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Alveolar echinococcosis, which is due to the massive growth of larval Echinococcus multilocularis, is a
life-threatening parasitic zoonosis distributed widely across the northern hemisphere. Commercially available
chemotherapeutic compounds have parasitostatic but not parasitocidal effects. Parasitic organisms use various
energy metabolic pathways that differ greatly from those of their hosts and therefore could be promising targets
for chemotherapy. The aim of this study was to characterize the mitochondrial respiratory chain of E.
multilocularis, with the eventual goal of developing novel antiechinococcal compounds. Enzymatic analyses
using enriched mitochondrial fractions from E. multilocularis protoscoleces revealed that the mitochondria
exhibited NADH-fumarate reductase activity as the predominant enzyme activity, suggesting that the mito-
chondrial respiratory system of the parasite is highly adapted to anaerobic environments. High-performance
liquid chromatography-mass spectrometry revealed that the primary quinone of the parasite mitochondria
was rhodoquinone-10, which is commonly used as an electron mediator in anaerobic respiration by the
NADH-fumarate reductase system of other eukaryotes. This also suggests that the mitochondria of E. mul-
tilocularis protoscoleces possess an anaerobic respiratory chain in which complex II of the parasite functions
as a rhodoquinol-fumarate reductase. Furthermore, in vitro treatment assays using respiratory chain inhib-
itors against the NADH-quinone reductase activity of mitochondrial complex I demonstrated that they had a
potent ability to kill protoscoleces. These results suggest that the mitochondrial respiratory chain of the

parasite is a promising target for chemotherapy of alveolar echinococcosis.

Echinococcosis is a near-cosmopolitan zoonosis caused by
helminthic parasites belonging to the genus Echinococcus
(family Taeniidae) (18). The life cycle of Echinococcus spp.
includes an egg-producing adult stage in the definitive hosts
and a larval stage in intermediate hosts including humans. The
larval stage of the parasite produces a large number of infec-
tive protoscoleces that develop to adult worms after being
ingested by the definitive host, or they produce a new parasite
mass when liberated inside the intermediate host, causing me-
tastases of the parasite lesions. The two major species of med-
ical and public health importance are Echinococcus granulosus
and E. multilocularis, which cause cystic echinococcosis and
alveolar echinococcosis (AE), respectively.

Human AE is a life-threatening disease, and without careful
clinical management, it has a high fatality rate and poor prog-
nosis. Humans acquire AE infection by ingesting eggs from
adult parasitic worms. Early diagnosis and treatment (mainly
by radical surgery) of human AE are difficult because the
disease progresses slowly and usually takes more than several
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years before clinical symptoms become apparent. An efficient
chemotherapeutic compound is still not available. The first
choice for the chemotherapy of AE is benzimidazole deriva-
tives (18), but they are parasitostatic rather than parasitocidal
against larval E. multilocularis. Therefore, the development of
highly effective antiechinococcal drugs is urgently needed.

Biological systems for energy metabolism are essential for
the survival, continued growth, and reproduction of all living
organisms. “Typical” mitochondria are usually considered to
be oxygen-consuming, ATP-producing organelles. In fact, typ-
ical mitochondria, such as those found in mammalian cells,
require oxygen to function. They use pyruvate dehydrogenase
for oxidative decarboxylation of pyruvate to acetyl coenzyme
A, which is then completely oxidized to CO, through the Krebs
cycle. Most of the energy is produced by oxidative phosphory-
lation: the electrons from NADH and succinate are transferred
to oxygen by the proton-pumping electron transfer respiratory
chain in which ubiquinone (UQ) (Fig. 1A) is commonly used as
an electron mediator. The backflow of the protons results in
ATP formation by the mitochondrial ATP synthase.

In parasitic organisms, on the other hand, the carbohydrate
and energy metabolic pathways of adult parasitic helminths
differ greatly from those of their vertebrate hosts. The most
important factors in this respect are the nutrient and oxygen
supply (reviewed in references 4, 12, and 13). Parasitic hel-
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FIG. 1. Chemical structure of ubiquinone-10 (UQ,,) (E,,’ = +110
mV) (A) and rhodoquinone-10 (RQyg) (E,,,/ = —63 mV) (B).

minths have exploited a variety of energy-transducing systems
during their adaptation to habitats in their hosts (7, 28). The
parasitic nematode Ascaris suum, for example, resides in the
host small intestine, where oxygen tensions are low, and ex-
ploits a unique anaerobic respiratory chain, called the NADH-
fumarate reductase system, to adapt to its microaerobic habitat
(Fig. 2) (2, 3, 14, 22; reviewed in reference 10). The NADH-
fumarate reductase system is part of the unique respiratory
system for parasitic helminthes and is the terminal step in the
phosphoenolpyruvate carboxykinase-succinate pathway, which
is found in many anaerobic organisms. Electrons from NADH
are accepted by rhodoquinone (RQ) (Fig. 1B) via the
NADH-RQ reductase activity of mitochondrial complex I and
then transferred to fumarate through the rhodoquinol-fuma-
rate reductase activity of mitochondrial complex II. The an-
aerobic electron transfer in complex I couples with proton
transport across the mitochondrial inner membrane, providing
ATP even in the absence of oxygen. This system, which does
not normally function in mammalian mitochondria, is consid-
ered to be a good target for the development of novel anthel-
minthics (8, 9, 21). With regard to Echinococcus spp., the
presence of both aerobic and anaerobic respiratory systems
was previously suggested by a series of intensive studies (1, 16,
17), although the respiratory systems in this group of parasites
are to be characterized in more detail.

In the present study, we prepared an enriched mitochondrial
fraction from E. multilocularis protoscoleces and characterized
the specific enzyme activities involved in mitochondrial energy
metabolism as well as the quinone profile in the parasite’s
respiratory chain. Furthermore, based on findings reported
previously by Yamashita et al. that quinazoline derivatives can
inhibit the NADH-quinone reductase of mitochondria from A.
suum (35), we tested several quinazoline-type compounds, with
a view to developing novel antiechinococcal compounds.

MATERIALS AND METHODS

Isolation of E. laris prot leces. We used the Nemuro strain of E.
multilocularis, which is maintained at the Hokkaido Institute of Public Health
(Sapporo, Japan). Mature larval parasites with protoscolex formation were ob-
tained from cotton rats (Sigmodon hispidus) more than 4 months after oral
infection with 50 parasite eggs. To isolate protoscoleces, the mature larval par-
asites were minced with scissors, pushed through a metal mesh, and washed
repeatedly with physiological saline until host materials were thoroughly re-
moved.

Preparation of enriched mitochondrial fractions. The enriched mitochondrial
fractions of E. multilocularis protoscoleces were prepared essentially according to
methods described previously for isolating adult Ascaris mitochondria (25, 26).
Briefly, the isolated protoscolex sediment was suspended in 5 volumes of mito-
chondrial preparation buffer (210 mM mannitol, 10 mM sucrose, 1 mM disodium
EDTA, and 50 mM Tris-HCI [pH 7.5]) supplemented with 10 mM sodium
malonate. The parasite materials were homogenized with a motor-driven glass/
glass homogenizer (six passes three to four times). The homogenate was diluted
with the mitochondrial preparation buffer to 10 times the volume of the original
protoscolex sediment and then centrifuged at 800 X g for 10 min to precipitate
cell debris and nuclei. The supernatant was then centrifuged at 8,000 X g for 10
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FIG. 2. Schematic representation of the NADH-fumarate reduc-
tase system in adult 4. suum, which catalyzes the final step of the
phosphoenolpyruvate carboxykinase-succinate pathway. In this system,
the reducing equivalent of NADH is transferred to the low-potential
RQ by the NADH-RQ reductase activity of mitochondrial complex I.
This pathway ends with the production of succinate by the rhodoqui-
nol-fumarate reductase activity of complex II. Electron transfer from
NADH to fumarate is coupled to the site I phosphorylation of complex
I via the generation of a proton-motive force. FMN, flavin mononu-
cleotide; FAD, flavin adenine dinucleotide; [Fe-S]s and 3[Fe-§], iron-
sulfur clusters.

intermembrane space

min to obtain the mitochondrial pellet. The pellet was resuspended in mitochon-
drial preparation buffer (without malonate) and centrifuged at 12,000 X g for 10
min. The resulting enriched mitochondrial fraction was suspended in mitochon-
drial preparation buffer (without malonate). The protein concentration was
determined according to the method of Lowry et al. by using bovine serum
albumin as a standard (15).

Western blotting. An enriched mitochondrial fraction prepared from E. mul-
tilocularis protoscoleces and that from the liver of a cotton rat (used as the host
animal for the parasite) were analyzed by Western blotting. Reactions were
performed according to a method described previously by Towbin et al. (30). The
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on a 10% or 15% acrylamide gel and electrophoretically transferred
onto a nitrocellulose membrane. The membrane was soaked in 1:5,000 anti-
cytochrome ¢ oxidase subunit IV antibody (component of the ApoAlert cell
fractionation kit; Clontech Laboratories) in phosphate-buffered saline containing
0.05% (wt/vol) Tween 20 and 2% (wt/vol) skim milk. The membrane was incu-
bated for 60 min at room temperature and then washed three times for 10 min
with washing buffer, which consisted of 0.05% (wt/vol) Tween 20 in phosphate-
buffered saline. Alkaline phosphatase-conjugated goat anti-mouse immunoglob-
ulin G was then added as a secondary antibody, and the mixture was incubated
for 30 min. After another wash with washing buffer, the membrane was soaked
in reaction buffer (100 mM Tris-HCI [pH 9.5], 100 mM NaCl, 5 mM MgCl,, 500
pg/ml of 4-nitroblue tetrazolium chloride, and 165 pg/ml of 5-bromo-4-chloro-
3-indolylphosphate) to initiate the development of a colored product. Finally, the
membrane was washed with distilled water to stop the reaction. For Western
blotting, the amounts of parasite and cotton rat mitochondrial samples were
normalized by the total protein amount or cytochrome ¢ oxidase activity (see
below).

Enzyme assays. All enzyme assays using the enriched mitochondrial fractions
were performed in a 0.7- or 1-ml reaction mixture at 25°C. The reagents used in
each assay were mixed with reaction buffer containing 30 mM potassium phos-
phate (pH 7.4) and 1 mM MgCl,. The final mitochondrial protein concentration
was 80 pg per ml of reaction mixture. For all reactions performed under anaer-
obic conditions, the reaction medium was supplemented with 100 pg/ml glucose
oxidase, 2 pg/ml catalase, and 10 mM B-p-glucose and left for 3 min to achieve
anaerobiosis. NADH oxidase activity in the isolated mitochondrial fraction was
determined in the presence or absence of 2 mM KCN, 100 mM malonate, or both
by measuring the absorbance of NADH at 340 nm (€ = 6.2 mM ™' cm™"). The
reaction was initiated by the addition of 100 puM of NADH to the mixture.
Succinate dehydrogenase (SDH) activity was determined by monitoring the
absorbance change of 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium
bromide (MTT; 60 pg/ml) at 570 nm in the presence of 120 pg/ml phenazine
methosulfate and 2 mM KCN. The reaction was initiated by the addition 10 mM
of succinate to the mixture. Succinate-quinone reductase activity was assayed
under aerobic or anaerobic conditions in the presence of 0.1%(wt/vol) sucrose
monolaurate by determining the amount of decyl UQ (dUQ) or decyl RQ (dRQ)
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from the absorbance change at 278 nm (e = 12.7 mM ™! cm™!) or 287 nm (g =
9.2 mM ™! cm '), respectively. Decyl rhodoquinol-fumarate reductase activity
was measured under anaerobic conditions in a reaction mixture containing 0.1%
(wt/vol) sucrose monolaurate. In this reaction, 60 pM dRQ was reduced to decyl
rhodogquinol in the cuvette by adding 200 pM NaBH,. The reaction was started
by adding S mM fumarate to the mixture, and the oxidation of decyl rhodoquinol
was monitored at 287 nm. NADH-fumarate reductase activity was determined by
monitoring the oxidation of NADH (100 pM) at 340 nm under anaerobic con-
ditions. The reaction was initiated by the addition of 5 mM fumarate as an
electron acceptor. NADH-quinone reductase activity assays were carried out
under anaerobic conditions using the same reaction mixture as that used for the
NADH-fumarate reductase activity assay except that 60 uM dUQ or dRQ was
used as an electron acceptor instead of fumarate. The enzyme activity was
determined by monitoring the absorbance change of NADH at 340 nm. Ubiqui-
nol oxidase activity was determined by monitoring the absorbance change of
ubiquinol-1 (150 uM) at 278 nm (e = 127 mM ' em™') in the presence or
absence of 2 mM KCN. The activity of cytochrome ¢ oxidase was determined as
N NN’ N'-tetramethyl-p-phenylenediamine dihydrochloride (TMPD) oxidase
activity, which was measured by monitoring the absorbance change of TMPD
(500 pM) at 610 nm (¢ = 11.0 mM ™' cm™"') in the presence or absence of 2
mM KCN.

Enzyme inhibition assays. Based on the findings of Yamashita et al. showing
that that quinazoline-type compounds inhibit the NADH-quinone reductase
activity of A. suum complex I (35), we determined 50% inhibitory concentration
(ICsp) values of the quionazoline-type compounds against NADH-fumarate re-
ductase activity of the parasite mitochondria and the NADH oxidase activity of
bovine heart mitochondria (see “Enzyme assays”). The compounds used in the
assays included quinazoline and its derivatives 6-NH,, 6-NHCO(CH=CH,),
7-NH,, 8-OH, 8-OCH,, 8-OCH,CH;, and 8-OCH(CH,),.

Analysis of the quinone profile of isolated mitochondria. Quinones were
extracted from lyophilized mitochondria essentially according to a method de-
scribed previously by Takada et al. (24). A lyophilized mitochondrial sample (2.9
mg protein) was crushed into powder before extraction, vortexed in 2:5 (vol/vol)
ethanol/n-hexane for 10 min, and centrifuged at 20,000 x g for 5 min at room
temperature. The supernatants were pooled, and the extraction of quinones was
repeated twice. Pooled extracts were evaporated to dryness, dissolved in ethanol,
and kept in the dark until high-performance liquid chromatography (HPLC)
analysis. Quinones were applied to a reverse-phase HPLC column (Inertsil
ODS-3 [5 pm and 4.6 by 250 mm]; GL Science) and eluted under isocratic
conditions (1 ml/min) with 1:4 (vol/vol) diisopropyl ether-methanol at 25°C. The
molecular species of the eluted quinones were identified by their retention times
and by their spectral characteristics as measured with a UV-visible photodiode
array (Shimadzu SPD-10-A). The concentration of quinones was determined
spectrophotometrically. The major quinone detected was confirmed by mass
spectrometry (MS) using an Applied Biosystems API-165 LC/MS system with
electrospray ionization.

In vitro treatment of E. multilocularis protoscoleces. E. multilocularis proto-
scoleces were obtained as described above (see “Isolation of E. multilocularis
protoscoleces™). The parasite materials were placed into culture medium suitable
for the long-term maintenance of the protoscoleces in vitro (27). The parasite
cultures were kept in a six-well plate at a density of approximately 500 proto-
scoleces per ml of culture medium, and half of the medium was replaced twice
a week. This culture condition was also applied during in vitro treatment of the
parasite. To examine the efficacy of chemical compounds against living E. mul-
tilocularis protoscoleces, the parasites were kept in the culture medium supple-
mented with 5 or 50 uM of each compound, including quinazoline and its 8-OH
derivative, rotenone (a specific inhibitor of mitochondrial complex I) (19) and
nitazoxanide (a compound with strong protoscolicidal action) (32). One control
group was supplemented with 0.5% (vol/vol) dimethyl sulfoxide (vehicle) alone,
and all conditions were assayed in triplicate. The viability of protoscoleces was
determined by microscopic analysis of more than 170 protoscoleces per well for
motile behavior and the ability to exclude trypan blue (32).

RESULTS

Preparation of enriched mitochondrial fractions. To char-
acterize the mitochondrial respiratory chain of E. multilocularis
protoscoleces, we prepared enriched mitochondrial fractions
from the parasite. Approximately 80 g of larval E. multilocu-
laris (containing approximately 10° protoscoleces per gram)
was obtained from each cotton rat more than 4 months after
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FIG. 3. Protoscoleces of E. multilocularis (Nemuro strain) used for
the preparation of enriched mitochondrial fractions of the parasite and
subsequent analyses. Bar, 500 pm.

oral infection with 50 parasite eggs. Approximately 20 g of the
larval parasite was used per isolation of protoscoleces, yielding
2 ml of cleaned protoscolex sediment (Fig. 3). The enriched
mitochondrial fractions were prepared from the protoscolex
sediment as described in Materials and Methods. Each 1 ml of
protoscolex sediment (containing 4.5 X 10° protoscoleces)
yielded approximately 4 mg of mitochondria. Western blotting
using an antibody to mammalian cytochrome c oxidase de-
tected a specific band in the mitochondria from the liver of a
cotton rat but not in mitochondria from E. multilocularis pro-
toscoleces even when the amounts of both mitochondrial sam-
ples were normalized according to cytochrome ¢ oxidase activ-
ity (data not shown). These results demonstrated that the
enriched mitochondrial fractions from the parasite were suffi-
ciently free of host components for use in enzyme assays and
quinone analyses. In order to assess the quality of mitochon-
dria, intactness was examined by the reactivity of NADH,
which is a non-membrane-permeable substrate. NADH oxi-
dase activity was not detected in the isotonic buffer, whereas it
was fully activated in hypotonic buffer after a freeze-thaw treat-
ment of the enriched mitochondrial fraction. Based on the
results obtained, the method applied here for mitochondrial
preparation seemed to be appropriate.

Enzyme activities of E. multilocularis mitochondria. The spe-
cific enzyme activities involved in the mitochondrial respiratory
chain of E. multilocularis protoscoleces are shown in Table 1.
Parasite complex Il exhibited an SDH activity of 103 nmol/
min/mg. The specific activity of succinate-dUQ reductase was
comparable to that of SDH activity (98.9 nmol/min/mg),
whereas the succinate-dRQ reductase activity was lower (16.6
nmol/min/mg). The specific activity of decyl rhodoquinol-fu-
marate reductase, which is the reverse reaction of the succi-
nate-RQ reductase activity of complex I, was determined to
be 60.2 nmol/min/mg. The mitochondria of E. multilocularis
protoscoleces exhibited NADH oxidase activity of 9.1 nmol/
min/mg, which was almost eliminated by 2 mM KCN and 100
mM malonate. Ubiquinol-1 oxidase and TMPD oxidase activ-
ities were determined to be 4.4 nmol/min/mg and 12.6 nmol/
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TABLE 1. Specific activities of mitochondrial respiratory enzymes
in E. multilocularis protoscoleces

Sp act”
nmol/min/m,
Assay ¢ of protein) #
(mean * SD)

SDH 103 + 16
Succinate-quinone reductase

dUQ (anaerobic) 98.9 + 12

dRQ (anaerobic) 16.6 * 3.5
Quinol-fumarate reductase (decyl rhodoquinol) 60.2 + 18

(anaerobic)

NADH oxidase . 9.1+21
NADH oxidase with:

2 mM KCN 7315

100 mM malonate ...... .44*04

2 mM KCN and 100 mM malonate..........ceriiesceas 1.7 x0.7
Ubiquinol-1 oxidase 4.4 0.6
TMPD oxidase 126 = 6.3
NADH-fumarate reductase (anaerobic).........iriinind 45.0 + 8.1
NADH-quinone reductase

dUQ (aNAETODIC) ....covviuurirenirecnircernssscceess s sennen 321 +27

dRQ (anaerobic) 61343

@ Specific activities were obtained from at least three independently isolated
mitochondria.

min/mg, respectively. These activities were completely inhib-
ited by 2 mM KCN. Under anaerobic conditions, the specific
activity of NADH-fumarate reductase was 45 nmol/min/mg,
which was much higher than the NADH oxidase activity. The
specific activity of NADH-dUQ reductase and NADH-dRQ
reductase of complex I were determined to be 32.1 and 61.3
nmol/min/mg, respectively.

Quinone components in E. multilocularis mitochondria. To
determine which quinones act as physiological electron medi-
ators in the mitochondrial respiratory system of E. multilocu-
laris protoscoleces, HPLC analyses were performed. As shown
in Fig. 4A, the enriched mitochondrial fractions contained only
one major quinone component at a retention time (Rr) of 22.4
min. The peak fraction exhibited a characteristic absorption
maximum for RQs at 283 nm (Fig. 4B) (20). Subsequent MS
analysis confirmed that the primary quinone of the parasite
was RQ,, (electrospray ionization-MS m/z 848.8 [M + H]™).
The concentration of RQ,, was determined to be 0.73
nmol/mg of mitochondrial protein.

Effects of inhibitors on NADH-fumarate reductase in E.
multilocularis mitochondria. To investigate the inhibitory effect
of quinazoline (Fig. SA) and its derivatives on the enzymatic
activities in the anaerobic respiratory system of E. multilocu-
laris mitochondria, we determined ICs, values against the
NADH-fumarate reductase activity of the enriched mitochon-
drial fraction of the parasite. We found that all of the com-
pounds inhibited the NADH-fumarate reductase activity of the
parasite to some extent. Quinazoline and its derivatives includ-
ing 6-NH,, 6-NHCO(CH==CH,), 7-NH,, 8-OH, 8-OCH,,
8-OCH,CHj,, and 8-OCH(CHj;), exhibited ICs, values of 2.3,
2.1, 16, 62, 71, 48, 4,100, and 910 nM, respectively. Of the
compounds tested, the 8-OH derivative (Fig. 5B) exhibited
relatively selective inhibition against the NADH-fumarate re-
ductase activity of E. multilocularis protoscoleces compared
with the NADH oxidase activities of mammalian mitochon-
dria: the IC, values of quinazoline and its 8-OH derivative for
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FIG. 4. (A) HPLC analysis of quinones extracted from the en-
riched mitochondrial fraction of E. multilocularis protoscoleces. De-
tailed experimental conditions are described in Materials and Meth-
ods. The highest peak had a retention time of 22.4 min (arrow).
(B) Absorption of this peak was 283 nm, suggesting that it contained
an RQ. mAU, milli-absorbance units.

the NADH oxidase activities of mammalian (bovine heart)
mitochondria were 0.40 and 230 nM, respectively.

Effects of inhibitors on living E. multilocularis protoscoleces.
In order to examine the parasite-killing activities of the quina-
zoline-type compounds with different degrees of inhibitory ef-
fects against NADH-fumarate activities of E. multilocularis
protoscoleces, we performed in vitro treatment of the parasite
using quinazoline and its 8-OH derivative. The viability of the
E. multilocularis protoscolex was progressively reduced during
in vitro treatment of the parasites with 50 pM of the 8-OH
derivative, and by day 5, all the parasites died (Fig. 6). The
same compound did not have an obvious antiparasitic effect
when used at a concentration of 5 pM. On the other hand,
nonsubstituted quinazoline, which showed lower 1Cs, values
with the enzymatic assay, eliminated the parasites on days 5
and 7 of in vitro treatment when used at 50 and 5 pM, respec-
tively. Treatment with rotenone, a specific inhibitor of mito-
chondrial complex I (19), affected the viability of the parasite
in a manner similar to that of the 8-OH derivative. The anti-
echinococcal effect of nitazoxanide was relatively mild: even in

A B

5 HN HN
6 I \N3 l SN
QW ¥
8 3

OH

FIG. 5. Structures of quinazoline (A) and its 8-OH derivative
(B) used for the enzyme inhibition assays and in vitro treatment of E.
multilocularis protoscoleces.
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FIG. 6. Viability of E. multilocularis protoscoleces during in vitro treatment with quinazoline and its 8-OH derivatives, rotenone and nitazox-
anide. Each compound was added to the culture medium at 5 or 50 pM. The results represent the means * standard deviations of at least triplicate

samples. DMSO, dimethyl sulfoxide.

the presence of 50 uM nitazoxanide, the viability decreased,
but it did so only gradually, and it took 13 days before all the
protoscoleces died. This compound did not affect parasite vi-
ability when used at 5 pM.

DISCUSSION

The most notable finding of the present study is that E.
multilocularis protoscoleces possess a unique mitochondrial
respiratory system that is highly adapted to anaerobic condi-
tions. Specifically, the predominant enzymatic activity in the
enriched mitochondrial fraction prepared from the parasite
protoscoleces is the NADH-fumarate reductase system, which
does not normally function in the aerobic respiratory chain of
mammals. Thus, we infer that mitochondrial respiratory sys-
tem of E. multilocularis would be a good target for the devel-
opment of novel selective antiechinococcal compounds as
demonstrated previously for other helminthic diseases (8, 21).

As early as 1957, Agosin found that E. granulosus proto-
scoleces have both aerobic and anaerobic respiratory systems
and that glycolytic inhibitors are effective against both of them,
indicating that they both depend on glycolysis (1). Subse-
quently, McManus and Smyth observed that protoscoleces cul-
tured under anaerobic conditions produce more succinate than
parasites kept under aerobic conditions, suggesting that the
parasites survive under anaerobic conditions by utilizing the
NADH-fumarate reductase system (16). Furthermore,
McManus and Smyth reported that the specific activity of fu-
marate reductase in Echinococcus protoscoleces is lower than
those of enzymes involved in the tricarboxylic acid cycle (17).
These results, however, did not establish the importance of
NADH-fumarate reductase activity in the mitochondrial respi-
ratory system of the parasite because the other enzyme activ-
ities were not analyzed.

In the present study, we focused on the enzyme activities of
the mitochondrial respiratory system of the parasite to deter-
mine whether the system is adapted to anaerobic conditions.
Using the enriched mitochondrial fractions prepared from E.
multilocularis protoscoleces, we showed that the activity of
NADH-fumarate reductase in the respiratory system of the
parasite is predominant compared with that of NADH oxidase,
an enzyme involved in aerobic respiration in aerobic organisms
such as mammals. Furthermore, direct measurements of com-
plex II activities in both directions (i.e., succinate-RQ reduc-
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tase and rhodoquinol-fumarate reductase activities) indicated
that parasite complex Il functions more favorably as a
rhodoquinol-fumarate reductase in the presence of RQ/
rhodoquinol. Thus, our results using isolated mitochondria of
E. multilocularis protoscoleces coupled with assay systems for
the determination of the parasite’s enzyme activities revealed
for the first time that the parasite mitochondria are highly
adapted to anaerobic environments.

Analyses of the quinone components of E. multilocularis
mitochondria revealed that RQ,, (Fig. 1B), whose redox po-
tential is much more negative (E,, [midpoint potential] = —63
mV) than that of UQ,, (E,,’ = +110 mV) (Fig. 1A), was the
primary quinone component of parasite mitochondria. In
other parasitic helminths, like A. suum and Hymenolepis
diminuta, RQ is an essential component of the NADH-fuma-
rate reductase system (5, 11). In addition, van Hellemond et al.
previously demonstrated that for all cukaryotes, the relative
amount of RQ compared to the total amount of quinones
correlates well with the importance of fumarate reduction in
vivo (31). Similarly, during the development of the liver fluke
Fasciola hepatica, there is a good correlation between the qui-
none composition and the importance of fumarate reduction in
vivo (31). Therefore, RQ seems to be an essential component
of fumarate reduction in eukaryotic respiration. Although
menaquinone-related fumarate reduction in prokaryotes is
well known (33, 34), there is no evidence that menaquinone
serves this function in eukaryotes. In this study, enzyme assays
demonstrated that the mitochondria from E. multilocularis
possess NADH-fumarate activity as the predominant activity.
In addition, the NADH-dRQ reductase activity was much
higher than that of NADH-dUQ reductase, indicating that E.
multilocularis complex 1 may interact preferentially with RO
rather than with UQ. Taken together, these results indicate
that, as in other metazoan eukaryotes with anaerobic respira-
tory systems, E. multilocularis protoscoleces have a unique
respiratory system that is highly adapted to anaerobic environ-
ments and in which RQ,, is used as the primary electron
mediator.

Spiliotis et al. recently reported that the in vitro growth of
larval E. multilocularis is more active under anaerobic than
aerobic conditions (23). Thus, our findings for the respiratory
system of E. multilocularis protoscoleces are consistent with
the observations reported previously by Spiliotis et al. Larval
E. multilocularis containing a large number of protoscoleces
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lives in host tissues, mainly the liver, surrounded by thick
connective tissues containing carbohydrate-rich laminated lay-
ers, which probably provide the parasite cells with an extreme-
ly-low-oxygen environment. Accordingly, it is not surprising
that the parasite survives in the host by utilizing an anaerobic
respiratory system.

Many anaerobic parasitic eukaryotes use the NADH-fuma-
rate pathway, which is absent in mammals (2, 3, 10, 14, 22, 29).
Therefore, this unique respiratory system is regarded as a
promising chemotherapeutic target for the development of
novel anthelminthics, as discussed in a recent review (9). In
fact, Omura et al. previously found a natural compound, na-
furedin, that is a potent inhibitor of the adult A. suum mito-
chondrial respiratory chain but much weaker against the mam-
malian mitochondrial respiratory chain (21). Yamashita et al.
also found that quinazoline-type inhibitors were highly effec-
tive against adult A. suum complex 1 (35). Kinetic analyses
using a series of quinazoline-type inhibitors revealed that A.
suum complex I recognizes RQ, or UQ, in different ways,
suggesting that mitochondrial complex I, which reacts prefer-
ably with RQs, could be a good target for chemotherapy. In the
present study, we also tested several quinazoline-type com-
pounds for their abilities to inhibit the anaerobic respiratory
system of E. multilocularis protoscoleces. We found that all of
the quinazoline-type compounds inhibited the NADH-fuma-
rate reductase activity of E. multilocularis mitochondria to dif-
ferent extents. Furthermore, these compounds exhibited
potent parasite-killing activities against E. multilocularis pro-

toscoleces under in vitro culture conditions. Importantly, the

nonsubstituted quinazoline, which has a higher inhibitory ef-
fect against NADH-fumarate oxidoreductase of the parasite
mitochondria than the 8-OH derivative does, exhibited the
parasite-killing activity even when used at 5 M, whereas the
8-OH derivative did not do so at the same concentration. Such
a correlation between the enzyme inhibition and the parasite-
killing activities of these compounds suggests that the anaero-
bic NADH-fumarate reductase system of the parasite is a
promising target for the development of antiechinococcal
drugs.

Antiechinococcal drugs for chemotherapy of human AE
should target not only protoscoleces but also the germinal
layers of the E. multilocularis metacestode. The germinal layers
in the larval parasite exhibit extremely unique characteristics.
The parasite cells forming the germinal layers can differentiate
into various tissues, including brood capsules and proto-
scoleces, and at the same time, they proliferate asexually as
they remain in an undifferentiated state. This causes enlarge-
ment and, occasionally, metastasis of the lesions due to the
formation of a large parasite mass. Therefore, for chemother-
apy of AE, a complete cure cannot be achieved unless the
germinal cells of the larval parasite are eliminated. Therefore,
the mitochondrial respiratory system of germinal cells should
be further characterized to aid in the development of a novel
antiechinococcal compound(s) targeting the energy metabo-
lism of larval E. multilocularis. However, it is presently quite
difficult to obtain enough metacetode materials with homoge-
neous quality. Established methodologies for the in vitro cul-
tivation of E. multilocularis metacestodes are now available (6,
23), and they will hopefully be applicable to large-scale prep-
arations of metacestode materials in the near future.
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During the life cycle of E. multilocularis, the parasite never
undergoes active development and/or energy metabolism un-
der acrobic conditions. The larval parasite lives mainly in the
liver of intermediate host animals, whereas the adult worm
dwells inside the small intestine of the final host, both of which
are microaerobic conditions. Although the eggs of the parasite
are exposed to air, they already contain a mature infective
larva (oncosphere) waiting to be taken up by the next inter-
mediate host. Therefore, the oncosphere does not develop or
move under aerobic conditions. Taken together, these findings
suggest that the respiratory system of E. multilocularis proto-
scoleces, as characterized in the present study, could represent
the respiratory system used by the parasite throughout its de-
velopmental stages. Based on this speculation, the use of pro-
toscolex materials in the first-step screening of candidate com-
pounds by enzyme inhibition assays and subsequent in vitro
parasite-killing assays appears to be reasonable, although it
should be confirmed that the respiratory system of the E.
multilocularis metacestode shares the same basic characteris-
tics with that of the protoscolex stage of the parasite. We have
already done preliminary experiments on the effects of the
compounds used in this study, including the quinazoline deriv-
ative (8-OH), against in vitro-cultured metacestodes and found
that the compounds exhibited high parasite-killing activities as
evaluated by a modified MTT assay (data not shown). These
results strongly suggest that our strategy is appropriate.

Highly effective chemotherapeutic compounds against hu-
man AE are not currently available despite the fact that the
disease can be lethal unless the patient is appropriately treated
during the early stage of the infection. Based on the findings
presented here, it appears that the anaerobic respiratory sys-
tem of E. multilocularis, which is distinct from that of host
mammals, is a good target for the development of highly ef-
fective antiechinococcal drugs and, furthermore, that respira-
tory chain inhibitors (21, 35) are possible lead compounds for
the development of antiechinococcal drugs.
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Abstract

The anti-malarial agent atovaquone specifically targets the cytochrome bc¢; complex and inhibits the parasite respiration. Resistance to this
drug, a coenzyme Q analogue, is associated with mutations in the mitochondrial cytochrome b gene. We previously reported atovaguone resistant
mutations in Plasmodium berghei, in the first quinone binding domain (Qo,) of the cytochrome b gene (M 1331 and L1448) with V284F in the
sixth transmembrane domain. However, in P. falciparum the most common mutations are found in the Qo, region. To obtain a better model for
biochemical and genetic studies, we have now extended our study to isolate a wider range of P berghei resistant strains, in particular those in the
Qo,. Here we report four new mutations (Y268N, Y268C, L271V and K272R), all in the Qo, domain. Two of these mutations are convergent to

codon 268 (nt802-804) drug-induced mutation in P. falciparum.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Plasmodium berghei; Cytochrome b gene mutations; Atovaquone resistance

The emergence of drug-resistant strains of Plasmodium
falciparum within the last few decades has caused major problems
in malaria treatment and control in many endemic countries. New
affordable drugs that target different biochemical pathways in the
malaria parasite are needed. Atovaquone, a hydroxy-1.4,-naphtho-
quinone, is an anti-malaria that shares structural similarity with
protozoan ubiquinone, a coenzyme involved in the mitochondrial
electron transport [1,2]. Tt is effective against chloroquine-resistant
strains of P. falciparum, and is a major component of Malarone™
(a fixed combination of atovaquone and proguanil).

This drug collapses mitochondrial membrane potential in
Plasmodium spp [3], and is suggested to act by competitive
binding with ubiquinone at the quinone binding domain of the
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quinol-cytochrome ¢ reductase of the mitochondrial respiratory
chain (bc, complex, also referred to as complex IIT). Mutations
conferring atovaquone resistance were identified in the mito-
chondrial cytochrome b (cyth) gene of P. berghei [4], P. yoelii
[5], P. falciparum [6], Pneumocystis carinii 7], and Toxoplasma
gondii [8]. In Plasmodium spp, 10 mutations, M1331, L144S,
1258M, F2671, Y268C/N/S, L271F/V, K272R, P275T, G280D,
and V284F had been documented, mostly located in the quinone
binding domain 2 (Qo,). Significantly, mutations affecting codon
268 (nt802—804) of the cyth gene in the Qo, domain, have been
reported also in P. falciparum isolates collected from malaria-
infected individuals in Africa, associated with the use of, and in
some cases with demonstrated treatment-failure against Malar-
one [9 11], leading to the suggestion for its use as a molecular
marker for atovaquone resistance in the field isolates [12].

The two main P. berghei mutations reported previously [4],
M1331 and L144S, were all located in the quinone binding
domain 1 (Qo,); these mutations confer up to 1000-fold
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resistance in combination with V284F in the sixth transmem-
brane domain, which is adjacent to Qo> site. To obtain a better
model for the biochemical and genetic studies of mutations
observed in the human P. falciparum, we have now extended
our study to isolate a wider range of P. berghei resistant strains,
in particular those in the Qo, region conferring high degrees of
resistance. Here we report four new mutations, most in the Qo,
domain, two of which are convergent to codon 268 mutations in
P. falciparum.

P berghei ANKA strains were inoculated intraperitoneally
into 10-12 week old BALB/c mice at approx 10" parasitized
red blood cells/mouse. At the parasitemia level of 1-5%, the
P. berghei-infected mice were treated intraperitoneally with
different doses of atovaquone, between 0.5 and 14.4 mg kg™
BW as specified in Table 1, daily for three consecutive days.
Parasites were then allowed to recover for 7 days in the absence
of the drug, before the same daily treatment was introduced for
another 3 days. This cycle of treatment was repeated until
resistance was observed, as indicated by level of parasitemia

Table 1
Atovaquone-resistant isolates of P berghei

Isolates® Atovaquone Mutation ED50° Growth rate®
t:hallengeh (mg kg (correlation
(mg kg 'BW) BW) coefficient)
PbLSJ1.1 144 Y268N 80 0.61 (0.96)
PbLSJ2.1 144 Y268C 5.2 0.86 (0.84)
PbLSJ3.1 14.4 L271V+ 16 1.48 (0.96)
K272R
PbESI9 14.4 L271V+ N.D N.D
K272R
PbESI10 14.4 L271V+ N.D N.D
K272R
PbSK2A1Tb Previous M1331+ 4 1.64 (0.84)
study [4] L271V
PbLSI6 8 Y268N N.D N.D
PbLSJ4 4 Y268N N.D N.D
PbLSJ7 4 Y268C N.D N.D
PbLSJ5 2 L271V+ N.D N.D
K272R
PbLSJ8 1 L271V+ N.D N.D
K272R
PbL Control wild 0.01 6.05 (0.93)
type

# PbLSJ1-8 refer to mutants derived from P berghei ANKA Leiden, while
PbESI9-10 from P. berghei ANKA Edinburgh. PbSK2A1Tb appeared following
two passages of a frozen PbSK2AIT resistant strain isolated in our previous
study [4]: Repeated sequencing confirmed the presence of M1331 and V284F in
the frozen original PbSK2A1T.

" The concentrations of atovaquone indicated are those employed in the
isolation of resistant mutants, by treating P berghei-infected BALB/c mice in
cycles of 3 days of treatment and 7 days of recovery as described in the text.

¢ Drug resistance test was carried out by inoculating parasite isolates
intraperitoneally into the 10-12 week old BALB/c mice, and challenging the
infected mice with atovaquone at daily doses ranging from 0.001 to 50 mg kg~ '
BW. Between three and four mice were used per P berghei isolate per dose of
atovaquone. Growth of parasites was determined by daily monitoring of
parasitemia for 4-6 days. The 50% Effective Dose (ED50) and correlation
coefficient values were calculated from the growth rates of each P berghei
isolate during the daily treatment with atovaquone, employing the Sigmoidal
Regression Wizard.

4 Growth rate is expressed as % increase in parasitemia day” .

which was monitored daily. The resistant parasites were then
reinoculated intraperitoneally into 10-12 week old BALB/c
mice to obtain enough parasites for drug resistance test (legend
of Table 1) and cryofreezing. Some isolates were further cloned
by serial limiting dilution and reisolation in mice. Ten isolates
were obtained, PbLSJI to 8 derived from P berghei ANKA
Leiden, and PbESJ9 and 10 from P. berghei ANKA Edinburgh
(Table 1). In addition PbSK2A1Tb was obtained by following
two passages of a frozen PbSK2AIT resistant line from our
previous study [4].

A region of the 6 kb mitochondrial DNA (mtDNA) of the
various P. berghei isolates (nt3368-nt5019) was amplified and
sequenced. This region spanned the entire cyth gene and,
therefore, includes the Qo; and Qo, domains associated with
atovaquone resistance mutations [4,5]. A T to A nucleotide
substitution at the first base of codon 268 (nt802) was found in
three isolates (PbLSJ1.1, PbLSJ4 and PbLSJ6), leading to
amino acid change Y268N in the Qo, domain (Table 1). Two
other isolates carried an A to G substitution at the second base of
the same codon (nt803), leading to amino acid change Y268C
(PbLSJ2.1 and PbLSJ7). The remaining five isolates were all
double mutants, carrying a T to G nucleotide substitution at
nt811 and an A to G at nt815, leading to L271V and K272R,
respectively. PbSK2A 1Tb carried the Qo, G to A substitution at
nt399, leading to M1331, as observed in its parental PbSK2AIT
line [4], and the T to G substitution at nt811 leading to L271V in
the Qo, domain were confirmed. Interestingly, the transmem-
brane V284F amino acid change of the parental line PbSK2AIT
[4] has apparently disappeared during the two passages in mice.

The level of resistance of four representative isolates was
determined in vivo as described in Table 1. The EDs, for the
parental P. berghei ANKA line was found to be 0.01 mg
atovaquone kg ' BW, PbSJ1.1 (Y268N) showed the highest
degree of resistance, with an EDs, of 80 mg kg ' BW, while
those for PbSJ2 (Y268C) and PbSI3 (L271V+K272R) were 5.2
and 16 mg kg™ ' BW, respectively. PbSK2A1Tb that had both
Qo, and Qo> mutations (M1331+L271V) showed similar order
of resistance, with an EDs;, of 4 mg k{l BW (Table 1).

All of the mutations found in the present study are located in
Qo (Fig. 1), the ubiquinol oxidation domain of the cytochrome
b, where the electron transfer to the iron—sulphur protein, and
the consequent charge separation, results in proton transloca-
tion. This is in contrast to results of our earlier attempt to isolate
atovaquone resistance mutants of P. berghei [4], which had lead
to mutations in the Qo; domain. In the earlier study mutants
were isolated by the exposure of the P herghei in vivo to
increasing doses of atovaquone, whereas in the present study
the parasite was challenged with repeated cycles of exposure
and recovery of single doses of the anti-malaria drug. It is
possible that the former procedure has allowed the develop-
ment of perhaps weaker Qo, mutants. The latter is closer to
the situation in clinical treatment of malaria, and it is thus
of interest to observe similar Qo, mutations in field isolates of
P, falciparum(Y268S, Y268N and Y268C) [6,9,11]. Further, the
isolation of P falciparum resistant strains in vitro, by the
exposure of cultured parasites with step-wise increasing doses
of atovaquone, resulted in combinations of Qo; and Qos
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Fig. 1. Sites of atovaquone resistance mutations in the Qo, and Qo, domains of apocytochrome . The apocytochrome b of P berghei contains 376 amino acid
residues and 8 transmembrane domains (boxed). Boxed “H”s are the universally conserved histidine residues that act as the axial ligands for bses heme (H78 and
H173) and bsgo heme (H92 and H187). Shown are the four mutations identified in the present study, Y268N, Y268C, L271V, and K272R, all in the quinone binding
site 11 (Qo2) of the protein. The three atovaquone resistance mutations we reported previously [4] are indicated, M1331 and L144S in the quinone binding site I (Qo),
and V284F in the sixth transmembrane domain. Shown in brackets are mutations reported in P. falciparum, i.e. M1331, Y268S, Y268N, Y268C, L271F, K272R,
P275T, G280D, and V284F [6,11,12] Other Plasmodium atovaquone resistance mutations that had been reported [5.7.8] are indicated as grey shaded residues; in

P. yoelii these mutations are 1258M, F2671, Y268C, L271V and K272R.

mutations (M 1331 and K272R or P275T), or in transmembrane
V284K [6]. The atovaquone resistance conferred by these
mutations were between 10 and 100 times lower than that of the
field isolates carrying the Y268S mutation. The degree of
resistance correlated well with the concentration of atovaquone
used in the isolation, and may explain the absence of mutations
in codon 268 in vitro.

Amino acid residues Y268 and L271 are highly conserved,
indicating the potential importance of these residues in
maintaining the cytochrome b structure and function. Residue
272, on the other hand, is a lysine in Plasmodium spp., but is an
arginine in vertebrate proteins. Both Y268 and L271 have been
suggested to be involved in atovaquone binding in P, falciparum
cytochrome b [6]. Furthermore, in the yeast model [13,14],
residues 279 and 282, equivalent to Plasmodium residues 268
and 271, have been predicted to be involved in the binding of
atovaquone. Site-directed mutagenesis resulting in Y2798 and
L282V in yeast (corresponding to Y268S and L271V in Plas-
modium) indeed conferred atovaquone resistance [14].

The two codon 268 mutations found in the present study,
Y268N and Y268C, lead to significantly different degrees of
resistance (EDso 80 and 5.2, respectively). The aromatic side-
chain of the tyrosine at residue 268 is important for the
interaction between atovaquone and its binding pocket in the
cytochrome b [13,14]; site-directed mutations in yeast that
remove the aromatic chain gave rise to atovaquone resistance.
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The substitution of this large hydrophobic residue with the
smaller asparagine or cysteine would aftect this interaction, and
the difference in the polarity of the side chains of the two amino
acids could explain the difference in degree of resistance
conferred.

We found in the present study that the mutation at codon 271
was always associated with either K272R or M1331. The single
mutation, L271V, may lead to a functionally defective structure
that requires compensative mutations, either in the adjacent Qo,
site, 272, or in Qo, site, 133, to restore stability. The signif-
icantly reduced growth rates of the various atovaquone resistant
mutants indeed suggest that there is some disruption of the
cytochrome b function. The mutations in the atovaquone
binding domain could for example affect also the functional
interaction between coenzyme Q and the cytochrome b. Further
biochemical analyses of the P berghei atovaquone resistant
clones are in progress to elucidate the structure functional
relationship underlying atovaquone resistance, and to examine
the fitness of the mutant strains in genetic crosses.
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Abstract: Superior fluorescence imaging methods are needed for detailed studies on biological phenomena,
and one approach that permits precise analyses is time-resolved fluorescence measurement, which offers
a high signal-to-noise ratio. Herein, we describe a new fluorescence imaging system to visualize
biomolecules within living biological samples by means of time-resolved, long-lived luminescence microscopy
(TRLLM). In TRLLM, short-lived background fluorescence and scattered light are gated out, allowing the
long-lived luminescence to be selectively imaged. Usual time-resolved flucrescence microscopy provides
fluorescence images with nanosecond resolution and has been used to image interactions between proteins,
protein phosphorylation, the local pH, the refractive index, ion or oxygen concentrations, etc. Luminescent
lanthanide complexes (especially europium and terbium trivalent ions (Eu** and Tb%*)), in contrast, have
long luminescence lifetimes on the order of milliseconds. We have designed and synthesized new
luminescent Eu®t complexes for TRLLM and also developed a new TRLLM system using a conventional
fluorescence microscope with an image intensifier unit for gated signal acquisition and a xenon flash lamp
as the excitation source. When the newly developed luminescent Eu*t complexes were applied to living
cells, clear fluorescence images were acquired with the TRLLM system, and short-lived fluorescence was
completely excluded. By using Eu®* and Tb3* luminescent complexes in combination, time-resolved dual-
color imaging was also possible. Furthermore, we monitored changes of intracellular ionic zinc (Zn?*)
concentration by using a ZnZ*-selective luminescent Eu®* chemosensor, [Eu-7]. This new imaging technique
should facilitate investigations of biological functions with fluorescence microscopy, complementing other

fluorescence imaging methodologies.

Introduction

Fluorescence imaging is a powerful tool for the visualization
of biomolecules in various biological environments and is
important for elucidating biological functions.!? Further, the
development of new fluorescent dyes with improved photo-
physical properties combined with technical progress in optical
devices for fluorescence microscopy will open the way to
superior fluorescence imaging technologies. Usual time-resolved
fluorescence microscopy exploits differences in fluorescence
lifetimes on the order of nanoseconds to monitor target
fluorescence, and this technique has been used to image
interactions between proteins or protein phosphorylation by
detecting fluorescence resonance energy transfer (FRET) and
to report on the local environment of fluorophores, for example,
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the local pH, the refractive index, ion or oxygen concentrations,
etc.? In this paper, we present a new system for time-resolved
long-lived luminescence microscopy (TRLLM), which utilizes
the extremely long luminescence lifetimes of luminescent
lanthanide complexes, on the order of milliseconds. This
approach is expected to allow imaging with complete elimination
of the short-lived background fluorescence,*~!3 providing high
signal-to-noise ratios, by the introduction of an appropriate delay
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Figure 1. Design of luminescent lanthanide complexes. (a) Principle of
time-resolved long-lived luminescence measurements. The short-lived
background fluorescence decays to negligible levels during an appropriate
delay time between a pulse of excitation light and the measurement of the
long-lived luminescence. The period for which the fluorescence is measured
is the gate time. The time-resolved long-lived luminescence measurement
obviates the short-lived background fluorescence. (b) Schematic view of a
sensitizing chromophore incorporated into a lanthanide emitter. Efficient
intramolecular energy transfer should occur from the excited chromophore
to the proximate lanthanide ion after excitation of the sensitizing chro-
mophore, and the metal ion becomes excited to the emission state. (c)
Structure of the synthesized Eu**—polyaminocarboxylate complexes in-
corporating a covalently bound sensitizing chromophore. Eu?* complexes
possess various substituents, H, F, CH3;, CH30, NHAc, and NHj, at the
6-position of quinoline (=R) as a light-harvesting moiety for efficient Eu*
sensitization. Also shown is the structure of the Zn?*-selective luminescent
Eu3* chemosensor [Eu-7]. Reprinted from ref 29. Copyright 2004 American
Chemical Society.

time between the pulsed excitation light and measurement of
the long-lived luminescence of the dyes (Figure 1a). Thus, this
TRLLM imaging has characteristics very different from those
of conventional time-resolved fluorescence imaging.

(11) Seveus, L.; Viisild, M.; Syrjinen, S.; Sandberg, M.; Kuusisto, A.; Harju,
R.; Salo, J.; Hemmild, L; Kojola, H.; Soini, E. Cytometry 1992, 13, 329—
338.

New fluorescent dyes with a long fluorescence lifetime are
needed for the TRLLM-based microscopic method. Typical
organic phosphorescent dyes, which possess high triplet quantum
yields, such as eosin or erythrosine or metal complexes showing
MLCT luminescence are considered to be good candidates for
the TRLLM-based microscopic method,>* because phospho-
rescence lifetimes are relatively long. However, these com-
pounds often transfer the energy of the triplet excited state to
surrounding biomolecules in cells and tissues through singlet
oxygen, acting as photosensitizers.'*!> Such light-activated
photosensitizing severely limits the use of these phosphorescent
dyes in TRLLM, resulting in cell death via apoptosis and/or
necrosis and photobleaching of the dyes. Luminescent lanthanide
complexes, in particular complexes of europium and terbium
trivalent ions (Eu** and Tb’"), possess extremely long lumi-
nescence lifetimes on the order of milliseconds, whereas typical
organic fluorescent compounds possess short fluorescence
lifetimes in the nanosecond region.!S Further, luminescent
lanthanide complexes are thought to be relatively insensitive
to photobleaching and the generation of singlet oxygen com-
pared with phosphorescent dyes.® For these reasons, luminescent
lanthanide complexes have been recently exploited in various
bioassays with time-gating in the fields of medicine, biotech-
nology, and biological science.!”-!® The lanthanide f—f transi-
tions have low absorbance, so a sensitizing chromophore
covalently bound to the ligand is desirable for high lumines-
cence.'® Absorption by the chromophore results in effective
population of its triplet level, and efficient intramolecular energy
transfer conveys the absorbance energy of the excited chro-
mophore to a chelated lanthanide metal ion, which becomes
excited to the emission state (Figure 1b). Therefore, a proper
chromophore design should afford luminescent lanthanide
complexes which possess appropriate photochemical properties
for TRLLM.'6

Despite the tremendous amount of work on luminescent
lanthanide complexes, only a few complexes have yet been
employed for TRLLM,*57:810-13,19=21 and most complexes are
used as labeling reagents for proteins. There are numerous
requirements to be fulfilled by fuminescent lanthanide complexes
for usage in molecular imaging with TRLLM, and these include
kinetic stability in water and a sensitizing chromophore unit
that generates an efficient antenna effect. Further, it would be
desirable to move the excitation wavelength toward the visible
region to reduce the phototoxicity of the excitation light for
biological samples and to ensure compatibility with the optics
of standard fluorescence microscopes. Here, we report the design
and synthesis of new luminescent Eu** complexes for use as
long-lived luminescent dyes for TRLLM and the development
of a new TRLLM system, based on conventional fluorescence
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microscopy, for molecular imaging in living biological samples.
We also confirmed the usefulness of this TRLLM method in
cultured living cells.

Results and Discussion

Synthesis of Long-Lived Luminescent Dyes for TRLLM.
Various luminescent Eu** complexes (R = H, F, CH, CH;0,
NHACc, and NH; in the 6-position of the quinoline) (Figure 1c),
which were developed as candidate long-lived luminescent dyes
for TRLLM, were synthesized via similar routes to examine
their suitability for microscopic measurement, which requires
strong luminescence and an excitation wavelength longer than
350 nm (because the optics of standard fluorescence microscopes
have only marginal transmittance below 350 nm). The synthetic
schemes and detailed descriptions of the synthetic procedures
for these Eu*™ complexes are shown in the Supporting Informa-
tion.

Luminescence and Chemical Properties of Synthesized
Long-Lived Luminescent Dyes. Quinolines with F, CHj, and
CH;0 in the 6-position (=R) have been reported as efficient
sensitizing chromophores for Eu?*,22-2* but the photophysical
properties of these Eu?" complexes have not been analyzed well.
The integrity of the Eu*" complexes must be maintained in vivo
to ensure nontoxicity, because the free metal ion and unchelated
chelators are generally more toxic than the complex itself.?’
Chelators such as DTPA (diethylenetriamine-N. NN . N” ,N"-
pentaacetic acid) and DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) have very high stability constant values
for lanthanide ion,? so we expected that our Eu?* complexes
would not have serious toxicity. First, the time-delayed lumi-
nescence spectra and UV —vis absorption spectra of these Eu®"
complexes were measured in 100 mM HEPES buffer (pH 7.4).
When time-delayed luminescence spectra were measured with
a delay time of 50 us and a gate time of 1.00 ms, these Eu*"
complexes (except R = NH,) were highly luminescent (Figure
2a). The luminescence spectra displayed six bands, arising from
transitions from the emissive 3Dy level to the "Fy, 'Fy, Fa, 7F3,
"F4, and "Fs levels of the ground states, respectively.'® Indeed,
aqueous solutions of Eu’™ complexes except R = NH; showed
bright pink luminescence upon excitation with a TLC plate
reader lamp (312 nm) (see the Supporting Information). The
UV —vis absorption spectra of these Eu?" complexes showed
intense absorption bands due to the quinolyl substituent, which
is the sensitizing chromophore (Figure 2b,c). Figure 2¢ shows
the normalized absorption spectra of Eu®™ complexes (R = H,
F, CH;, CH;0, NHAc, NH;) between 280 and 450 nm on the
basis of Figure 2b, indicating the comparison between the
dominant absorption bands of Eu3* complexes at a concentration
of 50 uM in HEPES buffer (pH 7.4). The absorption spectra of
Eu?" complexes with R = H, F, and CH; showed a peak around
320 nm, and introduction of a CH3;0 or NHAc substituent (=R)
resulted in an absorption peak at close to 330 nm, tailing out to
370 nm. The absorption spectra of the Eu** complex with R =
NH; showed an absorption peak at 352 nm, tailing out to 420
nm. Although the Eu*" complex with R = NH, showed the

(22) Griffin, J. M. M.; Skwierawska, A. M.; Manning, H. C.; Marx, J. N;
Bornhop, D. J. Tetrahedron Lett. 2001, 42, 3823—3825.

(23) Manning, H. C.; Goebel, T.; Marx, J. N,; Bomhop, D. J. Org. Lett. 2002,
4, 1075—1078.
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99, 22932352,
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Figure 2. Time-resolved luminescence spectra and absorbance spectra of
newly synthesized Eu’* complexes. (a) Time-resolved luminescence spectra
of Eu** complexes (H, red; F, blue; CH3, green; CH;0, black; NHA, pink;
NH;, orange) in HEPES buffer at pH 7.4. The bands arise from Do — F,
transitions; the ./ values of the bands are labeled. (b, c) Absorbance spectra
of the Eu’* complexes in HEPES buffer at pH 7.4. (b) Absorbance spectra
and (c) normalized absorbance spectra over 280 nm. R = H, red; F, blue;
CHs, green; CH;0, black; NHAc, pink; NH», orange.

longest absorption wavelength among the synthesized Eu’"
complexes, this Eu’" complex did not luminesce at all. The
luminescence and chemical properties of Eu’* complexes are
listed in Table 1. These Eu?™ complexes were dissolved even
at 10 mM, so they were highly water-soluble. The luminescence
quantum yields (¢) of the Eu’* complexes except R = NH; are
sufficiently large for luminescence detection in fluorescence
microscopy.*” The luminescence lifetimes of the above Eu*"
complexes except R = NH; were approximately 0.60 ms in
H,0 and 2.00 ms in D,0. These values indicate that the number
of coordinated water molecules (g value)®” at the Eu®* ion was

(26) Nakamaru, K. Bull. Chem. Soc. Jpn. 1982, 55, 2697—2705.

(27) Beeby, A.; Clarkson, [. M.; Dickins, R. S.; Faulkner, S.; Parker, D.; Royle,
L.; de Sousa, A. S.; Williams, J. A. G.; Woods, M. J. Chem. Soc., Perkin
Trans. 2 1999, 493—503.
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Table 1. Luminescence and Chemical Properties

¢n THzOb fD;O‘

R (%) (ms) (ms) ¢
H 5.9 0.59 201 1.14
F 42 0.60 1.99 1.10
Me 42 0.60 2.00 1.10
MeO 24 0.59 1.88 1.10
NHAc 2.6 0.60 1.96 1.09
NH; NLe NL NL NL

2 Quantum yields were calculated using [Ru(bipy);]Cl: (bipy = 2,2"-
bipyridine; ¢ = 0.028 in water) as a standard and measured in 100 mM
HEPES buffer at pH 7.4, 25 °C.26 ® The luminescence lifetimes were
measured in HO. ¢ The luminescence lifetimes were measured in
D,0. 4 g values were estimated using the equation g®* = 1.2 (zy,07! —
7p,0~ ! — 0.25), which allows for the contribution of unbound water
molecules.?’” ¢ NL = no luminescence.

approximately 1.10. Thus, the lanthanide hydration state was
hardly affected by the introduction of various substituents at
the 6-position of the quinolyl sensitizing chromophore of the
Eu®* complexes. These results demonstrate that it is feasible to
modulate the photophysical properties of Eu** complexes, such
as the intensity of luminescence and the excitation wavelength,
and also indicate that the Eu3™ complexes with R = NHAc or
CH;0 are good candidates for long-lived luminescence dyes
for TRLLM because they have a sufficiently long excitation
wavelength of over 350 nm.

Time-Resolved Long-Lived Luminescence Imaging in
Living Cells. A schematic of the TRLLM system is shown in
Figure 3a. This new TRLLM system utilizes a conventional
fluorescence microscopy system equipped with an image
intensifier (I.1.) unit, a xenon flash lamp, and a timing controller.
Applications of mechanical choppers in TRLLM with the use
of luminescent lanthanide complexes have been reported by
some groups,* %8712 and some groups have employed an LI
unit for the time resolution.”! In this study, we used an LL
unit for the time resolution for the following reasons. First, the
gate time (10 us to 100 ms) and delay time (10 us to 100 ms)
can be easily controlled with the LI. unit. Second, the LI. unit
improves the uniformity of the emission light, which can be
unsatisfactory with mechanical choppers. Third, the gain of the
luminescence signal can be adjusted easily. As regards the
excitation source, a powerful excitation light is required for time-
resolved long-lived luminescence measurements, so a xenon
flash lamp was selected. A laser might be preferable, but its
wavelength cannot be changed easily.

We examined the application of two Eu’t complexes with R
= NHAc or CH30 to conventional microscopy or TRLLM of
cultured living cells (HeLa cells). The fluorescence microscope
had an optical window centered at 617 £ 37 nm for the emission
due to Eu**-based luminescence upon excitation at 360 % 40
nm. The Eu®* complex with R = NHAc¢ or CH;0 was injected
into the cultured HeLa cells (Figure 3b). In the prompt
fluorescence images, the Eu?t complex-injected cells were seen,
together with the Eu?* complex-noninjected cells, which ap-
peared owing to their weak autofluorescence. In the TRLLM
images, the autofluorescence from the cells, which is short-
lived, was gated out, allowing the Eu** complex-injected cells
to be clearly distinguished.

We next investigated the usefulness of the luminescent Eu’+
complexes as long-lived luminescent dyes, since they were
expected to have advantages for biological applications. Unlike
triplet-state phosphorescent dyes, Eu** complexes are thought

to be insensitive to photobleaching and inefficient generators
of singlet oxygen.® Reactive oxygen species such as singlet
oxygen cause significant cellular damage. First, to evaluate the
photostability of Eu’t complexes (R = NHAc or CH;0),
photobleaching experiments with Eu?t complexes and fluores-
cein were performed in 100 mM HEPES buffer at pH 7.4
(Figure S2, Supporting Information). Fluorescein is often used
as a fluorescent dye for fluorescence microscopy. The Eu?t
complexes (40 #M) and fluorescein (1 M) were irradiated with
an external light at an appropriate wavelength, 325 nm (1.57
mW) for Eu’* complexes and 492 nm (2.07 mW) for fluores-
cein. The luminescence intensity of Eu>* complexes (R = NHAc
and CH;0) without time-gating reached 114% and 111% of
the initial intensity after 420 min, respectively. The fluorescence
intensity of fluorescein was decreased to 48% of the initial
intensity after 420 min. The Eu* complexes appear to be more
insensitive to photobleaching than fluorescein. Furthermore, the
ability of Rose Bengal, fluorescein, and Eu?t complexes (R =
NHAc or CH3;0) to produce singlet oxygen was tested by
trapping with 1,3-diphenylisobenzofuran (DPBF), an efficient
quencher of singlet oxygen.!* Rose Bengal is commonly
exploited as a photosensitizer and possesses a high triplet
quantum yield as a phosphorescent dye.!* Fluorescein was
employed here as a reference sensitizer. The generation of
singlet oxygen was evaluated by following the disappearance
of the 410 nm absorbance of DPBF at the initial concentration
of 20 uM. We used a xenon lamp as a light source and an
irradiation wavelength of 555 nm for Rose Bengal, 492 nm for
fluorescein, and 325 nm for Eu** complexes. The values of the
relative rate of singlet oxygen generation were 0.89, 0.51, 1,
and 18 for Eu’" complexes (R = NHAc and R = CH;0),
fluorescein, and Rose Bengal, respectively (details in Figure
S3, Supporting Information). Thus, the Eu3* complexes had
relatively low singlet oxygen production, whereas Rose Bengal
showed efficient production of singlet oxygen compared with
a reference sensitizer, fluorescein.

Dual-Color Imaging with TRLLM. We investigated the
feasibility of dual-color imaging with TRLLM using long-lived
luminescent Eu’t and Tb3* complexes. Luminescent Tb3*
complexes also have advantages for TRLLM, such as long
luminescence lifetimes on the order of milliseconds, narrow
emission peaks, large Stokes shifts, high quantum yields, and
excellent water solubility, like luminescent Eu** complexes. The
main luminescence wavelength of Tb?* complexes is between
480 and 630 nm,'¢ and that of Eu** complexes is between 570
and 720 nm (Figure 2a). The newly synthesized Eu’* complex
(R = NHACc) is used as a red emitter, and the Tb*+ complex
DTPA-cs124 with a chelated Tb?* ion (Tb>**—DTPA-cs124) is
employed as a green emitter.?® This DTPA-cs124 chelator was
prepared using the reported procedure,’® and the complexation
of DTPA-cs124 with Tb** is described in the Supporting
Information. The Eu** complex (R = NHAc) and Tb>*—DTPA-
cs124 were injected separately into cultured living HeLa cells.
The fluorescence microscope had optical windows centered at
617 + 37 nm for the Eu>* emission (commercially available
Cy3 filter) and at 528 & 19 nm for the Tb** emission
(commercially available FITC filter) with the same excitation
wavelength at 360 £ 40 nm, which also utilized a commercially
available filter. In the time-resolved long-lived luminescence

(28) Li, M,; Selvin, P. R. J. Am. Chem. Soc. 1995, 117, 8132—8138.
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Figure 3. Time-resolved, long-lived luminescence images provided by our new TRLLM system. (a) Schematic diagram of the optical apparatus used for
the TRLLM system. The excitation source is a xenon flash lamp. The excitation light passes through the excitation filter and is focused onto cells with
dichroic mirrors. The emission light passes through the emission filter. The LI unit passes the long-lived luminescence to the CCD camera, controlling the
delay time, the gate time, and the gain. The excitation and emission light can be easily selected by using appropriate excitation and emission filters. The
image is recorded on the CCD camera and then transferred to the computer for further processing with MetaFluor 6.1 software. (b) One or two cells were
injected with the Eu’™ complex (R = NHAc or CH3;0) in HBSS buffer. The fluorescence was measured at 617 =+ 37 nm, which is the wavelength range of
the Cy3 emission filter, with excitation at 360 + 40 nm. Bright-field transmission images (DIC), prompt fluorescence images (Promp), and time-resolved
long-lived luminescence images (Time-resolved) of living cells, including the Eu** complex-injected cells. (c) Time-resolved dual-color luminescence images
of living HeLa cells. One cell was injected with the Eu’™ complex (R = NHAc) or Tb**—DTPA-cs124, respectively. The fluorescence emission at 617 =
37 nm (the Cy3 emission filter) for Eu’* or 528 & 19 nm (the FITC emission filter) for Th** was measured with excitation at 360 & 40 nm. DIC: Bright-
field transmission image. Red and green colors in DIC show Eu’*t complex-injected and Tb**—DTPA-cs124-injected cells, respectively. Cy3 filter: Time-
resolved long-lived luminescence image of DIC with the Cy3 emission filter (617 £ 37 nm). FITC filter: Time-resolved long-lived luminescence image of
DIC with the FITC emission filter (528 £+ 19 nm).

image produced with the Cy3 filter, the luminescence of Eu**
was clearly seen, whereas that of Tb** was only weakly detected
due to the difference in the range of the emission wavelengths
(Figure 3c). With the FITC filter, the Tb** luminescence was
strongly detected, while the Eu’" luminescence was not
observed at all (Figure 3c). Thus, our TRLLM technique can
provide dual-color detection with appropriate emission filters,
in addition to discriminating against short-lived background
fluorescence. To our knowledge, this is the first report of dual-
color imaging in living cells with TRLLM.

Time-Resolved Long-Lived Luminescence Imaging of
Zn?* in Living Cells. We previously reported a Zn®"-selective
luminescent Eu** chemosensor, [Eu-7] (Figure 1¢).* Zn?* is
the second most abundant heavy metal ion after iron in the
human body, and chelatable Zn’>" plays an important role in

13506 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007

various biological systems.’® This compound, [Eu-7], has a
sufficiently long excitation wavelength for fluorescence mi-
croscopy and is suitable for fluorescence microscopic measure-
ments of the Zn?" concentration in living cells. In this study,
we examined the application of [Eu-7] to cultured living HeLa
cells by using our TRLLM systemn (Figure 4). Optical parameters
used for the fluorescence microscope were as follows: the
fluorescence microscope had an optical window centered at 617
+ 37 nm for the emission due to Eu**-based luminescence
excited at 360 % 40 nm. The delay time, prior to initiation of
counting, and the gate time, during which counting takes place,
were set at 70 and 808 us, respectively. Compound [Eu-7] was

(29) Hanaoka, K.; Kikuchi, K.; Kojima, H.: Urano, Y.; Nagano, T..J. Am. Chem.
Soc. 2004, 126, 12470—12476.
(30) Vallee, B. L.; Falchuk, K. H. Physiol. Rev. 1993, 73, 79—118.
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Figure 4. Time-resolved long-lived luminescence imaging of intracellular Zn’* in living HeLa cells. The luminescence at 617 = 37 nm, excited at 360 +
40 nm, was measured at 30 s intervals. The time-resolved long-lived luminescence images were measured with our TRLLM system using a delay time of
70 us and a gate time of 808 us. The HeLa cells were injected in HBSS buffer with the [Eu-7] solution. (a) Bright-field transmission image (0 min). (b)
Time-resolved long-lived luminescence image of (a) (0 min). (c) Time-resolved long-lived luminescence image (7 min) following addition of 5 uM pyrithione
(zinc ionophore) and 50 4M ZnSOy to the medium at 5 min. (d) Time-resolved long-lived luminescence image (17 min) following addition of 100 uM TPEN
to the medium at 15 min. Time-resolved long-lived luminescence images (b—d) correspond to the luminescence intensity data in (e), which shows the
average intensity of the corresponding area or cell area in (a) (1, extracellular region; 2, intracellular region of the injected cell; 3, 4, intracellular regions

of noninjected cells).

injected into a single cultured HeLa cell in the central part of
the field of view in Figure 4ab. A prompt increase of
intracellular luminescence was induced when Zn?™ (50 M) and
pyrithione (2-mercaptopyridine N-oxide, 5 M), which is a zinc-
selective ionophore, were added to the medium at 5 min (Figure
4c). Further, the luminescence intensity decreased immediately
upon the extracellular addition of the cell-membrane-permeable
chelator TPEN (N,N,N',N'-tetrakis(2-picolyl)ethylenediamine)
(100 M) at 15 min (Figure 4d). Clear images of the intracellular
Zn?" concentration changes were obtained with the TRLLM
system (Figure 4e¢). To explore further the utility of TRLLM,
we tested whether long-lived luminescence could be well
distinguished from the short-lived fluorescence of rhodamine
6G as an artificial source of short-lived background fluorescence.
Rhodamine 6G fluorescence directly interferes with Eu’’
luminescence because rhodamine 6G has excitation and emission
wavelength ranges similar to those of [Eu-7]. As a result, the
time-resolved long-lived luminescence images were not affected
at all by rhodamine 6G fluorescence (Figure S4, Supporting
Information); i.e., [Eu-7] could be used to monitor changes of
the intracellular Zn’* concentration even in cells stained with
rhodamine 6G.

Conclusions

We have developed a new methodology, i.e., the TRLLM
technique with our new luminescent lanthanide complexes, for
fluorescence imaging in living biological samples such as live
cells. Time-resolved fluorescence imaging has been achieved
using other TRLLM systems and luminescent lanthanide
complexes, but these complexes were mostly used as labeling
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reagents for biological molecules. We have shown here that the
long-lived luminescence of luminescent lanthanide complexes
can be clearly distinguished from the short-lived background
fluorescence such as autofluorescence, present in most biological
systems as well as scattered excitation light, and even the strong
short-lived fluorescence of rhodamine 6G by using our TRLLM
system.

By using both luminescent Eu?* and luminescent Tb*"
complexes, dual-color imaging was possible with our micro-
scope system. For example, it was possible to discriminate red
and green images of luminescent Eu** and Tb*" complexes with
our microscope system using commercially available Cy3 and
FITC filters, while excluding short-lived fluorescence. More-
over, we could monitor intracellular Zn?" concentration changes
in living cells by using the TRLLM system with our Zn?*-
sensitive luminescent lanthanide sensor probe [Eu-7]. This paper
is the first to describe imaging of the concentration changes of
intracellular metal ion, including Zn?", in living cells as time-
resolved long-lived luminescence images obtained with a
luminescent lanthanide sensor probe. The next step should be
the development of a range of superior long-lived luminescent
lanthanide sensor probes, which possess extremely high quantum
yields, long excitation wavelengths over 400 nm, and cell
permeability.3'*2 Efforts are under way to develop new long-
lived luminescent lanthanide sensor probes which switch
between weak and strong luminescence in the absence and the
(31) Yang, C; Fu, L. M.; Wang, Y.; Zhang, J. P.; Wong, W. T.; Ai, X. C;

g)(;elu; Y. F.: Zou. B. S.: Gui, L. L. Angew. Chem., Int. Ed. 2004, 43, 5010—

(32) Allen, M. ].; MacRenaris, K. W.; Venkatasubramanian, P. N.; Meade, T.
J. Chem. Biol 2004, /], 301—307.
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presence of specific biological molecules, in parallel with efforts
to improve our TRLLM system. We consider that our TRLLM
imaging technique using luminescent lanthanide sensor probes
should be useful as a complement to, rather than a replacement
for, existing fluorescence imaging methodologies.

Experimental Section

Materials. DTPA bisanhydride was purchased from Aldrich Chemi-
cal Co. Inc. (St. Louis, MO). All other reagents were purchased from
either Tokyo Kasei Kogyo Co., Ltd. (Japan) or Wako Pure Chemical
Industries, Ltd. (Japan). All solvents were used after distillation. Silica
gel column chromatography was performed using BW-300 and Chro-
matorex-ODS (all from Fuji Silysia Chemical Ltd.).

Instruments. 'H and '*C NMR spectra were recorded on a JEOL
JNM-LA300. Mass spectra were measured with a JEOL-T100LC
AccuTOF (ESI* or ESI7). HPLC purification was performed on a
reversed-phase column (GL Sciences (Tokyo, Japan), Inertsil Prep-
ODS 30 mm x 250 mm) fitted on a Jasco PU-1587 system. Time-
resolved luminescence spectra were recorded on a Perkin-Elmer LS55
luminescence spectrometer (Beaconsfield, Buckinghamshire, England).
The slit width was 5 nm for both excitation and emission. A delay
time of 50 us and a gate time of 1.00 ms were used. UV—vis spectra
were obtained on a Shimadzu UV-1650PC (Tokyo, Japan) or an Agilent
8453 (Agilent Technologies, Waldbronn, Germany) UV —vis spectros-
copy system. The fluorescence intensities without a delay time were
also recorded on a Perkin-Elmer LS55 luminescence spectrometer
(Beaconsfield). The slit width was 10 nm for both excitation and
emission.

Time-Delayed Luminescence Spectral Measurements. The time-
delayed luminescence spectra of Eu’* complexes (50 uM) were
measured in 100 mM HEPES buffer at pH 7.4, 24 °C (excitation at
318 nm (R = H), 320 nm (R = F), 323 nm (R = CH3), 330 nm (R =
CH;0), 325 nm (R = NHAC), and 352 nm (R = NH3)). The slit width
was 5 nm for both excitation and emission. A delay time of 50 us and
a gate time of 1.00 ms were used.

UV—Vis Absorption Spectrum Measurements. The absorption
spectra of Eu’* complexes (50 uM) were measured at 24 °C in an
aqueous solution buffered to pH 7.4 (100 mM HEPES buffer). UV—
vis spectra in Figure 2b,c were recorded on a Shimadzu UV-1650PC.

Quantum Yield Measurements. The luminescence spectra were
measured with a Hitachi F4500 spectrofluorometer (Tokyo, Japan). The
slit width was 2.5 nm for both excitation and emission. The photo-
multiplier voltage was 950 V. The luminescence spectra of Eu’*
complexes (5 4uM) were measured in 100 mM HEPES buffer at pH
7.4, 25 °C, with irradiation at 300 nm. The quantum yields of Eu’*
complexes were evaluated using a relative method with reference to a
luminescence standard, [Ru(bpy);]JCl; (¢ = 0.028 in air-equilibrated
water).26 The quantum yields of Eu** complexes can be expressed by
eq 1, where @ is the quantum yield (subscript “st” stands for the

D,/ D, = [A/A4,)n In1[D/D] ()

reference and “x” for the sample), 4 is the absorbance at the excitation
wavelength, # is the refractive index, and D is the area (on an energy
scale) of the luminescence spectra. The samples and the reference were
excited at the same wavelength (300 nm). The sample absorbance at
the excitation wavelength was kept as low as possible to avoid
fluorescence errors (Aexc < 0.03).

Luminescence Lifetime Measurements. The luminescence lifetimes
of the Eu** complexes were recorded on a Perkin-Elmer LS-55
luminescence spectrometer (Beaconsfield). The data were collected with
10 us resolution in H,O and D,O and fitted to a single-exponential
curve obeying eq 2, where Ip and / are the luminescence intensities at

(33) Chen, Q. Y.; Feng, C. J; Luo, Q. H.; Duan, C. Y,; Yu, X. §;; Liu, D. J.
Eur. J. Inorg. Chem. 2001, 1063—1069.
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time ¢ = 0 and time ¢, respectively, and 7 is the luminescence emission
lifetime. Lifetimes were obtained by monitoring the emission intensity
at 614 nm (Aex = 318 nm (R = H), 320 nm (R = F), 323 nm (R =
CH3), 330 nm (R = CH;0), 325 nm (R = NHAc)).

Determination of the Number of Water Molecules Bound to the
Inner Coordination Sphere of Eu**. The number of coordinated water
molecules (¢ value) at the Eu** ion is determined by the following
equation:?’

Eu _ -1 -1
qg = 1.2(1'H20 ~To 0.25) 3)
where Ty,0 Or Tp,o is the luminescence lifetime of the complex in H2O
or D,0, respectively.

Photobleaching of Eu** Complexes. Photobleaching of luminescent
Eu’* complexes (R = NHAc or CH;0) (40 4M) and fluorescein (1
uM) was performed in 100 mM HEPES buffer (pH 7.4) at 24 °C by
using a xenon lamp (UXL-500D-0, USHIO, Tokyo, Japan) as an
excitation source in an SM-5 system (Bunkoh-Keiki Co., Ltd., Tokyo,
Japan). The wavelength and the energy of the irradiation light were
325 nm and 1.57 mW for Eu’* complexes and 492 nm and 2.07 mW
for fluorescein. The absorbance values of Eu’* complexes (R = NHAc
or CH;0) (40 uM) and fluorescein (1 uM) solution were 0.16 at 325
nm, 0.15 at 325 nm, and 0.08 at 492 nm, respectively. The fluorescence
intensities at 618 nm (for Eu** complexes) and 516 nm (for fluorescein)
were recorded on a Perkin-Elmer LS55 luminescence spectrometer
(Beaconsfeld) and plotted.

Comparative Singlet Oxygen Generation Measurements. Reaction
of 1,3-diphenylisobenzofuran (DPBF) with singlet oxygen was moni-
tored in terms of the reduction in the intensity of the absorbance at
410 nm. An aerated solution of a photosensitizer and DPBF (20 uM)
in 100 mM HEPES buffer (pH 7.4)/MeOH = 1/1 was irradiated with
a xenon lamp (UXL-500D-0, USHIO) in an SM-5 system (Bunkoh-
Keiki Co., Ltd.) at 24 °C. Rose Bengal (1 uM), fluorescein (1 M), or
a Eu** complex (R = NHAc or CH;0) (100 uM) was used as a
photosensitizer. The wavelength and the energy of the irradiation light
were 555 nm and 3.0 mW for Rose Bengal, 492 nm and 3.09 mW for
fluorescein, and 325 nm and 2.55 mW for Eu** complexes (R = NHAc
or CH;0). The UV—vis spectra were recorded on an Agilent 8453 UV—
vis spectroscopy system (Agilent Technologies). The absorbance of a
Rose Bengal solution (1 #M), a fluorescein solution (1 #M), and Ev**
complex (R = NHAc and CH;O) solutions without DPBF were 0.08
(at 555 nm), 0.07 (at 492 nm), 0.40 (at 325 nm), and 0.41 (at 325 nm),
respectively. Irradiation at 555 or 492 nm of a 20 4uM DPBF solution
in 100 mM HEPES buffer (pH 7.4)/MeOH = 1/1 produced no change
in the intensity of the 410 nm absorption band, which was derived
from DPBF. No changes in the absorbance spectra of the photosensi-
tizers were observed during the irradiation, indicating that the photo-
sensitizers were not photobleached in these experiments. However,
irradiation at 325 nm of a 20 M DPBEF solution without photosensitizer
produced a reduction in the intensity of the 410 nm absorption band of
DPBF. Therefore, the rates of oxygenation of a 20 M DPBF solution
without photosensitizer in 100 mM HEPES buffer (pH 7.4)/MeOH =
1/1 on irradiation at 325, 555, or 492 nm were also measured as
background rates, and we subtracted the rates of oxygenation of a
solution of DPBF (20 uM) only from the rates of oxygenation of a
solution of the Eu** complex (R = NHAc or CH;0), Rose Bengal, or
fluorescein containing DPBF (20 #M) when irradiated at 325 nm (for
Eu** complexes), 555 nm (for Rose Bengal), or 492 nm (for
fluorescein). Details are shown in the Supporting Information.

Preparation of Cells. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen Corp., Carlsbad, CA),
supplemented with 10% fetal bovine serum (Invitrogen Corp.), 1%
penicillin, and 1% streptomycin (Invitrogen Corp.) at 37 °C in a 5%
C0,/95% air incubator. The cells were grown on an uncoated 35 mm
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diameter glass-bottomed dish (MatTek, Ashland, MA) and washed twice
with Hank’s balanced salt solution (HBSS) buffer (Invitrogen Corp.),
and then the medium was replaced with HBSS buffer before imaging.
The Eu’* complexes (2 or 10 mM) were dissolved in microinjection
buffer (HBSS buffer) and injected into cells with an Eppendorf injection
system (Transjector 5246).

Prompt Fluorescence Microscopy and Imaging Methods. The
imaging system consisted of an inverted microscope (IX71, Olympus)
with a cooled CCD camera (Cool Snap HQ; Roper Scientific, Tucson,
AZ). The microscope was equipped with a xenon lamp (AH2-RX,
Olympus), a 40x objective lens (UApo 40x 0il/340, NA 1.35;
Olympus), and a dichroic mirror (420DCLP, Omega). The whole system
was controlled using MetaFluor 6.1 software (Universal Imaging,
Media, PA). The fluorescence microscope had an optical window
centered at 617 £ 37 nm (S617/73m, Chroma) for the emission due to
Eu’*-based luminescence upon excitation at 360 £ 40 nm (D360/40x,
Chroma).

TRLLM and Imaging Methods. For time-resolved long-lived
luminescence imaging we used the above conventional fluorescence
microscopy system with the following modifications, as shown in Figure
3a. The microscope was equipped with an auxiliary 50 Hz pulsed
excitation source (60 W xenon flash lamp (L6784), Hamamatsu
Photonics K. K., Shizuoka, Japan) triggered by a timing controller
(model 555-2C, BNC (Berkeley Nucleonics Corp.)). The delay time
and gate time were controlled by an L. and LI. controller (C9016-02,
Hamamatsu Photonics K. K.) located in the emission light pathway
and synchronized with the xenon flash lamp using a timing controller.
The excitation light was delivered into a dual port (U-DPLHA;
Olympus, Tokyo, Japan) via an optical fiber (A7632, Hamamatsu
Photonics K. K.). The excitation source was easily switched from a
xenon flash lamp to a xenon CW lamp. The LI device can strongly
amplify the fluorescence signal. The amplified emission signal was
delivered via a relay lens (A4539, Hamamatsu Photonics K. K.) to a
cooled CCD camera (Cool SNAP HQ, Roper Scientific). Time-resolved
long-lived luminescence images were acquired with a 52 or 70 us delay
time between the application of a pulse of excitation light to the sample
and the acquisition of the luminescence signal, while no delay was
used for the acquisition of prompt fluorescence images; to obtain a
good signal-to-noise ratio, the overall acquisition time for each image
was 1 s. The gate time, which is the acquisition time of the luminescence
signal, was 808 us. Quantitative evaluation of the luminescence images
was done using the MetaFluor imaging analysis software package
(Universal Imaging Corp.).

Time-Resolved Dual-Color Imaging Methods. The synthesized
luminescent Eu*t complex (R = NHAc) (10 mM) or Tb**—DTPA-
cs124 (2 mM) was dissolved in microinjection buffer (HBSS buffer)
and injected into cultured living HeLa cells in HBSS buffer. A delay
time of 70 us and a gate time of 808 us were used. An optical window
centered at 528 £ 19 nm ($528/38m, Chroma) was employed for Tb**-
based luminescence.
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Time-Resolved Long-Lived Luminescence Imaging of Intracel-
lular Zn?** in Living Cultured HeLa Cells. A Zn?*-selective
luminescent Ew’* chemosensor, {Eu-7] (2 mM), was dissolved in
microinjection buffer (HBSS buffer) and injected into living HeLa cells.
The time-resolved long-lived luminescence images were acquired every
30 s. A delay time of 70 us and a gate time of 808 us were used.

Rhodamine 6G Loading Conditions and Imaging Method. HeLa
cells were grown on an uncoated 35 mm diameter glass-bottomed dish
(MatTek, Ashland, MA) and washed twice with HBSS buffer (Invit-
rogen Corp.); then the cells were incubated with rhodamine 6G (4 uM)
in HBSS buffer for dye loading for 30 min at room temperature, which
was a sufficient time for intracellular accumulation of rhodamine 6G
judging from the fluorescence seen in the intracellular regions (Figure
S4b). The stained cells were washed twice with HBSS buffer, and the
medium was replaced with HBSS buffer before imaging. Then [Eu-7]
was injected into a cultured living HeLa cell in the same manner as
the above experimental method of time-resolved long-lived lumines-
cence imaging of intracellular Zn?* in living cultured HeLa cells. The
fluorescence microscope had an optical window centered at 617 £ 37
nm (S617/73m, Chroma) for the emission due to rhodamine 6G-based
fluorescence upon excitation at 360 + 40 nm (D360/40x, Chroma).
In time-resolved long-lived luminescence imaging, images with a delay
time of 70 us were free of contributions from prompt fluorescence of
rhodamine 6G, while a delay time of 52 us was not sufficiently long
to eliminate this prompt fluorescence from the time-resolved long-lived
luminescence images.
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A Gd**-Based Magnetic Resonance Imaging Contrast Agent Sensitive to
B-Galactosidase Activity Utilizing a Receptor-Induced Magnetization
Enhancement (RIME) Phenomenon
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Abstract: Magnetic resonance imaging
(MRI) permits noninvasive three-di-
mensional imaging of opaque organ-
isms. Gadolinium (Gd**) complexes
have become important imaging tools
as MRI contrast agents for MRI stud-
ies, though most of them are nonspecif-
ic and report solely on anatomy. Re-
cently, MRI contrast agents have been
reported whose ability to relax water
protons is triggered or greatly en-
hanced by recognition of a particular
biomolecule. This new class of MRI

the increase in the longitudinal water
proton r; relaxivity that occurs upon
slowing the molecular rotation of a
small paramagnetic complex, a phe-
nomenon which is known as receptor-
induced magnetization enhancement
(RIME), by either binding to a macro-
molecule or polymerization of the
agent itself. Here we describe the
design and synthesis of a novel f-galac-
tosidase-activated MRI contrast agent,
the Gd** complex [Gd-5], by using the
RIME approach. B-Galactosidase is

commonly used as a marker gene to
monitor gene expression. This newly
synthesized compound exhibited a
57% increase in the r, relaxivity in
phosphate-buffered saline (PBS) with
45% w/v human serum albumin
(HSA) in the presence of pB-galactosi-
dase. Detailed investigations revealed
that RIME is the dominant factor in
this increase of the observed r, relaxivi-
ty, based on analysis of Gd®* com-
plexes [Gd-5] and [Gd-8], which is
generated from [Gd-5] by the activity

contrast agents could open up the pos-
sibility of reporting on the physiologi-
cal state or metabolic activity deep
within living specimens. One possible
strategy for this purpose is to utilize

Introduction

Magnetic resonance imaging (MRI) is a noninvasive imag-
ing technique that can provide images of intact, opaque or-
ganisms in three dimensions, even deep within a specimen,
without photobleaching or light scattering which are often
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of f-galactosidase, and spectroscopic
analysis of their corresponding Tb**
complexes, [Tb-5] and [Tb-8].

observed in light-based microscopy imaging experiments.!]
Therefore, MRI is useful not only in clinical medicine, but
also in experimental research.? Nowadays, there is a con-
siderable interest in MRI contrast agents, which can im-
prove the resolution of MR images.” The MR images are
based upon the NMR signal from water protons, and the
signal intensity depends upon the water concentration and
relaxation time (7} and T).”! Paramagnetic ions like the ga-
dolinjum ion (Gd**), primarily shorten the T, (spin-lattice)
relaxation time with high efficacy by rapid exchange of
inner-sphere water molecules with bulk solvent.”! Thus,
Gd**-based MRI contrast agents increase tissue contrast by
increasing water proton relaxation, and are widely used in
clinical diagnostics.) In Gd®*-based MRI contrast agents,
chelation of Gd** is required for safety reasons: Dissocia-
tion of Gd** from a MRI contrast agent is undesirable, as
both the free metal and unchelated ligands are generally
more toxic than the complex itself ¥ Commonly used MRI
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