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Artemisinins are extracted from sweet wormwood (Artemisia
annua) and are the most potent antimalarials available', rapidly
killing all asexual stages of Plasmodium falciparum®. Artemisi-
nins are sesquiterpene lactones widely used to treat multidrug-
resistant malaria’, a disease that annually claims 1 million lives.
Despite extensive clinical and laboratory experience’ their
molecular target is not yet identified. Activated artemisinins
form adducts with a variety of biological macromolecules,
including haem, translationally controlled tumour protein
(TCTP) and other higher-molecular-weight proteins®. Here we
show that artemisinins, but not quinine or chloroquine, inhibit
the SERCA orthologue (PfATP6) of Plasmodium falciparum in
Xenopus oocytes with similar potency to thapsigargin (another
sesquiterpene lactone and highly specific SERCA inhibitor). As
predicted, thapsigargin also antagonizes the parasiticidal activity
of artemisinin. Desoxyartemisinin lacks an endoperoxide bridge
and is ineffective both as an inhibitor of PfATP6 and as an
antimalarial. Chelation of iron by desferrioxamine abrogates
the antiparasitic activity of artemisinins and correspondingly
attenuates inhibition of PfATP6. Imaging of parasites with
BODIPY-thapsigargin labels the cytosolic compartment and is
competed by artemisinin. Fluorescent artemisinin labels para-
sites similarly and irreversibly in an Fe**-dependent manner.
These data provide compelling evidence that artemisinins act by
inhibiting PfATP6 outside the food vacuole after activation by
iron.

Some™, but not all*'°, studies suggest that artemisinins act by
haem-dependent activation of an endoperoxide bridge occurring
within the parasite’s food vacuole. However, localization of artemi-
sinins to parasite and not food vacuole membranes'', and killing of
tiny rings lacking haemozoin argue against the food vacuole being a
major site for drugaction®. Artemisinins show structural similarities
to thapsigargin, which is a highly specific inhibitor of sarco/
endoplasmic reticulum Ca®"-ATPase (SERCA). We therefore
hypothesized that when activated, artemisinins act by specifically
and selectively inhibiting the SERCA of P. falciparum.

PfATP6 is the only SERCA-type Ca®"-ATPase sequence in the
parasite’s genome. We expressed PfATP6 in Xenopus laevis oocytes
because it could not be functionally assayed in COS cells (J.M.E.,
unpublished work). Membrane preparations from oocytes expres-
sing PfATP6 consistently gave higher Ca**-dependent ATPase
activities than water-injected control oocytes (mean * s.e.m.
activities of 0.054 = 0.006 IU compared with 0.026 = 0.003 inter-
national units (IU), n = 25; P < 0.0001). These activities are
comparable to those observed with PfATP4, another P. falciparum
Ca’"-ATPase™. Figure 1a compares the Ca®*-activation profiles of
PfATP6 and rabbit skeletal muscle SERCAla (sarcoplasmic reticu-
lum preparation) and shows that PfATP6 and SERCAla are acti-
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vated by similar concentrations of Ca’" ions, [Ca® ] free (Fig. laand
ref. 12). PfATP6 (like SERCAla) is inhibited by thapsigargin and
cyclopiazonic acid, but not by ouabain, a specific Na*/K"-ATPase
inhibitor (Fig. 1b). Vanadate, which is a more general inhibitor of P-
type ATPases, also inhibits PfATP6.

We then assessed the inhibitory properties of chloroquine (a
4-aminoquinoline), quinine (a cinchona alkaloid) and artemisinin
on transporter proteins encoded by P. falciparum and expressed
in Xenopus oocytes, as well as their effects on SERCAla. Supra-
therapeutic concentrations of these antimalarials did not inhibit
glucose transport by the falciparum hexose transporter (PfHT),
confirming that none of these structurally diverse compounds
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Figure 1 Functional characterization of PfATP6. a, Ca>*-dependency of PATP6
activity (filled circles) compared with SERCA1a (SR) activity (open circles) is shown as
a percentage of maximal activity (normalized to the maximum value, and not corrected
for endogenous activity for PFATP6) at the indicated [Ca®*]jee values.

Dca = —10g10[Ca?jee. Bars with each symbol represent standard errors for each assay
(a minimum of three experiments for sarcoplasmic reticulum (SR) and seven for PfATP6).
Half-maximal activation is achieved at [Ca®* ]y Values of 0.64 uM for PFATPG and

0.3 uM for SERCA. Maximal activation is at [Ca%* e Of 48 uM for both PfATP6 and
SERCA. b, Inhibitor profiles for PATP6 and SERCA. ATPase activities were determined
with inhibitors and are compared with control values: thapsigargin (grey bar, 0.8 pM,
P < 0.0001; multivariate analysis of variance, MANOVA), sodium orthovanadate (white
bar, 100 uM, P = 0.043), ouabain (hatched bar, 100 uM, P = 0.87), and cyclopiazonic
acid (black bar, 1 uM, P = 0.0033). Each bar represents a minimum of six experiments.
¢, Effects of antimalarials on two P. falciparum Ca®*-ATPases (PfATP6 and PfATP4), the
P. falciparum hexose transporter (PfHT) and mammalian SERCA (SR). All activities are
shown as a percentage of uninhibited activity and are compared with these activities:
quinine (open bars, 10 uM, P > 0.1; MANOVA), chloroquine (hatched bar, 1 M,

P> 0.1), artemisinin (black bars; 50 pM, P> 0.1 for PATP4, SR, PfHT; 1 uM for
PFATPG, P < 0.0001). Ca>*-ATPase activity for PfATP6 is shown after correction of
Ca*-ATPase activity measured in water-injected oocytes, which was unnecessary for
PfATP4, because there was no inhibition observed with any antimalarial. Each bar
represents a minimum of four experiments.
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interferes non-specifically with the function of integral membrane
proteins of P. falciparum (Fig. 1c). SERCAla activity was also
unaffected by these antimalarials. Apart from PfATP6, PfATP4 is
the only Ca**-ATPase-like sequence identified in the P. falciparum
genome, and defines a non-SERCA subclass of Ca®"-ATPase that is
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Figure 2 Properties of artemisinin inhibition. a, The half-maximal inhibition constants (K;)
for artemisinin (black circles, blue line, 162 = 31 nM) and thapsigargin (white circles, red
line, 146 = 66 nM) were determined. For thapsigargin endogenous Ca®*-ATPase
activity was not subtracted, because K, values for both activities are indistinguishable,
and endogenous effects can be neglected. Because of the insensitivity of endogenous
activity to artemisinin, this endogenous Ca®*-ATPase component was determined at high
artemisinin concentration (50 wM) in PfATP6-expressing oocytes, and used to correct
values. K; values for thapsigargin and artemisinin are not significantly different
(P=0.58). Data are from a minimum of three experiments. The inset shows the
determination of K, for SERCA1a-rich rabbit-muscle preparation (K, = 64 nM). b, An
isobologram for thapsigargin and artemisinin. The solid line indicates an isobole where
drugs act additively and independently. Data points above this line indicate antagonism
between drugs, and data below this line would indicate synergy®. FIC is fractional
inhibitory concentration. ¢, The relationship between inhibition of PfATPE activities
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unique to apicomplexan organisms'>. PfATP4 activity was also not
inhibited by any of the antimalarials tested. In contrast, Ca**-
dependent ATPase activity of PFATP6 was abolished by artemisinin,
but not by quinine or chloroquine. These data show that even at
relatively high concentrations (1 pM) artemisinin inhibits PfATP6
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determined in Xenopus oocyte preparations is shown compared with inhibitory potencies
of artemisinins whose structures are also given. Data are mean values (from a minimum of
three independent experiments) with standard error bars, where visible. d, An
isobologram for desferrioxamine and artemisinin. Interpretation is as for b. e, PfATP6
activity (corrected for endogenous activity) was determined at two different artemisinin
concentrations without (hatched bars) and in presence of desferrioxamine (100 wM, light
grey bars). At 500 nM there is significant (P = 0.0093) abrogation of inhibition of PTATP6
by artemisinin. PfATP6 activity (not corrected for endogenous) was also determined at one
thapsigargin concentration without (dark grey bars) and in the presence of
desferrioxamine (100 wM, black bar). There is no significant difference in inhibitory
potency (P > 0.5). Each bar represents at least six experiments. f, An isobologram for
chloroquine and Ro 40-4388. Interpretation is as for b. g, An isobologram for artemisinin
and Ro 40-4388. Interpretation is as for b.
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with high specificity. No other transporter, including SERCA1la, is
inhibited by artemisinin even when used at 50 times (50 p.M, Fig. 1¢)
the concentration used to inhibit PfATP6 activity in this experiment
(1 uM). Endogenous (oocyte) Ca”"-dependent ATPase activity is
also resistant to the action of artemisinin (data not shown),
demonstrating the unique specificity of artemisinins for PfATP6.

To compare the interactions of artemisinin and thapsigargin with
PfATP6, we measured inhibitory constants for these compounds in
oocytes. Thapsigargin irreversibly inhibits Ca*"-dependent ATPase
activity of SERCA with 1:1 stoichiometry'®. Remarkably, the inhibi-
tory profile of artemisinin is exactly superimposable over that of
thapsigargin (Fig. 2a), showing that they inhibit PfATP6 with the
same potency and stoichiometry in vitro. Artemisinin concen-
trations that inhibit PfATP6 activity in oocytes (K; = 150nM) are
somewhat higher than those required to kill cultured parasites
(median IC5, = 5.47nM (range ICsq = 0.47 — 27.1nM) artesu-
nate; n = 256 (ref. 14), and Fig. 2¢).

This is unsurprising for several reasons. First, there is no
information on the concentrations of artemisinins at their sub-
cellular sites of action, although artemisinins are clearly concen-
trated in infected erythrocytes by several hundred-fold'®. Second,
the extent of inhibition of PfATP6 required to kill parasites is not yet
determined (it may, for example, be less than the K; value deter-
mined in oocytes). Third, our in vitro assays are conducted over
relatively short periods of time (<15 min) whereas parasite killing is
determined after exposure to drug for many hours, and killing is
also enhanced in a time-dependent manner’. Fourth, the oocyte
membrane preparation that we use has relatively little target protein
(about 1%") in relation to the amount of lipid, favouring seques-
tration of lipid-soluble components away from target protein.
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Figure 2a (inset) shows that the K; for thapsigargin on SERCAla-
rich rabbit-muscle preparations (containing protein 80% of which
is SERCAla) is 64 nM, almost double the ICs, value for lympho-
cytes (35 nM).

As both artemisinin and thapsigargin specifically inhibit PfATP6
after heterologous expression, we predicted that they would exhibit
mutual antagonism in cultured parasites. Artemisinin and thapsi-
gargin were administered simultaneously in varying concentrations,
and the results plotted as an isobologram (Fig. 2b). The plot shows
significant antagonism of the two drugs, indicating that artemisinin
specifically inhibits PfATP6 in intact parasites, just as it does in
the heterologous expression system. The higher IC5, value for
thapsigargin in parasite culture (IC5) = 2.55puM) compared with
the inhibitory constant for PfATP6 in oocyte membranes
(K; = 146 nM) may reflect difficulties in accessing intraparasitic
PfATP6. This is probably because multiple membranes need to be
crossed in parasites, but not in mammalian cells, which are killed by
nanomolar concentrations of thapsigargin (discussed below).

To confirm that PfATP6 is the target for artemisinins we com-
pared inhibitory constants of a range of artemisinin derivatives
against PfATP6 in oocytes, with their ability to kill parasites in vitro.
Figure 2c shows results for artemisinin, dihydroartemisinin (the
principal antimalarial metabolite of many artemisinin derivatives
including artesunate, artemether and artemotil), two other artemi-
sinin derivatives (MP118 and S-X) and arteflene, a less effective
semi-synthetic endoperoxide derivative. There is almost perfect
correlation between inhibitory potencies of artemisinins for
PfATP6 activity and ICs, values from cultured parasites
(r* = 0.999, Fig. 2¢). Those artemisinins that are active antimalar-
ials all contain an endoperoxide bridge', a key structural feature

Figure 3 /n vivo labelling with BODIPY-thapsigargin and fluorescent-labelled artemisinin.
Cells were incubated in 200 nM BODIPY-thapsigargin (10 min, 37 °C, in presence of
0.025% Pluronic F127), then washed three times and imaged. Pictures were taken after a
preliminary scan, to minimize bleaching. Preincubations with unlabelled substances were
performed 40 min (37 °C) before incubation with BODIPY-thapsigargin. Artemisinin
labelling (500 nM) was performed in absence of Pluronic F127. Scale bars represent
10 wm, unless stated otherwise. a, Fluorescence after incubation in BODIPY-thapsigargin
in a single infected cell. b, BODIPY-thapsigargin signal detected after preincubation in
thapsigargin (50 uM). ¢, BODIPY-thapsigargin signal detected after preincubation in
artemisinin (50 pM). d, BODIPY-thapsigargin signal detected after preincubation in
artemisinin (50 uM) and desferrioxamine (100 wM). e, BODIPY-thapsigargin distribution
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in the lymphocyte cell line PM-1, showing typical SERCA-type distribution. f, PM-1 cell
labelled with BODIPY-thapsigargin after competition with unlabelled thapsigargin

(50 wM). g, Distribution of labelled artemisinin in live parasites. Arrows indicate
artemisinin in erythrocyte cytosol. h, Chemical structure of labelled artemisinin. i, Low
magnification image of live parasites labelled with artemisinin (scale bar represents
approximately 30 wm). j, After incubation in labelled artemisinin, cells were washed in
10-fold excess of unlabelled artemisinin and imaged (scale bar represents approximately
30 wm). k, Before incubation in labelled artemisinin, cells were pre-treated with
desferrioxamine (100 pM, 30 min), and after labelling washed as in j (scale bar represents
approximately 30 wm).
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that generates carbon-centred short-lived radicals through iron-
mediated catalysis. These intermediate radicals react with and
incapacitate target protein(s). Desoxyderivatives are otherwise
structurally identical to artemisinins but lack both an endoperoxide
bridge and significant antimalarial activity. We predicted that
desoxyartemisinin would be a significantly less effective inhibitor
of PfATP6. Desoxyartemisinin does not inhibit PfATP6 activity even
at concentrations that are two orders of magnitude greater (50 pM)
than inhibitory concentrations of artemisinin itself. Again, this
observation is consistent with the ICs, value for desoxyartemisinin
determined against parasites in vitro (mean 4.85 = 1.7 uM).

The generation of biologically reactive species from artemisinins
depends on cleavage of the peroxide bridge via an iron-dependent
mechanism. Consequently, in cultures of P. falciparum, iron depri-
vation using tight-binding chelators such as desferrioxamine may
inhibit antimalarial activity'”. We confirmed this antagonistic
interaction between iron-deprivation and artemisinins'’ by iso-
bologram analysis (Fig. 2d). If our hypothesis is correct, iron
chelation should also specifically block the inhibitory effects of
artemisinin in our oocyte model. Desferrioxamine abolishes the
inhibitory activity of artemisinin on PfATP6 but does not alter the
inhibitory properties of thapsigargin (Fig. 2e). On the basis of these
observations and published data, we suggest the following model for
the antimalarial action of artemisinins.

Artemisinins produce carbon-centred free radicals in the pre-
sence of catalytic quantities of Fe*™ with the selective targeting of
PfATP6 by activated artemisinins being determined by structural
features that depend on their sesquiterpene moiety. This proposed
mechanism of action contrasts with suggestions that artemisinins
may, like chloroquine, bind to haem and interfere with the process
of haem crystallization. We therefore tested the relevance of this
latter hypothesis using a protease inhibitor (Ro40-4388)'® that
inhibits plasmepsin activity, blocks the first step in haemoglobin
degradation and prevents the release of haem in situ. Chloroquine
and Ro 40-4388 exhibit mutual antagonism in isobologram analysis
(Fig. 2f) as expected if the mode of action of chloroquine stems from
binding of the drug to haem, whereas there is neither antagonism nor
synergism between Ro 40-4388 and artemisinin (Fig. 2g). This
finding confirms that Fe*"-dependent activation and antimalarial
activity of artemisinins is independent of haem binding.

To prove a direct interaction between artemisinins and PfATP6,
we used a fluorescent derivative of thapsigargin (BODIPY-thapsi-
gargin) to localize it in parasites (Fig. 3a) and demonstrated that
competition with an excess of unlabelled thapsigargin abolished this
characteristic labelling of parasites (Fig. 3b; for example from 3.7%
labelled parasite cells to 0%). Competition was also observed with
an excess of artemisinin (Fig. 3¢; reducing labelling from 3.7% to
0.84%; P < 0.0001; in one example of three independent experi-
ments), confirming that both artemisinin and thapsigargin interact
at a similar site within the parasite. Consistent with the requirement
for iron to activate artemisinin, adding desferrioxamine together
with artemisinin abolished competition for thapsigargin-binding
sites and restored labelling of parasites by BODIPY-thapsigargin
(Fig. 3d). To confirm that interaction with PfATP6 was specific for
artemisinin, we examined labelling of parasites by thapsigargin in
the presence of quinine and found that this labelling was unaffected
(not shown). We further confirmed the specificity of these results
using BODIPY-thapsigargin to demonstrate the characteristic
SERCA pattern of labelling in mammalian cells (PM-1, Fig. 3e)"
and abolition of labelling after preincubation with an excess of
unlabelled thapsigargin (Fig. 3f).

We next synthesized a fluorescent artemisinin derivative (Fig. 3h)
and used this to image the distribution of artemisinin in infected
erythrocytes (Fig. 3g). Artemisinin distributes like BODIPY-
thapsigargin to membranous structures in the cytoplasm of para-
sites, and does not localize to the parasite food vacuole. Unlike
BODIPY-thapsigargin, the fluorescent artemisinin derivative also
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labels membranous structures within the cytoplasm of the host
erythrocyte (Fig. 3g, arrows); these structures are identical to a
tubovesicular membranous network that transports artemisinin
through the host cell compartment and into the intraerthyrocytic
parasite”. Artemisinins are thought to interact initially with a
carrier before accessing the tubovesicular membranous network,
resulting in a highly efficient delivery pathway®. The fact that
similar erythrocytic structures are not observed with BODIPY-
thapsigargin suggests that a comparable mechanism of delivery to
parasites does not exist. Poor penetration of infected erythrocytes by
thapsigargin may explain why cultured parasites are relatively
insusceptible to the compound, even though inhibitory constants
for thapsigargin and artemisinin against PfATP6 expressed in
oocytes are similar. We further show in Fig. 3i—k that in vivo binding
of artemisinin to parasites is not diminished by an excess of
unlabelled artemisinin, unless parasites have been previously
exposed to desferrioxamine, when a substantial proportion of
labelled artemisinin is removable.

Artemisinin forms covalent adducts with four major membrane-
associated parasite proteins (relative molecular mass, M, 25K, 50K,
65K and >200K) as shown in previous studies®'. Only one of these
adducts has been investigated (TCTP, 25K)*, and it has not been
functionally characterized, so that inhibition of other parasite
proteins by artemisinins may still play an as-yet-unspecified role.
A dimeric configuration for PfATP6 would predict an adduct of
about 280K, consistent with the largest molecular species labelled by
artemisinin. Furthermore, exposure to artemisinins rapidly causes
swelling of endoplasmic reticulum in parasites, providing a mor-
phological correlate for our proposed site of action™.

Withering™ first described the therapeutic use of purple foxglove
extracts containing digitalis in 1785, although mammalian Na*/
K"-ATPases were not identified as the drug target of digitoxin, an
active compound in these preparations, until 1953 (ref. 25). Our
studies suggest that Arfemisia extracts, used for an even longer
period of time in China, also selectively inhibit a P-type ATPase of
the malarial parasite. These results validate P-type ATPases as a drug
target of human pathogens. The recent structural solution of
mammalian SERCAs will aid in understanding selective toxicity of
artemisinins and in producing congeners'**°. O

Methods

Expression studies

For functional studies in X. laevis oocytes the gene encoding PfATP6 was ligated into pMos
blue (linearized with EcoRV) using a TA cloning strategy after strengthening of the Kozak
consensus (accession number AJ532679). It was then sub-cloned into the Xenopus
expression vector pcDNA3.1 (+) using flanking BamHI and Xbal restriction sites, and
linearized with Xbal. Capped complementary RNA was transcribed (T7-mMESSAGE
mMACHINE kit, Ambion, Austin, TX)>. X. laevis oocytes were prepared, microinjected,
and total membrane preparations harvested after 4-5 days as described'>*”. Sarcoplasmic
reticulum (enriched for SERCAla) was prepared from skeletal muscle of New Zealand
White rabbits as described?®.

Ca?*-ATPase assay

Ca”"-ATPase activity was measured (10 pg total protein, 25 °C) using a coupled enzyme
assay as described” (CamSpec, Cambridge, UK). [Ca® "] free was calculated using
MaxChelator®.

Glucose uptake by PfHT

Uptake of permeant D-[U-"*C]glucose was measured as described?”.

Parasites and parasite culture

Parasites (clones 3D7, HB3 and K1) were cultured and inhibitory constants for drugs
assayed as described”. The effect of the interaction between two antimalarial agents on the
growth of P. falciparum in culture was assessed using isobole analysis, as described™.

Confocal microscopy

Cells (at room temperature) were imaged after labelling with BODIPY-thapsigargin
(B-7487, Molecular Probes) using a LSM 510 scanning confocal microscope (Carl Zeiss,
Jena, Germany), with excitation at 488 nm attenuated to 0.2-0.5% intensity with an
acousto-optical tunable filter. Pinhole size was adjusted to give optical sections <1.2 pm,
emission was detected at >505nm and analysed with LSM 510 software (v.2.01, Carl
Zeiss). For imaging of fluorescent artemisinin, medium-term trophozoite-infected
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erythrocytes were immobilized using poly-L-lysine coated coverslips in a Bioptechs FCS2
perfusion chamber (maintained at 37 °C in normal growth medium). Fluorescent-labelled
artemisinin (500 nM) was added 10 min before imaging.
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Feedback regulation of MAPK
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Mitogen-activated protein kinases (MAPKs) are evolutionarily
conserved enzymes that convert extracellular signals into various
outputs such as cell growth, differentiation and cell death'™.
MAPK phosphatases selectively inactivate MAPKs by dephos-
phorylating critical phosphothreonine and phosphotyrosine
residues™S. The transcriptional induction of MAPK phosphatase
expression by various stimuli, including MAPK activation, has
been well documented as a negative-feedback mechanism of
MAPK signalling”®. Here we show that Rncl, a novel K-hom-
ology-type RNA-binding protein in fission yeast, binds and
stabilizes Pmp1 messenger RNA’, the MAPK phosphatase for
Pmk1 (refs 10, 11). Rncl therefore acts as a negative regulator of
Pmk1 signalling. Notably, Pmk1 phosphorylates Rncl, causing
enhancement of the RNA-binding activity of Rncl. Thus, Rncl is
a component of a new negative-feedback loop that regulates the

+vector

YPD + 0.15 M MgCl,

b
]

YPD + 0.2 M MgCl,

93-155 178-231 323-373 398
[
Rncl KH1  RALLSTR—————EAG! | IS #XEKNVAELRSTTNV-KAGVT+DRVLTISG
Rncl KH2  RLLIAHS————LMGS | Ilelillel RIKL |QDKCSC—RM I AS<ERTVE IHG
Rncl KH3  NISIPAD———NVGC ] IEeleSK I SE IRRTSGS—KISIAERMFTITG
Nova-2 KH3 E|AVPEN--—-- LVGA I LEEEK TLVEYQELTGA-RI 01 S+NRRVTI TG
FMR-1 KH1  QF IVRED—————LMGLA I elfi[#AN | QQARKVPGVTAIDLD*TCTFHIYG
GLD-1 KIYVPKNEYPDYNFVGR | LE[gEMTAKQLEQDTGC—K I MVR=DLHVLVQC

Figure 1 Identification of Rnc1, a new KH-type RNA-binding protein. a, mc1 ™
overexpression suppresses the Cl ™ sensitivity of calcineurin deletion (Appb7). Cells were
transformed with a multicopy plasmid containing the indicated genes, and streaked onto
each plate, then incubated at 30 °C. b, Schematic overview of Rnc1. The regions
containing the KH motifs are represented by open boxes. Amino acid positions are
indicated. ¢, KH-domain sequence alignment in the three KH domains of Rnc1, human
Nova-2 KH3, human FMR-1 KH1 and Caenorhabditis elegans GLD-1. Black shading
denotes the invariant Gly-X-X-Gly segment; grey shading indicates the aliphatic o/
platform; asterisk indicates the variable loop®.
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