQSDDSDIWDDTALIKAYDKAVASFKHALKNGD I[CET 59
Xenopus laevies 1 lAEI.!DGG----E---VI.I‘IIGAGHSDDIHI'DDYAI.IlAVDlAVSSFlIALlH-!D[g!V\ 2
Exon 2b - | —» %8 107
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Figure 7. ROS mapping of disulfide-crosslinked cysteines in SMN

(A) Sequence alignment of human (Homo sapiens), mouse (Mus musculus), and frog (Xenopus
laevies) SMN protein sequences. Conserved residues are shaded in gray. Cysteine residues are
highlighted. Exons and their boundaries are indicated with opposite-directed arrows. The
schematic diagram shows SMN protein domain organization and positions of cysteines. Two
cysteines (C60 and C250) that form disulfide bridges are marked (-S-S-).

(B) Human SMN protein (WT, wild type; AEX7, exon7 deletion mutant; no Cys, mutation of
all 8 cysteines to alanines; C60, C98, C123, and C250, mutation of 7 cysteines to alanines
except for cysteine at positions 60, 98, 123, and 250, respectively) were produced by in vitro
transcription and translation in the presence of 3°S-Met and then treated with 40 pM p-
lapachone or DMSO for 1 hour. Samples were mixed with sample buffer without DTT, and
then analyzed by SDS-PAGE and autoradiography. Molecular mass markers in kDa are
indicated on the left. Protein bands corresponding to monomer SMN (redSMN), disulfide-
crosslinked SMN (0xSMN) and SMN dimer (0xSMN dimer) are indicated on the right.

(C) SMN amino terminus deletion (Ex3-7) and carboxyl terminus deletion (Ex1-4) mutants
were tested for crosslinking, as described in panel (B). Note that these mutants were constructed
in pcDNA3-myc-pyruvate kinase (PK, ~60kD) vector to facilitate detection of otherwise small
fragments.
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