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An mAb was raised to the C5 phagosomal antigen in Paramecium multimicronucleatum. To
determine its function, the cDNA and genomic DNA encoding C5 were cloned. This
antigen consisted of 315 amino acid residues with a predicted molecular weight of 36,594,
a value similar to that determined by SDS-PAGE. Sequence comparisons uncovered a
low but significant homology with a Schizosaccharomyces pombe protein and the C-
terminal half of the B-fructofuranosidase protein of Zymomonas mobilis. Lacking an
obvious transmembrane domain or a possible signal sequence at the N terminus, C5 was
predicted to be a soluble protein, whereas immunofluorescence data showed that it was
present on the membranes of vesicles and digestive vacuoles (DVs). In cells that were
minimally permeabilized but with intact DVs, C5 was found to be located on the cytosolic
surface of the DV membranes. Immunoblotting of proteins from the purified and KCI-
washed DVs showed that C5 was tightly bound to the DV membranes. Cryoelectron
microscopy also confirmed that C5 was on the cytosolic surface of the discoidal vesicles,
acidosomes, and lysosomes, organelles known to fuse with the membranes of the
cytopharynx, the DVs of stages I (DV-I) and II (DV-II), respectively. Although C5 was
concentrated more on the mature than on the young DV membranes, the striking
observation was that the cytopharyngeal membrane that is derived from the discoidal
vesicles was almost devoid of C5. Approximately 80% of the C5 was lost from the
discoidal vesicle-derived membrane after this membrane fused with the cytopharyngeal
membrane. Microinjection of the mAb to C5 greatly inhibited the fusion of the discoidal
vesicles with the cytopharyngeal membrane and thus the incorporation of the discoidal
vesicle membranes into the DV membranes. Taken together, these results suggest that C5
is a membrane protein that is involved in binding and/or fusion of the discoidal vesicles

with the cytopharyngeal membrane that leads to DV formation.

INTRODUCTION

Membrane transport, flow, and recycling during the
digestive cycle in Paramecium multimicronucleatum
have been studied extensively. A digestive cycle is
initiated by the fusion of the discoidal vesicles with
the cytopharyngeal membrane (Allen, 1974). As more
discoidal vesicles fuse with the cytopharyngeal mem-
brane, the nascent vacuole grows in size. Acidosomes
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that are responsible for phagosomal acidification in
this cell dock at the cytosolic surface of a growing
nascent vacuole (Allen and Fok, 1983). When a nascent
vacuole becomes sufficiently large, an unknown stim-
ulus will trigger the release of the nascent vacuole
from the cytopharynx, and a young digestive vacuole
(DV), designated DV-I, is formed. Fusion of the acido-
somes with the young DV-I then results in a rapid
drop in vacuolar pH from 7 to below 3. Concomitant
retrieval of much of the discoidal vesicle membrane
leads to the more condensed vacuole of stage II (DV-
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II) (Allen and Staehelin, 1981; Fok et al., 1982; Allen et
al., 1995). The lysosomes are now able, for the first
time, to recognize and bind to these acidic and con-
densed DVs. Lysosomal fusion brings about the diges-
tive phase of the cycle (DV-III) (Fok et al., 1984). After
digestion, lysosomal membrane is retrieved from the
late DV-III (Allen and Fok, 1984), and these DVs be-
come defecation-competent (DV-IV). Subsequent to
defecation, the spent DV membrane is retrieved and
transported back in the form of discoidal vesicles to
the cytopharynx where the membrane is reused to
form new DVs (Allen and Wolf, 1974; Allen and Fok,
1980).

Recently we showed that an H"-ATPase is located
on the membrane of the acidosomes, suggesting that
these proton pumps may be responsible for the pha-
gosomal acidification process (Ishida et al., 1997). Al-
though phagosomal acidification is a common event in
mammalian cells (Metchnikoff, 1893; Geisow et al.,
1981) and proton pumps have been implicated in such
acidification (Mellman et al., 1986; Sturgill-Koszycki et
al. 1994), an organelle similar to the acidosomes of
Paramecium has yet to be found in mammalian cells. In
mammalian cells, proton pumps on the phagosomal
membrane are thought to be derived from the plasma
membrane or from endosomal membrane as a result
of phagosome-endosome fusions.

To further study the digestive system in Paramecium,
we developed mAbs against proteins associated with
the phagosomal system as well as with other struc-
tures in this ciliate. We obtained mAbs specific against
antigens B2 and Q2, proteins associated mostly with
the discoidal vesicles and DV-I, and mAbs specific
against B3, D6, E9, and L1, proteins associated mostly
with the acidosomes and DV-II (Allen ef al. 1995). In an
effort to obtain a marker for the lysosomal membrane,
a highly purified lysosomal fraction was obtained
through a combination of differential centrifugation,
free-flow electrophoresis, and sucrose gradient centrif-
ugation and was used as an immunogen. Several hy-
bridoma clones reacting with the same ~33 kDa band
were obtained, and the C5 clone was selected for
further study. Immunofluorescence study showed
that this 33-kDa polypeptide is largely associated with
the DV membranes and that there was a general in-
crease in the percentage of DVs containing this anti-
gen, and in the intensity of this label, as the DVs
mature (Fok ef al. 1996).

This report details our effort to determine the mo-
lecular structure and function of the C5 antigen. The
cloning results show that C5 is composed of 315 amino
acid residues and that it has limited homology to two
known proteins. The gene encoding the C5 does not
appear to contain either a signal peptide sequence at
the N terminus, which is usually cleaved off from an
endoplasmic reticulum-targeted precursor protein, or
a typical transmembrane domain. Cryoelectron micro-

1032

scopic and immunofluorescence studies showed that
C5 was specifically located on the cytosolic surface of
the membranes. Immunoblotting proteins of purified
and KCl-washed DVs showed that C5 was relatively
tightly bound to the membrane. Thus, the lack of a
transmembrane domain and the finding that <20% of
the C5 antigen initially present on the discoidal vesi-
cles remains on the cytopharyngeal or nascent DV
(NDV) membrane indicate that the C5 antigen is not
permanently associated with the phagosomal mem-
brane. More importantly, microinjection of the mAb to
C5 greatly inhibited the rate of DV formation and the
size of the DVs that were formed, as a result of the
inhibition of the fusion of discoidal vesicles with the
cytopharyngeal membrane.

In summary, these results show that the C5 antigen
1) is a relatively tightly bound cytosolically located
membrane protein and 2) is involved in the binding
and/or fusion of the discoidal vesicles with the cyto-
pharyngeal membranes that leads to DV formation.
Finally, it may also be involved in the binding and/or
fusion of the acidosomes with the DV-I and of the
lysosomes with the DV-IL

MATERIALS AND METHODS
Cell Culture and Chemicals

Cells of P. multimicronucleatum, syngen 2, cultured in an axenic
medium (Fok and Allen, 1979), were harvested at mid-log phase of
growth. Secondary antibodies were purchased from Jackson Immu-
noResearch Laboratories (West Grove, PA). [a-3?P][dCTP (111 TBq/
mmol) and [y-**P]ATP (222 TBq/mmol) were purchased from ICN
(Costa Mesa, CA) and New England Nuclear (Boston, MA), respec-
tively. Other reagents for molecular biology were purchased from
Wako (Osaka, Japan). Protein G Sepharose was purchased from
Pharmacia (Uppsala, Sweden), and supplies for electrophoresis
were obtained from Bio-Rad Laboratories (Hercules, CA). All other
chemicals were obtained from Sigma Chemical Co. (St. Louis, MO).

Enzymes for Cloning

Restriction enzymes were obtained from Takara (Kyoto, Japan),
Boehringer Mannheim (Penzberg, Germany), or New England Bio-
labs (Beverly, MA). T4 polynucleotide kinase and RNase H were
purchased from Pharmacia (Uppsala, Sweden), and EcoRI methyl-
ase, Klenow enzyme, calf intestinal alkaline phosphatase, and a
DNA ligation kit were obtained from Takara. MMLYV reverse tran-
scriptase, Escherichia coli DNA polymerase I, E. coli DNA ligase, and
T4 DNA polymerase were obtained from Bethesda Research Labo-
ratories (Rockville, MD). Tag DNA polymerase was from Perkin
Elmer-Cetus (Norwalk, CT). A multiprime DNA labeling kit and a
DNA sequencing kit were purchased from Amersham (Bucking-
hamshire, UK) and Toyobo (Tokyo, Japan), respectively. A Agtll
cloning kit and an in vitro packaging kit were obtained from Strat-
agene (La Jolla, CA), and proteinase K was from Merck (Darmstadt,
Germany).

Purification of C5 for N-Terminal and Internal
Sequencing

mAb antibody (clone C33-1-1) against the C5 antigen was obtained
using the standard procedures for hybridoma production (Kohler
and Milstein, 1975). This mAb was purified from the ascites fluid
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using Protein G Sepharose according to the manufacturer’s instruc-
tions. The IgG bound to the Protein G was covalently coupled to the
Protein G Sepharose according to Schneider et al. (1982), which
provided a solid matrix for the C5 antigen purification. The lysoso-
mal and microsomal fractions obtained by differential centrifuga-
tion were solubilized using 1.0% Triton X-100 and then incubated
with mAb-Protein G Sepharose beads. After incubation and exten-
sive washing, the C5 antigen was eluted from the solid matrix and
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and blotted onto nylon filters. N-terminal
sequencing was carried out by the Biotechnology Instrumentation
Facility at the University of California at Riverside.

For internal sequencing, the C5 antigen was subjected to electro-
phoresis, and the gel was fixed and stained with Coomassie brilliant
blue for internal sequencing. The protein band was digested with
trypsin. Sequencing was performed by the Protein Structure Labo-
ratory at the University of California at Davis.

Construction of a cDNA Library and Its Screening

Total RNA was prepared by the acid guanidinium thiocyanate—
phenol-chloroform method (Chomczynski and Sacchi, 1987).
Poly(A)" RNA was isolated by adsorption to and elution from
oligo(dT) cellulose (Aviv and Leder, 1972). A ¢cDNA library was
constructed according to the method of Young and Davis (1983),
with slight modifications. The cDNA was ligated into the EcoRI
restriction site of Agtll DNA and packaged in vitro. The recombi-
nant phages were then plated onto E. coli Y1090.

The cDNA library was screened with either the 3?P end-labeled
oligonucleotides or the 3P internally labeled cDNA fragment that
was amplified by PCR. Based on the N-terminal amino acid se-
quence obtained from the C5 antigen, two oligonucleotide screening
probes synthesized by the Biotechnology Facility (University of
Hawaii at Manoa) (see Figure 1) were labeled with T4 polynucle-
otide kinase. The cDNA library adsorbed on the nylon filters was
hybridized overnight at 42°C with a mixture of these two oligonu-
cleotide probes (2 X 107 cpm/ml) in a hybridization buffer contain-
ing 50 mM HEPES at pH 7.0, 10% dextran sulfate, 15% formamide,
100 pg/ml denatured salmon sperm DNA, 10X Denhardt’s solu-
tion, 10X SSC, and 0.1% SDS. The filters were washed two times at
room temperature with 6X SSC and then with 4X SSC containing
0.1% SDS. Alternatively, the same library was screened with the
cDNA fragment that was amplified by PCR using a mixture of the
two internal primers (see Figure 1) and a vector primer. Cycling
conditions of PCR were as follows: 30 cycles, each consisting of 94°C
for 1 min, 55°C for 2 min, and 72°C for 3 min. The amplified cDNA
fragments were directly labeled with 2P using a multiprime label-
ing kit. The cDNA library immobilized on nylon filters was hybrid-
ized at 42°C overnight with the PCR product (0.5 X 107 cpm/ml) in
a hybridization buffer containing 50 mM HEPES buffer at pH 7.0,
100 pg/ml denatured salmon sperm DNA, 10X Denhardt’s solu-
tion, 4X SSC, and 50% formamide. The filters were washed three
times at room temperature, each with 2 SSC containing 0.1% SDS
and 0.1X SSC containing 0.1% SDS. The dried filters were autora-
diographed on Fuji RX-U film (Fuji Medical Systems, Stamford, CT)
for 2-3 d at room temperature. The inserts were subcloned into the
Kpnl/Sacl site of pUC19 or the EcoRI site of pBluescript SK(—).

Southern Blotting

Enzyme digests of the genomic DNA were electrophoresed on 1%
agarose gels, transferred onto a nylon filter, and hybridized to the
32P-labeled p36-C EcoRI fragment of the cDNA (see Figure 2,1 X 108
cpm/ pg), as described (Southern, 1975). The filter was washed three
times with 2X SSC containing 0.1% SDS and then once with 0.1X
SSC containing 0.1% SDS at room temperature. It was autoradio-
graphed on Kodak (Eastman Kodak, Rochester, NY) XAR-5 film for
8-16 h at —80°C.
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Northern Blotting

Total RNA was prepared from frozen or fresh cells by the method
described above and was electrophoresed (10 pg/lane) on a 1%
agarose gel containing 2.6 M formaldehyde. The separated RNA
was transferred onto a nylon filter. Hybridization and washing were
performed as described above (Sambrook et al., 1989). Probes used
for hybridization were the p36-C EcoRI fragment of the cDNA as
described above, the 0.4-kbp P. caudatum hemoglobin cDNA (Yam-
auchi et al. 1992), and the 0.5-kbp P. caudatum genomic DNA encod-
ing the glyceraldehyde-3-phosphate dehydrogenase. The last probe
was produced by PCR with two specific primers (O'Hara and
Mikami, unpublished observations).

Cloning the Genomic Fragment that Contained the
5' Region of the Gene Encoding the C5 Antigen

The 5’ region of the gene encoding C5 antigen was isolated by
colony hybridization using the p36-C EcoRI fragment of the cDNA
as a probe (Sambrook ef al. 1989). Genomic DNA digested with
EcoRI was electrophoresed on a 1% agarose gel and probed with
p36-C. Fragments of reasonable sizes were recovered from the gel
and ligated into the EcoRI site of pBluescript SK(—).

DNA Sequencing

The inserted DNA in the plasmid vectors was treated stepwise with
exonucleases III (Takara) and VII (New England Biolabs). Immedi-
ately after alkali denaturation (Hattori and Sakaki, 1986), sequenc-
ing of the purified DNA was performed on a double-stranded
plasmid by the dideoxynucleotide chain termination method (Chen
and Seeburg, 1985). The reaction mixture was loaded onto a 6%
polyacrylamide gel containing 7 M urea.

Computer Analyses

Sequence similarity and prediction of subcellular location of the C5
antigen were carried out using the programs FASTA (Pearson and
Lipman, 1988) from the National Institute of Genetics (Mishima,
Japan) and PSORT (Nakai and Kanehisa, 1992) from the National
Institute for Basic Biology (Okazaki, Japan).

Ultracryoelectron Microscopy

For immunoelectron microscopy, cells previously fed latex beads of
various sizes to time the DVs (Fok et al., 1986) were fixed in 0.25%
glutaraldehyde in 50 mM phosphate buffer (pH 7.6) at room tem-
perature for 30 min. These cells were pelleted and embedded in 4%
gelatin and processed for cryosectioning and immunogold staining
as described previously (Allen et al. 1990). To reduce the nonspecific
staining, all sections were preincubated with 5% normal goat serum
and/or bovine serum albumin before incubation with antibodies.

Determination of the Location of C5 on the
Phagosomal Membranes

The plasma membrane of live Paramecium cells was permeabilized
for 3 min using 0.01% Triton X-100. Half of the cells were incubated
for 30 min at 4°C with the mAb against C5. As a control to insure
that the DVs in the cells were intact, the other half of the cells were
incubated with the mAb against L1, an antigen known to be on the
luminal side of the acidosome and DV-II membranes (Allen et al.
1995). After washing, both groups of cells were fixed in 3% form-
aldehyde buffered in 50 mM phosphate (pH 7.6). These cells were
then incubated with a secondary antibody and examined in a Zeiss
light microscope (Thornwood, NY) equipped with epifluorescence
illumination.
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Amino acid residues (3-23): Asn-Pro-Gln-Leu-Pro-Val-Val-Val-XXX-Ile-Arg-Pro-FPhe-(Asp)-Val-Pro-Ser-Arg-Phe-Leu~-Ala

Deduced codon:

Codon frequency+(%) 78 74 67 40 74 55 55

55 69 52 90 74 67 83 55 74 42 90 67 40 48

Figure 1. Synthetic oligonucleotides for cloning the cDNA for the C5 antigen. Oligonucleotides 1 (arrow) and 2 (arrow with broken line)
were synthesized at a region corresponding to the amino acid residues at 3-21. The amino acid sequence was determined directly by protein
sequencing. Codon selections (+) were made on the basis of the highest frequency in the codon usage reported for Paramecium proteins
(Martindale, 1989; Dupuis, 1992; Yamauchi et al. 1992). The amino acid residue that was mismatched between the determined protein
sequence and the deduced protein sequence (Figure 2B) is shown in parentheses. The residue marked XXX, which was not determined by
protein sequencing, was predicted to be cysteine, and TGT was assigned as the possible codon.

Microinjection Study

mADb 132F4G4 against the B2 antigen was chosen as the irrelevant
mADb for this microinjection study. This antigen has been shown to
be located on the exoplasmic surface of the cytopharyngeal mem-
brane as well as on the luminal surface of the DV-I membrane (Allen
et al., 1995) and was expected to have a minimal effect on the fusion
of the discoidal vesicles with the cytopharyngeal membranes. The
mAbs to B2 and C5 were both purified from their ascites fluid using
Protein G Sepharose according to the manufacturer’s instructions.
Each mAb was suspended in an injection buffer containing 20 mM
phosphate and 60 mM NaCl at pH 7.4. Microinjection was per-
formed as described by Ishida et al. (1993). Forty-five minutes after
injection, cells were pulsed with latex beads for 3 min to induce DV
formation and then fixed with 3% formaldehyde in phosphate
buffer. To determine the rate of incorporation of the discoidal vesicle
membrane into the cytopharyngeal membrane, the number and the
diameter of the DVs formed during the pulse period were deter-
mined.

Other Procedures

Isolation and purification (Fok ef al., 1996) and immunoblotting (Fok
et al. 1988) of the DVs as well as electron microscopy (Fok and Allen,
1979) were described previously

RESULTS

When N-terminal sequencing was performed on the
purified C5 antigen, a sequence of 25 amino acid res-
idues was obtained. From this sequence two oligonu-
cleotide probes were designed. The first was 39 nucle-
otides long and the second was 33 nucleotides long
based on the amino acid residues 3-15 and 11-21,
respectively (Figure 1). When these two probes were
used to screen the Agtll P. multimicronucleatum cDNA
library, no positive clones were obtained. To deter-
mine whether these two probes could be used, PCR
was performed using either one of these two oligonu-
cleotides as well as either the Agtll forward (5'-GGT-
GGCGACGACTCCTGGAGCCCG-3') or the reverse
(5'-TTGACACCAGACCAACTGGTAATG-3') primer,
in the presence of the recombinant phage particles
(1 X 10° pfu) as templates. The resulting PCR product
gave a single band of ~1 kbp after agarose gel elec-
trophoresis. Because this was a reasonable size for the
cDNA encoding the C5 antigen, it was used as a probe
to screen the cDNA library. Five positive clones were
isolated, and because all five had the same cDNA
insert, restriction site, and size of 0.87 kbp, they were
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called the p36-C fragment (Figure 2A). Sequencing
revealed that all five clones lacked the 5" portion that
contained the translation start site. To obtain informa-
tion about the 5' region around this site and the pro-
moter region of the gene encoding C5, Southern blot-
ting of the total genomic DNA was performed using
the p36-C fragment as a probe. A 20-kbp BamHI, a
1.3-kbp EcoRI, a 9-kbp Hindlll, and a 12-kbp PstI frag-
ment all containing the translation start site were ob-
tained (Figure 3). The 1.3-kbp fragment, subsequently
called the p36-G fragment (Figure 2A), was cloned by
colony hybridization.

By combining the sequence information from the
p36-C and p36-G fragments, the nucleotide sequence
for the DNA encoding the C5 and its predicted amino
acid sequence were obtained (Figure 2B). Except for
five amino acid residues, the deduced amino acid
sequence matched completely the N-terminal se-
quence and the internal sequence between amino acid
residues 256 and 269 (Figures 1 and 2B).

The nucleotide sequence of the p36-C fragment had
996 bp (positions 184-1170) with an internal EcoRI site
at positions 1048-1053. A putative polyadenylation
signal, AAATAA, was located at 1148-1152. The
p36-G fragment contained a 1.3-kbp region upstream
from the nucleotide position 1053. The combined se-
quence of these two fragments had a large open read-
ing frame beginning at position 172 and ending at
1116 and encoded a protein of 315 amino acid residues
with a predicted molecular weight of 36,594. This
value agreed well with the relative molecular mass of
33 kDa as determined by SDS-PAGE (incorrectly re-
ported to be 31 kDa in Fok ef al. 1996). The translation
start site was assigned to the methionine codon ATG
at positions 172-174, because it was the first ATG
triplet downstream of the in-frame nonsense codon
TGA at positions 139-141. The sequence flanking this
ATG codon, ATTAAATGT, also partially matched the
consensus sequence for the ciliate start site, TA/TA-
AAATGA /G (Yamauchi, 1991). Three putative TATA-
like sequences were found at the 5 upstream region,
TATAA, TAATA, and TATATAA at positions 87-91,
101-105, and 113-119, respectively, suggesting that
one of these three sequences might function as a pro-
moter. These results indicate that the protein pre-
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1 CTAATATTTAAATGTGATAAACAATGTATATATCACAATATCTTGTTAATT
52 TGCATGTTGGAARTAATGCGCTTTGGTCATTAATTTTATAAACATGGAATTAATAGTAATT
112 CTATATAATTAACACGTGACTATATATT GAGAAGATATTTTATTCAGAAATAATAATTAA

172 ATGTAARATCCTCAACTCCCAGTCGTAGTATCCATCAGACCATTCACAGTCCCATCAAGA
M Qg N P Q L P V V V 8 I R P F T V P 8 R 20

23

~

TTCTTGGCTACAGCTACAAACAAGTCTAGAGCCCTTGGAGATGACTTTGATGTTAGAATT
F L A T ATNU XK S RALG DDV F D V R I 40

292 GCTAACAATTCTITCTGAGAATACTTACTTCTTGTTGGAACACGTARATGGTGCTGTTTAC
A NN S S ENTYFILILEHV N GA UV Y 60

352 AGAATCAAACCAGCTACTCATCCAGATCATTTCGTCTTCTGCTCAAATGACAATGCTAGA
R I R P A THUPDHT FV F C S NUDUNA AR 80

41

1N}

AGATTTGGAAATGATTTTGATGTCAGAACACATCACTTCGTTGAACCAAGARATGATTGG
R F G NDF D VRTUHUHEPF V EPRNTD W 100

47

N

ATTATTGAGAATGTTGGATGGAGTACATTCACAATCAGATCATAGACAAATCCATAATTT
I I E NV G W S TFTIUR S Q TN P Q F 120

532 TTCTTGTTCGCTGCTGATGACAATTCAAATGCTCATCAAGGTGAATTAGATGTTAGAACA
F L F AADUDNSNA AHRGQGETULTDV R T 140

59

N

CATGCTCACTAAGAAGARAGAAACTTATGGTTCATTGTAACAGTACCAAACATTGTTCAT
H A H QEZERNDNTILWTF F I VTV PDNTI V H 160

65

Y

CCATATCCATAATTAACACAATCCCCAGTAGTCACATTAAGACCAGCTCACATTTAATAA
P Y P QLT Q S PV V TLIRU®PAUEHETIQ Q 180

71

N

CATTTCTTAACATTTGCTGAAACACACTAATAATATTARAACAGATTTCTARGTCARAGTA
H F L TV FAZETUHG QO QY Q TDF @ V K V 200

77

~

AGAGGAGTCAGAACAGATAAGACCTAATTCTTCTTGGATAGAGTTTAAGGARACGTTTTC
R G VR TDXTOQPFVF L DI RV Q G NV F 220

83

[}

GCTATCAGAGCTGCTGCAAGCCCTCTTTATTACTTATTTGCAGCTAATGATAGAACATAC
A I R AAASPULY YL F A ADNUDR RT Y 240

892 AATCAATGGGGTGATTTTGAAGTCAGATTCCACACATTCARAGAACCAAGAAATCACTGCG
N Q W e DF E VRVF HTTFEKE PR N H W 260

95

I

ATCATTGAACCAGCTGGACCAGGACTCTGGACAATTAAATCAGCCACAAATCCAARCTAR
I I E P A G P G L W T I K S8 A T N P N Q 280

1012 TTCTTATTTGGTATTCAAGATGAARGGAAATGGACATGAATTCAATATCAGARCCCATCCA
F L F 6 I ¢Q D EGNGHETFNTIU®RTH P 300

1072 TTTGTTGAAGACAGAAACAGATGGATCATCGATGGATTCAATGGTTGAGTTATTATTCAT
F V ED R NURW I I D G F N G * 315

1132 ATCCATAACAARAATATAAATAATTCAAATTTTTTTTTCAAAAAAAAAR

Figure 2. Restriction map and amino acid sequence of P. multimicro-
nucleatum C5 antigen deduced from the nucleotide sequence. (A) The
open box indicates the location of the coding region. E, EcoR[; P, Poull.
(B) The nucleotide number is marked on the left, and the amino acid
number is marked on the right. The termination codon TGA is marked
with *. Putative regulatory signals in the 5’ and 3’ nucleotide sequences
are underlined. The portions of the N-terminal and internal amino acid
sequence that were determined by direct protein sequencing are also
underlined. The first in-frame TGA triplet present upstream from the
tentative translational start site ATG is in boldface.

dicted from the cDNA and genomic DNA is C5 and
the gene might be functional.

During its purification, C5 was found to be an abun-
dant protein. To verify this observation and to exam-
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Figure 3. Southern hybridization of P. multimicronucleatum
genomic DNA with the p36-C fragment of the cDNA for the C5
antigen. Total genomic DNA (10 ng/lane) was digested with BamHI
(lane 1), EcoRI (lane 2), HindIII (lane 3), or PstI (lane 4). Positions of
the HindIll-digested A DNA (kbp) are marked on the right side.

ine the C5 expression, Northern blots of total RNA
from P. multimicronucleatum (Figure 4A) and P. cauda-
tum (Figure 4B) were performed. These blots were
compared with Northern blots of two abundant pro-
teins in P. caudatum, the 0.5-kbp genomic DNA encod-
ing the glyceraldehyde-3-phosphate dehydrogenase
(Figure 4, A and B, lane 2) and the 0.4-kbp P. caudatum
hemoglobin ¢cDNA (Figure 4, A and B, lane 3). The
mRNA signal for C5 was very strong when the RNA
and DNA were both from P. multimicronucleatum (Fig-
ure 4A, lane 1), suggesting that C5 is an abundant
protein; however, the signal was rather weak when
total RNA from P. caudatum was hybridized with the
p36-C fragment from P. multimicronucleatum (Figure
4B, lane 1), suggesting that the C5 DNA sequence may
be species specific.

The amino acid sequence of C5 appeared to be
rather unique, because homology was found in only

A B
1 2 3 1 2 3

Figure 4. Northern hybridization of Paramecium RNA. Total RNA
(10 or 15 ug/lane) was prepared from P. multimicronucleatum (A)
and P. caudatum (B) and electrophoresed. Probes for hybridization
were the 0.87-kbp p36-C fragment of the P. multimicronucleatum C5
antigen cDNA (lane 1), the 0.5-kbp P. caudatum genomic DNA
encoding glyceraldehyde-3-phosphate dehydrogenase (lane 2), and
the 0.4-kbp P. caudatum hemoglobin cDNA (lane 3).
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Pm C5 MQONPQLPVVVSIRPFTVPSRFLATATNKSRALGDDFDVRIANNSSENTYFLLEHVNGAVYRIKPATHPDHFVFCSNDNARRFGNDFDVRT 90

Sp p36 MLLPIIMLTSGVANTVLSKYQDSIAEESEPIKSMAVLQSLNIFLGEACLWFYVLYKRHSQGPGYESLDHLPL——w=——m———- KHRKVFMA
1 10 20 30 40 50 60 70
290 300 310 320 330 340 350 360 370

Zm b-F HDFYAAQRLKLKDGRQONINCMVDMWKSKPSQRDGWAGCMTLPRKLDLIDNKIVMTPVREMEILRQSEKI-~-ESVVTLSDAEEPFTMDSP

Pm C5 HHFVEPRNDWIIENVGWSTFTIRSQTNPQFFLFAADDNSNAHQGELDVRTHAHQEERNLWFIVTVPNIV--~HPYPQLTQSPVVTLRPAH 177

Sp p36 LPAIMDICGSTLMNVG---LLYTSASIYQMTRGSLIIFVALFATTLLKRTIGQLOWLSLSFVVLGVAIVGYSGSSSSIGSNPILGITAVL

80 90 100 110 120

380 390 400 410

130 140 150 160

420 430 440 450

Zm b-F LQEIELIFDLEKSNAYQAGLALRCNG-KGQETLLYIDRSQNRIILDRNRSGQN----VKGIRSCPLPNTSKVRLHIFLDRSSIEIFVGDD

Pm C5 IQQHFLTFA-ETHQQYQTDFQVKVRGVRTDKTQFFLDRVQGNVFAIRAAASPLYYLFAANDRTYNQWGDFEVRFHTF--KEPRNHWIIEP 264

Sp p36 IGQFFLATQ-FTIEEYILSF-——--- IQVDPSELVAYEGTYGVFFVLLGMIISYYFIGSTTAGYHGWFDYSHVISRF--NEVPALYVISG
170 180 190 200 210 220 230 240
460 470 480 490 500 510
Zm b-F QTQGLYSISSR~———=~—~ IFPDRKDSLKGRLFAIEGYAVFDSFRKRWTLQDANLAAFSSDAC
Pm C5 AGPGLWTIKSATNPNQFLFGIQDEGNGHEFNIRTHPFVEDRNRWIIDGFNG 315
Sp p36 VILV-—————— SIAFFNVSGLAITKLHSATTRSLLDIARTFGIWIIAMAMGME SFHLLQFLGFVLLIYGIFTYHSIIKFPLAES
250 260 270 280 290 300 310 320

Figure 5. Comparison of amino acid sequence of P. multimicronucleatum C5 antigen with those of two other proteins. The amino acid
sequence of C5 antigen (Pm C5) from Figure 2B is aligned with those of a S. pombe hypothetical protein (Sp p36; accession No. 562543 in PIR
protein database) and the B-fructofuranosidase protein of Z. mobilis (accession No. A37803 in PIR protein database). Identical residues and
conserved residues are marked by double and single dots, respectively.

two other proteins when the program FASTA was
used. Sequence similarity was observed in almost all
regions of a S. pombe protein but was restricted to the
C-terminal half of the p-fructofuranosidase protein of
Z. mobilis (Figure 5). Sequence identity was only 14—
15%, and sequence homology including conserved
residues was only 22-25%; however, the predicted pl
value of 6.49 for C5 was very similar to the 6.05 value
for the yeast protein.

To obtain more information about these three pro-
teins, PSORT, the computer program for predicting
the intracellular location of proteins, was used (Nakai
and Kanehisa, 1992). The S. pombe protein having 9-10
clusters of hydrophobic residues was predicted to be a
transmembrane protein. The p-fructofuranosidase
having no clear transmembrane domains was pre-
dicted to be a soluble protein. The C5 was also pre-
dicted to be a soluble protein, because it also has
neither a clear transmembrane domain nor a cleavable
signal sequence.

Our earlier immunofluorescence work had sug-
gested that C5 was probably not a soluble protein
because it was located on the DV membranes (Fok et
al., 1996). To confirm its location on the DV mem-
branes, immunolocalization at the electron micro-
scopic level was used. The C5 was found to be located
specifically on the membranes of the discoidal vesicles
(Figure 6A), acidosomes (Figure 6B), lysosomes (Fig-
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ure 6C), DV-II (Figure 6C), DV-III, and DV-IV (Figure
6D). The antigens appeared to be located more on the
cytosolic than on the luminal surfaces of these vesicle
and DV membranes (Figures 6A-D). Strikingly, only a
few gold particles were seen on the membranes of the
cytopharyngeal or NDV membranes (Figure 6A, ar-
row) and the DV-I membrane (Figure 6B, arrow), al-
though these membranes are derived directly from the
discoidal vesicles. More label was seen on the mem-
branes of the DV-II (Figure 6C, arrow), and DV-IIL
The highest number of gold particles was seen on the
DV-IV membrane (Figure 6D, arrow).

To provide a quantitative estimate of the relative C5
density on the various phagosomal membrane pools,
the numbers of gold particles per micrometer on cross-
sectioned membranes were counted. There was a 12-
fold increase in C5 density on the DV-IV membranes
over that on the NDV (Figure 7). The density of C5 on
the DV-II membranes was slightly lower than that on
the acidosome membranes, whereas the reverse was
true for the lysosome and the DV-III membranes;
however, the most striking observation was the differ-
ence in C5 densities between the membranes of the
discoidal vesicles (3.2 gold particles/um) and the
NDV (0.6 gold particles/um). That 80% of the C5
antigen could be removed or lost from the NDV mem-
brane after the discoidal vesicles had fused with the
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Figure 6. Cryosections of cytopharynx and DV membranes (arrows) and associated organellar membranes. Some membranes are positive
for the C5 antigen using the immunogold technique. (A) Discoidal vesicles (dsv), but not the cytopharyngeal membrane (cyx), are labeled.
The label appears mostly on the cytosolic side of the vesicle membranes. (B) Acidosomes (ac), but not the DV-I membrane (I), are labeled.
The vacuole contained 1.1 um beads, indicating that it was 0-3 min old. (C) Lysosomes (ly) are aligned along the sparsely labeled 15- to
18-min-old DV-II (II). This DV contained 0.3 um beads. (D) The DV-IV (0.1 um beads indicate that the DV was 20-23 min old) shows the
most label of all four DV stages. A labeled lysosome (arrowhead) lies near the DV-IV. Bar, 1 um.
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Acidosomes
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NDV
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Gold particles/um of membrane profile

Figure 7. The average number of gold particles/micrometer of
membrane profile in electron micrographs for discoidal vesicles,
acidosomes, lysosomes, and the four stages of DVs. NDV refers to
the nascent DV and includes the cytopharynx membrane as well.
DCV, discoidal vesicles.

cytopharynx supports our contention that C5 is not a
transmembrane or integral protein.

To further verify that C5 was on the cytosolic sur-
face of the phagosomal membranes, two different light
microscopic labeling procedures were used. The first
method used our standard procedure for immunoflu-
orescence. Cells were fixed, acetone permeabilized,
and incubated with the mAb against C5. Labeling
could be seen concentrated in the cytoplasm interior to
the cell cortex, where it appeared to be on vesicles and
vacuoles (Figure 8A) rather than being randomly dis-
persed in the background cytosol. These results indi-
cated that C5 is most likely membrane bound and not
a soluble protein.

The second method involved the permeabilization
of the cell’s pellicle while the DV membrane was kept
intact. Half of these permeabilized cells were incu-
bated with the mAb against C5 and were then fixed
and incubated with a secondary antibody. Several
DVs were positive for the C5 label (Figure 8B). To
show that the DVs in these treated cells were intact,
the other half of the permeabilized cells were incu-
bated with the mAb against L1, an antigen known to
be located on the luminal side of the DV-II membranes
(Allen et al., 1995). No label was seen on any DV
(Figure 8C), indicating that this mAb could not pene-
trate the intact DV membrane and therefore could not
bind to the luminally exposed L1 antigen. These ob-
servations showed that the reactive epitope on C5 was
indeed located on the cytosolic surface of phagosomal
membranes.
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Figure 8. Immunofluorescence in cells labeled with mAbs against
C5 and L1 antigens. (A) Cell fixed, acetone-permeabilized, and then
labeled with mAb against C5 antigen. (B) The cell was briefly and
weakly permeabilized with Triton X-100 first and then incubated
with mAb against C5 antigen before fixation and secondary anti-
body incubation. The positive result shows that the mAb was able to
bind to the antigenic sites on the cytosolic surfaces of the DVs. (C)
This cell was similarly treated as in B but was exposed to mAb
against L1, an antigen known to be on the luminal side of the DV-II
membranes. The negative result shows that this mAb was not able
to penetrate the DV-II membrane to get to the antigenic site on the
luminal side of the DV membranes. Bar, 20 pwm.

To determine whether the C5 antigen is loosely or
tightly bound to the DV membranes, DVs of stages 11
and III were purified and washed with 0.2 M KCl
according to Fok et al. (1996). Proteins from these DV
preparations were electrophoresed and blotted with
the mAb against C5. A very strong reaction was ob-
served in the immunoblot of DV-II (Figure 9) and
DV-III, suggesting that C5 was bound rather tightly to
the phagosomal membranes.

We were unable to obtain more information on the
function of the C5 antigen from the amino acid se-
quence, so microinjection studies were performed to
determine whether C5 played a role in the discoidal
vesicle-cytopharyngeal membrane docking or fusion.
Cells were injected with the purified mAbs to either
C5 or B2 and allowed to recover for 45 min. After this
recovery period, cells were pulsed with latex beads to
induce DV formation, and the total amount of discoi-
dal vesicle membrane incorporated was calculated
from the rate of DV formation and the size of the DVs
formed.
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Figure 9. Digestive vacuoles of stage Il were purified from cells
that had been pulse-fed magnetic beads and chased as described in
Fok et al. (1996) and processed for SDS-PAGE and immunoblotting
according to Fok ef al. (1988). DV-II gave a very strong result.

When cells were injected with 10.7 pg/cell of the
mAb to B2, DV formation, i.e., discoidal membrane
fusion, was not inhibited, although at twice the con-
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Discoidal Vesicle Membrane Incorporated (um?/min)

0 L] L) L L)
0 5 10 15 20 25
Monoclonal Antibody Injected (pg/cell)

Figure 10. The effects of microinjected mAbs on the incorporation
of discoidal vesicle membrane. A indicates mAb to B2 (140 kDa, on
the luminal surface of the DV-I); B indicates mAb to C5. Discoidal
vesicle membrane incorporation was determined from the rate of
DV formation and the size of the DVs formed in the injected cells.
For each time point, data were obtained from 12-17 injected cells.
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Figure 11. A grazing section through the lip of the cytopharynx
where the cytopharyngeal membrane (CYX) is continuous with the
nascent digestive vacuole (NDV) membrane in a cell injected with
10.7 pg of the mAD to the C5 antigen. There has been no decrease in
the number of discoidal vesicles (dsv) along the cytopharyngeal
microtubular ribbons (mt). These discoidal vesicles are waiting to
fuse with the cytopharyngeal membrane. ac, acidosome; ¢, cilia. Bar,
1 pm.

centration, a 33% inhibition was observed (Figure 10).
In contrast, in cells injected with as little as 1.34 pg/
cell of the mAb to C5, membrane fusion was inhibited
by 10%. Inhibition was linear from 1.34 to 10.7 pg/cell.
At 10.7 pg/cell, the inhibition was close to 86%,
whereas at 21.4 pg/cell, the inhibition was almost
complete (Figure 10). Electron microscopy (Figure 11)
showed a normal accumulation of the discoidal vesi-
cles lying next to the cytopharynx in the cell injected
with the mADb to C5. These results showed that 1) the
inhibition of membrane fusion was not due to an
interference in the formation or retrieval of the discoi-
dal vesicles, the DV membrane precursors, and 2) C5
played a role in some step of binding or fusion of the
discoidal vesicles with the cytopharyngeal membrane.

DISCUSSION

This report represents the first cloning attempt in P.
multimicronucleatum in which a phagosomal mem-
brane antigen known as C5 was purified, N-terminal
and internal sequences were obtained, and finally the
gene encoding the antigen was cloned. The amino acid
sequence of C5 appears to be rather unique, because
only two other proteins share some homology with it.
Sequence identity between C5 and a S. pombe protein
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or with the B-fructofuranosidase protein of Z. mobilis
is only 14-15%, and sequence homology, including
conserved residues, is only 22-25% (Figure 5). Of these
two proteins, C5 resembles more closely the bacterial
B-fructofuranosidase in that both proteins lack any
obvious transmembrane domains. The yeast protein is
predicted to be a transmembrane protein located in
the membranes of the endoplasmic reticulum or the
plasma membrane, and its sequence has half as many
charged amino acids and a lower content of histidine,
arginine, and aspartic acid than C5. On the other hand,
C5 and the yeast protein have very similar pl values.
Until proteins with known functions that have much
more homology to C5 have been sequenced, it will not
be possible to determine the function of C5 based on
sequence data alone.

The C5 antigen is known to be an abundant protein
as shown by immunoprecipitation studies. This is ver-
ified in Northern blots, because the message for C5
was as high as those for hemoglobin and glyceralde-
hyde-3-phosphate dehydrogenase, which are known
to be abundant proteins, in P. caudatum (Figure 4). On
the other hand, the signal was rather weak when the
p36-C fragment was used to hybridize with the total
RNA from P. caudatum, indicating that the C5 DNA
sequence is probably species specific. This latter find-
ing is confirmed by our observation that the mAb
against C5 also did not cross-react with DVs in P.
tetraurelia. It is our experience that many mAbs raised
against P. multimicronucleatum membrane proteins do
not cross-react with proteins of other Paramecium spe-
cies.

From the amino acid sequence, it is predicted that
C5 would be a soluble protein because it lacks a trans-
membrane domain or a cleavable signal sequence.
Also it could not be a myristate-anchored membrane
protein because it does not have a glycine residue at
the N terminus, nor can it be a farnesyl-anchored
membrane protein because it does not have a CAAX
box at its C terminus; however, cryoelectron micros-
copy (Figure 6) and immunofluorescence (Figure 8)
show that C5 is most likely a membrane-associated
protein, because it is specifically located on the cyto-
solic surface of the phagosomal membranes. That
much of the C5 is not transferred to the NDV mem-
brane after discoidal vesicles fuse with the NDV mem-
brane indicates that C5 can be removed quickly from
these membranes (Figure 7). Therefore C5 is probably
not a transmembrane protein, although it does seem to
be relatively tightly bound to the phagosomal mem-
brane surface (Figure 9). On the basis of these findings,
we conclude that C5 could be a relatively tightly
bound peripheral protein found on the cytosolic sur-
face of most phagosomal membranes.

The 25 residues at the N-terminal end of this antigen
are quite hydrophobic, giving this region the property
shared by signal peptides of some mammalian pro-
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teins. Thus, it is not surprising that the computer
program PSORT recognized this region as a signal
peptide; however, because these amino acid residues
are on the mature protein, this region cannot serve as
a signal peptide unless it is an uncleaved signal. This
hydrophobic region would be a good candidate for a
membrane-binding site for the phagosomal mem-
brane, but that remains to be determined.

It is now known that many proteins must be re-
cruited to the site of vesicular membrane contact with
an acceptor membrane before fusion with the acceptor
membrane can be achieved. The most extensively
studied example is that of neurosecretion as synaptic
vesicles fuse with the presynaptic membrane in neu-
rons (see review by Martin, 1997). Proteins recruited to
the site of fusion include those involved in anchoring,
docking, priming, and fusion. The observations that a
normal accumulation of discoidal vesicles remains in
the vicinity of the cytopharynx in cells microinjected
with mAb to C5 and that the microinjected mAb in-
hibited the discoidal vesicle-cytopharyngeal mem-
brane fusion in a dose-dependent manner suggest that
C5 does play a role in one of the steps leading to
membrane fusion between the discoidal vesicles and
the cytopharyngeal membrane. Because C5 is also
present on the acidosomes and lysosomes, it is reason-
able to assume that this antigen may also be involved
in binding and/or fusion of these two vesicular pools
with DV-I and DV-II, respectively. Exactly what role
C5 plays will require further experimentation.

This study lays the foundation for future cloning of
other phagosomal proteins for which we have the
mAbs. In particular, it will be interesting to clone the
genes encoding the antigen Q2, which is also found on
the surface of discoidal vesicles (Allen et al., 1995). In
contrast to C5, this antigen remains with the DV-I after
the discoidal vesicles have fused with the cytopharyn-
geal membrane. Information obtained for these anti-
gens can eventually be compared with proteins in
other ciliates, making it possible to begin to follow the
evolutionary divergence of the different Paramecium
species.
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