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ABBREVIATIONS

ER: Endoplasmic Reticulum

REEP: Receptor Expression Enhancing Protein
PDI: Protein Disulfide [somerase

Arg: Arginine

Lys: Lysine

P: Proline

K: Lysine

A: Alanine

E: Glutammic acid

ALLN: N-acetyl-l-leucinyl-1-leucinyl-l-norleucinal)
MA: Methyladenine

HSP: Hereditary Spastic Paraplegia

CNS: Central Nervous System

TM: Trans-membrane domain

ORs: Odorant Receptors

GPCR: Receptor associated with G proteins
TAS: Bitter taste receptors

NE: Nuclear Envelope

NEM: N.ethylmaleimide

NSF: NEM-sensitive fusion protein

DGAT: acyl-CoA:diacylglycerol acyltransferase
ATGL: adipose tissue triacylglycerol lipase
CTP: phosphocholine cytidylyltransferase
CTT: cytidylyltransferase

V: Valine

ICC: Immunocytochemistry

PBS: Phosphate Buffered Saline

ALDI: associated with lipid droplet protein



3. ABSTRACT

Mutations in the gene encoding REEP1 protein are responsible for SPG31, a
common autosomal dominant Hereditary Spastic Paraplegia. The biological role of
REEP1 and the pathogenetic mechanism underlying disease are unknown. This project
aimed to explore the function of REEP1 and the mutant variants involved in HSP
pathology using different experimental approaches in mammalian cell cultures.

The studies carried out in our laboratory shown that REEP1 is involved in lipid
droplets (LDs) biogenesis and its localization depends by the cell energetic balance; also
it has the characteristic of forming oligomers to makes its function. We first
demonstrated that REEP1 is localizes to ER membranes, with both the extremities C-
and N- terminal face the cytoplasm; its trasmembrane domain appear too short to be
inserted into the phospholipidic bilayer of ER membrane; but it is possible that the first
transmembrane domain is inserted only in the external ER phospholipidic layer. This is
supported by the evidence that REEP1 localization changes, going from ER to the LDs
monolayer when the lipid metabolism was increased or the protein synthesis inhibited, .
The relocation of REEP1 in LDs is supported by the theory that ER membranes are the
site of LDs biogenesis: LDs grow between the ER phospholipidic bilayer and after they
or break away or extrude from ER remain anchored to ER by a stalk. This hypothesis is
supported by the presence of ER resident protein in LDs membranes: these proteins can
shift from ER to LDs after a intra cellular signal, and vice versa.

We then focused our attention to REEP1 pathological mutations. REEP17"*} a
missense mutation with an aminoacidic substitution in the first transmembrane domain.
We demonstrated that REEP17"°® localizes on LDs membranes and relocates to the ER
when fatty acids synthesis is inhibited. Moreover we shown that this pathological
mutation prevents REEP1 oligomerization. REEP14"*V is a missense mutation that
present the aminoacidic substitution in a site supposed to be important for microtubules
binding. Indeed REEP1%"*?V localizes to ER membranes and partially overlaps the
microtubules cythoskelethon. These results suggest a REEP1 function in LDs
metabolism and open new perspectives to understand the of HSPs pathogenic

mechanism and the process of neurodegeneration.






4. ABSTRACT

Mutazioni nella proteina REEP1, codificata dal gene SPG31, sono responsabili di
una comune forma autosomica dominante di Paraplegia Spastica Ereditaria (HSP).

La funzione biologica di REEP1 e i meccanismi patogenetici che si trovano dietro
a questa malattia rimangono ad oggi sconosciuti.

Questo progetto ha lo scopo di investigare la funzione di REEP1 e delle sue
mutazioni attraverso differenti approci sperimentali che prevedono 1'uso di colture
cellulari di mammifero.

Studi svolti nel nostro laboratorio hanno dimostrato che REEP1 ¢ coinvolto nella
biogenesi dei /lipid droplets (LDs) e che la sua localizzazione dipende dal bilancio
energetico della cellula; inoltre questa proteina ha anche la caratteristica di formare
oligomeri per poter svolgere la propria funzione.

Inizialmente abbiamo dimostrato che REEP1 ¢ localizzato sulla membrana del
reticolo endoplasmatico (ER), con entrambe le sue estremita N- e C- terminali rivolte
verso il citoplasma della cellula, mentre il dominio trans membrana della proteina
sembra troppo corto per poter attraversare interamente il doppio strato fosfolipidico
della membrana del ER; ¢ perd possibile che REEP1 sia inserita solo nello strato
fosfolipidico esterno. Questa ipotesi ¢ avvalorata dal fatto che quando il metabolismo
lipidico viene incrementato o la sintesi proteica inibita, la localizzazione di REEP1
cambia, spostandosi dal reticolo ai LDs; inoltre il reticolo endoplasmatico ¢ anche la
sede di biogenesi dei LDs, in particolare sembra che 1 LDs crescano all’interno del
doppio strato fosfolipidico del reticolo endoplasmatico per poi essere definitivamente
separati dal reticolo oppure, e questa sembra 1’ipotesi piu probabile, estrusi dal reticolo,
rimanendo perd attaccati ad esso tramite una lunga lamella di membrana fosfolipidica
detta “’stelo”. Ci sono infatti delle proteine di membrana che si trovano sia sul reticolo
che sulla membrana dei LDs: queste proteine possono quindi spostarsi lungo la
membrana passando dal reticolo ai LDs dopo I’attivazione di opportuni segnali
intracellulari, e viceversa.

Successivamente ci siamo focalizzati sulle mutazioni patologiche di REEPI:
REEP1""? ¢ una mutazione missenso che presenta una sostituzione amminoacidica nel

primo dominio transmembrana. Abbiamo dimostrato che REEP1""*® ¢ localizzata sulla



membrane dei LDs e viene spostata sulla membrane del reticolo endoplasmatico quando
la sintesi degli acidi grassi viene inibita. Inoltre abbiamo evidenziato che questa
mutazione patologica non ¢ in grado di dimerizzare.

REEP1*”*Y ¢ wuna mutazione missenso che presenta una sostituzione
amminoacidica in una posizione che si suppone essere importante in quanto sito di
legame con i microtubuli. Inoltre REEP14'*?V ¢ localizzata sulla membrane del ER ma ¢
anche parzialmente sovrapposta ai microtubuli. Questi risultati suggeriscono che
REEPI possa avere una funzione nel metabolismo dei LDs e aprono nuove prospettive
per quanto riguarda il meccanismo patologico e i processi neurodegenerativi causati da

HSP.



S. INTRODUCTION

1. HEREDITARY SPASTIC PARAPLEGIA

Hereditary spastic paraplegia (HSP) was first described by Striimpell in 1880 as a
neurodegenerative disorder.

At present, HSP is used to describe a group of genetically and clinically
heterogeneous neurodegenerative disorders in which the predominant feature is the
progressive spasticity associated with mild weakness of the lower extremities, which
may be accompanied by urinary urgency and subtle vibratory sense impairment
(McDermott, White et al. 2000).

Neuropathological analysis of tissues from patients with HSP has revealed axonal
degeneration of the distal portions of the corticospinal tracts and the spinocerebellar
tracts, which together constitute the longest motor and sensory axons of the central
nervous system (CNS) (Figure ) (Schwarz and Liu 1956; Behan and Maia 1974; Reid
1997).
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Figure : The corticospinal tract
Clinically these disorders are conventionally subdivided into “pure” (or

“uncomplicated”) forms, when the above features occur in isolation, and “complicated”



forms in the presence of additional neurologic or systemic impairments such as mental
retardation, cerebellar ataxia, dementia, optic atrophy, retinopathy, extrapyramidal
disturbance, epilepsy and motor neuropathy (Harding 1993; Reid 1997). Age of
symptom onset, rate of progression, and degree of disability are often variable between
different genetic types of HSP, as well as within individual families in which all subjects
have precisely the same HSP gene mutation.

HSPs may have autosomal dominant, recessive and X-linked inheritance (Table
,Table ,Table ). To date loci have been mapped on different chromosomes. Fifteen loci
segregate with autosomal dominant (AD) forms, twenty follow an autosomal recessive
pattern of inheritance and three /oci lie on the X chromosome (Depienne, Stevanin et
al., 2007) Despite the daunting number of distinct genetic loci, well over 50% of HSP
patients harbor pathogenic mutations in 1 of just 3 genes: spastin (SPG4, also known as
SPAST), atlastin-1 (SPG3A), also known as ATLI1, or receptor expression enhancing
proteinl (REEP1, also known as SPG31) (Seong et al., 2010).

Locus Chromosome region Gene or protein Discriminating features Reference
Pure forms
SPG3A 14q12-g21 Atlastin Predominantly early onset MIM182600 [2,3%,4** 5]
SPG4 2p22 Spastin MIM182601 [4°°,5-8,9",10°,
11,12°,13-16,17"°]
SPG6 15q11.2-q12 NIPA1 Predominantly adult onset MIM800363
SPG8 8g24 KIAAD196 Predominantly adult onset MIME03563 [18°]
SPG10 12913 KIF5A Predominantly early onset MIM604187 [19]
SPG12 19913 Unknown Predominantly early onset MIME04805
SPG13 2q24-q34 HSP6&0 Predominantly adult onset MIM805280
SPG19 9g33-q34 Unknown Predominantly adult onset MIME07152
SPG31 2p12 REEP1 MIM&10250 [20°]
SPG33 10g24.2 ZFYVE27 MIM610244 [21°]
SPG37 8p21.1-q13.3 Unknown [22°]
Complex forms
SAX1 12p13 Unknown Spastic ataxia MIM108600 [23]
SPG9 10g23.3-q24.2 Unknown Cataract, motor neuropathy, short stature, skeletal MIM&01162
abnormalities, gastro-oesophageal reflux
SPG17 11q12-q14 BSCL2/Seipin Silver syndrome — severe distal wasting MIM270685 [24]
SPG29 1p31-p21 Sensorineural hearing impairment, pes cavus, MIMB09727
neonatal hyperbilirubinemia without kernicterus,
hiatal hernia

MIM, Mendelian Inheritance in Man at http://www.ncbi.nim.nih.gov/sites/entrez?db=0MIM.

Table : Autosomal dominant forms of hereditary spastic paraplegias (Depienne, Stevanin et al.,

2007)
Age at onset
Gene Protein Locus (years) Associated signs Number of families Reference
SPG1 L1CAM Xq28 Infancy Corpus callosum hypoplasia, >100 but few with the spastic ~ MIM303350
retardation, adducted thumbs, paraplegia phenotype
spastic paraplegia, hydrocephalus
SPG2 PLP Xq21 1-18 Quadriparesis, congenital >75 but few with the spastic MIM312920
nystagmus, mental retardation, paraplegia phenotype
seizures
SPG16 Unknown  Xq11.2 Infancy Pure (severe) 1 MIM300206

Table : Autosomal dominant forms of hereditary spastic paraplegias (Depienne, Stevanin et al.,



2007)

Age at Origin and number
Gene Protein Locus onset (years) Associated signs of families Reference
Pure forms
SPGSE Unknown 8p 1-40 >12 families MIM270800 [31]
SPG24 Unknown 13q 1 Saudi-Arabia (n=1) MIM607584 [28]
SPG28 Unknown 14q 6-15 Morocco (n=1) MIM609340 [29]
SPG30 Unknown 2q 12-21 Algeria (n=1) MIM610357 [30]
Complex forms
SPG7 Paraplegin 169 11-42 Cerebellar signs, PNP, pes cavus, Many MIM602783
optic atrophy [26,27,32-34]
SPG14 Unknown 3q ~30 Distal motor neuropathy, mental ltaly (n=1) MIM605229
retardation, pes cavus, visual
agnosia
SPG27 Unknown 10q 2-45 Cerebellar ataxia, PNP, mental French Canadian MIM609041
retardation, microcephaly, and Tunisia (1=2)
facial and skeletal dysmorphia,
blepharophimosis
SPG11 Spatacsin 15q 1-23 Mental retardation or cognitive Mediterranean basin, MIM610844
(AR-HSP-TCC) impairment, PNP, TCC Japan (n>30) [35-37,38%"]
SPG15 (Kjellin Unknown 14q 13-23 Pigmented maculopathy, wasting, Ireland, Arabian MIM270700 [39]
syndrome) dysarthria, cerebellar signs, families (n=5)
mental retardation
SPG20 (Troyer Spartin 13q Early Mental retardation, cerebellar Amish founder MIM275900
syndrome) childhood signs, developmental delay
and short stature
SPG21 (Mast Maspardin 16q 20-40 Extrapyramidal syndrome, premature  Amish founder MIM248900
syndrome) aging, cognitive decline, dysarthria,

TCC, periventricular white matter
hyperintensities, cataract, dystonia,
cerebellar signs, PNP, chorea,
distal wasting
SPG23 (Lison Unknown q Early Abnormalities of skin and hair Arab-lsraelian MIM270750
syndrome) childhood pigmentation, facial and skeletal (n=1)
dysmorphia, postural tremor,
cognitive impairment, premature
aging
SPG25 Unknown 6q 30-46 Prolapsed intervertebral disks, ltaly (n=1) MIM608220
multiple disc herniation,
bilateral cataract,
congenital glaucoma

SPG26 Unknown  12cen 22-42 Intellectual impairment, distal Kuwait and Spain MIM609105
muscle wasting, dysarthria, (n=2)
PNP

SPG32 Unknown 14q 6-7 Pontine dysraphia, mental Portugal (n=1) MIM611251 [40]
retardation, TCC

TCC + epilepsy Unknown 8q 1-7 Mental deterioration, epilepsy, Saudi-Arabia (n=2) [41]
TCC

SPOAN Unknown 11q Infancy Optic atrophy, PNP Brazil (n=1) MIMB09541

ARSACS Sacsin 13q Early Ataxia, dysarthria, distal wasting, Quebec, Japan, MIM270550

childhood nystagmus, retinal striation, Mediterranean basin [42-47]

PNP

ARSAL Unknown 2q Variable Spastic ataxia with leucodystrophy Quebec (n=17) [48]

SAX2 Unknown 17p Variable Cerebellar ataxia, dysarthria Morocco, Algeria, [49]

France (n=4)

MIM, Mendelian Inheritance in Man at http://www.ncbi.nlm.nih.gov/sites/entrez?db=0MIM; PNP, polyneuropathy; AR, autosomal recessive; TCC, thin
corpus callosum; SPOAN, spastic paraplegia, optic atrophy, and neuropathy; ARSACS, autosomal recessive spastic ataxia of Charlevoix Saguenay;
ARSAL, autosomal recessive spastic ataxia with frequent leucoencephalopathy; SAX2, spastic ataxia 2.

Table : X-linked forms of hereditary spastic paraplegias (Depienne, Stevanin et al., 2007)

Differential diagnosis is now becoming easier because of the availability of more
precise and sophisticated neuroradiological investigation techniques, biochemical tests
and genetic analysis. The very recent discovery of many HSP genes is rapidly shaping
new concepts of the pathophysiologic mechanisms of HSP. Whereas the uniform
clinical appearance of uncomplicated HSPs initially suggested that a common
biochemical disturbance underlies most types of HSP, this appears to not be the case.

Rather, it appears that very long central nervous system axons (i.e., corticospinal tracts



and dorsal column fibers are particularly vulnerable to a number of distinct biochemical
disturbances and that the highly similar clinical features of genetically diverse types of
uncomplicated HSP reflect the limited repertoire of symptoms from corticospinal tracts
and, to a lesser extent, dorsal column fiber disturbance.

Recently, there have been substantial advances in understanding of the function of
this large group of HSP-associated proteins involved with membrane trafticking (Figure

) (Blackstone, 2011).
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Figure : Neuron schematic representation of the possible pathological mechanisms of the mutated
proteins involved in HSP. (Blackstone, 2011)

At this stage, five different molecular processes appear to be involved in different
genetic types of HSP.

1) Myelin composition affecting long, central nervous system axons. X-linked SPG2
HSP is due to proteolipid protein gene mutation, an intrinsic myelin protein
(Dube, Mlodzienski et al., 1997).

2) Embryonic development of corticospinal tracts. X-linked SPG1 is due to mutations in
L1 cell adhesion molecule which plays a critical role in the embryonic

differentiation of corticospinal tracts guidance of neurite outgrowth during



development, neuronal cell migration, and neuronal cell survival (Kenwrick,
Watkins et al., 2000).

3) Oxidative phosphorylation deficit. Two HSP genes (SPG7/paraplegin and
SPG13/chaperonin 60) encode mitochondrial proteins (Hansen, Durr et al., 2002).
Abnormal appearing mitochondria (ragged red fibers) and cytochrome C oxidase
deficient fibers are noted in muscle biopsies of some (but not all) subjects with
SPG7/parapegin mutation.(articolo su REEP1, difetti mitocondriali)

4) Axonal transport. SPG10 autosomal dominant HSP is due to mutations in kinesin
heavy chain (KIF5A) a molecular motor that participates in the intracellular
movement of organelles and macromolecules along microtubules in both
anterograde and retrograde directions (Reid, Kloos et al., 2002).All KIF5A
mutations are missense mutations and tipically impair transport as they affect the
kinesin motor domain.(Reid, et al., 2002, Goizet, et al., 2009, Schule, et al., 2008).
The efficiency of cargo transport to the distal axon is thought to be affected
motors for cargo her because the mutated KIFSA are slower motors or because
they have reduced microtubule binding affinity and compete with other, wild-type
motors for cargo binding sites (Ebbing, et al., 2008).

5) Cytoskeletal disturbance. Spastin (SPG4) is a microtubule severing protein whose
mutations are pathogenic through a disturbance in the axonal cytoskeleton (Errico,

Ballabio, et al., 2002).

There is currently no “cure” for HSP. Physical therapy accompanying with a regular
exercise and stretching program play an important role in treating HSP symptoms (Fink,
2003). While exercise or physical therapy do not prevent or reverse the damage to the
nerve fibers, it will help HSP patients in maintaining mobility, retaining or improving
muscle strenght, minimizing atrophy of the muscles due to disuse, increasing endurance
(and reducing fatigue), preventing spasms and cramps, maintaining or improving range

of motion, and providing cardiovascular conditioning.



2. RECEPTOR EXPRESSION ENHANCING PROTEIN (REEP1)

2.1. The SPG31 gene
All of the SPG31 mutations lead to a pure form of HSP (on chromosome 2p12

(Ziichner, et al., 2006) with a variable age of onset. Most people HSP affected have the
outbreak of the pathology in the first and in the second decades of their life; whereas
only the 15% of the people present an age of onset after 30 years. It is relatively
common, and mutations in the REEP1 gene have been identified in 3% of a sample of
unrelated patients with HSP, which increased to 8-2% in pure HSP if those with SPG3A
and SPG4 (SPAST) mutations were excluded. (Beetz et al., 2008). Beyond the missense
mutations, the most common SPG31 alterations are little insertions o deletions that
cause a reading frameshift, and produce premature stop codons. Another mutations class
in this gene is the distribution of the splicing canonic sites that generate frameshift
mutations. Finally, it’s possible to find mutations in 3’-URT sequence that altered the

RNAI site recognition (Zuchner et al, 2006). The SPG31 gene consist of 7 exons.

2.2. Human REEP1
The SPG31 gene encodes a 201 amino-acid protein REEP1 (Figure ). REEPI is a

member of the REEP/DP1/Yoplp superfamily; in silico analyses of REEP1 predicted
two transmembrane domains (TM1 e TM2) and the conserved protein domain, called

“deleted in polyposis”, TB2/DP1/HVA22, with unknown function.
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Figure : Schematic representation of SPG31gene (Ziichner et al., 2006).

This family contains some types of eucariotic proteins. It’s included:
. The TB2/DP1 (deleted in polyposis) protein, its loss cause seriously form of

familial adenoma- polyposis, an hereditary autosomal dominant oncological


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Z%C3%BCchner%20S%22%5BAuthor%5D

pathology.

. The HVA22 barley protein that was activated in stressed cells by absissic acid; it
has a regulatory function in the membrane turnover or in decrease the level of the
unnecessary secretions.

. The yeast Saccharomyces cervisiae protein, Yoplp that was involved in the
tubules formation of the endoplasmic reticulum.

. Moreover, in human there are six REEP proteins (REEP1-6) (Figure )

Human REEP Family
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Figure : Schematic representation of human REEP proteins (Ziichner et al., 2006.).
There is a phylogenetic division of REEP proteins into two subfamily based on

the sequences similarity (Figure ).
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Figure : Phylogenetic division of REEP proteins family members (Saito ef al., 2004).

In the first subfamily we can find REEP1-4, meanwhile, in the second, REEP5-6.
The first group presents a smaller initial hydrophobic segment, and the absence of a N-
terminal cytoplasmatic domain with a C-terminal part most longer than REEP5-6.

REEP sequence is more similar in other species: Drosophyla melanogaster,
Stronglyocentrotus purpuratus and Caenorhabditis elegans. The yeast protein Yopl, the
only protein of the TB2 DP1 HVA22 superfamily, is structurally similar to REEP5-6
and its suggest that the REEP1-4 proteins have a different function from human proteins
REEP5-6 and yeast protein Yopl, that are involved in ER remodeling (Voeltz et al.,
20006).

2.3. Hypothesis on REEP1 function

2.3.1. REEPI1 may be involved in folding, transport and recognizing of odorant

receptor

Two different groups supposed that REEP1 may be involved in the expression of
some types of chemo-receptors, like the odorant receptors (ORs) and the bitter taste
receptors (TAS2R) on the cellular membrane (Saito et al., 2004; Behrens, et al., 2006).

These sensorial receptors are associated with G proteins (GPCR), GPCR required
accessory proteins for their right expression on cellular membrane (Brady et al., 2002).
These receptors are synthesized in the ER and transported to cilia and dendrites (Barnea
et al., 2004). The GPCR expression is a difficult process that comprehend the protein
assembly, the post-trasductional modifications and the transportation through the

cellular compartements. (Figure ).



REEPI, with RTPI and RTP2 genes, may be involved in whatever phase of this
development (Saito et al., 2004)

Moreover, REEP1 may be caused the correct assembly of these receptors. The
homologue gene of REEPI in plants HVA22, it’s a gene that is expressed under stress
conditions and it is possible that HVA22 may be to act as a chaperonin (Chen et al.,
2002). The homologue gene of REEPI in yeast, Yoplp is involved in proteins transport
from ER to Golgi. This suggest that REEP1 to make easier the vesicles transport with
receptors inside (Hicke et al., 1989). Finally REEP1 may behaved like co-receptor that

hide an ER retention signal for.
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Figure : Schematic representation of the possible REEP1 function in odorant receptor
expression(Saito et al., 2004).
2.3.2. REEP]I, spastin and atlastin-1 coordinate microtubule interaction with the

tubular ER network

REEP1 is a member of the DP1/Yoplp family of ER-shaping proteins that can
interacts with both atlastin-1 and an isoform of the microtubule severing ATPase spastin
localizes to the ER and contains a hairpin loop domain, giving rise to a protein complex
with pathogenic significance for a majority of HSP cases. Unexpectedly, REEP1 also
mediates interaction of ER tubules with the microtubule cytoskeleton through its C-
terminal cytoplasmic domain, and in fact defines a novel family within the larger
DP1/Yoplp superfamily. In this regard, the ER phenotype upon REEP1 overexpression,
characterized by ER tubules closely aligned with thickened, bundled microtubules, is



similar to that observed for the SPG4 missense mutant spastin p.K388R that lacks
ATPase activity and microtubule-severing activity but retains the ability to bind
microtubules (Connell et al., 2009; Yabe et al., 2002). Furthermore, both REEP1 and
spastin interact with Atlastin-1 as well as ER-shaping proteins, such as the reticulons
(Figure ) (Evans et al., 2006; Sanderson et al., 2006; Mannan et al., 2006).

REEP1, like spastin, interacts with the microtubule cytoskeleton and this suggests
an important role for the microtubule cytoskeleton in the distribution of the ER network,
which is particularly relevant for the long axonal processes of highly polarized
corticospinal motor neurons that can extend up to 1 meter in length in humans
(Soderblom et al., 2006).

Interestingly, though REEP1 and the closely related protein REEP2 interact with
microtubules and redistribute ER tubules along the microtubule cytoskeleton,
DP1/REEP5 and REEP6 do not (Shibata et al., 2008; Zuchner et al., 2006). It will be
important to determine in future studies whether microtubule interactions are a general
feature of all members of REEP1-4 that distinguishes them from REEP5-6.

Indeed, such an adaptation may reflect the increased importance of ER-
microtubule interactions in forming and distributing the ER network in higher species,
particularly within highly polarized cells, such as the corticospinal neurons that are
selectively affected in the HSPs. Along these lines, the budding yeast S. cerevisiae has
only 1 DP1/Yoplp superfamily member, Yoplp, which is structurally and functionally
related to REEP5-6 proteins. Since S. cerevisiae generates ER tubules along actin

filaments, there may be no need for a REEP1-4 ortholog.
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Figure : Interation model between the proteins involved in HSP in the modulation of ER
morphology. (Park et al., 2010).



3. THE ENDOPLASMIC RETICULUM (ER)
3.1. ER structure and organization

The endoplasmic reticulum (ER) is a single compartment: it has a single
membrane system with a continuous intralumenal space (Dayel and Verkman, 1999).

ER has many different functions. These include the translocation of proteins (such
as secretory proteins) across the ER membrane, the integration of proteins into the
membrane, the folding and modification of proteins in the ER lumen, the synthesis of
phospholipids and steroids on the cytosolic side of the ER membrane, the storage of
calcium ions in the ER lumen and their regulated release into the cytosol. The
interphase ER can be divided into nuclear and peripheral ER. The nuclear ER, or
nuclear envelope (NE), consists of two sheets of membranes with a lumen. The NE
surrounds the nucleus, with the inner and outer membranes connecting only at the
nuclear pores, and is underlaid by a network of lamins. The peripheral ER is a network
of interconnected tubules that extends throughout the cell cytoplasm. The lumenal space
of the peripheral ER is continuous with that of the nuclear envelope and together they

can comprise >10% of the total cell volume (Terasaki and Jaffe, 1991).

3.2. ER dynamics

In interphase cells, the peripheral ER is a dynamic network consisting of cisternal
sheets, linear tubules, polygonal reticulum and three-way junctions (Allan and Vale,
1991). Several basic movements contribute to its dynamics: elongation and retraction of
tubules, tubule branching, sliding of tubule junctions and the disappearance of
polygons. These movements are constantly rearranging the ER network while
maintaining its characteristic structure.

The dynamics of the ER network depend on the cytoskeleton. In mammalian
tissue culture cells, goldfish scale cells, and Xenopus and sea urchin embryos the ER
tubules often co-align with microtubules. Microtubule-based ER dynamics were studied
with time-lapse microscopy and appear to be based on three different mechanisms. First,
new ER tubules can be pulled out of existing tubules by motor proteins migrating along
microtubules. Secondly, new tubules may be dragged along by the tips of polymerizing
microtubules. Finally, ER tubules may associate with the sides of microtubules, via

motor proteins, as they slide along other microtubules. Each of these mechanisms can



lead to tubule extension and, when tubules intersect, they fuse and create three-way
junctions (Allan and Vale, 1991; Waterman-Storer and Salmon, 1998).

The cytoskeleton contributes to ER dynamics, but it is not necessary for the
maintenance of the existing ER network. Although depolymerization of microtubules by
nocodazole in mammalian tissue culture cells inhibits new tubule growth and causes
some retraction of ER tubules from the cell periphery, the basic tubular-cisternal
structure of the ER remains intact (Terasaki et al., 1986).

Similarly, actin depolymerization in yeast blocks ER movements but does not

disrupt its structure (Prinz et al., 2000).

3.3. Formation and maintenance of ER network

Little is known about how the particular architecture of the ER is formed and
maintained. It is known that the cytoskeleton is not necessary for the formation of a
tubular network in vitro. In Xenopus egg extracts, ER networks can form de novo and
this process is not affected by the addition of inhibitors of microtubule polymerization,
by the depletion of tubulin from the extract or by inhibitors of actin polymerization
(Dreier and Rapoport, 2000).

In contrast, homotypic membrane fusion is essential for preserving the typical
structure of the ER (Vedrenne and Hauri, 2006), and its failure prevents the formation of
an intact ER network (Dreier and Rapoport, 2000). Homotypic fusion of ER membranes
depends categorically on GTP hydrolysis and does not require cytosolic proteins or ATP
(Dreier and Rapoport, 2000; Voeltz et al., 2006), suggesting the involvement of a GTP-
dependent fusion machinery tightly associated with the ER membrane. Inhibition of
network formation by GTPyS and N-ethylmaleimide (NEM) (Allan and Vale, 1991;
Dreier and Rapoport, 2000), suggests that a GTPase and/or a factor similar to the NEM-
sensitive fusion protein (NSF) may be involved. There is some evidence that a homolog
of NSF, p97, and its co-factor p47, contribute to efficient ER network formation in
Xenopus egg extracts (Hetzer et al., 2001), and the yeast homolog of p97, Cdc48, has
been shown to be involved in homotypic ER fusion (Latterich et al., 1995). A role for
p97/p47 in the in vitro formation of the transitional ER has also been suggested (Roy et
al., 2000). Surprisingly, however, a mutant of Cdc48 does not affect ER structure in

yeast (Prinz et al., 2000). The involvement of these proteins in ER membrane fusion is



indirect and neither exhibits GTPase function. Thus, the molecular components of the
GTP-dependent activity responsible for homotypic fusion of ER membranes have not

yet been identified.

3.4. Tubulation of ER membranes

Membrane tubules are a structural feature of both the ER and the Golgi complex
(Lee et al., 1989; Dreier and Rapoport, 2000). Both types of tubule have similar
diameters (50-100 nm), whether formed in vitro or in vivo, and in the case of the ER,
tubule diameter is conserved from yeast to mammalian cells, suggesting that their
formation is a regulated and fundamental process.

The mechanism behind tubulation is unclear. Perhaps the most plausible models
for tubule formation and maintenance are based on mechanisms that generate or
stabilize high curvature in membranes.

Tubules have a unique curvature of the lipid bilayer. Proteins would be required to
keep the lipid imbalance or to create curvature on their own. Two class of proteins are
necessary for the generation of tubular ER: the reticulons and DP1/Yoplp. They have
been proposed to be involved in stabilization of high curvature membranes by means of
the hairpin formed inside the membrane by the two hydrophobic segments in these

proteins (Voeltz et al., 2006).



4. LIPID DROPLETS (LDs)

Lipid droplets were for many years envisaged as simple storage organelles for
lipids but are now considered multi-functional organelles with additional roles in lipid
homeostasis, cell signaling, and intracellular vesicle trafficking (Wang et al., 1999; Liu
et al., 2003; Umlauf et al., 2004). The essential structure of the lipid droplets is of a
hydrophobic core of neutral lipids surrounded by a phospholipid monolayer.
Freezefracture electron microscopy has demonstrated that the hydrophobic lipid core -
once thought to be homogeneous - in fact often has an elaborate structure of lamellar
stacks and/or concentrically arranged layers (Robenek et al., 2009). The ER is the site of
lipid droplet formation. A widely promoted idea is that cholesterol ester and
triglycerides, synthesized by ACAT and DGAT, accumulate within the lipid bilayer of
the ER membrane and, upon reaching a critical size, the accumulation is pinched off
into the cytoplasm as a lipid droplet enveloped in a phospholipid monolayer formed
from the cytoplasmic leaflet of the ER membrane (Brown, 2001; Murphy, 2001). A
variation on this idea proposes that the intramembrane lipid accumulation is released
with portions both of the cytoplasmic and luminal phospholipid monolayer leaflets of
the ER membrane (Ploegh, 2007). However, lipid accumulations within the ER
membrane have never been observed. Freezefracture electron microscopy demonstrates
that growing lipid droplets are intimately associated with but lie external to specialized

cup-like sites of the ER membrane (Robenek et al., 2004, 2006).

4.1. LDs composition

LDs consist of an organic core comprising neutral lipids (mainly triacylglycerols
and sterol esters) that is bounded by a monolayer of phospholipids (Bartz et al., 2007a).
This structure provides a unique separation of the aqueous and organic phases of the
cell. Several types of proteins decorate LDs, including structural proteins (for example
the proteins of perilipin family) (Brasaemble, 2007), lipid-synthesis enzymes (acetyl
coenzyme A carboxylase, acyl-CoA syntetase and acyl-CoA:diacylglycerol
acyltransferase 2 (DGAT2)) (Kuerschner et al., 2008; Stone et al.. 2009), lipases [e.g.

adipose tissue triacylglycerol lipase (ATGL)] and membrane-trafficking proteins (e.g.
Rab5, Rab18 and ARF1). Adding to the complexity, different LDs in a cell can contain
different proteins (Ducharme and Bickel, 2008) and have different rates of acquiring
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triacylglycerol (Kuerschner et al., 2008). This suggests that cells contain distinct types

of LDs with specialized functions.

Considering the composition of LDs, it is not well understood how proteins target
to LDs and how this localization is regulated. Conceptually, proteins that contain
transmembrane-spanning domains with hydrophilic domains on either side of a
membrane bilayer cannot target to the monolayer surface of an LD; instead, there are at
least two probable alternative mechanisms. First, proteins might use long membrane-
embedded domains that enter and exit the membrane on the same side of the lipid
monolayer. This mechanism was postulated for caveolins, which target to specialized

domains of the plasma membrane and LDs (Martin and Parton, 2006), and for the lipid-

synthesis enzyme DGAT?2 (Kuerschner et al., 2008; Stone et al., 2006). Second, proteins

might bind LD surfaces as peripheral membrane proteins by embedding an amphipathic
helix. Examples include members of the perilipin family of proteins [e.g. perilipin,

adipophilin, S3-12 and tail-interacting protein of 47 kDa (TIP47)] (Brasaemle, 2007).

Whether a recently identified N-terminal hydrophobic sequence shared between several
LD proteins [e.g. the putative methyltransferases AAM-B (methyltransferase-like
protein 7A) and ALDI (associated with lipid droplet protein 1)] uses a similar targeting

mechanism remains to be determined (Zehmer et al., 2008). Surprisingly, a variety of

proteins have been detected in the hydrophobic core of LDs (Robenek et al., 2005),

including the perilipin family of proteins. How such proteins are transported in and out
of LDs, however, and whether they are natively folded in the LD are not clear.
4.2. LDs formation
The life cycle of LDs begins when fatty acids that are carried extracellularly by
albumin and lipoproteins enter cells. Fatty acids are released from triacylglycerols in
lipoproteins by lipoprotein lipase, and enter cells by passive diffusion facilitated by

fatty-acid transport proteins or fatty-acid translocase (Ehehalt et al., 2006; Schaffer and

Lodish, 1994). Fatty acids can also be synthesized de novo from carbohydrates in many

cell types.

Next, fatty acids enter a bioactive pool through conjugation to CoA, forming fatty
acyl-CoA, in an energy-requiring reaction. Fatty acyl-CoA is used by glycerolipid-
synthesis enzymes (glycerol-3-phosphate acyltransferase and sn-1-acylglycerol-3-

phosphate acyltransferase) in the ER to finally generate diacylglycerols. Diacylglycerols
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are either converted to neutral lipids (triacylglycerols) by DGAT enzymes or enter
phospholipid-synthesis pathways. How the flux between these pathways is regulated is

unknown.

In contrast to fatty acids, sterols are primarily taken up into cells through

endocytosis and lysosomal degradation of lipoproteins.

Thus, neutral lipids that are found in LD cores are synthesized in the ER. How
these lipids accumulate and form LDs is mostly unknown. The canonical model posits
that neutral lipids form a lens of oil in the ER bilayer that subsequently “buds' from the
membrane (the ER-budding model) (Figure I), taking with it phospholipids from the
cytosolic leaflet. Although the model has substantial support, this process has not been
observed directly. In a variant of this model, the ER-domain model, LDs remain
connected to the ER and are lipid-containing protrusions of the ER membrane, forming

a specialized ER domain.

Another models for LD formation have been proposed. In the bicelle model
(Ploegh, 2007), neutral lipids accumulate between the leaflets of the ER membrane but,
instead of budding, nascent LDs are excised from the membrane, taking with them
phospholipids from both the cytosolic and luminal leaflets (Figure II). This model was
suggested to explain how large unfolded proteins or viruses might escape from the ER

lumen into the cytosol. In the vesicular-budding model (Walther and Farese, 2008),

small bilayer vesicles that remain tethered to the ER membrane are used as a platform
for making LDs. Newly synthesized neutral lipids are pumped into the vesicle bilayer
and fill the intermembrane space, eventually squeezing the vesicular lumen so that it
becomes a small inclusion inside the LDs (Figure III). Clues that help to decipher how
LDs are formed might be provided by studying seipin, an ER protein that is integral to
LD formation (Fei et al., 2008; Szymanski et al., 2007).

In lipoprotein-producing cells, such as intestinal enterocytes or hepatocytes,
neutral lipids can also be directed from the ER bilayer into the ER lumen to associate

with apolipoprotein B for secretion (Fujimoto et al., 2008). How the amount of neutral

lipids entering the storage versus the secretion pathway is determined is mostly

unknown.
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Lipid Droplets at a Glance

Tomad
Cell Science
— Yi Guo, Kimberly R. Cordes, Robert V. Farese, Jr and Tobias C. Walther

LIPOPROTEIN Lipid-droplet composition

ovLDL SECRETION o Caveolae

o /‘
FATP
/ 1 Cytoplasm
|
(GFDA;) ;}W,M;A ! Lipid droplet

CoA
FABP ACBP) GLYCEROLIPID
WA FA—%;S—> W SYNTHESIS

WAWWA FA

1 Prosphoipia

§ sl

? Diacygycerol

Early
endosome|

Tiacylglycerol

s ﬁ) Sterol ester
Periipin family poteins

Lipid-droplet biogenesis models
LERdomanandbudding Il Bicele I esiular budding

p-adrenergic
receptor

1)
o CcAVP
o B oovss |
S0 PKA
q ®)

+Ener STEROL m

Malony\ CoAZ__SYNTHESIS

Lipid droplets interact with other
organelles and intracellular pathogens

&:’i)én o

=0
Glucose @  AcelyiCoA cpy e = piep iy
transporter  Glucose — T, S\E
Fany i
Mitochondrion, acyl-CoA S
B-OXIDATION A

-
-~ B )
o R
~ 3
Glycerol
‘Alboumin o T~
. S y WA Gero & ./
J

© Journal of Cell Science 2009 (122, pp. 749-752)

Figure : LDs biogenesis models (Journal of Cell Bioscience, 2009)

4.3. LDs growth

The size of LDs varies tremendously, with diameters ranging from as small as 20-

40 nm (Stobart et al., 1986) to 100 um (in white adipocytes), and, clearly, LDs can grow

in size.

One possibility is that LDs, like balloons, expand as single organelles. If LDs
remain attached to the ER, proteins and newly synthesized lipids could diffuse laterally
to the LDs. If LDs are detached from the ER, these proteins and lipids must be
transported to the LDs, perhaps via vesicular transport. This would pose a problem of
topology, as a vesicular bilayer membrane would have to fuse with a monolayer surface
at the LD. Alternatively, neutral lipids in the core could be produced locally by
enzymes, such as DGATs, that are targeted to the LD surface. In either way, the increase
in volume of neutral lipids would need to be matched by a corresponding increase of
phospholipids at the surface. In agreement with this notion, a key enzyme of
phospholipid synthesis, CTP:phosphocholine cytidylyltransferase (CCT), is localized to
LD surfaces during their growth (Guo et al., 2008).

Fusion of smaller LDs to form larger LDs is also likely to contribute to LD growth

(Guo et al., 2008), and models that implicate SNARE proteins and motor proteins in LD
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fusion have been proposed (Bostrom et al., 2007; Olofsson et al., 2008). A fusion

mechanism would alleviate the requirement for phospholipid synthesis during the
growth of LDs, because the surface/volume ratio decreases with fusion.
4.4. LDs mobilization
Neutral lipids in LDs are mobilized by lipases to provide metabolic energy

(through the oxidation of fatty acids) and lipids for membrane synthesis (Brasaemle

2007; Ducharme and Bickel, 2008; Zechner et al., 2005). In adipocytes, this lipolysis is

triggered by hormonal, nutritional or inflammatory (such as tumor necrosis factor-a)

signals.

The fatty acids that are liberated from lipolysis may be activated to acyl-CoA and
transported to mitochondria for B-oxidation to provide cellular ATP, may enter the
nucleus, where they act as ligands for nuclear hormone receptors and regulate gene
transcription, or may be released from the cells to provide fuel or signaling molecules

for other cells or tissues.

During lipolysis, LDs might undergo fission, which would dramatically increase
the surface area of LDs and enable lipases to better access the neutral-lipid cores.
Fission of LDs has been observed in adipocytes after massive lipolytic stimulation

(Marcinkiewicz et al., 2006). As the surface area of LDs expands with fission, more

surface phospholipids would be required. This requirement might explain why a
reduction in phospholipid synthesis through the knockdown of CCT leads to a defect in
lipolysis (Guo et al., 2008).

4.5. LDs regression to ER

In contrast to droplets formation, virtually nothing is known about how droplets
regress. Most, if not all, cells respond to an excess of free fatty acid or cholesterol by
enlarging the number and size of droplets. In turn, droplets disappear under metabolic
conditions that consume the stored lipid. Even within the seemingly quiescent droplet,
neutral lipids such as cholesteryl esters continuously recycle in a futile pathway that
consumes ATP (Brown et al., 1980; McGookey and Anderson, 1983). As the balance
shifts towards consumption of lipids, the droplets get smaller and major proteins such as
ADRP and perilipin are degraded in the cytosol by the proteasome machinery (Masuda
et al., 2006; Xu et al., 2006; Xu et al., 2005). The fate of the integral droplet proteins, by

contrast, and the phospholipid monolayer in which they reside is not known. One
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possibility is that these elements cycle back to the ER and become part of a ready pool
for later droplet formation. A protein that contained an integral LD targeting sequence,
as LDIMPs (lipid droplet integral membrane protein), was take like an example.

LDIMPs provide a new conceptual framework for understanding the biogenesis of
LDs. These are integral membrane proteins that are inserted into the ER before moving
to either endogenous or oleate-induced LDs without exiting the ER in COPII vesicles.
In the absence of vesicle traffic, therefore, LDIMPs must reach droplets by moving
laterally in the plane of the ER membrane. The hydrophobic targeting signal appears to
be specialized for this process. This sequence probably does not span the ER membrane,
yet is necessary and sufficient for correct targeting, even when placed in the middle of a
protein (Zehmer et al., 2008). Therefore, it is an intrinsic property of these simple
hydrophobic sequences to reside in the outer monolayer of the ER and move laterally in
the plane of this monolayer before being sequestered by LDs. Several studies have
documented that ADRP is degraded by the ubiquitin-proteasome pathway during droplet
regression (Masuda et al., 2006; Xu et al., 2006). By contrast, we found that LDIMPs
return to the ER where they appear largely to be preserved. This suggests that the
phospholipid monolayer surrounding each LD returns to the ER when neutral lipid is
depleted. The return of LDIMPs to the ER is essentially the reciprocal of LDIMP
movement to existing droplets (Figure ). If LDs are always attached to the ER through a
thin stalk (Figure b) then LDIMPs can easily return through the stalk. The stalk, in
other words, functions as a conduit through which droplet LDIMPs can travel to and
from the ER. If, however, LDs do detach from the ER, then LDIMPs must return by
monolayer fusion (Figure b) or through transient contact sites (Figure c¢). Thus, the
stalk model is the most parsimonious of the three and can account for both the fate of
the monolayer, the return of LDIMPs to the ER and the movement of LDIMPs to
existing droplets.

One of the attractive aspects of the LD stalk model is the possibility that
phospholipid monolayer stalks function as interorganelle connectors that facilitate the
movement of specialized integral membrane proteins and their cargo between different

membrane-bound compartments.
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Figure : Three models to explain how integral droplet proteins travel between ER and LD.

(a) Stalk Model. LDIMP proteins such as AAM-B and UBXD8 move from the ER to
droplets through a stalk composed of two phospholipid monolayers derived from the ER
that remains continuous with LDs. During LD regression, LDIMPs migrate back to the
ER through the stalk. (b) Fusion Model. LDIMPs move to form droplets that then bud
from the ER to form free LDs. During droplet regression, the LD refuses with the ER and
the LDIMPs return to the ER. (¢) Transient Contact Model. LDIMPs move into droplets
that bud from the ER. During droplet regression, the LD docks with the ER outer
monolayer where it delivers the L-DIMP back to the ER without fusing. (Journal of Cell
Science, 2009)



4.6. LDs interact with other cellular organelles

There is increasing evidence that LDs dynamically interact with other cellular
organelles. In particular, LDs are often found in close approximation with the ER,

mitochondria, endosomes, peroxisomes and the plasma membrane (Goodman, 2008;

Murphy et al., 2008). The functions of these interactions are still largely unknown.

These organelle associations might facilitate the exchange of lipids, either for anabolic
growth of LDs or for their catabolic breakdown. Alternatively, LDs might provide a
means of transporting lipids between organelles within the cell, much like lipoproteins
transport lipids between tissues via the blood. Some of the interactions between LDs
and other organelles might be mediated and regulated by Rab GTPases, which have
been found on LDs (Liu et al., 2008).

Besides storing key lipids, recent studies suggest that LDs might have other
functions in cellular physiology or pathology. For example, LDs might act as the
protective reservoir for unfolded proteins or other compounds (that are sequestered in
the organic phase) to prevent harmful interactions with other cellular components

(Ohsaki et al., 2006; Welte, 2007).

The intracellular pathogen C. trachomatis induces the accumulation of LDs

around the bacteria-replication vacuole and appears to use LD components for

replication (Cacchiaro et al., 2008; Kumar et al., 2006). Similarly, the hepatitis C virus
appears to use LDs as the platform for viral assembly, and blocking the association of
the hepatitis C core protein with LDs impairs viral replication (Miyanari et al., 2007). A
better understanding of these LD-pathogen interactions might provide new avenues for

therapeutic interventions.
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6. METHODS

1. MOLECULAR BIOLOGY TECHNIQUES: GENERATION OF CONSTRUCTS
The REEP1 ¢cDNA was previously obtained from HeLa cells RNA extract followed by

RT reaction and cloned in the pcDNA3.1/Zeo(+) cloning vector (Qiagen).
1.1. RNA isolation protocol: cells in culture

2. Procedure

e Using at least 10° cells, aspirate off the media and wash X1 with ice cold PBS
(1-2 ml).

* Aspirate off the PBS (remove as much as possible) and add 1 ml of trizol.

e Scrape the plate briefly, then remove the trizol with a pipette and deposit the
trizol/cell lysate into a 1.5 ml eppendorf tube.

e Letsit for 5 min at room temperature.

e Add 250 pl of chloroform and shake the tube vigorously for about 15 seconds.

e Let sit for 5 min at room temp.

¢ Centrifuge at 10,000 rpm for 5 min.

e At this point, there will be three layers in each tube:
a. Top layer: clear - aqueous
b. Middle layer / interphase - white precipitated DNA
c. Bottom layer - pink organic phase

e Carefully pipette off the aqueous phase. With the larger pipette, it is harder to
control the rate and force of fluid withdrawal and this increases the likelihood of
drawing some of the organic or DNA phase. Leave behind some of the aqueous
phase (about 1 mm above DNA layer to prevent DNA contamination). Place in
another 1.5 ml eppendorf.

e Add 550 pl of isopropanol to the aqueous phase and mix gently. Let this sit at
room temp for 5 min.

¢ Centrifuge at maximal speed (14,000 rpm) for 20 min. If a low yield is expected,

centrifuge for 30 min.



Remove and place on ice. There should be a pellet barely visible at the base of
each tube. Pour off the isopropanol and add 1 ml of 75% EtOH in DEPC treated
H,0. Mix gently. Recentrifuge at 9500 rpm for 5 min.

Pour off the EtOH and let the pellets air-dry.

This is a critical step. If the pellets dry out too long or too much, the RNA crystallizes
and is very difficult to resolubilize. If not enough of the EtOH evaporates, this also
prevents the RNA from going into solution. After pouring off the bulk of the EtOH
wash, there will be approx 30-40 pl left in the bottom of the eppendorf. To quicken the
evaporation, centrifuge the tubes briefly to force remaining fluid on the side of the tube
to the bottom, then pipette off as much of the EtOH as is feasible. The best time to add
DEPC treated water to the RNA pellet is when there is only a tiny meniscus of solution
left around the pellet itself.

Add approx 15-25 pl (depending on yield) of either DEPC treated TE buffer or
water to the RNA pellet. To a small eppendorf tube, dilute the RNA 1/40 (1.2 ul
in 48.8 pl of TE buffer) and add to a microcuvette (path length = 1 cm). Then
measure the absorbance at 260 nm. The 260/280 ratio should be greater than 1.8.
If less than 1.5-1.6 or so, the RNA is likely, at least partially degraded. Lower
ratios also suggest DNA or thiocyanate contamination. The concentration is

essentially the equivalent of the OD at 260 nm (in pg/ul).

DNAse treatment:
The DNAse cocktail consists of the following (per sample):

RQ1 Rnase free Dnase: 1 pl
Dnase 10x reaction buffer 2 pl
DEPC-treated H,O 6 pl

Rnase Out 0.5 pl

Make a master mix of the above based on the number of RNA samples being
treated.
Prepare the RNA in the following way:

o Add 2 ug of RNA (calculated by 2 pg/the concentration in pg/pl) to a small eppendorf Bring
the total volume of the RNA to 11 ul by adding additional DEPC treated water. (For
example, if your RNA concentration is 1 pg/ul, add 2 pul of the RNA to 9 ul of DEPC