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FIGURE 2. Effects of extracellular L-cysteine concentrations on the
amount of EhNO isotypes and intracellular L-cystine/L-cysteine concen-
trations. A an immunoblot analysis of ERNOT and -2 is shown. After tropho-
zoites were cultured under normal or L-cysteine-supplemented conditions
for48 h, ~15 ug of total cell lysate was electrophoresed on a 12% SDS-PAGE
gel and subjected to an immunoblot assay with antibodies raised against
EhNO1, EANO2, or EAMPR1 as a control. The densitometric quantification of
the reacted bands, shown in the right graph, was performed by Scion Image
software, and the level of EhNO1, EhNO2, and EhMPR1 proteins was
expressed in arbitrary units. Error bars represent the S.E. of three independent
experiments. B, shown is intracellular L-cystine/cysteine concentrations
under normal, L-cysteine-supplemented, and deprived conditions. L-Cystine/
cysteine concentrations of the trophozoites cultivated for 48 h under the
indicated conditions were analyzed by CE-MS. Error bars represent the S.E. of
three independent experiments.

7-fold when cultured in the presence of 18 mm L-cysteine for
48 h compared with the control condition (8 mm L-cysteine),
whereas it was down-regulated by 4-fold when cultured in the
absence of L-cysteine. In contrast, the level of ERNO1 remained
unchanged in either the presence or absence of L-cysteine.

Expression of EENO Proteins under L-Cysteine-supplemented
and -deprived Conditions—To confirm the changes of EANO
transcripts determined by the transcriptomic and real-time
PCR analyses, we also examined ERNO expression at the pro-
tein level under L-cysteine-supplemented conditions. Immuno-
blot analysis using anti-rEhNO2 antibody showed that EANO2
was induced by 6-fold when E. histolytica cultures were supple-
mented with L-cysteine (Fig. 2A4). Although the RT-PCR results
indicated that EhNO1 was not up-regulated under this condi-
tion, the protein recognized by anti-EhNO1 antibody was also
found to be induced by 3.5-fold. Because anti-EhNO1 and anti-
EhNO2 antibodies exhibited cross-reactivity (data not shown),
the increased signal of the band recognized by anti-EhNO1
antibody was likely due to cross-reactivity with ERNO2. Alter-
natively, the level of EENO1 may have increased by post-tran-
scriptional mechanisms.

Changes in Intracellular L-Cysteine/Cystine Concentrations
under L-Cysteine-supplemented and -deprived Conditions—To
examine changes in intracellular L-cysteine and L-cystine con-
centrations caused by L-cysteine supplementation and depriva-
tion, we quantitated their levels using a CE-MS-based approach
in trophozoites maintained under normal (8 mm L-cysteine),
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FIGURE 3. Absorption spectra of rEhNO1 and rEhNO2 proteins. UV-visible
absorption spectra of rEhNO1 (400 p.g of protein) and rEhNO2 (200 g) under
non-reducing (solid lines) and sodium dithionite-reducing conditions (broken
lines) are shown. The samples were reduced with a 10-fold molar excess of
sodium dithionite.

enriched (18 mMm L-cysteine), or deprived conditions. Under
normal conditions, the L-cysteine to L-cystine ratio (1.70 +
0.08) was deviated toward the reduced status. Upon L-cysteine
supplementation, the intracellular levels of L-cysteine and
L-cystine increased 8.1- and 7.3-fold, respectively, whereas
under L-cysteine deprivation, both L-cysteine and L-cystine
decreased to undetectable levels (Fig. 2B). Under L-cysteine-
enriched conditions, the L-cysteine to L-cystine ratio (1.90 +
0.14) slightly shifted toward the more reduced status (p =
0.031). Because several systems regulate the cellular redox reac-
tions and electrochemical potential of the cell, the observed
changes in the L-cysteine/cystine ratio were considered small.
Taken together, these data clearly showed that although the
extracellular L-cysteine concentration largely affects intracellu-
lar L-cysteine/L-cystine levels, its redox equilibrium is not
severely affected. Furthermore, it appeared that a significant
proportion of the L-cysteine incorporated into the cell was oxi-
dized to L-cystine, which is supported by a previous finding (44).
Alternatively, extracellular L-cysteine may be oxidized before
uptake and reduced to L-cysteine intracellularly.

Expression and Purification of Recombinant EhNO Isotypes—
To determine the biochemical properties of the two EhNO
isoenzymes, recombinant proteins were first produced in
E. coli. SDS-PAGE of the purified rEANO1 and -2 proteins
showed apparently single homogenous bands with molecular
weights of 52.2 and 51.9 kDa, respectively, under reducing con-
ditions (supplemental Fig. S3). The observed mobilities of
rEhNO1 and -2 were consistent with the predicted sizes of the
monomeric EhNO proteins with an extra 3.0-kDa histidine tag
added at the amino terminus. The purity of the rEhNOs was
estimated to be greater than 95% as judged by densitometric
scanning of the stained gel. The rEhNO proteins were stable
and retained their full activity for at least 3 months when stored
in 10-15% glycerol at -30 or —80 °C.

Prosthetic Groups of rENOs—The UV-visible spectra of the
purified rERNOs showed absorbance maxima at 484, 450, 430,
378, and 280 nm (Fig. 3), which are characteristic of iron sulfur
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flavoproteins (45). The dithionite-reduced rEhNOs showed, in
contrast, a relatively featureless spectrum, with the increased
absorbance at shorter wavelengths attributable to dithionite.
Denaturation of the rEERNOs by boiling resulted in the release of
flavin, indicating that it formed a non-covalent association with
the protein. The fluorescence intensity of the free flavin at pH
2.6 was ~4-fold higher than that at pH 7.7 (data not shown).
This indicates that FAD, rather than FMN, formed the pros-
thetic group in rEhNOs. It was calculated that 1.13 *+ 0.32 mol
of FAD (e of FAD at 450 nm = 11.4 X 10 M~ ' cm ') is asso-
ciated per molecule of rERNO1, whereas 0.89 = 0.21 mol of
FAD bound per molecule of rEhNO?2. The iron analysis using
the O-phenanthroline method indicated that rEhNO1 con-
tained 7.8 * 0.62 irons per molecule of rEhNO1, whereas
rEhNO2 contained 7.4 = 0.71 irons per molecule of rEhNO2.
These results indicate that two [4Fe-4S] clusters are present per
subunit, which is consistent with the CX,CX,CX;CP and
CX,CX,CX,C motifs present in ERNO1 and -2. These data
together with the stability of the enzymatic activity of rEhNOs
also support the premise that rERNOs retain most, if not all, of
the features of the native EhNOs.

Kinetics Properties of rEBNO—The rEhNOs were devoid of
glutamate synthase and glutamate dehydogenase activity in
both directions at either pH 7.5 or 9.5. However, both proteins
oxidized NADPH and transferred electrons to several alterna-
tive electron acceptors, including INT, ferricyanide, and men-
adione (Table 1). In the presence of NADPH, the reduction rate
of INT by rEhNOI (specific activity 19.42 = 3.25 umol min "
mg ') was >30-fold higher than that by rEhNO2 (0.62 * 0.10
wmol min~—* mg ™), whereas rEhNO2 showed a 2.8-fold higher
ferricyanide reducing activity (86.64 = 8.33 umol min~ ' mg™ ")
than rERNO1 (31.50 * 6.21 wmol min™* mg~"). The menadi-
one-reducing activities of rEhNO1 and -2 were comparable
(2.48 + 0.39 and 2.25 * 0.41 pmol min ' mg~ ', respectively).
Both rERNOL1 and -2 were highly specific toward NADPH and

TABLE 1
Specific activity of purified ENNO1 and EhNO2 with various electron
acceptors

Values are expressed as the means * S.D. of three independent experiments as
described under “Experimental Procedures”

did not reduce the above-tested electron acceptors with NADH
as the electron donor. In the NADPH:flavin oxidoreductase
reaction under aerobic conditions, rEANO1 and -2 produced
H,O, at comparable levels (Table 1). Significantly, the two
enzymes were also capable of reducing the anti-amebic drug
metronidazole and the herbicide paraquat.

In addition to these properties, rEhNO1 and -2 could cata-
lyze the reduction of disulfides, such as L-cystine, which was
also dependent on NADPH. The K|, and k. /K, values of
rEhNOI1 and -2 for L-cystine and NADPH were significantly
different (Table 2). At substrate-saturating concentrations, the
K, values of rENNOL1 for L-cystine and .-NADPH were 3.3- and
2.3-fold higher, respectively, than those of rEhNO2. The
k../K,, value of rERNO2 for L-cystine (measured at saturating
concentrations of NADPH) was ~4-fold higher than that of
rEhNOI. The addition of N-ethylmaleimide, which is com-
monly used to inhibit sulfydryl-dependent reactions, inhibited
the disulfide reducing activities of both rEnNO1 and rEhNO2
(0.5 mm N-ethylmaleimide caused 50% inhibition), whereas the
presence of up to 5 mm N-ethylmaleimide had no effect on the
reduction of INT. These results indicate that the two EhNOs
contain thiol(s) groups that are involved in disulfide reduction
but are not required for their observed oxidoreductase activity
(46, 47).

We also found that rEhNO1 and -2 catalyzed the reduction of
ferric to ferrous ion. In the presence of NADPH, the reduction
rate of Fe(Ill) by rEANOL1 (k.. /K,, 15.1 * 3.20 min~" pm™ ")
was ~116-fold higher than that by rERNO2 (k_,;,/K,,, 0.12 *
0.01 min~ ' um™') (Table 2). In addition, both rEhRNOs also
acted as ferredoxin:NADP™ reductases capable of catalyzing
the reduction of NADP* to NADPH through the utilization of
the electrons provided by reduced ferredoxin, although the
observed activity of ERNO1 was again higher (7.8-fold) than
that of EhNO2. These data suggest that EhNO1 is mainly
involved in the reduction of ferric ion and ferrodoxin:NADP ™,
whereas ERNO?2 primarily catalyzes the reduction of L-cystine.
The uncatalyzed reaction rate (without enzyme) of each reac-
tion was as follows: 22.5 *+ 2.4 pmol/min, INT; 250 = 32 pmol/
min, ferricyanide; 29.2 * 6.1 pmol/min, menadione; 307 * 66
pmol/min, paraquat; 22.5 = 7.8 pmol/min, cystine; 28.9 * 6.9
pmol/min, ferric ammonium citrate; 6.16 = 2.7 pmol/min,
ferredoxin.

Binary Complexes of EENO1/2 with Ferredoxins—To exam-

Specific activity
Substrate
rEhNO1 rEhNO2
wmol/min/mg
INT 19.42 + 3.25 0.62 + 0.10
Ferricyanide 31.50 + 6.21 86.64 + 8.33
Menadione 2.48 +0.39 2.25 +0.41
Metronidazole 1.75 * 0.42 1.41 * 0.46
Paraquat 19.73 = 4.23 10.60 = 2.12
Oxygen 8.31 +2.12 342 *+0.81
TABLE 2

ine whether electron transfer between reduced ferredoxin and
NADP ™ by ERNO1 was dependent on the physical interaction
between these two proteins (48), as reported for the spinach leaf
redox couple (36), we investigated whether EnNO1 and -2

Kinetic parameters for cystine, ferric, and ferredoxin NADP* reductase reactions catalyzed by EhNO1 and EhNO2
Values are expressed as the means * S.D. of three independent experiments.

rEhNO1 rEhNO2
Substrate

K., Vinax Keat Keael K,y K, Viosax Keat Keael K.

M wmol/min/mg min~! min Lpam t UM wmol/min/mg min~! minLopm !
Cystine 910 = 20 0.88 = 0.06 45.86 * 7.52 0.05 = 0.01 276 = 23 1.15 *0.17 59.36 = 3.81 0.22 £ 0.13
NADPH (cystine) 92+21 1.70 £ 0.13 88.38 = 5.83 9.61 = 1.34 42*0.8 1.33 = 0.43 68.62 * 5.40 16.33 £ 2,12
Fe(III) citrate 313+ 34 9.10 + 2.51 4712 =175 15.1 £3.20 98.4 + 4.5 0.26 = 0.09 12.18 £ 2.81 0.12 = 0.01
NADPH (ferric) 70.3 £ 49 10.12 *+ 3.16 526.6 = 21.2 749 212 66.7 + 8.3 0.72 £ 0.31 37.06 = 6.28 0.56 + 0.23
Ferredoxin 0.16 = 0.05 2.28 + 0.46 1188 £ 7.4 742.5 * 34.1 0.23 = 0.07 0.43 +0.18 21.71 £ 4,51 94,39 + 8.91
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FIGURE 4. In vitro interactions of EhNO with ferredoxin. A, SDS-PAGE anal-
ysis of the complex of ERNO and ferredoxin is shown. Protein mixtures were
incubated for 30 min with (even lane numbers) and without (odd lane numbers)
5 mm carbodiimide, electrophoresed on a 15% SDS-PAGE gel under reducing
conditions, and then stained with Coomassie Brilliant Blue R250. The exam-
ined protein mixtures were as follows: lanes 1 and 2, spinach (S. oleracea)
ferredoxin:NADP ™ reductase (SoFNR) + spinach ferredoxin (SoFd); lanes 3 and
4, EANOT+SoFd; lanes 5 and 6, EhNO2+SoFd; lanes 7 and 8, EANO1+EhFd1;
lanes 9 and 10, ENO2+EhFd1. Protein bands corresponding to the cross-
linked proteins are indicated by an asterisk. The positions of the purified pro-
teins are indicated on the right side of the gel. B, shown is an immunoblot
analysis of the cross-linked samples using an anti-His antibody.

physically interacted with homologous and heterologous (Spi-
nacia oleracea) ferredoxin (SoFd) using a carbodiimide-pro-
moted cross-linking (50). We first cloned and purified a repre-
sentative [3Fe4S] ferredoxin found in the E. histolytica genome
data base (EhFdl; TIGR ID 128.m00136). For the assay,
rEhNO1 and -2 were mixed with either purified EhFd1 or SoFd,
cross-linked, and then analyzed by SDS-PAGE (Fig. 44). It was
observed that both rEhNO1 and -2 formed a complex with
spinach ferredoxin, as shown by the appearance of a large
60-kDa band in the gel and more easily observed in the Western
blot analysis using an anti-histidine antibody (Fig. 4B, lanes 4
and 6). However, only EhNO1 formed a complex with E. histo-
lytica ferredoxin (EhFd1) (Fig. 4, A and B, lanes 8 and 10).

Cellular Distribution of EENO—W e also examined the cellu-
lar distribution of EhNO1 and -2 in trophozoites. The immu-
nofluorescence imaging using antiserum raised against the cor-
responding recombinant protein revealed that the two isotypes
were distributed throughout the cytosol (data not shown). We
also verified the localization of EhnNOs by immunoblotting
using lysates produced by a Dounce glass homogenizer fol-
lowed by sonication and centrifugation at 100,000 X g at 4 °C
for 1 h. Both EhNO1 and -2 fractionated into the soluble frac-
tion (data not shown).

Increased Metronidazole Sensitivity by EANO Overexpression—
To confirm that ERNO is the target of metronidazole in E. his-
tolytica, stable transformants that overexpressed Myc-tagged
EhNOLI or 2 were generated. Both the transformants expressing
Myc-tagged ERNO1 or EhNO2 expressed ~2-fold higher levels
of the corresponding enzymes than the control (Fig. 54) and
were more sensitive to metronidazole. The 50% growth inhibi-
tory concentrations (ICs,) of metronidazole for the Myc-
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FIGURE 5. Changes in the sensitivity of E. histolytica to metronidazole by
overexpression of EhNOs. A, shown is an immunoblot analysis of ERNOs in
the transformants expressing Myc-tagged EhNO1 and -2. Approximately 40
ug of total lysate from the pKT-MR (control), ERNO1 (pKT-MR-NO1), and
EhNO2 (pKT-MR-NO2)-overexpressing transformants was electrophoresed on
a SDS-PAGE gel under reducing conditions and subjected to immunoblot
analysis using anti-EhNO1, anti-EhNO2, anti-Myc, and anti-EhCS1 (control)
antibodies. Black and white arrows indicate endogenous and Myc-tagged
EhNO1 and -2, respectively. B, susceptibility of transformed trophozoites to
metronidazole is shown. Trophozoites (10* cells/ml) were cultivated in the
presence of 0-16 um metronidazole for 48 h, and the number of viable cells
was then counted. The percentages of living cells are shown relative to those
of unexposed control cells. Error bars represent the S.E. of five independent
experiments.

EhNOI- and Myc-EhNO2-overexpressing transformants were
1.03 £ 0.05and 1.42 * 0.12 uMm, respectively (Fig. 5B), whereas
the control showed an IC,, of 2.24 + 0.33 uMm.

DISCUSSION

In the present study we demonstrated novel enzymatic reac-
tions catalyzed by a new class of FAD- and 2[4Fe-4S]-contain-
ing NADPH-dependent oxidoreductases from E. histolytica,
which had been initially discovered by virtue of tightly regu-
lated gene expression in correlation with L-cysteine concentra-
tions. Although the two EhNOs characterized in this study had
been annotated before this study based on their high degree of
homology with GOGAT B subunit and B subunit-like genes
from a variety of organisms, their biochemical function was
unknown. The fact that the two EhNOs shared significant sim-
ilarity with homologs from archaeal organisms raised the ques-
tion of whether they represented a prototype GOGAT protein,
similar to the B subunit protein from Pyrococcus, which was
reported to possess NADPH-dependent GOGAT activity and
be capable of both glutamine and ammonia-dependent synthe-
sis in the absence of the a subunit (7). However, we were unable
to observe glutamate synthase activity of the EnNOs under sim-
ilar conditions used for the Pyrococcus glutamate synthase. Fur-
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FIGURE 6. Proposed in vivo reactions catalyzed by EhNO1 and -2. PFOR, pyruvate:ferredoxin oxidoreduc-
tase; Fd-red and Fd-oxi, reduced and oxidized form of ferredoxin; Prx, peroxiredoxin; Rbr, rubrerythrin; RNO,/

RNO,’, metronidazole/reduced metronidazole.

thermore, the expression of the GOGAT B subunit failed to
restore glutamate auxotrophy in an E. coli GOGAT « subunit-
deficient strain (5, 51). In addition, it was somewhat puzzling
how the Pyrococcus GOGAT [ subunit functioned in substrate
binding and catalysis without the « subunit, which has been
shown to be responsible for substrate recognition (52). Thus, it
was thought that the EhNO B subunit-like proteins may be
involved in reactions other than glutamate synthesis.

The physiological roles of ERNO1 and EhNO2 have not been
unequivocally demonstrated because our attempt to repress
EhNO expression by gene silencing (53) failed (data not
shown), and gene knock-out has not been accomplished in
E. histolytica. Nevertheless, our present enzymological charac-
terization revealed the physiological significance of the pres-
ence of the two isotypes of ERNOs. EnNO2 appears to play an
important role in the reduction of cystine to L-cysteine. Because
L-cysteine is partially present in the oxidized form inside cells
(CE-MS analysis, Fig. 2B), L-cystine reduction is necessary
before the utilization of r-cysteine, which has been implicated
in the attachment to matrix, elongation, motility, growth, and
anti-oxidative defense (35, 54, 55). Transcriptomic analysis
demonstrated that the transcription of EhNO2, but not
EhNOV, is tightly regulated by extracellular L-cysteine concen-
trations. Furthermore, the measured kinetic parameters indi-
cate that EhNO2 possesses 4-fold higher L-cystine reduction
efficiency than EnNOL.

The acquisition of iron and subsequent assimilation into cel-
lular proteins are ubiquitously essential for life. However, at
physiological pH under aerobic conditions, iron is present as
Fe*" hydroxides and oxyhydroxides or in a complex with ferric-
specific chelators, e.g. siderophores (56). Subsequent reduction
of complexed Fe** is accomplished by ferric reductases using
NAD(P)H as the electron donor (57), with the resulting Fe*™
being subsequently released and incorporated into iron-con-
taining proteins (58). We showed that rERNOI catalyzes the
reduction of ferric ion >100-fold more efficiently than rEnNO2
(Table 2), suggesting that ERNOL1 is mainly involved in ferric
reduction. We also confirmed that ERNO1 functions as a ferre-
doxin:NADP™* reductase, similar to the recently reported ferric

A EVON

AUGUST 27, 2010+VOLUME 285+<NUMBER 35

NADPH ./
/ N
e . il

reductase  from  Pseudomonas
putida (59), by catalyzing reversible
electron transfer between one mol-
ecule of NADP"/NADPH and two
molecules of ferredoxin. In vitro

cross-linking of the two EhNOs
(. EhNO2 with ferredoxin indicate that only

- EhNO1 forms a stable complex with
s E. histolytica ferredoxin (EhFdl),
whereas both EhNO1 and EhNO2
physically interact with spinach
ferredoxin (Fig. 4B), indicating that
the specificity toward ferredoxin
differs between these two proteins.
The E. histolytica genome encodes
four types of ferredoxins which are
highly divergent at the primary
sequence level and also in the Fe-S
clusters. We, therefore, hypothesize
that EhNO2 interacts with a ferredoxin(s) other than EhFd1 in
E. histolytica, a speculation that is supported by the observed
differential binding of photosynthetic and non-photosynthetic
maize ferredoxins to root Zea mays ferredoxin:NADP™" reduc-
tase (60).

E. histolytica is anaerobic/microaerophilic and possesses
highly degenerated mitochondria that are incapable of oxida-
tive phosphorylation and ATP generation. A crucial step in
energy production via glycolysis and fermentation in E. histo-
Iytica involves the decarboxylation of pyruvate to acetyl CoA
that is catalyzed by pyruvate:ferredoxin oxidoreductase (61).
Concomitant with the decarboxylation of pyruvate, an electron
is transferred to oxidized ferredoxin. Generally, reduced ferre-
doxin subsequently donates an electron to NAD(P) by the
action of ferredoxin:NADP reductase, which serves to regener-
ate the intracellular pools of NAD(P)H and oxidized ferredoxin.
However, as the Entamoeba genome does not contain an ferre-
doxin:NADP reductase homolog, it was unclear how NAD(P)H
was regenerated. Our enzymological study indicates that
EhNOs, and EhNOL1 in particular, function as ferredoxin:
NADP reductases and are involved in the regeneration of
NADPH and oxidized ferredoxin required for continuous
energy production.

As stated above, E. histolytica possesses highly divergent
mitochondria (62) and lacks a functional tricarboxylic acid
cycle, cytochromes, and a conventional respiratory electron
transport chain terminating in the reduction of oxygen to
water. However, amebae can still tolerate up to 5% of oxygen in
the gas phase (63, 64) and consume oxygen (65). As shown here,
EhNOs are flavoproteins containing 1 mol of FAD as a pros-
thetic group per mol of enzyme. During the NADPH:flavin oxi-
doreductase reaction, NADPH binds to EhNOs, and two elec-
trons are transferred to FAD to yield FADH,, which is
immediately dissociated from the enzyme (66). Under aerobic
conditions, FADH, is rapidly oxidized by molecular oxygen to
yield H,O, and FAD (67). As E. histolytica amebae do not pro-
duce detectable amounts of H,O, (27), it is possible that H,O,
is further converted to water by peroxiredoxin (68) and
rubrerythrin (69) to overcome oxidative stress. Under anaero-
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bic conditions, ERNO1 catalyzes ferric ion reduction, whereas
EhNO2 catalyzes cystine reduction. Based on the demonstrated
reactions catalyzed by the two EhNOs, we have proposed func-
tional roles for these two proteins in E. histolytica that are sum-
marized in Fig. 6.

Metronidazole is a prodrug currently used to treat a number
of microbial infections, and its activation requires intracellular
reduction to produce cytotoxic short-lived radicals and other
reactive species (70). Entamoeba electron transport proteins,
which have been reported to provide the source of electrons for
the reductive activation of metronidazole, include ferredoxin
(71), thioredoxin reductase (72), and nitroreductase (49). We
demonstrated that both EnNO1 and -2 catalyze metronidazole
reduction iu vitro (Table 1), and their overexpression confers
increased sensitivity to this drug (Fig. 5B). This finding suggests
that in addition to ferredoxin (71), pyruvate:ferredoxin oxi-
doreductase (71), thioredoxin (72), and nitroreductase (49),
EhNO1 and -2 are also involved in metronidazole activation in
E. histolytica.

In conclusion, we have demonstrated for the first time that
twonovel NADPH-dependent GOGAT small subunit-like pro-
teins of E, histolytica function, at least in vitro, as cystine/ferric/
ferredoxin:NADP"* reductase. We propose that they play a role
in maintaining intracellular redox potential and may be respon-
sible for metronidazole activation in this parasite. The physio-
logical substrates and biological roles of the majority of oxi-
doreductases discovered by genome mining remain largely
unknown. Vigorous attempts to discover the substrates and
functions of individual oxidoreductases should unveil novel
cellular metabolic processes in pathogens and cancer cells that
may lead to the development of new chemotherapeutics.
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Pyridine nucleotide transhydrogenase (PNT) catalyzes the direct transfer of a hydride-ion equivalent be-
tween NAD(H) and NADP(H) in bacteria and the mitochondria of eukaryotes. PNT was previously postulated
to be localized to the highly divergent mitochondrion-related organelle, the mitosome, in the anaerobic/
microaerophilic protozoan parasite Entamoeba histolytica based on the potential mitochondrion-targeting
signal. However, our previous proteomic study of isolated phagosomes suggested that PNT is localized to
organelles other than mitosomes. An immunofluorescence assay using anti-E. histolytica PNT (ERPNT) anti-
body raised against the NADH-binding domain showed a distribution to the membrane of numerous vesicles/
vacuoles, including lysosomes and phagosomes. The domain(s) required for the trafficking of PNT to vesicles/
vacuoles was examined by using amoeba transformants expressing a series of carboxyl-terminally truncated
PNTs fused with green fluorescent protein or a hemagglutinin tag. All truncated PNTs failed to reach
vesicles/vacuoles and were retained in the endoplasmic reticulum. These data indicate that the putative
targeting signal is not sufficient for the trafficking of PNT to the vesicular/vacuolar compartments and that
full-length PNT is necessary for correct transport. PNT displayed a smear of >120 kDa on SDS-PAGE gels.
PNGase F and tunicamycin treatment, chemical degradation of carbohydrates, and heat treatment of PNT
suggested that the apparent aberrant mobility of PNT is likely attributable to its hydrophobic nature. PNT that
is compartmentalized to the acidic compartments is unprecedented in eukaryotes and may possess a unique

physiological role in E. histolytica.

Pyridine nucleotide transhydrogenase (PNT) participates in
the bioenergetic processes of the cell. PNT generally resides on
the cytoplasmic membranes of bacteria and the inner mem-
brane of mammalian mitochondria (3, 16) and utilizes the
electrochemical proton gradient across the membrane to drive
NADPH formation from NADH (14, 15, 39) according to the
reaction H out + NADH + NADP*<H*in + NAD" +
NADPH, where “out” and “in” denote the cytosol and the
matrix of the mitochondria, or the periplasmic space and the
cytosol of bacteria, respectively.

PNT has been identified in several protozoan parasites, in-
cluding Entamoeba histolytica (8, 51), Eimeria tenella (17, 47),
Mastigamoeba balamuthi (11) Plasmodium falciparum (10),
Plasmodium yoelii (6), and Plasmodium berghei (12). In gen-
eral, PNT contains conserved structural units consisting of
three domains, the NAD(H)-binding domain (domain I [dI])
and the NADP(H)-binding domain (domain III [dIII]), both of
which face the matrix side of the eukaryotic mitochondria or
the cytoplasmic side in bacteria, and the hydrophobic domain
(domain II [dII]), containing 11 to 13 transmembrane regions.
PNT from E. tenella and E. histolytica exists as a single polypep-
tide in an unusual configuration consisting of dIIb-d1II-dI-dIIa,
with a 38-amino-acid-long linker region between dIII and dI
(48).

E. histolytica, previously considered an “amitochondriate”
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protist, is currently considered to possess a mitochondrion-
related organelle with reduced and divergent functions, the
mitosome (1, 21, 23a, 26, 42). Our recent proteomic study of
isolated mitosomes identified about 20 new constituents (26),
together with four proteins previously demonstrated in E. his-
tolytica mitosomes: Cpn60 (8, 19, 21, 42), Cpn10 (46), mito-
chondrial Hsp70 (2, 44), and mitochondrion carrier family
(MCF) (ADP/ATP transporter) (7). Despite the early pre-
sumption of PNT being localized in mitosomes (8), based on
the amino-terminal region rich in hydroxylated (five serines
and threonines) and acidic (three glutamates) amino acids,
which slightly resembles known mitochondrion- and hydroge-
nosome-targeting sequences (8, 35), PNT was not discovered
in the mitosome protcome. We also doubted this premise
because PNT was one of the major proteins identified in iso-
lated phagosomes (32, 33). Thus, the intracellular localization
and trafficking of PNT remain unknown.

In this report, we showed that E. histolytica PNT (ERPNT) is
localized to various vesicles and vacuoles, including lysosomes
and phagosomes, using wild-type amoebae and antiserum
raised against recombinant EAPNT and an E. histolytica line
expressing EAPNT with a carboxyl-terminal hemagglutinin
(HA) epitope tag and anti-HA antibody. We also showed that
all domains of EAPNT are required for its trafficking to the
acidic compartment by using amoeba transformants expressing
the HA tag or green fluorescent protein (GFP) fused with a
region containing various domains of EAPNT.

MATERIALS AND METHODS

Cells, cultures, and reagents. Trophozoites of E. histolytica strain HM-1:IMSS
¢l6 were maintained axenically in Diamond’s BI-S-33 medium (9) at 35.5°C.
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Chinese hamster ovary (CHO) cells were maintained in F12 medium (Invitrogen,
San Diego, CA) supplied with 10% fetal calf serum (Medical Biological Labo-
ratory International, Woburn, MA) at 37°C with 5% CO,. Escherichia coli strains
DH5e and BL21(DE3) were purchased from Life Technologies (Tokyo, Japan)
and Novagen (Madison, WI), respectively. LysoTracker Red DND-99 and Cell-
Tracker Orange CMTMR [5-(and-6)-(((4-chloromethyl)benzoyl)amino)tet-
ramethylrhodamine] were purchased from Molecular Probes (Eugene, OR). All
other chemicals of analytical grade were purchased from Sigma-Aldrich unless
otherwise stated.

Plasmid construction. Standard techniques were used for routine DNA ma-
nipulation, subcloning, and plasmid construction as previously described (38). To
produce E. coli recombinant proteins, a coding region corresponding to dI
(amino acids [aa] 565 to 960) of EAPNT (EAPNTdI) was amplified from an E.
histolytica cDNA library by using a pair of appropriate primers designed on the
basis of the nucleotide sequences in the GenBank database (accession number
1.39933) (8), with BamHI and Xhol restriction enzyme sites. The sense and
antisense primers were 5'-CGAGGATCCGATGTTATTTATTGGTATTCCAA
AAG-3 and 5'-CGTTCTCGAGTCATTCTTCTTCAGTTGAAAGA-3', respec-
tively, where boldface type indicates the BamHI or Xhol site. The PCR products
were cloned into the BamHI- and Xhol-digested vector pET47b (Novagen,
Madison, WI), and the resulting plasmid was designated pHisPNTdI. To gener-
ate vectors to express either full-length or truncated forms of EZPNT fused to
HA in the amoeba, a protein-coding region corresponding to full-length EFPNT
(GenBank accession number AAC41577) (aa 1 to 1083), the 14-aa amino-
terminal region encompassing the putative targeting sequence (TS)+dIIb (aa 1
to 330), TS+dIIb+dIII (aa 1 to 525), TS+dIIb+dIII+linker (aa 1 to 564), and
TS+dIIb+dIIl+ linker+dl (aa 1 to 960) was amplified from an E. histolytica
c¢DNA library by using a pair of appropriate primers and cloned into the BglIl
site of pEhExHA (29). The antisense primers were 5'-CGTGGATCCATGAAA
CATTTTCAACATTCTG-3', 5'-CGTGGATCCGAATGATCTATTCATAGCT
TTACAC-3', 5'-CGTGGATCCTTCTTCATTTAATTCTTCAAATCCTTTC-3',
5'-CGTGGATCCATCTTCTGCAAGAACTTTTGTTGGA-3', and 5'-CGTGG
ATCCTTCTTCTTCAGTTGAAAGAGT-3', respectively, where boldface type
represents the BamHI site. The sense primer described above was used for these
full-length or truncated forms of EAPNT to express in the amoeba. To generate
a plasmid to express GFP fused to the EAPNT TS, a pair of oligonucleotides
corresponding to the TS were generated, self-annealed, and cloned into the BglIT
site of pERExGFP. The oligonucleotides were 5'-GATCTATGAGCACAAGTT
CTAGTATTGAAGAAGAAGTGTTCAATTATA-3 and 5'-GATCTATAATT
GAACACTTCTTCTTCAATACTAGAACTTGTGCTCATA-3', where bold-
face type represents the truncated BgllI site. pPEhExGFP was generated by the
ligation of the GFP protein-coding region of pKT-MG (29) into the BglII-Xhol
site of pEhEx (31). These constructs allowed the expression of PNT with the
three tandem copies of the HA tag or GFP at the carboxyl terminus. The
resulting plasmids were designated pPNTFL-HA, pTS/IIb-HA, pTS/IIb/IIT-HA,
pTS/dlib/dIII/L-HA, pTS/IIb/III/L/I-HA, and pPNTTS-GFP. The production of
the Cpn60-HA transformant was previously described (26).

Amoeba transformation, Plasmids generated as described above were intro-
duced into amoeba trophozoites by lipofection as previously described (30).
Geneticin (Invitrogen, San Diego, CA) was added at a concentration of 1 ug/ml
at 24 h after transfection, and the Geneticin concentration was gradually in-
creased for approximately 2 weeks until it reached 10 pg/ml.

Recombinant protein production. pHisPNTAI was introduced into
BL21(DE3) cells. The expression of the histidine-tagged EAPNTAI protein was
induced with 1 mM isopropyl-B-thiogalactoside at 37°C for 3 h. After harvesting
and washing three times with phosphate-buffered saline (PBS) (pH 7.4), the
bacteria were lysed in B-PER reagent (Pierce, Rockford, IL} containing Com-
plete Mini EDTA-free protease inhibitor cocktail (Roche Diagnostic, Mann-
heim, Germany) and mixed with 1.0 ml of a 50% slurry of Ni?>*-nitrilotriacetic
acid (NTA) His-Bind resin. The recombinant E#PNTdI-bound resin was washed
in a column three times with 25 ml of buffer A (50 mM NaH,PO,, 300 mM NaCl
[pH 8.0]) containing 20 mM imidazole. Bound proteins were eluted with buffer
A containing 1| M imidazole and dialyzed against PBS.

Antibodies. Anti-EAPNT antibody was raised against purified EAPNTAI in
rabbit commercially (Operon, Tokyo, Japan). Anti-HA 11MO mouse monoclo-
nal antibody was purchased from Berkeley Antibody (Berkeley, CA). Anti-
EhSec61 a-subunit and anti-E. histolytica dolicol-P-mannose synthase (EhD-
PMS) antibodies were a gift from Rosana Sanchez-Lépez (37). Anti-galactose/
N-acetylgalactosamine inhibitable lectin (Hgl) monoclonal antibody (3F4) (23)
was a gift from Barbara J. Mann and William A. Petri, Jr. Alexa Fluor 488- or
568-conjugated anti-mouse and anti-rabbit IgGs were purchased from Invitro-
gen. Alkaline phosphatase-conjugated goat anti-rabbit and goat anti-mouse 1gGs
were bought from Jackson ImmunoResearch Laboratories (Bar Harbor, ME).
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Anti-GFP rabbit antibody was purchased from Medical Biological Laboratory
International.

Immunoprecipitation. Approximately 3 X 10° cells of E#PNT-HA- and
Cpné0-HA-expressing amoebae were lysed in lysis buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 1% Triton X-100, and 0.5 mg/ml E-64). The soluble lysate,
after centrifugation at 15,000 X g, was incubated with protein G-Sepharose beads
(30 pl of a 50% slurry) (Amersham Biosciences, Uppsala, Sweden) premixed
with anti-HA antibody (0.5 pl) or anti-HA and anti-Hgl antibodies, respectively.

Immunoblot analysis. Whole-cell lysate and immunoprecipitated samples
were separated on either a 12% or 15% (wt/vol) SDS-polyacrylamide gel and
subsequently electrotransferred onto nitrocellulose membranes (Hybond-C Ex-
tra; Amersham Biosciences, Little Chalfont, Bucks, United Kingdom) as de-
scribed previously (41). The membranes were blocked by incubation in 5%
nonfat dried milk in TBST (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, and 0.05%
Tween 20) for 1.5 h at room temperature. The blots were reacted with primary
anti-EAPNT rabbit or anti-HA mouse antibody at a dilution of 1:500 to 1:1,000.
The membranes were washed with TBST and further reacted with alkaline
phosphatase-conjugated anti-rabbit or anti-mouse IgG antibody (1:1,000) at
room temperature for 1.5 h. After further washing with TBST, specific proteins
were visualized with an alkaline phosphatase conjugate substrate kit (Bio-Rad,
Hercules, CA).

Deglycosylation of PNT, The EAPNT-HA-expressing transformant was cul-
tured with 3 pg/ml of tunicamycin (Sigma, St. Louis, MO) for 24 h to inhibit
asparagine-linked glycosylation according to a protocol described previously
(22). For the chemical deglycosylation of EAPNT, EAPNT and fetuin were dried
in a Speed Vac. Ice-cold trifluoromethanesulfonic acid (TFMS)-anisol (3:2, vol/
vol [100 pl]) was added, and the samples were incubated for 4 h at 4°C under N,
according to a method described previously (13). The reaction was stopped by
slowly adding 200 ! ice-cold H,O-pyridine (73:10, vol/vol) containing 0.1% SDS
to the mixture. Anisol was extracted three times with 250 pl ethyl ether. Dialysis
was performed against 2 mM pyridine acetate buffer. After dialysis, the samples
were subjected to SDS-PAGE and silver staining. Immunoprecipitated E2PNT
was also digested with PNGase F (New England Biolabs, Ipswich, MA}, an
amidase that cleaves between the innermost N-acetylglucosamine and asparagine
residues of asparagine-linked glycoproteins, according to the manufacturer’s
instructions.

I fl assay and organelle staining. Amoeba transformant or
wild-type amoebae in a logarithmic growth phase were harvested, transferred
into 8-mm round wells on glass slides, and incubated for 30 min at 35°C to let
trophozoites attach to the glass surface. An indirect immunofluorescence assay
was performed as previously described (36). Briefly, amoebae were fixed with
3.7% paraformaldehyde in PBS for 10 min at room temperature. The cells were
then permeabilized with 0.05% Triton X-100 in PBS for 5 min. The samples were
reacted with anti-EAPNT (1:100), anti-EASec61 a-subunit (1:30), anti-EADPMS
antibody (1:30), anti-GFP (1:1,000) rabbit antibody, anti-HA (1:1,000) mouse
antibody, or preimmune rabbit serum (1:100). The samples were then reacted
with Alexa Fluor 488- or 568-conjugated anti-mouse or anti-rabbit IgG (1:1,000).

For the staining of endosomes or late endosomes/lysosomes, amoebae were
incubated with BI-S-33 medium containing 2 mg/ml rhodamine isothiocyanate
(RITC)-dextran for 10 to 60 min (for endosomes) or LysoTracker Red DND-99
(Molecular Probes, Eugene, OR) (1:500) for 12 h (for late endosomes/lyso-
somes), respectively. To visualize phagosomes, CHO cells prestained with 10 pM
CellTracker Orange or 20 pM CellTracker Blue were added to E. histolytica
trophozoites in 8-mm wells on a glass slide and incubated for 10 to 60 min. The
samples were examined on an LSM 510 Meta confocal laser scanning microscope
(Carl Zeiss, Thornwood, NY). Images were further analyzed by using LSM510
software.

RESULTS

Identification of two isotypes of PNT in E. histolytica. Two
isozymes of PNT have been identified in the E. histolytica
genome database at Pathema (http:/pathema.tigr.org/tigr
-scripts/pathema/) (EHI_055400 and EHI_014030, corre-
sponding to GenBank accession numbers XP_001914099 and
AACA41577, respectively). They showed 90% mutual amino
acid identity. The latter EnPNT isotype (EH_014030) is 1,083
aa long with a predicted molecular mass of 117.0 kDa and a pl
of 5.39. This predicted protein is identical to the PNT protein
previously reported (GenBank accession number AAC41577)
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FIG. 1. Expression of PNT in E. histolytica. (A) Tmmunoblot
analysis of native ExPNT. Approximately 10 ug of total lysate was
electrophoresed on a 12% SDS-polyacrylamide gel and subjected to
an immunoblot assay with anti-EAPNT antibody or preimmune se-
rum. M, molecular mass marker. (B) Immunoprecipitation of
ERPNT. The lysates derived from the transformant expressing either
ERPNT-HA (“PNT-HA”) or ERCpn60-HA (“CPN60-HA”) and the
wild-type strain (“WT”) were subjected to immunoprecipitation with
anti-HA antibody, followed by immunoblot analysis with anti-HA an-
tibody. Lysate derived from the wild-type amoebae was also used
directly for immunoblot analysis as a control. An arrowhead and an
arrow indicate heavy and light chains of anti-HA antibody, respec-
tively. IP, immunoprecipitation; IB, immunoblot. (C) Effect of heat
treatment on the mobility of EhPNT on an SDS-PAGE gel. Approx-
imately 10 pg of total lysate was electrophoresed on a 12% SDS-
polyacrylamide gel and subjected to an immunoblot assay with anti-
ERPNT antibody. M, molecular mass marker.

(8). The dIII, dI, and dITa regions of EHI_055400 (1,098 aa)
are conserved except for a single amino acid substitution in
dIII. EHI_055400 also contains a 5-aa extension at the amino
terminus (MSLLL) and 9 aa substitutions in the putative TS
(aa 1 to 14 of EHI_014030) (data not shown). In addition, dIIb
of EHI_055400 contained 65 aa substitutions and two (4- and
6-aa-long) block insertions; the linker region also contains 24
aa substitutions. Since the domains involved in catalysis in
EHI_055400 and EHI_014030 are totally conserved, and the
two genes are expressed at comparable levels as steady-state
mRNA by quantitative reverse transcriptase PCR (data not
shown), we further studied only EHI 014030 in the present
work. EHI_001930 (GenBank accession number XP_653216),
which is annotated as the PNT B-subunit, showed no signifi-
cant homology to either of the two EAPNTs described above,
while this sequence showed similarity with the B-subunit from
other organisms and, thus, was excluded from this study.
Expression of PNT in E. histolytica trophozoites. Immuno-
blot analysis of the trophozoite lysate using anti-EAPNT anti-
body showed a smear of >120 kDa (Fig. 1A). The size of the
smear was unexpected because the predicted molecular masses
of EHI_055400 and EHI_014030 were 119.0 and 117.0 kDa,
respectively. To verify that this was not due to the cross-reac-
tivity of anti-EAPNT antibody, we immunoprecipitated EAPNT
from the EAPNT-HA-expressing transformant with anti-HA
antibody, followed by immunoblotting with anti-HA (Fig. 1B)
or anti-EAPNT (data not shown) antibody. Immunoprecipi-
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FIG. 2. Deglycosylation of EAPNT. (A and B) Deglycosylation by
TFMS or PNGase F. The lysates obtained from the transformant
expressing EAPNT-HA were subjected to immunoprecipitation (IP)
with anti-HA antibody, followed by TFMS or PNGase F treatment and
immunoblot detection with anti-HA antibody (right). Fetuin was used
as a control, and gels were stained with silver (A) or Coomassie
brilliant blue (B) (left). Filled arrowheads indicate untreated fetuin.
Arrows indicate fetuin deglycosylated by TFMS (A) or PNGase F (B).
Open arrowheads indicate E#PNT. (C) Deglycosylation by tunicamy-
cin. Lysates from the transformant expressing EAPNT-HA cultured
with tunicamycin were subjected to immunoprecipitation with either
anti-EhHgl or anti-HA antlbody, followed by immunoblot analysis with
either anti-EhHgl or anti-HA antibody, respectively. A filled arrow-
head or an arrow indicates untreated or deglycosylated EAHgl, respec-
tively. An open arrowhead indicates EAPNT.

tated EnPNT-HA was also recognized as a smear of >120 kDa,
similar to that of endogenous EAPNT.

To examine whether the smear was due to posttranslational
modifications such as glycosylation, we treated immunoprecipi-
tated EhPNT-HA with TFMS or PNGase F. The pattern of
immunoblots with anti-HA antibody was not affected, while the
apparent molecular mass of control fetuin decreased (Fig. 2A
and B). In addition, the treatment of the trophozoites with
tunicamycin did not affect the mobility of E#PNT, while the
mobility of control Hgl increased (Fig. 2C). These data are
consistent with the notion that EAPNT is not glycosylated. We
next examined whether aberrant mobility is due to unusual
tertiary structures. We compared the patterns of the amoebic
lysates, mixed with a one-third volume of 4X SDS-PAGE sam-
ple buffer (0.25 M Tris-HCI [pH 6.8], 8% SDS, and 8% 2-mer-
captoethanol) and either incubated at 95°C for 5 min or left
unheated, on SDS-PAGE gels. When the sample was electro-
phoresed without heating, EAxPNT was observed as a polypep-
tide of the predicted size (Fig. 1C). The exclusion of 2-mer-
captoethanol did not affect mobility (data not shown). A
similar observation was previously reported for membrane pro-
teins, including serotonin transporter (24) and severe acute
respiratory syndrome (SARS)-associated coronavirus mem-
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LYSOSOMAL TRANSHYDROGENASE IN E. HISTOLYTICA
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FIG. 3. (A) Subcellular localization of EAPNT in wild-type amoebae. Wild-type amoebae were fixed, and an immunofluorescence assay was
performed by using anti-EAPNT (red) and preimmune sera. Bar, 10 pm. Arrows and arrowheads indicate representative vacuolar and dot-like
structures of EAPNT, respectively. (B) Colocalization of endogenous and exogenous epitope-tagged PNT in E. histolytica. ERPNT-HA-overex-
pressing amoebae were fixed, and an immunofluorescence assay was performed by using anti-EAPNT (red) and anti-HA (green) antibodies.

brane protein (18). In the latter case, three hydrophobic re-
gions of 10 to 35 aa were shown to be responsible for the
heat-induced aggregation of the membrane protein (18), sug-
gesting that the heat-induced change of mobility of EAPNT on
SDS-PAGE is likely due to the hydrophobic nature of the
protein.

Subcellular distribution of ERPNT. An immunofluores-
cence assay using anti-EAPNT antibody showed that EAPNT
is associated with the membranes of vesicles and vacuoles
varying in size, or sometimes dot-like structures, scattered
throughout the cytosol (Fig. 3A). We also examined the
intracellular distribution of EAPNT using the amoebic trans-
formant that expressed EAPNT (EHI_014030) with the
carboxyl-terminal HA tag. The pattern of exogenous
EhPNT-HA (EHI_014030) and that of endogenous EAPNT
(a sum of EHI 055400 and EHI_014030) plus exogenous
ERPNT (EHI_014030) were indistinguishable (Fig. 3B).
Since EhPNT was previously postulated to be localized to
mitosomes (8), we next examined the localization of EAPNT
and EACpn60, the authentic marker of mitosomes, in the
amoebic transformant expressing £E2ACpn60-HA (26) using

Anti-ERPNT
(EhPNT)

Anti-HA
(CPN60)

anti-EAPNT and anti-HA antibodies. No colocalization of
EhPNT and ERCpn60 was observed (Fig. 4).

Since EAPNT was previously detected in isolated phago-
somes (32, 33), we examined the localization of EAPNT during
the phagocytosis of CHO cells. Wild-type amoebae were incu-
bated with CellTracker Orange-loaded CHO cells for 10 to 60
min to allow the ingestion of CHO cells. An immunofluores-
cence assay using anti-EAPNT antibody (Fig. 5A) showed that
the phagocytosed CHO cells were associated with ERPNT at
all time points (10, 20, and 60 min; only the images at 60 min
are shown). The percentage of association gradually increased
during the course of phagocytosis (65% * 6%, 79% * 9%, and
80% =+ 8% at 10, 30, and 60 min, respectively). We then
examined whether EAPNT is localized to lysosomes using
LysoTracker Red, a membrane-diffusible probe accumulated
in acidic organelles (5). We found that the LysoTracker-la-
beled acidic compartment, the size and number of which were
consistent with previous findings (28, 36), was associated with
ERPNT under steady-state conditions (79% = 6% association)
(Fig. 5B). To see whether EAPNT is also associated with en-
dosomes, we examined the localization of an endocytosed

Merge

FIG. 4. Lack of association of EAPNT with mitosomes. The amoebic transformant expressing E2ZCpn60-HA was stained with anti-HA (green)
and anti-EAPNT (red) antibodies to visualize EhCpn60 and EAPNT, respectively. Bar, 10 wm.
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FIG. 5. Localization of EAPNT to phagosomes, lysosomes, and endosomes. (A) Association of EAPNT with phagosomes. Amoebac were
incubated with CellTracker Orange-loaded CHO cells (red) for 60 min, fixed, and reacted with anti-EAPNT antibody (green). Arrows indicate
representative phagocytosed CHO cells associated with EAPNT. (B) Association of EAPNT with lysosomes. Amoebae were labeled with
LysoTracker (red) and subjected to an immunofluorescence assay with anti-ERPNT antibody (green). Arrows indicate representative lysosomes
associated with EAPNT. (C) Association of EAPNT with the fluid-phase marker. Amoebae were incubated with medium containing RITC-dextran
(red) for 1 h. The cells were fixed and reacted with anti-EAPNT antibody (green). Arrows indicate representative endocytosed RITC-dextran
associated with EZPNT. (D) Subcellular localization of phagosomes, mitosomes, and EAPNT. The amoebic transformant expressing EACpn60-HA
was incubated with CellTracker Blue-loaded CHO cells (blue) for 60 min, fixed, and reacted with anti-E#PNT (red) and anti-EACpn60 (green)

antibodies. Bar, 10 wm.

fluid-phage marker, RITC-dextran. EAPNT was only partially
associated with RITC-dextran-containing endosomes, which
were observed as tiny dot-like structures or a multivesicular
body as previously shown (29), at each time point (10, 30, or 60
min; only the images at 60 min are shown) (Fig. 5C). We also
examined whether EAPNT is associated with mitosomes during
the phagocytosis of CHO cells. An immunofluorescence assay
using the amoebic transformant expressing EhCpn60-HA,
CellTracker Blue-loaded CHO cells, anti-EAPNT, and anti-
HA antibody showed no colocalization of mitosomes and
ERPNT (Fig. 5D).

All domains are essential for the vesicular/vacuolar dis-
tribution of EAPNT. To define the domain necessary for
vesicular/vacuolar targeting of EAPNT, we created amoeba
transformants expressing the HA-tagged or GFP-fused pro-

tein containing various domains of PNT (Fig. 6A). The
amoebic transformant expressing GFP fused with the 14-aa
amino-terminal putative TS showed a cytoplasmic distribu-
tion (Fig. 6B), although the sequence MSTSSSIEEEVFNY
appeared to contain the elements implicated for the TS (rich
in hydroxylated and hydrophobic amino acids). The trans-
formants expressing TS+dIIb-HA, TS+dIIb+dIII-HA,
TS+dlIb+dIII+L-HA, or TS+dIIb+dIII+L+dI-HA showed
a distribution that overlapped that of the endoplasmic reticu-
lum (ER), visualized with anti-EASec61 a-subunit antibody
(27). The ER pattern was also confirmed with anti-EADPMS
antibody (Fig. 6B). Full-length EAPNT-HA did not overlap the
ER visualized with either anti-EASec61 «-subunit or anti-
EhRDPMS antibody. Fractionation of the amoeba lysate fol-
lowed by immunoblot analysis with anti-HA or anti-GFP an-
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FIG. 6. Localization of a series of truncated EAPNT proteins. (A) Schematic representation of HA epitope-tagged or GFP-fused recombinant
ERPNT used in the study. Domains, epitope (or GFP), and amino acid numbers are shown. (B) Localization of epitope-tagged or GFP-fused
carboxyl-terminally truncated EAPNT recombinant proteins. The transformants expressing ErTS-GFP, EATS+dIIb-HA, EATS+dIIb+dIII-HA,
EhTS+dIIb+dII+L-HA, and EATS+dIIb+dIII+L+dI-HA and ExPNT-HA were subjected to an immunofluorescence assay using anti-HA (or
anti-GFP for EhTS-GFP) and anti-EhSec61 a-subunit (or anti-EADPMS for the EAPNT-HA transformant) antibodies. Bar, 10 pm.

tibodies showed that all truncated forms of EAPNT except for
TS-GFP were partitioned into the 5,000 X g and 100,000 X g
pellet fractions, while TS-GFP was fractionated into the
100,000 X g supernatant fraction (data not shown).

DISCUSSION

Mitosomes have been identified in several parasitic protozoan
lineages such as E. histolytica, Giardia intestinalis, Trachipleisto-

phora hominis, and Cryptosporidium parvum (21, 34, 42, 43, 50).
E. histolytica was previously considered to be an early-branching
“amitochondriate,” as it lacks conventional mitochondria as well
as other organelles typically found in most eukaryotes, such as
peroxisomes, the rough ER, and the Golgi apparatus. However,
the discovery of genes encoding the mitochondrial proteins
Cpn60, PNT, mt-hsp70, ADP/ATP transporter, and Cpn10 (2, 7,
8, 21, 46) indicated that E. histolytica is the secondary “amito-
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chondriate.” While only a half-dozen proteins were shown to be
localized to mitosomes (1, 2, 7, 8, 19, 21, 42, 44, 46), we recently
discovered by proteomic analysis of isolated mitosomes that sul-
fate activation is the major pathway compartmentalized in mito-
somes. Three enzymes consisting of the pathway and additional
proteins required for the pathway, including sodium/sulfate sym-
porter, mitochondrion carrier family protein, and chaperons,
were identified in the mitosomal proteome. Although PNT was
not discovered in the proteome, it was previously postulated to be
mitosomal based on the resemblance of the amino-terminal re-
gion of ERPNT to the potential mitochondrion-targeting peptide.
However, it is important that the putative TS of EAPNT is cer-
tainly not a canonical mitochondrion-targeting peptide because it
lacks basic residues such as arginine or lysine.

Despite the premise, we showed, in this study, that EAPNT
was distributed to the membrane of vesicles and vacuoles,
including lysosomes, phagosomes, and endosomes, but not to
mitosomes. In addition, we showed that GFP fused with the
amino-terminal putative TS of EAPNT was distributed to the
cytosol, which disproved the premise that the amino-terminal
domain of EAPNT functions as a putative organelle-targeting
sequence. The 15-aa-long amino terminus of Cpn60 was not
sufficient for the targeting of either luciferase or GFP to mi-
tosomes (1; our unpublished data), although the removal of the
first 15 aa of Cpn60 caused a mislocalization of the protein in
the cytoplasm (42). Therefore, a role of the amino-terminal
transit peptide for mitosomal transport remains obscure.

The association of PNT with the acidified compartments
(lysosomes and phagosomes) (Fig. 5) is unprecedented in eu-
karyotes, where PNT is usually localized to the inner mem-
brane of mitochondria (48). The dependence of transhydroge-
nase activity of EAPNT on pH was demonstrated; the rate of
transhydrogenation was higher at an acidic pH (5.5) than at a
neutral pH (7.0 to 8.0) (49). The generation of NADPH by
membrane-associated PNT (49) depends upon a proton-mo-
tive force, which is likely generated by V-ATPase localized to
the acidified compartment and also the nonacidified compart-
ment. While the colocalization of V-ATPase and EEPNT has
not been directly demonstrated, phagosomes contained major
components of V-ATPase, as shown by the proteomic analysis
of purified phagosomes (32, 33). Therefore, it is conceivable
that amebic PNT localized in the acidic environment possesses
enzymological properties suitable for acidic environments.
Since our attempt to repress ExPNT expression by gene silenc-
ing failed (our unpublished data), the physiological role of
ERPNT has not been elucidated. However, EAPNT may be
involved in the detoxification of reactive oxygen and nitrogen
species by supplying NADPH as a reducing power by using a
proton gradient across the lysosomal and phagosomal mem-
branes. During tissue invasion, E. histolytica adapts to changing
oxygen tensions as it goes from the anaerobic colonic lumen to
an oxygen-rich environment in the tissue (40). Additionally,
the parasite must cope with cytotoxic reactive oxygen and ni-
trogen species that are produced and released by activated
phagocytes that are attracted to the site of infection (4, 20, 40).

Although we cannot exclude the possibility that truncated
EhPNT was misfolded and aggregated in the cell, our immu-
nofluorescence and cellular fractionation data are consistent
with the premise that all truncated EAPNT was retained in the

Eukaryort. CELL

ER, which is suggestive of the default mechanisms of retention
of multiple transmembrane proteins in the ER. The possibility
that truncated EAPNT is retained in the heavy microsomal
fraction was previously suggested (1), where the majority
(93%) of luciferase activity of the recombinant protein con-
sisted of the 67-aa-long amino-terminal portion of PNT fused
to firefly luciferase was associated with the mixed membrane
fraction and was as susceptible to trypsin degradation as cyto-
solic luciferase from control parasites. Our present data also
support the interpretation of the study that the fusion protein
is embedded in the ER membrane and not targeted to mito-
somes. We also showed that the aberrant mobility of PNT on
SDS-PAGE gels (Fig. 1) was not likely due to either N-linked
or O-linked glycosylation but was due to the hydrophobic na-
ture of EAPNT. Altogether, E. histolytica PNT represents a
novel class of PNT localized to lysosomes and appears to have
evolved uniquely in this organism.
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The Global Programme to Eliminate Lymphatic Filariasis: History and
achievements with special reference to annual single-dose treatment with
diethylcarbamazine in Samoa and Fiji

Eisaku Kimura

Abstract: Diethylcarbamazine (DEC), first introduced in 1947, was shown to have strong efficacy and safety for
treatment of human lymphatic filariasis, which is caused mostly by a species Wuchereria bancrofti. Many studies
to optimize the dosage and treatment schedule of DEC followed, and, based on the results, control programs with
various regimens were implemented in different endemic areas/countries. By the mid 1970s, with endorsement by
the WHO Expert Committee on Filariasis (3rd report, 1974), the standard DEC regimen for W, bancrofti infection
in mass treatment had been established in principle: a total dose of 72 mg/kg of body weight given in 12 divided
doses, once weekly or monthly, at 6 mg/kg each. Not long after the committee report, the efficacy of annual
single-dose treatment at 6 mg/kg, which is only one twelfth of the WHO-recommended dose in a year, was re-
ported effective in French Polynesia (study period: 1973-78), and later in Samoa (study period: 1979-81). These
results were published between 1978 and 1985 in the Bulletin of WHO but received little attention. In the mid
1980s, the efficacy of ivermectin, the first-choice drug for onchocerciasis, against lymphatic filariae came to light.
Since the effect at a single dose was remarkable, and often better than DEC, it was predicted that the newly intro-
duced drug would replace DEC. Treatment experiments with ivermectin increased quickly in number. Meanwhile,
annual single-dose mass drug administration (MDA) with DEC at 6 mg/kg was under scrutiny in Samoa and F iji.
In the early 1990s, the Samoan study, which covered the entire population of 160,000 with 3 annual MDAs, re-
ported a significant reduction in microfilaria (mf) prevalence and mean mf density, while in Fiji, the efficacy of 5
rounds of annual MDA (total dose, 30 mg/kg) was shown to be as effective as 28 multi-dose MDA spread over 2
years (6 weekly plus 22 monthly treatments at 5 mg/kg; total dose, 140 mg/kg). Several additional studies carried
out in Samoa in relation to the annual single-dose MDAs revealed that low density mf carriers, who have a very
low mf count of 1-20/ml of venous blood, could not play a significant role in filariasis transmission.

From around 1990, studies on spaced low-dose DEC treatments and various types of combination chemother-
apy with DEC and ivermectin increased. Albendazole, a well-known anti-intestinal helminths agent, was later
added to the combination. The main findings of these studies with W, bancrofti are: (i) a single dose of DEC at 6
mg/kg reduced mean mf density by ca. 90% 1 year after treatment; (ii) the same dose could damage/kill adult
worms; (iii) a single dose of ivermectin at ca. 400 pg/kg was more effective than DEC in reducing mf density dur-
ing the first year and was similarly or less effective in the second year; (iv) ivermectin probably could not kill adult
worms; (v) a single combined dose of albendazole (400 mg) and DEC (6 mg/kg) was effective to reduce mf density
by 85 to nearly 100% 12-24 months after treatment; and (vi) ivermectin or albendazole included in the combination
chemotherapy produced “beyond-filariasis” benefits: clearance/reduction of intestinal helminths, and, additionally,
in the case of ivermectin, skin-dwelling ectoparasites.

The Global Programme to Eliminate Lymphatic Filariasis (GPELF) started its worldwide activities in 2000,
with the target of elimination by 2020. The basic strategy is to conduct annual single-dose MDAs for 4-6 years. In
2000-2007, a minimum of 570 million individuals were treated in 48 of 83 endemic countries. The drugs used are
DEC 6 mg/kg plus albendazole 400 mg in most countries, or ivermectin 200-400 pg/kg plus albendazole 400 mg
particularly in onchocerciasis endemic countries in Africa. (MDAs with DEC alone had been used in India.)

The GPELF achieved impressive results in terms of parasitological cure/improvement, clinical benefits, social
and economic impacts, etc. However, the most impressive result of all was the programme’s success in mobilizing
hundreds of millions of local people, who not only took drugs but many of them actively supported MDA as drug
distributors and volunteers. Beyond filariasis, the role people can play in supplementing rural health services is
now a topic of discussion and a source of hope for a new sustainable system.

Keywords: Lymphatic filariasis, global programme for elimination, diethylcarbamazine, albendazole, ivermectin,
annual single-dose, mass drug administration, Samoa, Fiji
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A. Introduction

a-1. Parasite and disease

Human lymphatic filariae, which are characterized by
the parasitism of their adult worms in the lymphatic system,
include 3 species, Wuchereria bancrofti, Brugia malayi and
Brugia timori. Female adults reproduce offspring or micro-
filariae (mf) which are carried into blood circulation by the
lymph flow and accumulate in the lungs. Mf are released
from the lungs into the circulation at night (nocturnal perio-
dicity of mf), synchronizing with the circadian biting cycle
of mosquitoes that transmit the parasite between humans.
In some Pacific islands, where Aedes mosquitoes bite hu-
mans in the daytime, the release from the lungs is mainly in
the afternoon (diurnally subperiodicity). The detection of
mf in blood is a basic method of diagnosis. After being in-
gested by mosquito vectors, mf develop to the infective
stage of larvae in about 10-14 days. When mosquitoes with
infective larvae bite humans, filarial parasites have an op-
portunity to enter the host. Infective larvae, males and fe-
males, penetrate the human skin, migrate in the body and
reach the lymphatic system where they mature, mate and re-
produce mf in about 6-12 months after skin invasion. Adult
worms will damage and dilate lymphatic vessels, and cause
lymphostasis often in the lower limb and around the testes
and kidney. This is the basic pathology of chronic filariasis
characterized by lymphedema, hydrocele, and chyluria.
Lymphedema often triggers secondary bacterial infections
resulting in acute fever attacks (acute dermatolymphan-
gioadenitis [1]), which aggravate lymphedema/inflamma-
tion. In some people, the edematous skin gradually thick-
ens, hardens and may grow to wart-like lesions. The word
‘elephantiasis’ refers to this condition with the often serious
deformities that have caused enormous suffering among af-
fected people worldwide for thousands of years (Fig. 1) [2].

a-2. Epidemiology and global efforts to eliminate lym-

phatic filariasis

The total number of lymphatic filariasis cases in the
world, as estimated in 1996 [3], was 120 million, about
90% of which were caused by W. bancrofti. The total fig-
ure includes 16 million lymphedema (including elephantia-
sis) and 27 million hydrocele cases, the rest being cases
with microfilaremia only. The infection was more prevalent
among males, and adults. By region/country, India and sub-
Saharan Africa had more than 40 million cases each, fol-
lowed by other Asia and Islands (ca. 20 mil.) and China (ca.
10 mil.). With the swollen leg and/or scrotum, lymphatic fi-
lariasis was ranked as the 4th leading cause of permanent
and long-term disability [4]. Most of the patients have been
neglected and suffer from mental distress, social isolation,

and economic misery due to the stigma of the disfiguring
disease [5]. The estimated disability-adjusted life years
(DALYs) lost in 1999 was 4.92 million [6]. As for eco-
nomic loss, in India alone, the cost of treatment for acute fe-
ver attacks and chronic symptoms reached an estimated
US$ 31.1 million per year, and the loss of productivity US$
811 million per year [7].

These gloomy statistics have changed rapidly for the
better since the Global Programme to Eliminate Lymphatic
Filariasis (GPELF) started in 2000 (details in Section F).
The Global Alliance to Eliminate Lymphatic Filariasis
(GAELF) was formed the same year to support the unprece-
dented global program. The alliance includes health minis-
tries of endemic countries, UN agencies (especially WHO
as the secretariat), the private sector, NGDOs, academia,
and government bodies (including JICA). Particularly note-
worthy are the contributions of two pharmaceutical compa-
nies: GlaxoSmithKline donates albendazole free of charge
and Merck & C., Inc. ivermectin. Both drugs are essential
for the Mass Drug Administration (MDA) carried out annu-
ally in endemic countries. In 2007, 48 out of 81 endemic
countries conducted MDAs, and 546 million people in the
world were treated for lymphatic filariasis. The same year,
China declared the elimination of filariasis, which was fol-
lowed by Korea’s declaration in 2008 [8].

B.The “new” anti-filarial drug diethylcarbamazine
(DEC): Early studies to find the optimal dosage

b-1. Trials with multi-dose treatment

The anti-filarial effect of 1-diethylcarbamyl-4-
methylpiperazine hydrochloride (DEC hydrochloride) was
first reported in 1947 by Hewitt et al. [9] using naturally ac-
quired filarial parasites in cotton rats (Litomosoides carinii)
and dogs (Dirofilaria immitis). The same drug was tried for
human bancroftian filariasis and its microfilaricidal and
possible adulticidal effects were confirmed the following
year [10]. A series of experimental treatments was con-
ducted using DEC citrate for DEC hydrochloride to deter-
mine suitable dosage and treatment schedule. Many impor-
tant studies were carried out in the South Pacific islands,
where more than 10,000 American soldiers suffered clinical
filariasis due to diurnally subperiodic W. bancrofti during
World War II [11].

In American Samoa, 5 different multi-dose trials with
DEC (3-9 mg/kg of body weight per day for 7-30 days, to-
tal dosage 21-270 mg/kg) confirmed rapid microfilaricidal
effects, but the treatments could not prevent the reappear-
ance of mf in 2-year follow-up studies (reported in 1953
[12]). Using 111-175 mf positives, Mahoney & Kessel [13]
reported in 1971 that DEC given at 6 mg/kg daily for 6 days

-212 -



Fig. 1 Chronic symptoms of lymphatic filariasis

A: An Egyptian relief from Queen Hatshepsut’s temple, Luxor, depicting the Princess of Punt, a
possible elephantiasis case. (The Queen’s reign: 1503-1482 B.C.); B and D: Elephantiasis of the
legs and scrotum, described some 1,000 years ago in “Strange Diseases Picture Scroll.” (Kyoto
National Museum, Japan); C: Huge elephantiasis of the scrotum, painted by Hokusai Katsushika
(1760-1849). Manga in the Edo era of Japan. {From Ref. [2], courtesy of Prof. Yoshihito Otsuji}

resulted in 32% persistence (rate of mf positive 1 week after
treatment) and that the recurrence rate was 24% (rate of mf
reappearance within 1 year of treatment). In this study, the
diagnosis of infection was made by the detection of mf in
20 pl capillary blood obtained by the finger-prick (F-P)
method.

In Fiji, Manson-Bahr (1952) [14] conducted treatment
experiments with Hetrazan (DEC) at 100-300 mg daily for
15 to over 70 days and concluded that treatment must be
continuous for at least two months. This conclusion was

based on a finding that, even after multi-dose treatments
cleared mf in 20 pl of F-P blood, mf were still positive
when 1 ml of venous blood was examined by Knott’s
method. Bumet & Mataika (1961) [15] administered 6
weekly doses of DEC at 400 mg (ca. 5-8 mg/kg) each and
repeated the same regimen half a year later (total dosage
4,800 mg). The treatment reduced mf rate, determined with
60 pl of F-P blood, from 12.2% to 2.7%. However, they
noted that over 40% of mf negatives (who had been positive
before treatment) were in fact positive by Knott’s method

-213 -



using 1 ml of venous blood.

In French Polynesia, Kessel (1957) [16] compared 3
different dosages and reported that 6 mg/kg once a month
for 24 months showed the best result in terms of mf preva-
lence and density (mf/20 ul of blood) reductions. In Japan,
among various dosage schemes tested by different workers,
Sasa (1976) [17] stressed the importance of the size of total
dosage given, rather than the schedule of daily, weekly or
monthly treatment, and recommended a total dosage of 72
mg/kg at 6 mg/kg daily for 12 days.

The WHO Expert Committee on Filariasis analyzed
the accumulated data on DEC dosage and reported in 1967
[18] that “an adequate amount seems to be a total dose of
about 72 mg of diethylcarbamazine citrate per kg body
weight”. Spaced doses of 6 mg/kg once a week or once a
month (12 times) were preferred to daily doses to reduce
adverse reactions. The next WHO Expert Committee Re-
port (1974) [19] confirmed the same total dose of 72 mg/kg
for W. bancrofti infections and 30-40 mg/kg for B. malayi
infections. Daily treatment was considered impractical for
mass treatment. In 1984, the 4th Committee Report [20] re-
iterated the same total dosage for W. bancroffti.

b-2. Effect of low-dose treatments: results from a “minor-

ity” group

Several studies with W. bancrofti reported the remark-
able effectiveness of DEC at low dosages. Rachou & Scaff
(1958) in Brazil (quoted by Hawking, 1962 [21]) reported
that only one dose at 6 mg/kg reduced the mf prevalence
rate from 100% (pretreatment level) to 62%, and mf density
by 91.4% when assessed 12 months after treatment. The
authors recommended annual or biannual mass treatments
without prior blood tests for mf. In Gambia, McGregor &
Gilles (1960) [22] observed that a total dose of 12.5 mg/kg
(2.5 mg/kg daily for 5 days) reduced microfilarial load by
90-98% 43 months after treatments and left the noteworthy
comment that “mass-treatment campaigns aimed at dosing
all inhabitants at spaced intervals (2-4 years) might in the
long run prove to be the most effective and economical
way.” Nearly 2 decades later, in French Polynesia, Laigret
et al. (1978) [23] reported that DEC 6 mg/kg (400 mg for
males and 300 mg for females) given once per year for 3
years successfully reduced the mf rate from 100% (pretreat-
ment level) to 12% and the average mf density from 15 per
20 pl of blood to 0.3. The annual single-dose treatment was
applied to ca. 50,000 people for 4 years and succeeded in
reducing the mf prevalence from 4.4% to 1.9%. In practice,
not all of the people took 4 doses; the result was obtained
with the average of 2.76 doses in 4 years [24].

It is surprising to find that the dosages recommended
for DEC treatment differed so widely in range. Under-

standably, researchers seemed to focus more on the cure of
infection in the early stage of dosing trials. Due to the reap-
pearance of mf after treatments, adulticidal effect was con-
sidered a key issue in judging the efficacy of a drug. Thus,
the necessity of multi-dose treatment with a high total dos-
age must be stressed. On the other hand, it seems that a
small number of researchers, especially those working in
less-developed settings, paid more attention to the applica-
bility of a treatment scheme. Also, the experience of diffi-
culty in conducting multi-dose treatments and the recogni-
tion of adverse effects in such treatments must have con-
vinced researchers to accept regimens not ideally effective
but operationally feasible. The realization that very light in-
fections had been missed previously when conventional
blood tests (with 20-60 pl of F-P blood) were used for diag-
nosis called for a more suitable means of large-scale mass
treatment. In 1984, the WHO Expert Committee on Filaria-
sis, for the first time, mentioned the effectiveness of yearly
treatments at 6 mg/kg [20].

C. Filariasis control in Samoa and Fiji with annual
single-dose MDA using diethylcarbamazine

c-1. Countries and their filariasis situations

Samoa, an independent country in the South Pacific,
had a population of 160,000 (1990) in the 2 main islands of
Upolu and Savaii. Diurnally subperiodic W. bancrofti,
transmitted by Aedes polynesiensis and Aedes samoanus, is
endemic. The prevalence study in 1965 revealed a mf rate
0f 19.1% (n = 10,129) by the 20 ul F-P blood smear method.
The first nationwide MDA in 1965/66 using DEC (5 mg/kg
once a week for 6 weeks, followed by the same dosage once
a month for 12 months) reduced the mf rate to 1.63% (n =
42,697) in 1967, and the second MDA in 1971 (6 mg/kg
once a month for 12 months) further reduced the rate — as-
sessed by the 60 pl F-P method in 1972 — to 0.24% (n =
6,361). Despite continuing treatment of known mf positives,
the prevalence increased gradually, and in 1979, reached
3.8% (n = 8,385) by 60 ul blood smear and 4.5% (n =
8,385) by the nuclepore filtration method using 1 ml of ve-
nous blood (1 ml NP method). The situation was alarming,
because mf rate (by 1 ml NP method) of adult males aged
=30 years had already reached the 20% level [25].

Fiji is the largest island country in the region, with a
total population of 726,400 (1990) scattered over 100 is-
lands. The two main islands are Viti Levu and Vanua Levu.
Diurnally subperiodic type W. bancrofti, transmitted by Ae.
polynesiensis, Ae. pseudoscutellaris and several other mos-
quito species, is endemic. In 1958, the mf prevalence deter-
mined by 60 pl F-P method in the delta area of the Rewa
River, Viti Levu, was 12.2% (n = 1,200), which decreased

- 214 -



to 2.7% (n = 1,123) in 1959 after 2 rounds of MDA with
DEC (400 mg once, 6 times weekly). However, by 1963,
the rate increased to a level of 5% [26]. The 1968-69 stud-
ies in Taveuni and Koro islands, and Vanua Levu revealed a
mf prevalence of 23% (n = 947) and 13% (n = 3,538) by the
60 pl F-P method, respectively (computed from the data by
Mataika et al.,, 1971 [27]). A nationwide MDA campaign
was commenced in 1969 using DEC at 5 mg/kg weekly for
6 weeks, followed by 22 monthly treatments (totally 28
doses, 140 mg/kg). The whole country was covered in 5
stages, and the campaign, which reached completion in
1975, successfully reduced the mf prevalence to 1% or less,
but subsequent blood surveys suggested a gradual increase
in infection [28]. The surveys in 1983-84 in the 2 remote
islands of Lau and Rotuma revealed mf rates of 7.9% (n =
2,329) and 21.2% (n = 1,689) by the 60 ul F-P method, re-
spectively [29]. In a 1985 survey in Kadavu island, the mf
rate was 6.9% by the same method (n = 4,686) [30].

¢-2. WHO/Samoa Filariasis Research Project: Confirma-

tion of efficacy of annual single-dose treatment

In 1976, when the WHO/Samoa Filariasis Research
Project started, it had become standard practice in the treat-
ment of bancroftian filariasis to give a total DEC dose of 72
mg/kg in 12 treatments at 6 mg/kg each. However, difficul-
ties in multi-dose treatment had been encountered in many
endemic countries. Especially in Samoa, where a year-long
multi-dose MDA was conducted twice in 1965/66 and 1971
utilizing limited health resources, the government was re-
luctant to repeat the procedure. In the midst of this situ-
ation, a report from French Polynesia that annually spaced
single-dose DEC at 6 mg/kg was effective in reducing mf
rate and density [23] brought encouraging news. Although
the regimen was not popular in those days, the Research
Project in Samoa decided to evaluate the efficacy of DEC
single dose 12 months after treatment.

In the study in 1979-81, a single DEC dose of 4 mg/kg,
6 mg/kg or 8 mg/kg was administered to mf positive per-
sons and the change in mf was assessed at 12 months by the
1 ml NP method (Table 1). The cure rate (% mf negative
after treatment) was 29.4%, 53.7% and 40.0%, and the %
decrease in geometric mean mf count was 81.5%, 94.4%
and 93.5%, respectively for 4 mg/kg, 6 mg/kg and 8 mg/kg
regimens. There was no significant difference among the
cure rates, but the % decrease obtained with 4 mg/kg regi-
men was less than that of the 6 mg/kg or 8 mg/kg regimen
(P <0.01). Side reactions were studied by questioning peo-
ple between 5 and 15 days after treatment. The occurrence
of reactions (all types combined) was significantly higher in
the 8 mg/kg regimen (77.9%) than in the other regimens
(57-59%). It was concluded that annual single-dose DEC

5

Table 1. Comparison of the effects of 3 different DEC dosages
given as a single dose and assessed 12 months after

treatment
Dosages
4mgkg 6mgkg 8mgkg

No. examined (mf carriers) 51 41 45
No. mf negative after treatment 15 22 18
(% cure rate) (29.4) (53.7) (40.0)
Decrease in mf count, expressed as
mean of log (mf +1)

Pre-treatment (A) 2.117 2.003 2.198

Post-treatment (B) 1.384 0.751 1.010

Change 0.733 1.251 1.188

% decrease™ 81.5 94.4 93.5

* Calculated as 100 x [antilog (A) - antilog (B)]/antilog (A).
{Source: Partially adopted from Ref. [31]}

treatment at 6 mg/kg was suitable for the nationwide treat-
ment for filariasis [31]. In 1981, upon completion of the
study, the government of Samoa in collaboration with the
Western Pacific Regional Office of WHO decided to imple-
ment a national MDA program based on this treatment.

¢-3. Nationwide MDA in Samoa with once-a-year treat-

ment: Long-term efficacy

A national MDA using a single dose of DEC at 6 mg/
kg was started in 1981. All Samoans, except infants under
the age of 1 year, pregnant women, sick people, and the
very old, were the targets. After completion of the census
in every village and town in the country with assistance of
village Women’s Committees, 3 MDAs were carried out un-
der the supervision of medical staff by members of
Women’s Committees in 1982, 1983, and 1986, with a
treatment coverage of 86.3%, 83.8% and 82.6%, respec-
tively. The total population in 1986 was 159,199. The
evaluation blood surveys were carried out 4 times, before
and after each MDA, using 60 pl blood smears from some
9,600-13,700 people in 26-34 villages on each occasion.
The MDA reduced the mf prevalence gradually from 8.0%
to 3.8% (52% reduction) in males, and from 3.2% to 1.3%
(59% reduction) in females. The mf densities (geometric
mean of positive counts per 60 pl) decreased from 23.1 to
9.1 (61% reduction) in males and from 14.6 to 9.4 (36% re-
duction) in females. The change in mf prevalence is sum-
marized in Fig. 2, before and after 3 MDAs according to
sex and age [32].

The transmission potential or infectivity index (%) of
total population (IIT), which is an estimated mosquito in-
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Fig. 2 Change in microfilaria prevalence before and after 3
annual single-dose MDAs with DEC at 6 mg/kg, ana-
lyzed by sex and age group (study in Samoa)

{Figure redrawn from Ref. [32]}

fection rate [33], was reduced from 2.18 before MDA to
0.67 (70% reduction) after 3 MDAs. Entomological studies
were also conducted at Vailu’utai village on Upolu Island.
A total of 1,758 Ae. polynesiensis were dissected before
MDA and 5,206 after the 2nd MDA. The results revealed a
decrease in mosquito infection rate from 0.97% to 0.06%
and the infective rate (% of mosquitoes having the infective
stage of larvae) from 0.28% to 0.02% [32].

These findings indicated the remarkable long-term ef-
ficacy of annually spaced single-dose MDA, given in fact 3
times in 6 years, and at the same time, the feasibility of a
nationwide control program in which people are the major
players.

c-4. Fiji study for confirmation of efficacy of 5 rounds of
annual single-dose treatment with DEC: comparison
with 28 multi-dose MDA
Mataika et al. (1993) [34] carried out an extensive

study comparing DEC efficacy between 5 annual single-

dose MDAs at 6 mg/kg (total 30 mg/kg) and very intensive
28-dose MDA (5 mg/kg once a week for 6 weeks, then
monthly for 22 months; total 140 mg/kg). The results are
shown in Fig. 3 [35]. The annual scheme reduced the mf

Treat. 1

H Mae

[0 Female

|

Mf rate (%)
(3]
]

Treat. 2

W
W
HHHHNY
W

85/86 87 88

Mf rate (%)

89 20 90/91
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Fig. 3 Comparison of 2 MDA schemes with DEC: 5 rounds of
annual single-dose treatment at 6 mg/kg (Treat. 1) and
28-dose treatment at 5 mg/kg given weekly for 6 weeks
and monthly for 22 months (Treat. 2). Each arrow indi-
cates a single treatment. {Figure redrawn from Ref. [35]}

rate year by year from 6.5% before treatment (average of
males and females) to 0.9% after 5 treatments (87% reduc-
tion), while in the multi-dose scheme, the rate dropped
sharply from 11.6% to 0.8% in 1987, and to 0.9% at 5 years
(93% reduction). However, without treatment for more
than 2 years after completion of the intensive 2-year regi-
men, a slight but significant increase in mf rate was ob-
served in 1990/91 compared with the previous year. This
indicates the advantage of continued annual doses rather
than a concentrated multi-dose treatment. This study recon-
firmed the effectiveness of annual single-dose MDAs. It
was obvious that the annual scheme was much easier and
more practical than the multi-dose scheme.

D. Low-density microfilaremia in Samoa and its signifi-
cance in filarial transmission

d-1. What is low-density microfilaremia?

There are mf densities that are too low to be detected
by conventional blood smears with 20-60 pl of F-P blood.
The employment of nuclepore/millipore filtration of 1 ml
venous blood has facilitated the detection of low density mf
carriers. Low mf density was defined variously by re-
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