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Ubiquitin is thought to be a stress protein that plays
an important role in protecting cells under stress
conditions; however, its precise role is unclear. Ubig-
uitin expression level is controlled by the balance of
ubiquitinating and deubiquitinating enzymes. To in-
vestigate the function of deubiquitinating enzymes on
ischemia-induced neural cell apoptosis in vivo, we
analyzed gracile axonal dystrophy (gad) mice with an
exon deletion for ubiquitin carboxy terminal hydro-
lase-L1 (UCH-L1), a neuron-specific deubiquitinating
enzyme. In wild-type mouse retina, light stimuli and
ischemic retinal injury induced strong ubiquitin ex-
pression in the inner retina, and its expression pat-
tern was similar to that of UCH-L1. On the other hand,
gad mice showed reduced ubiquitin induction after
light stimuli and ischemia, whereas expression levels
of antiapoptotic (Bcl-2 and XIAP) and prosurvival
“(brain-derived neurotrophic factor) proteins that are
normally degraded by an ubiquitin-proteasome path-
way were significantly higher. Consistently, isch-
emia-induced caspase activity and neural cell apopto-
sis were suppressed ~70% ingad mice. These results
demonstrate that UCH-L1 is involved in ubiquitin ex-
pression after stress stimuli, but excessive ubiquitin
induction following ischemic injury may rather lead
to neural cell apoptosis in vivo. (Am J Patbol 2004,
164:59-64)

The small 76 amino acid protein ubiquitin plays a critical
role in many celiular processes,.including cell cycle con-
trol, transcriptional regulation, and synaptic develop-
ment.’2 Although ubiquitin has been identified as a heat
shock- and stress-regulated protein in several kinds of
celis,®* recent studies have shown that ubiquitin pro-
motes either cell survival or apoptosis, depending on the
stage of cell development or other cellular factors.%®
Ubiquitin expression level is controlled by the balance of
ubiquitinating enzymes: ubiquitin-activating (E1), ubig-
uitin-conjugating (E2), ubiquitin-ligase (E3) enzymes, and
deubiquitinating enzymes (DUBs). DUBs are subdivided
into ubiquitin carboxy terminal hydrolases (UCHs) and
ubiquitin-specific proteases (UBPs). Mammalian UCHs,
UCH-L1, and UCH-L3 are both small proteins of ~220
amino acids that share >40% amino acid sequence iden-
tity.2 However, the distribution of these isozymes is quite
distinct in that UCH-L3 is distributed ubiquitously while
UCH-L1 is selectively. expressed in neuronal cells and in
the testisfovary.®'© UCH-L1 constitutes ~5% of the
brain's total soluble protein, which demonstrates a pos- .
sibility that it plays a major role in neuronal cell function. !
Indeed, UCH-L1 is a constituent of cellular aggregates
that are indicative of neurodegenerative disease, such as
Lewy bodies in Parkinson's disease.'? Furthermore, an
isoleucine to methionine substitution at amino acid 93 of
UCH-L1 is reported in a family with & dominant form of
Parkinson's disease.’ Recently, we found a UCH-L1
gene exon deletion in mice that causes gracile axonal
dystrophy (gad), -a recessive neurodegenerative dis-
ease.’ These examples of neurodysfunction from
UCH-L1 mutations in both humans and mice prompted
us to investigate the function of UCH-L1 in ischemia-
induced neuronal cell apoptosis. For this purpose, we
evaluated the extent of ischemic injury in wild-type and
gad mice retina. The-retina was chosen as a model be-
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cause it is a highly organized neural tissue. {n addition, its
layered construction is suitable for analysis of cell type-
specific biological response against diverse stimuli.’®®
Here, we show that the absence of UCH-L1 partially
prevents ischemia-induced retinal cell apoptosis and
propose its possible mechanisms.

Materials and Methods

Animals

We used homozygous gad mice™ and their wild-type
littermates between postnatal days 35 and 56. The gad
mouse was found in the F2 offspring of CBA and RFM
inbred strain mice and has been maintained by brother-
sister mating for more than 10 years.'® Mice were main-
tained and propagated at the National institute of Neuro-
science, National Center of Neurology and Psychiatry
(Japan). Experiments using the mice were approved by
the Animal Investigation Committee of the Institute. The
animals were housed in a room with controlled tempera-
ture and fixed lighting schedule. Light intensity inside the
cages ranged from 100 to 200 lux. For the analysis of light
stress, the pupils were dilated with 0.5% phenylephrin-
ezhydrochloride and 0.5% tropicamide, and the mice
were exposed to 800~1300 lux of white flucrescent light
for 30 minutes. Animals for negative controls were dark-
adapted for 12 hours, and sacrificed under dim red light.

Immunohistochemistry

Animals were anesthetized with diethylether and per-
fused transcardially with saline, followed by 4% parafor-
maldehyde in 0.1 mol/L phosphate buffer containing
0.5% picric acid at room temperature. The eyes were
removed and postfixed overnight in the same fixative at
4°C and embedded in paraffin wax. The posterior part of
the eyes were sectioned saggitally at 7-um thickness
through the optic nerve, mounted and stained with he-
matoxylin and eosin. For immunohistochemical staining,
the sections were incubated with phosphate-buffered
saline (PBS) containing 10% normal donkey serum for 30
minutes at room temperature. They were then incubated
overnight with a rabbit polyclonal antibody against ubig-
uitin (1:600; Chemicon, Temecula, CA) or mouse mono-
clonal antibody against UCH-L1 (1:200; Medac, Wedel,
Germany). They were then visualized with fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit or anti-
mouse IgG (Jackson Immunoresearch, West Grove, PA),
respectively. The sections were examined by a confocal
. laser scanning microscope (Olympus, Tokyo, Japan).

Histology and l\/lorphomﬂc—?tric Studies

Ischemia was achieved and the animals were sacrificed
as previously described.'®"” Briefly, we instilled sterile
saline into the anterior chamber of the left eye at 150 cm
H,O pressure for 15 minutes while the right eye served as
a non-ischemic control. The animals were sacrificed 1 or
7 days after reperfusion, and eyes were enucleated for

histological and morphometric studies. The posterior part
of the eyes was sectioned sagittally at 7-um thickness
through the optic nerve, mounted and stained with he-
matoxylin and eosin. Ischemic damage after 7 days was
quantified in two ways. First, the thickness of the inner
retinal layer (IRL) [from the ganglion cell layer (GCL) to
the inner nuclear layer (INL)] was measured with a cali-
brated reticle at X80. Second, in the same sections, the
number of cells in the GCL was counted from one ora
serrata through the optic nerve to the other ora serrata.
The changes of the number of ganglion cells after isch-
emia were expressed in ratio compared with the non-
ischemic fellow eyes.

TUNEL Staining

Sections were incubated in 0.26 U/ul TdT in the supplied
1X buffer (Invitrogen, Carlsbad, CA), and 20 pmol/L bio-
tinylated-16-dUTP (Roche, Basel, Switzerland) for 60
minutes at 37°C. Sections were washed three times in
PBS (pH 7.4) and blocked for 30 minutes with 2% bovine
serum albumin in PBS (pH 7.4). The sections were then
incubated with FITC-coupled streptavidin (Jackson Im-
munoresearch), diluted 1:100 in PBS for 30 minutes, and
examined with a confocal laser scanning microscope
(Olympus).

Quantification of Retinal Cell Apoptosis and
Caspase Activities

A mouse retina 1 day after ischemia was homogenized in
100 wl PBS containing 1 mmol/L. phenylmethyl suffonyl
fluoride and centrifuged at 15,000 X g for 10 minutes. A
portion of supernatant was used to quantify protein con-
centration, and the rest was processed for assays. Reti-
nal cell apoptosis was quantified using the Cell Death
ELISA kit (Roche). Caspase-1- and caspase-3-like activ-
ities were measured using caspase-1 and caspase-3
Colorimetric Assay Kits (Bio-vision, Mountain View, CA),
respectively.

Western Blot Analysis

Western blots were performed as previously reported.**
Five micrograms of total protein were loaded per lane.
Primary antibodies used were Bcl-2 (1:500), Bel-xL (1:
500), XIAP (1:500) (all from Transduction Laboratories,
Franklin Lakes, NJ), phosphorylated cyclic AMP respon-
sive element-binding protein (PCREB) (1:500; Upstate
Biotechnology, Waltham, MA) and brain-derived neuro-
trophic factor (BDNF) (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA). Blots were further incubated with an
anti-mouse or rabbit 1gG-horseradish peroxidase conju-
gate (1:10000; Chemicon). The Super Signal detection kit
(Pierce, Rockford, IL) was used for visualization of immu-
noreactive bands.
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Figure 1. Functional loss of UCH-L1 decreases light- and ischemia-induced
ubiquitin induction in vivo. Hematoxylin and eosin (HE) staining (A and B),
immunostaining of UCH-L1 (C and D), immunostaining of ubiquitin in
dark-reared (E and F), light-stressed (G and H) and ischemic (I and J) retina
in wild-type (4, C, E, G, and I) and gad (B, D, F, H, and J) mice. Retinal
structure is normal (B), but stress-induced ubiquitin induction is reduced (H
and J) in gad mice. For the analysis of light stress (G and H), mice were
exposed to 800 to 1300 lux of light for 30 minutes. Animals for negative
controls were dark-adapted for 12 hours, and sacrificed under dim red light
(E and F). Ischemic retina was prepared 1 day after ischemic injury (Tand J).
Bar, 50 pm.

Results

Effect of UCH-L1 on Retinal Structure and
Ubiquitin Expression

To determine the effect of UCH-L1 on retinal morphology,
we examined the retinal tissue of gad mice with a UCH-L1
gene exon deletion. ' Retinal structure in gad mice (Fig-
ure 1B) was normal compared with wild-type mice (Fig-
ure 1A). UCH-L1-like immunoreactivity was observed in
the ganglion cell layer (GCL) and the inner nuclear fayer
(INL) in wild-type mice (Figure 1C) but was absent in gad
mice (Figure 1D). Since ubiquitin is thought to be a stress
protein,"#° we first examined the effect of the common
oxidative stress for eye tissues, light stimuli, on ubiquitin
induction.?® Interestingly, ubiquitin was almost absent in
both groups of animals, following dark adaptation (Figure
1, Eand F). However, light stimuli strongly induced ubig-
uitin expression in the GCL and INL in wild-type mice
(Figure 1G) but its induction level was very low in gad
mice (Figure 1H). Ubiquitin expression pattern in wild-
type mice was similar to that of UCH-L1 (Figure 1C). We
next examined the effect of ischemia, severe oxidative
stress,®"#2 on ubiquitin induction. As with light stimuli,
ischemia induced strong ubiquitin expression in the GCL
and INL (Figure 11) and its induction was suppressed in
gad mice (Figure 1J). These results demonstrate that
retinal UCH-L1 plays an important role in ubiquitin induc-
tion"* and gad mice retina is a useful model to investigate
the effects of UCH-L1 on ischemic injury in vivo.

Effect of UCH-L1 on Antiapoptotic and
Prosurvival Protein Expressions Following
Ischemic Injury

The ubiquitin-proteasome pathway might be involved in
non-neural cell apoptosis because this pathway can deg-
radate antiapoptotic proteins such as Bcl-2 and XIAP in
vitro.5=® To determine whether this is true for retinal cell
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Figure 2. Immunoblot- analysis of antiapoptotic and prosurvival proteins
after ischemic injury. Five micrograms of total protein were prepared from
whole retinas before (¢ontrol) and 1 day after ischemic injury (ischemia).
Representative image of four independent experiments are shown.

apoptosis in vivo, we examined their protein expression
levels in ischemic retinas (Figure 2). Ischemia-induced
Bel-2 protein level in gad mice was substantially higher
than that of wild-type mice. BelxL proteins (antiapoptotic
member in the Bcl-2 family)®24 were examined at the
same time as a control, but no obvious alternations were
noted. On the other hand, XIAP protein®52® expression
was apparently higher in gad mice. In addition to oxida-
tive stress, ischemia induces calcium influx in neurons
and triggers phosphorylation of cyclic AMP responsive
element-binding protein (CREB).2” PCREB can activate
transcription of trophic factor proteins, such as BONF, by
binding to a critical calcium response element.2” Since
CREB is degraded by a ubiquitin-proteasome pathway
by a phosphorylation-dependent mechanism,?® we hy-
pothesized a similar degradative pathway for CREB in
ischemic retina. In wild-type mice, ischemia increased
PCREB, but its expression level was much higher in gad
mice. Consistent with PCREB up-regulation, BDNF pro-
tein expression was also higher in gad mice. Thus, ex-
cessive ubiquitin induction after ischemic injury may lead
to the degradation of antiapoptotic proteins and suppres-
sion of the transcription of prosurvival proteins.5-828

Effect of UCH-L1 on Ischemia-induced Neural
Cell Apoptosis

To determine whether increased expression of antiapop-
totic and prosurvival proteins in gad mice really leads to
resistance against ischemia, we next examined the his-
tology of ischemic retinas in both strains, As expected,
ischemic damage in gad mice was mild compared with
wild-type mice (Figure 3); the thickness of the inner retinal
layer (IRL) (Figure 4A) and the percentage of surviving
cells in the GCL (Figure 4B) after ischemia were signifi-
cantly larger in gad mice. We also analyzed apoptotic
cells in the retina by TUNEL staining. Control animals
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Figure 3. Representative pictures of HE staining (left) and TUNEL staining
(right) in wild-type and gad mice retina before (control) and after ischemic
injury (ischemia). Retinal damage 7 days after ischemia (HE staining) in gad
imice was mild compared with wild-type mice. Consistently, TUNEL-positive
cells 1 day after ischemia were observed only in the ONL in gad mice. Bar,
50 pm.

showed practically no signals in both strains (data not
shown). However, in ischemic retinas, TUNEL-positive
cells were observed in ali three nuclear layers in wild-type
mice, but mainly only in the outer nuclear layer (ONL) in
gad mice (Figure 3). Consistently, quantitative analysis by
ELISA demonstrated decreased retinal cell apoptosis in
gad mice (Figure 4C). Ischemia-induced retinal cell apo-
ptosis is executed by two distinct caspase proteases.

A B

(%) {%)
100 108

‘Thickness of the IRL
Number of cells in the GCL

(%) (%)
118

Retinal cell apoptosis
2
Caspase-3 activity

50

50

WwT gad Lo WT gad

Figure 4. Effect of ischemic injury in wild-type and gad mice retina. Thick-
ness of the IRL (arrows in Figure 3) (A) and the number of cells in the GCL
(arrowheads in Figure 3) (B) in retina 7 days after ischemic injury as a
percentage of the non-ischemic fellow eye. Quantitative analysis of retinal
cell apoptosis (C) and caspase-3-like activity (D) in retina 1 day after
ischemic injury. Results of six independent experiments are presented as
mean * SD (*, P < 0.05; *, P < 0.01). -

Caspase-1 is predominantly associated with photorecep-
tor cell apoptosis in the ONL, whereas caspase-3 is more
active in the GCL and INL for the same process.®® To
determine the mechanisms of strong tolerance against
ischemia in gad mice, we next examined the activity of
these two caspases in the ischemic retina. Caspase-1-
like activity was not significantly different in gad mice
compared with wild-type mice (80 = 13%; P = not sig-
nificant) (data not shown). On the other hand, caspase-
3-like activity in gad mice was suppressed to 63 6%
compared with wild-type mice (P < 0.01) (Figure 4D).

Discussion

lschemic injury is mainly associated with excessive con-
centrations of glutamate, which results in overactivation
of glutamate receptors and initiates a cascade of events
that leads to necrosis andfor apoptosis. Consistently,
several studies have shown that retinal neurons can be
protected by glutamate receptor antagonists.’”2%2 An
alternative strategy to attenuate glutamate neurotoxicity
is keeping the extracellular glutamate concentration be-
low neurotoxic levels. We previously demonstrated that
selective inhibition of N-acetylated-e-linked-acidic dipep-
tidase (NAALADase), an enzyme responsible for the hy-
drolysis of neuropeptide N-acetyl-aspartyl-glutamate to
N-acetyl-aspartate and glutamate, robustly protects neu-
rons in a rat model of stroke®2 and in a mouse model of
ischemic retinal injury.’” Another possible target is the
glutamate transporter.® There are four subtypes of glu-
tamate transporters (GLAST, GLT-1, EAAC1, and EAATS)
in the retina.'®3® By using GLAST and GLT-1 knockout
mice, 3+3% we showed that both GLAST and GLT-1
(GLAST > GLT-1) are crucial for the protection of retinal
cells from ischemic injury.®

in addition to these typical molecules involved in glu-
tamate neurotoxicity, we first demonstrated that neuron-
specific deubiquitinating enzyme, UCH-L1, is a new pos-
sible therapeutic target for ischemic retinal injury. In gad
mice, functional loss of UCH-L:1 results in the protection
of retinal neurons following ischemic injury. One of the
possible mechanisms is the accumulation of antiapop-
totic proteins Bcl-2 and XIAP. Suppression of Bcl-2 ieads
to altered mitochondrial membrane permeability resulting
in release of cytochreme ¢ into the cytosol, which can
trigger caspase activation leading to apoptosis.**2° On
the other hand, a member of the IAP (inhibitor of apopto-
sis proteins) family, XIAP, can bind to and inhibit
caspase-3 activation.?®-2® Consistently, retinal cell apo-
ptosis in gad mice is suppressed mainly in the inner retina
(Figure 3), where caspase-3 is more active than caspase-
127 These results suggest a possibility that functional
loss of UCH-L1 may lead to decreased cytochrome ¢
release from mitochondria and subsequent caspase in-
activation in gad mice. If UCH-L1 inhibition works on the
apoptotic pathway both before and after cytochrome ¢
release from mitochondria,*2® this method may have a
broader effect compared with the overexpression or sup-
pression of a single antiapoptotic or apoptotic factor,
respectively.
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On the other hand, BDNF and PCREB protein expres-
sion levels were also up-regulated in gad mice. Recent
studies have shown that trophic factors such as BDNF,
ciliary neurotrophic factor (CNTF), basic fibroblast growth
factor (bFGF), or glial cell fine-derived neurotrophic factor
(GDNF) increase RGC survival and regeneration.®®~4°
Since CREB plays a central role in mediating responses
of trophic factors including BDNF,?” enhanced release of
these trophic factors in gad mice may prevent ischemia-
induced retinal cell apoptosis. We previously showed
that, in addition to direct neuroprotection, these factors
can alter secondary trophic factor production in retina-
specific Mller glial cells, which indirectly regulate neural
cell survival,'®4€ Consistently, intraocular injection of tro-
phic factors induces the phosphorylated form of extra-
cellular receptor kinase (pERK) or c-fos mainly in Maller
cells.*”*® Thus, loss of UCH-L1 may induce neural cell
survival by stimulating both neural and glial cells. 84949

Ischemic retinal injury is implicated in a number of
pathological states, such as retinal artery occlusion, glau-
coma, and diabetic retinopathy.'®'7*%2" Accordingly,
the present results raise intriguing possibilities for the
management of these pathological conditions by modi-
fying the expression of UCH-L1 and activity of the ubig-
uitin-proteasome pathway.° Using this strategy with tro-
phic factors,'®4¢ NAALADase inhibitor,”” glutamate
transporter activators, such as bromoctyptine,®'%? or
overexpression of GLAST or GLT-1,"® may induce syner-
gic effects on multiple cellular targets to prevent isch-
emia-induced neural cell apoptosis. However, due to the
central function of the ubiquitin system in many basic
celiular processes, modulation of this system can be-
come a "double-edged sword”.’ Depletion of the free
ubiquitin pool may cause accumulation of proteins that
should be subjected to ubiguitin-dependent proteolysis.
To address these critical issues, further investigations
revealing the functional site of UCH-L1 and its involve-
ment in ubiquitin induction in vivo will be needed.
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Abstract: Fluorescent nanocrystal quantum dots (QDs) have the potential to be applied to bicimaging
since QDs emit higher and far longer fluorescence than conventional organic probes. Here we show that
QDs conjugated with signal peptide obey the order to transport the assigned organelle in living cells. We
designed the supermolecule of luminescent QDs conjugated with nuclear- and mitochondria-targeting lig-
ands. When QDs with nuclear-localizing signal peptides were added to the culture media, we can visualize
the movements of the QDs being delivered into the nuclear compartment of the cells with 15 min incuba-
tion. In addition, mitochondrial signal peptide can also transport QDs to the mitochondria in living cells. In
conclusion, these techniques have the possibility that QDs can reveal the transduction of proteins and pep-
tides into specific subcellular compartments as a powerful tool for studying intracellular analysis in vitro
and even in vivo.

Key words: Quantum dot, Signal peptide, Nanocrystal, Nuclear localizing signal, Mitochendria targeting

signal, Bioimaging

Nanotechnology is the technology of designing,
manufacturing, and utilizing the “supermolecule materi-
als” which have the specific function based on their
nanometer size. The “supermolecule” said here is a
functional unit of two meanings; (1) A supermolecule
consists of each molecule that has a certain mutual
interaction and relation with one another, (2) A super-
molecule shows its specific function as a whole mole-
cule. Ultrafine nanocrystals have been expected to be
applied widely in biomedical fields as biomaterials,
immunoassay, diagnostics, and even in therapeutics (7,
9, 18, 32, 34, 40, 41). One of them, nanocrystal quan-
tum dots (QDs), is widely used as stable and bright flu-
orophores that can have high quantum yields, narrow
luminescent spectra, high absorbency, high resistance to

*Address correspondence to Dr. Kenji Yamamoto, Depart-
ment of Medical Ecology and Informatics, Research Institute,
International Medical Center of Japan, Toyama 1-21-1, Shin-
juku-ku, Tokyo 1628655, Japan. Fax: +81-3-3202-7364. E-
mail: backen@ri.imcj.go.jp
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photobleaching, and can provide excitation of several
different emission colors using a single wavelength for
excitation (4, 19).

In the field of molecular biology, fluorescent tagging
of cells and biomolecules with organic fluorophores
such as FITC has been used for a long time for these
purposes of tracking biomolecules. But unfortunately,
the use of organic fluorophores for living-cell applica-
tions is subject to certain limitations, because most of
fluorophores photobleach easily (17). These organic
fluorophores have their broad emission bands, which
limit the number of fluorescent probes that can be
simultaneously resolved. In addition, there are a lot of
bright fluorophores, such as Hoechst® dyes and a rho-
damine 123 derivative (Mitotracker®) (20), used for
stain of nuclei and mitochondria, but these fluorophores
cannot transport proteins or other molecules to the target

Abbreviations: MPA, 3-mercaptopropanoic acid; QD, quan-
tumn dot; TOPO, n-trioctylphosphine oxide.
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Fig. 1. Schematic illustration of peptide conjugated QDs for organelle targeting and imaging. (2) Chemically synthesized
TOPO-capped QDs were replaced by MPA or cysteamine using thiol-exchange reactions. After reaction, QDs were cov-
ered with approximately 250 carboxy!l or amine groups per particle. (b) A two-step conjugation strategy of QD-
oligopeptide probes. MPA-QD (upper lane) or cysteamine-QD (lower lane) was primarily coupled with amine groups of
cysteine or serine by using EDC coupling reagents. Then amino acid-coated QDs were secondarily conjugated with tar-
get peptides by coupling between N-hydroxysuccinimidyl and maleimide groups.

organelle. On the other hand, the signal peptides with
organic fluorophore cannot trace the luminescent for
long time observation. In contrast, QDs are stabilized
over a far longer exposure-time to light and can emit
fluorescence of higher luminosity than the conventional
organic fluorescence probes (5, 8, 27). Therefore, QDs
are suitable for designing the supermolecule that sup-
plemented the biological effects to itself, and applica-
tions with QDs are now widely performed as long-time
fluorescent markers for efficient collection of fluores-
cence (3, 17,22, 24, 353).

Once our synthesized QDs were enfolded into the
hydrophobic micelles and completely dissolved in
aqueous solution, which promotes several innovations
to improve the solubility to apply for biological methods
(2, 10, 11, 23). The water-soluble QDs in our previous
method have lower stability for low pH or salt-contain-
ing buffer (14). There is very little amount of conjugate
by using these QDs, since the most of QDs were easily
aggregated under the conditions that combine QD with
peptides or protein. Therefore, we could only utilize

QDs as the high fluorescence cell-tracking markers (14,
33). We previously reported that several novel surface-
modified QDs using carboxylic acids, polyalcohols, or
amines showed various physicochemical properties
(16). In this article, we established a two-step conjugat-
ing method as shown in Fig. 1. The QDs of carboxyl
groups were primarily coupled with amine groups of
cysteine monomer, and QDs of amine groups were with
carboxylic groups of serine monomer, respectively.
The obtained amino acid-coated QDs, which were stable
for the pH changes, were secondarily conjugated with
target peptides/proteins by using their sulfhydryl and
amine groups.

Some proteins and peptides have been demonstrated
to penetrate through the plasma membrane of cells by
their protein transduction domains (12, 21, 26, 31).
Previous studies defined that protein transduction by
nuclear localizing peptides was an efficient method to
deliver proteins into the nuclei of cells (25, 37). In this
study we tried to label two functional oligopeptides
transported to nuclear localizing or mitochondria, and
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evaluated whether QD-peptide complex worked as the
specific functional supermolecule based on original
peptides.

Materials and Methods

Synthesis of hydrophilic ODs. Synthesis of ZnS-
coated CdSe nanocrystal QDs (fluorescence wave-
length: approximately 642 nm emitted red, and approxi-
mately 518 nm emitted green), which were enfolded
into the micelle of n-trioctylphosphine oxide (TOPO),
was previously reported (6, 15). 3-Mercaptopropanoic
acid (MPA) and 2-aminoethanethiol (cysteamine
hydrochloride) were used to obtain two kinds of

hydrophilic QDs (carboxyl- and amino-QDs) by thiol -

exchange methods. In the case of carboxyl-QD, 50 mg
of TOPO-QDs were dissolved into 1 ml tetrahydrofuran
(THF) in a 4 ml-volume flasket, and then 250 1l MPA
(Sigma-Aldrich, St. Louis, Mo., U.S.A.) were added.
Then the mixture was heated at 85 C for 24 hr. In the
case of amino-QD, primarily 250 mg cysteamine
(Wako Pure Chemicals, Tokyo) was heated at 85 C ina
flask (16). After melting, 50 mg/ml TOPO-QDs in
THF was dropped to the flask and heated at 85 C for 2
hr, After the reaction, the turbid solution was collected
and centrifuged at maximum speed. After it dried up,
purified water was added to the residue, and centrifuged
at maximum speed to remove the insoluble residue.
The supernatant fraction containing soluble QDs was
collected. After purified by Sephadex G-25 column
(Amersham Biosciences, Piscataway, NI, US.A),
QDs were concentrated and powderized by vacuum dis-
tillation. QDs were reconstituted in purified water
before use.

Preparation of peptide-conjugated ODs. Amino acid
sequences of three well-known functional oligopeptides
described below were chemically synthesized; nuclear
localizing  peptide (R.KC, sequenced NH:
RRRRRRRRRRRKC-COOH) (25), mitochondria tar-
geting signal sequence of cytochrome-c oxidase VIII
subunit (Mito-8, sequenced NH,-MSVLTPLLLRGLT-
GSARRLPVPRAKIHWLC-COOH) (13) or control
mitochondrial peptide (START, sequenced NH.-
STARTSTARTSTARTSC-COOH) (1). The peptides
were conjugated to QDs by a two-step reaction. Initial-
ly, 100 pm QD solution was mixed with equal volume
of 100 mM cysteine solution in coexistent with 100 mm
EDC coupling reagents (Pierce Biotechnology, Rock-
ford, 11L., U.S.A.) and continuously mixed at 4 C for 1
hr. After removed of free-amino acid by Nap-5 column
(Amersham Biosciences), about 10-fold mol of target
peptides were secondarily conjugated with QD by using
sulfo-SMCC coupling reagents (Pierce Biotech) and

~ sonicated for 2 hr at 4 C. Products were purified using

ultra-filtration membrane (NMWL 10000, Centriprep®
Millipore). Finally, purified QD-peptide conjugates
were filtrated with 0.1-ium membrane filters (Millipore)
before use. To analyze the protein content of QD-con-
jugated peptides, conjugated QDs was plated to 96-well
microplate and RC-DC Protein Assay reagent (Bio-
Rad, Hercules, Calif., U.S.A.) was added. Six hundred
fifty nanometer absorbance was measured by
microplate reader (Bio-Rad). MPA-coated QD without
coupling with any peptides was used as negative control.

Assessment of OD-uptake by cells. Vero cells were
cultured in DMEM/F12 supplemented with 5% heat-
inactivated fetal bovine serum at 37 C. To avoid the
non-specific binding of QDs on the glass, 10 mm glass-
based culture dish (Matsunami Glass Industries, Japan)
was pre-coated with poly-L-lysine (Peptide Institute
Co., Ltd., Osaka, Japan). The cells were plated at a vol-
ume of 1X10° cells/well on a glass-based dish. Then
cells were stimulated with the indicated concentration of
QD-peptides. After incubation, the cells were washed
with PBS 5 times to remove the non-specific binding
QDs, and the cells were fixed, and embedded in the
glycerol containing 0.1% sodium azide, In the case of
co-localization assay, cells were observed with a confo-
cal microscopy MRC-1024 (Bio-Rad). Time course of
R, KC-coated QDs was examined on the fluorescence
microscopy system equipped with a CO, incubator (IM-
310 cell-culture microscope system, Olympus, Japan).
Images were acquired with a digital camera DiX
(Nikon) under fluorescent microscopy IX-81 (Olympus)
using WIR mirror unit to adjust excitation wavelength
over 610 nm.

Results and Discussion

Some oligopeptides have been demonstrated to pene-
trate across the cellular membrane by their protein
transduction domains and specifically located to their
designated organelle (12, 21, 26, 31). Previous studies
showed that the protein transduction by nuclear localiz-
ing signal oligopeptide was an efficient method of
delivering proteins into the nuclel of cells (37). To
establish the supermolecule design that supplemented '
the biological effects to nanocrystal, we conjugated two
kinds of functional NLS and MTS oligopeptides, which
were transported to nuclear or mitochondria (13, 25).
Then we evaluated that QD-peptide complex worked as
the specific supermolecule those functions were based
on their original peptides.

For the achievements of assemble QD-supermole-
cule, we established a two-step conjugating method as
shown in Fig. 1. Briefly, QDs were coupled with amino
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Fig. 2. Physicochemical properties of oligopeptide-conjugated QDs. (a) Particle size distribution of various
QDs in aqueous solution (left) was measured by dynamic light scattering methods. Values are the mean=*stan-
dard deviation of the data measured 12 times, respectively. Surface {-potential of QDs (right) was measured by
electrophoresis. The line shows the electrophoretic mobility of these QDs in the stationary layers of 30 assays.
Data shows the average of 30 assays. (b) Relative fluorescence intensity of QDs solution (10 [1M) were measured
by fluorospectrometer. QDs were excited by 365 nm wavelength (UV-A) and luminescence intensity of peak

emission wavelength (519 nm) was detected.

acid at the first step, and secondarily coupled with the
target oligopeptide. We prepare two kinds of QD
whose surfaces were covered with carboxyl and
sulfhydryl, and with NH, and hydroxyl groups, respec-
tively. MPA-QDs were primarily coupled with amine
groups of cysteine by using EDC coupling reagents
(cys-QD). In the case of amine-QDs, they were also
coupled with carboxylic groups of serine (ser-QD).
The surface of the obtained QD was covered with
approximately 450 amino acids per particle (data not
shown). Both of the newly obtained amino acid-coated
QDs, which were stable for changes of pH, were secon-
darily conjugated with target peptides by coupling with
their sulfhydryl and amine groups by sulfo-SMCC
reagents. In this study, we conjugated two kinds of sig-
naling peptide; nuclear localizing signal (NLS)
oligopeptide R, KC (25), and mitochondria targeting
signal (MTS) oligopeptide Mito-8 (13). Mito-8 pep-
tides were coupled with cys-QDs, and basic RuKC-pep-
tides were with ser-QDs, respectively. The number of
peptide with QDs were calculated based on RC-DC
protein assay, indicating that QD-R,,KC and QD-Mito-8
were covered with 48 and 62 peptides per particle,
respectively (data not shown). To assess the change of
physicochemical properties of QDs after conjugated

with oligopeptides, the particle size and surface potential
of peptide-conjugated QDs were observed by a dynamic
light scattering method. This surface potential of QDs
was drastically changed after conjugated with peptides
(Fig. 2a). In this labeling method, the average of the
observed particle size distribution tends to increase,
because it is hardly avoidable to control the excess
polymerization. Previously, we tried to target signal
peptides directly to MPA-QDs, resulted in aggregation,
especially in the case of amine-rich oligopeptides
because of salt-formation between carboxylic groups of
QD and amine groups of target peptides (16). This
novel two-step method enables to QDs labeled even in
amine-rich basic oligopeptides such as R,,KC. Our pre-
vious study demonstrated that the fluorescence intensity
of QD was also dramatically changed by the surface-
covered molecules of QD particle (16, 22). We previ-
ously tried to cover QDs directly with cysteine
monomer, which resulted in losing luminescence during
the labeling process, because of electron leakage
through the surface NH, group (16). Therefore, we
assessed whether the fluorescent intensity of QDs
changed or diminished during the peptide coupling
process. After the first reaction step, slight change of
luminescent intensity was observed. But the fluores-
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(a)

(b)

NIBA WIY

Hoechst33342

Fig. 3. Localization of R KC-conjugated QDs to nucleus. (a) Cells were pre-stained with Hoechst®33342, and
stimulated with FITC-labeled QD-conjugated R,,KC peptide (1 puM final) for 3 hr at 37 C with 5% CO, condi-
tion. (b) Cells were pre-stained with Hoechst®33342, and stimulated with QD-R''KC (1 pum final) for the indi-
cated time at 37 C under 5% CO, condition with a culture fluorescence microscope (IM-310 systern, Olympus).
Images were taken using D1X digital camera (Nikon) equipped with IM-310 system at the indicated time by a 3
sec exposure. Bars indicated 10 pm.
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Fig. 4. R, KC-conjugated QDs were accumulated in nucleous. Cells were stimulated by R, KC-QD as described
in Fig. 3. The cells were observed by confocal microscopy. The images are collected in the Z-direction at the
span of 0.1 \m. Bars indicated 10 m. Magnifications: X120.

Anti-mitochondria Ab
(Alexa488)

Anti-mitochondria Ab
(Alexa488)

Mito8-QD640

control peptide-QD840

Merged

Merged

Fig. 5. Mitochondria images of Vero cells. Vero cells were stimulated with 1 pM with Mito-8 QD640 (a—c) or
control START QD640 (d—f), and incubated for 12 hr under 37 C conditions. Cells were then fixed, and stained
with anti-human mitochondria (M2) antibody. The cells were observed by fluorescent microscopy. Bars indi-
cated 10 pm. '

cence intensity enhanced remarkably after the sec-
ondary coupling with the target peptide (Fig. 2b). This
result suggested that covering QD with the high molec-
ular weight polymer such as polypeptides might prohib-
it the leakage of electron and might contribute to the
continuative electron-rich condition of whole QD parti-
cle.

Next we evaluated whether the function of signal
peptides would be held after conjugated with QDs. To
confirm this, FITC-conjugated R,,;KC peptides were

conjugated with QD640 (fluorescence 640 nm, emitted
red) and added to the cultured COS7 cells. We previ-
ously reported that QD without any peptides resulted in
cellular-uptake into endosome by endocytotic pathways
(17, 33). In this case, the red fluorescence from QD
was located in nucleus and co-localized with that from
FITC (Fig. 3a). This result indicated that QDs with
nuclear peptides acquire another function that was
based on R, KC peptides. Unlabeled R, KC remained in
this study because the labeling efficiency of QDs with
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Mito8-QD

START-QD

Mito Red

Mito Red

Fig. 6. Living mitochondria images by confocal microscope. Vero cells were cultured with 1 um QD520-Mito8 (a—¢)
or QD520-START (control peptide, d-f) for 12 hr under 37 C conditions. Then cells were co-stimulated with
MitoRed® mitochondria staining reagents (Dojindo Laboratories) for more additional 1 hr. After stimulation,
cells were observed by confocal microscopy as shown in Fig. 4. Bars indicated 20 pm. Magnifications: X80.

Ry KC-OD64

Mitos- QD520

Merged

Fig. 7. Two kinds of signal peptide-QD showed independent behavior in the cells. Vero cells were co-stimulated
with 1 pm QD640-Mito8 (emitted red) and QD-R,,KC (emitted green) for 12 hr under 37 C conditions. After
fixed, the cells were observed by confocal microscopy. Bars indicated 20 pm.

oligopeptides was approximately 40% in this method
and almost all of the FITC-tagged R, KCs were not
Jabeled with QDs. This result indicated that the Ri,KC-
QD has the same capability to localize into a nucleus as
original ones. It is already reported that R, KC peptide
is rapidly localized into a nucleus by incubating for 10
min (25, 39). Then we tried to track the footmark of

R, KC peptide into nucleus in living cells for 15 min.
Vero cells were treated with R, KC-conjugated QD640
and continuously observed under a culture fluorescent
microscopy (Fig. 3b). The penetration from the cell
membrane to nuclei was observed about 30 sec after
incubation, and precedently located into nucleus after 1
min. R,KC-QDs were gradually accumulated the
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whole nucleus during 15 min incubation. To investi-
gate the localization of R,,KC-QDs into the nucleus,
QDs distribution in the nucleus was observed by confo-
cal microscopy (Fig. 4). R, KC-QDs were dispersed in
the whole nucleus and partially accumulated in nucleo-
lus. In this study, we demonstrated that QDs as well as
other fusion protein could also transit into nucleus with
the help of nuclear signaling peptides.

Next we assessed the function of mitochondria signal
peptides with QDs (Fig. 5). Mito-8 peptide- and control
START peptide-coated QD640 (fluorescence 640 nim,
emitted red) were incubated with cells and stained with
anti-mitochondrial antibody. QD-red signal with Mito-8
gave raise to yellow in merged images (Fig. 5¢). In
contrast, red fluorescence emitted from control START
peptides was not co-localized with that of mitochondria
signal (Fig. 5f). Then we tried to visualize mitochondria
distribution in living cells. Mito§-QD520 peptide was
co-cultured with MitoRed® mitochondria staining dyes
(Dojindo Laboratories, Japan). After incubation, the
cells were observed by confocal laser microscopy (Fig.
6). QD-Mito-8 green luminescences from QD520 were
also co-localized with conventional mitochondria
probes. These results indicated that QDs with function-
al oligopeptides possessed dual functions to localize
specific organelle and to emit high detectable fluores-
cence. Then we demonstrate the mixture of those two
peptide separately move to their assigned organelle.
The mixture of R, KC-QD640 and Mito-8-QD520 were
added to the Vero cells (Fig. 7). Red luminescence
from R, KC was separated from green ones from Mito-8
and not co-localized with each other, implying that QDs
with functional peptides were individually transported to
the target organelle. :

Now several groups have reported that QDs conju-
gated with antibodies and some peptides for biological
assays and cellular imaging in vitro and in vivo were
demonstrated as brighter and longer lifetime probes
(27-30). In this article, we demonstrated the various
signal peptides conjugated with fluorescent QDs to both
deliver QDs into living cells and selectively target spe-
cific organelles in living cells. In addition, these pep-
tides-QD complexes have ability to translocate itself
across the cell plasma membrane and can subsequently
home to their specific targets such as the nucleus or the
mitochondria. These results indicated that we succeed-
ed in adding the new function as “information” to QDs
by conjugating them with peptides. Our previous stud-
ies showed that QD-conjugated albumin and QD-glyc-
erol can be targeted to the endosome and cytoplasm,
respectively (14, 17). We showed in this article that
QDs with targeted peptides can be also transported to
nuclei and mitochondria. These techniques have the

possibility that QDs can reveal transduction of proteins
and peptides to specific subcellular compartments in
vitro and even in vivo as a powerful tool for conducting
intracellular analysis. We suggest that this technology
could have a significant impact on the field of molecular
and cellular biology as well as biotechnology. Recently,
the plan that applied a novel nanomaterial such as
nanocrystal QDs to the medical field attracted attention
as one of the industrial applications of nanotechnology.
And what is more, it is expected that QDs will be
applied in the medical field for the innovative investiga-
tion, diagnosis and treatment of various diseases (8, 36,
38). It is very important to produce nanometer-sized
materials with biological function, since we have no
“designed material” which can arbitrarily penetrate
nanometer-size gaps such as the skin, membrane, a
blood vessel, and so on. This study demonstrates that
these surface modifications of functional molecules
combined with nanoparticles may work as bio-nanoma-
chines conforming to the functions designated by their
surface molecules. Nanormaterials have a great capacity
of changing even the concept of existing diagnosis and
medical treatment, by giving functions such as the phar-
macological and magnetic effects, by giving the infor-
mation of the specificity to tissue or organs in vivo.
Novel nanomaterials including QD-supermolecules can
be utilized as a transporter of the intracellular drug and
gene delivery tools in the future.
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Abstract

Dominant-negative mouse prion protein (PrP) with a
lysine mutation at codon 218 (Q218K) is known to inhibit
prion replication. In order to gain further mechanistic
insight into such dominant negative inhibition, non-
glycosylphosphatidylinositol  (GPI)-anchored recombi-
nant PrP with Q218K (rPrP-Q218K) was investigated.
When applied into scrapie-infected mouse neuroblastoma
(ScN2a) cells, rPrP-Q218K but not wild-type rPrP (irPrP-
WT) exclusively inhibited abnormal protease-resistant
pathogenic isoform (PrP%) replication without reducing
the viability of the cells. It was even more efficient than
quinacrine, which has already been prescribed for
sporadic Creutzfeldt-Jakob disease (CJD) patients;, 50%

effective concentration (ECs))=0.20 uM, 99% effective
concentration (ECy) =086 uM vs. ECs,=0.45 uM,
ECy=1.5 uM. Besides, no apparent cell damage was
observed at the concentration of up to 4.3 uM (100 pg/
mi). In combination treatment with 0.43 M (10 pg/ml) of
rPrP-Q218K, ECyy of quinacrine was decreased from
1.5 uM to 0.5 uM, and the cell viability was recovered

rom 50% to over 90% as inversely proportional to the
. y prop

concentration of quinacrine. Such combination could
alleviate the side effects of quinacrine by reducing its
effective concentration without changing or even accel-
eration the inhibition efficacy. Since homogeneous, high-
quality rPrPs could be easily prepared from Escherichia
coli in large quantities, rPrP-Q218K is a good candidate

for a prion replication antagonist.
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Introduction

uman prion disease or transmissible spongiform
H encephalopathy (TSE), such as sporadic Creutz-

feldt-Jakob disease (CID) and variant CJD
transmitted from bovine spongiform encephalopathy
(BSE) constitutes a group of invariably fatal neurodegen-
erative disorders'2. Prion protein (PrP) consists of two
isoforms, one is a host-encoded cellular isoform (PrpP®)
and the other is an abnormal protease-resistant pathogenic
isoform (PrP%). The latter is a causative agent of prion
disease. PrP% stimulates the conversion of PrP¢ into
nascent PrPs, and the accumulation of PrP* leads to the
central nervous system (CNS) dysfunction and neuronal
degeneration®.

A human polymorphic lysine variant at codon 219
(B219K) in the Japanese population, known to render
humans resistant to sporadic CID**, acts as a dominant
negative in scrapie-infected mouse neuroblastoma
{ScN2a) culture cells after gene transfection®”  and
transgenic mice expressing lysine at codon 218 in mouse
PrP (mouse Q218K, which corresponds to human
E219K)*. Of note, such a genetic population with
E219K and the transgenic. mice with Q218K complete
their life span with no apparent phenotypic abnormality™*.

We now demonstrate that administration of non-
glycosylphosphatidylinositol (GPl)-anchored recombinant
PrP (rPrP) with Q218K mutation (rPrP-Q218K) but not
wild-type tPrP (rPrP-WT) exclusively inhibited the PrP™
formation in ScN2a cells, even more efficiently than
quinacrine, which has already been prescribed for CID

patients, and no apparent cell damage was observed up to

5-fold higher concentrations of a 99% effective concen-
tration (ECy). When combined, rPrP-Q218K efficiently
reduced the effective dosage of quinacrine, and thus
rendered ScN2a culture cells more viable. Such a
combination could alleviate the side effects of quinacrine
by reducing its effective concentration without changing
or even accelerating the inhibition efficacy. Since
homogeneous, high-quality rPrP could be easily prepared
from Escherichia coli in large quantities, rPrP-Q218K
might be a good candidate as a prion replication
antagonist.

Materials and methods

Expression plasmid construction

The gene, mouse (Mo) PrP(23-230), coding for
residues 23-230 of mouse PrP was PCR-amplified from
mouse brain cDNA using the oligonucleotide primers (5'-
GGAATTCACCATGAAAAAGCGGCCAAAGCCTGG-
AGGG-3" and 5-CCGCTCGAGTCAGGATCTTCTCC-

CGTCGTAATAGGC-3') and cloned via EcoR/ and Xho!
sites into the plasmid pBluescript II SK(+) (Stratagene,
La Jolla, CA). The genes for 3F4-tagged MoPrP
(MHM2PrP) were also cloned using PCR amplification
from pSPOX-MHM2PrP™'" as above. The Q218K muta-

" tion was generated by PCR-directed mutagenesis using

primers (5'-ATGTGCGTCACCCAGTACAAAAAGGA-
GTCC-3' and 5-ATAGGCCTGGGACTCCTTTTITG-
TACTGGGT-3'). The DNA fragments were cloned into
a modified-pET-11a (Invitrogen, Carlsbad, CA), pEY2, of
which EcoRI and Xho! sites were introduced as multi-
cloning sites, via EcoRl and Xho! sites.

Purification of recombinant prion proteins (iPrPs)

The rPrPs were expressed as inclusion bodies in the
E. coli BL21(DE3) (Stratagene) in the presence of
0.1 mM Isopropyl-p-D-thiogalactopyranoside (IPTG).
The inclusion bodies were collected from sonicated
lysates by centrifugation at 27,000 x g for 10 min,
washed three times in Buffer A (2 M urea, 50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 2 mM B-mercaptoethanol
(8-ME), 0.5 mM Phenylmethylsulfonyl fluoride (PMSF)),
and solubilized in Buffer B (8 M urea, 25 mM Tris-HCl,
pH 7.5, 2 mM B-ME, 0.5 mM PMSF). After centrifuga-
tion (200,000 x g, 30 min), the supernatant was applied
to a CM-Sepharose column (Amersham Bioscience,
Piscataway, NJ), washed with Buffer B containing
100 mM NaCl and eluted with Buffer B containing
150 mM NaCl. The eluate containing rPrP was applied to
an Ni-NTA agarose column (Qiagen, Valencia, CA),
washed with Buffer B containing 5 mM imidazole and
eluted with Buffer B containing 200 mM imidazole. The
eluate was diluted 10-fold 1 M arginine-HCl, pH 8.0,
I mM reduced glutathione, 0.8 mM oxidized glutathione
and incubated at 4°C overnight. After incubation at 37°C
for 10 min, the refolded recombinant proteins were
concentrated and buffer-changed into phosphate buffer
saline (PBS) by Ultrafree-15 10K NMWL (Millipore,
Billerica, MA). Concentrations of rPrP were calculated by
the absorbance at 280 nm with specific absorbance unit
(L — temy Of 2.70.

Inhibition assay of PrP% accumulation in ScN2a cells
ScN2a cells were grown and maintained as de-
scribed'’. Twenty-four hours after splitting, cells were
incubated in a fresh medium containing the appropriate
concentration of rPrP and/or quinacrine (Sigma, St. Louis,
MO) or the same volume of PBS as a negative control and
incubated for 3 days. Quinacrine was dissolved in PBS.
Cell lysis and proteinase K (PK) digestion were
performed as described?. PK-insoluble pellets and PK-
undigested samples were subjected to 12% SDS-PAGE
and Western blotting using standard procedure. Anti-PrP
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monoclonal antibody (mAb) 6H4 (1:5000; Prionics,
Schlieren, Switzerland) or «-tubulin mAb (1:10000;
DMI1A, Sigma) was used as the primary antibody, and
horseradish  peroxydase-conjugated anti-mouse IgG
(1:5000; Cappel, West Chester, PA) was used as the
secondary antibody. Immunodecorated bands were visua-
lized by the ECL-plus (Amersham Bioscience). For
evaluating the accumulation of PrP%, the PK-resistant
bands were quantified by densitometry (LAS-1000;
Fuyjifilm, Tokyo, Japan). Average values of at least three

_ independent experiments were plotted as percentage of

the amount of PrP* found in equivalent untreated ScN2a
cells on the day of collection.

Cytotoxicity assays

The cytotoxicity of rPrP and quinacrine in ScN2a
cells was evaluated by the WST-§ assay (Cell Counting
Kit-8, Dojindo Lab, Kumamoto, Japan) measuring the
formation of a yellow color formazan dye produced by
dehydrogenase activities in viable cells from 2- (2-
methoxy-4-nitrophenyl)- 3- (4-nitrophenyl)- 5- (2,4-dis-
ulfophenyl)- 2H- tetrazolium, monosodium salt (WST-8).
ScN2a cells (4 x 10 <"/well) were cultured at 37°C for
24 h in 96-well plates, incubated in the medium contain-

. ing the appropriate concentration of drugs for 48 h and

were subjected to WST-8 assay according to the
manufacturer’s protocol.

FIGURE 1: Dose-dependent inhibition of PrPS° formation in
ScN2a cells with rPrP-Q218K. (A) PrPS° signals in ScN2a
culture cells are compared by immunoblotting in the
presence of rPrP-Q218K or tPrP-WT at 0 — 1.7 uM (0 -
40 pg/mi). (0) represents untreated cells, and (Q) repre-
sents positive controls treated with 1.5 uM of quinacrine.
PrP®° is detected with anti-PrP mAb (6H4) after proteinase

"K (PK) digestion {20 pg/mi, 1 h, 37°C, 1st row), and total

PrP (PrPC and PrP%°) is detected without PK digestion (2nd
row). After incubation with rPrP-Q218K, PrPS® in ScN2a
cells is reduced in a dose-dependent manner, whereas the
administration of rPrP-WT by up to 1.7 uM (40 ug/ml) does
not change PrPS® formation. Total PrP remains unchanged
in both treatments. The same undigested cell lysates are
stained with «tubulin mAb (DM1A, Sigma, St. Louis, MO).
(B) Densitometric measurements of PrPS° signals in panel
A. All data represent the mean values { + SD) from at least
three independent experiments. (C) Cell viability is deter-
mined by the WST-8 assay, in which the absorbance values
indicate the yield of colored formazan in proportion to total
number of viable cells. Each point represents the mean
absorbance value (4 SD) calculated from four sets of
experimental data. Up to 4.3 M (100 pug/mi) of rPrP-Q218K
doesn’t reduce the viability of ScN2a cells.
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FIGURE 2: Additive inhibition of PrPS® formation by the
combination of rPrP-Q218K and quinacrine. (A) PrPse
signals in ScN2a cells are compared by immunoblotting in
the presence of quinacrine and/or rPrP-Q218K (see legend
to Figure. 1A). PrP% level in ScN2a cells is additively
reduced. (B) Densitometric measurements of PrP*° signals
in panel A (see legend to Figure. 1B). Open squares,
quinacrine; filled circles, quinacrine with 0.22 uM (5 pg/ml)
of rPrP-Q218K; open triangles, quinacrine with 0.43 uM
(10 ug/ml) of rPrP-Q218K. The inhibition on PrPS° formation
with quinacrine with rPrP-Q218K is more effective than that
of quinacrine alone. (C) Cell viability is determined by the
WST-8 assay (see legend to Figure. 1C). The treatment of
quinacrine damages the cell viability in a dose-dependent
manner. '

Immunofluorescent microscopy

For indirect immunofluorescence analysis, mouse
neuroblastoma (N2a) cells grown on glass cover slips in
the presence of 0.43 uM (10 pg/ml) of tPrP with 3F4
epitope (MHM2 rPrP) for 3 h were rinsed with PBS
without Ca?* and Mg?* (PBS( —)) and then fixed with
2% formalin in 70% PBS(—) for 15 min at room
temperature. After four washes, the fixed cells were
incubated 10% FBS in PBS(—) for 30 min at room
temperature. They were then incubated for 1 h at room
temperature with anti-SHaPrP 3F4 mAb (1:200; Sigma)
and anti-asialo-GM1 antibody (1:200, CALBIOCHEM,
La Jolla, CA) as a marker of rafts. After four washes with
PBS ( —), the cells were incubated with Alexa 488 Fluor-
conjugated goat anti-mouse IgG (1:500, Molecular
Probes, Eugene, OR) and Alexa 594 Fluor-conjugated
goat anti-rabbit 1gG (1 : 100, Molecular Probes) for 1 h at
room temperature. The cells were washed 4 times with
PBS( — ) and mounted with SLOW FADE (Molecular
Probes) and observed using Delta Vision Microscope
Systems (Applied Precision, LLC).

Surface plasmon resonance (SPR) measurement

A BlAcore 3000 system (BlAcore AB, Uppsala,
Sweden) was used to analyze molecular interactions by
means of SPR. rPrP-WT at 500 ug/ml was diluted 1:10
with 10 mM sodium acetate buffer at pH 6.0 and
immobilized to a sensor chip CMS5 (carboxymethylated
dextran surface) using amine coupling according to the
manufacture’s instructions. Samples for analyte proteins
were diluted (3.2 x 10 ~* ~°® ug/ml) in the running buffer
(10 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% Surfactant P20), and injected over the
surface at 4°C with a flow rate of 20 ul/min. Each
sensorgram was subtracted for the response observed in
the control flow cell containing a blank surface and results
were analyzed by using BIA evaluation SPR kinetic
software (BlAcore).

Results

Purified rPrP-Q218K or rPrP-WT was added into the
culture media of ScN2a cells at the designated concentra-
tions and incubated for 3 days (see Materials and
methods). Ultracentrifugation using a sucrose density
gradient revealed that these rPrPs were monomeric (data
not shown). While PrP% formation was not altered by up
to 1.7 uM (40 pg/ml) of rPrP-WT (Figure 1A), it was
dramatically reduced in rPrP-Q218K-treated ScN2a cells;
50% effective concentration (ECs,) was 0.19 uM (4.5 ug/
ml) and ECy was 0.86 uM (20 ug/ml) (Figure 1B) in a
concentration-dependent manner (Figures 1A, 1B). Of
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