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Approximately 10% of amyotrophic lateral sclerosis (ALS) cases are familial (known as FALS) with an autoso-
mal dominant inheritance pattern, and ~25% of FALS cases are caused by mutations in Cu/Zn superoxide
dismutase (SOD1). There is convincing evidence that mutant SOD1 (mtSOD1) kills motor neurons (MNs) be-
cause of a gain-of-function toxicity, most likely related to aggregation of mtSOD1. A number of recent reports
have suggested that antibodies can be used to treat mtSOD1-induced FALS. To follow up on the use of antibod-
ies as potential therapeutics, we generated single chain fragments of variable region antibodies (scFvs) against
SOD1, and then expressed them as ‘intrabodies’ within a motor neuron cell line. In the present study, we de-
scribe isolation of human scFvs that interfere with mtSOD1 in vitro aggregation and toxicity. These scFvs may
have therapeutic potential in sporadic ALS, aswell as FALS, given that sporadic ALSmay also involve abnormal-
ities in the SOD1 protein or activity.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by the selective loss of motor neurons (MNs). Approx-
imately 10% of ALS cases are familial (known as FALS) with an autoso-
mal dominant inheritance pattern, and ~25% of FALS cases are caused
by mutations in Cu/Zn superoxide dismutase (SOD1) (Rothstein,
2009). There is convincing evidence that mutant SOD1 (mtSOD1)
kills motor neurons (MNs) because of a gain-of-function, rather
than a loss-of-function (i.e., a loss of dismutase activity). Although
the nature of the mtSOD1 toxicity remains unclear, some investiga-
tors have postulated a key role played by aggregation of mtSOD1,
with an associated sequestration of proteins that are critical for the
viability of the MN. Such sequestration of proteins could lead to a va-
riety of other deficits, such as abnormalities in axonal flow and alter-
ations in the endoplasmic reticulum stress pathway.
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Of interest, recent data suggest that sporadic ALS may also involve
abnormalities in the SOD1 protein or activity (Bosco et al., 2010; Ezzi
et al., 2007; Guareschi et al., 2012; Kabashi et al., 2007; Pokrishevsky
et al., 2012). Therefore, investigations of mtSOD1 may not only clarify
our understanding of the pathogenesis and the treatment of FALS, but
also increase our understanding and treatment of sporadic ALS.

A number of reports have suggested that antibodies may have a
role in the treatment of mtSOD-1-induced FALS. Immunization with
mtSOD1 protein (Takeuchi et al., 2010; Urushitani et al., 2007) or a
peptide within the SOD1 interface (Liu et al., 2012) delays disease
onset and extends survival of FALS transgenic mice. Furthermore,
Alzet osmotic minipump intraventricular infusion of anti-SOD1 mono-
clonal antibodies (mAbs) into FALS transgenic mice delays bodyweight
loss and hind limb reflex impairment and significantly prolongs survival
(Gros-Louis et al., 2010; Urushitani et al., 2007). Together, these studies
demonstrate that anti-SOD1 antibodies can ameliorate disease in FALS
transgenic mice.

In the present study, we describe isolation of single chain fragments
of variable regions (scFvs) of antibodies directed against SOD1, focusing
on two scFvs that interfere with in vitro aggregation and toxicity of
mtSOD1. One of the advantages of scFvs is that they can be readily
cloned, expressed, and used in gene delivery studies. Of special interest,
scFvs can be expressed within cells, where these “intrabodies” can bind
to and perturb their targets (Zu et al., 1997). Intrabodies, therefore, have
the potential for disrupting aggregate and oligomer formation, and
thereby help clarify FALS pathogenesis and ameliorate disease.

http://dx.doi.org/10.1016/j.nbd.2013.04.007
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Materials and methods

Cloning and biotinylation of SOD1

cDNAs from wild type (wt) SOD1 and three mtSOD1s (A4V, G93A
and V148G) were inserted in the prokaryotic expression vector,
pMCSG15, which contained His6 and AviTag at the C-terminus (Scholle
et al., 2005). The plasmids were transformed into Escherichia coli BL21
(DE3) pBirA (Avidity, CO), which expresses biotin ligase, an enzyme
capable of in vivo biotinylation. The proteins were induced with
isopropyl-β-D-thiogalactopyranoside (IPTG) and biotinylated with the
addition of 0.1 mg/L of biotin to the cell culture media. Proteins were
isolated and purified using a Ni-NTA affinity column (Qiagen, MD),
and then analyzed by Western blot, using rabbit anti-SOD1 polyclonal
antibody (Enzo Life Sciences, Inc., NY) and horseradish peroxidase
(HRP)-linked anti-rabbit IgG (Cell Signaling, MA) or streptavidin–HRP
(Chemicon, CA), followed by detection with an ECL-Plus detection kit
(Amersham, NJ).

Isolation of phage clones that expressed scFvs that bound SOD1

Affinity selection experiments were performed with the C-terminal
biotinylated SOD1s as target proteins and a phage-displayed scFv anti-
body library (Bliss et al., 2003), a gift fromDr.Mark Sullivan (University
of Rochester Medical Center). The biotinylated wtSOD1 protein was
immobilized onto streptavidin-coated 96-well microtiter plates; un-
bound target protein was removed and the plates were washed seven
times with 50 mM Tris, 150 mM NaCl, 0.1% Tween-20, (pH 7.5) buffer
(TBST) and blocked with TBST containing 2% bovine serum albumin
(BSA). Bound target protein was then incubated with the scFv phage;
unbound phage was removed, and the plates were washed five times
with TBST. Bound phage was eluted with 50 μL of 100 mM glycine–
HCl (pH 2.0) buffer and immediately neutralized with 20 μL of 2 M
Tris–HCl, (pH 10). The eluted phage particles were amplified by
infecting E. coli TG1 bacteria, and the phage was rescued by
superinfecting the host with helper phage M13K07 (New England
BioLabs, Ipswich, MA). Secreted phage particles were concentrated by
precipitation with 6% polyethylene glycol (MW 8000) — 0.3 M NaCl,
and subjected to two more rounds of affinity selection, as described
above. Exponentially growing TG1 bacterial cells (supE thi-1Δ(lac-proAB)
hsdD5[F′ traD36 proAB + lacIq lacZDM15])were infectedwith the eluted
phage isolated after the third round of selection at 37 °C for 1 h, plated
onto petri plates containing 16 g tryptone 10 g yeast extract, 5 g NaCl,
1.5% agar, 50 μg/mL ampicillin, and 1% glucose, and incubated overnight
at 30 °C. Bacterial colonies were grown individually in a 96-well deep-
well plate, superinfected with M13K07 helper phage, and the rescued
phage particles were then tested for their ability to bind wt or mutant
SOD1 by an enzyme linked immunosorbent assay (ELISA).

ELISA

High-binding, flat-bottom microtiter plates were coated with
streptavidin (250 ng/well in 50 μL PBS) and incubated overnight at
4 °C. The next day, plates were washed three times with phosphate
buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4,
1.5 mM KH2PO4) containing 0.05% Tween-20 (PBST), and purified
biotinylated wt or each of the three mtSOD1 proteins (250 ng in
50 μL PBS) was added to eachwell of a separate ELISA plate. The plates
were incubated at room temperature (RT) for 1.5 h on a shaker, blocked
for 30 minwith 2% BSA in PBS, and thenwashed three times with PBST.
Twenty-five μL of PBS and 25 μL of phage particles, grown in the previ-
ous step, were added to each well and the plates were shaken at RT for
1.5 h. The plates were washed three times with PBST and the bound
phage particles were detected with 50 μL of HRP-linked anti-M13 anti-
body (Amersham Biosciences) for 1 h at RT on a shaker. Following five
PBST washes, 50 μL of HRP substrate solution containing 220 mg/L
of 2′,2′-azinobis-3-ethylbenzthiazoline-6-sulfonic acid, 50 mM sodium
citrate (pH 4.0), and 0.05% H2O2 was added for 20–30 min, and the de-
veloped colorwasmeasured at 405 nm. Plates coatedwith streptavidin,
with orwithout captured biotinylated SOD1,were used as negative con-
trols. A ratio of 2 or more of optical density of a phage binding to SOD1
target over background was generally used as a positive signal to iden-
tify individual scFv phage clones. In order to discover binders that bind
uniquely to one of the SOD1 variants, binders for each SOD1 target
protein were checked for cross-reactivity by ELISA. The DNA inserts of
phage clones with the highest ELISA values were amplified by polymer-
ase chain reaction (PCR) and then sequenced.
Characterization of scFvs by Western blot analysis

Two hundred ng of purified and biotinylated bacterially-expressed
wt SOD1, mt (A4V and G93A) SOD1, or human Src SH3 domain (nega-
tive control) was separated by SDS-PAGE and blotted to polyvinylidene
fluoride (PVDF) membranes. The membranes were then incubated
with precipitated phage particles for 2 h, washed, and then incubat-
ed with an anti-M13 phage antibody conjugated to HRP. Separately,
membranes were incubated with polyclonal rabbit anti-SOD1 antibody
(Enzo; 1:1000 dilution) and processed with an anti-rabbit antibody
conjugated to HRP. Immune complexes on the blots were detected
with the enhanced chemiluminescence (ECL) Plus detection system
(Amersham Biosciences).
scFv eukaryotic expression

The coding regions of strong binding scFvs were subcloned into the
pcDNA3.1 expression vector, as follows. The coding region of scFv along
with the Flag-epitope tag at the amino-terminus was amplified by PCR
using primers that added an XbaI restriction site and ATG translational
start site at the 5′-end and an XhoI site at the 3′-end of the amplified
DNA fragment. The PCR product was digested with XbaI and XhoI,
and then cloned into the NheI and XhoI sites of pcDNA3.1. The fidelity
of the correct sequence of the recombinant clones was confirmed by
sequencing and expression studies.

B1and B12 scFvs that contained a FLAG tag at the N-terminus
(GeneBank accession numbers KC845559 and KC845560 respectively)
and had been separately cloned into pcDNA3.1 were transfected into
NSC-34 cells. The cells were harvested after 48 h, fixedwith 4% parafor-
maldehyde for 10 min, and then stained with mouse anti-FLAG
antibody (Sigma Aldrich, MO) followed by detection with Alexa Fluor
555-conjugated goat anti-mouse IgG antibody.
Effect of anti-SOD1 scFvs on mtSOD1-induced aggregates and cell death

NSC-34 cells in a 12-well plate were cotransfected with an
mtSOD1-yellow fluorescent protein (YFP) fusion construct and scFv
DNAs using the Effectene transfection reagent (Qiagen), and fixed
48 h later with 4% paraformaldehyde. The mean percent of aggregate-
positive cells was calculated by counting the number of yellow fluores-
cent protein (YFP)-expressing cells in 10–15 random fields, from two
wells in each of two separate experiments, that contain aggregates, as
determined by epifluorescence microscopy.

To test the effect on cell viability, cells in a 96-well plate were
transfected with scFv and either A4V or G93A SOD1 in pcDNA3.1 vec-
tors. Cell viability was analyzed by using the Cell Counting Kit-8
(Dojindo, Rockville, MD), according to the manufacturer's protocol.
The results are presented as percent cell survival compared to the ab-
sorbance in the control transfected cells. The results were from six
wells in each of two separate experiments.

Statistical analysis was performed using one-way ANOVA with
Bonferroni's Multiple Comparison Test.



Fig. 1. Bacterially expressed and purified wt and mtSOD1 target proteins, which have been biotinylated at their C-termini. The SOD1 proteins were detected with (A) anti-SOD1
polyclonal antibody, and (B) streptavidin–HRP.
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Results

Expression and purification of biotinylated SOD1 in E. coli

The wt and three mtSOD1 (A4V, G93A and V148G) cDNAs
were inserted in a prokaryotic expression vector, MCSG15 (Scholle
et al., 2005), which contains biotinylation (i.e., AviTag) and His6
tags at the C-terminus of the fusions. These recombinant proteins
were overexpressed in E. coli and purified to near homogeneity by
immobilized metal affinity chromatography. Since the E. coli cells
also overexpressed the biotin ligase, BirA, >80% of the purified pro-
tein carried a single biotin at its C-termini. Fig. 1 shows the results
of a Western blot of bacterially-expressed wt and mtSOD1 proteins
that had been subjected to SDS-PAGE and then immunostained with
anti-SOD1 antibody or streptavidin–HRP anti-rabbit IgG. The blotted
proteins immunostained with both antibodies, demonstrating that
the SOD1s were biotinylated.

Affinity selection and activity of SOD1-binding phage displaying scFvs

AnM13 bacteriophage library (Bliss et al., 2003) displaying human
scFvs was subjected to three rounds of affinity selection with the wt
and three mtSOD1 proteins. Many strong binders were found for
each target (data not shown). When they were then cross-checked
by ELISA against each of the four targets, only one phage clone (B4)
was found to bind to three of the four proteins, but not to G93A
mtSOD1. We suspect that the epitope for the B4 scFv includes the gly-
cine 93 of SOD, and therefore when it is an alanine (i.e., G93A) it no
longer binds.

Some of the scFvs were examined for reactivity against SOD1 on
Western blots. Fig. 2 shows Western blots that tested the reactivity
of two scFvs (that were found in subsequent experiments to have
activity against mtSOD1 aggregation and toxicity) against denatured
wt and mt SOD1. scFv B1 phage particles (Fig. 2B) and scFv B12 phage
particles (Fig. 2C) reacted against denatured wt, A4V and G93A SOD1
proteins but not the control SH3 protein.

To identify the scFvs that were unique, and not sibling clones, the
coding regions of strong binders were cleaved with BstNI restriction
enzyme (New England BioLabs). Clones with unique fragmentation
Fig. 2. Characterization of scFv phage clones using Western blot analysis. wt or mt (A4V and
were separated by SDS-PAGE, transferred to PVDF membranes, which were then incubated
Blots were developed using either HRP-linked anti-rabbit antibody or HRP-linked anti-M13
patterns were chosen for DNA sequencing and then inserted into
pcDNA3.1.

Expression and activity of scFvs

In order to begin to characterize the expression and solubility of the
scFvs, we separately transfected NSC-34 cells with B1scFv and B12 scFv
that contained a FLAG tag at the N-terminus and had been cloned into
pcDNA3.1. Fig. 3 shows NSC-34 cells that had been transfected with
B1 and B12 scFvs and then fixed, and overlaid with anti-FLAG antibody
followed by detection with Alexa Fluor 555-conjugated anti-mouse
antibody. In each case, diffuse cytoplasmic staining of the scFvs was
seen. A pcDNA3.1 vector control that contained a FLAG tag showed no
staining (data not shown).

We then tested the B1 and B12 scFv pcDNA3.1 clones with respect
to their ability to decrease A4V mtSOD1 aggregation. We chose A4V
mtSOD1 for these studies since aggregation is prominently seen after
expression of this mtSOD1. NSC-34 cells were cotransfected with
A4VSOD1-YFP along with the scFv plasmids. Some cells had
homogeneously YFP-stained cytoplasm, while other cells had one or
more YFP fluorescent foci thatwere scored as aggregates. The percent-
age of YFP-expressing cells that contained aggregates was determined
48 h after transfection (Fig. 4). Approximately 24% of YFP-expressing
cells had bright focal punctuate areas of fluorescence following trans-
fectionwith A4VSOD1-YFPwithout an scFv. The number of aggregates
was not significantly affected by cotransfection of A4VSOD1-YFP with
a control scFv cDNA. However, there was a statistically significant de-
crease inA4VSOD1-YFP aggregation (P b 0.001) following cotransfection
of B1 or B12 scFv. The mean results from testing B1 and B12 scFvs in
two separate experiments that each involved 10–15 fields from each
of two wells of each scFv are shown in Fig. 4.

We next tested whether the scFvs interfere with cell death caused
by A4V and G93A mtSOD1s. NSC-34 cells were cotransfected with
A4V or G93A with or without scFvs. The percent survival was calcu-
lated 48 h later using a colorimetric assay. Fig. 5 shows the results
for each scFv from two separate experiments that each involved cal-
culating the mean colorimetric absorbance from 6 wells for each ex-
periment. Both A4V and G93A led to significant cell death when
compared to mock-transfected cells (P b 0.001). Clones B1 and B12
G93A) biotinylated SOD1 proteins as well as human Src SH3 domain (negative control)
with rabbit anti-SOD1 antibody (A), B1 phage particles (B), or B12 phage particles (C).
antibody, followed by detection using ECL-Plus kit.

image of Fig.�2


Fig. 3. Subcellular localization of B1 and B12 scFvs in NSC-34 cells. NSC-34 cells were separately transfected with B1 (A) and B12 (B) scFvs that contained a FLAG tag. The cells were
harvested 48 h later and stained with mouse anti-FLAG antibody followed by detection with Alexa Fluor 555-conjugated anti-mouse antibody. In each case, diffuse cytoplasmic
staining with no aggregation of the scFvs was seen.
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significantly improved cell survival following expression of either
A4V or G93A (P b 0.001). In contrast, empty vector and a negative
control scFv had no significant effect on cell survival.

Discussion

ALS is a neurodegenerative disease characterized by the selective
loss of MNs. Approximately 10% of cases are inherited, and mtSOD1
causes ~20% of these cases recognized to date. There is convincing evi-
dence that mtSOD1 does not cause FALS because of a decrease in
dismutase activity: somemtSOD1s that induce FALS have full dismutase
activity; an SOD−/− mouse does not develop ALS; mice that carry
mtSOD1 as a transgene develop ALS, despite a normal endogenous
dismutase activity (Rothstein, 2009). Investigators have stressed the
potential importance of mtSOD1 aggregation as central to the protein's
toxicity; however, the basis for this toxicity remains unclear, as does ef-
fective treatment for this devastating and fatal disease. The importance
of misfolded mutant proteins in inducing disease has been proposed in
a number of neurodegenerative disease processes (Soto and Estrada,
2008).

Of interest to the present study is the recent demonstration that
vaccination with mtSOD1 or an SOD1 peptide or the intraventricular
delivery of monoclonal antibodies (mAbs) directed against SOD1
leads to amelioration of disease in FALS transgenic mice (Gros-Louis
et al., 2010; Takeuchi et al., 2010; Urushitani et al., 2007). There are
a number of mechanisms by whichmAbs (and scFvs) could be protec-
tive in prolonging survival of FALS transgenic mice: the antibodies
Fig. 4. Effect of anti-SOD1 B1 and B12 scFvs on A4VSOD1-YFP induced aggregation.
NSC-34 cells were transfected with A4VSOD1-YFP with or without an scFv expression
construct. The number of aggregate-positive cells was counted 48 h later (from 10 to
15 random fields). “-”corresponds to cotransfection of A4VSOD1-YFP with pcDNA3.1
(an empty vector). “control” corresponds to cotransfection of A4VSOD1-YFP along
with an scFv expression construct without anti-SOD1 activity.
may interfere with aggregation (assuming that the oligomeric or
high molecular weight forms of mtSOD1 are pathogenic), thereby
preventing the sequestration of proteins that are important for MN
survival; the antibodies may cover up a toxic domain of mtSOD1 that
is exposed when SOD1 is misfolded; the antibodies may change the
conformation of misfolded mtSOD1, thereby attenuating the mutant's
toxicity; the antibodies may down-regulate expression of mtSOD1.

One of the potential advantages of scFvs over mAbs as a treatment
of FALS is the fact that their small size makes them amenable to intra-
cellular delivery and activity. It may be valuable in the future to em-
ploy both an intracellular as well as extracellular delivery of anti-
SOD1 antibody in treating FALS, perhaps by making use of both an
scFv as well as a mAb. Intracellular scFv and extracellular scFv or
mAb treatment may be important not only for mtSOD1-induced
FALS, but also in the treatment of sporadic ALS, since recent data sug-
gest that the sporadic disease may involve abnormalities of SOD1
(Bosco et al., 2010; Ezzi et al., 2007; Grad et al., 2011; Guareschi et
al., 2012; Kabashi et al., 2007; Pokrishevsky et al., 2012).

scFvs have been generated against a number of misfolded proteins
that have been implicated in neurodegenerative diseases, with the
goal of using them for treatment. For example, scFvs have been gen-
erated against alpha-synuclein in Parkinson's disease (Lynch et al.,
2008; Maguire-Zeiss et al., 2006; Yuan and Sierks, 2009), huntingtin
in Huntington's disease (reviewed in (Butler et al., 2012)), amyloid
precursor protein and beta-amyloid in Alzheimer's disease (reviewed
Fig. 5. Effect of anti-SOD1 B1 and B12 scFvs on A4V and G93A induced cell death.
NSC-34 cells were transfected with A4V or G93A with or without scFvs, and the per-
cent survival was calculated 48 h later from 10 to 15 random fields. “-” corresponds
to cotransfection of A4V or G93A along with pcDNA3.1 (empty vector).
“control” corresponds to cotransfection with a construct expressing an scFv without
anti-SOD1 activity.

image of Fig.�3
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Table 1
Physico-chemical properties of B1 and B12 scFvs.

scFv pIa Net charge at pH 7.4 GRAVYb

B1-FLAG 5.69 −2.6 −0.348
B1 7.61 0.4 −0.271
B12-FLAG 5.69 −2.4 −0.255
B12 7.75 0.6 −0.172

a Isolelectric point.
b Grand average of hydrophobicity.
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in (Robert and Wark, 2012)), and prion protein in prion diseases
(reviewed in (Sakaguchi et al., 2009)).

In the present study, we isolated a number of scFvs directed
against SOD1 by affinity selection using phage display libraries. Of in-
terest was the isolation of two scFvs that decrease the aggregation
and toxicity of mtSOD1s. These scFvs are reactive against wt as well
as mtSOD1 by ELISA. The reactivity of the scFvs against wtSOD1 may
not be a problem with respect to treatment of patients since mice
with wtSOD1 knock-out had a relatively minor phenotype (Harris
et al., 2007).

A potential problem with respect to scFvs is that the antibodies
can be unstable and aggregation-prone due to the reducing environ-
ment and macromolecular crowding of the cytoplasm. Recent studies
have shown that the proper folding and solubility of scFvs can be sig-
nificantly affected by its complementary determining region content,
with enhanced solubility of the scFv as a result of an overall negative
charge at cytoplasmic pH and reduced hydrophilicity (Kvam et al.,
2010). Using methods described by Kvam et al. (2010) we calculated
the isoelectric point, net charge at cytoplasmic pH, and grand average
of hydrophobicity (GRAVY) for tagged and untagged B1 and B12 scFvs
(Table 1). The values that we obtained for the tagged scFvs were the
ones that have been associated with favorable and soluble expression
in the cytoplasm (Kvam et al., 2010). The values for untagged B1 and
B12 scFvs predict problems with the solubility and folding of these
scFvs, which is a concern since clinical use may require the scFvs to
be untagged; however, the predictions from these kinds of data may
not always be accurate. In addition, there may be ways of engineering
the scFvs that enhance the solubility of the untagged antibodies.

Our future plan is to test these scFvs in mtSOD1 FALS transgenic
mice. The scFvs could be delivered intracellularly with an adeno-
associated virus (AAV) vector. A recent report demonstrated that in-
travenous inoculation of neonatal mice with an AAV9 vector leads to
persistent expression of a transgene in neurons (including the MNs
of the spinal cord), while inoculation of old mice leads to persistent
expression primarily in astrocytes (Foust et al., 2009). Remarkably,
these studies showed that ~60% of MNs in the spinal cord (as well
as some astrocytes and microglia) expressed the transgene 21 days
(the latest time checked) after intravenous inoculation of a neonate,
while intravenous inoculation of 75 day-old mice led to expression
of >64% of astrocytes in the spinal cord segment with persistent
expression for at least 7 weeks (the latest time checked). These obser-
vations have been confirmed by a number of other labswith respect to
gene delivery in rodents as well as non-human primates (reviewed in
Dayton et al., 2012). Having both neuronal and astrocytic deliverymay
be advantageous since we and others have demonstrated that there is
non-cell autonomous degeneration in mtSOD1-induced ALS, in which
non-neuronal cells play a significant role in the MN degeneration.
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