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Abstract: We have established an animal model of coronary arteritis which is histopathologically similar to
that observed in cases of Kawasaki disease (KD), is a well-known childhood vasculitis syndrome. Coronary
arteritis in this mouse model has been induced by intraperitoneal injection of Candida albicans-derived
substances (CADS). Arteritis varied by mouse strain with the highest incidence by 71.1% (27/38) found in
C3H/HeN mice, but absent in CBA/JN mice (0%, 0/27), suggesting association of genomic background to
develop the disease. The present study aims to elucidate the susceptibility loci associated with coronary
arteritis by using this animal model. The assaciation of the onset of arteritis with polymorphic microsatel-
lite markers between the two strains was examined using one hundred and fifteen of N1 backcross progeny
[(CBA X C3H)F1x C3H]. Based on our analysis, arteritis-susceptibility loci with suggestive linkage were
mapped on DIMit171 and DIMit245 (map position 20.2 ¢cM) on chromosome 1 (P=0.0019). These loci
include several kinds of inflammatory cytokine receptors, such as interleukin 1 receptor and tumeor necro-
sis factor receptor. We also found the cytokine response against CADS, levels of inflammatory cytokines
interleukin-1B, tumor necrosis factor-a, and interleukin-6 in sera increased within 24 hr after CADS
injection. Qur results may indicate based on genomics that ligand-receptor interaction between these

inflammatory cytokines and the receptors of these cytokines may affect the onset of arteritis.

Key words: Kawasaki disease, Arteritis, Candida albicans, Interleukin 1 receptor, Chromosome mapping

Kawasaki disease {KD) is an acute febrile mucocuta-
neous syndrome with systemic vasculitis mainly affect-
ing infants and small children. The principal symptoms
of KD are fever, congestion of ocular conjunctivae, red-
dening of lips and oral mucosa, swelling and reddening
of palms and soles followed by peeling of skin,
swelling of cervical lymph nodes coincidentally with
systemic vasculitis (9). Inflammation of medium-sized
muscular arteries, especially the coronary artery, is
commontly associated with this disease. Ischemic heart
disease with thrombotic occlusion, originating from
coronary arteritis is a severe complication of KD.
Histopathologically, it was reported that arteritis defined

*Address correspondence to Dr, Toshiaki Oharaseki, Depart-
ment of Pathology, Chashi Hospital, Toho University School of
Medicine, 2—-17-6 Ohashi, Meguro-ku, Tokyo 153-8513, Japan.
Fax: +81-3-3468-1283. E-mail: oharasek@muc.biglobe.ne jp

181

as ‘productive granulomatous inflammation’ was typical
in KD cases (15, 19). This type of inflammation con-
sists of dense infiltration of both neutrophils and histio-
cytes accompanied with a few lymphocytes. Mecha-
nisms of developing arteritis in the patients with KD

Abbreviations: CADS, Candida albicans derived substances;
¢M, centi-morgan; ELISA, enzyme-linked immunosorbent
assay; EvG, Elastica van Gieson; HE, hematoxylin and eosin;
IFN-y, interferon-v; IL, interleukin; fiJr], interleukin-1 receptor
type 1; I1r2, interleukin-1 receptor type 2; KD, Kawasaki dis-
ease; MCLS-6, mucocutaneous lymphnode syndrome-6; MPO,
myeloperoxidase; MPO-ANCA, myeloperoxidase-antineu-
trophilic cytoplasmic antibody; PCR, polymerase chain reaction;
QTL, quantitative trait of loci; TNF-¢t, tumor necrosis factor o;
Tnfrsflb, TNF receptor superfamily member Ib; Tnfrsf8, TNF
receptor superfamily member 8; Trfrsf?, TNF receptor super-
family member 9.
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remain fo be determined; however, there are some
reports that coronary arteritis is affected by genetic
polymorphism of several kinds of inflammatory
cytokines, such as tumor necrosis factor o (TNF-cx) (8),
and interleukin-6 (IL-6) (7). Appropriate animal models
of KD will allow for the clarification of the mechanisms
governing the development of arteritis, and possibly,
specific treatments for this disease. One of the animal
models of arteritis that exist is the MRL/lpr mouse
model. It is the standard animal model for studying
systemic lupus erythematosus, with a common afflic-
tion to spontaneous arteritis. In MRL/lpr mice, some
genes associated with arteritis have been elucidated (5).
Recently, it was reported that arteritis in different tis-
sues were under the contro] of different susceptibility
loci (21).

Some infectious microorganisms, such as Staphylo-
coccus aureus (11), Streptococcus sanguis (16), Strepto-
coccus pyogenes (22), and Rickettsia (6) have been con-
sidered likely etiology candidates for this disease,
though the primary causes remain unclear. These
microorganisms are considered to act as the initial trig-
ger for the development of arteritis in the patients with
KD. Therefore, the initial trigger by an infectious
microorganism is necessary for ideal model of KD to
induce arteritis. However, this spontaneous arteritis
model may not be well suited as an animal model for
KD. On the other hand, Murata (13) has established a
unique arteritis model that has been evaluated as an ani-
mal model of KD. In this model, arteritis induction is
ascertained by injecting mice with alkaline extract of
Candida albicans as an experimental arteritis. It should
be noted that the quantity of this yeast was observed to
be in elevated in stool samples of KD patients (14),
The histology of this experimental arteritis model is
similar to that of an autopsy case of KD (2). In this
model, genetics in mice may have an influence on the
development of arteritis. It was shown that the inci-
dence of coronary arteritis varied by mouse strain, with
the C3H/HeN mice having the highest incidence and
coronary arteritis being absent in CBA/JN strains (20).

To identify susceptibility loci to the coronary arteritis,
we analyzed coronary arteritis in [(CBA/IN XC3H/HeN)
X C3H/HeN]IN1 backcross progeny. The evidence pre-
sented herein shows that the susceptibility loci are
linked to genes of several inflammatory cytokine recep-
tors found in the coronary artery.

Materials and Methods
Chemicals. Sabouraud-2% dextrose broth (MERCK,

Darmstadt, Germany) was used as culture medium.
Sodium chloride, potassium hydroxide, acetic acid,

ethanol, acetone, diethyl ether (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and n-octyl alcohol
(Kanto Chemical Co., Tokyo) were used for polysac-
charide extraction from the cell wall of C. albicans.

Genomic DNA was isolated from whole blood
obtained from the tail of animals using the QIAamp
DNA mini kit (Qiagen, Hilden, Germany). FAM
labeled primers for microsatellite markers were pur-
chased from SIGMA Genosys Japan (Ishikari, Japan).
Amplification and labeling of each microsatellite locus
were performed by using Z-Tag polymerase (TaKaRa,
Kyoto, Japan).

Animals. Mice, CBA/INCrj (CBA/IN) and
C3H/HeNCrj (C3H/HeN), were purchased from
Charles River Japan (Astugi, Japan). Using C3H/HeN
and CBA/IN strains, (C3H/HeN femaleXCBA/IN
male)Fl, (CBA/IN femaleXC3H/HeN male)F1, and
[(CBA/INXC3H/HeN)F1 XC3H/HeN]N1 were pre-
pared. NI backcross progeny, 4-week-old males, were
used for the linkage analysis (n=115), These mice
were housed in a specific pathogen-free animal quarter
and cared for under strict ethical guidelines,

Preparation of alkaline extract of C. albicans (CADS).
CADS were prepared as follows. C. albicans (strain
MCILS-6) isolated from the feces of patients with typical
Kawasaki disease, was cultured in Sabouraud’s dextrose
medium with 2% glucose at 37 C. After a 72-hr incuba-
tion period, the yeast was harvested by centrifugation
and extracted sequentially with boiling water, 0.1 M,
and 0.5 M potassium hydroxide. After neutralization
with acetic acid and dialysis against distilled water for 3
days, the extract was precipitated with ethanol. Four
milligrams of the CADS, suspended in 0.2 ml of phos-
phate-buffered saline without calcium and magnesium
(PBS(—)), were prepared as the inoculants.

Experimental schedule. Inoculation was conducted
as described in the previous procedures (13). Namely,
mice were injected once daily with 0.2 ml of inoculate
intraperitoneally for 5 consecutive days during the first
and fifth week. Each mouse was sacrificed with carbon
dioxide asphyxiation at the ninth week and autopsied.

Histopathological evaluation of arteritis. The fol-
lowing visceral organs were obtained for histopatholog-
ical examination: heart, aorta, kidney, lung, liver, pan-
creas, spleen, thymus, testis, muscle of hind leg, and
spine. These specimens were fixed in 10% formalin
and embedded in paraffin. Hematoxylin and eosin (HE)
and Elastica van Gieson (Ev(G) stains were performed
by routine histological techniques. Arteritis in individ-
ual mice was determined using light microscopy. A
mouse with inflammation involving all layers of coro-
nary artery and/or the aortic root was considered posi-
tive for coronary arteritis and used for linkage analysis.
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Microsatellite markers. Two hundred and fifty-six
markers (Fig. 1} were used for the linkage analysis
between C3H/HeN and CBA/IN mice. Amplification
and labeling of specific microsatellite loci were per-
formed by using the polymerase chain reaction (PCR)
with FAM labeled primers. Amplified DNA was ana-

183

lyzed with automated fragment analyzer ABI3700 and
genotyped by Genescan software (Applied Biosystems,
Japan).

Linkage analysis. Genotype distribution was com-
pared among affected and non-affected N1 mice. Since
the trait distribution was similar, we performed non-
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Fig. 1. A list of markers examined difference between C3H and CBA mouse in a total 256 markers.
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parametric statistical analysis for establishing genetic
linkage. Contingency tables consisting of affected and
non-affected C3H/C3H and C3H/CBA strains were
constructed, and chi square (%) tests were performed
with one degree of freedom. As recommended by Lan-
der and Kruglyak, P<<0.0034 (3*>8.58) were the
thresholds for suggestive linkage (10).

Production of inflammatory cytokines after exposure
to CADS. To clarify the inflammatory cytokine
response against CADS, we also examined the sequen-
tial change of serum cytokines after intraperitoneal
injection of CADS. Twenty milligrams of CADS sus-
pended in 0.2 ml of PBS(—) was injected intraperi-
toneally to C3H/HeN. Sera were obtained from sacri-
ficed mice at each time (N=35) for 14 days after injec-
tion of CADS and then frozen at —80 C. Serum
cytokines, such as interleukins IL-1B, IL-4, IL-6, IL-12,
TNF-o, and IFN-y were measured by using ELISA
assay kits: IL-1p, IL-4, IL-6, IL-12, and TNF-o (Gen-
zyme, Mass., U.5.A.), and IFN-y (Pierce ENDOGEN,
Qld, Australia).

Results

Histological Observations of Arteritis

Table 1 shows the incidence of vasculitis in the coro-
nary artery and/or the aortic root in
(CBA/INXC3H/HeN)F1, (C3H/HeN X CBA/IN)F1, and
[(CBA/INXC3H/HeN)X C3H/HeN]N1 was 0%, 16.7%,
and 20.7% respectively, while that in C3H/HeN parents
was 71.1% (27/38), but in CBA/IN absence (0%, 0/27).
Most cases of vasculitis were observed in the aortic root
and/or the coronary artery (Fig. 2). All layers of these
vessels showed severe inflammation, which is defined as
‘productive granulomatous inflammation, but fibrinoid
necrosis was rarely determined.” Intima showed various
degrees of fibrocellular thickening associated with the
lumen of coronary artery became stenotic. In addition
to the disruption of internal and external elastic laminas,
smooth muscle cells in media deteriorated from severe
inflammation. Furthermore, the destruction of the nor-
mal structure of the coronary artery in some cases
caused aneurismal dilatation. However, neither throm-
botic occlusion nor myocardial infarction was observed.
Histological differences of arteritis between N1 and
C3H/HeN was not elucidated. Arteritis in other visceral
organs such as renal artery, testicular artery, and
abdominal aorta were rarely detected.

Linkage Analysis with Chromosome Mapping

Two hundred and fifty-six microsatellite markers
were tested to segregate loci by original parental strains
(Fig. 1). However, most markers were the same

Table 1. Affected rate of coronary arteritis after 9 weeks
challenge with CADS

Mice Affected rate (%)
C3H/HeN 71.1 (27/38)
CBA/IN 0 0127
(C3H male XCBA female) F1 0 (0/9)
(C3H female XCBA male) Fl 16.7 (1/6)

(CBA female XC3H male) F1 XC3H 20.7 (24/115)

CBA/IN and C3H/HeN (CBA/INXC3H/HeN} and N1
backcross progeny between Fl and C3H/HeN
[{CBA/INXC3H/HeN)XC3H/HeN] were prepared.

sequence length polymorphism between C3H/NeN and
CBA/IN. Only 48 markers were selected for the linkage
analysis (Table 2). Genome-wide interval mapping
analysis between coronary artery and genetic markers
for the identification of susceptibility loci was per-
formed by using ¥* test as described in “Materials and
Methods.” The markers on the chromosome 1 showed
the association even though possibility on other chro-
mosome loci may exist. Two of 11 markers on chromo-
some 1, DIMit171 and DIMit245 around 20.2 cM
revealed suggestive linkage with P value of 0.0019
(Table 3). The other markers on chromosome 1 did not
indicate the association. Based on the suggestive level
of DIMit171 and DIMir245, this region is thought to
influence to the development of coronary arteritis. On
the other chromosomes, the marker, D4Mif285, showed
low probability of 0.017, but was not in the scope to
designate an association.

Circulation of Inflammatory Cytokines after Exposure
to CADS

Sequential changes of inflammatory cytokines IL-12,
IL-1B, TNF-o, IL-6, IFN-y, and IL-4 in serum for 14
days after intraperitoneal injection of CADS were mea-
sured by ELISA assay. Both IL-1[ and IL-12 levels in
serum increased at 1 hr after injection of CADS, and
then decreased gradually, but 11.-12 did not decrease
like profile of IL-1P (Fig. 3a). After increases of IL-1j3
and IL-12, levels of TNF-c and IL-6 peaked at 3 hr
after the injection, and then restored to baseline by 24 hr
(Fig. 3b). Levels of IFN-y gradually increased over the
same period, but no change in IL-4 level was noted
(Fig. 3c).

Discussion

Some infectious microorganisms have been implicat-
ed in the etiology of KD, though primary causes remain
an enigma (6, 11, 16, 22). These candidates of etiology
may act as initial trigger to induce arteritis. The sponta-
neous arteritis model may not be well suited for study-
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Fig. 2. Histological feature of coronary arteritis in N1 and C3H/HeN. (a) Vasculitis at the coronary artery and aortic root in N1 mouse
(HE stain, X40), (b) coronary arteritis in N1 mouse (HE stain, X400), (c) aortitis in N1 mouse (HE stain, X400), (d) coronary arteritis
and aortitis in C3H/HeN (HE stain, X40), (¢) coronary arteritis in C3H/HeN (HE stain, X400), (f) aortitis in C3H/HeN (HE stain,
= 400).
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Table 2. A list of the 48 markers used for the linkage analysis from 256 candidates for markers

Chromoscme Symbol Position {(cM) Chromosome Symbol Position (cM)
1 DIMit374 19.0 6 D6Mit345 46.0
1 DIMitl71 20.2 7 D7Mit232 26.8
1 DiMit245 20.2 8 D8Mit224 17.0
1 DIMit75 321 8 Mrt2 45.0
1 DI1Mit380 369 8 D8Mit14 67.0
1 DIMit251 38.1 9 DOMir2 17.0
1 DIMeg3 389 9 Cypla2 31.0
1 DIMcgb 399 9 DSMit279 67.0
1 D1IMit7 41.0 10 D10Mir214 19.0
1 DIMit200 80.0 11 Hoxb 56.0
1 Tgfbm2 106.3 12 D12Mit231 48.0
2 D2Mit92 414 13 D13Mitl 10 47.0
2 D2Mit206 514 14 D14Mit2 5.0
2 D2Mit311 83.1 14 Nfl 28.7
2 D2Mit456 86.3 15 D15Mit6 13.7
2 D2Mit2635 105.0 16 D16Mit5 38.0
2 D2Mit200 107.0 17 D17Mit96 54.6
2 D2Mit457 108.0 18 D18Mit60 16.0
3 D3Mit90 4.6 19 D19Mit128 10.9
3 D3Mit200 773 19 DI9MIit10 47.0
3 D3Mit323 849 X DXMit74 20.0
4 D4MIit272 219 X DXMitl6 37.0
4 D4Mit285 71.0 X DXMitl121 67.0
4 D4Mi357 gl1.5
5 D5Mit101 81.0

Table 3. A list of markers that exhibited distribution disequilibrium from the 2X2 ¥* based on a
ratio of affected C3H/C3H:C3H/CBA to non-affected

Chromosome Dl(s;t;idn)ce Marker % ¥ Probability
1 19.0 DI1Mit374 18:6 7.52 0.0061
34:45
20.2 DIMitl71 19:5 9.62 0.0019"
34:45
20.2 DIMit245 19:5 9.62 0.0019"
34:45
321 DIMit75 18:6 8.13 0.0044
3346
38.1 DIMit251 17:7 3.01 0.0046
30:49
389 D1Meg3 15:9 4.03 0.0447
31:48
399 D1iMcgb 15:9 4.03 0.0447
31:48
41.0 DIMit7 15:9 4.03 0.0447
31:48
4 71.0 D4Mit285 7:17 5.69 0.0171
45:34

? Suggestive linkage.

ing KD, because it requires an initial trigger from some
infectious microorganisms to induce arteritis. On the
other hand, our model requires injection of CADS to
induce arteritis. This model is very useful for the study
of the pathogenesis of arteritis in KD for two main rea-

sons: 1) both the histological features and distribution of
arteritis are similar to that of KD, and 2) infectious
agents are required to induce the development of arteri-
tis. The mechanisms of developing arteritis in patients
with KD are still unclear; however, several reports have
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discussed the role of inflammatory cytokines in patients
with a genetic predisposition to developing coronary
arteritis (7, 8). The animal model is considered to be
very useful for clarifying the pathogenesis of arteritis in
these patients and may allow for the identification of
specific treatments for the disease. With the observed
differences in the incidence of arteritis in C3H/HeN
mice and CBA/IN mice, it can be derived that genetic
differences of the mouse strains does influence arteritis.
Therefore, it was considered that C3H/HeN may
express or attenuate the expression of genes that govern
the susceptibility to coronary arteritis.

In the present study, we showed that the loci govern-
ing suggestive susceptibility to coronary arteritis were
situated on chromosome 1 even though possibility on
other chromosome loci may exist. Two of 11 markers
on chromosome 1, DIMit171 and DIMit245 (map posi-
tion 20.2 ¢cM), appeared to be involved in the suscepti-
bility loci to the development of coronary arteritis. This
chromosomal region influences the IL-1 receptors types
1 and 2 (Ml1r] and HHir2, 19.5 ¢cM). In addition, our
results here revealed that IL-1B in sera rapidly
increased after intraperitoneal injection of CADS.
These findings suggest a ligand-receptor interaction
between IL-1f and the IL-1 receptor, which may affect
the onset of arteritis. It has been reported that IL-1B
regulates vascular damage in vitro. Specifically, IL-1B
directly injures endothelial cells; however, mechanisms
of endothelial cell injury are unclear. Interestingly, an
indirect role of IL-1B in the regulation of neutrophil-
mediated killing of endothelial cells has been reported
(3, 4, 12, 18). Adhesive interaction between activated
neutrophils and endothelial cells was facilitated by
exposure to IL-1p and superoxide anion, produced by
activated neutrophils, and subsequently damaged neigh-
boring endothelial cells (1).

One of the peculiar histological features of arteritis in
this model was the severe neutrophilic infiltration
observed in the afflicted artery, suggesting an important
role of neutrophil activation in the development of
arteritis. In addition, it has been reported that the spe-
cific antigen to autcantibodies, myleoperoxidase-anti-
neutrophil cytoplasmic antibody (MPO-ANCA), target-
ing its antigen MPO were closely related to the develop-
ment of coronary arteritis using MPO-deficient mice
(17). It is considered that coronary arteritis in this
model must be genetically regulated by interactions
between neutrophils and endothelial cells modulated by
IL-1PB. Furthermore, the allelic polymorphism of both
HIrl and 111r2 and the functional relevance of their
polymorphism may be a necessity.

On the other hand, D4Mit285 (map position 71.0
¢M) on chromosome 4 showed negative effect against

affectability to coronary arteritis, however this marker
showed a probability of 0.017. Several genes related to
inflammation are coded around D4Mit285 on chromo-
some 4, including TNF receptor superfamily member
1b, 8, and 9 (Tnfrsflb, Trfrsf8, and Tufrsf9) (75.5 cM).
The functional relevance of this is seen with the rapid
increase of TNF-o following elevation of IL-15 after
exposure to CADS. There are also studies that claim
IL-1P and TNF-¢¢ can induce endothelial cell injury by
activated neutrophils (3, 4, 12, 18). Therefore, some of
these genes are considered to be protective against the
development of coronary arteritis, even in the suscepti-
ble C3H/HeN strain. However, the marker D2Mit265
(x’=3.61, P=0.058) on chromosome 2, on which IL-1p
is located, did not indicate a significant difference. Th-1
cytokines, such as IL-12 and IFN-y were also produced
by exposure of CADS. It was considered that Th-1
type immunity might have an influence on the develop-
ment of arteritis in this model; however, we have no
direct evidence in the present study to determine
whether or not the genes of these cytokines affected the
coronary arteritis outcome, since the number of
microsatellite markers was insufficient to examine these
£enomic regions,

The difference in the incidence of coronary arteritis
between C3H/HeN and CBA/IN may be attributed to
differences in the regulation of genes encoding inflam-
matory cytokines. It may be concluded from the present
study that the development of coronary arteritis is
multi-factorial and controlled with cumulative effects of
these multiple gene loci in this mouse model.
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Abstract: Fluorescent nanocrystal quantum dots (QDs) have the potential to be applied to bioimaging
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 supermelecule 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, Mitochondria 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 “supemmolecule” 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,
immumoassay, 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
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International Medical Center of Japan, Toyama 1-21-1, Shin-
juku-ku, Tokyo 162-8655, Japan. Fax: +81-3-3202-7364. E-
mail: backen @ri.imcej.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 ficld of molecular biology, flucrescent tagging
of cclls 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
flvorophores 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-
tum dot; TOPQ, n-trioctylphosphine oxide.
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Fig. 1. Schematic illustration of peptide conjugated QDs for organelle targeting and imaging. {a) Chemically synthesized
TOPO-capped QDs were replaced by MPA or cysteamine using thiol-exchange reactions. After reaction, QDs were cov-
ered with approximately 250 carboxyl 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
Iong 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, 35).

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
10 penetrate through the plasma membrane of ¢ells 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 QDs. Synthesis of ZnS-
coated CdSe nanocrystal QDs (flucrescence 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-aminocthanethiol (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 pl 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 Cin a
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 supematant fraction containing soluble QDs was
collected. After purified by Sephadex G-25 column
(Amersham Biosciences, Piscataway, N.J, U.S.A),
QDs were concentrated and powderized by vacuum dis-
tillation. QDs were reconstituted in purified water
before use.

Preparation of peptide-conjugated QDs. Amino acid
sequences of three well-known functional oligopeptides
described below were chemically synthesized; nuclear
localizing peptide (RuKC, sequenced NH:-
RRRRRRRRRRRKC-COOH) (25), mitochondria tar-
geting signal sequence of cytochrome-¢ 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 um QD solution was mixed with equal volume
of 100 mM cysteine solution in coexistent with 100 mm
EDC coupling reagents (Pierce Biotechnology, Rock-
ford, Ill,, 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
ulira-filtration membrane (NMWL 10000, Centriprep®
Millipore). Finally, purified QD-peptide conjugates
were filtrated with 0.1-um 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 QD-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 1X 10 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 D1X
{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 nuclei 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 propertics 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 flucrescence intensity of QDs solution (10 ym) 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 pI, 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 R,KC-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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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 uM 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 uM final) for the indi-
cated time at 37 C under 5% CO, condition with a culture fluorescence microscope (IM-310 system, 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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