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The Phycodnaviridae is a large family of complex double-stranded DNA

viruses which infect exsymbiotic Chlorella-like algae. Although some general

information is available regarding patterns of gene structure and expression in this

system, little is known, in detail, about the expression of any one specific gene. The

purpose of this study was to concentrate on the structure and expression of two

highly expressed genes from a single viral isolate. The gene encoding the capsid

protein (Vp54) from virus PBCV-1 was selected. Vp54 is a glycoprotein and is the

most abundant viral structural protein. The gene encoding Vp54 was cloned and

sequenced. Initially, a region of the gene was amplified using the polymerase chain

reaction (PCR) primed with oligonucleotides derived from the N-terminal amino

acid sequences of purified protein and CNBr cleavage fragments. The PCR

product was used as a probe to map the location of the gene to PBCV-1 genomic

restriction fragment P8. An open reading frame (ORF) of 1314 by was identified



which contained the coding regions of the derived amino acid sequences. The

peptide encoded by this ORF had a predicted molecular weight of 48.2 -kDa and

contained six sequons and 63 serines and threonines as possible sites for

glycosylation. Primer extension analysis indicated that transcription of this gene

started 14 by 5' to the ATG. The gene for the capsid protein was transcribed late

in infection and evidence is provided that this transcript was the most abundant

viral RNA present in infected cells.

The gene encoding a 33 -kDa peptide from virus PBCV-1, was also cloned

and sequenced. This gene codes for the most abundant in vitro translation product

synthesized from viral mRNAs. The mRNA could be isolated beginning at 20 min

post-infection (p.i.) and was present throughout the remainder of the viral life

cycle. Hybrid selection analysis localized the gene for this product to an ORF of

717 by on a 2752 by cloned fragment from PBCV-1 HindlIl restriction fragment 9.

This ORF encoded a polypeptide of 238 amino acids with a predicted Mr of 26,613.

Transcriptional analysis of this ORF indicated that it was expressed both early and

late and as the viral life cycle progressed, the mRNA increased in size and

abundance. Three other ORFs were also found; the largest of which (741 bp)

hybridized to a low abundance late transcript and encoded for a polypeptide with a

predicted Mr of 27,854.
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Analysis of Two Highly Expressed Genes from Chlorella Virus PBCV-1: Protein

Characterization and the DNA Sequences of the Major Capsid Protein Gene and

the Early/Late 33-kDa Protein Gene.

INTRODUCTION

The Phycodnaviridae is an extensive family of large, dsDNA viruses which

uniquely infect Chlorella-like algae exsymbiotic from Paramecium bursaria (Fig

1A)(for a recent review see: Van Etten et al., 1991). These viruses are found

exclusively in freshwater environments. Typically, many different members of this

family can be isolated from a single water sample (Figure 2; Van Etten et al.,

1985a; Meints et al., 1991,). The viruses can be distinguished from each other by

several parameters such as restriction fragment polymorphisms, plaque size,

serotype, and level and site specificity of DNA methylation (Schuster et al., 1986a;

Van Etten et al., 1991).

Unlike viruses which have been described in other algae, several

characteristics of this family make them amenable to study (Meints et al., 1991; Van

Etten et al., 1991). The algal host can be cultured to high cell density and will grow

as a lawn on solid medium. The viruses lyse their host and produce infective

progeny allowing for the isolation of milligram quantities of virus from infected

cultures. The viruses are stable and can be stored for long periods of time with

negligible loss in infectivity. Finally, a plaque assay has been developed which

allows for genetic studies of these viruses (Van Etten et al., 1983a). As the result of

these characteristics, much has been learned about these viruses in the short
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Figure 1. Exsymbiotic Chlorella-like algal host and viral life cycle. (A)

Electronmicrograph of a section through the freshwater, unicellular, eukaryotic,

Chlorella-like alga which is the host for members of the Phycodnaviridae. The

nucleus, Golgi, mitochondria, and chloroplast are indicated (n, g, mt, and cp

respectively). Electronmicroscopy was done by Dr. Kit Lee at the University of

Nebraska-Lincoln. This photograph was provided by Dr. R.H. Meints, Oregon

State University. (B) A representation of the life cycle of a Chlorella virus. The

virus attaches to the host cell wall and injects its contents into the cell. The

destination of the viral genome is unknown. Early mRNAs are transcribed

encoding for products presumably involved in DNA replication and late gene

expression. After DNA replication has begun, late genes are expressed. These

products are presumably involved in viral assembly and exit. Finally, the host cell

wall is specifically lysed and progeny virus released.
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time since their discovery. PBCV-1, the first member of this family isolated, has

been the most extensively studied Chlorella virus and has served as a model for the

family.

General Characteristics of Chlorella viruses

Structurally, PBCV-1 is a large polyhedron approximately 190 nm in

diameter (Van Etten et al., 1982). The virus is quite complex and contains at least

50 structural proteins ranging in size from 10 kDa to 135 kDa based upon one

dimensional SDS-PAGE analysis (Skrdla et al., 1984). Overall, the virion is 64%

protein. There is much variability in the protein banding patterns from different

isolates of this family (Schuster et al., 1986a). However, in all of the viruses

examined, the most abundant structural protein is 54 kDa and is presumed to be

the capsid protein. The virus also contains a lipid component which accounts for 5-

10% of its mass and is necessary for infectivity (i.e., organic solvents such as

chloroform render the viruses noninfectious). However, these viruses do not

appear to be enveloped; the lipid is thought to be internal to the outer capsid shell

(Skrdla et al., 1984; Van Etten et al., 1991).

The virus contains a dsDNA genome which makes up 25% of the virion

mass. Based upon the summation of restriction fragments and pulse field

electrophoresis, the genome is estimated to be approximately 330 kbp in size

(Girton and Van Etten 1987; Rohozinski et al., 1989). The genome of PBCV-1 has

been mapped for the restriction enzymes BamHI, HindIII, and Pstl and is a linear

nonpermuted molecule with inverted terminal repetition (Girton and Van Etten

1987; Rohozinski et al., 1989; Strasser et al., 1991). Also, the termini of the genome
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are covalently closed hairpin structures (Rohozinski et al., 1989). The genome is

60% A/T and contains 6-methyldeoxyadenosine in the sequence GATC (Van Etten

et al., 1985b).

One characteristic which distinguishes this virus family is the presence of

genes which encode site-specific DNA methyltransferases and restriction

endonucleases (Xia et al., 1986abc, 1987ab, 1988; Narva et al., 1987, 1988; Van

Etten et al, 1988; Shields et al., 1990; Stefan et al., 1991). The levels and site

specificity of DNA methylation varies considerably throughout the members of this

family suggesting that there are many different genes within this family encoding

for these activities (Van Etten, et al., 1991). Several methyltransferase genes have

been cloned and sequenced, but no restriction endonuclease genes have been

cloned as yet. The exact role in the viral life cycle which these enzymes play is still

unknown.

The Chlorella viruses most closely resemble large dsDNA viruses which

infect animal hosts. In certain respects, they resemble Iridoviruses, especially frog

virus 3, which are also large icosohedrons, contain methylated bases in their DNA

genomes and an internal lipid component, and are assembled in the cytoplasm

(Willis and Granoff, 1980; Willis, 1985; Van Etten et al., 1991). They also bear

some similarities to the poxviruses including genome structure, assembly in the

cytoplasm, and certain aspects of gene structure and expression discussed below

(Rohozinski et al., 1989; Strasser et al., 1991; Van Etten et al., 1991).
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Viral Life Cycle:

A summary of the viral life cycle is presented in figure 1B. Initially, the virus

attaches specifically to its host cell wall (Meints et al., 1984). The nature of the

virus receptor on the cell wall is as yet undetermined, however it is resistant to

organic solvents, detergents, many proteases, cellulase, and pectinase (Meints et al.,

1988). The virus attaches at a vertex and it is unknown whether or not there is a

unique vertex for attachment. After attachment, the virus lyses a small area of the

host cell wall creating a hole through which it can inject its contents (DNA, protein,

lipid) into the cell (Meints et al., 1984). The empty capsid remains outside attached

to the cell wall. The final destination of the viral DNA and the site(s) of replication

and transcription are unknown.

Host DNA and RNA synthesis are both rapidly inhibited upon infection.

Also, host DNA and chloroplast ribosomal RNA are degraded, presumably by viral

enzymes (Van Etten et al., 1984; Schuster et al., 1986b). DNA replication begins

between 60 and 120 minutes post-infection (p.i.) and continues throughout the

infection cycle (Van Etten et al., 1984; McCluskey et al., 1991). DNA replication

requires de novo protein synthesis and the DNA content of infected cells increases

3-10 fold indicating that recycling of host DNA is not sufficient for replication.

These last points suggest that nucleotide metabolism must increase upon infection

and that the virus may encode for some of the enzymes involved (Van Etten et al.,

1984).
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Host protein synthesis is initially inhibited by at least 75% and appears to

continue for a brief period after infection (Skrdla et al., 1984). Viral proteins are

synthesized on cytoplasmic ribosomes. The virus has the capacity to encode for

200-300 protein products and there is evidence that viral proteins are modified in

numerous ways including glycosylation, myristilation, and phosphorylation (Skrdla

et al., 1984; Van Etten et al., 1991). Little else is known about viral protein

synthesis resulting, in part, from the inability to efficiently label viral proteins in

vivo (Van Etten et al., 1991).

Viral assembly occurs in the cytoplasm and begins 1-2 hours p.i. and is

localized to "assembly centers" (Meints et al., 1984; Van Etten et al, 1991). These

centers are initially seen as amorphous regions which contain short membranous

structures. The structures probably serve as templates for capsid assembly. This

can be seen as the formation of denser layers with a more angular, polyhedral

conformation at the outer edges of the assembly center. By 4 hours p.i. many

complete virus particles can be seen dispersed throughout the cell. By 6 hours p.i.,

viral replication and assembly are complete. Finally, progeny viruses are released

by the specific lysis of the host cell wall which is accomplished by a viral encoded

enzyme(s) activity called lysin (Meints et al., 1991; Van Etten et al., 1991). This

same enzyme activity can also be found within purified virus preparations and is

probably used for viral entry into the cell as well. Approximately 300-500 progeny

viruses are produced per infected cell, of which 25-50% are infective (Van Etten et

al., 1983b; Meints et al., 1984).
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Figure 2. Isolation of Chlorella viruses from a freshwater sample. A sample of

water from a stream near Lincoln, Nebraska was plaque assayed for the presence of

Chlorella viruses. Forty-seven plaques were purified and analyzed. A total of 17

different isolates was found. (A) Gel electrophoresis of genomic DNAs from the

17 viruses after digestion with EcoRI. Note the close resemblance between the

restriction patterns of the first five viruses (Isolates a, d, g, b, and o). (B) Number

of times each virus was present within the 47 plaques analyzed.
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Regulation of Viral Gene Expression:

While little data are available regarding the regulation of any one specific

viral gene, much general information has been obtained regarding overall patterns

of gene expression. Transcription of viral genes is temporally regulated and can be

divided into two distinct stages, early and late. These are defined as being before

and after DNA replication. Viral transcripts can be detected as soon as 5 min p.i.

(Schuster et al., 1986b). Transcription of a few early genes occurs without de novo

protein synthesis, but subsequent transcription requires it, indicating that the virus

probably encodes for some protein factors involved in transcription. Some early

RNAs appear to be polyadenylated, however the amount of polyadenylated RNAs

decreases in later time points (Van Etten et al., 1988). Hybridization of PBCV-1

clones to viral RNAs isolated at various time points p.i. indicates that early and late

genes are intermixed throughout the genome. Also, some clones hybridize to

numerous transcripts and when transcript sizes are totalled, the size is much larger

than the DNA clone. This suggests that the genome is transcribed from both

strands, genes overlap, transcripts contain extensive 5' and/or 3' untranslated

regions, and/or transcripts are extensively processed (Schuster et al., 1986b).

Schuster et al., (1990) sequenced a 4.3 kbp PBCV-1 clone which had been

previously shown to contain both early and late genes. Emphasis was not placed on

the function of any of the genes which were present on this fragment. Instead, they

attempted to draw general conclusions regarding gene structure. Five major ORFs,

for which transcripts could be detected, and six minor ORFs, for which no

transcripts could be specifically detected, were present on this clone. The ORFs
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were present on both strands in both orientations with little intervening space

separating them.

Northern blot analysis with ORF-specific clones gave variable results. Some

ORFs had relatively simple patterns of expression producing a single transcript

either early or late. For other ORFs, the patterns were not so simple. In some

cases multiple transcripts were produced both at early and late time points. Also,

the transcripts of two of the ORFs overlapped; these two ORFs possibly being

transcribed as a dicistronic message. Clones specific for the 5' or 3' regions of the

ORFs used as probes indicated that transcripts contained little if any 5'

untranslated leader sequences, but extensive 3' untranslated sequences were

present.

No obvious promoter regions were present 5' to any of the ORFs.

However, the 5' regions of the major ORFs were A/T rich; approaching 80%

within 50 by from the start codon. Such A/T rich regions have been found 5' to

vaccinia and fowlpox genes and may be important to promoter function (Moss

1990). A/T rich regions were not present 5' to any of the minor ORFs.

The sequence HA 1 NT was also found to be present 3' to the major

ORFs. This sequence has been shown to be important in transcription termination

of vaccinia virus early genes; termination occurs approximately 50 by downstream

from this sequence (Yuen and Moss, 1987). Also, it was not present within any of

the major ORFs and has been found 3' to several genes sequenced from other

members of this family (Van Etten et al., 1991). Whether or not the TTTTINT
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motif is functional in this group of viruses as a transcriptional termination signal is

still unknown.

Purpose of this Research:

The study of gene regulation in these viruses has concentrated upon

acquiring general information about transcriptional and gene structural patterns

without much regard for the identity of the gene(s) in question. The next step is to

study the expression of a specific gene for which there is some information

available about its function and role in the viral life cycle. To accomplish this goal,

I chose to study the expression of the gene for the capsid protein of PBCV-1.

Skrdla et al., (1984) identified the capsid protein as a 54-kDa protein (Vp54) which

was the most abundant protein present in the PBCV-1 virion. Being the most

abundant structural protein, the gene for Vp54 should be one of the most highly

expressed viral genes.

The gene for Vp54 had to be first located on the viral genome and cloned in

order to study its expression. The first chapter details the purification of Vp54 from

the virus PBCV-1 and the physical characterization of this protein. The

information obtained from this characterization was used to isolate and clone the

gene for this protein. The DNA sequence was determined for this gene and is also

reported. The expression of this gene was examined at the transcriptional level and

evidence is provided that the capsid gene encodes for the most abundant viral

transcript present in infected cells. The homology of this gene between the

members of this family was also examined.
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I also chose to examine gene expression of PBCV-1 at the translational

level. The second chapter describes experiments which identified the most

abundant translation product synthesized in vitro from PBCV-1 mRNAs.

Interestingly, this product was not Vp54, and its function is as yet unknown. The

gene for this product was mapped to the genome, cloned, and sequenced.

Transcriptional analysis of this gene identified two characteristics rarely observed

in this system. The presence of this gene in other members of this virus family was

also examined.

The data reported here will add substantially to our knowledge of the

regulation of gene expression in this unique viral family. The study of these two

highly expressed viral genes will allow for the determination of the regulatory

components active at two levels of gene expression, transcription and translation.

The physical data obtained for the capsid protein will be of value in the study of the

structure and assembly of these complex viruses. Also, comparisons of the levels of

homology of these two genes, present throughout the members of this family, will

help in understanding the relationships and evolutionary origins of these viruses.
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Cloning of the gene encoding for and characterization of
the capsid protein from algal virus PBCV-1

(Recombinant DNA, capsid protein, glycoprotein, nucleotide sequence)

Michael V. Graves and Russel +H. Meints

Department of Botany and Plant Pathology,
and

Center for Gene Research and Biotechnology,
Oregon State University,
Corvallis, Oregon 97331

Abbreviations: bp, base pairs(s); BME, p-mercaptoethanol; CAPS, 3-
cyclohexlamino-l-propanesulfonic acid; MT, dithiolthreitol; kbp, kilobase pairs;
kDa, kilodalton(s); MOPS, (N-morpholino)propane-sulfonic acid; Mr, relative
molecular mass; mRNA, message RNA; nt, nucleotide(s); NTR, nontranslated
region; ORF, open reading frame; PA, polyacrylamide; PAGE, PA-gel
electrophoresis; p.i., post-infection; PIPES, piperazine-N-N'-bis[2-ethane-sulfonic
acid]; rRNA, ribosomal RNA; SDS, sodium dodecyl sulfate.
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SUMMARY

The capsid protein (Vp54) from Chlorella virus PBCV-1 is a glycoprotein

and is the most abundant viral structural protein. The gene encoding Vp54 has

been cloned and sequenced. Initially, a region of the gene was amplified using the

polymerase chain reaction (PCR) primed with oligonucleotides derived from the N-

terminal amino acid sequences of purified protein and CNBr cleavage fragments.

The PCR product was used as a probe to map the location of the gene to PBCV-1

genomic restriction fragment P8. A 1314 by open reading frame (ORF) was

identified which contained the coding regions of the derived amino acid sequences.

The peptide encoded by this ORF had a predicted molecular weight of 48.2 kDa

and contained six sequons and 63 serines and threonines as possible sites for

glycosylation. Primer extension analysis indicated that transcription of this gene

started 14 by 5' to the ATG. The gene for the capsid protein was transcribed late

in infection and evidence is provided that this transcript was the most abundant

viral RNA present in infected cells.
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INTRODUCTION

PBCV-1 is a large icosohedral virus of the family Phycodnaviridae whose

members uniquely infect unicellular Chlorella-like green algae exsymbiotic from

Paramecium bursaria (for an extensive review see: Van Etten et al., 1991). The

virus is approximately 190 nm in diameter and contains a large dsDNA genome

(330 kbp). Members of this family have been found exclusively in fresh water

habitats and have been isolated from sites in North America, Europe, and Asia.

Commonly, within a single collection area, many different viruses can be isolated

(Van Etten et al., 1985a; Meints et al., 1991). These isolates contrast from each

other over several parameters, i.e., plaque size, DNA restriction polymorphisms

and levels and site specificity of DNA methylation (Schuster et al., 1986a; Van

Etten et al., 1991).

PBCV-1 gene expression is temporally regulated and can be divided into two

distinct stages (Schuster et al., 1986b). In the early stage, before the onset of DNA

replication, a specific set of viral genes are transcribed which are presumably

involved in DNA replication and late gene expression. Early transcripts can be

detected as early as 5 min post-infection (p.i.). At the onset of DNA replication,

which occurs approximately 60-120 min p.i. (Van Etten, et al., 1984; McCluskey et

al., 1991), a shift in gene expression occurs with the early genes no longer being

expressed and a new set of transcripts produced (Schuster et al., 1986b). These late

genes are presumed to encode for those proteins involved in viral assembly and for

structural proteins.
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Structurally, PBCV-1 is approximately 68% protein, 10% lipid and 21%

DNA (Skrdla et al., 1984). The lipid component appears to be internal to the outer

capsid shell and is required for infection. Based upon one dimensional SDS-PAGE

analysis, the virus contains 50-60 structural proteins (peptides) ranging in molecular

weight from 10 kDa to 135 kDa (Figure 9, Lanes 1 and 2). Considerable

heterogeneity exists in the structural proteins amoung different viral isolates,

however the major exception is the most abundant viral protein which migrates

uniformly in all of the viruses examined (Schuster et al., 1986a). Depending upon

sample preparation, this protein migrates to two different positions on SDS-

polyacrylamide gels; the smallest form has a Mr of 54,000 (Vp54). In the native

state, Vp54 exists as a dimer of Mr= 104,000 which is stable in the presence of SDS,

urea, and reducing agents, but can be dissociated with heat (1000 C) (Skrdla et al.,

1984).

Vp54 represents 40% of the total viral structural protein. It labels with 1251

when intact virus is incubated with lactoperoxidase and hydrogen peroxide under

conditions specific for labelling surface proteins (Skrdla et al., 1984). It also stains

with Schiff's reagent which indicates the presence of reducing sugars as part of a

complex glycoprotein structure. These results taken together suggest that Vp54 is a

glycoprotein and is the viral capsid protein.

Since Vp54 is the most abundant viral structural protein, it should be

encoded by a highly expressed viral gene. The study of the Vp54 gene from PBCV-

1 would therefore provide important information about the regulation of gene

expression in this virus family. The study of the protein itself would provide

important information in the determination of the structure of these unique, large
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icosohedral viruses. We report the physical characterization of the capsid protein

from PBCV-1. The gene for this protein was located on the viral genome, cloned,

and the complete nucleotide sequence was determined.
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MATERIALS and METHODS

CULTURE CONDITIONS: PBCV-1 growth, purification, and DNA isolation

were done as described (Van Etten et al., 1983b). Purified DNAs from other

Chlorella viruses were kindly provided by Dr. James Van Etten, University of

Nebraska-Lincoln. Chlorella strain Nla was grown as described (Meints et al.,

1986, 1988).

ELECTROPHORESIS OF VIRAL STRUCTURAL PROTEINS: Purified virus

was suspended in SDS sample buffer (62.5 mM Tris [pH 6.8], 3% SDS, 20%

glycerol, 0.01 M DTT, and 0.02% bromophenol blue) and heated at either 60° C

or 100° C for 10 minutes. In some experiments the DTT was omitted to determine

if the variable forms of Vp54 were the result of disulfide bonding. Typically, for

Coomassie stained gels, 1.0 A260 unit of virus, which consisted of approximately 60-

64 ug of protein (Van Etten et al., 1983b), was loaded onto 10% or 15% acrylamide

slab gels using the buffer system of Laemmli (1970). Proteins were visualized

either by Coomassie brilliant blue (R250) or Schiff's reagent to detect glycoproteins

(Glossmann and Neville 1971).

PURIFICATION OF CAPSID PROTEIN: Initial purification was accomplished

by heating virus at 60° C in 50 mM tris (pH 7.8) for 30 mM which dissociated the

virus. Insoluble material was removed by centrifugation in a microcentrifuge at

7000 xg for 5 minutes. The supernatant was loaded onto a 1 X 29 cm Sephadex G-

150 (Pharmacia) column equilibrated in 50 mM tris (pH 7.8), 5 mM DTT and

proteins eluted with the same. The elutant was monitored at 280 nm using an Isco

model UA5 ultraviolet absorbance monitor. Proteins in the collected fractions
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were precipitated with 5 volumes of acetone at -20° C and collected by

centrifugation at 10,000 rpm in a SS34 rotor. The pellet was dryed and was then

resuspended in a small volume of 50 mM Tris (pH 7.8), 5 mM DTT.

To purify the capsid protein, we took advantage of the dimeric and

monomeric forms of the protein. Total viral proteins or column purified dimer

were electrophoresed as described above under conditions preserving the dimer

(preparation at 60° C). A thin section of the gel was stained in Coomassie blue

and used as a guide to excise the dimer bands from the rest of the gel. The slices

were then equilibrated in several changes of SDS sample buffer and incubated in a

boiling water bath for 10 minutes to dissociate the dimer and finally

electrophoresed onto 10% acrylamide gels. Sections of these gels were stained in

Coomassie blue as above and the monomer bands excised. The protein was eluted

from the acrylamide by macerating the slices, incubating them in elution buffer (50

mM Tris (pH 7.8), 5 mM DTT, 0.1% SDS) at 37° C for 15 hrs and removing the gel

pieces by centrifugation. Quantitation of proteins was done using a Lowry

microassay (Peterson, 1977).

125J LABELLING OF Vp54: Approximately 50 A g of purified protein was labelled

with 100 4 Ci of 125[I] using one Iodobead (Pierce Chemical) in a total volume of

200 Al following the manufacturer's instructions.

DEGLYCOSYLATION OF VIRAL PROTEINS: 4.4x106 dpm of 125[I]- labelled

purified Vp54 were treated with anhydrous hydrogen fluoride-pyridine complex

(HF/pyridine) (Van Holst and Warner, 1984). Ovalbumin or BSA was added to
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the labelled protein to act as carriers. The treated samples were separated on

acrylamide gels as described and viewed using autoradiography.

CNBr CLEAVAGE OF Vp54: 30 A g of purified Vp54 were treated with

cyanogenbromide (CNBr) at a concentration of 0.17 mg CNBril g-1 protein in a

total volume of 100 pl for 4 hrs according to the method of Skopp and Lane (1988).

In some cases, a ten- fold excess of CNBr, 1.7 mg 1t1 g-1 protein, and longer

incubation times, up to 18 hrs, were used. Cleavage products were separated on

15% SDS-PAGE as described above.

PEPTIDE SEQUENCE ANALYSIS: Purified Vp54 was subjected to N-terminal

peptide sequence analysis on an Applied Biosystems, Model 475A, gas-phase

protein sequencer system using Edman degradation chemistry at the Center for

Gene Research and Biotechnology Central Services Laboratory, Oregon State

University . Sequence analysis of CNBr fragments was accomplished by

electroblotting the peptide fragments from the acrylamide gels onto Immobilon

(Millipore) filters at 70 V, 700 mA for 2 hr in 10 mM CAPS (pH 11.0), 10%

methanol, briefly staining the filters in Coomassie blue, and excising the stained

bands. These bands were then loaded directly into the sequencer.

OLIGONUCLEOTIDE PRODUCTION: Deoxyoligonucleotides were produced

on an Applied Biosystems, Model 380B, DNA synthesizer using phosphoramidite

chemistry at the Center for Gene Research and Biotechnology Central Services

Laboratory, Oregon State University. Oligonucleotides were subsequently purified

by repeated precipitation using 2.5 M NH4OAc and ethanol.
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RESTRICTION ENDONUCLEASE DIGESTION and ELECTROPHORESIS of

Chlorella VIRUS DNAs: Typically, 1 A g of viral genomic DNA was digested with

the appropriate restriction enzyme following the manufacturer's recommendations.

Electrophoresis was carried out on 0.7% agarose gels in TPE buffer (0.09M Tris-

phosphate, 0.002 M EDTA) and visualization was with ethidium bromide. For

Southern blots, the DNA was subsequently depurinated in 0.25 N HC1 for 15

minutes followed by denaturation in 1.5 M NaCI /0.5 M NaOH for 30 minutes and

finally transferred to a nylon membrane (Hybond-N, Amersham) with 1.5 M

NaC1/0.25 M NaOH.

PBCV-1 RNA PREPARATION and NORTHERN BLOTTING: Total PBCV-1

RNA was isolated from noninfected and infected cell cultures according to Schuster

et al. (1986b). Eight µg /well of total RNAs were electrophoresed in 1.5% agarose

gels in 20 mM MOPS (pH 7.0), 5 mM sodium acetate, 0.1mM EDTA, and 7%

formaldehyde. Electrophoresis was performed at 40 V for 20 hrs in the same buffer

without formaldehyde. After electrophoresis, the gels were washed briefly in

distilled H2O and transferred to nylon membranes (Hybond N, Amersham) with 2X

SSC (300 m M NaC1, 30 mM sodium citrate).

DNA LABELLING and HYBRIDIZATION: Cloned DNAs or gel purified

restriction fragment P8 (see below) were labelled with [a3211dATP using a random

primer extension kit (Bethesda Research Laboratories). Typically, 20-200 ng DNA

was labelled with 50 A Ci isotope. PCR products were labelled by replacing the

random primer mixture with an equal concentration of the oligonucleotide primers

used in the PCR reaction. Southern and northern blots were probed with 1.5-3 x

107 dpm of labelled DNA in 10-15 mls of 50% formamide, 0.1% SDS, 100 ug/ml
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ssDNA, 5X SSC at 45° C 12-17 hrs. Filters were prehybridized in the same buffer

containing 5X Denhardt's (0.1% bovine serum albumin, 0.1% ficoll, and 0.1%

polyvinylpyrolidone). The filters were washed 3X 5 minutes at room temperature

in 2X SSC, 0.1% SDS and 3X 15 minutes in 0.1X SSC, 0.1% SDS at 45° C.

Autoradiography was performed with intensifying screens at -80° C.

PCR: Polymerase chain reaction was done as follows: 0.1 pmol PBCV-1 genomic

DNA (Mr = 2.2X108) was mixed with 350 pmol of each oligonucleotide primer, 0.2

mMol dNTPs, and 2.5 u Replinase (Dupont) in lx Replinase buffer. The reactions

were placed into an Ericomp Easycycler Twinblock unit utilizing the following

program: 94° C, 1.5 min; 35° C, 1 min; 40° C, 2 min; 72° C 1 min, repeated three

times; followed by: 94° C, 1.5 min; 35° C, 1 min; 72° C, 1 min, repeated 22 times

for a total of 25 cycles. After amplification, 1 A 1 of the sample was electrophoresed

on a 0.7% agarose/TPE gel and the rest of the sample was extracted with an equal

volume of chloroform and precipitated with 0.2 M NaOAC and 2.5 volumes of

EtOH at -20° C 15 hrs.

CLONING AND DNA SEQUENCING: PBCV-1 genomic DNA was digested

with the restriction endonuclease PstI and electrophoresed on a 0.6% low gelling

temperature agarose gel. Fragment P8 was excised from the gel, melted at 65° C,

and the DNA extracted from the agarose with phenol/chloroform (Sambrook et al.,

1989). The gel purified fragment was subsequently digested with BamHI and

ligated into PstI BamHI cut pUC119, and transformed into E. coli host JM101.

This allowed for the cloning of the left half of P8 (Figure 8) as a 6.4 kbp BamHI-

PstI fragment designated clone PB1. The right half of P8 was already available as a

HindlIl fragment in clone pLG240 (Girton and Van Etten, 1987). The PBCV-1
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genomic clone library was kindly provided by Dr. James Van Etten, University of

Nebraska-Lincoln.

PB1 was digested with Kpnl, Kpnl-BamHI, or HindIII and ligated into the

appropriately digested pUC118 or pUC119 vectors to produce a series of smaller,

overlapping subclones. Directional nested deletions of these subclones were

produced using exonuclease III and S1 nuclease (Henikoff, 1984). Phage M13K07

was used as helper phage to generate single stranded sequencing templates of

pUC118/pUC119 clones (Vieira and Messing, 1987). Transformation into E. coli

hosts JM101 and JM109 was by the CaC12 method (Sambrook et al., 1989).

Restriction endonucleases, T4 DNA ligase, and T4 polynucleotide kinase were

obtained from Bethesda Research Laboratories.

DNA sequence analysis of pUC118/119 clones was performed according to

the dideoxy method of Sanger et al. (1977) using the T7 DNA polymerase based

Sequenase kit (United States Biochemicals). In some cases, gaps in the sequence

were crossed by extending previously sequenced deletion clones utilizing either

specific oligonucleotide primers generated from the sequences obtained from

previous experiments or by utilizing an Applied Biosystems, Model 370A, DNA

sequencer at the Center for Gene Research and Biotechnology Central Services

Laboratory, Oregon State University. Computer compilation and manipulation of

the sequence was accomplished utilizing Intelligenetic software. DNA and protein

sequence analysis and comparisons to the GenBank, EMBLE, University of

Geneva protein sequence (Swiss-protein), and the Protein Identification Resource

(PIR) data banks, using the FASTDB program (Brutlag et al., 1990), were done

through Intelligenetics Inc.
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PRIMER EXTENSION ANALYSIS: A 20 nt oligonucleotide primer

complimentary to the capsid gene was prepared. The 3' end of the oligoprimer

corresponded to base 323 in the nucleotide sequence, 23 by downstream from the

start codon. (Figure 9). Ten A g total RNA isolated from PBCV-1 infected algae at

90 min p.i. were co-precipitated with 4.25 x 105 dpm of 32[P] labelled

oligonucleotide. The pelleted nucleic acids were resuspended in 30 A 1 annealing

buffer (40 mM PIPES [pH 6.4], 1 mM EDTA, 0.4 M NaC1, 80% formamide) and

incubated at 30° C for 12-17 hours. The hybridized nucleic acids were precipitated,

resuspended in 20 A 1 reverse transcriptase buffer (50 mM Tris-HC1 [pH 7.6], 60

mM KC, 10 mM MgC12, 1 mM each dNTP, 1 mM D'IT, 20 u placental RNAse

inhibitor, and 50 Az g/m1 actinomycin D) containing 50 units Murine Reverse

Transcriptase, and incubated at 37° C for 2 hours. The reaction was stopped with

the addition of 1 µ1O.5 M EDTA and 1 µl RNAse (1 mg/ml) and incubated at 37°

C for 30 minutes. 150 A 1 TEN (10 mM tris (pH 8), 1 mM EDTA, 100 mM NaCl)

was added and the reaction mixture was extracted twice with an equal volume of

phenol/chloroform and the nucleic acids precipitated with the addition of 500 ul

cold EtOH. The pellet was resuspended in 10 A 1 ddH2O and analyzed on an 8%

polyacrylamide/urea gel and viewed using autoradiography (Sambrook et al., 1989).

Two capsid gene clones, sequenced using the same oligoprimer, were run as

markers.
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RESULTS

CAPSID PROTEIN PURIFICATION: Total virus was dissociated in aqueous

buffer at 60° C which maintains the dimer form of the protein. This resulted in an

insoluble fraction, which contained most of the virion proteins, and a soluble

fraction which contained primarily Vp54. The insoluble fraction was removed by

centrifugation and the supernatant retained (Figure 3, lane 3). Smaller proteins

(<60-kDa) were removed from the soluble fraction using liquid column

chromatography as described in Materials and Methods. Final purification was

achieved by heat-dissociating the Vp54 dimer into its monomeric form and utilizing

SDS-PAGE to separate high molecular weight proteins (Figure 3, lane 4).

Dissociation of the dimer could only be accomplished by severe denaturing

conditions such as high temperature (100° C) or phenol extraction. A reducing

agent (DTI' or BME) was not sufficient nor required for dissociation. As opposed

to the dimeric form, capsid monomer was not soluble in aqueous buffer without the

presence of SDS.

THE CAPSID PROTEIN IS A GLYCOPROTEIN: Treatment of SDS-PAGE gels

containing total viral proteins with Schiffs reagent resulted in Vp54 staining (both

the monomer and dimer), which suggested that it contained reducing sugars as part

of a glycoprotein structure (Skrdla et al. 1984, data not shown). Anhydrous

HF/pyridine treatment, which can be used to remove carbohydrate residues from

glycoproteins (Van Holst and Warner, 1984), reduced Vp54 to one smaller band of

43-kDa (Figure 4A, lane HF).
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Figure 3. Purification of the capsid protein from PBCV-1. Coomassie stained SDS-

PAGE of PBCV-1 structural proteins incubated at 60° C to preserve the capsid

dimer (Lane 1), or at 100° C to produce the monomer (Lane 2). Initial Vp54

purification was accomplished by heat dissociating the virus as described. The

capsid dimer remained in the soluble fraction (Lane 3). Final purification of capsid

monomer was achieved using SDS-PAGE (Lane 4). The positions of the capsid

dimer and monomer are shown (D and M respectively). The positions of molecular

weight standards are indicated.
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Figure 3. Purification of the capsid protein from PBCV-1.
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Figure 4. Hydrogen fluoride and cyanogen bromide treatment of the capsid

protein. (A) Fluorogram of SDS-PAGE of 1251 labelled, purified capsid monomer

treated with hydrogen fluoride/pyridine (Lane HF) and untreated control (Lane

C). (B) Products produced by cleavage of Vp54 with CNBr. Cleavage products

were separated on SDS-PAGE and transferred to an Immobilon filter as described.

The filter was stained with Coomassie blue. The 12-kDa and 33-kDa products were

subjected to peptide sequence analysis.
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Figure 4. Hydrogen fluoride and cyanogen bromide treatment of the

capsid protein.
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CNBr CLEAVAGE OF Vp54 and AMINO TERMINAL SEQUENCE

ANALYSIS: CNBr cleaved Vp54 into three fragments of 12-kDa, 33-kDa, and 40-

kDa visible on SDS-PAGE (Figure 4B). The sum of the molecular weights of these

fragments was greater than 54-kDa which suggested that this protein was not

completely cleaved by this method. Treatment of capsid protein with a ten-fold

excess of CNBr for up to 18 hrs resulted in the production of the same three

fragments.

The CNBr fragments as well as uncleaved purified protein were subjected to

amino terminal peptide sequence analysis. The sequence of the first 10 residues

was determined for the 12 -kDa fragment, 9 residues for the 33-kDa fragment, and

30 residues for purified protein (Figure 5). The initiating methionine residue was

not present in the sequence of purified protein. The sequence determined for the

12-kDa fragment matched the sequence of the first 10 amino acids of purified,

uncleaved protein and was different from the 33-kDa sequence. This identified the

12-kDa peptide as the N-terminal fragment.

PCR and MAPPING of the Vp54 GENE to the PBCV-1 GENOME: Two

degenerate oligonucleotides were constructed based on the peptide sequence data.

These oligos were used as primers for PCR to amplify the capsid gene. One oligo

corresponded to amino acids 12-17 which were derived from the amino terminal

sequence of purified Vp54. The other oligo corresponded to five of the residues

derived from the 33-kDa fragment. A 600 by fragment was produced (data not

shown).
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The PCR product was used to probe Southern blots of PBCV-1 genomic

DNA digested with BamHI, HindIII, or Pstl (Figure 6, Lanes 1-3 respectively). The

probe hybridized to several fragments in each lane although hybridization was not

uniform. The probed hybridized to a single fragment in each lane with more

intensity than to the remaining fragments visible in each lane. The intensly

hybridizing fragments were subsequently identified as B4, H29b, and P8 (Figure 6B,

Lanes 1-3). The positions of these three fragments on the PBCV-1 genomic map

(Girton and Van Etten, 1987 and Rohozinski et al., 1989) indicated that they

overlapped. The remaining fragments were also mapped to the viral genome.

Several of these fragments were also found to overlap with each other and

identified two alternate regions of the genome.
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Figure 5. Amino acid sequence analysis of Vp54. The amino terminal peptide

sequences determined for the 12 -kDa and 33 -kDa CNBr fragments and for purified

Vp54 are shown aligned with the sequences predicted by the DNA sequence.

Mismatches between the determined and predicted sequences are indicated (.).

The amino acid sequences used to design oligonucleotides are underlined. The

positions of the predicted amino acid sequences in the nucleotide sequence are

indicated in parentheses.



Source Amino Acid Sequence

12 kDa CNBr fragment: AGGLSQLVAY

Purified Vp54: AGGLSQLVAYGAQDVYLTGNPQITFFKVVY

Capsid Gene (base 301): AGGLSQLVAYGAQDVYLTGNPQITFFKTVY

33 kDa CNBr fragment: AVXVAYIFL

Capsid Gene (base 904): SVWVDYIFL

Figure 5. Amino acid sequence analysis of Vp54.
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Figure 6. Hybridization of the PCR product to the PBCV-1 genome. (A) Ethidium

bromide stained gel of PBCV-1 DNA digested with BamHI, HindIII, or Pstl (Lanes

B, H, P). The positions of molecular weight standards are indicated. (B) Southern

blot of (A) probed with the PCR product. Note the more intense signals from

fragments B4, H29b, and P8 as compared to the other visible bands. The filter was

exposed to film for 5 hrs.
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Figure 6. Hybridization of the PCR product to the PBCV-1 genome.
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NORTHERN BLOT ANALYSIS: Vp54, as the most abundant viral structural

protein, should be encoded by the most highly expressed viral gene. To identify the

most abundant viral transcript produced during the infection cycle, total PBCV-1

genomic DNA was used to probe northern blots of an infection time course of viral

RNAs. The probed filter was exposed to film for a short period of time to identify

the first band to appear, which should result from most abundant RNA present.

The first band to appear was a 1450 nt RNA, first visible at 90 minutes p.i. and also

present at 240 minutes (Figure 7A). The length of this RNA was sufficient to

encode for the capsid protein. Also, this RNA was present after DNA replication

had begun when structural protein synthesis would be expected to occur.

The PCR product as well as genomic clones or gel purified restriction

fragments representing the three possible locations of the capsid gene were also

used to probe northern blots of total PBCV-1 RNAs. The PCR product hybridized

to the same late timepoint RNA (Figure 7B). Restriction fragment P8, purified

from low gelling temperature agarose, hybridized to this same RNA (Figure 7C).

This placed the capsid gene on restriction fragment P8. The two genomic clones

representing the other possible locations of the gene did not hybridize to this

transcript (data not shown).
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Figure 7. Northern blot analysis of the capsid protein gene. RNAs isolated from

uninfected cells and from PBCV-1 infected cells at 5, 20, 60, 90, and 240 min p.i.

(Lane 1-6 respectively). The positions and molecular weights of the rRNAs from

the Chlorella host are indicated. (A) Northern blot probed with total PBCV-1

genomic DNA. The most intense signal was from a 1450 nt late timepoint RNA

(arrow). (B) Northern blot probed with the PCR product which hybridized to this

same RNA. (C) Northern blot probed with gel purified restriction fragment P8. It

also hybridized to the same RNA identified in (A) and (B).
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CLONING and SEQUENCE ANALYSIS: Restriction fragments B4 and H29b

overlapped with the left half of fragment P8 which localized the gene to that region.

A clone representing this region was not present in our PBCV-1 library and,

furthermore, fragment P8 has been recalcitrant to cloning. In order to obtain a

clone for this region, gel purified P8 was digested with BamHI producing a 6400 by

PstIlBamH1 fragment corresponding to the left half of P8 (Figure 8); the right

portion being cleaved into several, smaller fragments. The larger fragment was

subsequently ligated into pUC119 and cloned as PB1.

PB1 was mapped (Figure 8B) and subclones obtained and used to probe

northern blots. Clones K1, a 1.5 kbp Kpnl fragment, and KB1, a 0.8 kbp Kpnl-

BamHI fragment, both hybridized to the 1450 nt RNA (data not shown) which

placed the location of the capsid gene on these two clones and the region between

them. A series of overlapping exonuclease III deletion clones were prepared for

clones K1 and KB1 as well as clones K2, the 0.8 kbp Kpnl fragment which lies

between them, and H1, the 0.8 kbp HindIII fragment which overlaps KB1 and K2

(Figure 8B). These clones were subjected to DNA sequence analysis to confirm the

location of the capsid gene (Figure 8C). These fragments were also cloned in their

opposite orientations to allow sequencing of the complimentary strand.

The DNA sequence and the corresponding translation are shown in figure 9.

A total of 2001 by are presented. One 1314 by ORF was identified which started at
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Figure 8. Location of the capsid protein gene on the PBCV-1 genome. (A)

Position of fragment P8 on PBCV-1. PB1 represents the left 6400 by of this

fragment. (B) Restriction map of clone PB1. Arrows above the map indicate

clones used for DNA sequence analysis. (C) Region of PB1 sequenced. The arrow

indicates the location and orientation of the capsid gene. Symbols: B is BamHI, Bg

is Bg111, H is HindIII, K is Kpnl, P is PstI, and S is SstI.
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Figure 8. Location of the capsid protein gene on the PBCV-1 genome.
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base 298. This ORF would encode for a 437 amino acid protein with a predicted

Mr of 48,168. The first 30 amino acids following the initiating methionine aligned

with the first 30 amino acids determined directly from Vp54 except at residue 28

(Figure 5). The sequence determined from the 33-kDa CNBr fragment was also

present in the sequence predicted from the gene, but with two mismatches, and

directly followed a methionine (Figure 5).

Primer extension analysis of the capsid gene indicated that the major

transcriptional start site corresponded to base 284 in the DNA sequence which was

14 by 5' to the ATG (Figure 10). Minor start sites were apparent which

corresponded to bases 272 and 273. A series of nine A residues was present from

15 to 23 by 5' to the major start site. A series of five A residues was present from

16 to 20 by 5' to the minor transcriptional start sites. The 50 by directly 5' to the

capsid gene were 78% A/T. There were three different repeated motifs present 5'

to this gene (Figure 9). The sequence TAAGGATGA was located at base 32 and

base 124. The sequence AAAAAAT was located at base 177 and base 264.

Finally, the sequence GTAAAAAT was located at base 237 and base 250. These

sequences were 67%, 100% and 87.5% A/T respectively. No obvious promoter

elements were present in the region 5' to this gene.

Six sequons, consensus sites for N-linked glycosylation (Hart et al., 1979),

were present in the predicted protein sequence (Figure 9). There were also a total

of 63 serine and threonine residues which are possible sites for 0-linked

glycosylation. Predicted structural data indicated that the predominant feature of

this protein was beta-sheet conformation. Hydropathy analysis revealed that
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Figure 9. Nucleotide sequence of the capsid gene. A total of 2001 by are

presented. A single ORF was present which started at base 298. The

transcriptional start site, as determined by primer extension analysis (see Figure

10), is indicated (*). Repeated motifs 5' and 3' to the gene are underlined. The

series of 9 A's preceding the transcriptional start site is boldfaced. Transcription

termination and polyadenylation signals following the gene are boxed. The

predicted amino acid sequence is also shown beneath the DNA sequence. The

gene encodes for a peptide of 437 amino acids with a predicted molecular weight of

48,168. Methionine residues are boldfaced. Sequons, site of Asn-linked

glycosylation, are boxed.
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AACCITCCTTCCATGCTITAATITTAATTACT88=LECCCGTTGGTTAAATCTGTAGTGCCTCAATATACAAATGTCATITATITGTTITCGCAAGGCTCGTATC

GAcAAGATATITITACTGATKITAATCDCITATGGAATITGAACACTACGATGGAAGICAAGGTGGAACTTATCTAGGAAACGTCTTGG
243 297

GTTGTCAAGACCTTACAATC=Laaa-DGCCMIWAUCTCAULALLWATCrrITGTAATAGTATCAATAACTCCATATGGCCGGAGGACTITCACAGCTCGTC
MACCL SQL V

351 405

GCCTACGGTGCCCAGGACCTITACCTGACCGGCAACCCCCAGNITACL t iii lL. AAGACCCTIT ACCCCCGTTACACCAACTICGCCATTCAATCAATCCAACAAACC

A y G AQDV Y L T G N P Q I T F F K TV YR R YTNF A I ES IQQT
459 513

ATCAATGGCTCGCTTGGATTIGGCAACAAAGTGACCACCCAGATCTCCCGTAACCGTGACITGATCACCGACATIGTGGTTGAGTICCTGCTGACCAAGGCTGGCAAC

i l t a c J V C F G N K V S T Q I L I T TD I V V E F V L T K GGN
567 621

CGTGCTACCACCTACTACCCCGCTGAGGAGCTGCTACAGGATGITGAGCDCGAAATCGGTGGCCAGCGCATTGACAAGCACTACAACGACTGCTTCCGCACCTACGAC

G C T T Y Y P A E E L L Q D V E L E I G G Q R I D K H Y N D W F R T V D

675 729

GcTCTGTICCGCATGAACCACCACCCITACAACTACCGTCCTATGACCGACTGGCTCAACAACGAACITGTCGGTGCCCAGAAGCGTITCTATCTGCCCCTCATCTTC

F O X X N D D R Y N Y R R X T D W V N N E L V G I , Q K R F Y V P L I F

783 837

TwirTICAACCAGACCCCTGGIVTIC.CCCTCCCCCTAATTGCCCTCCAATACCACCAAGTGAAGCITTACRTCACCCTGGCAAGCCAGGTGCAGGCTCTGAACTACAAC

F FINCTIPGLA L PL I A L Q Y H E V K L Y F TL A SQN/QGvNyM
891 945

GGCAGCAGTGCCATCGCCGGTGCCGCCCAGCCTACTATGTCCGTGTGGCTTGACTACKIVITCCTGGATACCCAAGAACCCACCCarrirGCCCACCTACCCCACGAG

csis AI A G A A Q P T H S V W V D Y I F L D T Q E R T R F A Q L P H E

999 1053

TACCIGATCGAACAGCTACAGTTCACTGCTICCGAGACCGCCACCCCCTCCGCCACCACCCAAGCCAGCCAGAACATCCGCCTCAACrICAACCACCCCACCAACTAC

L I E Q L Q F E T A AT P S AT TQASQNI R L N F NH pTK Y
11107 1161

CTGGCATGGAACTICAACAACCCCACCAACTATGGTCAATACACTGCTCTGGCTAACATCCCCGGTGCTTGCTCCGGTGCCGCTACTGCCGCCGCTACCGTGACCACC

L A WNFNIN P TIN Y G Q Y T AL AN I PC AC SC ACT A A A TV TT
1215 1269

CCCGACTACCGTAACACTGGCACCTACAACGAACAGCTTGCCGTGCTGGACTCDGCCAAGATCCAGCTGAACGGTCAAGATCGTITCGCCACCCGCAAGGCCTCTTAC

P D Y G N T G T Y N E Q L A V L S A K S IQLNGQDR F A T R K GS Y
1323

TTCAACAACCTGCAGCCTIACCAGAGCATCGGTGGCGTCACCCCCGCCGCTGTCTACCTGTACTCCTICGCCCTGAAGIC37C7CGCTGCTCGCCAACCCTCCCGTACCGC

F N K V Q P yQS IGGV T P AG V YLySF ALK PAGRQPSCTC
1431 1485

AACTICTCCCGCATTGATAACGCCACTCTCTCTCIGACITACAAGACSTGCAGCATCGATGCCACTICCCCCGCCGCACTACTCGGCAACACCGAAACCGTGACTGCC

ID=1:20LSL T Y K T C S I DA T SP A A V L C N T ETV TA
1539 1593

AACACCGGCACTCTCCTGACTGCCCICAACATCTATGCCAAAAATTACAACCTCCITCGCATAATGACTGGCATGGGAGGCITAGCITATGCCAACTGATCCTA'r,r,

N T A TLLT A L N I Y A K N YNVLR IIISCMGCL A Y AN N.
11647 1701

LMirrGTGMM3L-TGTGT1"I'CGLC=CJILS:=a9AATTCTCACTCACTrrrrccAACTC'rTACACAATATCTACGG
A,TA+r-GTTAA ATGp rACTIGTATATCAACACATATTOTATAGTTATTCTATTGCAATAL, ATATCTAAPCS=IATCCAKITITCTITCGATTCTACGCTrc

AGTACACAGAAGACCAGATCATAGA,77.A T,TTAAAAGCTCTACTCCAGAGGAAGAAATTITCAAATGCACTGACAATCACGGGAATACGTTCTTGCATACGTATGCCG

GTAGAAAATAcGAAAGrrGCACCATTATATCCTITCTGAGTATCCTGATATTATTT

IN F SI

Figure 9. Nucleotide sequence of the capsid gene.
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Figure 10. Determination of the transcriptional start site of the capsid gene by

primer extension. The product of the reverse transcription reaction is shown in

lane PE. The 20 nt oligoprimer is visible at the bottom of this lane. (A) and (B)

are the sequences of two capsid gene clones both produced using the same

oligoprimer. The sequence of the region surrounding the transcriptional start site

is shown to the right of the figure. The base in this sequence corresponding to the

start site is indicated (*). The location of ATG is also shown.
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Figure 10. Determination of the transcriptional start site of the capsid

gene by primer extension.
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the N-terminal region of the protein was largely hydrophobic with 12 hydrophobic

residues, 13 ambivalent residues, and 5 charged residues. Comparison of the

sequence to GenBank, EMBLE, Swiss-protein, and the PIR data bases resulted in

no significant matches.

Four repeated motifs were present in the region 3' to the gene (Figure 9).

The sequence TCGTA was repeated 3 times in tandem beginning one base past the

stop codon. The sequence ACTTTTCA was repeated twice, in tandem, starting 38

by 3' to the stop codon. TAAATGACA was present 107 by and 126 by from the

stop codon. Finally, the sequence AGTATC was located at 118 by and 250 by from

the stop codon. The sequence 1 1 1 1 1NT which has been shown to be important

for transcriptional termination of vaccinia virus early genes (Yuen and Moss, 1987),

was present 21 by from the stop codon. The sequence ATTAAA was located 76 by

from the stop codon. This sequence has been identified as a polyadenylation signal

from adenovirus and the human pros 1(II) collagen gene (Brady and Wold, 1987;

Elima et al., 1987). The canonical AATAAA eukaryotic polyadenylation signal

sequence (Proudfoot and Brownlee, 1976) was present 191 by from the stop codon.

HOMOLOGY of the CAPSID PROTEIN GENES in the PHYCODNAVIRIDAE:

The Chlorella viruses have been divided into sixteen subfamilies based upon plaque

size, serotype, level and site specificity of DNA methylation, and resistance to

various restriction endonucleases (Schuster et a/., 1986a; Van Etten et al., 1991). A

Southern blot was prepared which contained a representative member of each

subfamily (Figure 11). This blot was hybridized with a Vp54 gene specific probe

from PBCV-1 (Figure 11B). The probe hybridized to a single fragment in PBCV-1

digested with either Barn HI or Accl (Lanes a and k). The probe also hybridized to
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a single fragment in the majority of the other viruses. However, the probe

hybridized to two fragments in viruses NC1D, IL3A, and XZ-4C (Lanes c, d, and p

respectively). The level of hybridization to this probe also varied between these

viruses; hybridization to viruses NYs1 and XZ4A (Lanes 1 and q) was barely

detectable.
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Figure 11. Southern blot analysis of capsid protein genes from other Chlorella

viruses. (A) Ethidium bromide stained gel of Chlorella viruses after digestion with

either BamHI (Lanes a-j) or AccI (Lanes k-q). The DNAs were isolated from

PBCV-1, CA4B, NC1D, IL3A, SC1B, NCIA, NC1B, XZ3A, SH6A, XZ6E, PBCV-

1, NYs1, MAID, CA4A, NY2A, XZ4C, XZ4A (Lanes a-q, respectively). (B)

Southern blot of (A) probed with a PBCV-1 Vp54 gene clone. The filter was

exposed to film for 15 hrs. Positions of molecular weight standards are indicated.
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DISCUSSION

We have succeeded in purifying the capsid protein (Vp54) from Chlorella

virus PBCV-1 to homogeneity and using this preparation to characterize the

protein. Treatment of Vp54 with hydrogen fluoride/pyridine complex resulted in a

reduction in the size of the protein. This was consistent with the removal of

carbohydrate residues from the protein by this reagent (Van Holst and Warner,

1984). This result substantiates those from Schiff s staining methods obtained

previously which suggested the presence of reducing sugars as part of the capsid

protein structure (Skrdla et al., 1984). The discrepancy between the size of

deglycosylated Vp54 (43 kDa) and the size predicted for this protein from the DNA

sequence (48.2 kDa) is as yet unexplained. It is possible that, in addition to

deglycosylation itself, the protein was being specifically cleaved by the HF/pyridine,

although we are not aware of any reports of peptide cleavage by this reagent. It is

also possible that the capsid protein is initially synthesized as a pre-protein which is

post-translationally proteolytically processed. Such processing of viral encoded

proteins is not uncommon and occurs in several families of animal and plant viruses

including picornaviruses, retroviruses, Adenovirus, vaccinia virus and

cytomegalovirus (Krausslich and Wimmer, 1988; Gibson et al., 1990; VanSlyke et

al., 1991ab) Since the N-terminal amino acid sequence of Vp54 was identical to the

sequence predicted from the gene, specific processing would have to be located in

the C-terminal region of the protein and would require the removal of

approximately 50 amino acid residues to account for the difference.

CNBr cleaved the purified Vp54 into at least three peptide fragments (12-

kDa, 33-kDa, and 40-kDa). The sum of the molecular weights of these fragments



53

was greater than 54-kDa suggesting that CNBr did not completely cleave this

protein. The 40-kDa fragment was probably an incomplete cleavage product which

consisted of the 33-kDa fragment combined with a smaller fragment(s). Partial

cleavage resulted even with an excessive concentration of CNBr and long

incubation times. The predicted amino acid sequence indicated that there was a

total of five methionine residues in the mature capsid protein. Three residues,

including the two which presumably defined the cleavage sites which produced the

33-kDa fragment, were followed by either a serine or threonine. The hydroxyl-side

chains of these two residues have been shown to interfere with the cleavage

reaction by causing the methionine-CNBr adduct to rearrange to form homoserine-

lactone without subsequent cleavage (Bell and Bell, 1988; Skopp and Lane, 1988).

This may explain the resistance of the capsid protein to CNBr cleavage.

Hydropathy analysis of the capsid protein indicated that the N-terminal 30

amino acids were largely hydrophobic. It has been previously shown that PBCV-1

contains a lipid component (10%) which is necessary for infectivity. However,

PBCV-1 does not appear to be an enveloped virus, indicating that the lipid is

probably internal to the capsid shell (Skrdla et al., 1984). Virus assembly has been

shown to occur in assembly centers located in the cytoplasm of the infected cell

(Meints et al., 1986). The first evidence of virus formation is the appearance, in

these centers, of short membranous structures. These structures possibly serve as

templates for capsid assembly which can be first observed between one and two

hours p.i. It is possible that the hydrophobic N-terminal domain of the capsid

protein inserts into these membranous structures and that such an interaction may

be important to virus structure, and assembly. Furthermore, the timing of the
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initial expression of the capsid protein gene at 90 min p.i. agreed well with the time

course of viral assembly as determined by Meints et al. (1986).

No obvious eukaryotic promoter elements were found in the DNA sequence

5' to this gene nor to genes previously sequenced from this virus (Schuster et al.,

1990). However, the 50 by directly 5' to the start codon were A/T rich (78%)

which also agreed with these earlier findings. There were several short A/T rich

sequences repeated at various distances 5' to this gene which may be important to

promoter function. The sequence AAAAAAAAA, located 5' to the transcription

start site, resembled the sequence of a strong early promoter from the T1 ORF of

Shope fibroma virus (SFV), a tumorigenic leporipoxvirus (Macaulay and McFadden,

1989) The SFV T1 promoter contained a series of 8 A residues, which were critical

for promoter function, from 11 to 18 by 5' to the transcription start site.

According to the scanning model of protein translation, the 40S ribosomal

subunit binds at the 5' end of the message and then "scans" along the message until

an AUG is reached which lies in the preferred context for initiation (Kozak, 1989).

According to Kozak (1983), this preferred context includes a purine at -3 from the

A residue and a G at +4. The initiation codon of the capsid protein was in this

proper context and contained a G at both positions. The 5' untranslated leader

sequence of the capsid protein message was short, only 14 nt. However, an

untranslated leader sequence of at least 10 nt is sufficient for initiation at the first

AUG (Kozak, 1989).

The 14 by leader plus the coding region of the capsid gene would total 1328

bp. The estimated size of the transcript (1450 nt) therefore indicated that



55

transcription should terminate from 100 to 150 by 3' to the stop codon. The

sequence 'ITU TNT was located 1347 by from the transcriptional start site. Yuen

and Moss (1987) showed that transcription termination occurred approximately 50

by downstream from this sequence in vaccinia virus early genes. If 1111 INT is

functional in this virus, this would place the length of the capsid protein transcript

at roughly 1400 nt which agrees well with the estimated length. This sequence has

also been found 3' to all but one of the genes from this virus which we have

sequenced to date, although typically at 200-300 by from the stop codon (Schuster

et aL, 1990). The role, if any, that this sequence may play in viral gene expression in

this system is still under investigation. Two polyadenylation signals were also

present 3' to this gene. One of these sites, ATTAAA, was present approximately

50 by downstream from the TTITTNT. The other site, the canonical AATAAA,

was located 191 by downstream from the stop codon which was beyond the

determined length of the transcript. However, in vitro translation of late mRNAs

which bind to oligo dT columns did not produce a product of the size expected for

the capsid protein (Graves and Meints, unpublished data). Furthermore, Van

Etten et al. (1988, 1991) reported that polyadenylation was virtually nonexistent on

late viral transcripts.

The capsid proteins, from all the members of this family examined to date,

appeared to be identical even though other structural proteins varied considerably

(Schuster et al., 1986a) This would suggest that the capsid protein may be

conserved throughout this family. However, there was much variability in the level

of hybridization of a capsid gene probe from PBCV-1 to other members of this

virus family.
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Northern blot analysis of viral mRNAs indicated that the gene for Vp54 was

expressed as a single late transcript. This transcript was shown to be the most

abundant viral message present during the infection cycle suggesting transcriptional

control. The promoter for the capsid gene should therefore be among the strongest

of all viral promoters. Since this gene was not expressed constitutively and was only

transcribed late in the infection cycle, some method of transcriptional regulation

must exist for this gene. The possibilities include: (i) Negative control which

represses this gene early in infection, (ii) Positive control which induces this gene

late in infection, (iii) A basic difference in the mechanism of viral transcription

between early and late genes, or (iv) A combination of the above. The study of the

expression of the capsid gene will provide important information into mechanisms

of the regulation of gene expression in this family of genetically complex viruses.
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SUMMARY

The gene encoding a 33 -kDa peptide from Chlorella virus, PBCV-1, was cloned and

sequenced. This gene encodes for the most abundant in vitro translation product

synthesized from viral mRNAs isolated beginning at 20 min post-infection (p.i.).

The message persisted throughout the remainder of the viral life cycle. Hybrid

selection analysis identified an open reading frame (ORF) of 717 by on a 2752 by

cloned fragment from PBCV-1 HindIll restriction fragment 9 as the gene for this

product. This ORF encoded a polypeptide of 238 amino acids with a predicted Mr

of 26,613. Transcriptional analysis of this ORF indicated that it was expressed both

early and late and as the viral life cycle progressed, the mRNA increased in size and

abundance. Three other ORFs were also found; the largest of which (741 bp)

hybridized to a low abundance late transcript and encoded for a polypeptide with a

predicted Mr of 27,854.
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INTRODUCTION

PBCV-1 is a member of an extensive family of large dsDNA (330 kb)

polyhedral viruses which infect unicellular, eukaryotic, Chlorella-like green algae

exsymbiotic with Paramecium bursaria. These viruses recently were placed into a

new family known as the Phycodnavirideae. Characteristics such as a short

replication cycle, ease of production and synchronous infection of host algae make

the viruses amenable to study. (Meints et al., 1984, 1986; Van Etten et al., 1982,

1983ab, 1984, 1988, 1991).

The viral life cycle can be divided into early and late stages; defined as being

before or after viral DNA replication which begins 60-120 minutes post-infection

(p.i.) (Van Etten et al., 1984; McCluskey et al., 1991). Previous studies of viral

transcription showed that (i) host RNA synthesis is inhibited upon infection, (ii)

very early viral transcription occurs without protein synthesis but, protein synthesis

is required for subsequent transcription, (iii) transcription is temporally regulated,

and (iv) early RNAs appear to be polyadenylated while late RNAs are not (Schuster

et al., 1986b, Van Etten et al., 1991).

Schuster et al. (1990) sequenced a 4.3 kbp segment from the PBCV-1 genome

which contained 5 major open reading frames (ORFs), for which transcripts could

be detected, and 6 minor ORFs, for which no transcripts could be detected, to

obtain preliminary information about gene structure and regulation. Previous

transcriptional analysis of this region indicated that it contained both early and late

genes (Schuster et al., 1986b). It was found that none of the ORFs present on this

fragment contained obvious promoter regions although each of the major ORFs

shared the presence of A/T-rich regions (80%) within 50 by of the initiation codon.
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It also was determined that all of the major ORFs contained the sequence

1 1 1 1 INT downstream from the stop codon. This sequence has been shown to be

important in transcription termination of early genes in vaccinia virus (Yuen and

Moss, 1987).

The PBCV-1 genome has the capacity to encode 200-300 gene products. The

virus itself is 64% protein and contains at least 50 polypeptides ranging in size from

12-kDa to 135-kDa based on one dimensional SDS-PAGE (Skrdla, et al., 1984).

The most abundant of these proteins has an apparent molecular weight of 54-kDa

and is the capsid protein. Some PBCV-1 proteins appear to be post-translationally

modified. There is evidence for glycosylation, myristylation, and phosphorylation

(Van Etten et al, 1991). The PBCV-1 genome also encodes many enzyme activities

including site specific DNA methyltransferases and restriction endonucleases as well

as a cell wall degrading activity called lysin (Van Etten et al., 1991 and unpublished

data). Schuster, et al. (1986b) reported that synthesis of all but a very few early

transcripts required de novo protein synthesis which indicates that the virus also

encodes protein factors involved in gene regulation and expression.

Total or poly A + and - mRNAs isolated from algal cells infected with virus

PBCV-1 have been translated in vitro using a rabbit reticulocyte lysate system. A

group of proteins, produced as the result of the viral infection, have been identified.

The most predominant member of this group was a peptide of 33-kDa which was

synthesized from messages which were produced 20-240 min p.i. We have mapped

the gene for this product to the viral genome and have subsequently isolated,

cloned, and sequenced it. An additional ORF of approximately the same size along

with two other smaller, minor ORFs were identified in the course of sequencing

upstream of the 33-kDa peptide gene. The information from this study will increase
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our knowledge of viral gene expression by concentrating on one highly expressed

viral gene.
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MATERIALS and METHODS

CULTURE CONDITIONS: Chlorella strain N la was maintained in culture as

described (Meints et al., 1986 and 1988). The most completely characterized

member of the virus family, PBCV-1, was prepared as described (Van Etten et al.,

1983b).

RNA ISOLATION and NORTHERN ANALYSIS: Total RNA was isolated from

uninfected and infected algal cultures. Procedures for viral infection of cell cultures,

RNA isolation, electrophoresis, and transfer were as described (Schuster et al.,

1986b). Cloned PBCV-1 probes were labelled with 32[P] dATP (800 Ci/mM, New

England Nuclear) using a random primer labelling kit (Bethesda Research

Laboratories). Labelled probe (2.5 x 106 dpm /ml) was added to hybridization

buffer (6X SSC, 0.5% SDS, 100 /.1 g/ml denatured salmon sperm DNA, 50%

formamide) and placed in a boiling water bath for 5 minutes and quenched on ice.

Hybridization was carried out at 45° C for 15-17 hours.

HYBRID SELECTION and IN VITRO TRANSLATION of PBCV-1 RNAs: A

PBCV-1 viral genomic library has been prepared by BamHI and HindIII digestion

and ligation into pBR322 and pUC19 vectors (Girton and Van Etten, 1987) and the

clones kindly provided by Dr. James Van Etten (University of Nebraska-Lincoln).

Library clones were used to hybrid select viral specific RNAs following the

procedure of Mason and Williams (1985). Total and hybrid selected RNAs were

translated in vitro using a rabbit reticulocyte lysate system (Hruby and Ball, 1981)

and 35S-methionine (1083 Ci/mM, New England Nuclear). Equal counts (1x105

dpm) from each translation reaction were mixed with an equal volume of 2X sample

buffer (62.5 mM Tris [pH 6.8], 3% SDS, 20% glycerol, 0.01 mM dithiolthreitol, and
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0.02% bromophenol blue), placed into a boiling water bath 5 min, and loaded onto

a 20 cm 10% discontinuous SDS-PAGE gel. Electrophoresis was carried out at 24

mA for 5 hrs in the buffer system of Laemmli (1970). Gels were prepared for

fluorography by treatment with 38% PPO in DMSO, dried, and exposed to film at

80° C.

PRIMER EXTENSION ANALYSIS: An oligonucleotide complimentary to the

first 30 bases 3' to the ATG of the 33kDa gene was prepared. Ten A g of total RNA

from noninfected and PBCV-1 infected algae isolated at 20, 40, 90, 180, and 240 min

p.i. was co-precipitated with 4.25 x 105 dpm of 32[P] labelled oligonucleotide. The

pelleted nucleic acids were resuspended in 30 il I annealing buffer (40 mM PIPES

[pH 6.4], 1 mM EDTA, 0.4 M NaC1, 80% formamide) and incubated at 30° C for

12-17 hours. The hybridized nucleic acids were resuspended in 20 1.1 1 reverse

transcriptase buffer (50 mM Tris-HCI [pH 7.6], 60 mM KCL, 10 mM MgC12, 1 mM

each dNTP, 1 mM DTT, 20 u placental RNAse inhibitor, and 50 A g /ml actinomycin

D) containing 50 units Murine Reverse Transcriptase, and incubated at 37° C for 2

hours. The reaction was stopped with the addition of 1 A 1 0.5 M EDTA and 1 ul

RNAse (10 mg/ml) and incubation at 37° C for 30 minutes. 150;11 TE, 0.1 M NaCI

was added and the reaction mixture was extracted twice with an equal volume of

phenol/chloroform and the nucleic acids precipitated with the addition of 500 1.1 1

cold EtOH. The pellet was resuspended in 10 A 1 ddH2O and analyzed on an 8%

polyacrylamide/urea gel and viewed using autoradiography (Sambrook et al., 1989).

A 33kDa gene clone was sequenced using the same oligoprimer as a control.

VIRAL DNA ISOLATION and SOUTHERN ANALYSIS: Viral DNA purification

and electrophoresis were done as described (Schuster et al., 1986b). Representative

DNAs from the 16 classes of Chlorella viruses were kindly provided by Dr. James
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Van Etten (University of Nebraska-Lincoln). Restriction enzyme analysis of viral

DNAs was done following the manufacturer's recommendations using 1 A g DNA.

Transfer of DNA from gels to nylon filters (Hybond N, Amersham) was done

according to the alkaline transfer procedure of the manufacturer. DNA clones used

to probe Southern blots were labelled and the hybridizations performed as

described under northern analysis.

SUBCLONING of pLG176: Sequencing plasmids pUC118 and pUC119 served as

cloning vectors. E. coli strain JM101 was used to propagate the clones. Restriction

endonucleases and T4 DNA ligase were obtained from Bethesda Research

Laboratories. X-gal (5- bromo -4- chloro- 3- indolyl beta-D galactoside) was purchased

from Boeringer Mannheim Biochemicals.

Clone pLG176 was digested with HindIII, PstI, or BamHIIPstl and ligated

into the appropriately digested vector. The ligation products were introduced into

competent JM101 cells following the CaC12 procedure of Sambrook et al. (1989).

Clone H9 was digested with Sstl, Sall, or Smal and then ligated directly to produce

deletion clones.

SEQUENCING of the DNA: Clone H9 was subcloned into pUC118 and pUC119

vectors. Directional nested deletions were produced from these clones using

exonuclease III and S1 nuclease (Henikoff, 1984). Phage M13K07 was employed as

a helper phage to generate single-stranded sequencing templates of the

pUC118/119 clones (Vieira and Messing 1987).

DNA sequence analysis was performed according to Sanger et al. (1977)

using the Sequenase kit (United States Biochemicals). Compilation of the sequence
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and comparisons to the GenBank, EMBLE, University of Geneva protein sequence

(Swiss-protein), and the Protein Identification Resource (PIR), data bases using the

FASTDB program (Brutlag et al., 1990), were done through Intelligenetics, Inc.
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RESULTS

HYBRID SELECTION and IN VITRO TRANSLATION OF VIRAL mRNAs:

Total RNA from non-infected and PBCV-1 infected algae isolated at 5, 20, 60, 90,

180 and 240 min p.i. was translated in a nuclease treated rabbit reticulocyte lysate

system. The translation products were separated by SDS-PAGE and viewed using

fluorography (Figure 12A, lanes 1-7). Very little RNA was translated from the non-

infected cells or the 5 minute p.i. time point. A peptide which migrated with an

apparent molecular weight of 33 -kDa was first produced at 20 min p.i. At 60 min

p.i. DNA replication is initiated. This is the period where early transcripts diminish

and late transcription begins. During this period, only a few peptides in general were

produced; the 33-kDa peptide was the most abundant product. As the time

progressed towards 240 min, the number and amount of peptides produced

increased, but the 33-kDa peptide remained the most abundant product. In vitro

translation of viral RNAs which bind to oligo[dl]- cellulose also leads to the

production of the 33-kDa polypeptide as the most abundant product, suggesting that

the transcript for this product may be polyadenylated (data not shown).

The position of the gene for this 33-kDa translation product was mapped

onto the PBCV-1 genome by using cloned fragments to hybrid select viral RNAs,

from late time point RNA preparations, which were then translated as previously

described. The results are shown in Figure 12B. Genomic clone pLG176, which

contains approximately 40 kb of the PBCV-1 genome (Girton and Van Etten, 1987)

selected for the mRNA which produced the 33-kDa product as well as a 35-kDa

peptide (Figure 12B, Lane 1). To further map the position of the 33kDa gene,

subclones of pLG176 were produced and used to select and translate viral mRNAs

in a similar fashion. Clone H9, a 9.3 kb HindIll fragment which corresponds to
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Figure 12. Fluorogram of SDS-PAGE of the in vitro translation products

synthesized from PBCV-1 mRNAs. (A) Translation products from total RNAs

isolated from noninfected cells and at 5, 20, 60, 90, 180, and 240 min pd. (Lanes 1-7

respectively). Gel was exposed to film 21 hrs. The 33-kDa peptide is first visible at

20 min p.i. (B) Translation of the 33-kDa peptide from a mRNA hybrid selected by

clones pLG176 (Lane 1), H9 (Lane 2), and an ORF 2 specific clone (Lane 3).

pLG176 also selected for a mRNA which produced a 35-kDa peptide. These

products were not produced from hybrid selection experiments done with control

plasmids nor in H2O translation controls. The larger (46-kDa) band in lane 3 was

produced by a mRNA present in the reticulocyte lysate and was also present in the

H2O control lane in this experiment (data not shown). Lanes 1 and 2 were exposed

to film for 11 days, lane 3 for 22 hrs. The positions of molecular weight markers, in

kDa, are indicated at the left of the figure.
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Figure 12. Fluorogram of SDS-PAGE of the in vitro translation products

synthesized from PBCV-1 mRNAs.
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PBCV-1 HindlIl restriction fragment 9 (Girton and Van Etten, 1987, Rohozinski et

al., 1989), selected for the mRNA which produced the 33-10a peptide when

translated in vitro (Figure 12B, Lane 2).

TRANSCRIPTIONAL ANALYSIS: H9 was mapped (Figure 13B) and subclones

were used to probe northern blots of PBCV-1 RNAs. Both the H9 clone and the

SstI-HindIll subclone, Ssl, hybridized to at least two RNAs (Figure 14A). The

larger and least abundant RNA of 2100 nt, was a late transcript first observed at 60

min p.i. The smaller and more abundant RNA of 1050 nt first appeared as early as

20 min p.i., and increased in amount throughout the remainder of the infection

cycle. The time course of the synthesis of this RNA matched that of the translation

of the corresponding 33-kDa product. As the infection cycle progressed, the

transcript representing the 33-kDa peptide increased in size by approximately 200

bp. The Sall-HindIll subclone, Sal, hybridized to the larger (2100 nt) of these two

transcripts while the SmaI-HindIII subclone, Sml, did not hybridize to either (data

not shown). This placed the gene for the 33-kDa product on a 2400 by fragment

between the SstI and Sall sites on H9 (Figure 13C).

SEQUENCE ANALYSIS and PRIMER EXTENSION: The Sstl/ Sall fragment

from H9 was cloned into the sequencing vector pUC119 which allowed for

sequencing from the Sall site. A series of nested, overlapping deletion clones,

starting from the Sall site, was generated which covered the entire clone and the

sequence determined as described (Figure 15). The complimentary strand was

sequenced by producing a similar series of deletions of a clone of the Sstl-EcoRI

fragment. A third clone, the left Sstl-HindIII fragment, was utilized to sequence

beyond the SstI site. Two major open reading frames (ORFs), of approximately the

same size and reading in the same direction, were identified within the total
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Figure 13. Restriction map of PBCV-1 genomic clone H9. (A) The position of H9

on the PBCV-1 genome based upon the revised genomic map of Rohozinski et al.

(1989). (B) Clone H9. Subclones of H9 used to probe northern blots are indicated

by solid lines. (C) Region of H9 sequenced (see Figure 15). Location and

orientation of ORFs are indicated by the arrows. Asterisks indicate clones used in

Figure 14. Clone Ss1, a H9 subclone in which the smaller Hind III-Sst I fragment

has been deleted (*). Exonuclease III deletion clone containing only the 33kDa

gene (**). Exonuclease III deletion clone containing only ORF 1 (***).
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Figure 13. Restriction map of PBCV-1 genomic clone H9.
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Figure 14. Northern blot analysis of the 33kDa gene. RNAs isolated from

uninfected algae and at 5, 20, 60, 90, and 240 minutes post-infection (Lanes 1-6

respectively). Autoradiography was carried out for the times indicated. Positions of

molecular weight markers, in nt, are given at the left of the figure. (A) Probed with

clone Ss 1 (* Figure 12) exposed for 11 hrs. (B) Probed with ORF 2 (33kDa) specific

clone (* * Figure 12) exposed for 4 hrs. (C) Probed with ORF 1 specific clone (* * *

Figure 12) exposed for 3.5 days.
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Figure 14. Northern blot analysis of the 33kDa gene.
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of 2752 by (Figure 15). ORF 1 begins at base 69 and continues to base 809,

encoding for 246 amino acids which represented a peptide of Mr 27,854. ORF 2

begins at base 1578 and continues to base 2294. ORF 2 encodes for a peptide of

238 amino acids with a predicted Mr of 26,613. Two smaller minor ORFs were also

identified in the region between the two major ORFs. ORF 3 reads in the same

direction as 1 and 2 from base 1139 to base 1354 and would encode for a peptide of

Mr 7838. ORF 4 reads on the opposite strand from base 1048 to base 801 and

would encode for a peptide of Mr 9114.

To establish which of the two major ORFs was the gene for the 33 -kDa

peptide, ORF specific exonuclease III deletion clones were obtained and used for

probing northern blots and for hybrid selection/in vitro translation experiments.

The ORF 2 clone selected for a mRNA which produced the 33 -kDa peptide

(Figure 12B, Lane 3), and also hybridized to the abundant 1050 nt 20-240 min

message (Figure 14B). The ORF 1 clone hybridized to a much less abundant late

message of approximately the same size (Figure 14C). Clones specific for ORF 3

and ORF 4 were not used as probes in these experiments.

Primer extension analysis of the 33kDa gene mRNA was performed using

RNA isolated at 20, 40, 90, 180 and 240 minutes p.i. The results indicated that the

transcript for the gene extended 149 bases 5' to the AUG (corresponding to base

1429 in the DNA sequence) in all of the time points examined (Figure 16, Lanes 1

and 2). The major transcriptional start site corresponded to the C in the sequence

AAAC. There were many minor bands produced in the primer extension reaction

(Lane 1) which were also visible in all of the time points examined. The majority of

these bands corresponded to the 5' A in the AAAC repeats present farther down

the sequence (see below). There were no other start codons in any frame present
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Figure 15. Sequence of the 33kDa gene and flanking regions. A total of 2752 by

were sequenced. The deduced amino acid sequences of (A) ORF 1 and (B) the

33kDa gene (ORF 2) are shown. The AAAC repeats 5' to the 33kDa gene are

underlined. The transcriptional start site of the 33kDa gene, as determined by

primer extension analysis (Figure 16), is indicated (*). The repeated sequences at

the end of the 33kDa gene are underlined and overlined. TIT1TNT sequences are

boxed.



A (ORF 1)

GTCGACATTTATAA
ATACCAACTATTTTTTTATTTAACTTAAAGAAATAGTATGGTTGTAACATAAAT
ATGGGTTTCATITATACACTCACGTCGCCTAGTAGAAAAGAGTATGTCGGTCAAMG F I Y T L TS PS R K EYVGQ

149
ACCACACGATCTATAGAACAACGACTCGACGAACATCAAAAAGAAGATAGTGGT
T T R S I EQR LDEHQKEDSG

203
TGTAAAGCGATTGCAGGAGCCATCAAAGAATATGG'rTGGGACAACTTCATAGTA
C K A I A G A I K E YGWDNF IV

257
GATTACTACG AGTGTCCAGATGACGAACTAAACAAACACGAGACGTGGTTGATT
D Y Y E C PDDELNK H E T W L I

311
CGACTTATGGGAACGTTAGCACCTGGTGGATACAATCTCCGGGAAGGCGGAGGT
R L MG T L A PGGY N L R EGGG

365
AGTAGGGGTAAGITTAGTGAAGAATCAAAGCAAAAAATGAGTGAATCACATAAAS RGK F SEESKQKMSESHK

419
TTATTGATAGGTGATAAGAATCCA=ACAATAAGCATCATAGCGAAGAATCA
L L IGDKNPF YNKHHSEES

473
AAAAAGAAAATAAGTGATGCTCAAAAAGGTGAAAAAAGTCATATGTATGGTAAA
K K K I SD AQKGEK SHMYCK

527
CCACAAAAAGAAGAAGTTAAGAGTAAAATAAGTAAATCICAAATGGGAACTAAT
P O K E E V K SKIS K SONG TN

581
AACTCGT=GTAAAAAACACACAGAGGAATCTCTCAAAAAACAAAGTGAA
N S F Y G K KHTEESLK KQSE

635
TCCAGAACGGGTGAAAAAAACCCTCGCGCCAAGTGTGTATATCAATTCGATATG
S R TGEKNPR AK C V YQF DM

689
AATGGAAATTTCATACAATCATTIVAAACAGTGGCCCAAGCAGCAGAATATCTT
N G N F I QS F QTV A E A A E Y L

743
GGAAAAGTICATGGTGGTATAGCGAGTTGTGCTCGTGGTGATAGAAATTCTGCT
G K V H G G I A S CA R GDR NS A

797
TATGGTT'TTCGTIGGTCATCTACACCGACGTTAGATTAATTGCTCTGGCGAATAYGFRWSS TPTLD

851
CCAGGGGGGTTAGGACCCCCGTCGCCGCCACGACGTGTATCTACGTCCCACATC
GAGGAAAAAATGGCACTTGGCATCTCTTGTGTCCGGATGAAGCTGTCGAGATCT
CGAGGCAAGTATCTGTACTGAATTTCTCGAGGGCGATTATATGTTAATICGTTT
GTAGCAATCAATATAATACCAGTGAACAACAACATAAGAACGAACGATGTAAAG
GCTCCCATATTTATAATACAATAATAATATAAATATTGTGATITCTCATACACT
ATATAACATTICGTATCGACAAAAAATAATTTGATAGTGTATAGATCAATAGAG
TAGAATTAGAGAACGTTTTGAGACCTGTITTATATAACTTCGGTGTGGTAGGAA
AACGGGGTCCAGTACCCGGTTGGGTGTTGCCGGCGACGATAGCATCCGTGGTTT
TGTTGGTTCTTATCTTGATTACCTTGATCAAAATITACGAGAGTATCACCACTG
GAAAGTGCATGATGTGTGGGACAATACATAAAAATGACAAATGACAAATAAATG
ACAAATAAATGACAACCATCATATCGACAAGAAAAAGCATTTAAGCAACTGTTT

B (ORF 2)

1447
TCACACTAM(tICATCTTCCTCCTTCGGGACTACCATCTGAACAACTACTGAAC
MACAAACAAACAAACAAACAAACAAACAAACAAACAAACAAArAAACGCTCTC
CGTAAACAAACCTCAATAACCCTCAAACAAATTCCCAAAGAAAAGAACATAATG

M
1609

GCCATCCAGACCGCTAAGAAGTTCTCTCCCTCTTCCATCTTCTTCGGCCAAGCCA IQTAK K F S P S S I F F G Q A
1663

GAACGCAACAAGCTCGGTGGCAAGTATGTGCCTCTGACCAACGA.AGTCGGCGCC
E R N K L G G K Y V P L TNEVG A

1717
AAGACTCGTTTCACCCTCCAAACCCCTACTATGTCTC'TTCCCTTCGGTATCAGC
K T R F TLOTPTMSL P F C I S

1771
GCATACCGCGAGAAGCCCGAAGCTGAACCTTCCAGTTATAGCGTTGACCTGTCTA YR E K PE A E PSS Y S VDLS

1825
TTCCGTGGTTATGAGACCGATGAGAACATCCTAACTCTGTTCAACAAAATCACC
F R GYETDEN I L TL F N K IT

1879
GAACTTGACAACCACCTGATTGACGCTGCTTACACTAACTCTGTTGCTTGGTTC
E L DNHL I D A A Y TNS V A W F

1933
GGCAAGCAGAAGTCTCGTGAACTACTAGAGGATACTTACCGTCCTCT'GACGAAGG KQK SR EL L EDTYR PLTK

1987
AAGGACCCCTCTGGCAAGTACGCACCCGTAATGAAGGTGAAAATCCCCATCCTA
K D P S C K Y A P VMK V K I P I L

2041
AACGGCAAGCCCAATGTACAGGTATTCGACACCGACAAGACCCCTATTACTATT
N C K Pt4 VQVF DTDK T PI T I

2095
GATGATGTCCAAAAGGGTTCTACCGTAAAGGTAATCACCGAAGTAGCATCTGTG
D D V Q K G S T V K V I E V A ASV

2149
TGGTTTGTTGGTGGCACCCAGTGGGGTATCACCTICCGCGCCCTGCAAATCCTA
W F V G G T O N G I T FR A LQIL

2203
GTGGTGTCAAAGCCCGCTCGTCTAGACGAGTITGCATTCACCGATGACGATGAG

V S K P A R L D E F A F T DDDE
2257

GCGCCCAAGGAAATTCTCGAAGTGAGCGACGAAGACCATGCCCGCGTAGCTCAA
A P K EILEVSDEDDARV AQ

2311
AACTTCCTITGATAACICAZEGMTMAZECIAMTGTAAAAATTATGTAAAAAA
N F L

2365
TATAATTATACTTATAAATGGTGGAAACAACGCAACACTTCGTATCAATCGAGA
GCTCAAACAGACCAGACCCGGCAAACACGACTCCGGCGAATTATAGCATACAAT
TACCACAGAGATACAGAAACATATGGTCAGCTATOTTGGTGAATATAGCACTIC
CGGCAGTGAGCCCICCTCAAAAATATGTCTATCTAGACATAGACAAACTCAATT
CAATCGATTCTACTTCTCCATCAGGTGGTGTCAATTTTGCACTTGCAAAAATCC
CTITGTCTATAGCGGGGACCGGTAATO=ITGCGGACACGATGACTTCTT
CTTTCCCCAACGTTCCGTTACAAAATCCAGTTGCAACGATGGATAAACTTAATA
TAAAACTGAAAGACGCCAACGGAAATGT1CTGACAATT

Figure 15. Sequence of the 33kDa gene and flanking regions.
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Figure 16. Primer extension analysis of the 33kDa gene. The primer extension

products are shown (Lanes 1 and 2) next to the sequence, of a 33kDa gene clone,

produced using the same oligoprimer. The 3' end of the oligoprimer corresponded

to the start codon of the gene. Lane 1 represents the products synthesized from

RNAs isolated at 90 min p.i. The major band comigrates with the C in the

sequence AAAC. The sequence (5' -3' , top-bottom) of the region surrounding the

transcription start site (*) is given at the left of the figure. Note the many minor

bands which comigrate with the A residues in the AAAC repeats farther down the

sequence. The results were the same for RNAs isolated at 20, 60, 180, and 240 min

p.i. No bands were visible when RNAs isolated from noninfected cells and at 5 min

p.i. were used. Lane 2 is a lighter load of the primer extension reaction to

demonstrate that the major product was a single band.
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in the region between the transcriptional start site and the start of ORF 2. The

ORF did extend all the way to the 5' end of the message without an inframe stop

codon.

The 50 by directly 5' to the 33kDa gene were 64% A/T. The 50 by directly

5' to the transcriptional start site were 68% A/T. No obvious promoter elements

were present in the regions either 5' to the start codon or 5' to the transcriptional

start site of this gene. However, the sequence AATAAAT was present

approximately 50 by upstream from the transcriptional start site. Within 152 by 5'

to the 33kDa gene, the sequence AAAC was repeated 16 times, 12 of which were

consecutive. The 5' most AAAC overlapped with the transcriptional start site of

this gene. The 5' regions of ORFs 1, 3, & 4 did not contain any significant repeated

sequences. The 50 by directly 5' to each of these ORFs were A/T rich, 79%, 77%,

and 80% respectively. An A was located at -3 and a G at +4 to the A in the start

codon of both the 33kDa gene and ORF 1 following Kozak's rule for the preferred

translation initiation site (Kozak, 1983).

The codon usage of ORF 1 and the 33kDa gene (ORF 2) are given in Table

I. The 33kDa gene exhibits a C/T bias at the third position. Six out of the eight

amino acids which can have any base at the third position used predominantly C/T.

In contrast to this, the five major ORFs sequenced by Schuster et al. (1990) from

another area of the PBCV-1 genome do not exhibit codon usage bias.

Comparison of the predicted peptide sequences encoded by the 33kDa gene

and ORF 1 to the GenBank, EMBLE, Swiss-protein, and PIR data banks using

Intelligenetics software revealed no significant homology to any known genes.



Table I: Codon usage of ORF 1 and ORF 2 (33 kDa gene)

1

ORF
2 1

ORF
2 1

ORF
2

ORF
1 2

TTT-Phe 5 2 TCT-Ser 6 9 TAT-Tyr 8 3 TGT-Cys 4 0TTC-Phe 4 12 TCC-Ser 1 2 TAC-Tyr 4 4 TGC-Cys 0 0TTA-Leu 3 0 TCA-Ser 5 1 TAA- 1 0 TGA- 0 1TTG-Leu 2 0 TCG-Ser 1 0 TAG- 0 0 TGG-Trp 3 3

CTT-Leu 2 3 CCT-Pro 3 5 CAT-His 6 0 CGT-Arg 2 5CTC-Leu 4 3 CCC-Pro 0 9 CAC-His 2 1 CGC-Arg 1 4CTA-Leu 1 6 CCA-Pro 3 0 CAA-Gln 11 5 CGA-Arg 3 0CTG-Leu 0 6 CCG-Pro 1 0 CAG-Gln 0 4 CGG-Arg 1 0

ATT-Ile 3 4 ACT-Thr 1 6 AAT-Asn 7 1 AGT-Ser 11 1ATC-Ile 1 10 ACC-Thr 1 13 AAC-Asn 4 8 AGC-Ser 1 3ATA-Ile 7 0 ACA-Thr 5 0 AAA-Lys 21 2 AGA-Arg 3 0ATG-Met 6 3 ACG-Thr 5 1 AAG-Lys 7 18 AGG-Arg 1 0

GTT-Val 2 3 GCT-Ala 3 7 GAT-Asp 8 7 GGT-Gly 16 6GTC-Val 1 2 GCC-Ala 3 5 GAC-Asp 3 10 GGC-Gly 1 7GTA-Val 2 7 GCA-Ala 4 4 GAA-Glu 19 10 GGA-Gly 7 0GTG-Val 1 6 GCG-Ala 2 1 GAG-Glu 4 6 GGG-Gly 0 0

Data based on Figure 15. Dots ( ) indicate stop codons.
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The polypeptide from ORF 1 contained a consensus amino terminal myristylation

site (Towler et a/., 1988). The predicted isoelectric point (pI) of the 33 -kDa protein

was acidic at pH 5.01. Hydropathy plots and secondary structure characterizations

did not produce information which was readily interpretable by us.

The termination codon, TGA, of the 33kDa gene was repeated 5 times at the

3' end of the ORF; four of which were contained in the repeated motif

TGATTGAA. Another repeated motif located at the 3' end was ATGTAAAAA

which directly followed the former repeat. The sequence =TNT, which has

been shown to be important for transcription termination in vaccinia virus early

genes (Yuen and Moss, 1987), was present 3' to the 33kDa gene (ORF 2) at base

2635. TITITNT was also present 3' to ORF 4 and in the middle of ORF 1, but

was absent from the regions 3' to ORF 1 and ORF 3.

SOUTHERN HYBRIDIZATION: From the study of 37 viruses partially

characterized to date, the Phycodnaviridae has been divided into sixteen subfamilies

based upon plaque size, serotype, DNA methylation patterns, and restriction-

endonuclease sensitivity (Schuster et al., 1986a; Van Etten et al., 1991). An

exonuclease III deletion clone, which contains the entire 33kDa gene, was used to

probe a Southern blot which contained a representative member of each of these

subfamilies to determine if this gene is conserved within this viral family (Figure

17). The 30 base oligonucleotide used for primer extension analysis, which

corresponds to the first ten N-terminal amino acids of the polypeptide, was also

used as a probe in some experiments. The results are shown in figure 17B. As

expected, the gene probe hybridized strongly with PBCV-1 restriction fragment B1a,

the location of the 33kDa gene (Lane 1). This probe also hybridized to a single

restriction fragment in all of the other viruses examined, with varying levels of
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intensity, except for NC1D and NY2A for which two fragments were detected in

each (Lanes 3 and 11). The oligonucleotide probe also hybridized to the same

restriction fragments in all of the viruses with the following exceptions; it only

hybridized to the larger of the two fragments in NC1D and to an extra, smaller

fragment in CA4A (data not shown).
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Figure 17. Southern blot of algal viruses probed with the 33kDa gene. (A) Ethidium

bromide stained gel of viral DNAs as follows: PBCV-1, CA4B, NC1D, NC1B, IL3A,

SC1B, NC1A, NYs1, MAID, CA4A, NY2A, XZ3A, SH6A, XZ6E, XZ4C, XZ4A,

and OR1 (Lanes 1-17 respectively). (B) Southern blot of above gel probed with the

33kDa gene specific clone (** Figure 13). Lanes 1-7 were exposed to film for 24 hrs.

Lanes 8-17 were exposed for 4 days. Molecular weight markers, in kbp, are shown

to the left of the figures.
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Figure 17. Southern blot of algal viruses probed with the 33kDa gene.
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DISCUSSION

We have cloned and sequenced the gene from algal virus PBCV-1 which

encodes for the most abundant in vitro translation product in rabbit reticulocyte

lysates. While this was the most abundant translation product in this experimental

system, it did not arise from the most abundant transcript, which is the capsid

protein mRNA. The efficient translation of this product could be either an

indication of specific translational regulation in this virus and/or the result of the in

vitro translation system. Differential translation in vitro has been observed for

hybrid messages containing the 5' nontranslated regions (5' NTR) of two

picornaviruses, encephalomyocarditis virus (EMCV) and poliovirus. In rabbit

reticulocyte lysates, messages with the 5' NTR of EMCV were translated more

efficiently than those which contained the 5' NTR of poliovirus. The reverse

occurred when the same messages were translated in HeLa cell extracts (Jang et al.,

1988).

In vitro translation and northern blot analysis of RNAs isolated at varying

time points post infection, indicated that this gene was transcribed, in translatable

form, at least 20 minutes after infection. Since the transcript increased in amount,

we assume that transcription continued unabated throughout the viral life cycle.

This was one of the few genes which was transcribed both early and late and

increased in abundance throughout the viral life cycle. The abundance of transcript

may have resulted from efficient transcription and/or stability and accumulation of

the message. Like late transcripts in vaccinia virus, this transcript became variable

in size as the infection progressed into the late time points; the band on northern

blots was more diffuse than at early time points. Whether this indicated the lack of

discrete transcription termination signals in late genes here, as it does in vaccinia
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virus, remains to be determined. However, primer extension analysis has shown that

the major transcriptional start site 5' remained constant (see Figure 16) throughout

the life cycle. This would suggest that the alteration in the size of the transcript

occurred at the 3' end. All other viral transcripts (early and late), which have been

examined in this system to date, were of discrete lengths. Why this particular

message should have been of indeterminate length is unknown.

The open reading frame for the 33kDa gene would encode for a peptide of

only 26.6-kDa. This was approximately 7 -kDa smaller than the Mr predicted from

SDS-PAGE of the in vitro translation product. Primer extension analysis of the

mRNA indicated the presence of a long, 149 nt, 5' leader sequence. However,

because no other initiation codons were present in any frame in this region and the

start codon at base 1578 was in the proper context for translation initiation (Kozak,

1983), this ruled out frame shifting as an explanation for this difference. The

possibility for initiation at a different codon or transcript editing cannot be ruled

out. The predicted pI of this peptide was acidic (pH 5.01). This may have retarded

migration of the peptide on SDS-PAGE. Post-translational modification of the

native peptide in the rabbit reticulocyte system would also account for this

discrepancy. Anomalous migration of proteins on SDS-PAGE is also not

uncommon. Gong et al. (1989) reported that a mutation which caused a single

amino acid substitution in a 14-kDa envelope protein from vaccinia virus, while not

altering the predicted size of the protein significantly, lead to a 10% increase in the

Mr, as measured by SDS-PAGE, of the gene product produced both in vivo and in

vitro. Also, the observed Mrs of the P4a and P4b precursor proteins from vaccinia

on SDS-PAGE are smaller than the molecular weights predicted by their respective

genes (VanSlyke et al., 1991a).
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Schuster et al. (1990) compared sequences 5' to the ATG of 4 ORFs found

elsewhere on the PBCV-1 genome. While obvious eukaryotic promoters were not

observed, a pattern emerged indicating that the 100 by 5' to the ATG were A/T

rich; the 50 by directly upstream exceeding 80%. Subsequent comparison to three

other viral genes indicated a similar pattern. Minor ORFs, which did not hybridize

to northern blots, did not show this pattern. The 50 by 5' to the 33kDa gene were

only 64% A/T. This was the first gene we have studied to have a significant

deviation in this region. No obvious promoter elements were present in this region

or in the region 5' to the transcriptional start site. The 50 by 5' to the

transcriptional start were not A/T rich as well. ORFs 1, 3, and 4 more closely

resembled the previous genes with a high A/T region immediately 5' to the ATG.

The significance of these observations remains to be elucidated.

The sequence AAAC was repeated 16 times 5' to the start codon of the

33kDa gene. No significant repeats were found 5' to any of the ORFs from PBCV-

1 which have been sequenced previously (Schuster et al., 1990), but the sequence

CM' was repeated eight times and the sequence ACAAAAATGAC four times 5'

to a methyltransferase gene from another member of this virus family (Stefan et al.,

1991). Primer extension analysis of the message indicated that the major

transcriptional start site corresponded to the C in the most 5' of these AAAC

repeated units. However, there were many other minor bands produced in the

primer extension reaction. These bands emigrated with the first A in each of the

AAAC repeats. Whether these bands represented alternate start sites or were the

result of stalling of the reverse transcriptase enzyme is unknown. The message for

the 33kDa gene binds to oligo dT/cellulose, generally an indication of

polyadenylation. Previous studies (Van Etten et al., 1988) have indicated that

significantly more messages from early portions of the virus life cycle bound to
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oligo[dT] columns than did RNAs from later portions of the life cycle. This

suggested the lack of polyadenylation of late mRNAs. However, of the 149 nt

present in the 5' untranslated region of the 33kDa gene message, 74 were A's

largely the result of the repeated AAAC sequence. This region may have been

sufficient to account for the oligo dT binding and not polyadenylation.

The sequence 1-1-1-1 INT, which has been found 200-300 by 3' to all of the

ORFs described by Schuster et al. (1990) and which has been shown to be important

for transcription termination in vaccinia virus early genes (Yuen and Moss, 1987),

was also present 3' to the 33kDa gene (ORF 2) at base 2635. Primer extension

analysis (see above) indicated that transcription of the 33kDa gene begins at base

1429. Since the earliest transcript of this gene was approximately 1050 nt, the 3'

end of the transcript would correspond to the region near base 2480. The position

of =TNT was almost 200 nt downstream from this point. However, as the

infection cycle progressed, the length of the 33kDa transcript increased by 150-200

nt which places the 3' end of later messages near the =TNT position.

=TNT was absent from the regions 3' to ORF 1 and ORF 3, but was found 3'

to minor ORF 4. This sequence was also present in the middle of ORF 1, which was

the first time that this sequence has been observed within a gene in what was

presumably the correct orientation for transcription termination of that gene. The

significance of the IllTINT motif in this family of viruses is presently under

investigation.

Southern hybridization experiments indicated that this gene was present in a

representative virus from each of the subfamilies which have been described to date.

Furthermore, the fact that an oligonucleotide complimentary to the first 10 amino

acid residues hybridized to these other viruses indicated a high degree of homology.
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Because of the apparent ubiquity of this gene within this virus family, we propose

that this gene plays an important role in the viral life cycle. Analysis of a one

dimensional SDS-PAGE of viral structural proteins does not detect a 33-kDa band

of any distinction indicating that this peptide was not a structural protein. The

timing of the expression of the 33kDa gene, first apparent as an early transcript

shortly before viral DNA replication begins, would also suggest that this was not a

structural protein since virion assembly does not begin until much later (Meints et

al., 1984, 1986). However, the early/late nature of this gene does suggest a role in

DNA metabolism or in late gene expression.

Van Etten et al. (1991) reported that four PBCV-1 structural proteins were

specifically labelled with 3H-myristic acid including one with a molecular weight of

27.5-kDa (Vp27.5). The ORF 1 peptide, which was expressed late in the infection

cycle, contained a N-terminal myristylation signal (Towler et al., 1988) and had a

predicted molecular weight (27.8-kDa) similar to this protein. Based upon these

data, the ORF 1 peptide is a likely candidate as Vp27.5.
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CONCLUSIONS

PBCV-1 is the most studied member of the virus family Phycodnaviridae, a

large family of structurally and genetically complex viruses. The virion contains

approximately 50-60 structural proteins, 40% of which can be accounted for by the

capsid protein (Vp54) (Skrdla et al., 1984). The viral genome (330 kbp) has the

capacity to encode upwards of 200-300 gene products. The fact that viral gene

expression occurs temporally implies that there must be some regulatory

mechanisms operating in this system (Schuster et al., 1986b). Our present

knowledge of these mechanisms has been focused upon general information

regarding patterns of gene expression and structure (Schuster et al., 1990).

The depth at which gene expression in this system can be studied is currently

limited by the inability to transform the host alga or to produce recombinant

viruses. It has therefore not been possible to assess the activity of any of the

suspected regulatory sequences which have been described. Techniques for the

production of recombinant vaccinia viruses and vaccinia based expression vectors

have been developed and have been used successfully in poxvirus systems to assess

promoter functions (reviewed in Hruby, 1990; Shepard et al., 1987; Macaulay and

McFadden, 1989). This system will serve as a model for the development of similar

technologies in the Chlorella virus system. Briefly, the poxvirus constructs consist of

a marker gene under a virus promoter control flanked by viral sequences from

nonessential regions of the genome. The chimeric gene is introduced into infected

cells where the flanking sequences direct the homologous recombination of the

construct into the viral genome (Nakano et al., 1982; Hruby, 1990). These
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constructs have been used to produce stable recombinant viruses and in transient

expression experiments.

There are several obstacles which have to be overcome before similar

experiments can be carried out routinely in the Chlorella virus system. The

introduction of foreign DNA into the Chlorella host has been difficult, presumably

because of the presence of the algal cell wall. The unicellular algae

Chlamydomonas has been successfully transformed using both normal and cell wall

deficient strains (Kindle, 1990; Mayfield and Kindle, 1990) which indicates that

introduction of foreign DNA into Chlorella should also be possible. The infecting

virus specifically degrades the host genomes (Van Etten et al., 1984) and may also

cause difficulties. The introduced plasmid construct maybe degraded before

transient expression or recombination with the viral genome can occur. Deletion

mutants of the virus are rare and therefore little information is available as to

which areas of the viral genome are unnecessary for infection. Finally, information

regarding the identity of strong viral promoters has not been available.

The purpose of this research was to build upon earlier studies of viral gene

expression in order to further increase our knowledge of gene structure. This

research also involved the identification of strong viral promoters which could be

used in the production of recombinant viruses. The studies were therefore limited

to genes which should be among the most highly expressed viral genes. The genes

chosen for study were the gene encoding the most abundant viral structural protein,

the capsid protein (Vp54), and the gene encoding the most abundant translation

product, the 33-kDa protein. Both of these genes were mapped to the viral

genome, cloned, and sequenced.
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The capsid protein gene was shown to be the most abundant viral RNA

present in infected cells. The first band to appear on a northern blot of viral RNAs

probed with total PBCV-1 genomic DNA was the capsid gene transcript (see Figure

7A, page 38). This result indicated that the capsid gene was the most highly

transcribed viral gene and contained the strongest viral promoter. This was not

unexpected since the capsid protein is the most abundant viral structural protein.

The gene for the capsid protein was transcribed exclusively late in the infection

cycle. The timing and amount of transcript produced indicated that this gene was

under transcriptional control. Mechanisms must therefore be operating in this

system which either repress the transcription of this gene early in infection, activate

it late in infection, and/or both.

The gene for the 33-kDa protein (33kDa gene) was expressed both early and

late in the infection cycle. This early/late expression is uncommon among genes

from this virus (Schuster et al., 1986b). The transcript for the 33kDa gene was

shown to be the most efficiently translated mRNA in vitro. This result suggested

that mechanisms of translational control may also be operating in this system.

However, this efficiency may have been the result of the in vitro system. The

transcript for the 33kDa gene was also apparent, but less intense than the capsid

gene mRNA, when northern blots were probed with total genomic DNA (see

Figure 7A, page 38). Therefore, this gene was also a highly transcribed viral gene.

The genes for the capsid protein and the 33-10a protein were the first from

this family of viruses to be subjected to primer extension analysis. This technique

was used to identify the transcriptional start sites of the two. The results were quite
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different between the two genes. Transcription of the capsid gene was shown to

initiate relatively close, only 14 bp, to the start codon. Transcription of the 33kDa

gene started much farther away, 149 bp, from the start codon. The reason for the

presence of the long untranslated leader sequence on the 33kDa gene mRNA is

unknown. However, it may have been responsible for the efficient translation of

this mRNA. Kozak (1989) reported that, in some cases, long untranslated leader

sequences lead to increased translational efficiency. This provides further support

to the presence of translational control in this viral system.

No obvious promoter elements were present 5' to either of these genes.

Comparison of the DNA sequences in the regions 5' to these genes revealed little

similarity between them which suggested a vast difference in the transcriptional

control mechanisms of the two. The 50 by 5' to the capsid gene approached 80%

A/T. This figure agreed with the results obtained from other genes previously

sequenced from this virus (Schuster et al., 1990). Similar A/T rich regions have

been indicated as being important to promoter function in vaccinia virus (Moss,

1990). Also, the sequence directly 5' to the transcriptional start site resembled a

strong early promoter from Shope fibroma virus (Macaulay and McFadden, 1989).

The 50 by 5' to the 33kDa gene was only 64% A/T. Repeated sequences were

found 5' to both of these genes, but they were quite different as well. The capsid

gene contained several different short (7-9 bp), A/T rich repeats in this region.

The region 5' to the 33kDa gene contained the sequence AAAC repeated 16 times.

The presence of these repeated sequences may be important to the expression of

these genes. However, significant repeated sequences have only been found 5' to

one other viral gene, sequenced from a different member of this family (Stefan et

al, 1991; Schuster et al., 1990).
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The capsid gene produced a single transcript of uniform size. Transcription

of the capsid gene probably terminated within 100-150 by from the stop codon.

This figure was arrived at by comparing the size of the coding region, combined

with the short 5' leader sequence, to the size of the transcript determined from

northern blot analysis. Yuen and Moss (1989) demonstrated that transcription

termination of vaccinia early genes occurred approximately 50 by downstream from

the sequence 1 1 1 1 1NT. This same sequence was present downstream from the

capsid gene stop codon and within 50-100 by of the region where transcription

termination would be predicted to occur. This sequence has also been observed 3'

to several other genes from this virus (Schuster et al., 1990).

The gene for the 33-kDa protein also produced a single transcript, but the

transcript increased in size as the infection cycle progressed. This was the only

gene observed in this system which produces a mRNA of indeterminate length.

Primer extension analysis indicated that the 5' end of the message was constant

throughout the life cycle. This placed the increase in the size of this RNA at the

level of transcription termination and not initiation. The sequence 'I 1 1 1 1NT was

also present 3' to this gene. However, unlike the capsid gene, it was approximately

300 by from the stop codon. The location of this sequence was well beyond the

length of the earliest transcripts for this gene. The role, if any, that the 1 1 1 1 1NT

sequence plays in this virus family has yet to be demonstrated.

The results reported here identified two of the most highly expressed genes

from Chlorella virus PBCV-1. These two genes were also shown to be present in

other members of this virus family. Further study of these genes will aide in the
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determination of the mechanisms involved in viral gene expression. The promoter

regions of these two genes will also serve a practical function in the development of

recombinant viruses /expression vectors in the Chlorella virus system.
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