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Paramecium is a unicellular organism that possesses a specialized pathway for regulated
secretion that is amenable to genetic studies. Numerous mutations affecting the process
have been isolated over the years, among which is a subclass blocking the terminal step
of fusion of the secretory granule with the plasma membrane. We report herein the
cloning by functional complementation of one such gene, ND7. The 506-amino acid
polypeptide encoded by ND?7 is predicted to be a type I integral membrane protein with
a highly charged cytosolic domain featuring amphipathic and coiled-coil regions. This
structure is compatible with the physiological data on the mutant nd7-1 suggesting that
the protein is anchored in the membrane of the secretory granule and that it may interact
with other proteins. This work presents the first identification by a genetic approach of
a novel gene involved in regulated secretion and establishes Paramecium as a powerful

model system for the genetic dissection of this process.

INTRODUCTION

In regulated secretion, secretory products are stored in
specific organelles and released only upon extracellu-
lar stimulation, through a still poorly understood
mechanism involving a large number of proteins. This
pathway is restricted to certain specialized cell types
in metazoa (i.e., neuronal, exocrine, and endocrine
cells) and is absent from most unicellular organisms
such as yeast. Regulated secretion can, however, be
studied in the ciliate Paramecium, where numerous
mutations affecting this process have been obtained. In
Paramecium, this pathway concerns secretory granules
called trichocysts (approximately 1000 per cell) that
develop in the cytoplasm, then move to the cell sur-
face, and dock at the plasma membrane. The tricho-
cysts remain attached at their specific docking site
until the last step of the secretory pathway, membrane
fusion and exocytosis of the contents, is triggered by
an external stimulus. As shown in Figure 1, these sites
are characterized by well-defined structures visible in
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electron microscopy: a “rosette” of intramembranous
particles in the plasma membrane just above the tri-
chocyst tip and a fibrous “connecting material” that
links the trichocyst membrane to the plasma mem-
brane (Plattner et al., 1973; Beisson et al., 1976). The
assembly of these structures, therefore, marks the
stage at which membrane fusion is naturally “frozen”
in Paramecium.

Some of the particular features of Paramecium regu-
lated secretion are also found in other systems: the
cortical granules of oocytes (Gulyas, 1980) and the
subpopulation of synaptic vesicles that is ready for
membrane fusion in nerve terminals (Pieribone et al.,
1995) are docked under the plasma membrane; ro-
sette-like intramembranous particles have been ob-
served above docked synaptic vesicles at the neuro-
muscular junction (Heuser et al., 1979) and links
between secretory granules and plasma membrane
have been detected in chromaffin cells (Aunis et al.,
1979) and in mast cells (Chandler and Heuser, 1980).
However, these links are generally hard to visualize
since they cover a small portion of the vesicle area and
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often appear transiently during the stage of membrane
fusion. In recent years, a number of interacting pro-
teins involved in vesicle docking, priming, and mem-
brane fusion, such as N-ethylnaleimide-sensitive fac-
tor (NSF), soluble NSF-attachment (SNAP) and SNAP
receptors (SNAREs), have been identified biochemi-
cally in mammalian cells and genetically in yeast
(Rothman, 1994; Siidhof, 1995). However, such protein
complexes are also involved in earlier steps of intra-
cellular membrane trafficking common to both regu-
lated and constitutive secretion. Only a few proteins
such as synaptotagmin are known to be specific for the
control of the response to stimulation in regulated
secretion (Bennett and Scheller, 1993).

Genetic analysis of exocytosis in Paramecium has
already demonstrated that the rosette and the connect-
ing material are involved in membrane fusion (Beis-
son et al., 1976, 1980; Lefort-Tran et al., 1981; Pouphile
et al., 1986). Indeed, because trichocyst exocytosis is
not a vital function under laboratory conditions, many
secretory mutants have been isolated over the last 20 y
by using a simple and sensitive visual assay (Figure 2).
Twenty-three recessive nuclear mutations, called nd
for nondischarge, specifically block exocytotic mem-
brane fusion and map to 13 distinct loci (Cohen and
Beisson, 1980; Bonnemain et al., 1992). A mutation in
the calmodulin gene caml (Kink et al. 1990) also dis-
plays a thermosensitive nd phenotype (Kerbeeuf et al.,
1993). Mutations at most of these loci, including cam1,
affect the assembly of the connecting material and the
rosette (Bonnemain ef al., 1992), and a mutation at one
locus, ND12, abolishes the calcium influx required for
exocytosis (Kerbceuf and Cohen, 1990) but not the
assembly of these structures (Pouphile et al., 1986). The

Paramecium system presents an additional unique ad-
vantage: the site of action of the products of the ND
genes can be established by transferring cytoplasm
containing a few trichocysts from one cell type to
another in appropriate combinations of donor and
recipient cells and checking the exocytotic capacity of
the injected cells (Aufderheide, 1978; Lefort-Tran et al.,
1981). Some ND gene products have thus been local-
ized in the trichocyst compartment (e.g., ND7p), in the
cytosol (e.g., ND9p) or in the plasma membrane (e.g.,
NDé6p; Aufderheide, 1978; Beisson et al., 1980; Lefort-
Tran et al., 1981).

Recently, a method for cloning Paramecium genes by
functional complementation has been devised by W.J.
Haynes et al. (1996). We report herein use of this
method to clone the ND7 gene (deposited in the EMBL
database as accession number Y07803). The sequence
indicates that it is a novel gene encoding a type I
integral membrane protein whose cytoplasmic do-
main could be involved in protein-protein interac-
tions. The role of this protein in the assembly of the
connecting material is discussed.

MATERIALS AND METHODS

Strains

The wild-type strain of Paramecium tetraurelia is Stock d4-2, a de-
rivative of Stock 51 (Sonneborn, 1975). The mutant nd7-1 was found
associated with another mutation, cl1 (Sainsard et al., 1974), after UV
mutagenesis. nd7-1 is the only extant allele and is highly penetrant.
Indeed, the trichocysts of the mutant, as in other nds, are normally
docked in their cortical site under the plasma membrane but cannot
undergo exocytosis: fewer than 0.1% of nd7-1 paramecia can dis-
charge 1-10 trichocysts.

Figure 1. Schematic view of the organization of a trichocyst docking site in wild-type and nd mutants. (a) In the wild-type, a connecting
material (cm), visible in transmission electron microscopy, links the trichocyst membrane (tm) to the plasma membrane (pm) at a location
where a rosette (ro) of intramembranous particles is observed at the center of a double ring (ri) in freeze-fracture electron microscopy. am,
alveolar membranes delineating the subplasmalemmal calcium stores; tt, trichocyst tip. (b) In all nd mutants except nd12, the docking sites
lack both rosette and connecting material (Beisson et al., 1976, 1980; Lefort-Tran et al., 1981; Pouphile et al., 1986, Bonnemain et al., 1992).
Docking sites of nd7-1 cells are described in freeze-fracture electron microscopy by Lefort-Tran et al. (1981) and in transmission electron

microscopy by Pouphile et al. (1986).
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Figure 2. Visual monitoring of exocytosis in Paramecium by picric acid treatment. (a) Wild-type cell with approximately 1000 discharged
trichocysts visible as small needles regularly distributed all over the cell surface. (b) nd7-1 mutant cell unable to undergo exocytosis. (c)
Mutant cell of an intermediate phenotype (nd7-1 cell partially rescued by transformation) showing that even a few discharged trichocysts
can be individually detected. The arrow points to one such individual trichocysts. Bar, 20 um.

Culture Conditions

Cells were grown at 27°C in wheat grass powder (Pines Interna-
tional, Lawrence, KS) infusion, bacterized the day before use with
Klebsiella pneumoniae, and supplemented with 0.4 pg/ml B-sitos-
terol, according to Sonneborn (1970).

Monitoring Exocytosis

To visualize individual cells with their own discharged trichocysts,
a saturated solution of picric acid is used as a fixing secretagogue.
Discharged trichocysts remain attached to the cell so that discharge
is easily monitored under dark-field light microscopy with a 10X
objective (Figure 2).

Purification of Macronuclear DNA

Ten liters of late logarithmic phase culture (3000 cells/ml) were
centrifuged for 1 min at 30 X g, and the cell pellet was washed in
Dryl's buffer 2 mM sodium citrate, 1 mM NaH,PO,, 1 mM
Na,HPO,, 1.5 mM CaCl,). After a 1-h incubation in Dryl's buffer,
cells were harvested, and the pellet was washed twice in 0.25 M
sucrose and 10 mM MgCl, and then homogenized in 1 volume of
0.25 M sucrose, 10 mM MgCl,, 10 mM Tris (pH 7.2), and 0.2%
Nonidet P-40. The lysate was centrifuged for 1 min at 100 X g. The
supernatant containing most of the mitochondria and of the micro-
nuclei (the sole sources of nonmacronuclear DNA; Preer et al., 1992)
was discarded. The pellet was solubilized in 8 volumes of 0.5 M
EDTA (pH 9), 1% SDS, 1% Sarkosyl, and 1 mg/ml proteinase K and
incubated overnight at 55°C. The macronuclear DNA was then
purified by two phenol-chloroform and one chloroform extractions
and centrifugation on a CsCl gradient.

DNA Digestions and Size Fractionation

The restrictions enzymes Bcll, Bglll, EcoRV, HindlIll, Swal, and Xbal
were chosen because they cut Paramecium DNA into fragments
between 0.5 and 12 kb long. The digests were either concentrated by
precipitation, for rescue experiments, or loaded on a preparative
agarose gel, for size fractionation. A gel containing 200 pg of wild-
type DNA digested by Bcll was cut into six bands of <0.5 kb, 0.5-1
kb, 1-2 kb, 2-4 kb, 4-8 kb, and >8 kb, and the DNA was extracted
from the bands with agarase (Sigma, St. Louis, MO).
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DNA Cloning

The 4- to 8-kb fraction from the Bcll digest was cloned into the
BamHI-compatible site of the plasmid pBluescript IISK— (Strat-
agene, La Jolla, CA) with an insert:vector molar ratio of 3:1 after
treatment of the vector with shrimp alkaline phosphatase (United
States Biochemical, Cleveland, OH). The ligation product was elec-
troporated into XL2-Blue Escherichia coli cells. During the sib selec-
tion (Figure 3), the complexity of the library was diminished by a
factor of 6 at each step. The first 13,500 clones were plated on six
Petri dishes, and two copies of the dishes were kept on nitrocellu-
lose replicas. The replica corresponding to a rescuing sublibrary was
cut into six pieces. After identification of the nitrocellulose piece
containing the rescuing clone, 1296 colonies from this piece of
nitrocellulose were streaked on six matrices. The rescuing pool was
further divided into smaller and smaller pools until the unique
rescuing pool had been identified. In all cases, library colonies were
replica plated with nitrocellulose filters to prepare DNA directly
from the replicated culture plates, to avoid possible bias during
growth in liquid culture.

Purification of DNA from Bacterial Libraries

Library and sublibrary DNAs were prepared from bacteria resus-
pended from culture plates by lysing cells in 50 mM Tris-HCI (pH
8), 25% sucrose, and 10 mg/ml lysozyme; further incubated in 50
mM Tris-HCI (pH 8), 60 mM EDTA, and 0.1% Triton X-100; and
purified by centrifugation on a CsCl gradient.

Microinjection of DNA into the Macronucleus

DNA to be tested for rescuing activity was ethanol precipitated,
resolubilized in water at a concentration of 5 mg/ml, and microin-
jected into the macronucleus of the mutant nd7-1 by using an
inverted Nikon phase-contrast microscope, a Narishige microma-
nipulation device, and air-pressure microinjection. The clonally de-
rived offspring of microinjected cells were tested after 24 h of
growth for their exocytotic capacity. Clones harboring at least one
cell with more than 10 trichocysts or several cells with at least one
trichocyst were scored as rescued.
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Figure 3. Cloning of ND7* by functional complementation and sib
selection. (a) Wild-type macronuclear DNA digested by Bcll, confer-
ring a rescuing activity on nd7-1 cells, was size-fractionated with
preparative gel electrophoresis and six fractions (>8 kb, 4-8 kb, 2-4
kb, 1-2 kb, 0.5-1 kb, and <0.5 kb) were recovered. The fractions were
then tested for their ability to rescue nd7-1, and the active fraction (4-8
kb) was cloned into pBluescript [ISK—. DNA extracted from the re-
sulting 13,500 clone library was able to complement the mutant. Six
successive steps of subdividing the library into pools, including the
streaking of 1296 clones into six matrices of 216 and testing for nd7-1
rescue were performed to track and isolate the unique ND7™ clone,
called p201IND?. (b) Gel illustrating the three main steps in the cloning
procedure. Lane 1, total Bcll digest of wild-type DNA; lane 2, DNA of
the 13,500 clone library cut by BssHII to separate the inserts (a regular
smear between 4 and 8kb) from the vector; lane 3, DNA of p201IND7
cut by BssHII revealing a 5.5-kb insert. I, inserts; V, vector. (c) Restric-
tion map of the 5.5-kb insert. Bc, Bcll; Bg, Bg/IL; E, EcoRV; H, HindIIL; S,
Swal; X, Xbal. Hatched bar, open reading frame; double arrow, 3-kb
region that has been sequenced.

Purification of Paramecium mRNA

Paramecium mRNAs were purified with the Quick prep mRNA
purification kit from Pharmacia-LKB Biotechnology (Piscataway,
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NJ), with slight modifications of the protocol for adaptation to this
cell type. Briefly, 11 of logarithmic-phase Paramecium culture (1500
2000 cells/ml) was harvested and the cell pellet was homogenized
in 20 volumes of 6 M guanidine thiocyanate, 0.75% sarkosyl, 37 mM
sodium citrate (pH 6.8), and 0.1 M 2-mercaptoethanol. Proteins were
precipitated by a 1:4 dilution in H,O and removed by centrifugation
at 5500 X g for 10 min at room temperature. Poly(A)* RNA was
purified directly from the supernatant by oligo(dT) chromatogra-

phy.

Reverse Transcription

c¢DNAs were obtained by using the Superscript Il RNase H™ reverse
transcriptase (Life Technologies, Gaithersburg, MD) on 2 ug of
poly(A)* RNA and either oligo(dT) or internal specific oligonucle-
otides as primers.

Sequence Analysis

Initial characterization of the DNA and protein sequences was
performed with the GCG sequence analysis package (Devereux et
al., 1984) and the program DNA Strider (Marck, 1988). The peptide
sequence was deduced from DNA sequence by using the ciliate
genetic code where UAA and UAG encode glutamine instead of
stop (Caron and Meyer, 1985; Preer et al., 1985). The signal sequence
and transmembrane helix were identified with the algorithms of
von Heijne (1986) and Persson and Argos (1994), respectively. Sec-
ondary structure predictions were performed by the methods of
Lupas et al. (1991), Rost and Sander (1993), Geourjon and Deleage
(1993), and White et al. (1994). Homology searches were performed
with the BLAST program (Altschul et al., 1990).

RESULTS

Cloning of ND7* by Functional Complementation

The historical difficulty in cloning Paramecium genes
by functional complementation was mainly due to the
nuclear dimorphism of this organism: in the same
cytoplasm coexist two diploid germinal micronuclei,
transcriptionally silent during vegetative growth, and
a highly polyploid (approximately 800 n) somatic ma-
cronucleus in which transcription is performed. The
macronucleus is degraded at each sexual event and
replaced by a new one derived from sublines of the
zygotic nucleus. No method is yet available for micro-
nuclear transformation, so it is not possible to obtain
permanent transformants. However, the macronu-
cleus can be efficiently transformed by microinjection
of purified DNA. It has been shown that Paramecium
replicates exogenous DNA in its macronucleus what-
ever its origin, be it linear or circular, cloned into a
plasmid or not (Godiska et al., 1987; Bourgain and
Katinka, 1991). Taking advantage of this property,
Haynes et al. (1996) developed a cloning strategy that
was based on mutant rescue by total digests of wild-
type DNA. Since some 400 genome equivalents can be
injected into each macronucleus, any recessive gene is
expected to be at least partly rescued. The isolation of
the gene is thereafter performed by size-fractionation
of the digested DNA, cloning of the rescuing fraction,
and sib selection procedure.

Molecular Biology of the Cell



We used this strategy herein to clone ND7. Wild-
type Paramecium DNA was digested with each of the
following six restriction enzymes, Bcll, Bglll, EcoRV,
HindlIll, Swal, and Xbal, generating fragments of be-
tween 1 and 12 kb, and microinjected into nd7-1 mu-
tant cells. We found that Bcll, EcoRV, HindIll, and
Swal, but neither BgIIl nor Xbal, digests were able to
restore the exocytotic activity of the mutant. This sug-
gested that only BgIII and Xbal have sites within the
gene, whereas the others cut outside of the sequence
necessary for complementation, as was confirmed
later (Figure 3c). Further characterization of the rescu-
ing DNA by size fractionation of the Bcll digest re-
vealed the complementing activity to be in the 4- to
8-kb fraction. After cloning the whole Bcll 4- to 8-kb
fraction, the plasmid p20IND7 carrying the gene
ND7" in a 5.5-kb insert was isolated by a sib selection
procedure involving successive steps of subcloning
and tests of mutant rescue by microinjection (Figure
3).

ND7 Gene Sequence

A 1.5-kb open reading frame has been identified by
sequencing 3 kb around the central BgIII and Xbal sites
of the insert of p201ND?7 (Figure 4). This sequence is
unique in the genome, as deduced from Southern blot
experiments. The open reading frame is transcribed
since the corresponding cDNA could be amplified by
PCR (our unpublished results); the presence of 20- to
33-base small introns characteristic of Paramecium (Du-
puis, 1992; Russel et al., 1994) was excluded by se-
quencing the cDNA. The mutation nd7-1 was se-
quenced from PCR amplification products of both
genomic DNA and cDNA of the mutant. We found the
same deletion of a single base, T'***, close to a cluster
of thymidines where a thymine dimer could have been
induced by the UV irradiation of the mutagenesis.
This mutation creates a diagnostic Sspl site, whose
presence was confirmed by digestion of a PCR prod-
uct amplified from mutant DNA (Figure 4).

The Polypeptide ND7p

The polypeptide sequence deduced from the DNA
sequence is 506 amino acids long with a predicted
molecular mass of 59.3 kDa and an isoelectric point of
5.65. As illustrated in Figure 5, ND7p has a 17-amino
acid sequence at its N terminus that could correspond

Figure 4. Sequence of the gene ND?7. (a) The 3-kb of the insert of
the p20IND7 was sequenced on both strands by using a series of
specific oligonucleotides. A putative polyadenylation site (aataaa
followed by a t + g-rich region 60 bp downstream; McDevitt et al.,
1986) is underlined. An open reading frame of 506 amino acids was
deduced from the DNA sequence with the paramecium genetic
code (Caron and Meyer, 1985; Preer et al., 1985). The nd7-1 mutation
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A

Figure 4 (cont). (deletion of T'***, boxed) creates the Sspl recogni-
tion sequence AATATT. (b) Genomic DNA from wild-type and
nd7-1 cells were amplified by PCR using oligonucleotides delin-
eated by arrows in a. The amplification products were digested by
Sspl and electrophoresed on an agarose gel. The creation of a Sspl
site in nd7-1 DNA is apparent.
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81 FTYSGYFDPY NDDVHAFMIN GKRRKRHRVN CGRDRKGRYC DFRRSHHQHG LYNRDCIHYA GSLEIFGVWQ CGSRKQLSTG 160

161 AVIRFLVELH ELVLAYKQQK

241 EILADIRKER EDELEELKSQ LQELLENFPP PLSICQQLRE CDSCLSREGC IWCTEEQTCQ EGNARDGAFF NSCDIWVSGS 320
MO T I T I T n
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Figure 5. Polypeptide ND7p deduced from the nucleotide sequence. Computer analysis of the sequence (see MATERIALS AND METH-
ODS) predicts ND7p to be a type I integral membrane protein with a short intraluminal N terminus and a cytosolic C terminus representing
more than 80% of the sequence. A cleavable 17-amino acid N-terminal signal sequence (underlined by hatched bar) is followed by a 19-amino
acid hydrophobic transmembrane helix (underlined by larger hatching). The proline cluster that interrupts the hydrophobic from the

hydrg?hylic part of thag(])lypepﬁde is boxed. Two extended helical regions are clearly defined by different prediction algorithms from N'®!

to F?°® (HI) and from

to K*° (H2). H1 is remarkably amphipathic (underlined by white box) and has high probability of participating

in a coiled coil (from E?*° to F?*® underlined b2y hatched box), as does the H2 helix that contains the nd7-1 frameshift mutation whose position
1

is indicated by an arrow. The region R'®-1
calmodulin-binding site.

to a signal sequence, followed by a hydrophobic do-
main predicted to be a single transmembrane helix
leaving the short N terminus on the luminal face and
the large remaining C terminus on the cytosolic face of
the membrane, characteristics of type I integral mem-
brane proteins. A subclass of the type I proteins, such
as P450 cytochromes, display a particular anchoring in
the membrane by the N terminus (Sakaguchi et al.,
1987), leaving the active part of the molecule on the
cytoplasmic face of the membrane. The predicted to-
pology of ND7p is of this type, and includes, just after
the hydrophobic anchor, a stretch of proline residues
(PPPPPDPP), also often found in P450 (PPGP or
PPEP), that may help to stop the transfer by disrupting
the a-helical structure of the anchor. The rest of the
polypeptide is highly charged (17.9% acid residues
and 16.2% basic residues) and two regions of 60-90
amino acids are predicted to form amphipathic a-he-
lices and/or coiled-coil domains, frequently involved
in protein-protein or protein-lipid interactions. The
second predicted coiled-coil domain (Q**'-K**) is
highly charged, with a ratio of charged (DEKR) to
apolar residues (LIVMFYAGP) of 3.7, strongly sug-
gesting that at least this part of the protein may be
fibrous rather than globular. The mutation nd7-1 cre-
ates a frameshift moving the first stop codon 300 bp
downstream from its normal location. The predicted
mutant polypeptide thus has an abnormal C terminus
starting after K*3'.

ND7p was compared with the protein sequence da-
tabases (combined nonredundant GenBank/EMBL/
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4, underlined with a dotted line, is a basic part of the amphipathic a-helix that could be a

SWISS PROT) and to six-phase translations of ex-
pressed sequence tags, sequence tagged sites, and the
complete yeast genome nucleotide sequence data-
bases, but no homologous sequence was found. ND7
therefore appears to be a novel gene. It is worth noting
that no homologue is found in the genome of yeast,
showing that the protein is not present in this species,
as expected if the ND7 gene has evolved to fulfill a
specific function in regulated secretion.

DISCUSSION

Paramecium is a unicellular organism that is used as a
genetical model for several cell functions absent from
most eukaryotic microorganisms, such as membrane
excitability, regulated exocytosis, pattern develop-
ment during morphogenesis, programmed genome
rearrangements during differentiation of the somatic
nucleus, etc. Numerous mutations affecting each of
these functions have been accumulated over the years
(Sonneborn, 1974; Gortz, 1988) but only recently has a
method for gene cloning by functional complementa-
tion been adapted to Paramecium by Haynes et al.
(1996) for a behavioral gene. By using the same tech-
nique, we have cloned a gene involved in regulated
exocytosis.

The cloning of ND7 was facilitated by the fact that
weak rescue (down to a single discharged trichocyst
per cell, Figure 2c), which probably results from mi-
croinjection of fewer than 400 copies of the genome
during the early steps of the cloning procedure, is

Molecular Biology of the Cell



easily detected. Theoretically, the gene corresponding
to the mutated allele should be cloned by this method,
but it is possible that a different wild-type gene acting
as a multicopy suppressor could be isolated during
the sib selection steps, as the stoichiometry of the
injected DNA molecules with respect to endogenous
genes increases. The gene we have cloned is clearly the
actual ND7™ gene rather than a multicopy suppressor
since 1) the restriction map inside and outside the
open reading frame is fully compatible with the re-
sults of complementation by total DNA digests (only
BgIII and Xbal sites are present in the gene, Figure 3)
and 2), most importantly, a mutation was found in this
gene in the mutant strain nd7-1 (Figure 4).

Consideration of ND7p in light of our previous
characterization of the mutant nd7-1 leads us to pro-
pose a role for ND7p in exocytotic membrane fusion.
1) Sequence analysis predicts that ND7p is a mem-
brane protein anchored by a single transmembrane
helix oriented from the lumen toward the cytosol. It
has been shown previously that the site of action of
ND7p is the trichocyst compartment (Lefort-Tran et
al., 1981). ND7p could thus be an integral membrane
protein of the trichocyst with a large cytosolic domain.
2) nd7-1 cells are devoid of connecting material and
rosette particles in the plasma membrane (Lefort-Tran
et al., 1981) and the assembly of these arrays is known
to be induced by the trichocyst while it docks at its site
(Beisson et al., 1976; Pape and Plattner, 1985). ND7p is
therefore likely to play a role in the assembly of these
arrays. 3) The large space (20-30 nm) lying between
the two membranes, occupied by the connecting ma-
terial and the existence of numerous nd genes that
affect the assembly of this material suggest that ND7p
function requires interactions with other proteins. The
fact that ND7p is predicted to have amphipathic heli-
ces and/or coiled-coil structures in the cytosolic do-
main argues in favor of such interactions and of ND7p
being a key component necessary for assembly of the
connecting material and the rosette.

Interestingly, the nd7-1 mutation is localized in the
second putative coiled-coil domain (Figure 5). This
may have a particular significance for ND7p function
and for the role of the C terminus. However, it is also
possible that the frameshift induces global conforma-
tional changes preventing the activity of the protein
rather than destroying a local structural motif. These
two hypotheses can be distinguished in the future by
a functional analysis of the sequence by deletion and
site-directed mutagenesis.

The study of exocytotic defect in the calmodulin
gene mutant caml demonstrated that calmodulin also
has a role in the assembly of the connecting material
and the rosette (Kerbceuf et al., 1993). The mode of
action of calmodulin is always through direct binding
and activation of target proteins. No sequence consen-
sus exists for calmodulin-binding motifs but target
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sequences are in general basic amphipathic a-helices
(O’Neil and De Grado, 1990). It is worth noting that
the region R'®-1°'* of ND7p (Figure 5, underlined by
dotted line) presents the characteristics of a basic am-
phipathic a-helix. Whether it is an actual calmodulin-
binding domain must of course be demonstrated ex-
perimentally.

From our database search, we cannot say whether
ND7 homologues exist in higher eukaryotes, as the
human and nematode genome sequencing projects are
far from complete. That such proteins have not been
previously identified in studies of exocytosis is not
surprising because they may be very minor compo-
nents of secretory granules, not easily identified by
biochemical methods. Many key factors involved in
secretion have been found to be conserved from lower
eukaryotes to mammals (Bennett and Scheller, 1993;
Burgoyne and Morgan, 1993; Rothman, 1994; Siidhof,
1995). It is reasonable to expect that at least some nd
genes will share sequence homology with known pro-
teins and that the available data from Paramecium
regulated exocytosis will have general significance.

In metazoa such as the nematode, mutants affecting
regulated secretion have also been obtained (Nonet et
al., 1993), but since many secreted products are in-
volved in essential processes (i.e., neurotransmission),
mutations affecting secretion are expected to be lethal.
In Paramecium, mutants specifically affected in this
process are viable. Thirteen Paramecium genes re-
quired for exocytosis have already been genetically
characterized and the system is far from saturated.
Among these, we mention ND9 coding for a soluble
cytosolic factor whose interaction with both trichocyst
and plasma membrane has been demonstrated (Beis-
son et al., 1980) and ND16p (another cytosolic gene
product) and ND18p, both of which most likely inter-
act with ND9p, as deduced from the genetic studies
(Bonnemain et al., 1992). The cloning of these genes
should help our understanding of the nature of the
interactions between these proteins and possibly with
ND7p and the way in which their predicted coassem-
bly can control membrane fusion. It is clear that reg-
ulated exocytosis is a complex process and many of its
components remain to be identified; the Paramecium
system now has the power to allow the discovery of at
least some of them.

ACKNOWLEDGEMENTS

We are particularly indebted to W. John Haynes and Ching Kung
for making their cloning method available to us before publication.
We thank Marie-Christine Gautier, Laurence Vayssié, Frangoise
Ruiz (Gif-sur-Yvette, France), Robert D. Burgoyne (Liverpool,
United Kingdom), and Carl J. Creutz (Charlottesville, VA) for fruit-
ful discussions; Janine Beisson, Roger Karess, Daniel Kerbceuf,
Luisa Madeddu, and Linda Sperling (Gif-sur-Yvette, France) for
critical reading of the manuscript; and Gaélle Le Dorze for help with
some of the experiments. A grant from the Ministere de L’Education

1069



F. Skouri and J. Cohen

Nationale, de L’Enseignement Supérieur et de la Recherche (ACC-
SV6 9506004) is gratefully acknowledged.

REFERENCES

Altschul, S.F., Gish, W., Miller, W., Myers, EW., and Lipman, D.J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.

Aufderheide, K.J. (1978). The effective site of some mutations affect-
ing exocytosis in Paramecium tetraurelia. Mol. Gen. Genet. 165, 199-
205.

Aunis, D.J., Hesketh, R., and Devilliers, G. (1979). Freeze-fracture
study of chromaffin cell during exocytosis: evidence for connections
between the plasma membrane and secretory vesicles and for move-
ments of plasma membrane associated particles. Cell Tissue Res.
197, 433-441.

Beisson, J., Cohen, ]., Lefort-Tran, M., Pouphile, M., and Rossignol,
M. (1980). Control of membrane fusion in exocytosis. Physiological
studies on a Paramecium mutant blocked in the final step of the
trichocyst extrusion process. J. Cell Biol. 85, 213-227.

Beisson, J., Lefort-Tran, M., Pouphile, M., Rossignol, M., and Satir, B.
(1976). Genetic analysis of membrane differeniation in Paramecium.
Freeze-fracture study of the trichocyst cycle in wild type and mutant
strains. J. Cell Biol. 69, 126-143.

Bennett, M.K., and Scheller, R.H. (1993). The molecular machinery
for secretion is conserved from yeast to neurons. Proc. Natl. Acad.
Sci. USA 90, 2559-2563.

Bonnemain, H., Gulik-Krzywicki, T., Grandchamp, C., and Cohen, J.
(1992). Interactions between genes involved in exocytotic membrane
fusion in Paramecium. Genetics 130, 461-470.

Bourgain, F., and Katinka, M. (1991). Telomeres inhibit end to end
fusion and enhance maintenance of linear DNA molecules injected
into the Paramecium primaurelia macronucleus. Nucleic Acids Res.
19, 1541-1547.

Burgoyne, R.D., and Morgan, A. (1993). Regulated exocytosis. Bio-
chem. J. 293, 305-316.

Caron, F., and Meyer, E. (1985). Does Paramecium primaurelia use a
different genetic code in its macronucleus? Nature 314, 185-188.

Chandler, D.E., and Heuser, J. (1980). Arrest of membrane fusion
events in mast cells by quick freezing. J. Cell Biol. 86, 666—674.

Cohen, J., and Beisson, . (1980). Genetic analysis of the relationships
between the cell surface and the nuclei in Paramecium tetraurelia.
Genetics 95, 797-818.

Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids Res.
12, 387-395.

Dupuis, P. (1992). The beta-tubulin genes of paramecium are inter-
rupted by two 27 bp introns. EMBO ]J. 11, 3713-3719.

Geourjon, C., and Deleage, G. (1993). Interactive and graphic cou-
pling between multiple alignments, secondary structure predictions
and motif/pattern scanning into proteins. Comput. Appl. Biosci. 9,
87-91.

Godiska, R., Aufderheide, K., Gilley, D., Hendrie, P., Fitzwater, T.,
Preer, L., Poliski, B., and Preer, J. (1987). Transformation of Parame-
cium by microinjection of a cloned serotype. Proc. Natl. Acad. Sci.
USA 84, 7590-7594.

Gortz, H.-D. (1988). Paramecium. Berlin: Springer-Verlag.

Gulyas, B.J. (1980). Cortical granules of mammalian eggs. Int. Rev.
Cytol. 63, 357-392.

Haynes, W]., Ling, K.-Y., Saimi, Y., and Kung, C. (1996). Toward
cloning genes by complementation in Paramecium. Neurogenetics
(in press).

1070

Heuser, J.E., Reese, T.S., Dennis, M J., Jan, Y., Jan, L., and Evans, L.
(1979). Synaptic vesicle exocytosis captured by quick freezing and
correlated with quantal transmitter release. J. Cell Biol. 81, 275-300.

Kerbceuf, D., and Cohen, J. (1990). A Ca?* influx associated with
exocytosis is specifically abolished in a Paramecium exocytotic mu-
tant. J. Cell Biol. 111, 2527-2535.

Kerbeeuf, D., Leberre, A., Dedieu, ]J.C., and Cohen, J. (1993). Cal-
modulin is essential for assembling links necessary for exocytotic
membrane fusion in paramecium. EMBO J. 12, 3385-3390.

Kink, J.A., Maley, M.E,, Preston, R.R., Ling, K.-Y., Wallen-Friedman,
M.A., Saimi, Y., and Kung, C. (1990). Mutations in Paramecium
calmodulin indicate functional differences between the C-terminal
and N-terminal lobes in vivo. Cell 62, 165-174.

Lefort-Tran, M., Aufderheide, K., Pouphile, M., Rossignol, M., and
Beisson, J. (1981). Control of exocytotic processes: cytological and
physiological studies of trichocyst mutants in Paramecium tetraurelia.
J. Cell Biol. 88, 301-311.

Lupas, A., van Dyke, M., and Stock, J. (1991). Predicting coiled coils
from protein sequences. Science 252, 1162-1164.

Marck, C. (1988). 'DNA strider’: a ‘C’ program for the fast analysis
of DNA and protein sequence on the Apple Macintosh family of
computers. Nucleic Acids Res. 16, 1829-1836.

McDevitt, M., Hart, R., Wong, W., and Nevins, J. (1986). Sequences
capable of restoring poly(A) site function define two distinct down-
stream elements. EMBO ]J. 5, 2907-2013.

Nonet, M.L., Grundahl, K., Meyer, BJ., and Rand, J.B. (1993). Syn-
aptic function is impaired but not eliminated in C. elegans mutants
lacking synaptotagmin. Cell 73, 1291-1305.

O’Neil, K.T., and DeGrado, W.F. (1990). How calmodulin binds its
targets: sequence independent recognition of amphiphilic alpha-
helices. Trends Biochem. Sci. 15, 59-64.

Pape, R., and Plattner, H. (1985). Synchronous exocytosis in Para-
mecium cells. V. Ultrastructural adaptation phenomena during re-
insertion of secretory organelles. Eur. J. Cell Biol. 36, 38-47.

Persson, B., and Argos, P. (1994). Prediction of transmembrane
segments in proteins utilising multiple sequence alignments. J. Mol.
Biol. 237, 182-192.

Pieribone, V.A., Shupliakov, O., Brodin, L., Hilfiker-Rothenfluth, S.,
Czernik, AJ., and Greengard, P. (1995). Distinct pools of synaptic
vesicles in neurotransmitter release. Nature 375, 493-497.

Plattner, H., Miller, F., and Bachman, L. (1973). Membrane special-
izations in the form of regular membrane to membrane attachment
sites in Paramecium. A correlated freeze-etching and ultrathin-sec-
tioning analysis. J. Cell Sci. 13, 687-719.

Pouphile, M., Lefort-Tran, M., Plattner, H., Rossignol, M., and Beis-
son, J. (1986). Genetic dissection of the morphogenesis of exocytosis
sites in Paramecium. Biol. Cell 56, 151-162.

Preer, L., Hamilton, G., and Preer, J. (1992). Micronuclear DNA from
Paramecium tetraurelia: serotype 51A gene has internally eliminated
sequences. J. Protozool. 39, 678-682.

Preer, J.R,, Jr., Preer, L.B., Rudman, B.M., and Barnett, A.J. (1985).
Deviation from the universal code shown by the gene for surface
protein 51A in Paramecium. Nature 314, 188-190.

Rost, B., and Sander, C. (1993). Prediction of protein secondary
structure at better than 70% accuracy. J. Mol. Biol. 232, 584-599.

Rothman, J. (1994). Mechanisms of intracellular protein transport.
Nature 372, 55-63.

Russel, C., Fraga, D., and Hinrichsen, R. (1994). Extremely short
20-33 nucleotide introns are the standard length in Paramecium
tetraurelia. Nucleic Acids Res. 22, 1221-1225.

Sainsard, A., Claisse, M., and Balméfrézol, M. (1974). A nuclear

Molecular Biology of the Cell



mutation affecting structure and function of mitochondria in Para-
mecium. Mol. Gen. Genet 130, 113-125.

Sakaguchi, M., Mihara, K., and Sato, R. (1987). A short amino-
terminal segment of microsomal cytochrome P-450 functions both
as an insertion signal and as a stop-transfer sequence. EMBO ]J. 6,
2425-2431.

Sonneborn, T.M. (1970). Methods in Paramecium research. Methods
Cell Physiol. 4, 241-339.

Sonneborn, T.M. (1974). Paramecium aurelia. Handbook of Genetics,
2nd ed., New York: Plenum Press, 469-594.

Vol. 8, June 1997

Genetic Approach to Regulated Exocytosis

Sonneborn, T.M. (1975). The Paramecium aurelia complex of 14 sib-
ling species. Trans. Am. Microsc. Soc. 94, 155-178.

Siidhof, T. (1995). The synaptic vesicle cycle: a cascade of protein-
protein interactions. Nature 375, 645-653.

von Heijne, G. (1986). A new method for predicting signal sequence
cleavage sites. Nuclei Acids Res. 14, 4683-4690.

White, J.V., Stultz, C.M., and Smith, T.F. (1994). Protein classification
by stochastic modeling and optimal filtering of amino-acid se-
quences. Math. Biosci. 119, 35-75.

1071



