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Summary

Protistan cells employ a wide variety of strategies to However, variations in amino acid use within both primary

reinforce and give pattern to their outermost cortical and secondary repetitive domains, and a much more acidic
layers. Whereas some use common cytoskeletal elementscharacter (predicted pls of 4.7-4.9), indicate that the
such as microtubules, others are based on novel cytoskeletal plateins represent the first proteins in a new subclass or

proteins that are as-yet-unknown in higher eukaryotes. The
hypotrich ciliate Euplotes possesses a continuous
monolayer of scales or plates, located within flattened
membranous sacs (‘alveoli’) just below the plasma
membrane, and this provides rigidity and form to the cell.
Using immunological techniques, the major proteins
comprising these ‘alveolar plates’ have been identified and
termed a-, -, and y-plateins. The present report describes
work leading to the molecular characterization of three
plateins, al and a2 (predicted M;s of 61 and 56 kDa) and
a ply form (M;=73 kDa). All three proteins have features
that are hallmarks of articulins, a class of cytoskeletal
proteins that has been identified in the cortex of a wide

family of articulins. This conclusion is supported by
another novel feature of the plateins, the presence of a
canonical hydrophobic signal peptide at the N-terminus of
each derived platein sequence. This correlates well with the
final cellular location of the plateins, which are assembled
into plates within the membrane-limited alveolar sacs. To
our knowledge, this is the first report in any eukaryote of
cytoskeletal proteins with such start-transfer sequences.
Confocal  immunofluorescence  microscopy,  using
antibodies to the plateins as probes, reveals that new
alveolar plates (enlarging in cortical zones undergoing
morphogenesis) label more faintly than mature parental
plates. During plate assembly (or polymerization), the

variety of protistan cells, including certain flagellates,
ciliates, dinoflagellates and®lasmodium Chief among these
common features are a prominent primary domain of
tandem 12-amino acid repeats, rich in valine and proline,
and a secondary domain of fewer, shorter repeating units.

plateins thus appear to exist in a more soluble form.

Key words: Signal sequence, Membrane skeleton, Alveolata, Protist,
Epiplasm, Pellicle, Cortical cytoskeleton, Repetitive protein domains,
Ciliate expression library

Introduction ‘cortical alveoli’) is characteristic of ciliates, subtending the

Eukaryotic cells typically stabilize their plasma membranes wittplasma membrane and effectively isolating the cytoplasm from
a more-or-less tightly associated layer of cytoskeletal protein§)e environment by three membrane layers. Additionally,
forming a complex often referred to as the ‘membrane skeletorvarious cytoskeletal elements are found in this outer cortical
A classic example has been the spectrin network linked (vi@yer (often termed the ‘pellicle’). Some are similar to
ankyrins and several actin-binding proteins) to integrafytoskeletal structures well represented in other eukaryotes,
membrane glycoproteins at the cytoplasmic face of théuch as microtubules, which are widely used supporting
erythrocyte plasmalemma (Bennett and Gilligan, 1993). Spectriglements in ciliate cortexes (Grim, 1982; Fleury and Laurent,
isoforms and ankyrin homologs have been identified it995; Adoutte and Fleury, 1996). However, the other well-
numerous other vertebrate cells (Dubreuil et al., 1997; Kordelknown eukaryotic supportive elements, namely actin-myosin
2000), indicating that the membrane skeleton is a functionallgomplexes and intermediate filaments, are not commonly used
critical, and perhaps ubiquitous, element of cell surfaces. ~ to support the cortex. In their stead are often found layers of
Ciliated protozoans, as large cells living in a wide range omicrofilamentous material (Adoutte and Fleury, 1996). The
potentially disruptive environments, have evolved a variety oprotein composition of most such layers is unknown; in a few,
strategies for strengthening and reinforcing their outermogtytoskeletal proteins have been identified that are, to date, well
surface. A monolayer of flattened membranous sacs (termé&faracterized only in protists (cf. Bouck and Ngo, 1996).
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Examples of such novel cytoskeletal proteins are the tetrit
first described inTetrahymena(Honts and Williams, 1990;
Brimmer and Weber, 2000), and the epiplasmins ¢
Paramecium(Nahon et al., 1993; Coffe et al., 1996) and othe
protists (Huttenlauch et al., 1998b; Bouchard et al., 200!
Perhaps the most well characterized and widespread of pro
cytoskeletal proteins are the articulins. These proteins we
first described in the cortex of the euglenBigdglena gracilis
(Marrs and Bouck, 1992), where they assemble in
articulating strips below the plasma membrane. Articulin-lik
proteins have also been identified beneath the plasi
membrane of the parasitic protif#asmodium(Stahl et al.,
1987; Bowman et al., 1999; Tchavtchitch et al., 2001) ar
Toxoplasma gondifMann and Beckers, 2001) at certain life-
cycle stages. Immunological evidence indicates that simil
proteins are found in dinoflagellates as well (Bricheux et a
1992; Huttenlauch et al., 1998b). Among ciliates, the cleare
evidence for the presence of articulins i®8eudomicrothorax  Fig. 1. General features @&uplotes Projection of optical sections
dubius These cells possess a thick, continuous filamentoysassing through the ventral (A) or dorsal (B) surfaces of a cell
layer termed the ‘epiplasm’, situated in the cytoplasndecorated (in green) with anti-E antiserum directed against proteins
immediately below the cortical alveoli (Peck et al., 1991). Thef the alveolar plates (Williams et al., 1989), and decorated (in red)
two major eplplasmlc protelns iP. dubius have been W|th the 20H5 ant|b0dy directed aga|nst centrins at the bases of the
characterized (Huttenlauch et al., 1995; Huttenlauch et ailia (Sanders and Salisbury, 1994). On the ventral surface, clusters
1998a) and shown to have properties quite similar to th8f cilia form the oral ciliature (OC) and the locomotory cirri (C);

articulins ofEuglena The hallmark of the articulins is a core alveolar plates on this surface are irregular in shape. On the dorsal
g surface, the cilia are aligned into antero-posterior rows (in red),

of numerous tandemly repeating 12-amino acid (a.a.) unitgenyeen which alveolar plates are regularly patterned.
rich in valine and proline (VP-rich).

The cortical cytoskeleton of euplotid ciliates is disposed in
a different fashion than in most other ciliates. In these cells;anonical start—transfer sequences at their N-termini, which
the surface is supported by a monolayer of tightly abuttedorrelates well with the final intra-alveolar location of the
‘alveolar plates’ (APs; Fig. 1), so called because the individuadssembled skeletal plates. N-terminal sequenciny-platein
polygonal scales of the assemblage occupy the spaces witlditectly demonstrates that the predicted signal peptide is
the membranous cortical alveoli (Ruffolo, 1976; Hausmanmemoved from the mature protein. To our knowledge, the
and Kaiser, 1979; Geyer and Kloetzel, 1987; Williams et alplateins are the first cytoskeletal proteins from any eukaryotic
1989; Hausmann and Hilsmann, 1996). The major proteireells described to date that feature such N-terminal signal
making up these APs in various specieggploteshave been sequences.
identified and partially characterized (Williams et al., 1989;
Williams, 1991; Kloetzel, 1991). Electrophoretic evidence )
suggests that at least three subunit forms of these proteins eXi4gterials and Methods
in the plates. On the basis of peptide mapping and genetic da€sll culture
Kloetzel has proposed that each subunit is encoded by Both isolates of. aediculatuaitilized in these studies originated in
separate gene locus Euplotes aediculatuéKloetzel, 1991; France. Clones used in the previous identification of the plateins
Kloetzel et al., 1992), and has termed the 125, 99 and 97/¢Kloetzel, 1991) were originally collected by Dieter Ammermann
kDa electrophoretic variants tte, B- andy-platein forms, near Mar_selllles. They were cultured at room temperature in modified
respectively (Kloetzel, 1993). Confocal immunofluorescencé’ingsheim’s medium and fetbtrahymenaas described (Kloetzel,

: 91). These strains were used for platein peptide sequencing, for
][esults re;%glrted ml thel_pr((ajsent_tks]_tudy STOW trf; thez@ pllat ti-platein antibody production, and in the PCR reactions leading to
orms, while co-localized = within - mature S, dISpiay e cloning and sequencing of theplatein genes. Another strain of

significant differences in solubility. ) E. aediculatusvas isolated on the campus of the Université Paris-Sud
In the work presented here, we have used anti-plateiy Orsay. Cultures of these cells were used to create the expression

antibodies to screen an expression librarfoplotesgenes,  and genomic libraries from which the gene encodlifyeplatein was

and have isolated and cloned a gene encoding one of thelated and cloned, and for confocal microscopy. These cells were

closely related3- or y-platein subunits. Taking advantage of cultured in commercial Volvic mineral water witfetrahymenaas

new peptide sequence information and a PCR-based stratefjpd source. ) _

two additional platein genes have been cloned; these encodé’reparation of cortical residues @uplotes as a means for

very similara-platein isoforms. The derived protein sequence§nichment of plateins, basically followed the Triton-high salt

of these three genes indicate that the plateins display IOrf qtqcol (Williams et al., 1989) with modifications reported elsewhere

; illiams and Honts, 1995).

tandem runs of VP-rich dodecamer repeats, and clearly are

members of the articulin class of cytoskeletal proteins.

However, distinct differences in amino acid composition andntibody production and purification

arrangement indicate that the plateins make up a separat@e production of monoclonal antibodies (mAbs) agaifist

family within the articulins. Moreover, all three plateins predictaediculatis plateins has been described (Kloetzel, 1991). The present
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studies used mAb PL-5 (which recognizes all platein forms in thiSouthern and northern blot analyses

species) and mAb PL-3 (recognizing only fendy isoforms of  Bjotting protocols with agarose-separated nucleic acids followed
platein, but not thel form). _ _ those described (Sambrook et al., 1989)-platein probes cut from

To obtain an antibody specific for-platein, polyclonal antisera recombinant plasmids were labeled using the Megaprime DNA
were raised in rabbits agairstiplotescortical proteins separated by |abeling kit (Amersham)x-platein probes (from PCR reactions) were
SDS-PAGE and transferred onto n.ltroce”UlOS.e membranes, fO”OWlngibe|ed using random hexanucleotide primers_ Hybridizaﬂons (using
methods that have been described previously (Kloetzel, 1991Nyhond-N membranes; Amersham) were carried out overnight at
Nitrocellulose strips containing the 125 kibaplatein band were 65°C in 5 Denhardt’s solution, plus 0.5% SDS, and 10 mM EDTA
excised, sonicated to a fine slurry in PBS, and used for immunizationgxcept Southern blots witR/y-platein probes, which used 0.5 M
Whole sera that reacted positively with the 125 kiDplatein band  sodium phosphate pH 7.2, 7% SDS and 1 mM EDTA). 100 mg/ml

in immunoblots were affinity purified using-platein bands blotted  denatured tRNA was included in northern hybridizations.
onto PVDF membrane after electrophoretic separation, following

described protocols (Harlow and Lane, 1988). The final eluate
(containing affinity-purified antibody that we designated AP-2)Expression analysis

yielded much lower backgrounds in immunoblotting andTotal RNA was extracted from an actively growing vegetative culture

immunofluorescence staining protocols than did whole serum. of Euplotes since nucleic acids from the food organism
Polyclonal antibodies (pAbs) against the two main electrophoretiTetrahymenp do not cross-hybridize with platein probes. PdiyA

plate protein bands @fuplotes eurystomy&nti-E’ serum) (Williams ~ RNA was prepared from oth&uplotescultures using the QuickPrep

et al., 1989) were kindly provided by Norman Williams. MRNA Kit (Pharmacia). Reverse-transcript (RT-)PCR analysis was

performed in two separate reactions. cDNAs from total RNA

. . reactions, using M-MLYV reverse transcriptase (Eurobio, France), were

Peptide sequencing amplified with p/y-platein-specific primers; amplification of polyA

Euplotescortical extracts were separated by SDS-PAGE, blotted ontRNA reactions, using reverse transcriptase from Pharmacia Biotech,

PVDF membranes, and stained with Coomassie Blue R-250. Strips gfilized a1- anda2-specific primers.

membrane bearing individual platein bands were excised and

incubated with TPCK—trypsin for 24 hours at°G7 The resultant

peptides were separated by HPLC and sequenced with an ABI 477Adirect immunofluorescence

Protein Sequencer (for details, see Matsudaira, 1993; Fernandez et ghmunolabeling was performed on permeabilized and fixed whole
1994). cells as described previously (Fleury, 1991; Jeanmaire-Wolf et al.,
1993). Ghosts were produced by treatment for 1 minute with 0.25-1%
L . Triton X-100 in PHEM buffer (Schliwa and van Blerkom, 1981), then
CDNA expression library construction . . fixed for 1 hour in 2% paraformaldehyde (Sigma) in PHEM buffer at
Messenger RNAs were isolated (Quick-Prep micro-mRNArgom temperature and washed three times in PBS, pH 7.4, containing
purification kit; Pharmacia) from Buplotesculture allowed to grow 10 mM EGTA, 2 mM MgC4, 3% BSA, 0.1% Tween 20 (this buffer
slowly overnight at 16°C in a dilute solution of dried milk (0.05% in was used for all subsequent steps). The cells were incubated for 1 hour
mineral water) to avoid interference frometrahymenafood  in the presence of the different primary antibodies (working dilutions:
organisms. Double-strand cDNAs were synthesized by randonys for PL-3 and PL-5 mAb supernatants; 1/100 for AP-2 affinity-
priming using a cDNA synthesis kit (Amersham). The cDNA rapidpurified pAb; 1/200 for Anti-E pAb). After two washes in the same
adaptor ligation kit, cDNA cloning modubggtll and\-DNA in vitro  puyffer, the cells were incubated for 1 hour with secondary antibody
packaging module (Amersham) were used to construct the library ifalexa Fluor 488-conjugated goat anti-mouse or Alexa Fluor 568-
the Agt1l vector. A total of 2X8L0° pfu recombinant phages were conjugated goat anti-rabbit; Molecular Probes) at 1/100 to 1/200
obtained. dilution. Following three washes, cells were mounted in Citifluor
medium (City University, London, UK) and observed with
E ion lib . q bi conventional epifluorescence (Leitz) or with a Biorad MRC 1024
xpression library screening and recombinant sequence confocal microscope equipped with a Nikon Diaphot 300 inverted
analysis _ _ _ ~ microscope and a krypton/argon laser (Service d'lmagerie Cellulaire,
The cDNA library was screened with an antibody raised againsbrsay, France). Z-series acquisition was obtained with a Nikon Plan
plateins (E-band) frore. eurystomusgfollowing standard procedures  Apo 60x oil immersion objective, using 522/DF35 and 598/40 filters
(Sambrook et al., 1989). 0.8-1xa0° plaques were screened; positive for green and red light, respectively. Individual focal plane projections
plaques were excised and subjected to three further rounds @fere saved as separate files, then merged and colorized using Adobe

expression screening prior to characterization of insertsPhotoshop (Adobe Systems, San Jose, CA).
Amplification of positiveAgt11 clones was performed using RlI®f

phage suspension in BJ0PCR reactions at pH 9.0. The amplification

products were cloned into tlf&ma site of the vector pUC 18 for

sequencing. Results ) )
Some clones from the twigt11 libraries were sequenced by the Sequences of platein peptides

Genome Express company (Grenoble, France). Others were sequengggipsin digestion and peptide sequencing was carried out on
manually or with the Vistra automatic sequencer (Amersham) usinfhdividual a-, p- and y-platein bands fronE. aediculatus
the DNA cycle sequencing kit rom Amersham. Sequencespidtein  cortical extracts separated by SDS-PAGE and transferred to

genes were obtained by automated DNA sequencing (ABI Prisrp,VDF membranes. Table 1 shows the a.a. se

) ) . ; . . .a. sequences of several
Model 373A; PE Applied Biosystems) using Big Dye methodology . . o L
supplied by the manufacturer. The sequences obtained were compal tides successfully identified. Note the similarity of many of

with the non-redundant sequence databases using the ExPASy interfdd§ Peptides from th@- and y-platein variants (e.g., their

to the SIB BLAST network service (Altschul et al., 1997). Thefeéspective f52 fractions;3-f72 and y-f71). The one-
nucleotide sequences of the three platein genes reported here have Béigaensional tryptic peptide maps published earlier (Kloetzel,
submitted to GenBarik, under accession numbers AY12498d)  1991) also showed several apparently common peptide bands
AY124990 €2), and AY124991[ly). generated from thg- and y-plateins. Many of these new
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Table 1. Sequences of tryptic peptides derived from-, 3-
and y-plateins

mismatch), f69 and 72 (with two mismatches: E instead of SS)
as well ag-fragments 52, 72 and parts of fragments f43 and
f71. Very interestingly, oney-peptide (f71) resembles the

Tryptic peptides Sequendes h
Alpha peptides COOH-terminal part of the AW2 cIone_
30 TYETSYVAPAGGYR (EPVWTQPVVVEPAWTNR), whereas the corresponding
42 YNE[W]VEEV[HAJPR sequence of the genomic clone is
f45 VVEEPVY[W]APR EPVWTQPVVVEPAWTQPV This suggests thgt- and y-
f55 LPDAVFTYTDEHHTPYTYEYVVDVHIIPTLE[YYDR] platein proteins differ near their C-terminal extremities, and
Beta peptides that the insert of phagkW2 derives specifically from &
;gg Ilgv\/[;fls*:gf’/i\:l\z/?\%mw[) VIVIPE platein gene. The genomic clone sequence determined
o5 “VYEAVQDNPLSIVNEIEIK (GenBank AY124991) thus probably representg-platein
69 IAEPV*TEPI gene.
f72 EPVIWITOPVVV[SSP/A]
Gaflfgma peptides TIHIPVDEPEFITR Identification of two a-platein genes using PCR
f52 PVTSYQTVDEVEYVPHVDVVPEVQHR A different approach, independent of the expression library,
f71 EPVWTQPVVVEPA *[T]N *[AF] was used to identify the genes encodinglatein. We took
f72 IAEPVWTQPV**

advantage of the sequences determined for éopiatein-
tsquare brackets indicate tentative assignment; asterisks indicate unknowpP€cific peptides (Table 1), one of which (f55) is quite long (31
residue; underlining indicates regions commof-tandy-plateins. residues), to devise a PCR strategy. On the basis of the
sequences ofa-f55 and of a-f30 (14 residues), six
oligonucleotide primers (termed AP1-AP6) were designed in
both forward and reverse combinations (Table 2) and used for
peptide sequences were useful in confirming the identity of theCR, with E. aediculatusDNA as the templateA single
isolated platein genes and, in the case obithéatein peptides, amplified fragment of 1025 bp was obtained, using the primer
in designing oligonucleotide primers for the amplification andcombination AP2 + AP3. This fragment was cloned and
ultimate isolation of twax-platein genes. sequenced; within the derived a.a. sequence, peptides
corresponding to f30 and f55 were confirmed (although minor
- ) o substitutions occurred towards the end of the long f55 peptide)
Identification of a gene encoding B/y-platein in the Additionally, the exact sequence of pepté42 was found,
expression library indicating that this amplified PCR product corresponded to a
We took advantage of the availability of antibodies againsportion of ana-platein coding region.
plateins to screen &. aediculatusexpression library. Five In order to obtain the sequence of the entire macronuclear
positives phages were obtained in the first round of anti-plateigene encoding-platein, we utilized a strategy termed RATE-
screening with anti-E serum, three of whidW(l, A\W2 and PCR (rapid amplification of telomere extremities) (Di
AMW3) remained positive after further rounds of Guiseppe et al., 2002), based on the organizatidtupfotes
immunoscreening. The nucleotide sequence of each cDN#acronuclear genes as linear DNA molecules terminating in
insert shows an open reading frame (ORF) that is in-frame wittelomeres of known sequence. The strategy used as primers
the B-galactosidase sequence; the three ORFs largely overlamo internal oligonucleotides, termed AP7 and AP8, designed
yielding an assembled total sequence encoding 553 a.a. thabis the basis of the sequence determined for the amplified
rich in valine and glutamic acid and displays numerous interndtagment, in combination with an oligonucleotide
repeats. Probing a Southern blot of total cellular DNA with theeorresponding to the telomere sequendsing this strategy,
insert of phag@W1 revealed a single band at around 2 kb (datave cloned and sequenced two fragments that both overlapped
not shown), indicating the existence of a macronuclear gertee original 1025 bp fragment; this allowed the reconstruction
(‘minichromosome’) with a coding capacity of approximately of an entire macronuclearplatein-encoding gene. This gene,
666 a.a. (74 kDa). named the1-platein gene (GenBank AY124989), consisted of
To obtain the entire sequence of this protein, we screenedaacoding region of 1611 nucleotides, withamd 3 flanking
macronuclear genomic library & aediculatusvith theAW1  regulatory regions of 87 and 317 nucleotides, respectively
insert as probe. One of the six positive clones found in the firgincluding the presumed euplotid telomeres). Within the
round of screening was further analyzed and corresponds to tleduced a.a. sequence, a precise match for the toyititein
complete macronuclear molecule. The insert is 2069 bp longeptide (f45) was found.
and has the typical features ofE. aediculatus During the analysis of clones obtained from RATE-PCR, we
‘minichromosomes’: a single ORF of 1935 nucleotides (n.t.)found a second clone that only partially overlapped the
with short adenine and thymine (AT)-richi®der (46 n.t.) and previously determinedil coding sequence. It differed in the
3 trailer (65 n.t.) sequences. Most of thedbplex GAs 5 flanking noncoding sequence, thus suggesting the existence
telomeric repeats are missing. The deduced 644 a.a. sequenten second-platein gene Confirmation of the C-terminal
included the previously determined partial sequence from theequence of a secorwtplatein gene and details of its- 3
expression library. The correspondence of the sequencmtranslated region were obtained by a RACE-PCR strategy,
obtained with severdl- andy-peptides (cf. Fig. 3) indicates utilizing E. aediculatugpolyA* RNA. The complete sequence
that this gene encodes eitteror y-platein; the macronuclear of the coding region of this gene, named dt2eplatein gene,
gene sequence contafdragments f50, f52, 55 (with a single was determined (GenBank AY124990). The existence of two
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Table 2. Nucleotide sequences of the primers used for PCR amplifications of t&eplotes aediculatust-platein genes
Origin/specificity

Primer name Nucleotide sequence3H (peptide)

AP-1 TAT GTI GCI CCI GCI GGI CCI CCI TAT GG f30 (a.a. 6-14)

AP-2* CTA TAI CCI CCI GCI GGI GCIACA TA f30 (a.a. 6-14)

AP-3 GTI TTT ACI TAT ACI GAT GAI CAT CAT AC f55 (a.a. 5-14)

AP-4* GTATGA TGI TCA TCI GTA TAI GTA AAI AC 55 (a.a. 5-14)

AP-5 CCI TAT ACI TAT GAI TAT GTI GAT GT 55 (a.a 15-24)

AP-6* ACA TCI ACI ACA TAI TCA TAI GTA TAI GG 55 (a.a 15-24)

AP-7 ATG GTA CCA CAT CAATGA CAAATT ol (n.t. 1236-1259)

AP-8* AGG AAC GTG GAT TTC TTC GAC al (n.t. 888-908)

AP-9 GAC CGC TCA GCC AGT AAC AAC CG 02 (n.t. 152-174)

AP-10* TTACCATCT TCT GTATCC ACC ol (n.t. 1680-1700); and2 (n.t. 1572-1592)
AP-11* TTG GAACGC TAACTT CTT CAACA ol (n.t. 1079-1101; and?2 (n.t. 971-993)
AP-12 AAG GCC GCACTACCACCAGGTC al (n.t. 611-632)

AP-13 CAC CAA AGC AAAAGT ACCACTATT CA 02 (n.t. 619-644)

AP-14 TGT TGA AGA AGT TAG CGT TCC AA ol (n.t. 1079-1101); and2 (n.t. 971-993)
5alTEL GTT ATATTG ATA ATG GGT TTT AAG al (n.t. 40-63)

JalTEL* CTC GAT AAAATG TTT GCG CAT TTA ol (n.t. 1941-1964)

C4A4TEL CCC CAA AAC CCC AAA ACC CC (GA4) 5'-telomeres

*Indicates reverse primers.

a-platein genes was confirmed by a Southern blot analysis difference in their lengths confirms the presence of an insertion
E. aediculatusmacronuclear DNA. Using thel-platein  of 40 a.a. in therl-platein gene with respect to th2-platein
coding region as probe, a tight doublet of bands appeared (daene (cf. Fig. 3). From the clones produced using the amplified
not shown). cDNA products, 150 were screened; those correspondindy to
anda2 cDNAs were equally represented, suggesting that the
transcribed products of the two genes are also likely to be
Evidence for platein gene expression equally represented.
Macronuclear gene-sized molecules of hypotrich ciliates are Since the original screen that uncovered@tyeplatein gene
usually transcribed, and pseudogenes are rarely foundequence was performed on a cDNA expression library using
However, to determine whether batkplatein genes are truly anti-platein antibodies, it is reasonable to assume that this gene
expressed, we carried out northern blot and RT-PCR analyseés.also expressed in the cell. However, to demonstrate this
Although the northern blot showed only a single band (data natirectly, northern and RT-PCR analyses were performed.
shown), it is likely that at this resolution two messengers oHybridization on a northern blot gave a single band at
similar size would overlap. Indeed, the RT-PCR experimenapproximately 1.9-2.0 kb (data not shown). Expression of the
revealed the expression of both messengers (Fig. 2A). Tlgene was also confirmed by RT-PCR; amplification of reverse-

Fig. 2. Analysis of the expressio 00 PP —— s

of the platein genes. (A) Produc 2P0 PP ——

of thea-platein RT-PCR 200 b —

experiments (see text), stained 400 by ——sgmm LR
with ethidium bromide. Lane 1: v

RT-PCR products obtained usin 300 byp 7= i psre
oligonucleotides AP11 and AP1 300 by — i

at low annealing stringency so p——

that they bind to both genes; the

two bands correspond in size to

the expected fragments of the two genes, considering the deletion withi®-thatein gene. Lane 2:
RT-PCR product obtained using oligonucleotide AP11 (common to both genes) and AP12 at a
stringency condition specific for tliel-platein gene. Lane 3: RT-PCR product obtained as in lane
except for the use of oligonucleotide AP13, instead of AP12, at a stringency condition specific
a2-platein gene. Lane M: molecular size markers (reported in base pairs on the left of the gel).
PCR amplification product from total RNA obtained with primers designed frofYy#m@atein gene
sequence. M-MLV(+): RNA sample incubated with the reverse transcriptase enzyme. M-MLV(—
control RNA sample treated in the same way but without reverse transcriptase. DNA size mark
shown to the left.

M-MLV (-) M-MLV (+)
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al-Platein a2-Platein Bly-Platein
1 MRFIGYFLILSLIIGSVYVQA 1 MKIIGYFLILSLIIGSVYVQA 1 MRVLEIYLLLSVGFMAY GXRNL
22 (]VKPATTTITKPAAPAKPAAQ( 22 QTAQPVTTAATKPAAKTTATKPAATTATKT 25 PKAAATGSTKAPVTAATA

TVAKPATTTVAKPAVARARVTVAA

VAPAKPAAAKPLATTTVAKPAVARAVTVGA

PKTTTTAAKAI PTTTRAAATPAVWG

69 PAWA PVATQ RF\E 83 PAWA PVTIIQ RFVE 72 TAAARPVGITYPVGGVREPGVARA
83 PAWA PVATQ RF\E 97 PAWIA PVAIQ RV\E 98 PVAYGAH;!'YVAGYRAFAEYEAFI‘I
97 PAWIA PVATQ RF\E 111 PAWA PVATQ RFVE 125 VPEVQRRVGET
111 PTWA PVAIQ RWV\E 125 PAVWTA PTWE 137 VPEVERRTNYAT
125 PAW 135 PAVRE 149 VVDYATVQRAV
| RE 140 PAWIQ PVWWTE QVVREPVRV\EE 161 VPEVERRJWYETVD
130 PAVRD 162 PVEVA 175 VPENVORQV
135 PAWIQ PVWWTE QVVREPVRVVEE 167 PREYA 185 VPERVARVISYC
157 PVEVWA 172 PVTFV 199 VDEVE§VPHVDV
162 PREYA 177 EAPKQKYHY STREYENKLPDAVFTYTDEHH 211 VPEVGHRTREEV
167 PVAW 207 TPHTYEYVDDVH 223 VNEPEVWRTRYQl
172 EEPRPHYHQVTREYENKLPDAVFTYTDEHH 219 1PHTLEYNDERVLD 235 VVEPEYI‘RYli
202 TPHTYEYVDDVH 233 HPVEVPETIM 247 VDEYEERVR
214 1PHTLEYTDERVLD 243 VPHTYQYEEAI T 259 VDEPEFI TRHTJI
228 HPVEVPETIM 255 VPKTVEYGEQIM 271 VMEPEYRTRIEV
238 VPHTYQ)EEAI T 267 VPHPWEE H 283 VNDVQYVIRY(l
250 VPKTVEYCEQII 277 VPHTYEYGEQIM 295 VDEPEFRTRTEV
262 VPHPWEE H 307 VPDVQYVRY(
272 VPHTYEYCEQIM 319 VDEPENRTRTQL
284 VPHTYEYGEAI T 331 VPEVI
296 VPRTEVKM 339 VDEP!
304 VPHTFEYNEE 289 VPHTYEYVEEVS 347 VNDI EYVTRQQV
314 VPHEYGEQIM 301 VPRTVEYCEQIM 359 VDEPENRARY]
324 VPHTYEYVEEVE 313 | PHTYEYCEAVT 371 VDEVENVERVEQ
336 VPRTVEYCGEQIM 325 VPRTVESQEE§M 383 VPEYRTRJEV
348 VPHTYEYCEAVT 337 VPRDYEYCGEQIM 393 VPEIQYVTREA
360 VPRTVEYCEQII 349 VPHEYQY\EQVA 404 VREDPEIRY HTEH
372 VPHDYEYGEEIM 361 VPRTYEYVETI D 417 VPEVQRKLRYE]
384 VPHQUQIVEQVA 373 VPHTYEYGEEIM 429 YDEVREQKTYET
396 VPRTYEYVETI D 385 | PREYQADEENT 441 KDDVTNTEHAEPAPQYEKCVVYEAVCDNPL
408 VPHTYEYQEEIM 397 VPRYNEWEEVH 471 SIV NEKGATETVPRHQW DGKGQLIERPI Y
420 | PREYQADEENT 409 APRTYEYVTEQYDV 501 VVPESQRPI HNARQIAIV EPTTVLEPTRIAE
432 VPRYNEWEEVH 423 VPREYEYVEEVH 532 PVWE _
444 APRTYEYVTEQYDV 435 NPQj| ERYQDVE 537 PLWIE
458 VPREYBYVEEVH 447 VPRTVYRNEQVA 547 PWWTE PIRTQ
470 NPl ERYQ@VE 459 VPRTVAYEEDRV 557 PVWWTE PIRTQ
482 VPRTVYRNEQVA 471 VPRTVAVEQDNV 567 PWWE PIRTQ
494 VPRTVAYEEDRV 483 VPRTYERS§VAP 572 PVW\E
506 VPRTVAVEQDRV 495 TGGYRW/
o VPRIVERRP T P PARE PAIRE
530 AGGYRW 597 PVV\E
602 PAWIQ
607 PVVID
612 PWFE

617 EVPVKTEAAKTEPAKTEAAATETEKKRR

Fig. 3. Amino acid sequences of three plateins, derived from their respective nucleotide sequences. The proteins are arrayedeio display
respective repetitive domain structures. N-terminal signal sequences (predicted by SignalPa/lantir2; directly determined fdBly) are
highlighted in yellow. The primary repetitive sequences (VP-rich 12-mers, with some degeneracy) are indicated in redjang sedioe-

rich pentameric repeats are shown in blue. Note the inversion of primary and secondary repeat domains betveselffpplateins.
Sequences found within one of thdésoforms, but missing from the other, are highlighted in light gray; the corresponding gaps in the other
isoform (representing deletions from the aligned sequences) are indicated with lines. Sequences corresponding to thedegdtiornpe-
platein (Table 1) are underlined. H¥y-platein, the3-tryptic peptides are in double underline, andytpeptides (and actual N-terminal
sequence) in single underline; sequences common to both are in wavy underline. Residues that show very high predicsion values a
phosphorylation substrates((9 output values using NetPhos 2.0) are highlighted in darker gray.

transcribed RNA from vegetative cells witlg-specific pair  protein; negatively charged a.a. (D + E) greatly outnumbered
of primers gave a major band at the expected sizpositively charged (K + R), yielding a predicted pl of 4.88.
(approximately 2 kb; Fig. 2B). Conceptual translation of thel- and a2-platein gene
sequences revealed encoded proteins (of 536 and 501 a.a.,
_ _ respectively) that were also predicted to be highly acidic, and
Sequence features of the encoded platein proteins similarly rich in V, E, P and T. As shown in Fig. 3, they are
Thep/y-platein gene sequence was the first to be obtained. Tivery similar in overall sequence,l having one insert of 40
predicted protein, of 74.9 kDa, displayed several interesting.a. not found 2, and lacking one 5 a.a. insert found only
properties, as first revealed by analysis of its a.a. compositiom o2. In contrast to their overall highly charged, acidic
Particularly abundant residues included valine, glutamatdyackbones, the N-termini of the plateins are by far the most
threonine, proline and arginine; these five a.a. accounted faydrophobic portions of the molecules. When evaluated by the
more than 60% of its 644 residues. The four major chargeflignalP V1.1 program (Nielsen et al., 1997), the N-termini of
residues were notably abundant, in sum almost 30% of the totall three sequenced plateins meet the criteria for canonical
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Table 3. Analysis of amino acid use within the primary 12-mer repetitive domains of plateins, with articulin 1 of
Pseudomicrothorax dubiugor comparison

Articulin 1 (P. dubiu$ (30 central repeats)

Consensus \% P \% P \% P \% P \% P \% P 360
+ 4 0 2 0 7 1 6 0 3 1 4 3 +31
- 0 10 1 9 0 5 0 7 1 5 0 4 —42
Charge consensus + — (+) — + - + — + - + -) 73417)
Residue No. 1 2 3 4 5 6 7 8 9 10 11 12

a-Platein-1 E. aediculatus (28 C-terminal repeats)

Consensus \% P R/H T Y E Y QN E Z I - 336

+ 0 0 13 0 0 0 3 0 0 0 2 0 +18
- 0 0 0 5 1 17 3 5 20 13 0 2 —66
Charge consensus + - -) - - - - (+) =) 848
Residue No. 1 2 3 4 5 6 7 8 9 10 11 12

o-Platein-2 E. aediculatus (24 C-terminal repeats)

Consensus \% P R/H T YIV E Y QN E Z V/I - 288
+ 0 0 13 0 0 0 2 0 0 0 2 0 +17
- 0 0 0 5 0 15 2 5 18 12 0 2 -59
Charge consensus + - - - - (+) =) 783
Residue No. 1 2 3 4 5 6 7 8 9 10 11 12

Bly-Platein E. aediculatul (27 central repeats)

Consensus Y P/D E V/IP E Y RV T R Y z TV 324
+ 0 1 0 1 3 4 15 2 16 0 0 0 +42
- 0 9 27 1 14 3 0 1 1 1 12 1 -70
Charge consensus - - - (+) (+) + =) - -) 112§
Residue No. 1 2 3 4 5 6 7 8 9 10 11 12

Consensus residues at each position within the 12-mer repeat (bold) are those whose frequency at that position iseathagst thecnext most common
residue (minimum of 10 uses for the consensus residue). Charged residues (+=R or K; —=D or E) at each position areaalscuroteed for all repeats in
the right-hand column. Notable are the deviation of the plateins from the VPVPV... consensus and the strict alternatieglyofpdsiegatively charged
residues (substituting for V and P, respectively, at particular repeat positions) of articulin. Note also the very largberegassly charged residues (red
numerals) in plateins, compared with articulin. (Z=E or Q).

start—transfer signal peptides. This program also predicts thamed articulin (Marrs and Bouck, 1992). Similar articulins
most likely signal cleavage sites, indicated ddr anda2 in  from the ciliateP. dubiushave been identified and sequenced
Fig. 3. The N-terminal peptide sequence from authentic (Huttenlauch et al., 1998a). The primary articulin characteristic
platein has been determined directly. Its sequence is a core of 12-a.a. repeats, with a VPV... consensus.
GEAATPKAAATGSItt]JA[q]V, where [x] indicates an Consequently, the platein sequences were scanned, and all
uncertain assignment. A corresponding sequence is fouridree were constructed along a similar plan (Fig. 3). For
(underlined) in our derivef/y-platein, beginning with residue example,al-platein can be arranged with 28 VP-initiated
25. GEAATPKAAATGSTKAPV. This correspondence tandem repeats — dodecamers, with some degeneracy (in the
provides strong evidence that the predicted signal sequencefasm of 8-, 10- or 14-residue units) — ao@ has 24 similar
indeed cleaved from the mature platein in vivo. The nonprimary repeats. Ii/y-platein, 316 central residues (nearly
matching residues later in the respective peptides lend slighthalf of the total molecule) can be arranged in 27 such repeats,
more weight to the suggestion (made above) that fhe ° most of them 12 a.a. in length. Rather than VPV, megsatein
sequence determined actually represerfiokatein gene. core repeats in this arrangement initiate with VPH or VPR, and
A search for potential phosphorylation sites in the plateifd/y-repeats with VPE or VDE (cf. Table 3).
sequences was performed, using the NetPhos 2.0 programAnother characteristic of the known articulin sequences is
(Blom et al.,, 1999). Numerous residues were identifiedthe presence of a set of shorter secondary repeat sequences. A
particularly in B/y-platein, that show a strong likelihood of search through theB/y-platein sequence indeed showed
being phosphorylated (output value®.9); these sites are additional repeats C-terminally. These secondary repeats are
highlighted in Fig. 3. most easily arranged as 17 proline-initiated pentamers;
When the predictedr-protein sequences were searchedncluded are three exact tandem decapeptides and three exact
against the BLAST database (Altschul et al., 1997), a potentighndem pentapeptides (Fig. 3). In theplateins, secondary
relative was identified: a cytoskeletal protein fremgracilis  repeats are represented by @3)(or 14 (12) proline-initiated
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Fig. 4. Immunofluorescence localization @f andp/y-plateins in
whole permeabilized cells. The dorsal surface of cells decorated
with anti-a-platein (A and C) or anf/y-platein (B and D) are

shown. Before staining, cells were permeabilized/extracted with
either mild (0.25%; A and B) or stronger (1%; C and D)
concentrations of Triton X-100. After mild permeabilization, plates
are clearly visible after decoration with theplatein antibody (A),
while appearing irregularly decorated with the gjiplatein (B).
However, after strong extraction, the plates are no longer detected
with the antie-platein (C); many small vesicles appear just
beneath the cell cortex, as seen in the center of this cell. With the
same treatment, the plates are fully and strongly decorated with the
antip/y-platein (D). Bars, 1Qum.

and many small vesicles were detected in the cytoplasm (Fig.
4C). The plates were fully stained with the PL-3 antibody
under these more-stringent extraction conditions (Fig. 4D).
These results suggest that the AP-2 target is located on
proteins (i-plateins) that are at least partly solubilized by the
same treatment that retains the PL-3 epitope (presumably on
Bly-plateins), now fully accessible within the plates. Under
these conditions, the PL-5 antibody gave a pattern on
interphase cells (full plate staining) similar to that observed
with the PL-3 antibody.

The accumulation of plateins in new APs formed during
cellular reproduction was also followed. The pattern of
appearance of new plates during pre-division morphogenesis
has been described in detail from silver-stained preparations
(Chatton and Seguela, 1940; Wise, 1965; Ruffolo, 1976).
Briefly, plate assembly follows a two-step process. New
miniature plates first appear in close association with
proliferating basal bodies, both on the ventral and the dorsal
sides; these new APs then gradually enlarge and spread
across the cell surface, while parental plates are resorbed.
pentamers, similar in sequence to thosg/pplatein. Notably, ~This process leads to a complete renewal of the ventral surface,
these secondary repeats in thelatein isoforms are located €xceptin the oral area where old plates are retained and passed
on the N-terminal side of the primary core 12-mer repeat$® the anterior daughter cell. On the dorsal side, where basal
instead of C-terminally as if/y-platein. In fact, the primary body duplication begins in the equatorial region of the ciliary
‘core’ VP-rich dodecamer repeats in botiplateins are not at rows, only two-thirds of the APs are initially replaced.

all central, but reside within seven residues of the respectil@ymunofluorescence suggests that the two platein faxnas.(
C-termini. Bly) in these new plates do not exhibit the same behavior. As

in interphase cells, sonte-plateins are partially solubilized:

with the AP-2 antibody, the staining of the new plates even
a- and B/y-plateins co-localize but show differences in after mild (0.25% Triton) extraction appeared reticulated
solubility against a fluorescent background (Fig. 5A). These plates were
In the course of studies on the immunofluorescencot stained at all after 1% Triton pre-treatment. By contrast,
localization of the plateins in cells, it became apparent thghe new plates were fully stained with the PL-3 antibody after
the pattern of antibody staining was dependent upon theoth 0.25% (Fig. 5B) and 1% Triton extraction. This indicates
concentration of the membrane permeant (Triton X-100) useidat the P/y-plateins are less soluble tham-plateins in
during cell processing. Therefore, we analyzed the stainingssembling plates, as well as in fully formed ones. It appears,
pattern of interphase cells under two conditions ofiowever, that thgd/y-epitopes are more accessible in newly
permeabilization, 0.25% and 1% Triton X-100. After forming plates than they are in mature APs.
permeabilization with the lower concentration of Triton, the
plates were fully decorated with the affinity-purified serum _. .
AP-2 (specific fori-platein), but only partially decorated with D'scussion . -
the two mAbs PL-3, specific for tH@/y-plateins, and PL-5, Plateins are articulins, yet display distinct differences
which recognizes all three plateins on immunoblots (FigAll three of the sequenced platein genes encode proteins with
4A,B). When the Triton concentration was increased to 1%, the set of common properties, clearly establishing them as
plates were no longer clearly demarcated with the AP-Pnembers of the articulin class of cytoskeletal proteins. Interest
antibody; the cell surface stained uniformly but less intenselyn the articulins has increased as an ever-wider variety of
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Fig. 5. Immunofluorescence
localization ofa- andB/y-plateins in
dividing cells. Shown are the dors.
surface of cells decorated with an
a- (A) and antiB/y-plateins (B),
with enlargements (large white
arrows). The general appearance
after decoration with the anti-
platein (A) is as described in Fig.
4A, except in the area of ciliary
duplication at the equator of the c«
(black arrow), where the staining
appears more punctuate (black
circle). At higher magnification
(top), the small new plates that
appear concomitantly with the nev.
cilia are virtually unlabeled (small white arrows); plates surrounding this area appear irregularly decorated (blackgles)ité\fter

treatment with antp/y-platein (B), only a partial staining of mature plates is seen, as in Fig. 4B. However, the new plates that appear along witr
the new cilia (black arrow in B, and small white arrows in the enlargement, bottom), as well as those surrounding tliskacelédh B,

white circle in the enlargement), are fully decorated. BargindQA, B); bars, Jum (for the enlargements).

Table 4. Comparison of features distinguishing plateins from other articulins

Articulins Plateins

Cellular location Cytoplasmic

(sub-plasmalemmal)

Within membranous cisternae
(intra-alveolar)

N-terminal signal sequence Absent Present

Major repetitive domain (‘core’) VP-rich 12-mers (VPVPV...) VP-rich 12-mers (VP-charged)

Second repetitive domain
(number of repeats)

Pseudomicrothorax dubius

6-mers (G-rich), C-terminal (9-13)
Euglena gracilis al,2: N-terminal (15; 14)
Artic 80: 7-mers (APVT...), C-terminal (4) Bly: C-terminal (17)
Artic 86: 7-mers (APVT...), N-terminal (4)

5-mers (P-rich, no G)

Charged amino acids:
total (%) (net charge)

P. dubius
Artic 1: 13.9% (+1)
Artic 4: 16.1% (-12)

E. gracilis
Artic 80: 19.2% (+1)
Artic 86: 21.2% (+2)

al: 24.3% (=47)
a2: 24.0% (-39)
Bly: 29.4% (—34)

Predicted pl:
entire protein (‘core’ domain only)

P. dubius
Artic 1: 7.91 (5.02)
Artic 4: 5.30 (4.85)
E. gracilis
Artic 80: 7.86 (7.07)
Artic 86: 8.19 (8.71)

al: 4.75 (4.43)
a2: 4.77 (4.39)
Bly: 4.88 (4.66)

Anomalous gel retardation
(gene-derived versus SDS-PAGKs;
‘n'=apparent geMy)

P. dubius
69.7- - ‘78-80' kDa
59.9 -, - ‘78-80’

a: 56.3-60.9- - ‘125  kDa
Bly: 72.8 - - '95-99’

E. gracilis
72.1- - ‘80’
71.9- - ‘86’

Articulins described from the ciliafé dubius(Huttenlauch et al., 1998a) and the euglenoid flageagracilis(Marrs and Bouck, 1992) are used to represent
the standard articulins. Amino acid composition and pl predictions for entire proteins (minus signal sequences for tharglatensajor repeat core domains
were derived using the ProtParam tool (ExPASy proteomics server of the Swiss Institute of Bioinformatics).

organisms has been identified that utilizes these proteins gsoups now must be added another ciliate, the hypoEich
important elements of their cortical cytoskeletons. Articulinaediculatus which is only distantly related to
homologs appear to exist in all taxa (see below). However, ©seudomicrothoraxLynn and Small, 2000).

date, these proteins have been well characterized only in Notable unifying features of the articulins are summarized
unicellular eukaryotes, albeit an extremely wide evolutionaryn Table 4, along with features of plateins that distinguish them
diversity of protists, including flagellates, dinoflagellates,from previously characterized articulins. The following
apicomplexans and the ciliaféiseudomicrothoraxTo these sections highlight points that deserve special attention.
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The primary (‘core’) articulin domain plateins; however, the nature of the repeating units is novel.

An a.a. consensus in the tandem 12-mer repeats determined fdle most readily discerned repeats can be read as proline-
the ciliatePseudomicrothora (and which also seems to typify initiated pentamers: 15 repeatsiit-, 14 ina2-, and 17 irB/y-

the Euglenaarticulins) shows alternating V and P residuesplatein (Fig. 3). There is no single consensus, although PAW
with those residues not conforming strictly to the V or pand PVW are common repeat triplets. Notable is the absence
positions often representing charged a.a. in an alternating + aftiglycines, prevalent in the secondary repeat domain of the
— consensus arrangement, respectively (Huttenlauch et adther ciliate articulins (those d?. dubiug, and the general
1998a) (Table 3). A general conservation within this repetitivéroline/tryptophan richness of this region. One striking
core domain almost certainly accounts for the observedifference between the- and p/y-plateins is in the overall
crossreactivity of mAbs with different articulin forms, betweendesign of the molecule; in bottl anda2, the P-rich pentamer
similar (Williams, 1991; Kloetzel et al., 1992) and evendomain is N-terminal to the primary core of 12-mer repeats,
distantly related species (Vigués et al., 1987; Bricheux et aMWhereas irB/y-platein, the pentamer domain is on the opposite
1992; Curtenaz et al., 1994; Huttenlauch et al., 1998b).  side of the primary core, near the C-terminus.

While eachEuplotesplatein shows the hallmark articulin
repeat motif of VP-rich 12-mers (ranging from 24-28 repeats L . -
in the three sequenced molecules), the consensus of theséNomalous retardation in electrophoretic mobility
repeats clearly differs from the VPVPV... motif. The platein TheE. gracilisarticulins, with apparent molecular masses of 80
consensi are shown in Table 3, with articulin 1 flendubius and 86 kDa on SDS-PAGE gels, represent proteins whose
for comparison. Each platein type shows a consensu¥edicted molecular masses (from the cloned genes) are about
fingerprint’ that differs for theB/y-platein versus the twa- 72 kDa each. Articulins 1 and 4 froR) dubiusmigrate more
plateins; each in turn differs in significant ways from Ehe aberrantly; their SDS-PAGE mobilities indicate proteins of 78-
dubiusconsensus. Notable are the strong preferences for acidi® kDa, while their derivedirs are 69.7 and 59.9 kDa,
residues at distinct positions (e.g., glutamate in position 3 despectively. The mobilities of the plateins in SDS-PAGE are
Bly-platein, positions 6, 9 and 10 afplateins). Thus, the €ven more significantly retarded:plateins migrate with an-
tendency for positively and negatively charged residues t@pparentVlr of 125 kDa, yet the proteins derived from their
alternate in theP. dubiusconsensus is not followed in the cloned genes predict proteins withs of about 61 kDao(1)
plateins; acidic residues can show strong preferences fénd 56.3 kDad2). Whilep/y-plateins migrate at 95-99 kDa by
occupying adjoining positions in the platein consensi. Thi$SDS-PAGE, the derived protein predicts a mass of about 73
reflects the overall much higher proportion of acidic residueDa. This anomalous electrophoretic behavior may be related
in the plateins compared with other articulins (for exampleto the high proportion of charged residues in these proteins.
almost a quarter of the residues in fgplatein core repeat Gumpel and Smith (Gumpel and Smith, 1992) found that an
domain are aspartate or glutamate). @k@ateins in particular ~ acidic repeat protein fror. gracilis (with an estimated pl of
are highly acidic, with net charges within the core domain$.56) showed similarly retarded gel migration, interpreted to be
alone of -50 and —44 farl anda2, yielding predicted pls for due to the high content of acidic residues in the protein. By
those regions of 4.43 and 4.39, respectively (cf. Table 4). Bgontrast, theE. gracilis articulins, with relatively balanced

comparison, the most acidic of the described articulihs, charged residues and predicted pls near 8.0, also show SDS-
dubiusarticulin 4, has only a —19 net charge within its everPAGE retardation. Thus, it is possible that the abundance and

longer primary domain. regular spacing of proline residues is the significant feature

The cortical alveoli, where APs are assembled, have beeifecting gel retardation of the articulins. Both charged residues
shown to be C& ion reservoirs in some ciliates (Stelly et al., and prolines might contribute to a persistent secondary structure
1991; Plattner et al., 1997; Plattner and Klauke, 2001). It thi&at is retained during electrophoresis. Neural-net-based
seems reasonable to suggest that the abundant acidic residé@gondary structure prediction programs (Rost, 1996) suggest
in the platein core domain may function in?Cainding, or  that the platein molecules exist primarily in an extended form.
even that C# ions might be included withiBuplotesAPs as Post-translational modifications of the plateins could be an
part of their polymerization process. In another cili€eleps  alternative (or additional) explanation for their anomalous gel

calcareous scales have been shown to assemble within tfggration. One report (Bohm and Hausmann, 1981) suggests
cortical alveoli (Huttenlauch, 1985). that APs inE. vannusare coated with a material that reacts

cytochemically with polysaccharide stains. While the protein
N o _ sequences derived here from the platein genes reveal no
The second repetitive articulin domain consensi for N-terminal glycosylation, O-glycosylation
In described articulins, a secondary repeat domain is found thatediction programs (Hansen et al., 1998) highlight a large
is shorter in the number of repeats and in the length of eactumber of potential sites, mostly located N-terminally (see
repeating unit. IrE. gracilis (Marrs and Bouck, 1992), these below). It remains for future biochemical work to determine
repeats number four in each protein, are heptads with a genevaiether such glycosylation (or any other post-translational
consensus of APVT..., and can be located within either the Nwmodifications) in fact occur.
terminal portion of the molecule (articulin 86) or the C-
terminal portion (articulin 80). ThE. dubiusshort repeats are . ]
glycine-rich hexamers, are more numerous (13 and 9 repeatsSignal peptides
for articulin 1 and 4, respectively), and are located near the @l three plateins inE. aediculatusare distinguishable quite
termini of both forms (Huttenlauch et al., 1998a). clearly from the previously described articulins by their
A second repetitive motif region is also foundHoplotes putative N-terminal signal sequences. Unlike these other
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articulins (and indeed all other known cytoskeletal proteins)ianging from bacteria to humans. For example, a predicted
which typically are assembled free in the cytoplasm, plateingP-rich Drosophila protein (Adams et al., 2000) with a
are polymerized into structural elements (APs) withinpronounced domain of 12-mer repeats and a likely N-terminal
membrane-bound cisternae, the cortical alveoli. The Nsignal (AAF57876) yields a higher BLAST score than do even
terminal sequence OE. aediculatusy-platein, determined the other ciliateR. dubiu$ articulins. Some vertebrate proteins
directly here, matches the sequence of the defeglatein  may similarly employ platein-like domains. One projected
gene product, minus its first 24 residues (i.e., starting withuman protein (XP_092855) possesses 18 dodecamer repeats
residue 25; cf. Fig. 3). Similarly, the N-terminal sequences ofmost VP-initiated); another high-scoring protein predicted
two platein proteins extracted froeh eurystomusave been from the human genome database (Hs6_7569) contains a core
determined (N. Williams, personal communication); residuesf 25 IP-initiated 12-mer repeats. Both of these human proteins
4-11 of the upper platein band of this species are identical ®how suggestions of membrane association (predicted trans-
those same sites in tHe. aediculatusal-platein sequence membrane helices). Most of the many putative articulin
reported here, if the signal peptide predicted by the SignalRomologs uncovered are of unknown function or localization;
computer program is first removed. These results provideowever, it seems likely that they might assemble to perform
strong experimental support for the proposal that the postulategitoskeletal roles, as demonstrated for the articulins. If true,
N-terminal signal sequences of bath and3/y-platein forms  this would provide another instance [as in the case of the
are indeed cleaved to yield the mature proteins. centrins (Salisbury et al., 1984; Chapman et al., 2000)] in
The presence of signal peptides on the plateins correlatashich the identification and molecular characterization of new
well with their final intra-alveolar location, and raises proteins from protists can prove useful in functional genomic
questions for future work concerning the modes of plateinsstudies of other organisms. As one example, a prokaryotic
synthesis, intracellular trafficking and polymerization intohomolog of articulins has been found encoded within the
cytoskeletal plates. At this point, it will only be mentioned thatrecently sequenced genome d@faulobacter crescentus
many proteins similarly rich in proline residues have beeifNierman et al., 2001). This protein (AAK22660; denoted a
shown to form strong ‘interlocking networks’ (Williamson, ‘putative articulin’) predicts an N-terminal signal sequence,
1994), which has evident implications for the assembly anduggesting that it might function (structurally) at the plasma
functioning of plateins (and other articulins) as corticalmembrane or within the periplasmic space.
cytoskeletal elements. The assembly state of such proline-rich Performing platein domain homology searches with the
protein networks is known in many cases to be affected bsecondary P-pentamer repeat motif results in an entirely
reversible phosphorylation of the proteins (Williamson, 1994)different set of responses. Particularly notable homologies are
Protein kinases can function within membrane-boundound among many insect proteins, typically secreted structural
organelles of the secretory pathway (Drzymala et al., 2000proteins such as those of the chorion or cuticle, or other
since the plateins predict significant numbers ofsecretory products (e.gQrosophila salivary proteins). One
phosphorylable residues (cf. Fig. 3), it needs to be determinexkample is peritrophin-95, an acidic secreted protein with 18
whether plateins are in fact phosphoproteins, and if so whethBrinitiated pentamers at its C-terminus, which forms an
their phosphorylation state varies as fields of new corticatxtracellular mesh (peritrophic matrix) lining the gut of a larval
plates are assembled during pre-division morphogenesidipteran (Casu et al., 1997). Other proteins with prominent
Regulation of the assembly state of another importardomains of proline-initiated pentameric repeats (often referred
cytoskeletal element (ciliary rootlets) by reversibleto as extensins or proline-rich proteins, PRPs) are commonly
phosphorylation has been shown to occurParamecium found in plant cell walls (cf. Hong et al., 1987; Mufioz et al.,
(Sperling et al., 1991). 1998). The proline repeats in these wall proteins are presumed
to form extended domains playing roles both structurally
(stiffening the extension) and in binding rapidly and tightly to
Platein/articulin domains appear evolutionarily other proteins (cf. Williamson, 1994).
conserved Even the N-termini of all three plateins (internal to the signal
When used as queries in BLAST homology searches (Altschgkequences) have an unusual common property; four a.a. (A, T,
et al.,, 1997), thex-platein sequences identify the articulins P, K) make up 80% of these short (50-60 residue) domains,
from Euglena then Pseudomicrothorgxamong the highest which are correspondingly very basic (unlike the primary
scoring matches. However, BLAST searches using th@full cores). BLAST searches reveal that sequences with this simple
sequence reveal no described articulins among the first 1@@mposition are characteristic of various mucins (heavily O-
responses; only if th@'y core alone is submitted does a knownglycosylated secretory proteins) (Hanisch, 2001). The
(Eugleng articulin appear, well down the list. These resultsNetOGlyc 2.0 program (Hansen et al.,, 1998) identifies
indicate that thea-plateins are more-closely related to numerous T residues clustered within the N-terminal platein
‘ancestral’ articulins, and suggest that tk-plateins are domains that predict a high likelihood of being O-glycosylated;
products ofa-platein gene duplications that have divergedsuch clustered sugar adducts could aid in stiffening this end of
significantly. the plateins. Since O-glycosylation occurs in the Golgi
With the domain architecture of the plateins somewhat cleapparatus (Hanisch, 2001), it would not be expected for
(Fig. 3), and with the increasing availability of fully sequencedcytoplasmically localized articulins.
genomes, it has proven instructive to narrow homology Plateins thus can be viewed as composites of a modified
searches by using only selected domains as BLAST queriggnore anionic) articulin core domain, together with other
Submitting the major articulin feature @fplatein, the VP-rich domains differing significantly from those of the previously
core repeats, identifies potential homologs in virtually all taxanoted cytoplasmic articulins. The altered molecular
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architecture of the plateins (including their signal sequences)immunological cross-reactions among cortical proteins of four ciligies.
is most probably related both to their different J. Protistol.30, 440-450. o
synthetic/trafficking paths (more like those of secretoryP! Gluseppe, G., Miceli C., Zahn, R., Damberger, F., Withrich, K. and

. d h . . | | . ithi Luporini, P. (2002). A structurally deviant member of tBaplotes raikovi
protelns) and to the unique intra-alveolar environment within pheromone family: Er-23). Eukaryot. Microbiol49, 86-92.

which the final assembled cytoskeletal product is formed.  pubreuil, R. R., MacVicar, G. R. and Maddux, P. B.(1997). Functional
studies of the membrane skeleton Dosophila identification of a
We are grateful to Norman Williams for his generous contribution positional cue that targets polarized membrane skeleton ass&woalyzen.
of Euplotes anti-plate antiserum and for providing unpublished Physiol. Ser52, 91-106. _
peptide sequence information on AP proteins. Thanks to Yang Tie fétrzymala, L., Castle, A, Cheung, J. C. and Bennick, A2000). Cellular
kindly making available the genomic library Bf aediculatusand to phosphorylation of an acidic proline-rich protein, PRP1, a secreted salivary

X . . ; inBi i 2023-2031.
Eduardo Villalobo Polo for assistance with molecular techniques. Thﬁe?rTgrS\ggg pg“iﬁ'r%wse nllsgn)‘?iwgd? e 213199 4). Protease digest: protein

resm!ence of J.A.K. in Camerlno_ was su_pported through funds o, pypE. InTechniques in Protein Chemistiyol. V (ed. J. W. Crabb), pp.
provided by the University of Camerino, and in Orsay by a grant from 215.222. san Diego: Academic Press.
the CNRS. We acknowledge in particular the constant encouragemerléury, A. (1991). Dynamics of the cytoskeleton during morphogenesis in the
and enthusiasm of the late André Adoutte, who established a collegialciliate Euplotes Il. Cortex and continuous microtubular syster@ar. J.
and productive working environment that made collaborations like the Protistol. 27, 220-237. _ _
present one possible. Fleury, A. and Laurent, M. (1995). Microtubule dynamics and
morphogenesis iRaramecium|. Deployment and dynamic properties of a
cortical network of acetylated microtubules in relation to the invariance of
a morphogenetic fieldur. J. Protistol.31, 190-200.
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