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I. ABSTRACT 

In this thesis I have characterized the protamine genes of reptiles and studied the 

molecular mechanism involved in the post-translational processing of protamine-like (PL) 

protein in an invertebrate. In the first topic I have sequenced the genes of alligator 

protamine I (AL I) and different alligator protamine I1 (AL 11) variants from Alligator 

mississipiensis. I have also sequenced the protamine gene of the lizard (Anolis 

carolinensis). The size of the mRNA transcripts for alligator protamine I and protamine 

I1 are 610 bp and 580 bp, respectively, and that of the lizard mRNA transcript is 520 bp. 

All the RNA transcripts examined are polyadenylated. The gene copy number of 

alligator protamines can not be precisely determined but the lizard protamine gene is 

determined to be present as a single copy. Results obtained from genomic PCR indicate 

that while the AL I1 protamine gene has no introns, the AL I gene and the lizard 

protamine gene contain intron sequences. This work is an extension of the data from 

previous studies on the primary structure of the reptilian protamines. Previous research 

in the lab regarding invertebrate PL proteins indicates that Mytilus californianus 

(California mussel) PLII and PLIV proteins share a common PLIUIV precursor. A 

possible intein sequence (NKSNN) is found in this PLII/IV precursor. To demonstrate 

that the processing of the precursor is intein driven (and not a protease cleavage), I have 

expressed the cDNA of the mussel PLIUIV precursor in E. coli and found that the post- 

translational cleavage of PLIUIV precursor into PLII and PLIV also occurres in these 

cells, supporting the intein-like, self-cleavage hypothesis. 
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Chapter 1 General Introduction 

1.I The classzjkation of Sperm Nuclear Basic Proteins (SNBPs) 

Sperm nuclear basic proteins (SNBPs) are proteins containing large amounts of basic 

amino acids such as arginine and lysine. These proteins are tightly associated with DNA; 

as a result, the sperm chromatin is condensed and transcriptionally inactive (Wouters- 

Tyrou et al., 1998). The tightly packed DNA in sperm heads facilitates sperm movement 

and provides protection against damage when traveling to the fertilization site (Browder 

et al., 1991). Early studies on the nucleoprotein complexes (chromatin) showed that the 

major chromatin proteins fiom somatic cells were histones, whereas the protein 

composition of chromatin fiom sperm cells consisted of either histones (Kossel, 1928) or 

protamines (Miescher, 1874). Further characterization of the SNBPs revealed a large 

degree of compositional variability and structural heterogeneity (Saperas et al., 1994; 

Ausi6, 1995). In contrast, histones fiom somatic cells have an evolutionarily conserved 

chemical nature and low structure variability (Subirana et al., 1973). Early classification 

of SNBPs was carried out by Bloch (Bloch, 1969). Bloch classified SNBPs into the 

following types: Salmo type containing the arginine-rich protamines from fish 

(monoprotamines), mouse-grasshopper type containing -SH groups (stable protamines), 

Mytilus type (intermediate between histones and protamines), Rana type consisting of 

histones, and crab type (no basic proteins in the uncondensed nucleus). 

More recent studies based on information about SNBPs fiom different groups of 

phylogenetically related organisms have provided a deeper understanding of their 

evolution and a better way to classify these proteins. Based on current information, 



SNBPs can be grouped into three major types: histone type (H type); protarnine type (P 

type); and protamine-like (PL type) (Ausi6, 1999) (Figure I). Histone type (H type) of 

this classification corresponds to Bloch's Rana type and consists of histones that are 

compositionally and structurally related to the histones found in the nuclei of somatic 

cells. Sperm-specific variants of histones H1 and H2B (spH1, spH2B) are included in 

this group (Poccia, 1995). Histone type SNBPs are found in different organisms, 

including do-not-touch-me sponge, giant Pacific oyster and bullfrog. P type and PL type 

of SNBPs will be discussed in great detail in the following section. 

1.2 Theprotarnine type of SNBPs 

The term protamine was first proposed by Miescher in 1874 to define an "organic base" 

that was found in the sperm nuclei of Rhine salmon (Miescher, 1874). The true protein 

nature of protamines was discovered about 20 years later by Kossel working with sperm 

nuclei from sturgeon (Kossel, 1896). More recently, protamines have been defined as a 

family of SNBPs of small molecular mass (<15,000 Da) which consist of arginine-rich 

(Arg 2 30 mol %) highly basic proteins (His+ Lys + Arg = 45-80 mol %, Ser + Thr + Gly 

= 10-25 mol %) (Hunt et al., 1996). This group includes the Salmo and mouse type of 

Bloch's classification. Protamine genes are postmeiotically transcribed and stored as 

inactive mRNAs until terminal differentiation of the spermatid cells takes place (Gedamu 

et al., 1977; Kleene et al., 1984). During spermiogenesis, the corresponding mRNAs are 

translated and the newly synthesized protamines enter into the nucleus and replace the 

germinal somatic cell-like histones. Protamines are the major SNBPs found in mature 

sperm of vertebrates (Ausi6, 1999). 



Figure 1. A schematic diagram of three major groups of SNBPs and SNBP 
transitions during spermatogenesis in different groups of metazoans (adapted 
from Ausi6,1999) 
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Protamines are distributed throughout the animal kingdom. In the case of invertebrate 

protamines most of the information available comes fiom mollusks (Subirana et al., 1973) 

where they have been extensively studied and characterized. The characterization of 

protamines of polyplacophorans, gastropods and cephalopods has been investigated by 

Chiva and Wouters-Tyrou (Chiva et al., 1991; Wouters-Tyrou et al., 1998). Currently 

there is protamine compositional information available for a few insects and for algae 

(Reynolds and Wolfe, 1984). As with their vertebrate counterparts, the main 

characteristic of invertebrate protamines is the presence of many arginine clusters in a 

relatively short amino acid sequence (Lewis et al., 2003). Furthermore, the primary 

structures of some of the invertebrate protamines resemble those of the vertebrate 

counterparts. 

By comparison, the vertebrate protamines have been more extensively characterized 

(Kasinsky, 1989; Oliva and Dixon, 199 1). The mammalian protamines were the next to 

be widely characterized after the fish protamine (Hunt et al., 1996). Information on the 

primary structure of the protamines fiom monotremes and marsupials has also been 

obtained by Winkfein et a1 (1993) and Retief and Dixon (1993). In recent years, 

information regarding amphibian and reptilian protamines has become available 

(Takamune et al., 199 1; Hunt et al., 1996; Voshinobu et al., 1997; Wouters-Tyrou et al., 

1998). To date, the fish and mammalian protamines are the most investigated and the 

best understood protamines of the subphylum Vertebrata. 



1.3 The main groups of vertebrate protamines 

According to Bloch's classification, there are two main groups in vertebrate protamine 

proteins: true protamines and stable protamines. True protamine genes are intronless and 

their coding regions lack cysteine codons. Fishes and birds are the representative 

organisms of this group. 'Bloch also classified metatherian (marsupial) protamines with 

those of birds and fish. Eutherian protamine genes all possess a single small (70-100) 

intron and 6-9 cysteine codons. This was called stable protamines as a result of 

their cysteine composition, which results in the formation of intermolecular disulphide 

bridges that stabilize nucleoprotamine structure in the sperm nucleus (Winkfein et al., 

1993). 

Protamines of vertebrates have been divided into four groups based on their amino acid 

similarities rather than specific chemical properties (Oliva and Dixon, 1991). 

1.3.1 Bony-fish protamines. These protamines possess four long arginine clusters 

(four to six arginines each) and two short arginine clusters (one to three arginines) 

separated by some characteristic residues such as serine, proline, or glycinelvaline 

(Ando et al., 1973; McKay et al., 1985). 

1.3.2 Mammalian P1-Avian protamines. The marked similarities between the 

mammalian P1 and avian protamines suggest a homologous relationship and thus 

they have been grouped together. Most of these protamines have a characteristic N- 

terminal tetrapeptide sequence ARYR with the rabbit protamine as an exception 

which contains a V instead of A (Laskey et al, 1978). The sequence of ARYR is 

followed by a conserved SRSR motif followed by a cluster of five to seven arginines. 

The cysteines in mammalian protamines are substituted by serine or theonine in birds 



(Balhorn, 1982). The similarities at the C-terminus are less significant than at the N- 

terminus. 

1.3.3 Mammalian P2 protamines. In addition to the mammalian P1 protamines, 

human and mouse contain a histidine-rich, cysteine-containing P2 protamine in their 

sperm nuclei (McKay et al., 1986). Protamine 1 (PI) is fouhd in all eutherian 

(placental) mammals examined to date, while protamine 2 (P2) is found in certain 

eutherians (primates and certain rodents). P2 is also involved in nuclear condensation 

(Winkfein et al., 1993). Both P1 and P2 are highly basic proteins and a single intron 

is present in both genes. Unlike PI, P2 is histidine-rich and is first synthesized as a 

precursor protein, and then cleaved to yield the mature protein (Yelick et al., 1987). 

Recent studies revealed that the P2 gene exists also in mammals that do not express 

P2 protein. The P2 gene in these mammals is non-functional due to mutations within 

the P2 gene or the suppression at both the transcriptional and translational level 

(Maier et al., 1990; Domenjoud et al., 1991). 

1.3.4 Dogfish protamines. Compared to the mammalian P1 protamine family, 

dogfish protarnines contain a larger amount of lysine residues. This type of 

protamine also contains characteristic clusters of positive residues separated by 

neutral amino acids and cysteines are evenly distributed along the molecule (Berlot- 

Picard et al., 1986). 

1.4 Protamine processing and chromatin structure 

An interesting characteristic of protamines is that some are subjected to post-translational 

processing in certain organisms. The reason for such processing is still not clearly 



understood (Lewis et al., 2003). Post-translational processing of SNBP precursors occurs 

commonly in both vertebrate and invertebrate organisms (Chiva et al., 1995). This 

process usually involves the removal of a leading peptide as the result of one-step or 

sequential cleavage (Wouters-tyrou et al., 1998; Hecht, 1989). In certain cases, the 

process is accompanied by significant changes in chromatin condensation (Caceres et al, 

1999). Thus it is possible that the leading sequences of the protarnine precursors play 

some role in the processes of histone replacement and proper protamine deposition during 

spermiogenesis. Also, it is still not well understood why some organisms contain 

multiple copies of protamine genes while others contain only a single copy. Most 

protarnine genes are closely linked within the same chromosome and mammalian 

protamine genes are located in autosomes rather than in sex chromosomes (Lewis et al., 

2003). The coding regions of protamine genes also exhibit a high degree of sequence 

variability. The organisms containing larger numbers of protamine genes tend to display 

protein microheterogeneity (Subirana, 1983). Microheterogeneity has been observed in 

salmon and in some reptiles (such as alligators and turtles) (Oliva and Dixon, 1991). A 

comparative analysis carried out in reptiles (Hunt et al., 1996) suggested that such 

microheterogeneity arises at the onset of the gene duplication process involved in the 

evolution of protamine genes. However, the function of microheterogeneity still remains 

to be elucidated. 

In solution, protamines exhibit a random coil conformation. When binding to DNA, the 

positively charged residues are neutralized by the phosphate backbone of DNA. Thus a 

certain degree of secondary structure may exist (Raukas and Mikelsaar, 1999). A recent 

study has revealed that highly charged protamines bind to the major groove of the DNA 



(Subirana, 1991). Phosphorylation of SerIThr residues of protamines takes place during 

spermiogenesis in the initial stages of protamine deposition. Somatic histones are 

replaced by protamines and phosphorylation ensures that the proper nucleoprotamine 

complexes are formed (Raukas and Mikelsaar, 1999). There is a conserved SR repeat at 

the N-termini1 region of many invertebrate and vertebrate protamines (Papoutsopoulou et 

al., 1999; Wu et al., 2000). The SR repeats may play an important role in these processes. 

1.5 Protarnines of Reptiles 

As mentioned above, extensive studies have been carried out on mammalian and fish 

protamines. In contrast, there is very little information regarding the gene nucleotide 

sequence and the primary structure of the protamines fiom birds, amphibians and reptiles 

(Nakano et al, 1976; Oliva and Dixon, 1989; Oliva and Dixon., 1990). In the case of 

reptile protamines, the only information available to date is the amino acid sequences 

obtained fiom several representative species of different groups of reptiles (Hunt et al., 

1996). 

The use of polymerase chain reaction techniques has provided a large amount of genetic 

sequence information on vertebrate protamines (Oliva, 1995). Due to the 

microheterogeneity of the structural composition of protamine in some reptiles like 

alligator and turtles, the gene sequences of these protamines still remain unknown. One 

of the purposes of the present study is to fill the gap that exists in terms of reptile 

protamine gene sequence information using different techniques such as RACE PCR and 

genomic walking. This information will help to gain a better understanding of the 

chemical identity and gene information of reptilian protamines. The great extent of 



protein microheterogeneity exhibited by turtle and alligator protamines can not be 

accounted for by single point mutations which may occur in a precursor gene but is most 

likely the result of a rapid divergence of these proteins and their encoding genes (Oliva 

and Dixon, 1991; Oliva, 1995). Turtles represent the earliest group to undergo the 

transition which led to the initial reptilian protamink pattern. 

The ARYR--- (BS) n (B=basic residue and S= seryl residue) N-terminal sequence is 

present in birds, mammals and reptiles but absent in fish and amphibians, indicating that 

the protamines in reptiles are closely related to birds and mammals. However the 

acquisition of this sequence appears to have occurred gradually. Protamines containing 

ARYR--- (BS) n sequence are only a minor component in turtle, snake and lizard. In 

alligator, this protein accounts for 60% of the SNBPs. The complete replacement by the 

ARYR--- (BS) n-containing protein takes place in birds. This protein transition affects 

not only the N-terminal region but also the core region of the protamines. The protamine 

molecules are glycine-rich in turtles, snakes and lizards and histidine-rich in alligators 

(Hunt et al., 1996). 

1.6 The protamine-like (PL type) protein of SNBPs 

Among the SNBPs, PL proteins exhibit the highest degree of structural heterogeneity. 

This group includes the Mytilus type of SNBPs in Bloch's classification. It consists of 

basic proteins containing arginine and lysine content which amounts to 35-50% mol % 

(Ausi6, 1995). Most PL proteins are closely related to the histone H1 family (Ausi6 and 

Van Holde, 1987; Ausi6, 1992) and are widespread throughout the animal kingdom. The 

PL proteins have been identified in the phylum Cnidaria (Rocchini, et al., 1996) and in 



Urochordata f Saperas, 

During spermiogenesis, 

10 

1994) and Vertebrata (Saperas, 1992) and other organisms. 

the PL proteins replace the somatic histones. PL proteins coexist 

in the mature sperm with a full histone complement accounting to 20-25% of the total 

SNBPs (Ausi6, 1988; Ausi6, 1992). 

I. 7 The PL proteins in Mytilus californianus 

In mollusks, the PL proteins are grouped into four categories according to their relative 

electrophoretic mobilities: PLI, PLII, PLIII, and PLIV (Ausi6, 1986). In the sperm of M. 

californianus, the histone-to-PL protein ratio varies during the different stage of gonadal 

maturation. However, the relative amounts of PL proteins remain constant (Ausi6, 1986). 

The PL proteins present in M. californianus are PLII, PLIII and PLN. Of the three PL 

proteins, PLIII amounts to almost 70% of the total SNBPs (Shimada et al., 1998). PLIII 

is intermediate in length between PLII and PLN (Carlos et al., 1993a). There is some 

variation in the amino acid composition of the PL proteins in different Mytilus species 

(Rocchini et al., 1995). PLII is lysine-rich and contains approximately 148 amino acid 

residues (15,500 Da). This protein has an internal trypsin-resistant globular core with 84 

amino acids, which has sequence similarity to the trypsin-resistant globular core which is 

characteristic of somatic histone HI. The globular core consisting of a winged-helix 

motif is flanked by N-and C-terminal tails with little secondary structure (Jutglar et al., 

1991). The predicted secondary structure of the PLII core contains two a helical domains, 

two p sheet domains and two p turns (Jutglar et al., 1991). Comparison of the secondary 

structure of PLII and PLI shows a relatively large extent of similarity. PLIV is the 

smallest PL of the proteins with a molecular mass of 5000+ 0.1 Da (Ausi6 and 



McParland, 1989). PLIV also shows a degree of microheterogeneity and appears to 

consist of at least three different primary structures. PLIV is lysine-rich (50%) and 

contains substantial amounts of alanine and serine, and a low content of arginine. The 

predicted secondary structure of PLIV is mainly a helical with some turns, but it lacks P 

structure (Ausib and McParland, 1989). 

Recent studies have shown the evidence that PLII and PLIV originate from a common 

precursor (Carlos et al., 1993b). The final five amino acid residues of the C-terminal end 

of PLII are NKSNN. This sequence is assumed to be a recognition site for post- 

translational cleavage of the precursor molecule, resulting in the PLII and PLIV proteins 

(Figure 2). However the mechanism of this post-translational cleavage still remains to be 

elucidated. One hypothesis is the occurrence of a self-cleavage due to the existence of 

sequence N K S N N in the precursor protein which is similar to that found at the splicing 

junctions of inteins (Kane et al, 1990; Davis et al., 1992). This putative intein-like 

sequence would be post-translationally processed by self-cleavage, leading to the two 

distinct mature proteins: PLII and PLIV. Our results favor this intein-like, self-cleavage 

mechanism. 

Inteins are protein insertion sequences that exist as in-frame fusions with flanking protein 

sequences called exteins. Inteins are removed during post-translational maturation of the 

extein proteins by self-splicing (Perler et al., 1997). Inteins have been described in 

eubacteria, archaea and eukaryotes (Kane et al, 1990; Davis et al., 1992). Most of the 

inteins characterized to date contain 400-500 amino acids with little sequence 

conservation among the elements (Perler et al., 1997). Cys or Ser residues are required at 

the amino termini of both the intein and the second extein, and a His or Asn are present at 



Figure 2: Protein PLIYN from the sperm of the mussel Mytilm trossulus (bivalve 
mollusc). The final five amino acid residues (NKSNN) of the C-terminal end of PLII are 
shown in the box. (adapted from Ausi6, 1999) 



the carboxy terminus of the intein (Derbyshire et al, 1997). The conserved and essential 

residues of precursor proteins consist of an Asn as the last residue of the intein and a 

hydroxyl-or thiol-containing residue immediately following both splice junctions 

(Derbyshire et al, 1997). For several inteins, site-specific DNA endonuclease activity has 

been demonstrated. This activity is related to the genetic mobility of the intein coding 

sequences. But this endonuclease activity is not related to the protein splicing reaction 

(Gimble and Thorner, 1992). 

The later part of this thesis sheds light on the possible mechanism of this cleavage event. 

PLII and PLIV exist in stoichiometric amounts in the sperm nucleus, supporting the 

precursor-product relationship (Carlos et al., 1993a). 

1.8 The structure and function of PL proteins 

Phosphorylation increases the negative charge of PL proteins, which affects the affinity 

of these proteins for DNA. The phosphorylation sites in PL proteins consist of 

tetrapeptide repeats with two basic residues flanking Ser-Pro residues (SPKK motifs) 

(Shimada et al., 1998). Another important potential target for phosphorylation in PL 

proteins is a domain containing a number of arginine-serine (RS) repeats found at the N 

terminus (Lewis et al., 2002). The phosphorylation of the PL proteins plays an important 

role in the process of chromatin condensation and decondensation. Although PL proteins 

are closely related to the histone H1 protein family, they exhibit a large number of 

differences in their primary structure. PL proteins are more arginine and lysine rich (8-30 

mol % and 22-30 mol %, respectively) than HI. This results in an increased charge 

density of the molecule which presumably facilitates the compaction of DNA in the 
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sperm. The increased amount of arginine in these proteins promotes binding to DNA in 

the minor groove in addition to the major groove, enhancing chromatin compaction 

(Chikhirzhina et al., 1998). As described above, the organisms that use PL proteins retain 

a significant amount of somatic nucleosomes after spermiogenesis (Ausi6 and Van Holde, 

1987). Based on the information currently available, a model for a novel chromatin 

structure resulting these PL proteins has been recently proposed. In this model, the 

winged-helix domain of PLI in Spisula and of PLII-PLIV precursor in Mytilus directs 

these molecules to the vicinity of the histone HI, bringing them to bind the putative 

second binding site in the nucleosome. H1 is associated with the remnant nucleosomes 

and the long N-and C- terminal tails of the PL proteins neutralize the charges on the 

adjacent long linker DNA regions. In this way, four winged-helix-containing PL proteins 

could be bound by each nucleosome, creating a highly condensed particle. The two extra 

turn of DNA around the nucleosome particle would be stabilized by the charge 

neutralization of DNA provided by the highly charged N- and C- terminal PL tails (Lewis 

et al., 2002). 

1.9 The evolution of the Sperm Nuclear Basic Proteins (SNBPs) 

As stated earlier, most of the SNBPs characterized to date can be classified into three 

protein types: histone type (H type), protamine type (P type) and protamine-like (PL 

type). A hypothesis has been proposed that proteins of the protamine type (P type) have 

evolved fiom a somatic-like histone precursor via a PL-type intermediate through a 

process of vertical evolution (H--, PL--+ P) (Subirana et al., 1973). Experimental support 



for this hypothesis was based on compositional amino acid analysis (Ausio, 1999). The 

vertical evolution hypothesis contrasts with the hypothesis of horizontal evolution of 

protamines, according to which protamines have a retroviral origin (Jankowski et al., 

1986; Oliva and Dixon, 1991). The horizontal hypothesis was proposed to account for 

the apparently random distribution of protamines in fish and was based on the 

observation that the flanking regions of the protamine genes from rainbow trout exhibit a 

large degree of similarity to the long terminal repeats of avian retroviruses (Jankowski et 

al., 1986). However, a systematic analysis of the distribution of SNBPs in fish later 

revealed that the distribution of the SNBPs of the P type was not random and could be 

phylogenetically traced (Saperas et al, 1994) 

If the vertical hypothesis is correct, it predicts that only histones (SNBP of the H-type) or 

PL precursors would exist in the early metazoan groups, whereas the more derived PL 

and P types would be present in the sperm of the organisms of the upper phylogenetic 

levels (Figure 3). Indeed, histones were found in sponges and nemerteans and histone 

H1 -related proteins (PLI) of the histone H5 type were identified in the sperm of different 

groups of cnidarians (Rocchini et al., 1995; Rocchini et al., 1996; Wang et al., 2001), 

supporting this prediction. Furthermore, SNBPs of the P type are only found in the 

sperm of the organisms at the upper phylogenetic levels of the lophotrochozoa and 

Ecdysozoa branches (Rocchini et al., 1995; Rocchini et al., 1996; Giribet, 2002). 

There is evidence available now to show the connection between PL and histone H1 

following the evolutionary mode (H 1 -+ PL-, P) (Ausi6, 1995), while the mechanism by 

which the PLs of low molecular weight evolved into the protamine type has not been 

elucidated. The post-translational cleavage of an arginine-rich, histone H1- 



Figure 3. Schematic representation of the evolution of the major SNBP 
types. The SNBPs present in different taxonomic groups along the 
phylogenetic tree are shown as H, PL and P. The Phylogenetic tree has 
been adapted fiom Giribet (Giribet, 2002). The bidirectional arrows 
indicate the reversions among the different major SNBP types. 
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derived PLI protein may present the initiation of this evolutionary process. Other 

mechanisms including alternative splicing and crossing over during meiosis may also be 

involved, resulting in the arginine-rich protamines that are found in the upper levels of 

the phylogenetic tree. 

The evolutionary mode connecting three' major groups of SNBPs (H* PLw P) has 

occurred on some occasions during metazoan evolution (Ausi6, 1999). The random 

distribution of SNBPs throughout the animal kingdom reflects the occurrence of multiple 

reversions within individual phylogenetic groups. Current work carried out on these 

different groups of proteins at the gene level will shed light on whether the overall 

evolution of SNBPs represents a genuine case 

of evolutionary convergence or is the result of parallel evolution fiom a common H1 gene 

ancestor (Ausi6 et al., 1997). 



Chapter 2 ."Materials and Methods 

2.1 Living Ornunisms 

Testes fi-om alligators (Alligator mississipiensis) were minced and frozen in liquid 

nitrogen immediately after collection by Dr Louis ~uillette (Department of Biology, 

University of Gainesville, Gainesville, Florida, USA). The samples thus prepared were 

shipped by overnight courier to our laboratory and kept at -80•‹C until further processing. 

The lizards (Anolis carolinensis) were purchased from commercial dealers throughout 

North America. Testes were frozen immediately after collection and stored at -80 "C 

until further use. 

California mussels (Mytilus californianus) were collected from Point No Point (Sooke, 

Vancouver Island) and kept in seawater of the Aquatic Facility at the University of 

Victoria. The gonad tissue was excised, fiozen in liquid nitrogen and stored at -80•‹C. 

2.2 Preparation of total RNA and polv (Akrich RNA 

Total RNA was extracted from alligator and lizard testis using TRIzol Reagent (GIBCO 

Technologies, Carlsbad,CA) according to the manufacturer's instructions with the 

following modifications and additions. Alligator tissue 0.49g and lizard tissue 0.34g 

were immersed in liquid nitrogen and ground to powder using a mortar and pestle. Six 

milliliters of TRIzol Reagent were added to each sample and incubated at room 

temperature for 10 minutes followed by the addition of 0.2 volumes of 

chloroform/isoamyl alcohol (24: 1) and mixed with vigorous vortexing. After incubation 

at room temperature for 3 minutes, the solution was centrifbged at 12,100 g for 15 
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minutes at 4•‹C. Total RNA was obtained by precipitation upon addition of 0.5 volumes 

of isopropyl alcohol to the aqueous phase and washed with an equal volume of 75% cold 

ethanol. The total RNA pellets thus obtained were dissolved in DEPC-treated water, 

heated at 65•‹C for 10 minutes and stored at -80 "C until further use. 

The RNA samples were quantified using a DU@-65 Spectrophotometer (Beckman, , 

Pasadena, CA) using soft-pacTM Module (Nucleic acid). The concentration of the RNA 

samples ranged from 1.56 pg/pl to 0.89 pg/pl. Two micrograms aliquots were loaded to 

a 1 % formaldehydelagarose gel to assess the quality of the RNA. 

Poly (A)-RNA was prepared from total RNA using the mRNA Purification Kit 

(Pharmacia Biotech, Peapack, NJ). The mRNA was eluted in elution buffer (Pharmacia 

Biotech, Peapack, NJ) [lo mM Tris-HC1 (pH7.4), 1mM EDTA, 0.5 M NaCI] and 

precipitated by direct addition of 2 volumes of ice-cold ethanol and overnight incubation 

at 4•‹C. After centrifugation at 12,100 g for 10 minutes at 4OC, the supernatant was 

removed and the pellets were dried, and dissolved in DEPC-treated water to a final 

concentration of 0.58 pglpl (alligator) and 1.01 pglpl (lizard). Two micrograms of each 

mRNA sample were analyzed by electrophoresis in 1% formaldehydelagarose gels. 

2.3 First-strand and second-strand cDNA synthesis 

First- and second-strand cDNAs were synthesized from poly (A) - RNA samples using a 

Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA) according to the 

manufacturer's instructions. Two micrograms mRNA samples were used. After 

synthesis of the second-strand, an adaptor was added. The ds cDNA with a mixture 

consisting of Marathon cDNA adaptor, ligation buffer 1250 mM Tris-HC1 (pH7.9, 50 
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mM MgC12, 5 n M  ATP, 125 d m 1  BSA] and T4 DNA ligase (Clontech, Palo Alto, CA) 

was incubated at 16•‹C overnight. One microliter of the reaction was diluted with 250 p1 

of Tricine-EDTA (pH8.5) buffer and the ds cDNA was denatured by heating at 94•‹C for 

2 minutes. Samples were next cooled on ice for 2 minutes and subjected to Polymerase 

Chain Reaction (PCR). 

2.4 RACE PCR 

Rapid -amplification of gDNA ends (RACE) PCR was carried out on a PCRSprint thermal - 

cycler (Interscience, West Sussex, UK). One of the primers used for RACE PCR was 

designed based on the conserved N-terminal amino acid sequence (M A R Y E R E N R) 

of avian protamines (Lewis et al, 2003). Initially, the alligator ds cDNA containing an 

adaptor on both ends was used as template for the PCR reaction. The primers used for 5' 

RACE were: ALI = ATG GCC CGC TAT GAA AGN AAT AG and API primer (CCA 

TCC TAA TAC GAC TCA CTA TAG GGC) (Clontech, Palo Alto, CA). A typical PCR 

reaction consisted of 0.5 pM primer, 1 xPCR buffer, 1.5 mM MgC12, 0.2 mM dNTPs and 

1 unit Taq polymerase (GIBCO Technologies, Carlsbad, CA) in a final volume of 50 pi. 

A ''touch down" PCR was carried out under the following reaction conditions: 1 cycle at 

95•‹C for 5 minutes, 20 cycles of 95 "C for 30 seconds, between 52•‹C- 62 "C for 1 minute 

and 72•‹C for 1 minute, 25 cycles of 95 "C for 30 seconds, 52 "C for 1 minute, 72 "C for I 

minute, followed by the final extension step for 1 cycle of 72 "C for 10 minutes. 

The results Erom the PCR reactions were electrophoretically analyzed on 1 % low melting 

point agarose gels. The bands corresponding to the desired size were excised and 

purified with a Wizard PCR DNA Purification System (Promega, Madison, WI). TE 



buffer [ lo mM Tris-HCL (pH 8.0), 1 rnM EDTA] 30 p1 were used in elution of the 

purified PCR products. 

In this way it was possible to obtain a positive cloned alligator cDNA. The sequence thus 

obtained was used to design the new primers. One of them, ALI PI (r) = GAG GGG 

TGCAGG GAG AAG CCA AAA TCA TCA was used in combination with AP1 to 

perform 3' RACE PCR using the same PCR conditions described above. By comparison 

of the sequences (from the first and second touch down PCR reaction) obtained in this 

way, a conserved sequence was identified in the 3' untranslated region and used to 

generate a new primer called 3-UTR: A T '  TGA ATT GTT TAT TGA CAG GTG ACA 

TTG TTC. Alligator AL I cDNA was cloned using this new 3-UTR and ALI primers. 

With the lizard, the touch down PCR was carried out using 3-UTR and AP1 primers 

under the same experimental conditions described above. The analysis of the PCR 

products was carried out as in the alligator (see above). 

2.5 Cloning and sequencing RACE PCR products 

The purified PCR product was adenylated before cloning unless cloning was done within 

10 hours after the PCR reaction and the PCR product purification. Seven microliters of 

purified PCR product was adenylated in a 10 pl solution containing 2 mM MgCh0.2 

mM dNTPs and 1 unit of Taq polymerase (Invitrogen, Carlsbad, CA). After incubation 

of the mixture at 72•‹C for 15 minutes, 4 p1 of the adenylated PCR product was cloned 

into 2 p1 of the PCR 2.1-TOP0 vector (Invitrogen, Carlsbad, CA) following the 

manufacturer's instructions. Next, 200 pl of SOC medium (2% Tryptone, 0.5% Yeast 

Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgC12, 10 mM MgS04, 20 mM glucose) at 
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room temperature were added and the mixture was incubated at 37OC for one hour. 

Approximately 150 p1 of the final reaction mixture were spread onto LB plates containing 

50 pg/ml ampicillin (Sigma, St. Louis, MO) and 40 pg/rnl X-gal (Roche, Basel, 

Switzerland) per plate and incubated at 37OC overnight. 

Positive clones were inoculated into 5 ml of LB broth containing 50 rnM ampicillin and 

grown overnight at 37•‹C. The cultures were used for plasmid preparations which were 

carried out with using QiaPrep Spin Miniprep (QIAGEN, Venlo, Holland) according to 

the manufacturer's instructions with the following modifications: EB 50 pl were added 

to each spin column and incubated at room temperature for 2 minutes followed by elution 

of the plasmid sample by centrifugation at 16,000 g for 2 minutes at 4 OC. 

Sequencing of the cloned plasmids was performed by the sequencing facility at the 

Center for Environmental Health (University of Victoria). To this purpose, the plasmid 

was diluted to a final concentration of approximately 150-250 n&1 and the 

M13TOPOR= ATT ACG CCA AGC TTG GTA CCG and M13TOPOF= AGA TGC 

ATG CGC GAG CGG CCG primers, based on the sequence of the PCR 2.1-TOP0 

vector (Invitrogen, Carlsbad, CA), were used for the sequencing. 

2.6 Genomic DNA ureparation 

Genomic DNA fkom alligator and lizard testis were prepared according to the protocol 

described by Sambrook (Sambrook et al., 1989) with some modifications. Alligator and 

lizard testis were weighed, frozen in liquid nitrogen and ground to powder by using a 

mortar and pestle. Approximately 1.3 g of alligator tissue was suspended in 20 ml 

extraction buffer [lo mM Tris- HC1 (pH 8.0), 0.1 mM EDTA] in the presence of 40 
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pglml pancreatic RNAse I (Roche, Basel, Switzerland) and 0.5% SDS. Approximately 

0.2 g of lizard testis was suspended in 10 ml extraction buffer under the same conditions. 

After incubation at 37•‹C for 1 hour, proteinase K (Roche, Basel, Switzerland) was added 

to a final concentration of 100 pg/ml and incubated at 50•‹C for 3 hours with occasional 

mixing by gentle inversion. After the solution had cooled down to room temperature, an 

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added and the mix 

was allowed to tumble overnight at 4•‹C. This was next centrifuged at 12,100 g for 15 

minutes at 4•‹C in a JA-20 rotor (Beckman, Pasadena, CA). The aqueous phase containing 

the DNA was removed and further extracted with pheno~chloroform/isoamyl alcohol 

(25:24:1) at 10 minute intervals until no protein interphase was observed. This was 

followed by a chloroform/isoarnyl alcohol (24:l) extraction. AAer addition of 0.2 

volumes of 10 M ammonium acetate to the resulting aqueous phase, DNA was 

precipitated with 2 volumes of 95% ethanol while gently inverting the tube several times. 

A curved glass rod was used to spool the precipitated DNA. The DNA was rinsed twice 

with 95% ethanol and twice with 75% ethanol and resuspended in TE buffer [ lo  mM 

Tris-HCL (pH 8.0), 1 rnM EDTA]. The DNA suspension thus obtained was allowed to 

tumble for 48 hours at 4•‹C until DNA was hlly solubilized. 

The concentration of the DNA was measured spectrophotometrically at 260 nm in a 

D@-65 Spectrophotometer (Beckman, Pasadena, CA) using an extinction coefficient of 

A260= 20 cm2pg". The concentration of DNA was determined to be 0.48 pg/pI and 0.18 

pg/pl for alligator and lizard, respectively. The integrity of DNA was monitored 

electrophoretically in 1 % agarose gels. 



Genomic walking is a PCR-based technique initially designed by Gurr and colleagues 

(Zhang and Gurr, 2000) for establishing the sequences of gene flanking DNA regions. 

Genomic walking experiments were carried out following the originally described 

method. Three micrograms aliquots of alligator genomic DNA were digested with SpeI, 

NheI and Xbal. The SpeI, NheI and XbaI digests were ligated to an adaptor of a specified 

sequence. The restriction enzymes are selected to produce a common sequence at the cut 

end which is compatible with the ends of the adaptor that ligates to the genomic 

fragments. The primers used for "hot start" and "step down" PCR (Zhang and Gurr, 

2000) were: PP1= GTA ATA CGA CTC ACT ATA GGG C, PP2= ACT ATA GGG 

CAC GCG TGG T, ALIPl(f) = CGA GCG CAA CAG GAG CCA CAG CAG G, ALIP2 

( f )  = ATGCAA GGA TCC TGC CAC CAT TTG AAC AAT, ALP 1 (r) has already been 

described in section of RACE PCR, ALIP2 (r) = TCC GAC GGT TCC TGC TGT GGC 

TCC T. The genomic walking products obtained with this method were electrophoresed 

on a 1% agarose gel. Two out of 6 reactions showed prominent bands. The chosen 

bands were excised &om a 1% low melting temperature agarose gel and purified as the 

method in the RACE PCR section (see the section 2.4). 

2.8 Genomic PCR 

One microgram aliquots of alligator genomic DNA and lizard genomic DNA were used 

as templates for a genomic PCR. A typical PCR condition was carried out as follows: 1 

cycle of 95•‹C for 5 minutes, 35 cycles of 95 "C for 30 seconds, 56 "C for 1 minute, 72•‹C 

for 1 minute, 1 cycle of 72 "C for 10 minutes. Typically, 50 pl of the PCR reactions 



containing 0 5 p M  primer was used to perform this genomic PCR. The primers used for 

PCR with genomic alligator DNA were designed according to the sequence of the ALI I 

protamine cDNA (see Figure 8). The two primers were: ALI 5P = ATG GCC CGC TAC 

GAG CGC AAC AG, ALI 3P = TTA ATC TCT GCT CCT CCT TCT CCT CCT CCT C. 

Primers from alligator ALI I1 protamine cDNA ALP1 (0 and ALIPl(r) (described in 

section RACE PCR) were also used. The primers used for genomic PCR with genomic 

lizard DNA were created based on the sequence of lizard protamine cDNA (see Figure 

19). The primers were: LZ 5P = ATG GCT CGC TTC AGG CGC AGC AGG AG and 

LZ 3P = TTA GTG GTG GTG TCT CCT TCT TCT TCT TCC T'I"I' C. 

The products of genomic PCR were electrophoretically analyzed in either 1% agarose 

gels or 4% polyacrylamide gels. The predominant bands were excised fi-om 1% low 

melting temperature agarose gels and purified as described earlier (see section 2.4) 

2.9 Cloning and sequencing of  genomic walking/.enomic PCR uroducts 

Cloning and sequencing of genomic walking/genomic PCR products were carried out 

following the protocols earlier described in the section 2.5. 

2.10 RNA electrophoresis, blotting and hybridization Northern blot) 

Electrophoretic analysis of rnRNA was carried out in a 1% agarose gel containing 

formaldehyde using a modification of the method of Sambrook et a1 (Sambrook et al, 

1989). The 1% formaldehydelagarose gel was prepared in buffer r0.2 M MOPS, 50 mM 

sodium acetate, 10 mM EDTA (pH 8.0)] containing 1.1 % formaldehyde. The size of the 

gels used was 10.5 cm x 8 cm x 1 cm, ran in the same MOPS buffer. Approximately 3 
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pg of the total-RNA and the mRNA samples were dried under vacuum and dissolved in 8 

p1 of sample buffer (50% sterile glycerol, 1 mM EDTA, 0.25% bromophenol blue, 0.25% 

xylene cyanol). The samples were incubated at 65•‹C for 15 minutes, chilled on ice and 

loaded on the gel. Three micrograms of a 0.24-9Skb RNA marker (GIBCO 

Technologies, Carlsbad, CA) treated in the same way were also loaded. The gel was run 

at 100 volts for 1.5 hours until the bromophenol-blue dye had migrated 213 the length of 

the gel. The gels were visualized on an AlphaImager 2000 Documentation and Analysis 

system (Alpha Innotech Corporation, San Leandro, CA). 

The gel was next equilibrated in 20xSSC (300 rnM Sodium citrate, 330 mM NaCl) for 30 

minutes and blotted onto a Zeta-Probe GT membrane (BioRad, Hercules, CA). Blotting 

was carried out for 48 hours by the capillary method of Southern using 20xSSC as a 

transfer buffer (Sambrook et al, 1989). After blotting, the membranes were washed in 

20xSSC for 5 minutes and then vacuum-dried at 80•‹C for 30 minutes. The blot was 

stored at room temperature between 2 pieces of filter paper until ready for hybridization. 

The alligator ALI I and ALI I1 protamine probes and lizard protamine probe were excised 

from a PCR 2.1-TOP0 vector (Invitrogen, Carlsbad, CA). Plasmid preparations were 

performed using QiaPrep Spin Miniprep (as described in section 2.5). The insert was 

excised from the plasmid by EcoRl (New England Biolabs, Beverly, MA) digestion at 

37•‹C for 2 hours using 1 unit of enzyme per lpg of DNA. The digest was then 

eletrophoresed on a 1% low melting temperature agarose gel and the band corresponding 

to the insert was purified as described in section 2.5. The insert was eluted in 30 pl of TE 

buffer and the concentration of the insert was spectrophotometrically determined. 



About 100 -ng of the probe were end-labeled with 50 pCi of y 3 2 ~ - d ~ ~ ~  

(AmershamIPhamacia Biotech, Peapack, NJ), 10 units of T4 polynucleotide kinase (New 

England Biolabs, Beverly, MA) and 2 pl of 10xT4 kinase buffer in a 40 pl system. After 

incubation at 37•‹C for 45 minutes, the reaction was terminated by heating at 65•‹C for 5 

minutes and the labeled probe was purified using a Microcon YM-10 microconcentrator 

(Amicon, Bedford, MA) following the manufacturer's instructions. The probe was 

resuspended in approximately 300 p1 of TE buffer, and an aliquot of 4 pl of this solution 

was routinely used to measure the radioactivity of the probe. 

Hybridization of the membrane with the labeled probe was carried out in a Hybaid@ 

Hybridization Oven (Interscience, West Sussex, UK), following the protocol described 

by Sambrook et a1 (Sambrook et al, 1989). The concentration of probe used for 

hybridization was approximately lo6 cprnlml. The blot was prehybridized in 5 ml of 

hybridization buffer [6xSSC (100 mM Sodium citrate, 110 mM NaCl) , 2xDenhardt's 

solution (from a 100xstock: 10 g Ficoll 400, 10 g PVP, 10 g BSA in 500 ml distilled 

water), 0.1% SDS] at 65•‹C for 1 hour. The labeled probe was mixed with 50 p1 calf 

thymus DNA (1 Omglml), denatured at 100•‹C for 5 minutes, chilled on ice, and added to 

fresh 5 ml of hybridization buffer. The membrane was then incubated in this solution at 

65•‹C for 18 hours. After hybridization, the membrane was washed once with 50 ml of 

1 xSSC, 0.1% SDS at 65•‹C for 45 minutes, and then washed again with 50 rnl of OSxSSC, 

0.5% SDS under the same conditions. The membrane was finally wrapped with Saran 

wrap and developed using a PhosphorImager System (Molecular Dynamics, Peapack, NJ) 

at room temperature for 18 hours. 



2.11 DNA eleotrophoresis, blotting and hvbridization (Southern blot) 

Five aliquots of 10 pg of the alligator and lizard genomic DNA were digested with 100 

units of AluI, DraI, EcoRI, HindIII and &a1 (New England Biolabs, Beverly, MA) in 40 

p1 of the appropriate digestion buffer. Digestions were carried out for 48 hours at 37•‹C. 

After digestion, 7 p1 of the 6 x Non-Denaturing Sample Buffer (NDSB) (0.25% 

bromophenol blue, 0.25% xylene cynanol, 30% glycerol) was added to 35 pl of the 

digestions. 0.8% agarose gel (1 0.5 cm x 8 cm x 1 cm) was prepared in 40 mM Tris- 

acetic acid (pH 8.0), 1.0 mM EDTA (Sarnbrook et al., 1989). The running buffer was 40 

mM Tris-acetic acid (pH 8.0), 1.0 mM EDTA. Aliquots of 10 pg digested genomic DNA 

sample were loaded in each lane and a lane with a ADNA-BstEII digested marker (New 

England Biolabs, Beverly, MA) was also included. The gel was run at 15 volts for 12 

hours at room temperature. The gel was visualized using AlphaImager 2000 

Documentation and Analysis system (Alpha Innotech Corporation, San Leandro, CA). 

The gel was then blotted onto a Biodyne B membrane (Pall Gelman Laboratory, Port 

Washington, NY) according to the manufacturer's instructions. The gel was depurinated 

in 0.25 M HCl for 15 minutes with gentle shaking and denatured with a concentrated salt 

solution (0.5 M NaOH, 1.5 M NaCI) upon incubation for 30 minutes at room temperature. 

The gel was blotted onto the membrane using the procedure described in the Northern 

blot section (see section 2.10) but using 0.4 N NaOH as a transfer buffer. The blot was 

vacuum-dried at 80•‹C for 1 hour and stored at room temperature between 2 pieces of 

filter paper until further use. 
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The probes for alligator ALI I1 and lizard protamine genes were prepared as in section 

2.10 from positive clones which were obtained from the cloning of genomic PCR. 

Plasmid preparation and the insert purification were carried out as in section 2.10. 

Fifty nanograms of the probe were labeled with 100 pCi of y 3 2 ~ - d A ~ ~  

(AmershamIPhamacia Biotech, Peapack, NJ) using a Random Primer DNA Labeling 

System (GIBCO technologies, Carlsbad, CA). Labeling was carried out following the 

manufacturer's instructions but using double the amount of enzymes and buffer 

recommended. After adding 2 pl of Klenow enzyme, the reaction mixture consisting of 

20 mM dATP, 20 mM dGTP, 20 mM dTTP, 20 mM [ c ~ - ~ ~ P ] ~ c T P  and 1 x random primers 

buffer mixture (200 mM HEPES, 50 mM Tris-HC1, 5 mM MgC12, 10 mM 2- 

mercaptoethanol, 0.4 mg/ml BSA, 18 OD260 unitdm1 oligodeoxyribonucleotide primers, 

pH 6.8) (GIBCO technologies, Carlsbad, CA) was incubated for 2 hours at room 

temperature. The reaction was terminated by addition of 10 pl of stop buffer (0.5 M 

EDTA, pH 8.0). The labeled probe was then purified using a NICK Column (Pharmacia 

Biotech, Peapack, NJ). The purified probe was eluted with 400 p1 of equilibration buffer 

[lo mM Tris-HC1 (pH 7.9, 1 mM EDTA]. One micro liter of the solution was diluted 

with 5 ml of Scintivers& scintillation cocktail (FisherChemical, Fairlawn, NJ) and the 

radioactivity of the probe was determined with a scintillation counter. 

Hybridization was carried out in a Hybaid Hybridization Oven (Interscience, West 

Sussex, UK). The final concentration of the probe used for hybridization was 4x10~ 

cpm/mL. After hybridization, the membrane was first washed with 1 L of 2xSSC for 30 

minutes to wash off the excess NaOH. The membrane was prehybridized next with 10 

ml of perfecthybTM Plus buffer (Sigma, St. Louis, MO) at 65OC for 1 hour. The labeled 
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probe was denatured at 100•‹C for 5 minutes, cooled on ice for 5 minutes and added to 10 

ml of fresh perfecthybTM Plus buffer (Sigma, St. Louis, MO). The prehybridization 

buffer was discarded and replaced by the perfecthybTM buffer containing the denatured 

probe and the membrane was incubated at 65•‹C for 48 hours. 

After hybridization, the membrane was rinsed twice with 50 ml of 2xSSC, 0.1% SDS at 

65•‹C for 5 minutes, and then washed twice with 50 ml of IxSSC, 0.5% SDS at 65•‹C for 

10 minutes. The membrane was then wrapped in Saran wrap and exposed to either 

Phosphorhager System (Molecular Dynamics, Peapack, NJ) at room temperature for 18 

hours or to BioMax film (Kodak Corporation, Fairfield, CT) at -80•‹C for 48 hours. 

2. I 2  Alligator vrotamines extraction ' 

Approximately 1.1 g of alligator testis were weighed and cut into small pieces. The 

tissue was then suspended in 50 ml of [lSO mM NaCl, 10 mM Tris-HCl (pH 7.9, 0.5% 

Triton X-1001 buffer containing a cocktail of protein inhibitors complete (Roche, Basel, 

Switzerland) (1 pill of complete cocktail inhibitor was dissolved in 1 ml of distilled water 

and a 1/100 (VN) dilution was usually used). 'The sample was then homogenized using a 

Dounce homogenizer with 10 strokes. The homogenate was centrifuged at 12,100 g for 

10 minutes at 4•‹C. The supernatant was removed and the pellet was resuspended with 12 

ml of 0.5N HCl and homogenized as before. After' centrifugation at 12,100 g for 10 

minutes at 4"C, the acid-soluble proteins in the supernatant were precipitated with 6 

volumes of acetone at -20•‹C overnight. The precipitated sample was then centrifuged at 

12,100 g for 10 minutes at 4•‹C and the pellet was washed several times with acetone and 
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dried under vacuum for approximately 15 minutes. The dry protein pellets were stored at 

-80•‹C until further use. 

2.13 High Performance Liauid Chromatonra~hy (HPLC) 

Alligator protamines were dissolved in distilled water and fi-actionatd using reverse- 

phase HPLC on a Beckman Gold HPLC system (Beckman, Pasadena, CA). 

Fractionation was carried out on a C1g Vydac column (4.6 mrn ID x 250 mm, 5pm) 

(Vydac, Hesperia, CA). The elution buffers used were 0.1% trifluroacetic acid (Buffer A) 

and 100% acetonitrile (buffer B). Proteins were eluted with an acetonitiile gradient as 

follows: 100% buffer A for 5 minutes, 0% -10% buffer B for 10 minutes, 10% -25% 

buffer B for 90 minutes, 25% -80% buffer B for 10 minutes, 80% -80% buffer B for 5 

minutes, 80% -0% buffer B for 10 minutes and 100% buffer A for 5 minutes. The flow 

rate was 1 mumin and the eluting profile was monitored at a wavelength of 230 nm. 

After RP-HPLC, aliquots of the eluting peaks were vacuum-dried and electrophoretically 

analyzed by 2.5 M urea-5% acetic acid PAGE (Panyim and Chalkley, 1969; Hurley, 1977; 

Ausi6 et al., 1986). The size of the gel was 7.3 cm x 10.2 crn ~0.075 cm. The protein 

samples were mixed with equal volume of 2 x sample buffer (8 M urea, 10% acetic acid, 

0.1% pyronin Y) and loaded. The running buffer used was 5% acetic acid and the gels 

were run at 100 Volts until the pyronin Y dye was about 1.5 cm fiom the bottom of the 

gel. 



2.14 Mass suech-ometw 

Alligator protamine fractions corresponding to different eluting peaks from the RP-HPLC 

fractionation were vacuum-dried at 2S•‹C for 3 hours, and dissolved in distilled water. 

The molecular mass of the protein fractions was determined by spectrometry using a PE 

SCIEX API QSTAR Pulsar -TOF Mass Spectrometer (PE S C ~ X  Concord, Ontario, 

Canada) in Uvic Genome BC Proteomics Centre. Samples were introduced to the mass 

spectrometer by means of Nanospray electrospray ionization (ESI) in positive mode and 

scanned from mass range 300-1200mlz. The resulting charged envelope spectra were 

deconvoluted using the Bayesian Protein Reconstruct feature in the Analyst QS software 

(Applied Biosystems, Framingham, MA) using the mass range 2000- 10000 Da. 

2.15 Construction o f  E. coli eqression vectors for the Mvtilus PLII/PLIV precursor 

The wild type and mutated cDNA of the Mytilus PLIUPLIV protein precursor flanked by 

two restriction enzyme cutting sites (NdeI and EcoRi) were prepared and cloned into 

PCR 2.1-TOP0 vector (Invitrogen) by John Lewis, following the same methods as 

described earlier in the section 2.5. The protein sequence connecting PLII to PLIV in the 

wild type is PLII- N K S N N-PLIV (see Figure 2). The nucleotide sequence in the 

connecting region is: AAC AAA TCA AAC AAC. In the mutated version the connecting 

sequence has been changed to: AAA AAA TCA GCC AAG with an inferred amino 

sequence: K K S A K (see Figure 4A). 

The bacterial clones containing the PLIUPLIV wild type and the corresponding mutated 

cDNA ( cell stock was kindly provided by John Lewis) were inoculated into 5 ml of LB 

broth containing 50 mM ampicillin (Sigma, St. Louis, MO) and grown at 37OC overnight 



ATGCCGAGCCCAAGTAGGAAATCCAGATCTAGGTCTAGGAGTAGGA 
GTAAATCTCCAAAGAGAAGTCCAGCAAAGAAGGCAAGAAAGACACC 
AAAGMAGCAAGCGCAACGGGTGGAGCCAAGAAGCCATCTACTTTA 
TCCATGATTGTTGCTGCCATCCAAGCAATGAAGAACPLGAAAGGGGTC 
TTCAGTCCAAGCTATTAGAAAGTACATCCTGGCTAACAACAAAGGAA 
TCAACACATCACACCTCGGATCTGCMTGAAACTGGCTTTCGCAAAG 
GGATTGAAATCTGGTGTTTTCGTCAGACCTAAAACTTCCGCTGGTGCT 
TCTGGTGCAACTGGTAGCTTCCGAGTTGGAAAAGCACCTTCTTCTCCC 
AAGAAAAAGGCAAAGAAAGCAAAGTCACCAAAAAAGAAGAGTTCC 
AAGAAATCAAAGAACAAATCAAACAACGCTAAGGCTAAGAGGTCA 
C 

AAAAAATCAGCCAAG 
CCCGAAAGAAGAAAGCTGCAGTTAAAAAGTCATCAAAGTCGAAGGC 
CAAAAAGCCAAAGTCTCCGAAGAAAAAGAAGGCTGCCAAGAAACCA 
GCAAGAAAGTCTCCAAAGAAGAAAGCCAGAAAGTCTCCCAAGAAGA 
AGGCCGCCAAGAAGTCAAAGAAATAA 

PLIIIIV c D N A  insert 

Ndf' ECoRI 

Figure 4 (A): Mytilus PLII/PLIV c D N A  sequence. The nucleotide sequence 
encoding N K S N N  motif was shown as bold letters with the mutated sequence below 
it. (B): The construct of PET-22b vector with PLIIIIV insert. 



with shaking. Plasmids containing the PLIIIPLIV wild type and the corresponding 

mutated cDNA inserts were purified using QiaPrep Spin Miniprep (QIAGEN, Venlo, 

Holland) following the manufacturer's instructions. Elution was carried out with 50 pl of 

TE buffer. The purified plasmid samples were then digested with 2 units of EcoRT and 

NdeI at 37•‹C for 2 hours and loaded onto 1% low melting temperature agarose gel. The, 

bands corresponding to the insert were excised and purified with Wizard PCR Preps 

DNA Purification System (Promega, Madison, WI). 30 pl of TE buffer was used for the 

elution. A PET-22b vector (Novagen, Madison, WI) was digested with the same 

restriction enzymes under the same conditions and purified with the same system as the 

PLIUPLIV wild type and mutated cDNA samples. 

Two microliters of PLIIIPLIV wild typelmutated cDNA were ligated to 2 pl of PET-22b 

vector (Novagen, Madison, WI) (as shown in Figure 4B) with 1 unit of T4 Ligase in a 

final volume of 10 p1 consisting of (100 mM DTT, 10 mM ATP, 1  ligation buffer [ 20 

mM Tris-HC1 (pH 7.6)], 10 mM MgC12, 25 pglml acetylated BSA). The reaction 

mixture was incubated overnight at 16•‹C. 

2.5 pl of the ligation mixtures were used to transform 50 pl of a Rosetta (DE3) cell strain 

(Novagen, Madison, WI) following the protocol described by the manufacturer. Next, 

200 p1 of SOC medium (2% Tryptone, 0.5% Yeast Extract, 10 mM NaC1, 2.5 mM KCl, 

10 mM MgC12, 10 mM MgS04, 20 mM glucose) at room temperature were added and the 

mixture was incubated at 37OC for one hour. Approximately 200 p1 of the final reaction 

were spread onto LB plates containing 50 pglml ampicillin (Sigma, St. Louis, MO) and 

34 pglml chloramphenicol (Sigma, St. Louis, MO). The plates were incubated at 37•‹C 

overnight. 



Positive clones were inoculated into 5 ml of LB broth containing 50 &ml ampicillin 

(Sigma, St. Louis, MO) and 34 pglml chloramphenicol (Sigma, St. Louis, MO) and 

incubated at 37•‹C for 3 hours until the 0.DbO0 was 0.6-0.8. At this point, the aliquot of 

lml of the culture was kept aside and centrifuged at 16,000 g for 3 minutes. The 

supernatarit was discarded and the pellet was kept at -80•‹C to be used as an 

electrophoretic control of the protein composition of the culture before IPTG induction. 

Protein expression was induced in the rest of the culture by addition of IPTG (Sigma, St. 

Louis, MO) to a final concentration of 1 rnM. Aliquots of 1 ml were taken at 1 hour, 3 

hours and overnight intervals and centrifuged at 16,000 g for 3 minutes and processed as 

described for the non-induced sample. 

2.16 Gel electro~horesis and Western blotting 

The bacterial pellets collected before and after IPTG induction were thawed and 

dissolved in 80 pl of bacterial resuspension buffer [8 M urea, 50 mM KP04 (pH 6.8), 20 

mM Tris-HC1 (pH 8.0)]. Thirty microliters of this mixture were mixed with an equal 

volume of either 2 x SDS buffer [I25 mM Tris-HC1 (pH 6.8), 10% $-mercaptoethanol, 

4% SDS, 0.002% Bromophenol blue, 20% Glycerol] and boiled at 100•‹C for 10 minutes 

or 2xAU buffer (10% acetic acid, 5 M urea, 0.3% protarnine sulphate) and incubated at 

65•‹C for 10 minutes. The samples were then electrophoretically analyzed by either 15% 

SDS-PAGE or 2.5 M urea-5% acetic acid PAGE (Panyim and Chalkley, 1969; Hurley, 

1979; Ausio, 1986). 

For the Western blot analysis, the gels were blotted onto a PVDF membrane (Sequi-Blot, 

Bio-Rad, Hercules, CA). Protein transfer to the membrane was carried out at 100 Volts 
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for 2 hours at 4OC in 25 mM Tris-base and 20 mM Glycine buffer using a Bio-Rad mini 

trans blot apparatus (Bio-Rad, Hercules, CA). The blot was then blocked overnight at 

4•‹C with blocking solution [3% skim milk powder, 0.1 % Tween-20 in PBS (pH 7.4)]. A 

primary antibody against PLII (02B) [(made by Ausi6 using the purified PLII protein 

(Carlos et al., 1993a)l was used at a 1:6000 dilution arid the second antibody was HRP- 

labeled Goat Anti-Rabbit IgG (NEN Life Science, Boston, MA) used at a 1 :3000 dilution. 

The Western blot was developed with a mixture of an enhanced lurninal reagent and an 

oxidizing reagent (NEN Life Science, Boston, MA) in the dark room for 30 seconds and 

it was exposed to BioMax film (Kodak Corporation, Fairfield, CT) for 10 to 30 seconds. 

With the urea-acetic acid PAGE, the transfer of protein to the PVDF membrane was 

carried out with 0.7% acetic acid and the transfer was performed at 80 Volts for 2 hours 

at 4•‹C. The blocking solution used consisted of 1% BSA in NET buffer [15O rnM NaC1, 

5 mM EDTA, 50 rnM Tris-HC1 (pH 7.4)] and the solution used to wash the membrane 

consisted of 0.5% Tween-20 in NET. 

2.1 7 Effect of pH on PLIHV precursor vrocessin~ 

In the sperm of Mytilus, the PLII and PLIV proteins was translated as one precursor 

protein, then they went through the post-translational processing to cleave into two 

mature proteins (see general introduction section). To determine whether the cleavage of 

the protein precursor is affected by pH of the buffer used during the extraction, buffers of 

different pHs were used to extract the SNBPs from frozen gonadal tissue. The buffers 

used were: buffer A [(2 M NaCI, 50 mM Sorensen's Glycine I (0.1 M Glycine, 0.1 M 

NaCl, pH 2.0)], buffer B [2 M NaCl, 50 mM NaP04 (pH 6.0)], buffer C [2 M NaCl, 



50 mM Tris-HCl (pH 8.0)]. To determine if a buffer containing a nucleophile might have 

any affect on the cleavage, the non-nucleophile buffer D [2 M NaCl, 50 mM MES 

(pH 6.0)] was used to compare the extraction results with those obtained with buffer B. 

The extraction procedure was as follows: Approximately 0.3 g frozen Mytilus gonad 

tissue was minced and then suspended in 2 ml of [I50 mh4 NaCl, 10 mM Tris-HC1 

(pH7.3, 0.5% Triton X-1001 buffer containing a cocktail of protein inhibitors (Roche, 

Basel, Switzerland) (1 pill of complete cocktail inhibitor was dissolved in 1 ml of 

distilled water and a 11100 (VN) dilution was usually used). The sample was then 

homogenized in a Dounce homogenizer with 10 strokes in order to remove the 

cytoplasmic membranes. The homogenate was centrifuged at 12,100 g for 10 minutes at 

4•‹C. The supernatant was discarded and the pellet was resuspended with buffers of 

different pH and homogenized as before. This was followed by sonication using W-385 

Sonicator (Heat Systems Ultrasonic, New York, NY). The tube containing the sample 

was kept on ice and three 20 seconds sonications were performed with 30 seconds 

intervals. After centrifugation at 12,100 g for 10 minutes at 4"C, the supernatants were 

mixed with 1 g Hydroxyapatite (HAP) (Sigma, St. Louis, MO) which had been 

equilibrated with the corresponding pH buffers (1 g HAP was tumbled at 4•‹C for 1 hour 

in the presence of 10 ml of buffer and centrifuged at 3,030 g for 10 minutes) and tumbled 

at 4•‹C for 20 minutes. The mixture was then centrifuged at 12,100 g for 10 minutes at 

4•‹C. The supernatant was dialyzed against distilled water with number 3 SpectraIPor 

dialysis membrane (Spectrum, Rancho Dominguez, CA) at 4•‹C over night. The samples 

thus obtained were analyzed on either SDS-PAGE or 2.5% urea acetic acid PAGE as 

described in early section 2.16. 



Chapter 3 Results of characterization of protamine genes in reptiles 

There are three basic types of sperm nuclear basic proteins: histones, protamines, and 

protamine-like proteins. The two organisms studied here, alligator (Alligator 

mississipiensis) and lizard (Anolis carolinensis), have SNBP of the protamine type. In 

alligator, protamines that have been previously characterized consist of three major 

variants: AL I, AL I1 and AL 111 (Hunt et al., 1 996). 

3.1 Isolation, cloning and sequencing of alligator protamine AL I1 cDNA by RACE- 

PCR 

Total RNA and mRNA of alligator were isolated from fiozen testis tissue and cDNA was 

prepared according to, the manufacturer's instruction (Clontech). A primer called ALI 

was designed based on the known nucleotide sequence of the conserved N -terminal 

amino acid sequence (M A R Y E R E N R) of avian protamine (Ausi6 et al, 1999). 

Because of the phylogenetic relatedness of bird and reptile protamines (Ausi6 et al, 1999), 

it was assumed that the nucleotide sequence of this protein region was probably 

conserved in both groups. The rapid amplication of cDNA ends (RACE) PCR technique 

used here utilizes a specific primer named APl which binds to adaptor oligonucleotides 

of defined sequence (see materials and methods). This adaptor was ligated to the cDNA 

of interest. Gene-specific primers that bind to the 5' or 3' end of the cDNA were 

designed and used together with AP 1 to carry out either 5' or 3'rapid amplication of the 

cDNA ends. The RACE PCR products were cloned into TOP0 10 vector before 

sequencing. 



3' RACE PCR was performed by 

were very close to each other and 

the products were analyzed on a 

molecular constituents of these 

3 9 

using primers ALI and AP 1. Two major bands which 

approximately 450 bp in length were observed when 

1% agarose gel (data not shown). The size of the 

bands were calculated by plotting the relative 

electrophoretic mobility of a' DNA marker q n  on the same gel, versus the logarithm of 

the number of base pairs (results not shown). These two bands were then excised, cloned 

and sequenced. cDNA variants of the alligator protamine AL I1 were identified and 

sequenced in this way (see Figure 5 and Figure 6). When these cDNA sequences were 

translated, they encoded arginine-rich proteins with great similarity (>90%) to the AL I1 

protamine sequence earlier determined using Edman degradation protein sequencing 

(Hunt et al., 1996). 

Several primers were generated based on these two cDNA sequences. A S'RACE PCR 

was then carried out by using primer ALI Pl(r) (Figure 5) and APl . Another alligator 

protamine I1 variant was identified in this way by cloning and sequencing the PCR 

products. The result is shown in Figure 7. In this variant, the sequence T R Y L R that 

follows the starting methionine, is different fiom that of the two protamine I1 variants 

cloned form 3'RACE PCR which contained a sequence A R Y E R (as determined later 

by 5' RACE PCR). 

3.2 Isolation, cloning and sequencing of alligator protamine AL I cDNA 

Comparative analysis of the cDNA sequences of the alligator AL I1 protamine variants 

(shown in Figure 5 and Figure 6), allowed the identification of a conserved sequence at 



ATG GCC CGC TAC GAG CGC AAC AGG AGC CAC AGC AGG AAC CGT CGG 45 
m e t A  R Y E R N R S H S R N * R  R 

AGA AGG CGA CAA AGG AGT GAT CGC GGG GGT AGA TAT CAA AGA AGA 90 
R R R Q R S D R G G R Y Q R R  

GCC CAC CAT GGC CGG AGA AGA CAC CAC AGA GAT CAC TCT CAG AGA 135 
A H H G R R R H H R D H S Q R  

AGA AGG AGG AGG AGG AGA AGC AGA GAT TAA atcttctcaggagaagga 188 
R R R R R R S R D *  
< ------ AJJ ---------- -- ------------------- 

gatgatgattttggcttctccctgcacccctcttttctaccacatatccagatatgat 246 
----------- ALI P2 (0------- 

ggaacaagccatctgagactctccagcaatgaccacacaagatgcaaggatcctgcca 304 
<- - - -- - - - - 3mR------------------ 

...................... > 
ccatttgaacaatgtcacctgtcaataaacaattcaaatttcaaaaataaaaaaaaaa 362 

A P l c  
aaaaaaaaaaaaaaaaaaaagcggacctgcccgggcggccgctcgaqccctagtga 420 

Figure 5: Nucleotide and corresponding amino acid sequence of the alligator protarnine 
AL IIa cDNA obtained fi-om cloning and sequencing the 3'RACE PCR product. The 
initiation methionine and termination codons are indicated as met and *. Non-coding 
region is indicated by lower case letters. Underlined regions indicate the primers used in 
the RACE PCR reaction. Other primers are highlighted by discontinuous lines with an 
arrow that indicates their forward 5' (f) or reverse 3' (r) orientation. 



ATG GCC CGC TAC GAA CGC AAC AGG AGC CGC AGC AGG AGA CGT CGC 
m e t A R Y E R N R S R S R R R R  

AGA AGG CGA CGA AGA GGT CAT CGT GGT GGTIAGA TAT CGA AGA AGA 
R R R R R G H R G G R Y R R R  

AGA GGC CGC TAT GGC CGG AGA AGA CAC CAC AGA GGG CAC TCT CAA 
R G R Y G R R R H H R G H S Q  

AGA AGG AGG AGG AGG AGA AGG AGC AGA GAT TAA atctcccagttgcag 
R R R R R R R S R D *  

ctcttcttctgcagtgttattactcctctcttctgccacttctccaaagacaagatgaa 
< ------- 3-UTR ---------- 

acaagtcatctgtgagatcccctagaagtgactgccaccatttgaac~~gcgcctgt 
................................ 
caataaacaattcaaatttcataaaaaaaaaaaaaaaaaaaaaaaaaaagcggccgctg 

APl* 
aattctanacctgcccgggcggccgctcga~ccctatagtgagtcqtt~gqatgq-3' 

Figure 6: Alligator protamine AL IIb cDNA Nucleotide and inferred amino acid 
sequences obtained fiom 3'RACE PCR. The initiation methionine and termination 
codons are indicated as met and *. Non-coding region is indicated by lower case letters. 
Underlined regions indicate the primers used in the RACE PCR reaction. Other primers 
are highlighted by discontinuous lines with an arrow that indicates their forward 5' (f) or 
reverse 3 ' (r) orientation. 



cactatagqgctcgagcggccgcccgggcaggttccaaacagacaggggctgctcca -59 

aacgaaacaaggtgctccaactgctgagagattgatagccatcaagaccttgctaggaa -1 

ATG ACA AGA TAC TTA CGC AAC AGG AGC CAC AGC AGG AAC CGT CGG 45 
M T R Y L R N R S H S R N R R  

AGA AGG CGA CAA AGG AGT GAT CGC GGG GGT AGA TAT CAA AGA AGA 90 
R R R Q R S D R G G R Y Q R R  

GCC CAC CAT GGC CGG AGA AGA CAC CAC AGA GAT CAC TCT CAG AGA 135 
A H H G R R R H H R D H S Q R  

AGA AGG AGG AGG AGG AGA AGC AGA GAT TAA atcttctcaggagaaggag 184 
R R R R R R S R D *  

A m  1 (r)+ 
atgatgattttqgcttctccctgcacccctc-3f 215 

Figure 7: Nucleotide and corresponding amino acid sequence of the alligator protarnine 
AL IIc cDNA obtained fiom 5'RACE PCR. The initiation methionine and termination 
codons are indicated as met and *. Non-coding region is indicated by lower case letters. 
Underlined regions indicate the primers used in the RACE PCR reaction with an arrow 
that indicates their forward 5' (0 or reverse 3' (r) orientation. 



the 3' untranslated region. A primer called 3UTR was created based on this conserved 

region (see Figure 5 and Figure 6). Primer 3UTR and primer ALI were used to perform a 

regular PCR and the subsequent products were cloned and sequenced as described in 

materials and methods section. This led to obtaining a sequence that encoded a protein 

with high similarity to that of the AL I variant reported previously (Hwt et al., 1996). 

Figure 8 shows the sequence of this PCR product and the inferred amino acid sequence. 

3.3 Genomic walking 

Genomic walking is a PCR-based technique for the sequencing of unknown gene regions 

flanking DNA coding domain. The method is based on similar principles to those of the 

RACE procedure. Genomic DNA fragments were used as a template and ligated to 

adaptors of defined sequence. Gene-specific primer, ALI P2(r) (see Figure 5),  was used 

in combination with pp2, a primer specific for the adaptor (see Materials and Methods), 

to perform the genomic walking of the promoter region of alligator protamine AL I1 gene. 

The PCR products obtained in this way were analyzed in a 1% agarose gel. Two major 

bands of approximately 1 kb and 250 bp in size were observed in the lanes containing 

MteI and SpeI digested template. The cloning and sequencing of these bands revealed 

that the 250 bp band was a false positive. However, the sequencing of the 1 kb band 

corresponded to the promoter region of this alligator AL I1 protamine gene. The sequence 

of this band is shown in figure 9. 



AGA AGG CGA TGG AGT AAT CAT GGG GGT AGA TAT CGA AGA AGA AGA 90 
R R R W S N H G G R Y R R R R  

ACA AGA AGG AGC AGA GGA GGC CGC TAC GGC CAG AGA AGA CAC CAC 135 
T R R S R G G R Y G Q R R H H  

<-------AL3P------------- 

AGA GGT CAT TCT CGG AGA AGG AGG AGG AGG AGG AGA AGG AGG AGC 180 
R G H S R R R R R R R R R R S  

----------- 
AGA GAT TAA atcttgtcaagaggaagagatgattacttcagctctcccgagtggcc 235 
R D *  

gtcttttcttgaactgttgttaccccctcctttctgccacttctccaaagacaagatgca 293 

Figure 8: : Nucleotide and corresponding amino acid sequence of the alligator protamine 
AL Ia cDNA obtained from cloning and sequencing the PCR product. The initiation 
methionine and termination codons are indicated as met and *. Non-coding region is 
indicated by lower case letters. Underlined regions indicate the primers used in the PCR 
reaction. Other primers are highlighted by discontinuous lines with an arrow that 
indicates their forward 5' ( f )  or reverse 3' (r) orientation. 



ccctagcaagtgtagcactgacaagcctgtaagtataatactggtttttcctcctaagg -697 

tagagccccctgcacttcgctgcattgaatgccatcaggttttggtccacccaccttgt -639 

gagcctgtccaggccagcctgtatcctcgggctgtcttccagtttgactgccttgcctc -581 

atagtttaatgttgtctgctaaattcatcagtccacatctgacacccaaatccagatca -523 

taccttgtgccatgttgattcggccattggtgttaaggccacttccagttaccagtcca -407 

gaagccaatttatctttgtgccacataataaagtctaagatgcttattccatgtgtt -349 

gcattcactttttaaattcaaaatatcatctataaattaaattagggatagtaatcctgatgat -291 

aatcagcttaagcttcatgggatcttcttatacagttatttccgcacagggagacattg -233 

gcatataaggtcaaatgtaaggatttggggctttatatggaaagccaggtcgattgg -175 

ttacagatgcaaagtgtgttggtgtctgtcacaatcagcaacgtttataaaaaagcc -117 

caacctgccagaaggtctcagaagctgaggacatccaaacagacaggggctgctcca -59 

aacgaaacaaggtgctccaactgctgagagattgatagccatcaagaccttgctaggaa -1 
ALI P2(rk  

ATG ACA AGA TAC TTA CGC AAC AGG A& CAC AGC AGG CAA CCG TCG 45 
m e t A R Y E R N R S H S R N R R  

Figure 9: Nucleotide sequence of the promoter region of alligator protarnine AL I1 
obtained fiom genomic walking. The starting methionhe codon is indicated as met. The 
coding region is indicated by capital letters and the inferred amino acid sequence is 
shown below in bold capital letters. Underlined regions indicate the primers used in the 
genomic walking and their designation is indicated with an arrow that indicates their 
forward 5' (0 or reverse 3' (r) orientation. 



3.4 Determination of an alligator protamine gene sequence from genomic PCR 

Alligator genomic DNA was used as template to perform genomic PCR. Primers ALI PI 

(f) and ALI PI(r) (see Figure 5) were used to carry out the AL I1 genomic PCR. A major 

band of 207 bp in size was expected if the protamine AL 11 gene is intronless. The 

genomic PCR product was analyzed in a 4% polyacrylamide native gel (see Figure 10). 

Lane 1 contains 4 pl CCfo I-digested pBr 322 marker and lane 2 contains 4 p1 of the 

genomic PCR products (Figure 10). The band of lane 2 has the same electrophoretic 

mobility as the 206 bp band of the marker. Therefore the alligator protamine AL I1 gene 

is intronless. 

This 206 bp band was cloned and sequenced and the deduced amino acid sequence was 

compared to the rest of the alligator protamines (see Figure 11). 

Alligator protamine AL I genomic PCR was performed using primers AL5P and AL3P 

(see Figure 8). The PCR product was also analyzed on a 4% polyacrylamide native gel 

(Figure 12). Three major bands were found with approximately 380 bp, 520 bp and 1.1 

kbp in size. Each of these three bands is larger than the expected 187 bp bands based on 

the cloned cDNA sequence. This suggested that the protamine AL I gene might contain 

an intron sequence. These three bands were cloned and sequenced but the analysis of the 

sequences did not show any correspondence with the AL I protamine gene. This is 

probably due to the existence of multiple copies of protamine AL I in the alligator 

genome. 



Figure 10: Electrophoretic analysis (4% native PAGE) of the 
genomic PCR products of alligator protarnine AL 11. Lane 2 contains 
4 p1 of the genomic PCR products. Lane 1 contains 4 pl of the Cfo I- 
digested pBr 322 marker. The sizes (in nucleotides) of the CFO 
marker are shown on the left hand side. 
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Figure 12: Electrophoretic analysis (4% native PAGE) of the genomic PCR products 
of alligator protamine AL I. Lane 2 contains 4 pl of the genomic PCR products. Lane 
1 contains 4 p1 of the Cfo I-digested pBr 322 marker. The sizes (in nucleotides) of the 
CFO marker are shown on the left hand side. The size of two larger bands (arrows) 
were determined by electrophoresis on a 1% agarose gel calibrated with a lambda 
DNA Bst E-II marker (New England Biolads) (data not shown). 



3.5 Comparison of the alligator protamine sequences translated from the nucleotide 

sequences to these obtained from protein sequencing. 

As mentioned at the beginning of the Results section, three alligator protamines variants 

had been previously characterized; AL I, AL I1 and AL I11 (Hunt et al., 1996). The 

a protein sequences translated from the nucleotide sequences shown in Figure 5, 6, 7, 8 

were compared to ALI, ALII and ALIII using a multiple alignment generated by 

CLUSTAL X software analysis. The comparative analysis is shown in Figure 11. A 

significant extent of similarity (>90%) was found among the protein sequences inferred 

from gene analysis and the earlier protein sequences. The molecular weight of the 

protamine proteins calculated fiom their amino acid sequences is shown at the end of 

each sequence. 

3.6 Size and polyadenylated nature of the alligator protamine mRNA transcripts 

Northern blots were performed to determine the size and polyadenylation of the 

protarnine mRNA transcripts. The results of the Northern blot analysis of RNA for 

protamines AL I1 and AL I are shown in Figure 13, and Figure 14, respectively. 

Lane 1 of Figure 13 contained 3 pg of total RNA from alligator testis and lane 2 

contained 3 pg of the corresponding mRNA. The probe used for hybridization was the 

AL I1 cDNA shown in Figure 6. A single band with the same electrophoretic mobility 

appears in both RNA fi-actions. The size of protamine I1 mRNA was determined to be 

approximately 580 bp as estimated fiom a plot of the relative electrophoretic mobility 

versus the logarithm of the number of base pairs. The strongest hybridization signal of 



Figure 13: Northern blot analysis of the alligator protarnine AL I1 RNA transcripts. 
The blot was hybridized using a probe generated fiom AL I1 cDNA. Lane 1 contains 
3 pg of total RNA and lane 2 contains 3 pg of mRNA. The positions of a 0.24-9.5 kb 
RNA ladder (Gibco Life Technologies) are placed on the left side of the blot. Samples 
were run on a 1 % formaldehyde-agarose gel (Sambrook et al., 1989) 



Figure 14: Northern blot analysis of the alligator protarnine AL I RNA transcripts. 
The blot was hybridized using a probe generated fiom AL I cDNA. Lane 1 contains 
3 pg of total RNA and lane 2 contains 3 pg of mFWA. The positions of a 0.24-9.5 kb 
RNA ladder (Gibco Life Technologies) are placed on the left side of the blot. 
Samples were run on a 1 % formaldehyde-agarose gel (Sambrook et al., 1989) 



lane 2 together with the estimated size of the mRNA suggested that AL I1 mRNA is 

polyadenylated. 

Figure 14 shows the blot when the hybridization was carried out with a probe obtained 

from an AL I cDNA (see Figure 8). Lane 1 contained 3 pg of total RNA, whereas lane 3 

contained 3 pg of mRNA. The Northern blot result showed that the AL I mRNA was 

also polyadenylated and the size of the mRNA was calculated to be 610 bp in length. 

3.7 Southern blot analysis of reptilian protamine genes 

Ten micrograms of alligator genomic DNA were digested with five restriction enzymes. 

In an attempt to determine the copy number of the AL I and AL I1 genes, Southern blots 

were performed with the digested genomic DNA using a cloned AL IIb cDNA as probe 

(sequence shown in Figure 6). The sequence of this probe does not contain any cut site 

for the enzymes used to digest alligator genomic DNA. The Southern blot shown in 

Figure 15 was obtained upon hybridization with the same probe used for the alligator 

AL I1 protamine Northern blot. A single band appears in lane 1 consisting of AluI 

digested genomic DNA. However all the other restriction enzymes produced multiple 

bands as can be seen in lanes 2 to 5 of this figure. This result indicates the complexity of 

the alligator protamine genes. Although the precise copy number could not be 

determined from this blot, it clearly shows that multiple protamine genes are present in 

the alligator genome in agreement with the results presented in previous sections. 

A probe generated from AL I cDNA was used to hybridize the Southern blot in order to 

determine the copy number of the AL I protamine gene. The same restriction enzymes 

were used as in the AL I1 Southern blot. In this case, two moderately visible bands could 



Figure 15: Southern blot analysis of alligator genomic DNA digested with five 
different restriction enzymes. AL I1 cDNA was used as probe for the hybridization. 
Each lane contains 10 pg of genomic DNA digested with the following enzymes: Alui 
DraZ EcoRl, Hind114 and Rsal. The left hand side of the blot shows the positions of 
the bands of a DNA Bst E-11 marker. The samples were run on a 0.8% agarose gel 
(Sambrook et al., 1989). 
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be observed in the DraI digest and a single band was present in the EcoRI and Hind111 

digests. The background of the blot was not very clear and hence it was difficult to 

determine if other bands were present (data not shown). Unfortunately, increasing the 

stringency of the washing steps did not improve the results. This may be caused by the 

nature of the alligator protamine I gene. As shown in Figure 12, it is very likely that AL I 

protamine gene contains an intron which may interfere with the binding of the probe. 

3.8 HPLC fractionation of the alligator protamines 

Alligator protamines were extracted fkom fkozen testis tissue using 0.5 N HCl and the 

extract were fractionated by reverse phase HPLC. Figure 16 shows the reverse phase 

HPLC elution profile and Figure 17 shows the electrophoretic analysis of the 

fractionations obtained. 

3.9 Mass Spectrometry analysis of the alligator protamines 

Fractions A, B, C, D and E fkom reverse phase HPLC (Figure 16) were vacuum-dried, 

dissolved in distilled water, and analyzed by mass spectrometry. The results of this 

analysis are shown in Figures 18A, 18B, 18C, 18D, and 18E. 

3.10 Determination of the cDNA sequence of the lizard protamine using RACE PCR 

Lizard cDNA was prepared from a poly (A)-rich RNA isolated from testis. The two 

primers used to carry out the S'RACE PCR were 3UTR from alligator (Figure 5 and 

Figure 6) and APl. One predominant band with the size of approximately 500 bp was 

obtained and turned out to be the positive one (data not shown). This allowed the 



T
im

e 
(m

in
) 

Fi
gu

re
 1

6:
 R

ev
er

se
 p

ha
se

 H
PL

C
 fr

ac
tio

na
tio

n 
of

 a
lli

ga
to

r p
ro

ta
m

in
es

. 
T

he
 c

ol
um

n 
us

ed
 w

as
 a

 V
yd

ac
 C

 18
 co

lu
m

n 
(2

5 
x 

0.
46

 c
m

). 
B

uf
fe

r A
 w

as
 0

.1
%

 tr
ifl

ur
oa

ce
tic

 a
ci

d 
(T

FA
) a

nd
 b

uf
fe

r B
 w

as
 1

00
%

 ac
et

on
itr

ile
. 

T
he

 fl
ow

 ra
te

 
w

as
 1

 m
llm

in
 a

nd
 th

e 
el

ut
io

n 
w

as
 m

on
ito

re
d 

at
 2

30
 n
m.
 T

he
 e

lu
tio

n 
gr

ad
ie

nt
 u

se
d 

w
as

 a
s 

fo
llo

w
s:

 0
%

 b
uf

fe
r B

- 
10

%
 b

uf
fe

r B
 fo

r 
10

 m
in

ut
es

, 1
0%

 b
uf

fe
r B

-2
5%

 b
uf

fe
r B

 fo
r 9

0 
m

in
ut

es
. 



Figure 17: Electrophoretic analysis (15% polyacrylamide, 2.5 M urea-5% acetic acid 
gel) of the alligator protarnine fractions obtained fkom the reverse phase HPLC 
hctionation shown in figure 16. The letters correspond to the hction peaks in 
Figure 16. Lane 1 contains extracted alligator protamines AL I, ALII, AL III and 
precursor protein pp. 



Mass, amu 

Figure 18A: Result of mass spectrometry analysis of the alligator 
protamines in fraction A 



Figure 18B: Result of mass spectrometry analysis of the alligator 
protarnines in fraction B 



Mass, amu 

Figure 18C: Result of mass spectrometry analysis of the alligator protamines 
in fraction C 



Mass, amu 

Figure 18D: Result of mass spectrometry analysis of the alligator protamines 
in fiaction D 



Mass, amu 

Figure 18E: Result of mass spectrometry analysis of the alligator 
protarnines in fraction E 



obtaining of .a cDNA sequence (see Figure 19) that when translated into a protein 

produces a sequence that is identical to that determined by conventional protein 

sequencing (Hunt et al., 1996). 

3.11 The genomic sequence of the lizard protamine 

The primers LZSP and LZ3P shown in Figure 19 were used to amplify the genomic 

protamine sequence using genomic DNA obtained fiom lizard testis. The single PCR 

product thus obtained appeared as a 280 bp band on a 4% polyacrylamide native gel (see 

Figure 20, lane 2). The expected size of this fragment is about 165 bp if amplified fiom 

lizard cDNA. This 280 bp band was then cloned and its sequence is shown in Figure 21. 

When compared to the cDNA sequence in figure 19, the genomic sequence contains an 

intron of 106 bp in length. The introdexon boundaries follow the GT. ..AG rule of 

introns fiom RNA polymerase -11-transcribed genes and are in agreement with consensus 

splice sites observed in other genes (shown as italic letters in Figure 21) (Mount, 1982). 

3.12 Characterization of the lizard protamine mRNA transcripts 

Northern blot analysis was carried out to determine the size and the poly-adenylated 

nature of the protamine mRNA transcripts. The probe used for the hybridization was the 

protamine cDNA (Figure 19) and the result of the Northern blot is shown in Figure 22. 

Total RNA and the fiaction corresponding to polyA+RNA were analyzed in lanes 1 and 2, 

respectively. In both instances, a broad single band with almost identical electrophoretic 

mobility is observed. The size of mRNA transcript corresponding to the center of the 



Lizard Protarnine 

gactcactatagggctcgagcggccgcccgggcaggtgcccctccaaggc -59 

aggttgggctccagctgctaggagctcgaaagaacaagaacaccatctgaa -1 
------- Lzsp ............................................... > 
ATG GCT CGA TTC AGA CGC AGC AGG AGC CGA AGC CTC ACT 45 

M A R F R R S R S R S L S  

CGC CGC CGT CGG AGG CGT AGA GGA CGT GGT CAT GGT GGT 90 
R R R R R R R G R G H G G  

CAC CAC TAA gttctcccactctggcctccggtgtccttgatttcaag 235 
H H * 

tcatccaaatcaacaaaacttctgtcaaaagaaagcaaaatgaaacaaaac 293 

aactccttccactgaaacatgcaggaagaattctcaaaaatcagggagcct 351 
3-UTR+ 

Figure 19: Nucleotide and corresponding amino acid sequence of the lizard protarnine 
cDNA obtained from cloning by S'RACE PCR. The initiation methionine and 
termination codons are indicated as met and *. Non-coding region is indicated by lower 
case letters. Underlined regions indicate the primers used in the RACE PCR reaction. 
Other primers are highlighted by discontinuous lines with an arrow that indicates their 
forward 5' (f) or reverse 3' (r) orientation. 



Figure 20: Electrophoretic analysis of the genomic PCR products obtained using 
primers LZSP, LZ3P and genomic DNA from lizard. Lane 2 contains 4 p1 of the 
genomic PCR products. Lane 1 contains 4 pl of Cfo I-digested pBr 322marker. The 
sizes (in nucleotides) of the CFO marker are shown on the left hand side. 
Electrophoresis was carried out on a 4% polyacrylamide native gel. 



ATG GCT CGA TTC AGA CGC AGC AGG AGC CGA AGC CTC AGT 45  
m e t A R F R R S R S R S L S  

CGC CGC CGT CGG AGG CGT AGA GGA CGT GGT CAT GGT GGT 90 
R R R R R R R C R G H G G  

GGA AAG AAG AGG CGG GGA AGG CGT CGT GGG AGA GGG AAA 135 
G K K R R G R R R G R G K  

ST AAA gtc~gta~tccacagacgatgcttactatataactamtctagatctcatctgggttat 207 
G K 

L Z 3 P t  
attagatatctaatgcttacgtttgccttttccaggtaag GGC CAC AAG AAA GGA AGA 2 6 5 

G H K K G R  

AGA AGA AGG AGA CAC CAC CAC TAA 289 
R R R R H H H *  

Figure 21 : Nucleotide sequence of the lizard protamine gene obtained by cloning of a 
genomic PCR product. The nucleotide sequence of the intron interrupting the codon 
regions is indicated by lower case letters. The initiation methionine and termination 
codons are indicated as met and *. Underlined regions indicate the primers used in the 
PCR reaction with an arrow that indicates their forward 5' (0 or reverse 3' (r) orientation. 
The names of the primers are also indicated. Italic letters indicate splice junctions. 



Figure 22: Northern blot analysis of the lizard protamine RNA transcripts. The blot was 
hybridized using a probe generated fiom lizard protamine cDNA. Lane 1 contains 3 pg of 
total RNA and lane 2 contains 3 pg of mRNA. The positions of a 0.24-9.5 kb RNA ladder 
(Gibco Life Technologies) are placed on the left side of the blot. Samples were run on a 
1% formaldehyde-agarose gel (Sambrook et al., 1989) 
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band was detennined to be approximately 520 bp.. The stronger hybridization signal 

observed in lane 2, indicates that the lizard protamine mRNA is polyadenylated. 

3.13 Determination of the lizard protamine gene copy number 

Southern blotting analysis was performed with lizard gevomic DNA digested with 

different restriction enzymes in order to determine the copy number of the protamine 

gene. The same five restriction enzymes used in the alligator Southern analysis (see 

section 2.11) were used for the digestion of the lizard genomic DNA. The blot was 

hybridized with a probe generated from the cloned genomic protamine gene (Figure 21) 

which does not contain any cut site for the enzymes used to digest lizard genomic DNA 

and the resulting Southern blot result is shown in Figure 23. There appears to be a single 

band in all five lanes, demonstrating that lizard protamine gene exists as a single copy in 

the lizard genome. 



Figure 23 : Southern blot analysis of lizard genomic DNA digested with five different 
restriction enzymes. Lizard genomic protamine fiagment was used as probe for the 
hybridkition. Each lane contains 10 pg of genomic DNA digested with the following 
enzymes: AluI, Drd,  EcoRI, HindIII, and RsaI The left hand side of the blot shows 
the positions of the bands of a DNA Bst E-11 marker. The samples were run on a 0.8% 
agarose gel (Sambrook et al., 1989). 



Chapter 4 . Results of Characterization of the Mytilus PLIIIPLIV 

precursor processing 

4.1 Electrophoretic characterization and Western blot analysis of the expression of 

Mytilus P L I I N  precursor 

Mytilus PLIIIPLIV wild type cDNA inserts (see Figure 4A) were ligated to the 

expression vector PET-22b (see Figure 4B) and expressed in a Rosetta (DE3) cell strain. 

One milliliter aliquots of culture were taken before and after one hour, three hours and 

over night induction by 1mM IPTG. The samples were centrifbged and the bacterial 

pellets were resuspended in BRB buffer and analyzed by SDS-PAGE using a 15% gel 

(see Figure 24A). The protein gel was blotted onto a PVDF membrane, and a Western 

blot was carried out using an antibody against Mytilus PLII. Figure 24B shows the 

Western blot analysis for the expression of the PLII /IV wild type precursor protein. Lane 

1 of Figure 24A and 24B shows SNBP marker fi-om mussel and lanes 2, 3,4, 5 show the 

proteins expressed at different times upon IPTG induction. No distinct band 

corresponding to the PLII/IV precursor can be observed in Figure 24A, indicating that the 

amount of the expressed precursor, if any, must be very limited. A single band with the 

same electrophoretic mobility as that of PLII appears in lanes 3, 4 and 5 with increasing 

intensity (see Figure 24B, lanes 3-5). This result indicates that wild type PLIYPLIV 

precursor is cleaved into two proteins, PLII and PLN, during the process of expression in 

Rosetta cells, supporting the intein-like hypothesis of self-cleavage. 





4.2 Electrophoretic and Western blot analysis of. the expression of the mutated 

Mytilus PLIYIV precursor 

As described in the Introduction chapter, PLII and PLIV of Mytilus are transcribed fi-om a 

unique mRNA as one precursor protein and are post-translationally cleaved into two 

mature PLII and PLIV proteins. The C-terminal sequence NKSNN of PLII (see Figure 2) 

is assumed to be the recognition site for post-translational cleavage and the replacement 

of the essential residues in this sequence might result in the failure of cleavage. Mytilus 

PLIIPLIV cDNA was mutated to consist of K K S A K instead of N K S N N between 

PLII and PLIV proteins and was expressed in a Rosetta (DE3) cell strain following the 

same protocol as that described for the expression of the wild type PLIIPLIV precursor. 

The bacterial pellets containing the expressed protein samples were analyzed on a 15% 

SDS-PAGE gel (Figure 25A) and the corresponding Western blot result is shown in 

Figure 25B. Lane 1 in Figure 25A and B contain an SNBP marker from M. californianus. 

Lane 2 contains protein samples before IPTG induction and lanes 3-5 contain protein 

samples at different times (1 hour, 3 hours and overnight) after IPTG induction. Multiple 

bands larger than that of PLII can be observed in lanes 3, 4 and 5 in figure 25B. This 

suggests that when expressed in Rosetta cells, the mutated precursor remains as one 

protein and is not processed. The occurrence of multiple bands with various sizes shown 

in Figure 25 B is probably due to the difficulty of the bacterial system to express the 

entire cDNA sequence. The same results were obtained when the data were analyzed 

using urea acetic acid PAGE (see Figure 26A and 26B). 
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PLII - 
H4 - 

PLIII - 

Figure 26: Electrophoretic (A) and Western blot analysis (B) of the expression of 
wild type and mutated PLIVPLN Mytilus precursor. Lane 1 contains an SNBP 
mussle protein marker. Lanes 2 and 3 contain proteins expressed from mutated and 
wild type PLIVPLIV precursor 3 hours after IPTG induction, respectively. 



4.3 Effect of pH on PLIUIV processing 

When the Mytilus PLII and PLIV cDNAs were first cloned and sequenced (Carlos et al., 

1993b), it was shown that these two proteins were encoded by a unique rnRNA. 

However, when the SNBPs of Mytilus are extracted with 0.5 N HCl and analyzed by 

either SDS-PAGE or urea acetic acid PAGE, both PLII and PLN proteins are observed 

(lane 1 in Figure 27A and 27B) instead of the whole PLIUN precursor protein. To 

determine whether the cleavage of the protein precursor occurs according to an intein 

self-splicing mechanism or as a result of the low pH (0.5N HCl) conditions usually used 

during the extraction, buffers with different pH value were used to extract the SNBPs 

fiom fiozen gonadal tissue. The results of these extractions were analyzed both by SDS- 

PAGE (Figure 27A) and by urea acetic acid PAGE (figure 27B). These results clearly 

indicate that the pH of the buffers used for the protein extraction do not affect the 

cleavage of the precursor protein. As shown in lanes 2-5 in Figure 27A and B, both PLII 

and PLIV proteins can be observed when extracted with buffers of pH 2.0, pH 6.0, pH 

8.0 and pH 6.0 MES, respectively. 
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Chapter 5 - Discussion 

5.1 The protamine genes of reptiles 

As mentioned in the introductory chapter, most protamine genes are closely linked within 

the same chromosome. Mammalian protamine genes are located in an autosome 

(chromosome 16 in both mouse and human) (Hecht, 1989; Oliva and Dixon, 199 1 ; Steger, 

1999). The nucleotide sequences of the coding regions of the vertebrate protamine genes 

examined to date exhibit a high degree of sequence variability. This feature often makes 

the analysis of these genes very complicated (Hecht, 1989; Oliva and Dixon, 1991 ; 

Steger, 1999). Despite this, techniques available currently, including rapid amplication 

of cDNA ends (RACE) PCR and genomic walking, has allowed us to identify the 

nucleotide sequence of the encoding region and the promoter region of the alligator 

protarnine genes as well as the encoding sequence of the lizard protamine gene (shown in 

Figures 5,6,7,8, 19 and 21). 

Rapid amplication of cDNA ends (RACE) PCR technique provides a specific primer AP 1, 

which will bind to adaptor oligonucleotides of defined sequence. This adaptor can then 

be ligated to the cDNA containing a gene of interest. Gene-specific primers that bind to 

the 5' or 3' end of the cDNA were designed and used together with APl to carry out 

either 5' or 3' rapid amplication of the cDNA ends. Sequence analysis of the N-terminal 

region of the protamines revealed the presence of a signature ARYR domain (Lewis et al., 

2003). This ARYR domain exists in birds, mammals and reptiles but is absent in fish and 

amphibians. The primer ALI used in this study to characterize the first alligator 

protamine I1 gene was designed based on the avian AYRY sequence (Figure 5). Once the 



first nucleotide sequence of the protamine I1 gene was characterized, more primers were 

designed based on this sequence information. Taking advantage of the RACE PCR 

technique, we identified more protamine genes in alligator and lizard. 

Genomic walking is a PCR-based technique initially described by Gurr and colleagues 

(Zhang and Gurr, 2000) for sequencing unknown flanking genomic DNA regions. This 

technique has allowed us to characterize the nucleotide sequence of the promoter region 

of alligator protamine I1 gene (shown as Figure 9). This sequence includes the general 

TATA box which is common to the promoter region of other genes. By using the same 

strategy, it should be possible to identify and characterize the promoter regions of other 

reptilian protamine genes. 

5.2 The mRNA transcripts andgene copy number of reptile protamines 

In vertebrates, protamine mRNA is synthesized in the haploid post-meiotic genome and 

stored for several days before the translation starts in the elongated spermatids (Hecht, 

1989; Oliva and Dixon, 1991; Steger, 1999). The 3' flanking region of the protamine 

genes contains the elements involved in translational regulation. All cis-acting elements 

involved in the translational regulation of mammalian protamine P1 are found in the 3'- 

UTR region (Gedamu et al., 1977; Kleene et al., 1984). The size of the mRNA 

transcripts for alligator protamine I and protamine I1 (AL IIb) were determined to be 61 0 

bp and 580 bp, respectively. The size of the lizard mRNA transcript is 520 bp. Northern 

blot results revealed that the RNA transcripts of alligator protamine I, protarnine I1 and 

lizard protamine are polyadenylated because only one band is present in lanes containing 
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total RNA and mRNA samples with the same electrophoretic mobility (Figures 13, 14 

and 22). 

Should protamine RNA have a non polyA fraction, then two bands should be observed in 

the total RNA sample. These results are consistent with the fact that all protamine genes 

characterized to date are polyadenylated. Polyadenylation plays an important role in the 

translational regulation of protarnine genes (Hecht, 1989; Steger, 1999). The nucleotide 

sequence preceding the polyadenylation signal shows a high degree of similarity among 

the amniotes protamine genes. The binding of sequence-specific RNA binding proteins 

to these regions has been suggested to play certain role in translational regulation (Steger, 

1999). 

The Southern blot analysis of the alligator protamine I1 gene demonstrates that this gene 

is multicopy because multiple bands are present in lanes containing alligator genomic 

DNA digests (figure 15). But the copy number of this gene still needs further 

investigation. The cloning and sequencing results show that there are several variants of 

alligator protamine 11. And these variants might complicate the Southern blot analysis 

because of their significant similarity. The origin and the potential function of these 

variants still remain unknown. Further research on this subject may shed light on the 

understanding of the evolution of protamines. One theory was proposed that the 

microheterogeneity of alligator protamine I1 may arise at the onset of the gene 

duplication processes involved in the evolution of protarnine genes (Oliva and Dixon, 

1991). Interestingly, the Southern blot result of the lizard protamine gene shows that this 

gene is single copy (Figure 23). It still remains a mystery why certain organisms contain 

multiple protamine genes while others contain only a single copy (Hunt et al., 1996). 



5.3 Occurrence of an intron in reptilian protamine genes 

The gene information available to date indicates that only the mammalian P1 and P2 

protamines contain intron sequences (Steger, 1999). The biological function of this 

intron acquisition is still unclear. The published data shows that the protamine genes of 

' fish, amphibians and birds are intronless. Our results demonstrate that the alligator 

protamine I1 gene, like the majority of the genes encoding DNA-binding chromosomal 

proteins, doesn't contain intron sequence. Interestingly, the result of genomic PCR of 

alligator protamine I revealed that there is intron sequence preset in this gene. The sizes 

of the three major bands of electrophoretic analysis are 380 bp, 520 bp and 1.1 kb, 

respectively (Figure 12), bigger than the expected size of 187 bp in length. But the 

failure of cloning and sequencing alligator protamine I gene made the intron hypothesis 

inconclusive. However, in the case of lizard, the cloning and sequencing of its protamine 

gene showed that this gene contains a 106 bp intron sequence (Figure 21). The 

introdexon boundaries conform to the GT.. .AG rule for introns in RNA-polyrnaase-11- 

transcribed genes and to consensus splice sites observed in other genes (Mount, 1982). 

The vertebrate protamine genes present an interesting evolutionary question in that fish 

and bird genes are intronless and their coding regions lack cysteine codons, while 

eutherian protamine genes all possess a single, small intron sequence and contain 6-9 

cysteine residues (Winkfein et al., 1993). The lizard protamine gene contains a single 

intron sequence but does not possess any cysteines. The intron sequence may also exist 

in the alligator protamine I gene (Figure 28). The obtaining of intron sequence in 

protamine genes may occur in reptile and continue to mammal. But the mystery of the 

loss of intron sequence in bird needs to be elucidated. These findings emphasize the 



protamine genes 

Mammal 

Bird 

Reptile AL I 

AL I1 

Lizard 

Amphibian 

Fish 

with intron without intron cysteine codons 

Figure 28: Schematic diagram of protamine genes in Vertebrata. The "+" in the 
oval indicates the protamine gene containing cysteine codons and "-" indicates the 
protamine genes without cysteine codons. Question mark '?"means unknown. 
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importance of the characterization of reptilian protamines in order to clearly understand 

the evolutionary relationship between all the vertebrate protamines. 

5.4 Alligator protamine ZZZgene 

Previously published data in our lab provided information about the primary structure of 

three major alligator protamines (AL I, AL 11, AL 111). We have successfully cloned and 

sequenced the genes encoding AL I and AL 11. The comparison of the inferred amino 

acid sequences to the sequence which had been obtained from protein microsequencing 

shows a significant degree of similarity (Figure 11). But for AL 111, no success in the 

cloning of this protamine gene has been obtained so far. We tried to use different primers 

designed fiom the known protamine gene sequence and the AL I11 protein sequences. 

We also tried to use different techniques including RACE PCR, reverse PCR, genomic 

PCR but none of the sequencing results were positive. The available information 

demonstrated that some organisms process their protamines even though the mechanism 

and the function of this processing are still unknown (Lewis et al., 2003). One possibility 

is the AL I11 may be the result of the post-translational modification of a precursor 

protein. A leading sequence was removed fi-om the precursor, leading to the mature 

protamine protein-AL 111. Both AL I and A1 I1 have the signature N-terminal ARYR 

sequence, but A1 I11 initiates with an arginine cluster. A1-I11 also has a shorter amino acid 

sequence than A1 I and A1 11, supporting the post-translational cleavage hypothesis. AL I 

appears to be a suitable candidate of this precursor. The mechanism of this post- 

translational cleavage remains to be elucidated. 



5.5 The PLI~LZVprecursor cleavage hypothesis 

As described in the Introduction section, the sperm of M. californianus has three PL 

proteins: PLII, PLIII and PLN (Shimada et al., 1998). PLII and PLIV have their origin 

in a common precursor (Carlos et al, 1993a). The C-terminal sequence NKSNN of PLII 

is assumed to be the recognition site for post-translational cleavage of the prqcursor, 

resulting in the mature PLII and PLN proteins (Figure 2). Current information clearly 

demonstrates the precursor-product relationship (Carlos et al, 1993a). But the 

mechanism of this cleavage process remains unclear. One possibility is the existence of a 

special enzyme in the sperm of Mytilus which will recognize the specific NKSNN motif 

as a cleavage site between PLII and PLIV. In this way, the final PLII and PLIV proteins 

would be the products obtained fi-om special enzyme processing. An alternative 

hypothesis is the occurrence of a self-cleavage due to the existence of sequence N K S N 

N in the precursor protein which is similar to that found at the splicing junctions of 

inteins (Kane et al, 1990; Davis et al., 1992). This putative intein-like sequence would be 

post-translationally processed by self-cleavage, leading to the two distinct mature 

proteins: PLII and PLIV. Our results favor the intein-like, self-cleavage mechanism. 

5.6 Expression of Mytilus wild type and mutant PLILPLIV cDNA precursor 

The cDNA sequence of PLIIPLN precursor had been previously cloned and sequenced 

in our lab. This precursor cDNA was ligated into PET-22b vector and expressed in a 

Rosetta (DE3) cell strain. If the enzyme-cutting theory is correct, the whole precursor 

protein will be observed when expressed in Rosetta cells as the sperm-specific protease 

responsible should not be present in these cells. Our results showed that only PLII, not 
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the PLII/PLWprecursor, could be detected by Western blot analysis (Figure 24). This 

indicates that the precursor protein was cleaved when expressed in Rosetta cells. Our 

results also showed that the pH of the buffers used for the protein extraction did not affect 

the cleavage of the precursor proteins. These results favor the self-cleavage hypothesis. 

The splice junctio,ns of all inteins are closely related, the replacement of the essential 

residues in intein sequence results in the failure of self-cleavage processing. Therefore a 

mutant PLIIPLIV precursor cDNA in which the N K S N N motif was changed was also 

expressed in Rosetta cells. This mutant precursor contained the K K S A K sequence 

instead of N K S N N between PLII and PLIV proteins. Western blot analysis of the 

expressed mutant protein revealed that the presence of a protein with size similar to 

PLIIPLIV precursor (Figure 25). 

Figure 25 also showed proteins with different sizes larger than PLII protein when the 

Western blot was carried out with an anti-PLII antibody. Several studies have discussed 

the problems associated with the expression of chicken H1 and H5 in E. coli using the 

PET vector system (Gerchman et al., 1994). The problem appears to be mainly 

concerned with the C-terminal domain containing several lysine and arginine residues 

which leads to the occurrence of C-terminally truncated forms (Gerchrnan et al., 1994). 

It seems likely that we had a similar problem when we expressed mutated PLIIPLIV 

precursor cDNA in Rosetta cells. The Eull-length precursor protein was only a minor part 

of other partially truncated protein products. Recently published data have shown a 

significant improvement of the expression of highly positive charged protein using pT'" 

99A vector in E. coli (Srinivas Bharath et al., 1998). In the future it would be worthwhile 



to try this method for expressing mutated PLIIPLIV precursor. The detailed mechanism 

of self-cleavage of the PLIIPLIV precursor still requires further investigation. 

5.7 Conclusion 

In this thesis, the sequences of alligator (Alligator mississipiensis) protamine I (AL I), 

different alligator protamine I1 (AL 11) variants and lizard (Anolis carolinensis) protamine 

have been obtained by using RACE'PCR and genomic walking. While extensive 

information is available about other groups of vertebrate protamine genes, this is the first 

protamine gene characterization in reptiles. Our results have also revealed that AL I and 

lizard protamine gene contain an intron while AL I1 protamine gene seemed to be 

intronless. The size of the mRNA transcripts for alligator protarnine I and protamine I1 

are determined to be 610 bp and 580 bp, respectively. The size of the lizard mRNA 

transcript is 520 bp. Northern blot results reveal that the RNA transcripts of alligator 

protarnine I, protamine I1 and lizard protarnine are polyadenylated. The results of 

Southern blot demonstrate that AL I1 protamine gene is a multi-copy gene whereas the 

lizard protamine gene appears to be single-copy. 

Mytilus californianus (California mussel) PLII and PLIV SNBPs are encoded by a 

common rnRNA and translated into one precursor protein. Post-translational processing 

leads to the appearance of two mature proteins: PLII and PLIV. It has been hypothesized 

that this process was intein driven (and not the result of protease cleavage). Upon 

expression of this eukaryotic precursor cDNA in E .coli, the same post-translational 

cleavage of PL IIIIV precursor into PL I1 and PLIV also occurred ih these cells. To 

further support the intein hypothesis; a mutant PLIIPLIV precursor cDNA in which the 

N K S N N motif was changed was also expressed in Rosetta cells. Western blot analysis 

of the expressed mutant protein revealed the presence of a protein with a size similar to 

PLIIPLIV precursor. Additionally, we have shown that the pH of the buffer used for the 

protein extraction does not affect the cleavage process. 
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