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Abstract
Sequence analysis of the 330-kb genome of chlorella virus Paramecium bursaria
chlorella virus 1 (PBCV-1) revealed an open reading frame, A237R, that encodes a
protein with 34% amino acid identity to homospermidine synthase from Rhodopseudomonas viridis. Expression of the a237r gene product in Escherichia coli established that the recombinant enzyme catalyzes the NAD+-dependent formation of
homospermidine from two molecules of putrescine. The a237r gene is expressed
late in PBCV-1 infection. Both uninfected and PBCV-1-infected chlorella, as well as
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PBCV-1 virions, contain homospermidine, along with the more common polyamines
putrescine, spermidine, and cadaverine. The total number of polyamine molecules
per virion (~539) is too small to significantly neutralize the virus double-stranded
DNA (>660,000 nucleotides). Consequently, the biological significance of the homospermidine synthase gene is unknown. However, the gene is widespread among
the chlorella viruses. To our knowledge, this is the first report of a virus encoding
an enzyme involved in polyamine biosynthesis.
Keywords: polyamines; homospermidine; homospermidine synthase; ornithine
decarboxylase; dsDNA virus; chlorella viruses; PBCV-1; Phycodnaviridae.

Introduction
Homospermidine [H2N(CH2)4NH(CH2)4NH2], unlike the more common polyamines putrescine, spermidine, and spermine, has been detected in only a few, widely diverse organisms (Cohen, 1998). Homospermidine is used as a chemotaxonomic marker in certain bacterial
taxa, such as the α subclass of the proteobacteria, which include the
photosynthetic bacteria Rhodopseudomonas (Hamana et al., 1985) and
Agrobacterium (Hamana et al., 1989b). It is also common in nitrogenfixing bacteria such as Rhizobium (Smith, 1977; Fujihura and Harada,
1989) and nitrogen-fixing cyanobacteria (Hamana et al., 1983; Hamana
and Matsuzaki, 1992), as well as some methanogenic archaebacteria
(Scherer and Kneifel, 1983). Homospermidine also occurs in a few algae, including Chlorella species (Kneifel, 1977; Hamana and Matzusaki,
1982), mosses, lichens, ferns (Hamana and Matsuzaki, 1985), some
higher plants (Kuttan et al., 1971; Yamamoto et al., 1983; Hamana et
al., 1992), and animal tissues (Matsuzaki et al., 1982).
Bacteria synthesize homospermidine from two molecules of putrescine by an NAD+-dependent enzyme named homospermidine synthase (HSS) (Fig. 1); no other substrates or cofactors are required. HSS,
a homodimer composed of two 52-kDa subunits, has been characterized from two bacteria: Rhodopseudomonas viridis (Tait, 1979; Tholl et
al., 1996) and Acinetobacter tartarogenes (Yamamoto et al., 1993). The
R. viridis hss gene is the only one that has been isolated and characterized (Tholl et al., 1996). The amino acid sequence of the R. viridis
HSS enzyme resembled the predicted amino acid sequence encoded
by an open reading frame (ORF A237R) of unknown function in chlorella virus Paramecium bursaria chlorella virus 1 (PBCV-1).
PBCV-1 is the prototype of a genus (Chlorovirus, family Phycodnaviridae) of large (175−190 nm in diameter) polyhedral,
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FIG. 1. Biosynthesis of homospermidine in bacteria (starting with ornithine) and
plants (starting with ornithine and S-adenosylmethionine). Virus PBCV-1 encodes
ornithine decarboxylase (a207r) and HSS (a237r) genes.

double-stranded DNA, plaque-forming viruses that infect certain unicellular, eukaryotic chlorella-like green algae (Van Etten et al., 1991;
Van Etten, 1995). The 330-kb PBCV-1 genome has been sequenced
and is predicted to contain 377 protein encoding genes and 10 tRNA
genes (Lu et al., 1995, 1996; Li et al., 1995, 1997; Kutish et al., 1996).
Many of the proteins encoded by PBCV-1 are unexpected, and their
functions in the virus life cycle are unknown; among these are the enzymes hyaluronan synthase (DeAngelis et al., 1997, Graves et al., 1999),
glutamine:fructose-6-phosphate amidotransferase (Landstein et al.,
1998), UDP-glucose dehydrogenase (Landstein et al., 1998), and, as
described here, a protein with HSS activity. To our knowledge, PBCV-1
is the first virus to encode a polyamine biosynthetic enzyme.
Results
Similarity between R. viridis HSS enzyme and PBCV-1 ORF
A237R
The deduced 518-residue protein encoded by chlorella virus
PBCV-1 ORF A237R has 34% amino acid identity (and a FASTA score
of 541) with the 477-residue R. viridis HSS enzyme (Fig. 2). The most
striking identity (44%) between the two proteins occurs between
amino acid residues 205 and 410. Currently, databases contain no
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FIG. 2. Amino acid alignment of HSS enzymes from R. viridis and chlorella virus
PBCV-1. Identical amino acids are highlighted.

other hss genes. The G + C content of the A237R ORF is 44%, similar
to the 40% G + C content of the entire PBCV-1 genome.
Expression of recombinant PBCV-1 HSS enzyme
ORF A237R has two potential start codons: codon 1 and codon 3
(Fig. 2). Therefore, two pET-15b-based plasmids were constructed to
produce A237R-His-tagged recombinant proteins in Escherichia coli.
Plasmids pBB21 and pBB23 were designed so that the first and third
ATGs, respectively, of ORF A237R served as the translational start codons. At 3 h after induction, a fusion protein of the expected size, 58
kDa, composed ~8% of the soluble protein in extracts from bacteria
containing each of the plasmids (Fig. 3, lane 4; only the results with
cells expressing pBB23 are shown in Fig. 3). Before isopropyl-b-D-thiogalactopyranoside (IPTG) addition, uninduced cells contained small
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FIG. 3. SDS−PAGE analysis of soluble protein from E. coli BL21 (DE3) expressing the
PBCV-1 A237R protein. E. coli with pET-15b before (lane 1) and 3 h after IPTG induction (lane 2) and E. coli with pBB23 before (lane 3) and 3 h after IPTG induction
(lane 4). Recombinant protein after passage over a His-binding column (lane 5).

amounts of the 58-kDa protein, indicating that uninduced cells produce a basal level of T7 RNA polymerase activity (Studier et al., 1990).
E. coli cells with vector alone produced no 58-kDa protein.
Homospermidine in E. coli-expressing ORF A237R
Polyamine contents were measured in wild-type E. coli and recombinant E. coli expressing either the R. viridis hss gene or both forms of
the a237r gene. Wild-type cells contained putrescine, cadaverine, spermidine, and spermine but no detectable homospermidine (Table 1).
In contrast, E. coli cells expressing the R. viridis hss gene contained homospermidine (930 nmol/g fresh weight), as did E. coli cells expressing pBB21 or pBB23, albeit at lower levels (24 and 141 nmol/g fresh
weight, respectively). Because pBB23-containing cells produced about
five times more homospermidine than pBB21-containing cells, pBB23containing E. coli was used for the remainder of the experiments. The
growth medium of pBB23- containing cells dramatically influenced
the ratio of spermidine to homospermidine, which varied from 13:1 in
cells grown in LB medium to 0.3:1 in cells grown in a polyamine-free
medium. The presence of homospermidine in the polyamine fraction
from cells expressing the a237r gene was confirmed by both gas chromatography− mass spectroscopy and liquid chromatography−mass
spectroscopy. In these confirmatory experiments, cells were grown in
polyamine-free medium.
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Table 1 Polyamine Content of Wild-Type Strain E. coli BL21 (DE3), and Recombinant
E. coli Expressing the R. viridis hss Gene (PAK) and Two Forms of the Virus PBCV-1
hss Gene (pBB21 and pBB23)
Plasmid

Polyamine

Concentration (nmol/gfw)

pET-15b
Cadaverine
Spermidine
Spermine
pAK R. viridis
Cadaverine
Spermidine
Homospermidine
Spermine
pBB21
Cadaverine
Spermidine
Homospermidine
Spermine
pBB23
Cadaverine
Spermidine
Homospermidine
Spermine

Putrescine
315
3052
36
Putrescine
286
1396
930
265
Putrescine
427
2827
24
89
Putrescine
490
1853
141
84

1293

1114

1726

1375

Note. The cells were grown in LB broth.

The incorporation of exogenous 14C-putrescine into homospermidine in pBB23 containing cells was also monitored at various times
after IPTG induction. At 3 and 8 h after induction, the cells took up
7.5% and 18% of exogenous 14C-putrescine, respectively, and of the
14C-putrescine taken up by the cells, 30% and 54%, respectively, was
incorporated into homospermidine (Table 2). Together, the results in
Tables 1 and 2 establish that E. coli cells expressing a237r synthesize
homospermidine.
Recombinant A237R protein has HSS activity
Protein extracts were prepared from E. coli expressing a237r, and
after purification over a His-binding column (Fig. 3, lane 5), the recombinant protein was assayed for HSS activity. NAD+ was required
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Table 2 Incorporation of 14C-Putrescine into Homospermidine in E. coli Expressing
the PBCV-1 hss Gene (pBB23)
Time (h)

C-Putrescine remaining
in the medium (cpm)
		
0
3
8

14

3427
3171
2826

Incorporation of
C-putrescine into
homospermidine (%)
14

0
30
54

for activity, and no polyamines other than putrescine were required.
Maximum HSS activity occurred at 20°C in 50 mM K+ (Fig. 4). Increasing the incubation temperature to 25°C reduced the recombinant HSS
activity by ~50%, and no activity was detected at 37°C. Protein extracts
from wild-type E. coli BL21 (DE3) cells had no HSS activity.

Fig. 4. Characteristics of the recombinant PBCV-1-encoded HSS. The recombinant
protein was assayed at the indicated temperatures and K+ concentrations. Enzyme
reactions were incubated for 2 h and then terminated by applying 20-µl aliquots
onto TLC plates. The amount of product was calculated from the ratio of labeled
putrescine to homospermidine obtained by radioscanning with a TLC multichannel
analyzer. nd means no homospermidine was detected.
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Fig. 5. Northern blot analyses of RNA isolated from uninfected (0) and PBCV-1-
infected chlorella cells at the indicated times p.i. The RNAs were hybridized with an
antisense a237r gene probe.

Expression of the a237r gene in PBCV-1-infected cells
RNA was extracted from cells at various times after virus infection and hybridized to an antisense a237r gene probe to determine
whether the gene was transcribed during PBCV-1 infection. The probe
hybridized strongly to a 1.9-kb RNA extracted from cells at 60−360
min post-infection (p.i.) (Fig. 5). This RNA size is sufficient for a protein of 518 amino acid residues. Because PBCV-1 DNA synthesis begins ~60 min p.i. (Van Etten et al., 1984), the hss gene is a late gene.
However, the probe also hybridized slightly to another late RNA of
~2.9 kb and an early RNA of ~3.2 kb. The nature of these other RNAs
is unknown, but complex transcription patterns have been observed
with other PBCV-1 genes, such as glutamine:fructose-6-phosphate
amidotransferase (Landstein et al., 1998).
The recombinant PBCV-1 HSS protein reacted with a polyclonal antibody to R. viridis HSS (data not shown). However, attempts to detect
the PBCV-1 HSS protein in cell extracts, made at various times after virus infection, by Western blotting were unsuccessful; presumably, the
PBCV-1 HSS protein does not accumulate to levels sufficient for immunochemical detection by this antiserum.
Polyamines in virions and uninfected and infected chlorella
cells
The polyamine content of uninfected chlorella as well as cells at
60, 150, and 240 min after PBCV-1 infection was determined (Table
3). Healthy and infected cells contained homospermidine, putrescine,
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Table 3 Polyamine Content of Uninfected and PBCV-1-Infected Chlorella Cells and PBCV-1
Virions
Polyamine (nmol/3.3 × 1010 cells) (~1 gfw)
Putrescine Cadaverine
Cell
Uninfected
60 min p.i.
150 min p.i.
240 min p.i.b

0.76
0.76
1.54
2.52

Virus
PBCV-1

3.90
3.42
1.48
2.17

Spermidine

Homospermidine

Spermine

5.82
5.28
3.33
3.28

1.33
1.99
0.62
0.52

NDa
ND
ND
ND

(nmole/1.3 × 1013 virus particles) (0.11 g)c
6.0

0.68

4.22

0.72

ND

a. ND, not detected.
b. Virus assembly is complete, and most virus particles are released between 420 and 480
min p.i.
c. Approximate number of virus particles produced from 3.3 3 1010 cells.

cadaverine, and spermidine. However, polyamine concentrations
changed after virus infection, especially between 60 and 150 min
p.i. The putrescine level increased ~2-fold, and the other three polyamines decreased 50−60%. Infection by another chlorella virus, SC1A, produced similar changes in the polyamine levels of infected cells
(Xing, 1996). These same four polyamines were also detected in purified PBCV-1 virions (Table 3). The low concentration of homospermidine relative to spermidine in the virions was independently confirmed with a new procedure for quantifying polyamines using ion
spray−mass spectroscopy (Furuumi et al., 1998).
Using the data in Table 3, the number of polyamine molecules
per virus particle was calculated to determine whether they might
be involved in neutralizing the virus DNA. Virions on average contain
539 polyamine molecules with a combined charge of 1308 (Table 4).
Because the total number of nucleotide phosphates in the doublestranded DNA of a virus particle exceeds 660,000 (Li et al., 1997), the
polyamines could only neutralize ~0.2% of DNA phosphates.
In separate experiments, virion polyamines proved to be freely exchangeable. With our standard virus purification protocol (Van Etten
et al., 1981, 1983), which uses a Tris buffer, we found that Tris (a monoamine) could replace >.95% of the viral polyamines. Likewise, extensive washing of purified PBCV-1 with polyamine-free buffer (e.g., PBS)
displaced both Tris and viral polyamines.
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Table 4 Polyamine Content of a PBCV-1 Virion
Polyamine

Putrescine
Cadaverine
Spermidine
Homospermidine
Total

Molecules/
virion

Total polyamine
charge

Phosphate residues
neutralized (%)

277
32
196
34
539

554
64
588
102
1308

0.08
0.01
0.09
0.02
0.20

The a237r gene is widespread in the chlorella viruses
To determine whether the hss gene is common among the chlorella viruses, DNA from 42 chlorella viruses and host Chlorella NC64A
were hybridized to the a237r gene probe used in the Northern analyses. DNA from all of the viruses infecting Chlorella NC64A hybridized to various levels with the probe (Fig. 6). No hybridization was
detected with DNA from the host or with DNA from five viruses that
infect a related alga, Chlorella Pbi (i.e., viruses CVA-1, CVB-1, CVG-1,
CVM-1, and CVR-1) (Reisser et al., 1988). Therefore, the hss gene is
widespread among the NC64A viruses.
Discussion
The polyamines putrescine, spermidine, and spermine are common
in cells and also are structural components of many viruses, where
they are believed to aid in neutralizing viral nucleic acid (Tyms et al.,
1990; Cohen, 1998). PBCV-1 virus particles, as well as uninfected and
virus-infected Chlorella NC64A cells, contain putrescine, cadaverine,
spermidine, and homospermidine. However, it is unlikely that these
polyamines are important in the neutralization of PBCV-1 DNA because the number of polyamine molecules per PBCV-1 virion is so low
that they could neutralize only ~0.2% of the virus phosphate residues.
Presumably, the viral DNA is neutralized by either positively charged
ions (e.g., Mg2+), small peptides, or even proteins; Yamada et al. (1996)
demonstrated the presence of DNA-binding proteins in the virion of
a related chlorella virus. Furthermore, the functional significance of
polyamines in the PBCV-1 particle must be limited because they are
associated only loosely with the virion since they can be replaced by
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Fig. 6. Hybridization of the
PBCV-1 a237r gene to DNA
isolated from the host Chlorella
NC64A and 37 Chlorella NC64A
viruses and 5 viruses (CVA-1,
CVB-1, CVG-1, CVM-1, and CVR1) that infect Chlorella Pbi. The
blots contain 1, 0.5, 0.25, and
0.12 µg of DNA, left to right,
respectively.

Tris or displaced by washing the particles in a polyamine-free buffer
without affecting virus infectivity.
The impetus for measuring PBCV-1 polyamine content was the discovery that the virus encodes an ORF that has 34% amino acid identity with an HSS enzyme from R. viridis. The PBCV-1 hss gene encodes
a protein with NAD-dependent HSS enzyme activity. To our knowledge, this is the first report of a virus-encoded enzyme involved in
polyamine biosynthesis. Interestingly, PBCV-1 also encodes a protein that resembles ornithine decarboxylase (Lu et al., 1996), a key
enzyme in polyamine biosynthesis and one of the most highly regulated enzymes in eukaryotic organisms (e.g., Davis et al., 1992; Cohen, 1998). Ornithine decarboxylase converts ornithine to putrescine,
the substrate for the bacterial and PBCV-1 HSS enzymes (Fig. 1). Preliminary experiments with a recombinant PBCV-1 ornithine decarboxylase indicate that the protein has the expected enzyme activity (T. J.
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Morehead and J. L. Van Etten, unpublished results). Thus PBCV-1 encodes the complete biosynthetic pathway for the synthesis of homospermidine from ornithine.
It is important to note that the PBCV-1-encoded HSS catalyzes the
NAD-dependent formation of homospermidine from two molecules of
putrescine and that spermidine does not participate in the reaction. In
contrast, spermidine is a required precursor of homospermidine synthesis in higher plants (Bottcher et al., 1994). The difference between
homospermidine synthesis in bacteria and plants derives from the
discovery that eukaryotic translation initiation factor eIF-5A contains
a hydroxyputrescine- lysine adduct called hypusine [N6-(4-amino-2hydroxybutyl)-2,6-hexanoic acid] in the ratio of one hypusine per molecule of protein (Park et al., 1993; Cohen, 1998). Hypusine is formed
by attaching a 2-hydroxybutylamine moiety to the є-amino group of a
single lysine side chain of the eIF-5A precursor protein. Hypusine synthesis requires two enzymes (Fig. 1). The first enzyme, deoxyhypusine
synthase, takes the butylamine portion of spermidine and adds it to
the lysine side chain while liberating 1,3-diaminopropane. The second enzyme, deoxyhypusine hydroxylase, adds the 2-hydroxy group.
In plants, deoxyhypusine synthase also can transfer butylamine from
spermidine to putrescine, resulting in homospermidine (Kaiser, 1999).
Consequently, deoxyhypusine synthase also functions as an HSS.
The PBCV-1-encoded HSS is clearly related to bacterial enzymes
rather than to plant enzymes; this conclusion is supported by the
amino acid similarity between A237R and R. viridae HSS, as well as the
cross-reactivity of the PBCV-1 enzyme with rabbit polyclonal antisera
prepared against R. viridae HSS. Presumably the host alga synthesizes
homospermidine from spermidine and putrescine by deoxyhypusine
synthase and late in PBCV-1 infection the virus produces homospermidine from two putrescines. The inability of the PBCV-1 hss gene to
hybridize with the host “hss” gene(s) and the 3-fold increase in putrescine observed after PBCV-1 infection are consistent with this scenario.
Even if this scenario is correct, it leads to two questions. Why is homospermidine biosynthesis important for PBCV-1 replication? Why
does the infected cell need two pathways to synthesize homospermidine; especially when so little of the compound is packaged in the virion? With respect to the first question (i.e., why PBCV-1 contains the
genes for ornithine decarboxylase and HSS), we suggest two possibilities. (1) Spermidine and homospermidine are functionally distinct;
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that is, the extra methylene in homospermidine allows it to carry out a
function that spermidine cannot. (2) Spermidine and homospermidine
are functionally interchangeable, but the carbon flow through their respective biosynthetic pathways is determined by the nutritional/physiological status of the host cell. The two homospermidine synthesis
pathways differ in one important feature. Homospermidine synthesized by the virus-encoded enzyme requires two molecules of putrescine, and thus its synthesis depends only on cellular levels of carbon and nitrogen. In contrast, the propylamine in spermidine comes
from S-adenosylmethionine and thus is dependent on cellular levels
of carbon, nitrogen, and sulfur. This distinction suggests that the homospermidine concentration in the infected cell might increase if the
host chlorella is grown under limiting sulfur conditions. This possibility will be explored in the future.
Materials and methods
Strains and culture conditions
The growth of PBCV-1 host Chlorella strain NC64A on MBBM medium, the production and purification of PBCV-1, and the isolation of
PBCV-1 DNA have been described (Van Etten et al., 1981, 1983). E. coli
strains INVαF (InVitrogen, Carlsbad, CA), XL1 Blue (Stratagene, La Jolla,
CA), and BL21 (DE3) (Novagen, Madison, WI) were grown in LB medium (Samrook et al., 1989). In some experiments, E. coli expressing
the recombinant HSS enzyme were grown on a polyamine-free medium consisting of 0.4% glucose, 2.0 g/l citric acid, 3.5 g/l NaPO4, 0.2
g/l MgSO4, 0.002% thiamine, and 5 mg/l calcium pantothenate (Vogel and Bonner, 1956).
Cloning and expression of the recombinant PBCV-1 hss gene
PBCV-1 ORF A237R has two potential translational start codons:
codon 1 and codon 3 (Fig. 2). Therefore, two versions of the PBCV-1
A237R ORF were cloned from PCR amplified viral DNA using the following oligonucleotide primers: 59 primer 1, TGTGCATATGTATATGAATTCAAAAAAG; 59 primer 3, ACTGCATATGAATTCAAAAAAGAGTAAC; and 39 primer, TTTTGGATCCTTATTCCATAACAGGAGG. The
underlined bases indicate the 59 and 39 restriction sites for NdeI and
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BamHI endonucleases, respectively, that were used for cloning. The
PCR reaction (25 µl) contained 770 ng of PBCV-1 genomic DNA, 480
pmol of each primer, 50 µmol of each dNTP, 1.5 mM MgCl2, and 5 units
of Taq DNA Polymerase (Qiagen, Hilden, Germany) with the appropriate buffer. Amplification was performed in a Perkin−Elmer Thermocycler (Foster City, CA) using 35 cycles of 97°C for 1 min, 60°C for 1
min, and 72°C for 1 min. PCR fragments of the expected size were digested with NdeI and BamHI and then inserted into NdeI−BamHI sites
of the expression plasmid pET-15b (Novagen). The resulting plasmids,
pBB21 and pBB23, were transformed into E. coli XL1 Blue for maintenance or into E. coli BL21 (DE3) (Studier and Moffat, 1986) for expression. The a237r gene was expressed by growing cells overnight
at 37°C in 200 ml of LB medium containing 100 µg/ml ampicillin to an
A600 of 1.5. Then 50 ml of fresh LB medium was added to the culture
(final volume of 250 ml), and the cells were induced with 4 mM IPTG
1 h later. Aliquots (1 ml) of cells were harvested by centrifugation at
hourly intervals. The cells were washed with lysis buffer (50 mM Tris−
HCl, pH 8.0, 2 mM EDTA), centrifuged, and resuspended in 400 µl of
lysis buffer containing 100 µg/ml lysozyme. After incubation on ice
for 15 min, cells were disrupted by two 30-s exposures to sonication,
and the samples were centrifuged at 4°C.
Then 10 µl of supernatant was added to an equal volume of 2× dissociation buffer (Sambrook et al., 1989) and boiled for 5 min. SDS−
PAGE was performed in the buffer system of Laemmli (1970) on 10%
acrylamide gels. Proteins were stained with Coomassie Brilliant Blue
R 250. The remainder of the sample was loaded onto a His-trap column (Amersham Pharmacia, Uppsala, Sweden) in 5 mM imidazole,
0.5 M NaCl, and 20 mM Tris−Cl, pH 7.9, and washed with 60 mM imidazole, 0.5 M NaCl, and 20 mM Tris−Cl, pH 7.9, and the recombinant
protein was eluted with 1 M imidazole, 0.5 M NaCl, and 20 mM Tris−
Cl, pH 7.9. The sample was then applied to an NAP 10 column (Pharmacia, Piscataway, NJ) and eluted with 1.5 ml of ice-cold elution buffer (50 mM KPO4 and 2 mM dithiothreitol, pH 8.5); 100-µl fractions
were collected and assayed for HSS activity.
HSS enzyme activity
Recombinant HSS enzymes were assayed at 20°C in a total volume of 125 µl of S buffer (50 mM KPO4, 2 mM dithiothreitol, pH 8.5),
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containing 3.7 µM 14C-putrescine (0.5 µCi/assay), 1.0 mM putrescine,
and 0.2 mM NAD+ (Tholl et al., 1996). Enzyme reactions were incubated for either 2 or 16 h and then terminated by applying 20-µl
aliquots onto thin-layer chromatography (TLC) plates (Silica gel 60
F254; Merck, Rahway, NJ). Putrescine (Rf 0.45) and homospermidine
(Rf 0.11) were separated in a solvent system consisting of acetone/
methanol/25% NH4OH (4:3:2 by volume). The amount of product was
calculated from the ratio of labeled putrescine to homospermidine
obtained by radioscanning with a TLC multichannel analyzer (Raytest,
Wilmington, DE) (Bottcher et al., 1993).
The in vivo conversion of 14C-putrescine to homospermidine
by recombinant E. coli
Forty ml of actively growing E. coli cells containing pBB23 was induced with 0.4 mM IPTG. Simultaneously, 1 µCi of 14C-putrescine was
added to the culture, and 10-ml samples were centrifuged 3 and 8 h
later. The bacterial pellets were frozen in liquid nitrogen, resuspended
in 1 ml of hot methanol (50−60°C), and incubated for 30 min. After
centrifugation for 20 min at 13,000 rpm, a 10-µl aliquot of the supernatant was applied to a Silica gel 60 F254 TLC plate and chromatographed as described above.
Polyamine analysis
E. coli cells and uninfected and PBCV-1-infected chlorella cells (1.9
× 1010 cells/sample) at 60, 150, and 240 min p.i. were harvested by
centrifugation and lyophilized, and polyamines were extracted according to the protocol of Redmond and Tseng (1979). Polyamines
also were extracted from 2 mg of lyophilized PBCV-1 virions by the
same procedure.
Polyamines were analyzed either as benzoyl derivatives by HPLC
(Redmond and Tseng, 1979), as dabsyl derivatives by HPLC (Koski et
al., 1987), as N-carbomethoxyderivatives by gas chromatography−
mass spectrometry (Husek et al., 1992), or as heptafluorobutyryl derivatives by ion spray ionization−mass spectrometry (Furuumi et al.,
1998).
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Northern, Southern, and Western analyses
Chlorella cells (1 × 109) were collected at various times after PBCV-1
infection, frozen in liquid nitrogen, and stored at −80°C. RNA was extracted, denatured with formaldehyde, separated on 1.2% agarose
gels, and transferred to nylon membranes as described (Landstein et
al., 1996). RNA was hybridized to an antisense 32P− single-stranded
DNA probe (Graves and Meints, 1992) at 65°C in 50 mM NaPO4, 1%
BSA, and 2% SDS. Virus DNAs used for dot blots were denatured and
applied to nylon membranes (Micron Separation Inc., Westborough,
MA), fixed by UV cross-linking, and hybridized with the same probes
used for the Northern analysis.
Proteins were transferred to nylon membranes using a Novablot
Multiphore II apparatus (Pharmacia) as described (Sambrook et al.,
1989). Immunodetection was carried out with an Immuno-Blot Kit
(Bio-Rad, Hercules, CA). The polyclonal antiserum used in Western blot
experiments was prepared in rabbits against the R. viridis HSS enzyme.
Other procedures
DNA and putative protein sequences were analyzed with the use
of the University of Wisconsin Computer Group package of programs
(Genetics Computer Group, 1997). The GenBank accession number for
PBCV-1 ORF A237R is U42580.
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