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Multiple neurodegenerative diseases are causally linked to aggregation-prone proteins. Cellular mechanisms
involving protein turnover may be key defense mechanisms against aggregating protein disorders. We have
used a transgenic Caenorhabditis elegans Alzheimer’s disease model to identify cellular responses to pro-
teotoxicity resulting from expression of the human beta amyloid peptide (Ab). We show up-regulation of
aip-1 in Ab-expressing animals. Mammalian homologues of AIP-1 have been shown to associate with, and
regulate the function of, the 26S proteasome, leading us to hypothesize that induction of AIP-1 may be a pro-
tective cellular response directed toward modulating proteasomal function in response to toxic protein
aggregation. Using our transgenic model, we show that overexpression of AIP-1 protected against, while
RNAi knockdown of AIP-1 exacerbated, Ab toxicity. AIP-1 overexpression also reduced accumulation of
Ab in this model, which is consistent with AIP-1 enhancing protein degradation. Transgenic expression of
one of the two human aip-1 homologues (AIRAPL), but not the other (AIRAP), suppressed Ab toxicity in C.
elegans, which advocates the biological relevance of the data to human biology. Interestingly, AIRAPL and
AIP-1 contain a predicted farnesylation site, which is absent from AIRAP. This farnesylation site was
shown by others to be essential for an AIP-1 prolongevity function. Consistent with this, we show that an
AIP-1 mutant lacking the predicted farnesylation site failed to protect against Ab toxicity. Our results impli-
cate AIP-1 in the regulation of protein turnover and protection against Ab toxicity and point at AIRAPL as the
functional mammalian homologue of AIP-1.

INTRODUCTION

The pathogeneses of neurodegenerative diseases, such as Alz-
heimer’s disease (AD), Parkinson’s disease, Huntington’s
disease, amyotrophic lateral sclerosis and prion diseases are
causally linked to aggregation-prone proteins (1). AD is the
leading cause of dementia in the elderly and is expected to
become even more prevalent to parallel the progressive
increase in human life expectancy. In the USA alone,
4.5 million cases were reported in the year 2000 (2) and 12
million cases were reported globally (3). The number of
people living with Alzheimer’s in the USA is expected to
rise to 13.2 million by 2050 (2).

Current evidence points to the central role of beta amyloid
peptide (Ab) in the pathogenesis of AD (4). Ab is produced by
the sequential proteolytic cleavage of b-amyloid precursor
protein (APP) by b-site APP cleaving enzyme (BACE1; also
known as b-secretase) and g-secretase, respectively. Ab

accumulates in senile plaques and can also be detected intra-
neuronally (5). The cellular processes that normally degrade
Ab are not well understood. Anti-Ab immunotherapy in trans-
genic mouse models decreased amyloid deposition and
improved behavioral performance (6), suggesting a therapeutic
potential for treatments that reduce Ab accumulation. A better
understanding of the molecular mechanisms involving Ab
accumulation and turnover is thus needed to identify novel
drug targets and develop better therapies.

We have developed multiple Caenorhabditis elegans trans-
genic strains to model AD (7) and better understand cellular
and molecular mechanisms involved in Ab toxicity, accumu-
lation and clearance. A transgenic worm strain that acutely
expresses human Ab42 in body wall muscle in response to temp-
erature upshift (8) was used in the current study. In these
animals, Ab accumulation at 168C is minimal and produces
no gross pathology. At 258C, however, high levels of Ab are
expressed and a severe, non-reversible paralysis phenotype
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starts to develop approximately 24 h after temperature upshift.
This highly reproducible response to increased Ab expression
has allowed us to investigate early gene expression changes
(i.e. expression changes that occur before detectable pathology)
with the goal of identifying components of protective cellular
responses. The arsenite-inducible protein (aip-1) is one such
early-induced gene.

Here, we show that increased expression of aip-1 reduces
Ab accumulation and attenuates Ab-induced paralysis. Impor-
tantly, AIRAPL, a human homologue of aip-1 (9), can simi-
larly protect from Ab toxicity in this C. elegans AD model,
suggesting an analogous function for this gene that may
have relevance to AD.

RESULTS

aip-1 is induced in response to body wall muscle-specific
expression of the human Ab42 peptide

We have previously used microarray analysis to identify
Ab-induced gene expression changes in a C. elegans AD
model (8). In the current study, we extended this analysis by
examining earlier time points and by using a control strain that
employed an identical transgenic construct to inducibly express
GFP in body wall muscle (strain CL2179). Affymetrix GeneChip
whole-genome arrays (Affymetrix, Inc., Santa Clara, CA) were
employed to identify differentially expressed genes in
Ab-expressing animals (strain CL4176) compared with
CL2179 control strain. Synchronous worm populations were
grown at 168C for 36 h to the third larval stage and were then
transferred to 258C. Worms were collected at the time of temp-
erature upshift and later at 4-h intervals up to 20 h post-upshift.
Total RNA was extracted and used to assay gene expression pat-
terns using GeneChip arrays. aip-1, encoding arsenite-inducible
protein, was among the identified upregulated genes. It has
been shown that aip-1 is induced in response to and is protective
against arsenite toxicity and hence its name (10). Microarray data
showed up-regulation of aip-1 at the transcriptional level starting
8 h after induction (PI) of Ab42. aip-1 induction peaked at
1.9-fold increase by 16 h PI (two-tail t-test P ¼ 0.0011)
(Fig. 1A). A two-way analysis of variance (ANOVA) was per-
formed on four replicates from the 8-h to the 16-h time points
showing that the increase in aip-1 levels was strongly significant
(P ¼ 0.0022). Real-time reverse-transcription polymerase chain
reaction (real-time RT–PCR) data confirmed this result at the
16-h time point, where 1.49-fold increase in aip-1 transcript
levels in Ab42 animals was observed (two-tail t-test P ¼
0.0414) (Fig. 1B). To confirm that the localization of aip-1 induc-
tion is in body wall muscles, we made use of a transcriptional
aip-1/GFP reporter transgene expressed in strain SJ4001 (10).
This transgene was crossed into Ab42 strain CL4176, and GFP
expression was assayed both with and without temperature
induction of Ab42 expression. GFP expression was observed in
body wall muscle cells specifically upon induction of the Ab42

transgene (Fig. 1C).

AIP-1 is protective against Ab42 toxicity

The up-regulation of AIP-1 could have been a protective
response used by the worms to alleviate Ab42 toxicity. Alter-

natively, it could have been part of the toxic mechanism itself.
To test these two possibilities, we employed Ab42 transgenic
worms that had AIP-1 either overexpressed or knocked
down. To generate AIP-1 overexpression strains, CL4176
animals were transformed with extra-chromosomal arrays con-
taining a variety of constructs of aip-1 along with a construct
containing a myo-3 promoter fused upstream of DsRed coding
sequence (myo-3/DsRed) chimera as a marker to track animals
that were successfully transformed (Note: In this manuscript,
genetic constructs containing a promoter sequence of one
gene fused upstream of a coding sequence of another gene
are indicated by a slash separating the two gene names,
while constructs containing two coding sequences of two
different genes fused in tandem are indicated by two colons
separating gene names. For example, myo-3/DsRed and
myo-3::DsRed would be used to indicate a promoter-coding
sequence and a coding sequence–coding sequence fusions,
respectively). We found that the paralysis phenotype of Ab42-
expressing worms was less severe in animals that had inherited
an aip-1 construct under the control of either an aip-1 or a
myo-3 promoter, compared with animals that had lost the
transgene (the latter were identified by the loss of DsRed flu-
orescence). The decreased severity, manifested in the delayed
paralysis of transgenic worms (Fig. 2A and B), is consistent
with a protective role of AIP-1. This protective effect was
shown to be AIP-1-dependent because it was observed in the
animals described above, but not in animals carrying an
aip-1/GFP transcriptional reporter (Fig. 2C). Similar protec-
tion was also observed in animals carrying an extra-
chromosomal array containing full-length aip-1/GFP::aip-1
and myo-3/DsRed chimeras (Supplementary Material,
Fig. S1A). To further confirm the dependence of this protec-
tive effect on AIP-1 levels, we tested whether knocking
down aip-1 by RNA interference (RNAi) could reverse this
protective effect and enhance paralysis. We show that the pro-
tective effect was completely reversed by aip-1-specific RNAi
in aip-1 and GFP::aip-1 overexpression animals (Fig. 2D and
Supplementary Material, Fig. S1B). Furthermore, knocking
down aip-1 by RNAi in CL4176 animals exacerbated their
paralysis phenotype (Fig. 2E).

Accumulation of the Ab42 peptide is decreased in animals
overexpressing AIP-1

Next we were interested in investigating the mechanism
underlying AIP-1 protection against Ab42 toxicity. Since
AIP-1 has been shown to modulate proteasome function
(9,12), we speculated that the protection provided by AIP-1
could simply be a result of increased turnover and clearance
of the toxic peptide. To test this hypothesis, we used immuno-
blotting to show Ab42 levels in worms that overexpressed
AIP-1 in comparison to worms that did not. A mixed popu-
lation of the transgenic animals was grown at 168C to the
L1–L3 stage. The worms were sorted into two groups based
on the fluorescence of a DsRed marker: AIP-1 overexpressing
animals (which retained red fluorescence) and worms expres-
sing wild-type levels of AIP-1 (which lost red fluorescence).
Worm sorting was done using a COPAS Biosorter (Union Bio-
metrica, Inc., Holliston, MA). Western blot analysis using
6E10 anti-Ab antibodies showed decreased accumulation of
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Ab42 in the AIP-1-overexpression animals compared with
their isogenic siblings expressing wild-type levels of AIP-1
(Fig. 3). The reduced accumulation of Ab42 that resulted
from AIP-1 overexpression is consistent with increased clear-
ance as a protective mechanism. Whether the increased clear-
ance is Ab42-specific was not clear at this point. To answer
this question, we examined the effect of AIP-1 overexpression
on the accumulation of GFP::degron, an aggregating form of
GFP that is also toxic when inducibly expressed in C.
elegans body wall muscle (13).

Protein turnover enhanced by AIP-1 is not Ab-specific

GFP::degron is a non-disease associated model aggregating
protein that causes a paralysis phenotype similar to that pro-
duced by Ab42 when expressed in body wall muscles of C.
elegans. Expression of GFP::degron in C. elegans body wall
muscle leads to the formation of perinuclear aggregates
readily visible by epifluorescent microscopy (13). GFP::de-
gron worms transformed with aip-1 overexpression arrays,
however, accumulated markedly fewer GFP aggregates. As
expected, RNAi directed against aip-1 transcripts caused
increased accumulation of GFP::degron aggregates and par-

tially restored the reduced aggregate accumulation caused by
AIP-1 overexpression (Fig. 4). Our results are consistent
with a model in which AIP-1 functions by increasing
general protein turnover as opposed to specifically targeting
Ab42.

An AIP-1 human homologue, AIRAPL, has a similar
protective effect against Ab toxicity

To explore the possible applicability of our data to human
disease, we examined whether human homologues of AIP-1
could mimic the protective effect of AIP-1 in our worm
model. There are two human and mammalian homologues to
AIP-1, AIRAP (ZFAND2A) and AIRAPL (ZFAND2B)
(10,12). The amino acid identities of AIRAP and AIRAPL
to AIP-1 are 43 and 38%, respectively. We engineered
Ab42-expressing worms to overexpress each of the human
homologues from an extra-chromosomal array. Both of the
human homologues were expressed under the control of a
myo-3 promoter. We found that AIRAPL, but not AIRAP,
had a protective effect that delayed the paralysis phenotype
of Ab42-expressing animals in a manner similar to AIP-1
protection (Fig. 5A and B).

Figure 1. Expression of the human amyloid-b42 leads to an increase in aip-1 transcript accumulation. (A) Induction of aip-1 shown using GeneChip microarrays
(Affymetrix, Inc.). aip-1 levels in an Ab-expressing strain, CL4176, were compared to a control strain expressing GFP. In these strains, Ab42 or GFP were
expressed at low levels at 168C, while moving the animals to 258C induced high levels of transgene expression (see Materials and Methods for details of temp-
erature inducibility). Worms were harvested at the time of temperature change (T0) and every 4 h afterwards until 20 h later (T4–T20). Error bars represent the
SEM. (B) Microarray data were confirmed using real-time RT–PCR to measure aip-1 levels at the T16 time point. Data were plotted as a fold change compared
with the GFP control strain. Error bars represent the SEM. (C) Ab and aip-1 expression were correlated in an aip-1/GFP transcriptional reporter strain. GFP
fluorescence was detected in the pharynx at 16 and at 258C (narrow black arrows), which is consistent with constitutive pharyngeal expression. In body wall
muscle, however, GFP fluorescence was only detectable at 258C (wide white arrows), which is consistent with Ab42-stimulated induction of aip-1 promoter.
Size bar ¼ 100 mm.
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Interestingly, we and others (12) have identified putative far-
nesylation sites at the C termini of both AIP-1 and AIRAPL
(CTVS and CSLC, respectively), but failed to identify such
site in AIRAP. Since the availability of AIP-1 C terminus for
the assumed farnesylation was shown to be important for its
prolongevity effect and since the C terminus of AIRAPL was
shown to play a role in regulating its incorporation into the pro-
teasome (12), we postulated that AIP-1/AIRAPL putative farne-
sylation sites might be required for the proteins’ protective
effect in our model. Therefore, we tested whether the farnesyla-
tion site is essential for AIP-1 protective effect using an AIP-1
mutant deleted for the last two residues (aip-1D201-202), which
disrupts the consensus sequence of its putative farnesylation site

(14,15). Overexpressing the deletion mutant in Ab42 animals
did not show any protection, suggesting that AIP-1 may in
fact be farnesylated and its farnesylation plays an important
role in AIP-1 protective mechanism (Fig. 5C). To test the stab-
ility of the truncated AIP-1 mutant, we generated a GFP-tagged
aip-1D201-202 mutant, which was not protective (Supplemen-
tary Material, Fig. S2), but GFP fluorescence was detectable
(Supplementary Material, Fig. S3). These observations indicate
that the truncation mutation did not destabilize the protein. We
have also shown that the lack of protection is unlikely caused by
the GFP tag, since a GFP-tagged, wild-type AIP-1 was protec-
tive and its protection was eliminated by aip-1-specific RNAi
(Supplementary Material, Fig. S1).

Figure 2. AIP-1 protects against Ab toxicity in a C. elegans model. Graphs shown here depict the progression of paralysis of Ab-expressing animals after temp-
erature induction. Animals were grown for 36 h at 168C to keep Ab expression at low levels, not enough to induce paralysis. Animals were then moved to 258C
to induce high levels of Ab expression and paralysis. The horizontal axis represents the number of hours the animals spent at 258C. (A) The paralysis phenotype
was delayed in animals overexpressing aip-1 from a transgenic extra-chromosomal array under the control of either myo-3 or (B) aip-1 promoter (red curves).
Blue curves represent the progression of paralysis in animals that lost the extra-chromosomal array and are thus carrying only the chromosomal copies of aip-1.
(C) A negative control expressing GFP under the control of an aip-1 promoter shows no effect on paralysis, which argues against a non-specific transgene effect.
(D) The effect of aip-1 overexpression on the paralysis phenotype is reversed by aip-1-specific RNAi, which is consistent with an AIP-1-dependent effect. (E)
aip-1 knockdown by RNAi exacerbates the paralysis phenotype. The control RNAi curve represents animals fed E. coli (strain: HT115) carrying pL4440 vector,
which only contains the multiple-cloning site between the two convergent T7 polymerase promoters (11) and was used as a negative control. Error bars represent
the SEM. The P-values shown were obtained using a two-way ANOVA.
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DISCUSSION

We have demonstrated that expression of the Ab42 peptide in a
transgenic C. elegans AD model leads to the cell-autonomous
induction of aip-1. This induction appears to be a protective
response, as transgenic overexpression of aip-1 protects from
Ab42 toxicity and RNAi knockdown of aip-1 increases Ab42

toxicity. AIRAPL, a human homologue of AIP-1, can substi-
tute for AIP-1 to protect from Ab toxicity, whereas AIRAP,
another human homologue of AIP-1, cannot. Unlike
AIRAPL and AIP-1, AIRAP lacks a C-terminal CAAX isopre-
nylation site. Mutation of the AIP-1 CAAX site also elimin-
ates AIP-1 protection against Ab toxicity, suggesting that
isoprenylation is critical for AIP-1 protective function.

Our results are complementary to those of Yun et al. (12),
who have recently demonstrated that aip-1 is required for
normal lifespan in C. elegans, and overexpression of aip-1
protects against multiple forms of proteotoxicity. They also
demonstrated the importance of the C-terminal portion of
AIRAPL for regulating its association with the proteasome.
Interestingly, these researchers found that aip-1 requires its
normal C-terminal sequences to promote normal lifespan; con-
sistent with the view that isoprenylation is critical for AIP-1
function. Our direct demonstration that aip-1 overexpression
reduces Ab accumulation also supports the proposal that
aip-1 is a positive regulator of proteasomal function (9).

Recent evidence showed that the role of AIP-1 and its mam-
malian homologues as modulators of proteasome function
capable of changing the molecular composition of the protea-
some is not a unique one. It has been demonstrated that the
inducible proteins, LMP-2 (low-molecular mass polypeptide
-2), LMP-7 and MCEL-1 (multicatalytic endopeptidase
complex-like-1), which are induced by interferon gamma,
are capable of replacing three constitutive subunits of the
20S proteasome to modify its catalytic function and produce
what is referred to as ‘immuno-proteasome’. The immuno-
proteasome is involved in antigen processing and its modifi-
cation from a conventional proteasome (i.e. proteasome with
constitutively expressed subunits) leads to digesting antigens

into peptides that are more suitable for binding major histo-
compatibility complex class I molecules and enhancing the
immune response (16). Furthermore, it has been demonstrated
that the existence of functionally and structurally distinct sub-
populations of proteasomes in biological systems is more
widespread than what was previously thought (17). The exist-
ence of proteasomal subpopulations in murine cardiac and
hepatic cells has been reported. Functional distinctiveness of
these subpopulations is associated with variations in subunit
composition and post-translational modifications (17). More-
over, it has been shown that phosphorylation of cardiac 20S
proteasomes enhances the peptidase activity of individual pro-
teasomal subunits in a substrate-specific manner (18).

However, it is unclear how the requirement for the C-
terminal isoprenylation site fits a model in which AIP-1 acts
solely or primarily through proteasomal activation. Both
AIRAP and AIRAPL can apparently activate proteasomal pro-
teolysis in vitro (12), although only AIRAPL is protective in
the C. elegans model. We have not been successful in demon-
strating that treatments that inhibit proteasomal function (e.g.
MG132 treatment or RNAi against proteasomal subunits),
reverse AIP-1 protective effects, although this negative
result may be due to technical limitations (data not shown).
Given our current results, it remains possible that AIP-1 acti-
vates additional protein degradation pathways (e.g. autophago-
some/lysosomal protein degradation).

Our studies looking at the effect of aip-1 expression on
transgenic strains expressing GFP::degron, a model toxic
aggregating protein (13), demonstrates that aip-1 effects are
not restricted to Ab. Similar results were also obtained by
Yun et al. (12) using a YFP::polyglutamate model toxic
protein. Interestingly, we did not observe significant induction
of aip-1 by expression of GFP::degron, even though aip-1
expression reduces the accumulation of toxic GFP::degron
aggregates. This result suggests that, at least in C. elegans,
there are latent protective processes that are not necessarily
engaged when cells are confronted with proteotoxicity.
Given that AIRAPL also protects against Ab toxicity in our
model, we suggest that treatments designed to induce or acti-
vate AIRAPL may have therapeutic potential in human neuro-
degenerative diseases. In addition, we speculate that mutations
that reduce AIRAPL (or AIRAP) may be identified as risk
alleles for neurodegenerative diseases.

MATERIALS AND METHODS

Strains and temperature induction system

Worm strain SJ4001 was a gift from David Ron. Construction
of CL4176 [smg-1 (cc546ts); dvIs27], CL2179 [smg-1
(cc546ts); dvIs179] and CL2337 [smg-1 (cc546ts); dvIs38]
has been previously described (8,13). These strains contain
transgenes containing abnormally long 30-end untranslated
sequences that target their transcripts for destruction by the
mRNA surveillance system. Inclusion of a temperature-
sensitive mutation in smg-1 (19), a gene essential for mRNA
surveillance, results in temperature-dependent induction of
Ab42 (CL4176), GFP (CL2179) or GFP::degron (CL2337) in
body wall muscle.

Figure 3. aip-1 overexpression results in decreased accumulation of Ab42

peptide. Ab levels were compared between animals overexpressing aip-1
and animals expressing wild-type levels of aip-1 by western blotting using
the anti-Ab antibody 6E10. Migration of monomeric Ab was demonstrated
by a purified monomeric peptide (lane 1). Ab-specific bands were determined
by comparison to a control strain (N2) lacking Ab transgene (lane 4). A dra-
matic decrease in Ab levels is shown in animals overexpressing aip-1 com-
pared with a control strain (lanes 2 and 3, respectively).
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Construction of transgenic C. elegans strains

Transgenic animals were produced by DNA microinjection.
Plasmids were co-injected with pCL148 containing a myo-3/
DsRed construct that produced red fluorescence in body wall
and vulval muscles as a morphological marker. Integrated
lines were obtained by g-irradiation as described previously
(20).

RNA purification for gene expression analysis

Strains CL2179, CL2337 and CL4176 were grown and har-
vested using the same regimen. Synchronous populations of
first-larval stage animals were grown at 168C (permissive
temperature) for 36 h after which animals were moved to
258C (non-permissive temperature). A portion of the animals
was harvested and frozen at the time of temperature upshift
and every 4 h until 20 h post-upshift. Total RNA was purified
using Qiagen’s RNeasy mini kit (catalogue number 74104).

Microarrays and data analysis

Microarays were done using Affymetrix high density chips at
the core facility of University of Colorado at Boulder. Scan-
ning and image processing was done using GeneChipw

Scanner 3000 Targeted Genotyping System and GeneChip
Operating Software version 1.4 (Affymetrix, Inc.). Data analy-
sis was done using a few techniques including manual analysis
and linear normalization in Excel spreadsheets and Gene-
Spring (Agilent Technologies, Santa Clara, CA).

Reverse transcription and real-time polymerase chain
reaction

cDNA was synthesized by reverse transcribing mRNA using
Oligo(dT)12 – 18 primers and Invitrogen’s SuperScriptTM First-
Strand Synthesis System (catalogue number 11904-018). Real-
time PCR was done using an ABI Prism 7000 (Applied Bio-
systems, Carlsbad, CA). Real-time amplification of aip-1
was performed using forward and reverse primers, aip-1Fa
(TCCGACTGGCTCAAGAATTT) and aip-1Ra (TTGAT-
CAACATTGACATCTTTCG), respectively. Expression level
of aip-1 was calculated using DDCT method combined with
a normalization strategy inspired by the work of Vandesom-
pele et al. (21). Briefly, DCT was calculated as the geometric
mean of the differences between the CT value of aip-1 and the
CT values of each of four housekeeping genes (ama-1, gpd-3,
rps-7 and eft-2). The CT value of each gene was obtained by
averaging four replicas in each of three different experiments
that were run independently from each other. DDCT was cal-
culated by subtracting DCT of the control strain (i.e. CL2179)
from DCT of the experimental strain (i.e. CL4176). Relative
expression values were calculated for each of the three exper-
iments as 22DDCT. Data were plotted using GraphPad Prism
software.

Molecular cloning and mutagenesis

Plasmid pCL148 containing a myo-3/DsRed construct was
made by cleaving pPD118.20 (myo-3/GFP expression vector;
Fire lab 1997 expression vector kit, http://ftp.ciwemb.edu/
PNF:byName:/FireLabWeb/FireLabInfo/FireLabVectors/) with

Figure 4. AIP-1 reduces the accumulation of GFP::degron, an aggregation-prone variant of GFP, in body wall and vulval muscles. (A) Animals carrying the
integrated array dvIs38 (worm strain CL2337), which contains GFP::degron under the control of a myo-3 promoter and a long 30-UTR required for temperature
inducibility, accumulate GFP aggregates in their body wall muscles and suffer a paralysis phenotype similar to that induced by Ab. (B) Transgenic overexpres-
sion of aip-1 reduces GFP::degron accumulation. (C) Reduction of aip-1 expression by RNAi causes increased accumulation of GFP::degron compared with
animals treated with control RNAi. (D) aip-1 RNAi partially reverses the decreased GFP::degron accumulation caused by transgenic overexpression of
aip-1. Size bar ¼ 150 mm.
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AgeI and EcoRI to remove the GFP sequences, then inserting an
AgeI/EcoRI fragment containing DsRed monomer sequences
(derived from Clontech pDsRed monomer vector). Plasmid
pCL159 containing aip-1/GFP construct was constructed by
cloning aip-1 upstream genomic sequences immediately
upstream of GFP. Upstream sequences of aip-1 were amplified
by PCR, using primers aip-1F-pro (GTTGGAAGCAAAA-
CAAGA) and aip-1R-pro (GCGGTACCAGCTGAATAAAG-
CAAACG). The PCR product was cloned as a SalI-KpnI
fragment upstream of GFP open reading frame (ORF) in a
pPD95.69-based vector (Fire lab 1995 expression vector kit,
http://ftp.ciwemb.edu/PNF:byName:/FireLabWeb/FireLabInfo/
FireLabVectors/). The fragment was generated utilizing the
natural SalI site of aip-1 upstream sequences and the KpnI site
introduced by the reverse primer. Plasmid pCL178 containing
aip-1/GFP::aip-1 construct was constructed by first fusing
aip-1 ORF and transcriptional termination sequences (TER) to
GFP ORF using two consecutive PCR reactions. The first PCR
was done using primers aip-1F-GFP (GGCATGGATGAACTA-
TACAAAATGGCGGAGTTCCC) and aip-1R-ApaI (CCGGG
CCCAAGAGGGCGTGCC) to amplify aip-1 ORF/TER and
introduce 21 nucleotides overlapping the 30-end of GFP ORF
upstream of aip-1. The second PCR used GFP-KpnI (ACGG-
TACCATGAGTAAAGGAGAAGAACTTTTCA) as a forward
primer and the first PCR product as a reverse primer to amplify
GFP ORF while adding aip-1 ORF/TER downstream. The final
PCR product was cloned as a KpnI-ApaI fragment into
pCL159. Plasmid pCL194 containing aip-1 promoter, ORF and
transcription termination sequences was constructed by cloning
a PCR product containing aip-1 ORF and termination sequences

downstream of aip-1 promoter in a pCL159-based plasmid. The
PCR product was amplified from genomic DNA, using primers
aip-1F-KpnI (CCGGTACCATGGCGGAGTTCCCAAA) and
aip-1R-ApaI, which introduced a KpnI site upstream and an
ApaI site downstream of aip-1 sequences. The same PCR
product was cloned into plasmid pCL137 [containing a myo-3/
hsp-16.2 construct (13)] to replace hsp-16.2 sequences and gen-
erate plasmid pCL195 containing a myo-3/aip-1 construct. An
aip-1D201-202 mutant was generated by two consecutive PCR
reactions. The first PCR was used to amplify aip-1 ORF, exclud-
ing the two codons immediately upstream of the stop codon and
added 24 nucleotides overlapping the stop codon and down-
stream sequences. Primers aip-1F-KpnI and aip-1R-del
V201þS202 (AAATATACACTAAATTGGATGCTAGGTG-
CAGTTGGAATTGG) were used in the first PCR. The second
PCR was done using primer aip-1R-ApaI and first PCR
product. The resulting kpnI-ApaI fragment was cloned into
pCL194 to replace wild-type aip-1 sequences.

Microscopy

Microscopy was done using a Zeiss upright Axioskop epifluor-
escence microscope equipped with 40� air (NA 0.75), 100�
oil (NA1.3) Plan Neofluor objectives and Intelligent Imaging
Innovations digital deconvolution retrofit system. Live
animals were mounted in 10 ml of 1 mM levamisole placed
on the surface of a 2% agarose pad and a glass cover-slip
was laid on top. Levamisole was used to reduce the movement
of the worms. Fixed animals were mounted in Vectashield
Hard Set mounting medium (Vector Laboratories, Inc.).

Figure 5. An AIP-1 human homologue, AIRAPL, has a protective effect against Ab42 toxicity and AIP-1 putative farnesylation site is essential for its protective
effect against Ab42 toxicity. (A) The paralysis phenotype of Ab42-expressing animals is delayed by human AIRAPL overexpression. (B) Human AIRAP over-
expression had no effect on the paralysis phenotype of Ab42-expressing animals. (C) Deleting the C-terminal two residues in AIP-1 disrupts its putative iso-
prenylation site and abolishes its protective effect. Error bars represent the SEM. The P-values shown were obtained using a two-way ANOVA.
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RNA interference

Gene-specific knock downs were done by feeding the worms
Escherichia coli strain HT115 making gene-specific dsRNAs
(11). The RNAi plates were made by pouring Nematode
Growth Medium (NGM) containing 1 mM isopropyl thiogalac-
toside and ampicillin (50 mg/ml) in 50 mm plates. Plates were
kept in the dark overnight at room temperature and were then
spotted with 100 ml of E. coli strain HT115 transformed with
the proper plasmid. This was followed by another overnight,
room temperature incubation to allow for bacterial growth,
after which plates were either used immediately or stored at
48C. We had used plates that had been stored at 48C for a
maximum of 10 days. Plates that had been stored for longer
periods of time were not used for experiments and were
discarded.

We have seen an effect by knocking down some genes start-
ing with a synchronous egg lay on RNAi plates and incubating
as little as 48 h. Other genes, however, required maternal
exposure to the RNAi (data not shown). For these genes,
third larval stage animals were grown on the RNAi plates
till young adulthood. A synchronous egg lay using these
young adults was then done on fresh RNAi plates and the
resulting animals were used to show the gene-specific knock
down effect. Animals feeding on HT115 bacteria harboring
the empty vector, pl4440, were used as negative control.

Paralysis assay

Young adult hermaphrodites (10–15 per plate) were allowed
to lay eggs on 5 cm NGM plates spotted with E. coli strain
OP50. Egg lay lasted 2–4 h at 168C. Adults were then
removed and plates were incubated at 168C. After 36 h,
plates were shifted to 258C and incubated until scored for
paralysis. A worm was scored paralyzed if it did not move
at a touch stimulus with a platinum picker. We noticed that
the paralysis timing of the same strain differed between
experiments done at different times, but the difference
between experimental conditions done in parallel remained
reproducible.

For strains carrying multiple extra-chromosomal copies of
aip-1 in addition to myo-3/DsRed, worms that lost the trans-
genic array (lacked DsRed fluorescence) were used as negative
controls. To eliminate bias, worms were scored for paralysis
under a bright-light dissecting microscope (to allow the
person scoring paralysis to do so without being able to dis-
tinguish transgenic from non-transgenic worms) and were sub-
sequently sorted into transgenic (worms that showed red
fluorescence) versus non-transgenic under a fluorescence dis-
secting scope.

Whenever RNAi treatment preceded the paralysis assay,
worms were grown for one or two generations on RNAi
plates spotted with HT115 bacteria harboring gene-specific
RNAi plasmid. In one-generation experiments, synchronous
egg lays were done at 168C followed by 36-h incubation at
168C and then 18–24-h incubation at 258C. In two-generation
experiments, third larval stage hermaphrodites were grown at
168C on RNAi plates until young adulthood. Afterwards, a
synchronous egg lay on fresh plates was done, followed by
36-h incubation at 168C and then 18–24-h incubation at

258C. Animals were scored for paralysis immediately after
the last incubation. A negative control was done by growing
worms on HT115 cells transformed with an empty vector in
parallel with each experimental condition. All paralysis data
plots and statistical analyses were done using GraphPad
Prism software.

Immunoblotting

A synchronous worm population of strain CL859
(Ab-expressing animals that overexpress myo-3/aip-1 from
an extrachromosomal array containing myo-3/DsRed as a phe-
notypic marker) was obtained by means of synchronous egg
lays. Worms were grown on NGM agar plates containing
2% peptone and spread with a loan of E. coli strain RW2.
Worms were washed off the plates and rinsed with S basal
buffer (100 mM sodium chloride, 50 mM potassium phosphate,
pH 6.0) (22). Worms overexpressing aip-1 were separated
from those expressing wild-type levels of the gene based on
the presence or absence of DsRed fluorescence using a
COPAS Biosorter (Union Biometrica, Inc.). Sorted worms
were rinsed once in S basal buffer and once in distilled
water, and were then pelleted by centrifugation. An equal
volume of 1 mM protease inhibitor cocktail (Sigma #P2714)
in distilled water was added to the worm pellet, which was
immediately snap-frozen in liquid nitrogen. Protein concen-
tration was determined using Coomassie Plus kit (Thermo
Scientific, catalogue number 23236) following manufacturer
recommendations.

SDS–PAGE and immunoblotting were performed as pre-
viously described (23). Briefly, 20 mg protein were loaded
per lane and SDS–PAGE was performed using NuPAGE 4–
12% Bis-Tris Gel (Invitrogen, catalogue number NP0321).
Proteins were transferred to nitrocellulose membranes (GE
Osmonics, catalogue number WP4HY00010) and membranes
were blocked in TBS-Tween (100 mM Tris, pH 7.5, 150 mM

sodium chloride, 0.1% Tween-20) containing 5% skim milk.
Membranes were probed with anti-Ab antibody, clone 6E10

(Chemicon, catalogue number MAB1560) diluted 1:1000 in
blocking buffer before use as primary antibody. Anti-actin
antibody, clone JLA20 (Developmental Studies Hybridoma
Bank, University of Iowa) was diluted 1:100 and used to
label actin to ensure equal loading. Horseradish peroxidase
(HRP)-conjugated, goat anti-mouse antibody (Sigma) was
used as secondary antibody and HRP was visualized using
Amersham ECL reagent (GE Healthcare, catalogue number
RPN2109).

Statistical analysis

Significance was determined using a two-tail student t-test in
the PCR experiment. A two-way ANOVA was used to deter-
mine significance in the paralysis assays. Error bars in PCR
and paralysis graphs represent the SEM.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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