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ABSTRACT

MSc Angelika Rosenauer Microbiology

The characterization of cnjA, a Tetrahymena

gene active only during meiosis

The nucleotide sequence of the ¢cnjA ¢cDNA (formerly pCl) from
the ciliated protozoan Tetrahymena thermophila was determined.
This gene was previously found to be conjugation specific and to peak in
expression just prior to or at pachytene in meiotic prophase 1. The
cnjA message is initiated from four transcription start sites, one minor and
three major, and encodes a putative protein (CnjA) of 779 amino acids. The
protein has a calculated molecular weight of 89.5 kDa and is mainly
hydrophilic with an estimated pI of 9.3. CnjA was found to share no
sequence similarities with any known protein to date. The gene’s coding
region demonstrates an unusual codon choice. Flank-
ing regions of the cnjA genomic locus were amplified by means of the
Inverse FCR method but attempts at subcloning and characterizing its

promoter region were unsuccessful.



RESUME

MSc Angelika Rosenauer Microbiologie

Caractérisation de cnjd, géne de Tetrahymena actif

seulement pendant la méiose

La séquence nucléotidique du cnjd d’ADN-c (anciennement pC1) d’un
protozoaire cilié Tetrahymena thermophila a été déterminée. 11 a déja été
démontré que ce gene élait spécifique de conjugaison et que son expression
alteignait son maximum juste avant ou pendant le stade pachytene de la prophase
méiotique I. Le message cnjA a pour point de départ quatre sites de transcription,
un mineur et trois majeurs et encode une protéine hypothétique (CnjA) de 779
acides aminés. Selon les calculs, le poids moléculaire de la protéine est de
89,5 kDA; elle est principalement hydrophile avec un pl évalué 2 9,3. La CnjA
naffiche aucune similarité de séquence avec d’autres protéines connues. La
région d’encodage du gene affiche un choix de codon inhabituel. Les régions
latérales du locus génomique de cnjA ont été amplifiées par la méthode PCR
inverse mais les tentatives de sous-clonage et de caractérisation de son site

promoteur se sont soldées par un échec.
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I. INTRODUCTION

1.1 The organism

The evkaryote Tetrahymena thermophila is a unicellular, ciliated proto-
soan.  Ciliates are unique in that they demonstrate nuclear dimorphism
by accomodating two functionally distinct nuclei in the same cytoplasm;

8 small germline micronucieus and a lurge somatic macronucleus.

The diploid micronucleus (10 bivalent (n=5) chromosomes that appear
metacentric at metaphase of meiosis 1) (Ray, 1956; Bruns er al., 1983)
contains the entire genetic complement of T. thermophila and serves as
8 deposit of nuclear genetic information. This information is passed on
o the sexual progeny at the time of conjugation. The germline nucleus
Is usually transcriptionally silent (Mayo and Orias, 1981) and divides
mitotically during the vegetative cell cycle. It takes part in the nuclear
events that occur during conjugation and is transcriptionally active only
during the brief interval of ineiotic prophase I (Sugai and Hiwatashi,
1974. Martindale ¢ al., 1989).

The somatic macronucleus is polyploid (45C in Gl1), transcriptionally
active and responsible for the phenotype of the cell. It divides ami-
totically (centromercs and metaphase plates are missing) by parti-
tioning approximately equal amounts of chromatin to the two daugh-
ter cells (Raikov, 1969; Preer and Preer, 1979). The macronucleus
doss mot contribute DNA to the sexual progeny, but new macronuclei
are formed from micronuclei through genetic exchange and recombi-
nation at the time of conjugation.



1.1.2 Conjugation

Conjugation represents the sexual stage of the ciliate life cycle. This de-
velopmental pathway can be divided into two main micronuclear events.
1) Prezygotic events: cell pairing, meiosis, gametogenesis and fertiliza-

tion. 2) Postzygotic events: postzygotic mitosis and macronuclear differ-
entiation. T. thermophila can be induced to undergo synchronous conju-
gation (Martindale et al., 1982) by meeiing certain requirements. Cells

must be mature (approximately 50 fissions) (Nanney, 1974), of different

mating type and starved for nutrients (Bruns anc Brussard, 1974a).

1.1.3 Prezygotic events

Once starved cells of different mating type are mixed, costimulation oc-
curs (Finley and Bruns, 1980) and conjugation is initiated as pairs form
through a temporary oral junction. Meiosis begins when the micronu-
cleus leaves its cuplike pocket on the macronuclear surface and starts to
elongate. Meiotic prophase I is characterized by the progressive elon-
gation of the micronucleus resulting in the unique ciliate structure -
the micronuclear crescent. At its maximum elongation, the crescent is
U-shaped and encompasses an area twice the size of the cell (Sugai and
Iliwatashi, 1974; Wolfe e al.,, 1976). During micronuclear prophase I,
the nuclear envelope does not break down and no structures resem-
bling synaptonemal complexes have been observed (see Orias, 1986).
Martindale et al. (1982) carefully timed the cytological stages of con-

jugation. Meiotic prophase I was separated into cytological stages I to



VI corresponding to the degree of micronuclear elongation as initially
described by Sugai and Hiwatashi (1974). Stage IV represents full
crescent elongation and may correspond cytologically to pachytene

of meiotic prophase I. Both Sugai and Hiwatashi (1974) and Martindale
et al. (1985) observed accumulation of newly synthesized RNA over the
crescent, peaking at stages IIl and IV just prior to pachytene. It is also
at this time that the transcripts of the early conjugation specific genes
(enjA (pCl), cnjB (pC2) and cnjC (pC7)) peak in expression (Martindale
and Bruns, 1983; Martindale et al.,, 1985). After the crescent shortens,
the reductional division of meiosis I and the equational division of mei-
osis 1I follow rapidly, generating four haploid meiotic products. One ran-
domly selected product remains functional and positions itself near the
oral junction whereas the other three haploid products move posteriorly
and disintegrate. The surviving meiotic nucleus divides once miiotic-
ally (gametogenesis), forming two haploid nuclei of identical genotypes.
These become the migratory and stationary pronuclei. The migratory
pronuclei are quickly transferred to the opposite mate where they fuse
with the resident stationary pronucleus (cross-fertilization) resulting in

one diploid nucleus per cell (reviewed by Orias, 1986).

1.1.4 Postzygotic development

The fertilized nucleus divides mitotically twice, generating four diploid
products two of which move posteriorly and remain micronuclear in size
and DNA content. The other two products take up a more anterior posi-
tion and become the macronuclear anlagen. During the process of mac-
ronuclear differentiation, the anlagen increase in DNA content, undergo

DNA rearrangement and DNA loss.



1.1.5 Macronuclear differentiation

The micronuclear chromosomes are fragmented at specific sites (review-
ed by Yao, 1989), generating subchromosomal lengths and creating new
physical linkages to which telomeres are added (Blackburn and Gall,
1978; reviewed in Blackburn and Karrer, 1986). Coincident with frag-
mentation, 10-20% of micronuclear DNA is eliminated, decreasing the
sequence complexity of the macronucleus from 1.5 x 108 bp to 1.3 x 108
bp (Yao and Gorovsky, 1974). DNA sequences retained by the macronu-
cleus are amplified to a ploidy level of 45 times the haploid DNA content.
In the mature macronucleus the single rDNA gene is amplified to 18,000
copies that are arranged on 9,000 identical linear palindromic chromo-

somes (see Yao, 1986).

The macronuclear and micronuclear anlagen position themselves central-
ly and one micronucleus is eventually destroyed. The old macronucleus
moves to the posterior of the cell and begins to disintegrate. The two
cells then separate (exconjugants) and each retains two new macronuclei
and one micronucleus. The old macronucleus is eventually destroyed.
Refeeding is required for the exconjugants to undergo their first post-
zygotic division. The macronucleus does not divide but one whole mac-
ronucleus is passed on to the daughter cells (karyonides) whereas the
micronucleus divides mitotically once passing one copy to each daughter
cell. In the karyonides, the normal genetic complement is restored re-
sulting in four identical genotypes that differ from that of their parents.
Although the macronuclear anlagen are of the same genotype initially,
macronuclear genotypes of each karyonide n..: differ due to phenotypic

assortment (Sonnenborn, 1975). This phenomenon is due to the amitotic



division of the macronucleus during vegetative growth which results in
seemingly unequal segregation of identical sets of chromosomes. The
progeny, originally heterozygous for a dominant and recessive allele,
will initially express the dominant phenotype but subclones eventual-
ly stably express the recessive phenotype. Thus strains may express a
particular phenotype while possessing a different micronuclear genotype

(Bruns and Brussard, 1974b).

2. LITERATURE REVIEW

Meiosis is a tightly controlled developmental stage and is conserved
among sexually reproducing eukaryotic organisms. The process is nec-
essary to assure the reduction of a diploid genome (2N) 10 a haploid
genome (N). Meiosis in most organisms follows a defined program of
DNA duplication, pairing and recombination of duplicated chromosomes,
orderly segregation of chromosomes (a reductional division) followed by
an equational division of the chromosomes that results in the formation
of four gametes. The two unicellular eukaryotes, Saccharomyces cere-
visiae and T. thermophila, share some features necessary for the entry
into meiosis. Both organisms have to be of different mating type and
starved of nutrients. The timing of meiotic events are tightly controlled
in both (Martindale er al., 1982; Padmore et al., 1991). T. thermophila
differs from S. cerevisiae in that meiosis is not immediately followed by
cell division. In T. thermophila, mating induces meiosis and thus meiosis
is part of the conjugational process. The meiotic nuclear divisions occur
within a single cell (see Orias, 1986). In contrast, conjugation precedes

meiosis in S. cerevisiae and the two processes are separate. Two hap-



loid cells of opposite mating type fuse (conjugate) in order to form di-
ploid cells that are capable of vegetative growth until starvation trig-

gers meiosis and sporulation (Hartwell, 1974).

The circumstances governing meiosis and sporulation in S. cerevisiae
are starting to be well understood. A brief account describing early
sporulation events in this organism will follow with special emphasis

on meiotic prophase I.

2.1 Meiosis in S. cerevisiae

There are two levels of control governing the entry of cells into meiosis
in S. cerevisine; a mating type control that is primarily effected at the
level of transcription and a nutritional control which is determined by

the lack of nitrogen and a fermentable carbon source.

2.1.1 Mating type control

In wild type yeast, only MATa/MATa diploid cells can enter meiosis
and sporulate under nutrient limitations (Esposito and Klapholz, 1981;
reviewed by Malone, 1990). The diploid specific gene product of the
MAT locus, al-02 (a heterodimer) directly represses the transcription of
the haploid specific gene RMEI (negative regulator of meiosis) (Mitchell
and Herskowitz, 1986; Dranginis, 1990; Covitz et al., 1991). Inactivation
of RMEI allows the transcription of IMEI (positive regulator of meiosis),
the gene governing the decision to enter meiosis (Kassir et al., 1988).

Bdoth MAT control and nutritional control converge at IMEI (Kassir et



al., 1988; Smith and Mitchell, 1989; Matsuura er al., 1990). Overexpres-
sion of RMEI does not fully repress sporulation in MATa/MATw diploids

and conversely a rmel deletion mutation does not support wild type

levels of sporulation (Mitchell and Herskowitz, 1986) suggesting another
route(s) exists that communicates its signal(s) through the MAT locus to
IMEI. A second pathway, also influenced by mating type and nutritional
state, seems to act through the gene IME4 (Shah and Clancy, 1992). This
gene was found to be essential for the accumulation of the IME/! trans-
cript.  Additionally, the semidominant mutation RESI-1 (Kao et al., 1990)
supports wild type levels of sporulation when RME] is overexpressed in
diploid strains under starvation conditions but sporulates poorly in mat-
insufficient strains. The double mutation rmel/RESI-1 expresses wild
type levels of IME] and supports higher levels of sporulation than either
mutation alone, indicating that wild type RES/ acts independently of
RMEI. Neither the function of the RESI locus nor its regulation by the
MAT locus are clear as yet (Kao et al., 1990). The double mutant also ex-
presses wild type levels of /MEI in the absence of IME4, but sporulates
poorly, suggesting an additional role for /IME4 during sporulation. Over-
expression of IME4 promotes sporulation in mat-insufficient strains
whether or not the rmel or RESI-1 bypass mutations are present (Shah
and Clancy, 1992), indicating that /ME4 acts in a different pathway from
either RMEI or RES1. Furthermore, IME4 is essential for high levels of
IMEI accumulation and sporulation since ime4 null mutants do not ac-
cumulate sufficient /ME] and are unable to sporulate (Shah and Clancy,
1992). RMEI and IME4 seem to occupy antagonistic pathways. RME]
suppresses IMEI expression in haploid cells whereas IME4 activates
IMEI under sporulation conditions. Both pathways appear to be leaky.

RME] and IME4 are both expressed at low levels in diploid cells but the



IME4 transcript is greatly induced under starvation conditions (Mitchell
and Herskowitz, 1986; Shah and Clancy, 1992). It has been suggested
by Shah and Clancy (1992) that together both genes confer absolute cell

type specificity on sporulation.

One of the earliest events following the starvation of a/o cells is the
accumulation of the IME! RNA (Kassir et al., 1988; Smith and Mitchell,
1989; Mitchell et al., 1990). IME] has been shown to permit genetic
recombination through the activation of early sporulation specific (ss)
genes (Kassir e al., 1988; Smith and Mitchell, 1989) such as IME2,
SPOl1, SPOI3, HOPI (Smith et al., 1990). Expression of IME] from

a GAL1 promoter enabled the moderate accumulation of the IME2,
SPO/1, SPOI]3 and HOPI transcripts in nutrient rich medium but the
transcripts of the middle o late ss genes SPSI and SPS2 (normally
induced by /ME]) did not accumulate until cells were starved (Smith
et al, 1990). An imel null mutant blocks the expression of these genes
altogether under sporulation conditions (Smith et al., 1990). The SME]
(IME2) gene product (another activator of meiosis) was identified as a
serine threonine kinase homolog (Yoshida et al., 1990) and is itself an
early ss gene subject to MAT and nutritional control (Smith and Mitchell,
1989). IME] and IME2 act together to allow efficient sporulation. In-
creased levels of both transcripts stimulate meiotic recombination in
vegetative cells (especially at low glucose levels) but do not promote the
meiosis 1 division or spore formation (Smith and Mitchell, 1989). Over-
expression of /ME2 partially suppresses the imel null mutation defect
(1% of normal sporulation) and allows for some recombination (Mitchell
et al., 1990). Since an imel null mutant demonstrates a more severe

sporulation defect than an ime2 null mutant and /ME2 can only partially



relieve the imel defect, Mitchell ez al. (1990) suggested that IME] may
play an additional role during sporulation apart from the activation of
IME2. In wild type strains, JME] expression peaks early in meiosis and
then decreases. The IME! transcript level remains high throughout mei-
osis when IME2 is absent and the induction of SPOII, SPOI3, SPSI and
SPS2 is delayed along with a depression in their transcript accumulation
(Mitchell et al., 1990). This suggests that /ME2, apart from activating
early ss genes, is also a negative regulator of the /IME! transcript and

involved in the temporal expression of these ss genes.

Another positive regulator of meiosis and spore formation is the gene
product of MCK1 (IME3) a serine threonine kinase homolog that was
independently characterized by Neigeborn and Mitchell (1991) and
Shero and Hieter (1991). Mck1* has been identified to play three

roles. In vegetative cells, the kinase governs centromere function
during mitosis (Shero and Hieter, 1991) and in meiosis it is responsible
for the optimal expression of /IMEI and stimulation of ascospore mat-
uration (Neigeborn and Mitchell, 1991). Overexpression of IME] in
mckl mutants supports high levels of sporulation but spores do not
form mature asci, whereas overexpression of MCKI greatly accelerates
sporulation through /ME] induction but does not inhibit RME! expres-
sion in mat-insufficient strains. MCK]! therefore seems to operate down-
stream of RME! in the same pathway as /ME! and may play a role in the
temporal regulation of the sporulation process (Neigeborn and Mitchell,
1991).

* when referring to the protein products of the genes discussed, the fi st

letter will be written in uppercase followed by lowercase lettering.




Strich et al. (1989) isolated mutations in five complementation groups,
called umel-umeS5S (unscheduled meiotic gene expression) that allowed
expression of the early ss genes SPOI13, SPOII and SPOI6 during vege-
tative growth but did not affect expression of later ss genes like SPOI2
and SPS2. The wild type alleles of the UME genes seem to express nega-
tive regulators of meiosis that act downstream of cell type and nutrition-
al control; either downstream of IMEI! or in parallel. It has been suggest-
ed that IME] andfor IME2 act to activate early ss genes through the
negative regulation of the UME genes (Srich et al., 1989).

2.1.2  Nutritional control: the Ras/cAMP pathway in

S. cerevisiae

The Ras/cAMP pathway functions during the vegetative growth of
S. cerevisiae in rich medium. Genes that are involved in the nutri-
tional regulation of meiosis are also involved in mitotic growth. The
Ras proteins in the pathway interact in a complex manner with com-

ponents of signal transduction (reviewed by Broach, 1991).

The membrane bound Ras (GTP-binding/GTP-hydrolyzing protein),
encoded by the RASI and RAS2 loci, transmits a signal to adenylate
cyclase (Toda er al., 1985). When activated, Ras is charged with GTP
and capable of directly or indirectly stimulating adenylate cyclase
activity (encoded for by the CYRI locus) (Toda et al., 1985: Kataoka
et al., 1985). Binding of GTP to Ras is facilitated by the CDC25 protein
(GTP/GDP exchange factor) (Robinson er al., 1987; Broek et al., 1987).
The Ras activity is down-regulated by the product of the /RA genes
(IRAl, IRA2) (Tanaka et al., 1989; 1990a) which encode GTPase acti-

10



vating proteins that are structurally and functionally homologous to
mammalian GAP proteins (Tanaka et /., 1990b; 1991). Adenylate
cyclase amplifies the signal by increasing the intracellular ¢cAMP level
and cAMP acts directly to stimulate the activity of the cAMP-dependeni
protein kinase A (Toda et al., 1985). The protein kinase exists as a
heterotetramer made up of two regulatory subunits (encoded by the
BCY1 locus) (Toda et al., 1987a) and two catalytic subunits (encoded by
three loci: TPKI, TPK2, TPK3) (Toda et al., 1987b). Binding of cAMP to
the regulatory subunits results in the release of the catalytic subunits
which are then free to phosphorylate their various cellular targets. High
kinase activity stimulates the breakdown of storage carbohydrates, acti-
vates the glycolytic pathway, induces a large number of growth specific
genes and down-regulates the pathway itself (Broach, 1991). Low kinase
activity stimulates the accumulation of cabohydrates, activates the gluco-
neogenesis pathway, decreases transcription of growth specific genes and

induces various stress related genes (Broach, 1991).

Mutations affecting the pathway result in two distinct phenotypes.

1) If the pathway is hyperactivated (i.e. RASV4!-19 irq, bevi), cells

are capable of normal mitotic growth but exhibit abnormal phenotypes.
These mutants show increased sensitivity to heat shock and starvation
and diploid strains are unable to sporulate (Broek et al., 1987; Toda et
al., 1985; Tanaka e: al., 1990; Matsumoto et al., 1982). 2) If the path-
way is depressed (i.e. ras2, cyrl, cdc25), cells arrest unbudded in G1 of
the cell cycle. Diploid strains homozygous for these mutations leave the
mitotic cycle and undergo meiosis in rich medium (Toda et al., 1985;

Matsumoto ez al., 1982; Robinson et al., 1987). The general trend seems

11



to indicate that increased levels of CAMP prevent the entry into mesonie

whereas low ¢cAMP levels allow diploid strains 10 sporulate

2.1.3 Early events in melotic prophase I: Meiosis at the
level of the chromosome n S, cerevisiae

Meiotic prophase 1 can be divided into »ix cytological stages. prelepio
tene, leptotene, zygotene, pachytene, diplotene and metaphase | (Swan
son et gl., 1981). Each stage is charucterized by the degree of chromatin
condensation and observable cytologicul events. Padmore ¢f ol (1991)
have timed and examined landmarks of cytological events during pro
phase | in the rapidly sporulating strain SK1. The fird meiotic obaere
able event is the completion of bulk DNA replicstion, doubling the DNA
content of the cell (preleptotene). In wild type yeast, this process i
completed within three hours of meiotic initiation (Padmore ¢t of 199))
The chromatin is diffuse during bulk DNA replication and becomes pro-
gressively more condensed until it is tightly packed st pachytene (Dres-
ser and Giroux, 1988). During leptotene. the chromosomes are long and
slender with some degree of contraction. This stage 1 intisted approai
mately 1.3 hours after bulk DNA replication and lasts for sbowt 30 mie-
utes (Padmore er al, 1991). Here the lateral elements of the synapo
nemal complex (SC) develop and can be observed as wapmired. whort assal
core segments that eventually form the lateral clememts of the SC (Alam
et al., 1990). In wild type yeast. the first physically observable evemt of
recombination is the appearance of site-specific double-siranded breaks
(DSBs) as determined by the analysis of the meotc recombsnation hes
spots, HIS4-LEU2 (Cao ct al.. 1990) and ARG4 (Nicolas ¢ of 1999 Sem ¢t
al., 1991). The DSBs are transient and can occur pror 10 of s\mMuRaReows
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10 proper orientation with the melotic spindle at metaphase | (Buker e/
@l , 1976). Only 1S minutes elupse between the dissociation of the SC
and the formation of the meiotic spindle. These steps occur sequentially
(Padmore er al., 1991).

2.1.4  QGene expression during melotic prophase |
n S. cerevitiae

There are two classes of genes recruited during meiotic prophase | in

§ cerevisiae. Cluss | consists of genes that are important for both mitot-
i and meiotic events. Class 1l is made up of genes that are required for
recombiaation and chromosome segregation in meiotic cells and play
a0 deteciable rolc in mitosin,

Class |

The RADSO-57 series of radiation repair genes were originally isolated as
mutations that make the cell senmsitive to ioanizing radiation and methyl
methanssuifonate (MMS) treatment (Resnick, 1987). This sensitivity is
due 10 the insbility of the mutants to undergo the DSB repair that would
normelly occur afier UV damage (Resnick and Martin, 1976). Diploid
lesions in any of these genes affect cither the sporulution rate or the
production of viable progeny (Game, 1983).

The RADSO pene product (Alsni er al., 1990: Cao et al., 1990) is required
for recombination and chromosome synapsis. Two types of mutations are
idontified. The rad50 deletion mutation blocks meiotic recombination and
SC formation ot 8 very early siep. These mutants form only short to
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medium length axial core elements that fail to synapse, are defective in
inter- and intrachromosomal recombination and do not form DSBs. The
rad50§ mutation (which contains a point mutation that maps within the
ATP-binding site) blocks recombination and SC formation at an inter-
mediate step. The block occurs at the connection between the 3’ single-
stranded tail generation and tripartite SC formation. These mutants
form DSBs at the normal time but do not generate 3’ single-stranded
tails. DSBs accumulate stably and long axial core elements are formed
with rare tripartite SC. All rad50 mutations block the formation of tri-
partite SC but permit the formation of axial core elements. In wild type

yeast both processes are coupled (Padmore et al., 1991).

The R..D51 (Shinohara er al., 1992; Aboussekhra et al., 1992; Basile et
al., 1992) and DMC1 (a meiosis specific gene of class II) (Bishop et al.,
1992) gene products share sequence homology with the RecA protein
of Escherichia coli. RecA catalyzes rapid DNA homology searches result-
ing in strand exchange between homologous DNAs. These complexes
form stable, joined molecules that are necessary for recombination
(Conley and West, 1989). Deletion mutations in rad5!, radS2, rad54
and dmcl share similar phenotypes (Game and Mortimer, 1974; Bishop
et al., 1992; Shinohara er al.,, 1992). These include the accumulation of
meiosis specific DSBs containing intact 3’ single-stranded tails with
shorter and more heterogenous 5’ ends than are found in the wild type.
The DSBs appear to the same extent as in wild type but accumulate to a
higher degree and persist (Cao er al., 1990; Bishop et al., 1992). These
mutants show a decrease in reciprocal recombination with mature re-
combinant molecules appearing at normal times but with greatly re-

duced frequency (Bishop er al., 1992). They also fail to form normal
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SCs and arrest late in meiotic prophase, resulting in low spore form-
ation, with the rare spore formed being inviable. It has been shown
that Rad51 binds directly to Rad52, suggesting that both proteins act
together in the processing of DSBs to the next intermediate (Sinohara

et al, 1992). In mitosis, rad51, rad52 and radS4 block radiation induced
mitotic recombination (Game and Mortimer, 1974) and the wild type
gene products are also required for mating type switching which

involves site-specific DSBs (Malone and Esposito, 1980).

Two proteins catalyzing an ATP-independent single-strand exchange
reaction, STPa and STPB, are expressed in both mitotic and meiotic cells
(Sugino et al., 1988; Dykstra et al., 1990). Their level of expression is
constant under both physiological conditions. The specific activity of
these proteins is greatly induced during meiosis. STPa is encoded by
the locus DST! (Clark et al., 1991) and has been identified as DNA strand
transferase 1. This protein contains a zinc finger motif, shows sequence
similarity to the TFIIS protein (involved in transcript elongation by RNA
polymerase II) and acts in homolog pairing during meiosis. The STPB
protein (encoded by the DST2 locus) has been identified as DNA strand
transferase II (Dykstra et al., 1991). In the dst! and dst2 deletion mu-
tants, the induction of DNA strand transfer activity and intrachromo-
somal recombination are greatly reduced but both mutants produce via-
ble spores. The DNA strand transferase activity seems to be involved in

meiotic reciprocal exchange but not in spore formation.
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Class Il

The REC102 gene product (Cool and Malone, 1992; Bhargara et al.,1992)
is necded early in meiosis at approximately the time of genetic recombi-
nation. The protein contains leucine zippers at its C-terminal end and

may associate with other proteins. The recl02 deletion mutant displays
a decrease in intrachromosomal recombination and its phenotype resem-
bles that of the other rec mutants. Entry into meiosis is normal and the
majority of cells go through both the meiosis I and I divisions, but both

divisions are delayed by 1-2 hours.

The SPOI1 gene product (Atcheson et al., 1987) is required for meiotic
recombination and acts at or soon after chromosome pairing. In the
spoll-1 disruption mutant, meiotic recombination and ascospore via-
bility are drastically reduced. This defect results in aneuploidy as a re-
sult of random segregation at the reductional division in the absence of
exchange. Only 1% of spores are viable and these are nonrecombinant.
The spoll-1 mutant does not block tripartite SC formation and thus
displays a recombination defect despite the appearance of normal SC

(Klapholz et al., 1985).

The MER 1 protein is required for chromosome pairing and genetic re-
combination (Engebrecht and Roeder, 1989; 1990). The deduced pro-
tein sequence has a limited similarity to calmodulin without the calci-
um-binding motif. The gene product is essential for wild type levels
of gene conversion, reciprocal recombination and SC assembly. The
merl mutants accumulate full length but unpaired axial core elements

which fail to synapse completely (full synapsis is only 10% of wild type
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level). Both gene conversion and reciprocal ricombination are reduced
10 times over the wild type levels. The defect is due to a failure in pair-
ing and/or recombination which results in the production of inviable

spores.

The MER2 gene is transcribed both in mitosis and meiosis. The trans-
cript is spliced by Merl during meiosis generating a functional Mer2
(Engebrecht et al., 1991). MER2 was originally identified as a repres-
sor of the merl defect. Overexpression of MER2 in a merl background
restores gene conversion and SC assembly but does not correct for the
reciprocal recombination defect and only partially restores spore via-
bility. This suggests that the MER2 gene product is involved in both
gene conversion and SC assembly and that the role of Merl is not only

to activate Mer2 but may play additional role(s) in meiosis.

The HOPI1 protein is a structural element of the meiotic chromosome
and is situated along its length (Hollingsworth et al., 1990). The protein
contains a zinc finger motif at its C-terminal end that has been shown
to be important for its function. Hopl promotes pairing and is required
for SC formation. The hop! mutant does not form SCs, has decreased
levels of intrachromosomal recombination and a deficiency in homolog
pairing. This defect results in the random segregation of chromosomes
at the meiosis I division due to a failure in forming chiasmata (Hollings-

worth and Byers, 1989).

The MRE4 (MEK1) protein shares sequence homology to serine threonine
kinases and is required early in meiosis (Leem and Ogawa, 1992). In the

mre4 deletion mutant, the frequency of DSBs is decreased to 10-20% of
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the wild type level suggesting that protein phosphorylation is involved in
early recombinational events. The mutants produce inviable spores due

to chromosome nondisjunction at the time of the first meiotic division.

The MEI4 gene product is involved early on in meiosis and it is needed
for the induction of recombination and viable spore production (Menees
et al., 1992). The MEI4 gene contains an intron at its 5’ nontranslated

region for which splicing is not dependent on Merl. The mei4 null mu-
tation, like merl and recl02, accumulates full length but unpaired axial
core elements that fail to form functional SCs. Meiosis II division is de-
layed for 1 hour in the mei4 mutant but spore formation occurs at wild
type levels even though gene conversion and reciprocal exchange are

completely eliminated. The mutation leads to inviable meiotic progeny.

Both the SPO712 (Malavasic and Elder, 1990) and SPO13 (Wang et al.,
1987, Buckingham et al., 1990) gene products are required for prop-

er chromosome segregation at the meiosis I division. Mutants in these
genes fail in chrome ome disjunction but are able to completely bypass
the reductional division. They undergo a single meiosis II-like equation-
al division with two viable diploid spores as products (Klapholz and

Esposito, 1980).

The REDI gene product is also required for the meiosis I division and
for SC assembly (Rockmill and Roeder, 1988: Thompson and Roeder,
1989). The red! mutant sporulates efficiently. The spores are invia-
ble, due to aneuploidy resulting in chromosome nondisjunction during

the reductional division. The mutants demonstrate normal homolog
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pairing and meiotic exchange that occur with wild type kinetics but
without forming a SC. Interchromosomal recombination is decreased
but the mutants are proficient in intrachromosomal exchange (25%

of wild type level) (Rockhill and Roeder, 1990).

2.1.5 Regulation and transcription patterns of early

meiotic genes

Two negative regulatory sites in the 5’ upstream region of RMEI (ne-
gative regulator of meiosis) have been identified (Covitz et al., 1990).
An al-a2 repressor site that allows direct repression via binding of

the al-a2 heterodimer (Covitz et al, 1990; Dranginis, 1990) and an
URS site (upstream repressor sequence) with sequence identity to

the CARI1 upstream repressor site. The RMEI protein contains three
zinc fingers that are characteristic of nucleic binding proteins, of which
at least two were found to be necessary for its function (Covitz et al.,
1990). The IMEI transcript contains an unusually long 5’ upstream
region allowing for both positive and negative regulation (Granot et al.,
1989). An UAS (upstream activating sequence) appears to positivly re-
gulate IME1 expression, possibly through an inducer and a 0.5 kb up-
stream region that seems to be a cis-acting negative regulatory element
(behaves like a URS sequence), capable of binding RMEI! (Granot et al.,
1989).

The early meiotic genes are all regulated at the level of transcription.
They are either not expressed during vegetative growth or are only
detectable at low levels, whereas their transcripts are greatly induced

during meiosis. Several of these genes are co-regulated. A URS] (ubi-
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quitous mitotic repressor element) consensus sequence can be found
100-200 bases upstream of the translation initiation codon of SPOI3,
SPOI16, HOPI, REDI, MRE4, MEI4, MERI, DMC] and SME2(IME2) (Wang
et al., 1987, Malavasic and Elder, 1990; Hollingsworth et al., 1990;
Rockmill and Roeder, 1988; Leem and Ogawa, 1992; Menees et al.,
1992; Engebrecht and Roeder, 1990; Bishop et al., 1992 and Yoshida

et al., 1990). This sequence is also found within the SPOI! coding region
(Buckingham et al., 1990; Atcheson et al., 1987) but is absent altogether
in REC102 (Buckingham ez al., 1990; Cool and Malone, 1992). Interest-
ingly, two URS1 consensus sequences are found upstream of the genes
MRE4 and SMEI(IME2), both of which encode putative kinases. The ro.e
of the URSI sequence in regulating meiotic expression has been shown.
A point mutation within this region in the SPO13 gene allowed the lacZ
fusion protein to be expressed during vegetative growth (Buckingham

et al., 1990).

Many of these early meiosis specific genes have multiple sized trans-
cripts. Two transcripts are detected for REDI, SPO13, HOPI and RADS0
in which the shorter transcript is the more abundant (Thompson and
Roeder, 1989; Wang er al., 1987; Hollingsworth er al., 1990; Farnet

et al., 1988). MRE4 encodes four transcripts that are the result of dif-
ferential termination within the gene’s 3’ nontranslated region (Leem
and Ogawa, 1992) and the same holds true for MERI which is encoded
by three transcripts (Engebrecht and Roeder, 1990). In either case, one
transcript is the more abundant. The expression patterns for SPO11,
SPO13, DMCI, MRE4, HOPI , MERI, REDland REC102 are similar to that
of IME2 (Mitchell er al., 1990; Atcheson et al., 1987; Buckingham et al.,
1990; Bishop et al.,, 1992; Leem and Ogawa, 1992; Hollingsworth er al.,
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1990; Engebrecht and Roeder, 1990; Thompson and Roeder, 1989; Cool
and Malone, 1992; Yoshida er al., 1990; Smith and Mitchell, 1989). These
transcripts are specifically induced within 1.5-2.0 hours after diploid
cells are placed into sporulation medium and peak in expression at 4
hours. This time corresponds to early-mid prophase when the SC is

in its earliest stage of formation and recombination related DSBs occur
(Padmore er al, 1991). Interestingly, SPO/1 is required for recombina-
tion and SPOI3 is necessary for chromosome segregation yet both genes
show indistinguishable transcription patterns (Klapholz er al., 1985;
Wang et al., 1987). In contrast SPOI2 which is also required for chromo-
some segregation and is thought to act at the same time as SPO13, is in-
duced 2-3 hours later (Klapholz and Esposito, 1980; Malavasic and Elder,
1990). This suggests that the detectable mutant phenotypes do not
always coincide with the induction of their transcripts. The genes
essential for pairing and recombination, MERI, REDI, SPOI13, SPOII and
HOP1 accumulate their transcripts with similar kinetics (Engebrecht and
Roeder, 1990; Thompson and Roeder, 1989; Wang er al., 1987; Atcheson
et al., 1987; Hollingsworth et al., 1990). Expression patterns of the RED|
transcript and the redl::lacZ fusion protein are identical (Thompson and
Roeder, 1989; Menees et al., 1992) and the same holds true for the MER |
and its lacZ fusion protein (Engebrecht and Roeder, 1990). Furthermore,
the redl::lacZ, merl::lacZ and meid::lacZ fusion proteins peak in synthesis
at the same time (Engebrecht and Roeder, 1990; Menees et al., 1992)
and the smaller transcript of MER2 predominates in meiosis when MERI
is maximally transcribed (Engebrecht et al., 1991). The MER4 transcript
is induced one hour after cells are placed into sporulation medium and

peaks slightly before SPO/3 (Menees et al., 1992). The RADSI transcript
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is induced immediately upon transfer to sporulation medium with a

maximum induction just 1.5 hours before SPOI3 (Shinohara et al., 1992).

2.1.6 Epistasis groups

There are roughly two classes of mutants acting on early meiotic events
(Malone and Esposito, 1981): 1) Those mutants that can be rescued by
the spol3 mutation (bypassing the reductional division) (Klapholz and
Esposito, 1980). These include; hopl (Hollingsworth et al., 1990), redl
(Rockmill and Roeder, 1988), mei4 (Menees and Roeder, 1989), rec/02
(Cool and Malone, 1992), mre4 (Leem and Ogawa, 1991), spoll (Klapholz
et al., 1985), merl (Engebrecht and Roeder, 1989) and rad50 (Malone,
1983) and consist of genes that may act before the formation of DSBs.

2) Those mutants that are not rescued by spol3. These include; rad50S$
(Alani et al., 1990; Cao et al., 1990), rad5] (Game, 1983; Shinohara et
al., 1992), rad52 (Malone, 1983) and dst2 (Dykstra et al., 1991). In these
mutations, DSBs are more processed or accumulate over wild type levels
(dst2, not determined). Their gene products may be involved in steps
after DSB formation. Malone et al. (1991) propose that mutations affect-
ing an early block in recombination (before strand exchange) are rescued
by the spol3 mutation whereas mutations blocking later recombination
steps may generate intermediates that prevent the equational segrega-

tion.

It has been demonstrated that recombination and homolog pairing are
essential for proper chromosome segregation at the meiosis I division
(Baker er al., 1976) and it has been suggested by Carpenter (1987) that

recombination is necessary for chromosome synapsis to occur. Mutations
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defective in recombination or pairing often lead to chromosome nondis-
junction (i.e. rad50, merl, spoll-1, mred, hopl and redl) (Malone, 1983;
Engebrecht and Roeder, 1989; Klapholz et al., 1985, Leem and Ogawa,
1991; Hollingsworth et al., 1990; Rockmill and Roeder, 1989).

The spoll-1 mutation severely restricts intra- and interchromosomal re-
combination but forms normal SC although the mutant may be unable to
resolve the SC due to the lack of iccombination (Klaphols et al., 1985).
Cao et al. (1990) have shown that SPOI1 is required for the generation of
DSBs by RADS50 and the spoll-1 mutant also rescucs red5] and rad57
mutants in a spol3 mutant background (Malone and Esposito, 1981)
indicating that SPO/1 acts before or at the formation of DSBs and that
the gene product is epistatic to the wild type RAD products. On the other
hand, the red/ mutation blocks the production of SC but the mutant
exhibits 25% of wild type intrachromosomal recombination, though these
mutants also fail at chromosome disjunction (Thompson and Roeder,
1989; Rockmill and Roeder, 1990). These results would suggest that the

SC is not absolutely necessary for recombination.

HOPI has been shown to be epistatic to RED/ and acts in the same path-
way, since a redl/hopl mutant has the same phenotype as a hop/
double mutant whereas MERI appears to act in a different pathway from
both genes (Rockmill and Roeder, 1990). MEI/4 has also been shown

to be epistatic to the rad52 mutation in a spol/3 mutant background

(Menees et al., 1992).
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2.2 Melusis in T. thermophila
2.2.1 Melotic prophase | in T. thermophila

The kinetics and precise cytological stages of conjugaiion have been
carefully timed by Martindale et ol (1982). Meiotic prophese | was
divided into six cytologicully defined stages corresponding 10 the de
gree of micronuclear elongaution (Sugai and Hiwatashi, 1974, Mastin
dale et al., 1982). Meiosis begins soon afier celis pair. Stage | of pro
phase | represents the beginning of micronuclesr elongsiion and o«
cupies approximately 43 minutes followed by stages Nl and 1l 1hat
take up about 56 minutes. Stage IV represenia the marimum mifo
nuclear elongation (full crescent) and may correspond cywologicelly ©
pachytene of meiotic prophase I. The end of pachytens 10 snaphase |
(stages V to VI) occupies approximately 23 minuies. These studien
demonstrated that meiosis as well as conjugation in T rhermaphiie
follows a precisely defined program.

2.2.2 Transcription and protein synthesis patierns during
melotic prophase |

Martindale er al. (1985) also examined mRNA transcription and prown
synthesis patterns during conjugation. During prophase | the nduction
of RNA synthesis (as measured by the rate of IH-uridine incorporstian)
occurs within the first half hour upon cell mixing. This tme correvpoads
to costimulation and probably represents mainly rRNA symthests The
levels decrease steadily until a base level i reached between $ w 6
hours into conjugation. Protein synthesis (measured as the rase of M
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won (Martindale ¢r of., 1983, unpublished data).

228 Btudy rationale

This work describes the characterization and unulysis of the ¢njA

¢DNA rsequence in an attempt 1o gain information about the structure
and function of the cnjA protein. Others, Dr. Allis (Syracuse University)
ond De. Gorovsky (University of Rochester) and their groups have utilized
cajA as & sandard for stage-specific gene expression during early conju-
gation (Btargell ¢1 al.. 1990, Dedon er al., 1991) since the ¢njA message
represents the most sbundant iranscript of the conjugation specific genes
isolsted (Martindale snd Bruns, 1983; Martindale er al., 1985). This
fosture promises 10 make cnjA a desirable model for stage-specific gene
oxpression in T. thermophila. It was therefore of particular interest

o isolsee the geme's promoter region %o it could be examined for possible
conjugation comtrolling elements, when compared to similar regions

n cyB and cnC. just as similar sequence elements have been identified
in the early meiotic gemes in yeast (Buckingham er al., 1990).
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3. MATERIALS AND METHODS

3.1 Screening of a T. thermophila early conjugation

cDNA library

The poly (A)* RNA for the construction of the cDNA library was iso-
lated from T. thermophila early conjugating cells (2-5 hours) by D.
Martindale and F. Taylor, The cDNA library (Uni-ZapTM XR) was
then constructed by Stratagene using the Lambda ZAP II vector
which allows the excision of the phagemid (pBluescript, SK-) in the
XLI-Blue host strain with the aid of the helper phage R408 (Strata-
gene). The ¢cDNA was directionally inserted into the EcoRI site (rep-
resenting the 5’ enc of the gene) and the Xhol site (representing the
3" end). Screening of the cDNA library was performed according to

Stratagene’s instructions.

3.1.1 Preparation of host cells for infection

The XLI-Blue host was selected for the F' episome prior to infection
by growth on LB media (1% tryptone, 0.5% yeast extract, 0.5% NaCl,
15 g/l agar) containing 12.5 pg per ml tetracycline. To prepare for
infection by lambda, cells were incubated overnight at 370C (stand-
ing) in LB liquid medium supplemented with 0.2% maltose and 10
mM MgSO4. The overnight culture was then pelleted at 1,000 x g
for 10 minutes at 40C and resuspended in 10 mM MgSO4 to a final
ODg0Q of 0.5.
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3.1.2 Infection

(Quantities mentioned below apply to plates of 86 mm diameter). The
cDNA library phage stock was diluted by a factor of 104 in SM buffer
(10 mM NaCl, 1 mM MgSO4, 50 mM Tris-Cl pH 7.5 and 10% gelatin) and
10 pl (approximately 1.0 x 105 plaque forming units (PFU) per ml) of
this dilution was incubated with 200 ul of the above host cell prepara-
tion for 15 minutes at 370C. Subsequently, 3 ml of top agarose (0.7%
agarose in NZY medium: 0.5% NaCl, 0.2% MgS04, 0.5% yeast extract,
1% NZ amine casein hydrolysate) was added at 480C, plated on NZY
solid media (1.5% agar) and incubated at 3709C for an average of 7 to 8
hours. Approximately 1,000 PFU were obtained per plate. The plates

were placed at 40C for at least 1 hour prior to plaque lifts.

3.1.3 Plaque lifts

Plaques were then transferred to nitrocellulose filters (Schleicher

and Schuell) as specified by Stratagene. The filters remained in con-
tact with the plaques for 2 minutes and in subsequent duplicate lifts,
the contact time was 7 minutes. Nucleic acids were denatured by sub-
merging the filters in 0.5 M NaOH, 1.5 M NaCl for 2 minutes, neutral-
ized in 0.5 M Tris-Cl pH 8.0, 1.5 M NaCl for 5 minutes and rinsed for 30
seconds in 2 x SSC (for 1 x SSC: 0.15 M NaCl, 0.015 M sodium citrate,
pH 7.0). The nucleic acids were fixed to the filters by baking for 2

hours at 80°C under vacuum.
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3.1.4 Hybridization with double-stranded probes

The method followed was that of Thomas (1980). Prehybridizations
and hybridizations were performed under stringent conditions in 50%
formamide (Sigma), 5 x SSC, 1 x Denhardt's, 0.2% SDS and 250 mg per
ml denaiured herring sperm DNA (Boehringer Mannheim). The filters
were prehybridized on average for 4 hours at 420C and hybridizations
were allowed to proceed for 18 hours at the same temperature. DNA
fragments were cut from 0.8% agarose gels run in TAE buffer (0.04 M
Tris-acetate, 0.001 M EDTA) and Gene-Cleaned (Bio/Can) according to
the manufacturer’s specifications. Nick translations (BRL, Nick Trans-
lation Kit) were performed according to the Kit's instructions with 40
uCi of alpha-32p dCTP (ICN, 3000 Ci per mmol). Removal of unincor-
porated dCTP occured via a Sephadex G50 (Pharmacia) spin column ac-
cording to Sambrook et al. (1989). The DNA fragment was usually nick
translated to a specific activity of 2. x 108 counts per minute (cpm)
per ug of DNA. The double-stranded probe was denatured by boiling
for 5 minutes and 1.0 x 109 cpm were added per ml of the hybridiza-
tion mixture. Four washes were performed at room temperature in 2
x SSC, 0.1% SDS for 15 minutes each. The final wash consisted of 0.1

x SSC, 0.1% SDS for 30 to 60 minutes at 550C to 60°0C.

3.1.5 End-labelling and hybridization conditions for

oligonucleotides
The end-labelling protocol was followed according to Sambrook et

al. (1989). A 22-mer primer (100 ng) was end-labelled using 200
uCi of gamma-32P dATP (ICN, 4000 Ci per mmol) and 8 units of T4
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Polynucleotide Kinase (Pharmacia) in a buffer consisting of 0.5 M Tris
Cl pH 7.5, 0.1 M MgCl2, 50 mM DTT, 1 mM spermidine 1 mM EDTA.
The reaction was incubated for 45 minutes at 370C.  Unincorporated
dATP was removed by passing the reaction through a Sephadex G10
(Pharmacia) spin column. The primer was end-labelled to a specific
activity of 2.3 x 109 cpm per pg of DNA. Protocols for prehybridization
and hybridization were performed according to Stratagene. Prehybrid-
ization took place in 6 x SSC, 5 x Denhardt's, 500 pug per ml denatured
herring sperm DNA and 20 mM NaH2PO4 pH 7.0 for 4 hours at 420C.
The hybridization was performed in 6 x SSC, 20 mM NaH2PO4 pH 7.0,
500 pg per ml denatured herring sperm DNA and 0.4% SDS for 18
hours at the above temperature. A total of 2.0 x 100 cpm per ml of
hybridization mixture was added. Washes were performed in 6 x SSC,
0.1% SDS at 60°C (20C below the TM of the hybrid) approximately 2 to

4 times for 15 minutes until the background was low.

3.1.6 In vivo excision

The protocol was performed according to Stratagene. Positive plaques
were cored with a pasteur pipet and resuspended in 500 pl of SM buff-
er and 20 ul chloroform. The phage were allowed to diffuse out of the
agarose for 2 hours at room temperature and then stored at 40C. XLI-
Blue were prepared for infection as previously described, except the

cells were resuspended to a final ODgQQ of 1.0. A total of 200 pl of the
host cells were simultaneously infected with 200 pl (>1.0 x 109 PFU) of
the desired purified phage stock and 1 ul ( approximately 1.0 x 108

PFU) of the supplied helper phage R408 (Stratagene). The culture was

incubated for 15 minutes at 370C (standing) after which 5 ml of 2 x YT
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media (1.6% tryptone, 1.0% yeast extract, 1.0% NaCl) was added and
incubation allowed to resume for 3 hours at 370C with shaking (250
rpm). Aliquots (1.5 ml) were taken and heated to 70°C for 20 min-
utes. The cells were then pelleted by microcentrifugation at 4,000

x g for 5 minutes at room temperature and 1 ml of the supernatant,
containing the pBluescript phagemid, recovered. XLI-Blue host cells
(200 pl) at an OD600 of 1.0 were transformed with 200 pl of the super-
natant by incubation at 370C for 15 minutes. Transformants (100 ul)
containing the rescued phagemids were plated on LB solid media (1.5%
agar) supplemented with 100 pg per ml ampicillin. The plates were

then incubated at 379C overnight.

3.1.7 Plasmid DNA isolation

All plasmids were isolated according to the alkaline lysis mini-prep
method of Biranboim (1983). A single colony of the culture of interest
was inoculated into 5 ml of TB (1.2% tryptone, 2.4% yeast extract, 0.4%
glycerol, 17mM KH2PO4, 72 mM K2PO4 and 100 pug per ml ampicillin)
(Sambrook et al., 1989) and incubated at 370C, shaking (250 rpm),
overnight. The above culture (1.4 ml) was then pelleted in a micro-
centrifuge at 4,000 x g for 2 minutes and resuspended in GTE (50mM
glucose, 25 mM Tris-Cl pH 8.0 and 10 mM EDTA). Lysozyme (10 mg
per ml in GTE) was added and the mixture allowed to incubate for 5
minutes at room temperature. The cells were lysed in 0.2 M NaOH and
1% SDS. Cell debris, proteins and chromosomal DNA were precipitated
on ice for 5 minutes by the addition of 5 M potassium acetate in glacial

acetic acid. After the removal of the precipitate by microcentrifuga-
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tion (23,000 x g) for 5 minutes, the aqueous phase was recovered and
extracted once with an equal volume of phenol/chloroform/isoamyl-
alcohol (25:24:1) followed by an additional chloroform/isoamyl-alcohol
(24:1) extraction. The plasmid DNA was then precipitated in 1/10 vol-
ume of 3M sodium acetate pH 5.3 and 2.5 volumes 95% ethanol for 1
hour at room temperature. The DNA was recovered by microcentrifu-
gation (23,000 x g) for 30 minutes at 4°C and the pellet washed in 70%
ethanol and dried. The pellet was then resuspended in TE§ (10 mM
Tris-Cl pH 8.0, ImM EDTA) to which RNase A (Boehringer Mannheim)
was added to a final concentration of 0.1 pg per ml and the mixture
incubated at 379C for 30 minutes. The solution was made to 20% poly-
ethylene glycol 8000, 2.5 M NaCl (PEG/NaCl) and incubated for at least
1 hour on ice. The plasmid DNA was pelleted by microcentrifugation
(23,000 x g) for 15 minutes at 40C, washed with 70% ethanol and
dried. The pellet was then resuspended in TE8. An average yield

of 15 pg per 1.4 ml of culture was usually obtained.

3.2 Preparation for sequencing

3.2.1 Generation of nested deletions

Unidirectional deletions were generated via the digestion method of
Henikoff (1984). A total of 5 pug of each plasmid was first linearized
with Kpul (Pharmacia) or Sphl (Promega), leaving a 3' overhang to
protect the universal sequencing primer. The linearized plasmids were
then digested with BamHI (Pharmacia) or Xhol (Pharmacia) according
to the construct. Deletions were generated by exonuclease III (Boeh-

ringer Mannheim) or by the Erase-a-Base system provided in Kit form
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by Promega. After the restriction enzyme digest, the plasmids were
washed with phenol/chloroform and ethanol precipitated as described
previously. The pellets were taken up in 1 x exonuclease buffer (66
mM Tris-Cl pH 8.0, 0.66 mM MgCl2) and the mixture prewarmed to the
reaction temperature (370C). Four hundred units of exonuclease III
was then added and aliquots were taken every 30 seconds for 10 min-
utes. Each aliquot (240 ng DNA) was placed into a pre-chilled S1 nucle-
ase mix (0.25 M NaCl, 30 mM potassium acetate pH 4.5, 1 mM ZnSO4,
5% glycerol and 67 Vogt units per ml S1 nuclease; Promega). The ali-
quots were then placed at room temperature for 30 minutes followed
by heat inactivation of the enzymes at 70°C for 10 minutes. Aliquots
from appropriate time points were chosen by running 70 ng of each
sample on a 0.8% agarose gel. Chosen samples were then blunt-ended
with the Klenow fragment of E. coli DNA polymerase I (Promega). The
reaction buffer contained 20 mM Tris-Cl pH 8.0, 7 mM MgCla, 0.125
mM of each ANTP and 10 units per ml Klenow) and incubation occurr-
ed at 370C for 3 minutes. Ligations were performed according to King
and Blakesley (1986) in 50 mM Tris-Cl pH 7.6, 10 mM MgCl2, 5% PEG
8000, 1 mM ATP, 1 mM DTT and 1 unit T4 DNA ligase (Pharmacia) for
4 hours at room temperature. The ligated deletions were then trans-
formed into the E. coli strain 71-18 made competent by the calcium
chloride method (Pharmacia, from the manual for the M13 cloning/
sequencing system) and plated on LB solid medium (1.5% agar) con-

taining 100 pug per ml ampicillin.
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3.2.2 Generation of single-stranded DNA

The method was performed according to the IBI protocol for single-
stranded DNA generation of pIBI31 derivatives. The pIBI30 and
pIBI31 vector series (IBI) and pBluescript (Stratagene) harbor an

fl origin of replication that allows the generation of single-stranded
forms of these plasmids. A single colony was inoculated into 2 ml

of TB liquid medium (100 pg per ml ampicillin) and grown shaking
overnight at 370C. The overnight culture was then diluted at 1:50

in TB (100 pg per ml ampicillin), incubated under the same conditions
for an additional 30 minutes and followed by infection with 10 pl
(approxirnately 1.0 x 1011 PFU) of MI3KO7 helper phage (IBI).

After further incubation for 30 minutes, kanamycin was added to

a final concentration of 70 pg per ml and incubation resumed for 6
hours. The host cells (1.2 ml) were pelleted by microcentrifugation
(23,000 x g) for 5 minutes and the phage precipitated from 1 ml of
supernatant in PEG/NaCL (20% polyethelene glycol 8,000; 2.5 M NaCl)
for 1 hour on ice. The phage was recovered by microcentrifugation
(23,000 x g) for 30 minutes, washed in 70% ethanol, dried and resus-
pended in TE8. The coat proteins were removed by a phenol/chloro-
form extraction and the single-stranded DNA ethanol precipitated (as
previously described). The dried pellet was resuspended in distilled
water. An average of 8 pug of single-stranded DNA was recovered per

1.2 ml of culture.
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3.2.3 Sequencing

Clones were sequenced according to a modification (Pharmacia) of the
chain termination method by Sanger et al. (1977) using a T7 DNA poly-
merase sequencing Kit (Pharmacia). Sequencing reactions were per-

formed with the double- or single-stranded forms of the plasmids.

Approximately 3.2 to 4.2 pg of double-stranded plasmid DNA and 2.0
pg of single-stranded DNA were used per sequencing reaction. The
double-stranded DNA (isolated as previously described) was denatur-
ed in 1/10 volume of 2 M NaOH for 5 minutes at room temperature,
neutralized in 5 M ammonium acetate pH 7.5 and ethanol precipitated
prior to primer annealing (as recomended by Pharmacia). Either 0.2
UM of the universal (Pharmacia) or reverse sequencing primer (Boeh-
ringer Mannheim) were employed for the double-stranded sequencing
reactions and 0.1 uM of the primers were used for the single-stranded
reactions (as specified by the Kit’s instructions). Primer annealing and
sequencing reactions were also performed according to the Kit's in-
structions using 10 pCi alpha-35S dATP (Amersham, 1000 Ci/mmol)

per reaction.
3.3 Conjugation
Conjugation was performed between T. thermophila strain B deriva-

tives CU428 (mating type VII) and CU427 (mating type VI). These

strains were kindly provided by Peter Bruns (Cornell University).
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The experimental procedure was carried out as previously described
by Martindale and Bruns, (1982). CU428 (doubling time of 2 hours
and 45 minutes) and CU427 (doubling time of 2 hours and 15 min-
utes) were grown exponentially (134 rpm at 300C) to a final cell den-
sity of 2.0 x 109 cells per ml in NEFF medium (0.25% proteose peptone,
0.25% yeast extract, 0.5% glucose, 0.3 mM MgSO4, 17 mM CaCl2 and 33

UM ferric citrate). The cell density was monitored via Coulter Counter
(Coulter Electronics). Cells were then pelleted by low speed centrifu-
gation (100 x g) for 2 minutes in a table top centrifuge and resuspend-
ed in 10 mM Tris-Cl pH 7.4 (starvation buffer). This was repeated
once more with the cells being resuspended to a final density of 3.0

x 105 cells per ml. The two different mating types were starved in-
dependently at 309C without shaking for 18 hours, then mixed at
equal cell numbers and allowed to conjugate. The number of conju-
gating pairs were monitored microscopically. Pairs were observed

1 hour after mixing and 86% of the cells were paired by 5 hours.

3.3.1 RNA isolation

Total RNA was isolated as described by Martindale and Bruns (1983)

from the above culture at time O after mixing the starved cultures of
different mating type and subsequently at time S, 6 and 7 hours after
mixing. For each sample, 10 ml of culture corresponding to approxi-

mately 2 x 100 cells were pelleted in a table top centrifuge at 1,000 x
g for 5 minutes. One ml of RNA lysis buffer (0.1 M NaCl, 10 mM EDTA,
10 mM Tris-Cl pH 7.4, 1% SDS and 5 mg per ml heparin) was added to
the cell pellet and incubated for 10 minutes at room temperature. Cell

debris and proteins were extracted with phenol/chloroform followed
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by two more chloroform extractions (as dewribed previously) The
RNA wus ethanol precipitated under standard conditioas and Ninelly
resuspended in diethylpyrocarbonate (DEPC. Sigma) Uvaied divilied
water. The total RNA recovered varied beiween 160 and 190 ug por

time point.
3.3.2 Northern analysis

In order 1o determine the integrity of the hholated RNA snd © chow
the time point with the most sbundant transcript of (A for the prm
er extension experiment, a Northern saslysis was performed accerd:
ing to Sambrook er al. (1989). Five ug of wial RNA from each sample
and the RNA standurd (BRL) were donatured n 3.4 pl deloniand OM
glyoxal (Sigma) and 16 ul dimethylsulfoside (DMSO. Sigma) tor | hows
at S0°C. The samples were run on a8 1.2% agarose gol o 4 veitr por cm
(V/icm) for 4 hours in 10 mM Na2PO4 pH 7.0 buffer Upen completten.
the RNA was stained by placing the gel in distilled water comtaining |
#g per ml cthidium bromide for 45 minutes. The RNA wan duectly
transferred to a Zeta probe membrane (BioRad) withowt amy priee
treatment of the gel. The transfer ook place overmight m 10 x $8C
according 10 the manufaciurer's instructions. Prehybridization and
hybridization were performed under stringest conditions as previ-
ously described. The 2.42 kb insert of pARIO} was 1solesed and

nick translated 1o a specific activity of 2.7% x 108 cpm per ug of

DNA as previously described and 2.0 » 100 cpm were added por

ml of hybridization mixture.
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ding 7 ul formamide gel louding buffer (Bochringer Mannheim), The
socond attempt uiilized the same procedure as described above, except
that primer annealing was performed as specified for the primer ex-
lension protocol. The reactions were run on a 6% ucrylumide sequenc-
ing gsi.

3.4 Computer analysis

The cajA cDNA sequence was analyzed on a Macintosh Plus computer
waing the DNA inspscior lle Sequence Analysis programs (Textco) and
the Pustell programs (version 2.03) as well as MacVector sequence
amalysis programs (International Biotechnologies Inc.) (version 3.5).
Momology searches were performed by screening the National Bio-
logical Ressarch Foundation (NBRF) databuse (release 19.0) and the
Swiss Protein database (version 22.0) with FASTP or FASTA (Lip-
man and Pearson, 1985, Pearson and Lipman, 1988).

3.3 Scvoening of T. thermephils gemomic libraries

Thees independent genomic libraries were screened for the cnjA
penomic sequence.

Libeory |

A limited amount of a micronuclear specific T. thermophila genomic
Ubrary was svailable that had been donated by Kathleen Karrer
(Rogers and Karrer, 1989). The library was cloned into the Sall site
of pUCIS with an average insert size of 5.4 kb. Colonies were obtain-
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ed by transforming DH5o (provided by Karl Tibelius, McGill University)
made competent by the calcium chloride method (Pharmacia, from the
manual for the M13 cloning/sequencing system). Colony lifts were
performed according to Sambrook et al. (1989). The transformants
were transferred (2 minutes) from a master plate (LB, 1.5% agar,
0.002% X-Gal, 80 mM IPTG, 100 pg per ml ampicillin) to sterile
nitrocellulose filters (Schleicher and Schuell) and the filters placed,
colony side up, on LB solid media (1.5% agar, 100 pg per ml ampicillin).
The plates containing the filters were then incubated for 3 hours at
370C and the master plates for 24 hours at the same temperature. Cell
lysis and DNA denaturation occurred when filters were placed for 5
minutes on a 3 MM Whatman paper presoaked in 0.5 M NaOH, follow-
ed by two successive neutralization steps; first, in 1 M Tris-Cl pH 7.5
and second in 0.5 M Tris:Cl, 1.5 M NaCl for 5 minutes each. The filters
were then rinsed in 2 x SSC for 5 minutes and baked at 80°C under
vacuum for 2 hours. Cell debris was removed by soaking the filters in
6 x SSC for 5 minutes followed by a 2 hour wash at 420C in 50 mM
Tris-Cl pH 8.0, 1 M NaCl and 0.1% SDS. Colonies were probed with the
1.84 kb insert of pAR100 (purified and nick translated as previously

stated) and hybridizations were performed under standard conditions.

Library II and III

Two amplified T. thermophila genomic libraries were kindly provided
by Gary Bannon (University of Arkansas); a macronuclear-specific (II)
and a micronuclear-specific (III) library. These libraries were cloned
into the BamHI site of Lambda DASH (Stratagene) with an average in-

sert size of 20 kb. Host cells, £. coli LE392 (Stratagene), were prepared
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for infection by lambda as previously described for Lambda Zap 11,
except that the cells were resuspended to a final ODg@Q of 2.0 in 10
mM MgSO4 (Sambrook er al., 1989). Infections and plaque lifts were
carried out under the same conditions as described for the ¢DNA
library screening. The hybridizations were performed under strin-
gent conditions as mentioned earlier using the 2.42 kb insert of

PAR103 as a probe (purified and nick translated as mentioned carlier).
3.6 (Generation of subgenomic libraries
3.6.1 Genomic DNA isolation

This method was adapted from Howard and Blackburn (1985) by D.
Martindale. Genomic DNA was isolated from either T. thermophila
strain CU427 or CU428. Cells were grown to late log phase (134
rpm, 300C) in NEFF medium to a final density of 2.0 x 109 cells per
ml. Approximately 4.0 x 100 cells (20 ml) of the culture were pel-
leted for 5 minutes in a table top centrifuge at 100 x g and washed
in 10 ml of 10 mM Tris-Cl pH 8.0. The cells were lysed in 2 ml NDS
(18 mM Tris-Cl pH 8.0, 0.5 M EDTA and 1% SDS) by incubation at 650C
for 45 minutes. Cell debris and proteins were removed via a phenol/
chloroform extraction and the aqueous phase precipitated in ethanol
as previously described. The DNA was collected by centrifugation at
10,000 x g for 30 minute at 49C, washed with 70% ethanol, dried and
resuspended in TES. RNase A (Boehringer Mannheim) was then added
to a final concentration of 50 pug per ml and the mixture incubated at
370C for 10 minutes. The reaction volume was then adjusted to 0.1%

SDS and proteinase K (Boehringer Mannheim) at 100 pg per ml added.
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Following incubation for 2 hours at 370C, the mixture was extracted
with phenol/chloroform and the DNA ethanol precipitated. The dried
pellet was resuspended in TE8. An average yield of 1 mg of genomic

DNA was usually obtained per 4.0 x 106 cells.

3.6.2 Size-selected genomic library

Three attempts were made to generate restriction fragment size-
selected genomic libraries containing the c¢njA genomic locus. The
restriction fragments chosen for subcloning (see Fig. 6a) were: 1) a

2.9 kb Pstl fragment consisting of the c¢njA 5’ upstream region, 2)

a 3.5 kb Hhal fragment containing the entire cnjA coding region a-
long with 5’ and 3’ noncoding sequences and 3) a 1.0 kb Taqgl frag-
ment comprising part of the 5’ coding region along with 5’ upstrean
sequences. For each subgenomic library, a minimum of 50 pug genom-
ic DNA was digested with Pstl (Boehringer Mannheim), Hhal (Phar-
macia) (or its isoschizomer Cfol; Boehringer Mannheim) or Taql
(Pharmacia). The completion of the digest was verified by the method
of Southern (1975) as recommended by the BioRad protocol for Zeta
probe membranes. Two pg of DNA per restriction digest were run on a
0.7% agarose gel in TBE buffer (50 mM Tris-Cl pH 8.3, 100 mM boric
aicid , 10 mM EDTA) at 4 V/ cm for 3 hours. The DNA was denatured
by submerging the gel in 0.5 M NaOH, 1M NaCl for 30 minutes at room
temperature with agitation and neutralized in 0.5 M Tris-Cl pH 7.4,1.5
M NaCl for an additional 30 minutes. Transfer to the Zeta probe mem-
brane (BioRad) was performed in 10 x SSC for 18 hours. The mem-
brane was then briefly washed in 2 x SSC and baked for 1 hour at

809C. The hybridization was performed under stringent conditions
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as previously described using the 2.42 kb insert of pARI103 as a probe
(purified and nick translated as stated before). The remaining portions
of the restriction digests were electrophoresed on a 0.7% agarose gel in
TAE and the desired fragments excised. Collected size fragments
usually encompassed a window of 2.6-3.2 kb for Pstl. 3.2-3.9 kb for
Hhal (Cfol) and 0.7-1.3 kb for Taql. These fragments werc then Gene-
Cleaned (BioCan), according to the manufacturers instructions. Both
the Hhal (Cfol) and Taql fragments were blunt-ended by incubation
in 1 x Klenow buffer (20 mM Tris-Cl pH 8.0, 7 mM MgCla, 0.125 mM

of each dNTP) and 10 units per ml Klenow (Promega) for 30 minutes
at 3790C. The blunt-ended fragments were ligated to plIBI31 digested
with Hincll (Pharmacia) and the Pstl fragments into pIBI31 digested
with Pstl (Pharmacia). Both vectors had been dephosphorylated ac-
cording to Sambrook et al. (1989), excised from a 0.8% agarose gel and
Gene-Cleaned prior to ligation. Ligations were performed according to
King and Blakesley (1986) using 1 unit of T4 DNA ligase (Promega) for
the blunt-end ligations and 0.1 units for the sticky-end ligation. The
ligated products were then transformed into E. coli DHS50. made compe-
tent via the Hanahan method (Hanahan, 1983). Approximately 109
transformants per pg of DNA was obtained with the control plasmid

pIBI31.

3.7 Inverse PCR (IPCR)

To obtain the 5° and 3’ flanking regions of the cnjA locus, genomic DNA

was amplified via the IPCR method according to Ochman et al. (1988).
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Primers:
a) The 22-mer c¢cnjA 5’ primer was previously described. It allows the

outward extension by Taq DNA polymerase toward the 5° end of the

gene (Fig. 2 and 6b).

b) The 21-mer cnjA 3’ primer, also purchased from the Regional DNA
Synthesis Laboratory at the University of Calgary, corresponds to the
sequence S’CGATGACACTTTGATCCAAGC3’. This oligonucletide is locat-
ed at positions +2277 to +2297 in the cDNA and encodes the cnjA cod-
ing strand. It allows the outward extension by Taq DNA polymerase

towards the gene’s 3’ end (Fig. 2 and 6b).

Preparation for amplification

Circularization of the genomic DNA fragments was performed ac-
cording to the method of Collins and Weissman (1984) as specified
by Ochman et al. (1988). Five pg of T. thermophila CU427 genomic
DNA was digested to completion with Hhal (Pharmacia) (verified
by Southern hybridization, see subgenomic libraries). The restriction
fragments were extracted with phenol/chloroform and ethanol pre-
cipitated as described earlier and the dried pellet taken up in TES.
The Hhal fragments were blunt-ended with Klenow (Promega) (see
subgenomic libraries). For circularization, 0.1 pg of the blunt frag-
ments were diluted to a final concentration of 0.5 pg per ml in T4
DNA ligase mix (50mM Tris-Cl pH 7.5, 10 mM MgCl2, 10 mM DTT,
ImM ATP and 25 pg per ml BSA and 1 unit per ul T4 DNA ligase;

48



all components were purchased from New England Biolabs) and
allowed to ligate for 16 hours at 120C., The ligated products were
phenol/chloroform extracted and ethanol precipitated (as describ-

ed previously).

3.7.1 IPCR reaction

Conditions for the IPCR amplification were carried out according Saiki
et al. (1988). The Taq DNA polymerase amplification took place in a
100 pl reaction volume containing 0.1 pg of the Hhal genomic ligation
mixture in 50 mM KCl, 10 mM Tris-C! pH 8.4, 2.5 mM MgCI2, 1 UM of
each primer (cnjA 5° primer and cnjA 3’ primer), 200 uM of each ANTP
pH 7.5 (Pharmacia) and 2.5 units Taq DNA polymerase (Pharmacia).
The amplification was performed on a Perkin-Elmer-Cetus Instrument
thermocycler under the following conditions: an initial denaturation
step at 940C for 10 minutes followed by 35 cycles at a) 940C for 1
minute, b) primer annealing at 549C for 2 minutes and ¢) extension

by Tag DNA polymerase at 720C for 3 minutes. A final extension step
consisted of 10 minutes at 720C. The ¢cDNA controls were prepared

and run under the same conditions: 1) the 2.42 kb insert of pAR103,
the 2.47 kb insert of pAR105 and the 2.40 kb insert of pAR106.

The PCR product was treated with proteinase K according to Sambrook
et al. (1989) by adjusting the reaction volume to 5 mM EDTA, 0.5% SDS
and adding Proteinase K (Boehringer Mannheim) to a final concentra-
tion of 100 pg per ml. The mixture was incubated at 560C for 30 min-
utes, phenol/chloroform extracted and ethanol precipitated as previ-

ously described, except that the sodium acetate solution was at pH 7.0.
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The DNA was then blunt-ended with Klenow (Pharmacia) as already

described for subgenomic libraries.
3.7.2 Southern analysis of the IPCR product

Conditions for Southern analysis were the same as previously describ-
ed. One tenth volume of the amplified IPCR products were loaded on a
1.2 % agarose gel and run at 4 V/cm for 1.5 hours in TBE buffer. Ten
ug of T. thermophila genomic DNA was digested with Hhal, Pstl, Hind
lII or Taql (all enzymes from Pharmacia) and 5 pg per digest were
loaded in duplicate and run on a 0.7% agarose gel in TBE buffer at 4
V/cm for 6 hours. The DNA was denatured and transferred to a Zeta
probe membrane (BioRad) as described earlier. The 1.4 kb IPCR pro-
duct and the 2.47 kb insert of pAR105 were gel purified, Gene-Clean-
ed (BioCan) and 200 ng of each were nick translated (BRL, Nick Trans-
lation Kit) to a specific activity of 1.95 x 108 and 5.0 x 108 Cpm per pug
of DNA respectivly. Hybridizations were performed under standard
conditions and 1.0 x 100 cpm per ml of hybridization solution were

added per filter.

3.7.3 Cloning

The purified PCR product was blunt-ended with Klenow (as described
above) and phosphorylated according to Sambrook er al. (1989). The
volume was adjusted to 10 mM Tris-Cl pH 7.5, 7mM MgCl2, 0.1 mM

EDTA, 5 mM DTT, 10 mM ATP and 30 units of T4 Polynucleotide Kin-
ase (Pharmacia). The mixture was incubated at 379C for 30 minutes,

phenol/chloroform extracted and ethanol precipitated as already de-
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scribed. The recovered PCR product was ligated to 0.5 pg pIBI30 di-
gested with Hincll according to King and Blakesley (1986). The vector
had been dephosphorylated and gel purified as previously stated. The
ligated products were transformed into E. coli DHSa and Epicurian coli
SureT™ (capable of accepting repeats; kindly donated by Dr. Kuhnlein,
McGill University) that had been made competent by the Hanahan
method (Hanahan, 1983). Colony hybridzations were performed as
previously described using the 1.4 kb IPCR product as a probe (specific
activity of 2.3 x 108cpm per pg of DNA) (purified and nick translated

as mentioned earlier).

Another attempt at subcloning the PCR product utilized phosphoryl-
ated synthetic EcoRI linkers that were added to the PCR product ac-
cording to Sambrook et al. (1989). A portion of the previously purified
PCR product (0.2 ug) was reamplified, treated with Proteinase K, phe-
nol/chloroform extracted and gel purified as previously stated. The
PCR product was heated to 68°C for 15 minutes and cooled to 37°C.
The DNA was blunt-ended by incubation for 15 minutes at 370C in a
buffer consisting of 90 mM (NH4)2504, 0.33 M Tris-Cl pH 8.3, 33 mM
MgCl2, 50 mM B-mercaptoethanol, 5 mM each dNTP (Pharmacia) and
2 units of T4 DNA polymerase (Pharmacia). The reaction was stopped
by adding 1 pl of 0.5 M EDTA and extracted with phenol/chloroform.
Unincorporated dNTPs were removed by passing the aqueous phase
through a Sephadex G50 spin column as mentioned earlier for nick
translations. The recovered fraction was then ethanol precipitated
and the dried pellet taken up in 10 mM Tris-Cl pH 7.6. The volume
was adjusted to 0.05 M Tris:Cl pH 7.6, 10 mM MgCl2, 10 mM DTT and
10 mM ATP to which 1000 ng of a 10-mer phosphorylated EcoRI
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linker (Boehringer Mannheim) was added and 100 Weiss units of T4
DNA ligase (Stratagene). The Linkers and PCR product were allowed to
ligate for 18 hours at 160C. The unincorporated linkers were removed
by a Sephacryl S-400 (Stratagene) spin column and the aqueous phase
was phenol/chloroform extracted, ethanol precipitated and the dried
pellet resuspended in TE8. The resultant product was digested with 5
units EcoRI (Pharmacia) for 2 hours at 370C, phenol/chloroform ex-
tracted, ethanol precipitated and the pellet resuspended in TE8. The
recovered DNA was then ligated to 0.5 pg of pBluescript (KS+) (Strata-
gene) that had been digested with EcoRI (Pharmacia), dephosphoryl-
ated, gel purified and Gene-Cleaned as described earlier. The ligation
was performed according to King and Blakesley (1986) and used to
transform XLI-Blue and Epicurian coli SureTM made competent by the
Hanahan method (Hanahan, 1983). Transformants were screened via
colony hybridizations using the 1.4 kb PCR product as a probe (specific
activity 3.5 x 108 cpm per ug of DNA) as previously described.
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4. RESULTS

4.1. Isolation, cloning and sequencing of cnjA c¢DNA

The largest ¢cDNA clone (pC1-2; 2074 bp), isolated from the initial
cDNA library screen (Martindale and Bruns, 1983) and represent-

ing cnjA, was completely sequenced. This ¢cDNA library had been
constructed from poly(A)*t RNA isolated during early conjugation of

T. thermophila. The cDNA had been 3’ end tailed with polydeoxycyti-
dilic acid and cloned into the Pstl site of pBR322 tailed at its 3° end
with polyguanylic acid (Martindale and Bruns, 1983). The cnjA re-
striction map, relevant constructs and sequencing strategy are out-
lined in Fig. 1. An internal Pstl site served to subclone pCl-2 into

the Pstl site of pIBI31 resulting in the constructs pAR100 and pARI10I.
The 234 bp insert of pAR101 contained 23 guanine residues at its 5’
end and the 1840 bp insert of pARI100 revealed 22 cytidine residues
at its 3’ end. Since no poly(A)* tail was found in the cDNA represented
by pC1-2, the original cDNA synthesis probably initiated internally. In
order to obtain the missing 3’ end sequence, another cDNA library (con-
structed by Stratagene from poly(A)* RNA isolated during early conju-
gation) was screened using the 1840 bp insert of pARI00 as a probe.
The resultant isolate pAR102 (2420 bp) contained a poly(A)*t tail of 18
adenine residues but lacked 146 bp of the ¢njA 5 end sequence previ-
ously identified in pCl-2. Due to sequencing difficulties with pAR102,
the 2420 bp insert was subcloned into the vector pIBI30 resulting in the
plasmid pAR103. To obtain a full length clone, the Stratagene library
was re-screened with a 22-mer oligonucleotide (cnjA 5° primer) located

at position +160 to +180 in the sequence (Fig. 2) and complementary to
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Fig. 3 Northern analysis of total RNA isolated from T. thermophila con-
jugating cells CU428 and CU427. a) Ethidium bromide stained RNA gel;
approximately 5 pg of total RNA from each time point and RNA stand-
ard were denatured in glyoxal-DMSO and run on a 1.2% agarose gel.
Lanes 1 and 2, total RNA isolated from logarithmically grown cells;
Lanes 3, 4, 5 and 6 represent 0, 5, 6 and 7 hours into conjugation. b)
Resultant autoradiograph of the filter from the above gel probed with
the 2.42 kb insert of pAR103.



pC1-2 and the 3’ end repeat is found at position +2356 to +2428 (Fig. 1
and 2), 16 bp after the stop codon to 27 bp from the poly(A)* tail. To
verify the reality of the 3’ end repeat, three independent isolates
(pAR104, pARI105 and pAR106) were sequenced in this area (Fig. 1).
These cDNAs all contained the 3’ end sequence identified in pAR102
(103) thereby supporting the authenticity of this region. Since repeated
attempts to obtain the genomic sequence or an independent ¢cDNA that
would confirm the 5° end repeat failed, it was decided to map the §° end

of the cnjA message via primer extension.

The transcripiion start sites were determined by using total RNA from
the 5 hour conjugation time point (Fig. 3) and the ¢njA 5’ primer (+160
to +182) (Fig. 2 and 6b). Primer extension (Fig. 4) revealed three major
start sites at positions -45, -48 and -54 and one minor start site at posi-
tion -57 from the proposed translation initiation codon (Fig. 2). This is
strong evidence that the 5° portion of the inverted repeat (starting at
-113 and ending at -40) is a cloning artifact. Multiple start sites in

T. thermophila, situated approximately 58 bases from the translation
initiation codon (Csank and Martindale, manuscript in preparation),
have been previously demonstrated for nuclear genes transcribed by
RNA polymerase 11 such as histone genes H4-1 and H4-2 (Horowitz ¢t
al., 1987); hvl (van Daal er al., 1990); H2B-1 and H2B-2 (Nomoto et
al., 1987); HMGB (Schulman et al., 1991); actin (Cupples and Peariman,
1986); F-ag (Hummel et al., 1991); SerH3 (pC6) (Tondravi et al., 1990);
cupC (pC8) (Csank and Martindale, 1992) and cnjB (pC2) (Taylor and

Martindale, submitted) as well as for genes transcribed by RNA poly-
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Eig. 4 5’ end point analysis of the cnjA transcript. Primer extension was
performed on 30 pg of total RNA from the 5 hour conjugation time point
(Fig.3). The cnjA 5’ primer (Fig.6b) was used for both the DNA sequenc-
ing reactions and primer extension. a) Shows a low resolution 6% acryl-
amide sequencing gel with lanes GATC denoting the DNA sequencing
standard pAR105 (35S-dATP). b) A more resolved sequencing gel with
lanes 1 and 2 representing the DNA standard pCl1-2 (1, reactions per-
formed with gamma-32P dATP end-labelled primer and 2, a standard
358-dATP reaction). Lane 3, primer extension performed on log RNA;

Lane 4, 5 hour conjugation (exposed 1 week); Lane S, S hour conju-
gation (exposed 3 days).



merase IlI, L2 (Rosendahl et al., 1991) and L37 (Hansen ef al., 1991).
Multiple start sites are thought to be due to the AT-richness of the ciliate
5’ nontranslated region and a lack of clearly definable TATA boxes

(Horowitz et al., 1987; Brunk and Sadler, 1990).

Additional evidence favouring the idea tnat the 5’ end repeat of cnjA is
an artifact comes from another conjugation specific gene cnjB (pC2-1)
examined in our laboratory. The original cDNA clone containing sequen-
ces from this gene came from the same c¢DNA library as pC1-2. A large
inverted repeat (200 bp) was found, like in cnjA, in the 5’ and 3’ un-
translated regions of pC2-1. The genomic sequence of c¢njB identified
the 5’ end repeat as an artifact (Taylor and Martindale, submitted).
Thus the repeat in cnjA, like cnjB, may be a possible artifact generat-

ed during the construction of the original cDNA library (Fig. 9).

The cnjA leader sequence (40 bases) falling outside the repeat region
has an A+T content of 82.5% of which 62.5% are adenine residues,
whereas the G+C content is only 17.5%. This A-richness (68% A-content,
12 different T. thermophila genes examined; Csank and Martindale,
manuscript in preparation) is characteristic of the ciliate 5’ nontranslated
leaders having a mean A+T content of 84.8% (Yamauchi, 1991, 26 differ-
ent ciliate genes examined). The cnjA coding region is 34.2% G+C which is
much lower than the mean G+C content (45%) found in highly expressed
genes of T. thermophila (Martindale, 1989) but compares well with the
other conjugation specific genes analyzed (cnjB, 32.3% G+C; c¢njC, 30.5%
G+C) (Taylor and Martindale, submitted; Martindale, 1990). The 3’ un-

translated region of cnjA (114 bases) is highly T-rich (60.5%) with 87.7%
A+T.
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4.1.3 Amino acid sequence of cnjA

The long ORF of ¢njA predicts a protein of 779 amino acids starting

with the adenine of ATG at position +1 and ending with the stop codon
TGA at position +2338 in the sequence (Fig. 2). The derived protein has
a calculated molecular weight of 89.5 kDa and an isoelectric point of 9.3.
Charged amino acids make up 25% of the protein’s composition of which
14.6% are basic (9.6% lysine, 3.9% arginine, 1.2% histidine) and 10.4%
are acidic (5.5% aspartic acid, 4.9% glutamic acid). The predicted protein
sequence reveals no internal repeats or unusual amino acid distributions
except for the high percentage of lysine residues. There are no extended
regions of secondary structure and a hydropathy plot calculated accord-
ing to Kyte and Doolittle (1982) with a window size of 7 residues, pre-
dicts the protein to be essentially hydrophilic (Fig. 5). No hydrophobic

leader sequence or membrane spanning regions can be detected.

4.1.4 Codon usage

The Fpr value (frequency of preferred codons), thought to be a reflec-
tion of codon choice in ciliates (Martindale, 1989), shows c¢njA to follow
the general trend already observed for the other two conjugation spe-
cific genes (cn/B, cnjC) with similar expression patterns (Taylor and
Martindale, submitted; Martindale, 1990) (Table 1). A much lower

Fpr value can be observed for these stage specific genes (cnjA, 0.60;
cnjB, 0.52 and cnjC, 0.64) than for the Fpr value seen for highly expres-
sed genes (0.90) (Martindale, 1989). As noted by Martindale (1990),
the lower Fpr value can be related to the lower G+C content of the genes’

coding regions (cnjA, 34.2%, cnjB, 32.3% and cnjC, 30.5%) when compared
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Fig. 5. Hydropathy profile of the cnjA ¢DNA from amino acid 1 to 779.
The solid bars above the midline denote hydrophilic residues and bars
below predict hydrophobic regions. The profile was determined accord-
ing to Kyte and Doolittle (1982) with a window size of 7 residues.



Table 1: Codon usage

Amino Acid codon cnjA cnjB cnjcC TET
Ala GCT 25 29 6 128
Gee 4 3 2 6

GCA 1 15 2 4

GCG 0 2 0 0

Arg CGT 5 1 1 7
cGC 0 1 1 0

CGA 0 0 0 0

GG 0 0 0 0

AGA 22 42 11 130

AGG 3 6 0 2

Asn AAT 36 129 16 17
AAC 19 57 5 63

Asp GAT 31 59 15 75
GAC 12 21 3 33

Cys TGT 4 23 8 6
TGC 9 25 5 24

Gln CAA 20 34 3 30
CAG 3 16 0 2

TAA 26 75 8 14

TAG 6 40 4 5

Glu GAA 30 87 29 121
GAG 8 26 2 6

Gly GGT 15 32 8 139
GGC 2 16 0 8

GGA 21 48 4 10

GGG 4 9 0 1

His CAT 0 19 6 6
CAC 9 6 3 40

Ile ATT 24 65 15 61
ATC 13 22 7 73

ATA 9 24 4 2

Leu TTA 9 30 11 35
TG 12 17 4 43

CIT 18 24 6 28

CIC 7 10 1 45

CTA 12 16 3 1

CIG 2 7 0 1




Amino Acid codon cnjA cnjB cnjcC TET

Lys AAA 54 109 17 36

AAG 21 36 9 220

Phe TTT 22 51 9 10

TIC 19 30 6 76

Pro ocT 21 29 9 48

aoc 0 3 0 59

CCA 11 21 1 3

cCcG 0 1 0 2

Ser pio/y 14 70 7 67

TCC 2 13 0 67

TCA 1 51 6 13

TCG 0 3 0 1

AGT 6 29 1 6

AGC 8 27 0 4

Thr ACT 23 32 7 57

ACC 7 8 3 67

ACA 13 21 6 5

ACG 1 5 0 0

Tyr TAT 18 34 7 2

TAC 21 19 2 47

val GIT 26 24 8 67

GIC 7 4 3 76

GTA 10 17 6 3

GIG 7 10 2 0

Met ATG 21 36 6 51

Trp TGG 5 29 2 19

total 779 1748 310 2250
¥GC 34.2 32.3 30.5 45,2
Fpr 0.60 0.52 0.64 0.90

A comparison of codon usage in conjugation specific genes cnjA, cnjB,
cnjC and highly expressed T. thermophila genes (TET). Class I codons
are written in bold letters, class II codons are underlined and Fpr is
the frequency of preferred codons as determined by Martindale (1989).
TET (Martindale, 1989), cnjB (Taylor and Martindale, submitted) and
cnjC (Martindale, 1990).



to highly expressed genes (greater than 40% G+C) indicating a tendency
towards more AT-rich codons. An example of this tendency is seen in

the codon choices for proline (CCT, CCC, CCA and CCG). In highly expres-
sed genes, CCT and CCC are the most commonly used, whereas cnjA uses

only CCT and CCA.

4,1.5 Comparison of the cnjA protein with known

protein sequences

The deduced protein (CnjA) was compared with proteins in the National
Biological Research Foundation (NBRF, release 19.0) and the Swiss Protein
(release, 22.0) databases. No significant similarities were found. An
amino acid comparison was made between CnjA and the following pub-
lished sequences of proteins encoded by meiosis-specific or meiosis-re-
lated genes: Spoll (Atcheson et al., 1987); Spol2 and Spol6é (Malavasic
and Elder, 1990); Spol13 (Buckingham e al., 1990); Spo7 (Whyte et al.,
1990); Redl (Thompson and Roeder, 1989); Hopl (Hollingsworth et al.,
1990); Merl (Engebrecht and Roeder, 1990); Mer2 (Engebrecht et al.,
1991); Mred4 (Leem and Ogawa, 1992); Mei4 (Menees et al., 1992);

Rmel (Covitz et al., 1991); Imel (Smith et al., 1990); Smel (Yoshida

et al,,1990); Mckl (Neigeborn and Mitchell, 1991); Hprl (Aguilera and
Klein, 1992); Rec102 (Cool and Malone, 1991); Dmcl (Bishop et al.,1992);
Recl (Holden er al., 1989); Rad3 (Harosh and Deschavanne, 1991); Rad4
(Choi et al.,, 1990); Rad5 (Johnson er al., 1992); Rad9 (Murray et al.,
1991); Rad14 (Bankman et al,, 1992); Radl6 (Bang et al., 1992); Rad21
(Birkenbihl and Subramani, 1992); Rad25 (Park et al., 1992); RadSl
(Shinohara er al., 1991); Rad54 (Emery et al., 1991); Rad57 (Krans and
Mortimer, 1991); RhoNUC (Chow et al., 1992); STPa (Clark et al.,1991);
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STPB (Dykstra er al., 1991); Sepl (Tishkoff ¢r al., 1991); Iral (Tanaka et
al., 1989); Ira2 (Tanaka er al., 1990); Srv2 (Fedor-Chaiken er al., 1990);
Cap (Field er al., 1990); Tfsl (Robinson and Tatchell, 1991); as well as
Schizosaccharomyces pombe Ranl (DeVoti ¢t al., 1991); Me12 (Watanabe
et al., 1988); Mei3d (McLeod et al., 1987); the E.coli RuvAB (Benson et al.,
1988); RuvC (Takahagi et al., 1991) and Drosophila melanogaster BJ1
(Frasch, 1991) and Rrpl (Sander er al., 1991) without detecting any se-

quence similarities with cnjA.

4.1.6 Consensus sequences

The putative cnjA protein sequence was searched for several consensus
sequences. No homologies were found to motifs characteristic of trans-
criptional regulators, such as zinc fingers (Evans and Hollenberg, 1988);
helix-turn-nelix (Dodd and Egan, 1987); homeodomain (Scott ¢t al.,
1989); helix-loop-helix (Davis et al., 1987); leucine zippers (Landschulz
et al., 1988) and MCM1/SRF (Passmore et al.,, 1991). In addition, we did
not find calcium-binding sites (Baum er al., 1986); GTP/GDP-binding
sites (Dever et al., 1987); ATP-binding sites (Walker et al., 1985); NTP-
binding (Gorbalenya et al., 1988; Hodgman, 1988) or nuclear localization
signals (Roberts, 1989; Garcia-Bustos et al., 1991). CnjA was also search-
ed without success for motifs such as SPKK and (R)GRP(K) that have been
identified in chromosomal proteins that bind to the minor groove of DNA
in AT-rich regions (Churchill and Suzuki, 1989) and the HMG motif
(Schulman et al., 1991). The deduced protein was further compared with
sequence patterns found in proteins of known function by scanning the
Prosite database (version 9.0) but no matches were found. Two sites

similar to the glycosylation consensus sequences NXT and NXS (Hunt and
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Dayhoft,1970) are located sturting with the amino scide 8l posiions 347

and 729 in the protein.

The cnjA gemomic locus

Since the meiosis-specific ¢njA is under tught transcriptionsl contiol
(Martindale ef al., 1988, Stargell e ol . 1990) and is e Mot sbud
dantly trunscribed of the conjugation specific genes (Martindsle and
Bruns, 1983), it was of considerable inierest to obtain the promoter
region of this gene. Three independent 1’  thermophtla genomi

libraries were screened without success.

42. Screeming T. thermophila gemomic |libraries

Library I: A limited amount of a micronuclesr specific gemomic H
brary was available that had been cloned 1m0 the Sall e of pUCIS

with an average insert size of 5.4 kb (kindly donsted by Kashives Karver
Marquette University). For a 99% probabulity of finding the «a/A w-
quence once per haploid genome, a towal of 1.3 & 105 colomes needed

to be screened. Only 2.1 x 104 colonies were recovered afier wams-
formation into E. coli DHSa of which 60% did not contass recombinant
DNA (determined by color selection) reducing the actusl sember wre-
ened to 8.4 x 103 colonies.

Library Il and 1II: Both & macronuclear-specific (hbrary 1) ond o

micronuclear-specific (library 1) T rhermophile gemomic hiwary were
made available by Gary Bannon (University of Arskamsas): The librarws
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ir =1 - = % GOPGCASMGPGATCAMAGAACTGGTUAAATCCTAAAAGC TTGCATCAACAAACTAAGA
<CGAACGTAGTTGTTTGATTCTC-5'

cniA 5'primer

cnjA 3'primer
5 ' CGATGACACTPTGATCCAAGC> Hhal

APCCTCTGTCTATOTTAGGATCYTTCTTGCTACTGTGAAACTAGGTTCG--// - v

K. 8h The partial nucleotide sequence of the cajA cDNA is shown
along with the location and orientation of each oligonucleoude primer.
The cnjA §° primer is located at position +160 10 +182 in the sequence
and in complementary to the coding strand. The cayA 3’ primer is locat-
od at position +2277 10 +2297 in the sequence and encodes the coding
strand




for this purpose. The anticipated product (1430 bp) would contain part
of the 5’ coding and upstream region (790 bp) and part of the 3’ coding
and downstream sequences (640 bp) of the cnjA locus. T. thermophila
genomic DNA was completely digested with Hhal and the fragments li-
gated to favour monomeric circles (Collins and Weissman, 1984). Primers
(Fig. 6b) were designed to allow the outward extension by Taq DNA
polymerase from the coding region thereby amplifying the circularized

portion of the unknown sequence.

4.2.3 Southern analysis of the IPCR product

The PCR product is shown in Fig. 7 along with the cDNA controls em-
ployed. A band of the expected size (1.4 kb) was observed as the
major product of the amplification. To verify if the PCR product was
indeed the desired one, Southern analysis was performed on T. ther-
mophila genomic DNA using the 1.4 kb PCR product as a probe (Fig. 8).
The PCR product hybridized strongly and specifically to the 3.5 kb
Hhal fragment as expected (Fig. 8, lane 1). The most prominent band
in the Pstl digest (Fig. 8, lane 2) is seen to be the 2.9 kb fragment re-
presenting the 5’ upstream region of cmnjA whereas the 2.1 kb core
fragment, sharing only 100 bp with the expected PCR product, appears
as a weakly hybridizing band. A large (9 kb) Pstl fragment, weakly
hybridizing to the probe, may represent the next Pstl site at the gene’s
3’ end. The strongest signal in the HindIIl digest (Fig. 8, lane 3) is seen
to be the 1.7 kb fragment containing the 5’ upstream region. A weaker
signal from a 2.7 kb band may represent the 3’ HindIIl fragment and
the larger weaker band incomplete cutting. The Taql digest (Fig. 8, lane

4), as expected, shows a strong signal to the 1.0 kb 5’ flanking region and
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A. B.
1 23456 7 2 3456

Fig. 7. Result of the IPCR amplification. a) Ethidium bromide stained gel;
one tenth volume of each reaction was run on a 1.2% agarose gel. Lanes |
and 7 show the 1 kb ladder standard; Lane 2, no DNA; Lanes 3 to S repre-
sent CDNA controls treated in the same way as the genomic fragments.
Lane 3, the 2.42 kb insert of pAR103 with an expected PCR product of 340
bp; lane 4, the 2.47 kb insert of pAR105 with an expected product of 390
bp; lane 5, the 2.40 kb insert of pAR106 with an expected product of 350
bp and lane 6, amplified 7. thermophila genomic Hhal fragments with an
expected product of 1.43 kb. b) Resultant autoradiograph of the filter from
the above gel probed with the 2.42 kb insert of pAR103.
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Eig, 8. Southern analysis of 7. thermophila genomic DNA
digested with: lane 1, Hhal; lane 2, Pstl; lane 3, HindIII
and lane 4, Taql. Five pg of each digest were loaded per
lane and probed with the 1.4 kb PCR product.




a slightly weaker signal to the 2.3 kb fragment containing both the core

and 3’ flanking regions of cnjA.

The Southern analysis confirmed the 1.4 kb amplification product to
be the product anticipated. Repeated attempts at subcloning this PCR
product have failed (see Materials and Methods). This region therefore

remains as yet uncharacterized.
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5. DISCUSSION

Previous studies have shown cnjA to be stage-specific, highly trans-
cribed (Martindale and Bruns, 1983), under tight transcriptional con-
trol (Martindale et al., 1985; Stargell et al.,, 1990) and peaking in ex-
pression just prior to or at pachytene in micronuclear prophase I

(Martindale et al., 1985). The cnjA cDNA was sequenced in the hope

of gaining an insight into the gene’s function during early meiosis.

A single long ORF encodes a putative protein of 779 amino acids (89.5
kDa) that is hydrophilic along its length (Fig. 5) and basic in nature (pl
9.3). The deduced protein shows no sequence similarity to any protein
in the NBRF or Swiss Protein databases. The size of the ORF (2337 bp)

is consistent with the estimated size of the cnjA mRNA (2.65 kb) seen

in Northern blots (Fig. 3). The flanking 5’ and 3’ nontranslated regions
are highly AT-rich (82.5% and 87.7% respectivly) when compared to the
coding region (65.8% A+T). This AT-richness is characteristic of ciliate
intergenic regions (>75%) (Horowitz et al., 1987, Brunk and Sadler, 1990).
Transcription initiation in cnjA is also consistent with that observed in
other T. thermophila nuclear mRNAs. Csank and Martindale (manuscript
in preparation) found an average of 4 transcription start sites when T.
thermophila genes coding for 12 different nuclear mRNAs were examin-
ed. These start sites are located approximately 58 nts from the trans-
lation initiation codon with a mean A-content of 68% in the region span-
ning the most proximal transcription start site to the start codon. Four
transcription start sites were identified in the c¢njA mRNA (I minor and
3 major) (Fig. 4) with the most proximal located 45 nts from the propos-
ed translation start. This region contains 62.5% A-residues (5 bases not
determined) (Fig. 2).
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A 73 bp inverted sequence was found at the extreme 5' end (at position
-113 to -40) of the cnjA cDNA with respect to a 3' end sequence (located
at +2356 to +2428) (Fig. 2). The 3' end repeat was verified by sequenc-
ing independently derived cnjA cDNA clones (Fig. 1) and proved to be a
genuine component of the cnjA 3' nontranslated region. There are two
factors that support the notion that the 5’ end repeat found in the orig-
inal cnjA ¢cDNA clone (pC1-2) is an artifact; 1) the transcription start
sites fall near the 3' end of this repeat region (Fig. 2) and 2) evidence
from cnjB (pC2-1), where a 200 bp 5’ end repeat was absent from the
genomic sequence and therefore a cloning artifact (Taylor and Martin-
dale, submitted) introduced during the coastructionn of the same cDNA
library from which pC1-2 was isolated. This evidence would lead us to
propose that conditions for the original cDNA synthesis were such as to
favour a snap-back phenomenon of the reverse transcriptase (Fig., 9).
The coding regions of both cnjA and cnjB contain frequent stretches of
A-residues. Since the cDNA library was primed with oligo (dT), the syn-
thesis most likely initiated internally. This is supported by the fact that
neither cDNA (pC1-2 nor pC2-1) contained a poly(A)t tail. We propose
that the reverse transcriptase copied a portion of the coding region and
part of the 5’ nontranslated region. The new strand then melted off the
template, looped back and hybridized to an A-rich island in the 3’ non-
translated region of the mRNA where the reverse transcriptase reiniti-
ated and continued to elongate the new strand. Since the 3’ flanking
region is rich in T-residues, the copied sequences would be A-rich and

resemble the 5’ leader sequences of ciliate mRNAs.

In addition to a similar expression pattern (Martindale et al., 1985),

certain common features are shared among the three conjugation specific
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<reinjtiation

Fig. 9. A proposed model for the generation of the 5' end inverted repeat
during the original cDNA synthesis. Conditions may have been such as to
allow the reverse transcriptase to melt off the template, after having cop-
ied part of the 5’ leader sequence, loop back and hybridize to an A-stretch
in the 3' nontranslated region. Following reinitiation, the enzyme continu-
ed to elongate the new strand for a short distance and finally to terminate
just prior to the translation stop codon. Since the copied 3' nontranslated
region is T-rich, the resultant duplicated sequence would be A-rich and
found in an inverted manner at the extreme 5' end of the cDNA.



genes (cnjA, cnjB and cnjC). The lower G+C content in the genes’ coding
region is reflected by a lower Fpr value (Martindale, 1989) when com-
pared to highly expressed T. thermophila genes, indicating a tendency
toward more AT-rich codons. This may reflect that optimal codon us-
age is not necessary for stage-specific genes. It has been shown that
codon preference is strongly correlated with the abundance of isoac-
cepting tRNAs in yeast and E. coli (Ikemura, 1985) but little is known
about tRNA abundance in T. thermophila. Martindale (1989) suggests
that the conjugation specific genes (expressed only for a brief period)
may not be under the same selection pressure as constitutively expres-
sed genes, since the latter need to optimize translation time during vege-
tative growth and therefore select against minor tRNAs. Recent evidence
from yeast data suggests that codon choice may also reflect mRNA stabil-
ity. Surosky and Esposito (1992) found that the early meiotic transcripts
of SPO11, SPOI3 and SPOI6 are highly unstable and contain a large per-
centage of rare codons in their coding region. The mRNA of SPOI!3 was
greatly stabilized when nonsense or frameshift mutations were intro-
duced. Hoekema et al. (1987) also demonstrated that the PGKI mRNA
became three times less stable when the coding region, containing mostly
optimal codons, was changed to rare codons without changing the protein
sequence. Choice of AT-rich codons versus optimal codon usage in the

T. thermophila conjugation specific genes may also reflect mRNA stability

and therefore influence, at least in part, their temporal expression.

Cis-acting sequence elements that positivly or negativly control early
meiotic transcripts in yeast have been documented (Buckingham er al.,
1990; Vershon er al., 1992) but have not yet been identified in T. ther-

mophila. The best candidate for identifying such elements is cnjA, since
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it constitutes the most abundant transcript of the three conjugation spe-
cific genes examined (Martindale and Bruns, 1983). Unfortunately, all

attempts at isolating the gene’s promoter region have failed so far.

The nucleotide sequence surrounding the translation initiation codon
for both c¢njA and cnjB seem to deviate from the consensus established
for ciliate mRNAs by Brunk and Sadler (1990) and Yamauchi (1991).
They determined the consensus sequence AAA_AJ‘_Q_AGCGTA (61 and 26
ciliate genes examined, respectively) in which A-residues at position -1
to -3 are found 70-90% of the time and the majority of genes contain a
guanine at position +4. Of the three conjugation specific genes, only cnjC
(TAAATG GAA) follows the consensus sequence closely whereas cnjA
(TCCATGTCT) conforms the least and cnjB (CCTATGGAG) only retains the

purine at postion +4. Yamauchi (1991) also examined the 13 bases of
the 5' leader preceding the translation start. He found that an A-residue
frequency of 49-65% and a G+C content of 2-11% was the norm. Table 2
shows a subpopulation of genes with their nucleotide composition in the
-13 window to demonstrate differences and similarities between the

conjugation specific genes and highly expressed genes.

The consensus sequence established for the translation initiation in cili-
ate miRNAs was compiled from a small sample size (few ciliate genes
have been sequenced so far) and is highly biased toward constitutive-
ly expressed genes, such as genes coding for actin, tubulin, histone and
ribosomal proteins. Even though it has been shown that a preference
for a purine at position -3 is demonstrated for mRNAs among eukary-
otic groups as a whole (Cavener and Ray, 1991), one may wonder at

the significance of A-residues at positions -1 to -3 in an organism that
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Zable 2. Nucleotide composition in the -13 window of ciliate

nuclear mRNAs.

nt composition (%)

organism

T.thermophila

T.pyriformis
E.crassa

gene

cnjA
cnjB

cnjC
l1leA
HI-4
HII-4
SerH3
HMGB
ubiquitin
actin

A G C
46.2 0 23.0
1.7 15.4 23.0
S54.0 7.7 0
46.2 15.4 7.7
69.2 0 15.4
46.2 7.7 23.0
84.6 0 7.7
61.5 0 15.4
69.2 30.8 0
53.8 0 15.4

ref.

Taylor and Martindale,
submitted

Martindale, 1990
Csank and Martindale,
Horowlitz et al., 1987
Tondravl et al.,
Schulman et al.,
Neves et al.,
Harper and Jahn,

1980
1991

1991
1989

1992




is notoriously AT-rich in ity flanking regions  The significance of 1he
novel nucleotide composition surrounding the trabsistion initistion
codon in cnjA and cnjB v unclesr sy yet and must awail the oRalyvis

of more T. thermouphila genes.

Very little sequence similurity was ssen smong the wquenced conje
gation specific genes cyA, cnjB and cyC A sresch of 7 nucleotides
(5’AACATCCY) in the §' nontransisied lcader is shared emong « 4jA
(-7 10 -1) and cnjB (-27 10 -21) just upsiream of the ATG but ws
not detected 1n the §' leaders of other T thermophila genes (incied
ing ¢njC). A small amino acid similarity is found at the N-wrmngl of
both the putative proteins, CmjA (119-KTVFAKLEL) and CnyB (229
KDGTNKIKL). The significance. if any, of these sequence siamlan-

ties must await further analysis,

What role does ¢njA play during meiosis in T thermophila® The wame
criptional product of ¢aA constitules appronimately 0.8% of she el
mRNA during the height of s expression (Martindale and Drum. 1983)
which occurs just prior 10 or st pachytene (Martindale o1 of 198S) ¥
the protein 1s also highly expressed and tramlsison follows o similas
pattern as transcniption, one may speculaie ot a2 posnble siructorel raly
for CiyA during chromosome panng and/or recombimainon  Though ae
obvious DNA binding motifs have been detected w the PrOeAR  WUENEe,
s inherent basic nature or as yet undetermuned motifs may allow DNA
binding. Suhr-Jessen (19%4) dentified two protesns (04 and #9) during
the crescemt stage of micronuclear prophase | that are highly *aproved
(2-5 hours 1o conjuganion), are basic (pl 8.5) and have & molecular
weight of 90 and 78 kDa respecuvely Marindale «f o 1 1955) gl sdem
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experimentally whether CnjA is phosphorylated and what effect phos-

phorylation has on its function.

It has been estimated that between 50-200 genes are mvolved duting
meiosis i yeast (Esposito and Klapholz, 1981). Only a fraction of these
genes have been sequenced so far and most display no sequence simi-
larity to any known proteins. An interesting teature of the sequenced
early meiotic genes is that most are hydrophilic (either basic or acidic)
or contain stretches of polar or acidic residues mamly at thewr C-termni.
Cross-hybridization between ¢jA and yeast genonue DNA has shown no
sequence conservation at the DNA level (Martindale ¢ al . unpublished

data.

Future Prospects

Since the protein sequence of ¢njA did not provide any clue as to its
possible function during eatly meiosis in T thermophila, future arcas

of study should address the following questions.

1. Do cis-acting elements also function in T thermophila n controlling
the expression of early meiotic transcripts as they do in yeast?  Since
cnjA is highly transcribed during its brief period of expression, the gene
represents an 1deal candidate for answering this question.  Another at-
tempt at isolating its promoter region could utilize the IPCR method
with primers that contain restriction enzyme sites in order to facilitate

subcloning.
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2. To identify the native protein, antibodies need to be raised against
CnjA.  This would allow the purification and characterization of the
native protewn on which enzymatic studies can be performed in order to
determiune 1ts properties.  There are different routes available for rais-
ing anubodies to a ciliate gene, eitaer via a synthetic peptide (Harlow
and Lane, 1988), expressing a truncated form of the protein in E. coli
(Studier ¢t al., 1990) or eapressing the comnplete protein in an E. coli
suppressor strain - for the UAA and UAG tRNAs (developed by Cohen et
al.,, 1990).

3. Where does c¢njA localize? Is the protein able to enter the micro-
nucleus and does 1t associate with the meiotic chromosomes? An in
situ-hybridization with fluorescently tagged antibodies would allow

the localization of CnjA daring conjugation.

4. Is cnyA as efficiently translated as it 1s transcribed? Attempts can
be made to translate the ¢njA message (either native or expressed from

a plasmud) in a cell free extract of T. thermophila

5. Is CnjA phosphorylated? Isolation and purification of the native
protein via antibodies would allow selective in vitro phosphorylation

studics.

0. It CnjA essential for meiosis in 7. thermophila 7 Recently, a T. ther-
mophila transformation system has beer developed by Yao and Yao

(1991).  Transformatior: occured bv replacement of the host sequences
(ribosomal protein L29) via a nonrandom integration. This system could

be adapted to determine the role of cnjA during early conjugation in
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a similar manner as studies are performed with yeast through gene

replacement or knockout experiments (Rothstein, 1983).

6. Contribution to knowledge

This study represents one of the few stage specific genes characterized n
T. thermophila thereby enriching the sequence data for cihates. It was
shown that all three conjugation specific genes demonstrate an upusual
codon choice. Though the protein sequence does not as yet wdentity the
gene’s function during early meiosis, future compatisons with merotie
proteins isolated fron: other eukaryotic organisms may shed hight on the
conservation or divergence of this ancient process between ciliates and

their eukaryotic counterparts.
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