JOURNAL OF VIROLOGY, Aug. 2005, p. 9945-9953
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.15.9945-9953.2005

Vol. 79, No. 15

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Chlorella Virus-Encoded Deoxyuridine Triphosphatases Exhibit

Different Temperature Optima

Yuanzheng Zhang,' Hideaki Moriyama,” Kohei Homma,> and James L. Van Etten'**

Department of Plant Pathology, University of Nebraska-Lincoln, Nebraska 68583-0722"; Department of Chemistry,
University of Nebraska-Lincoln, Nebraska 68583-0304 Center for Biotechnology, University of Nebraska,
Lincoln, Nebraska 68588-0666>; and Nebraska Center of Virology, University of Nebraska,

Lincoln, Nebraska 68588-0666*

Received 26 January 2005/Accepted 15 April 2005

A putative deoxyuridine triphosphatase (dUTPase) gene from chlorella virus PBCV-1 was cloned, and the
recombinant protein was expressed in Escherichia coli. The recombinant protein has dUTPase activity and
requires Mg>* for optimal activity, while it retains some activity in the presence of other divalent cations.
Kinetic studies of the enzyme revealed a K,,, of 11.7 uM, a turnover k_,, of 6.8 s~', and a catalytic efficiency of
k.. /K, = 5.8 x 10° M~ ' s~ . dUTPase genes were cloned and expressed from two other chlorella viruses IL-3A
and SH-6A. The two dUTPases have similar properties to PBCV-1 dUTPase except that IL-3A dUTPase has a
lower temperature optimum (37°C) than PBCV-1 dUTPase (50°C). The IL-3A dUTPase differs from the
PBCV-1 enzyme by nine amino acids, including two amino acid substitutions, Glu81—Ser81 and
Thr84—Arg84, in the highly conserved motif III of the proteins. To investigate the difference in temperature
optima between the two enzymes, homology modeling and docking simulations were conducted. The results of
the simulation and comparisons of amino acid sequence suggest that adjacent amino acids are important in
the temperature optima. To confirm this suggestion, three site-directed amino acid substitutions were made in
the IL-3A enzyme: Thr84—Arg84, Glu81—Ser81, and Glu81—Ser81 plus Thr84—Arg84. The single substitu-
tions affected the optimal temperature for enzyme activity. The temperature optimum increased from 37 to
55°C for the enzyme containing the two amino acid substitutions. We postulate that the change in temperature
optimum is due to reduction in charge and balkiness in the active cavity that allows more movement of the

ligand and protein before the enzyme and substrate complex is formed.

The gene encoding deoxyuridine triphosphatase (dUTPase),
which catalyzes the hydrolysis of dUTP to dUMP and PP;, is
ubiquitous in prokaryotic and eukaryotic organisms and is also
present in many viruses. The enzyme serves two critical bio-
logical roles. First, dUTPase provides the substrate for thymi-
dylate synthase, the major biosynthesis pathway to deoxythy-
midine triphosphate (dTTP). Second, it maintains low dUTP
levels in the cell that prevents misincorporation of uracil into
DNA (10, 25). Incorporation of uracil into DNA induces ex-
cision repair, DNA fragmentation and cell death (13, 14).

The wide distribution of the dUTPase gene (dut) among
DNA and RNA viruses, such as poxviruses, adenoviruses, her-
pesviruses, asfarviruses, and a subset of retroviruses indicates
that strict control of dUTP concentrations is important for
virus replication (1). Misincorporation of uracil into retroviral
DNA affects the specificity of plus-strand synthesis initiation
during lentivirus reverse transcription, thereby disrupting the
viral life cycle (24). Disruption of the varicella-zoster virus dut
gene results in a virus that grows to lower titers and is impaired
in syncytium formation (36). Mutations in the dut gene from
herpes simplex virus type 1 and pseudorabies virus significantly
attenuate virus production in animals (22, 35). Therefore,
dUTPase activity is one of the key sites for intervention in both
chemotherapy and antiretroviral therapy (19).

Sequence analysis of the 330-kb chlorella virus PBCV-1
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(family Phycodnaviridae) genome revealed an open reading
frame, AS51L, which encodes a protein similar to dUTPases
from many organisms (27). PBCV-1 encodes genes for 12
additional putative enzymes involved in nucleotide metabolism
(41). This is probably not surprising because the total DNA in
virus-infected cells increases 4- to 10-fold by 4 h postinfection
(p-i.) (42). To begin characterizing these nucleotide-metabo-
lizing enzymes, we report here that the PBCV-1-encoded
dUTPase, as well as homologs from chlorella virus IL-3A and
SH-6A, have properties similar to those of dUTPases from
eukaryotes, bacteria, and other viruses. Surprisingly, however,
the temperature optimum for activity from IL-3A dUTPase is
lower than for the other two enzymes. To assess the key amino
acids related to the temperature differences between the en-
zymes, we modeled the three-dimensional structures of chlor-
ella virus dUTPases and investigated docking kinetics by com-
puter simulation. The model predicts that adjacent residues
are important to determine the optimal temperature. To con-
firm this prediction, we generated three mutations in IL-3A
dUTPase motif III and characterized the mutants with respect
to predicted protein structure and kinetic properties.

MATERIALS AND METHODS

Viruses and host strains. The growth of PBCV-1 host Chlorella NC64A on
MBBM medium and Chlorella Pbi on FES medium, the production and purifi-
cation of the viruses, and the isolation of virus DNAs have been described (43,
44). E. coli strains DH5aMCR (E. coli Genetic Stock Center, New Haven, CT)
and BL21(DE3)/pLysS (Novagen, Madison, WI) were grown in Luria-Bertani
(LB) medium (37).
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Cloning, expression, and purification of dUTPase. PBCV-1 a551/ was cloned
from PCR-amplified viral DNA with the following oligonucleotide primers: 5’
primer 5'-GGAATTCATGCTTCTCTCCTCGTA-3" and 3’ primer 5'-TTACT
CGAGGATTCCCGTACTTCCAAA-3'. The 5' primer contained an EcoRI re-
striction site, and the 3’ primer contained an Xhol restriction site. The a551!
gene was amplified with KOD hot start DNA polymerase (Novagen) in 50-pl
reactions which contained 100 ng of virus DNA; 15 pM concentrations of each
primer; 0.2 mM concentrations each of dATP, dGTP, dCTP, and dTTP; and 1
mM MgSO, in 35 cycles of heating and cooling as follows: 15 s at 94°C for
denaturing, 30 s at 60°C for annealing, and 1 min at 68°C for elongation. The
PCR products were purified from 1.2% agarose gels by using a Qiaex II gel
extraction kit (QIAGEN, Valencia, CA), digested with EcoRI and Xhol, and
inserted into the EcoRI/Xhol sites of the pET23a+ expression vector (Nova-
gen). This process produced a Hisq tag at the C terminus of the target protein.
The construction of the recombinant expression plasmid, named pET-DUT, was
confirmed by DNA sequencing. Expression of the dUTPase protein was carried
out in E. coli BL21(DE3)/pLysS, which contains the T7 RNA polymerase gene
under the control of the isopropyl-p-p-thiogalactopyranoside (IPTG)-inducible
lacUVS promoter and a plasmid constitutively expressing T7 lysozyme that is the
inhibitor of T7 RNA polymerase. Cells were transformed with plasmid pET-
DUT and grown overnight in LB medium at 37°C. Flasks containing 400 ml of
LB medium, which contain 100 pg of ampicillin/ml and 37 pg of chloramphen-
icol/ml, were inoculated with 1/40 volume of the overnight culture and incubated
at 37°C until the absorbance at 595 nm reached 0.6 to 0.8. IPTG (Sigma, St.
Louis, MO) was added to a final concentration of 0.5 mM, and incubation was
continued for 2 h at 30°C. One liter of cells was harvested by centrifugation at
5,000 X g for 5 min and resuspended in 50 ml of NPI-10 buffer (50 mM
phosphate buffer [pH 8.0], 300 mM NaCl, 10 mM imidazole). The cells were
disrupted on ice by sonication for 4 min by using a Tekmar sonic disruptor at
100% amplitude in 5-s pulses. The samples were centrifuged at 12,000 X g for 10
min to separate soluble and insoluble fractions. Then, Ni-nitrilotriacetic acid
(NTA) agarose beads (QIAGEN, Hilden, Germany) equilibrated with NPI-10
buffer were added to the soluble fraction. After mixing for 1 h at 4°C, the resin
was loaded in a column and washed with 20 column volumes of NPI-20 buffer (50
mM phosphate buffer [pH 8.0], 300 mM NaCl, 20 mM imidazole). The recom-
binant dUTPase protein was eluted from the column by NPI-250 buffer (50 mM
phosphate buffer [pH 8.0], 300 mM NaCl, 250 mM imidazole). Glycerol was
added to the sample to a final concentration of 50%, and the enzyme was stored
at —20°C.

The dut genes from viruses IL-3A and SH-6A were cloned, expressed, and
purified with the same primers and protocols used for PBCV-1 dut.

Enzyme assays. Unless otherwise indicated, dUTPase activity was determined
in a 20-pl reaction mixture containing 50 mM Tris-HCI (pH 8.5), 0.05% bovine
serum albumin (BSA), 5 mM MgCl,, 2 mM dithiothreitol, 50 uM [5-*H]dUTP
(Amersham, Piscataway, NJ), and 1 ng of enzyme. Kinetic studies were per-
formed under standard assay conditions with various substrate concentrations
ranging from 1 to 50 uM dUTP and 1 ng of enzyme. The determination of
optimal temperature was performed at 25, 30, 37, 42, 50, 55, 60, and 65°C. A 10
mM buffer mixture of PIPES, HEPES, Tris, and Capso (pH 6.0 to 11.0), and 50
mM Tris-maleate buffer (pH 2.0-8.0) was used to determine the optimal pH for
dUTPase activity. Divalent cation experiments were performed in the same
reaction system by substituting 5 mM MnCl,, CaCl,, CuCl,, CoCl,, NiCl,, or
ZnSO, for MgCl, Competition experiments were assessed in the same reaction
mixture with the addition of unlabeled deoxynucleoside triphosphates at 10 to 50
M.

Northern and dot blot s analyses. Chlorella cells (10° cells) were collected at
various times after PBCV-1 infection, frozen in liquid nitrogen, and stored at
—80°C. RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA),
denatured with formaldehyde, separated on a 1.2% agarose denaturing gel, and
transferred to a nylon membrane (Micron Separations, Inc., Westborough, MA)
as described previously (15). The membrane was subsequently photographed
under UV illumination to visualize transferred RNA. The RNA was hybridized
with a double-stranded *?P-dut probe at 65°C in 50 mM NaPO,, 1% BSA, and
2% sodium dodecyl sulfate (SDS). The probe was labeled with 3P by using a
random primers DNA labeling kit (Invitrogen). After hybridization, radioactivity
bound to the membranes was detected and quantified with a Storm 840 Phos-
phorImager and ImageQuant software (Molecular Dynamics, Inc., Sunnyvale,
CA). To monitor possible loading differences between samples, the relative
amounts of the 3.6-kb rRNA in each lane were determined by converting the
photographs of stained membranes to digital images with a Hewlett-Packard
ScanJet 4C scanner and analyzing the images with ImageQuant software.

Viral DNAs used for dot blots were denatured, applied to nylon membranes
fixed by UV, and hybridized with the same probes used for the Northern analysis.
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TABLE 1. DNA sequences of the mutagenic primers used for the
site-directed mutagenesis of the IL-3A dut gene”

Primer Sequence
Mu-2
Primer 1....cccccoeeuiininnnneee 5'-GATGAAGATTATAGAGGTGAA-3’
Primer 2......ccovvivviennee S'-TTCACCITCTATAATCTTCATC-3’
Mu-8
Primer 1....cccccoeeuiininnnneee 5'-GATTCAGATTATACCGGTGAA-3’
Primer 2......ccovvivviennee 5'-“TTCACCGGTATAATCTGAATC-3'
Mu-22
Primer 1 5'-GATTCAGATTATAGAGGTGAA-3'
Primer 2.... S'-TTCACCICTATAATCTGAATC-3’

“ Codons for the changed amino acids are underlined.

SDS-PAGE and Western blots. Chlorella cells, prepared as described above,
were suspended in 200 pl of cell lysis buffer (10 mM Na,HPO,, 1.8 mM KH,PO,
[pH 7.3], 140 mM NaCl, 2.7 mM KCI) with 200 mg of 0.10-mm glass beads and
vortexed at high speed for 5 min. Then, 5 ul of protease inhibitor cocktail
(Sigma) was added to each sample. Disrupted cells were centrifuged at 13,000 X
g for 10 min to remove particulate material. Protein concentrations were mea-
sured by the Bradford method with a Coomassie Plus protein assay kit (Pierce,
Rockford, IL). Fifty micrograms of protein from each sample was subjected to
SDS-polyacrylamide gel electrophoresis (PAGE) using a 4 to 20% gradient
(Cambrex, Rockland, ME) at 200 V for 1 h. Protein gels were stained with
Coomassie brilliant blue R or transferred to a nitrocellulose membrane and
reacted with PBCV-1 dUTPase antiserum produced in mice. The polyclonal
antiserum was preincubated with an acetone powder of host chlorella protein to
reduce extraneous reacting protein (18).

Site-directed mutagenesis. Site-directed mutants were generated by two-step
PCR with virus IL-3A dut DNA as a template. The PCRs were conducted with
the same enzyme and procedure described above. The first-step PCR included
two PCRs that used 5" primer of the PBCV-1 dut gene and mutagenesis primer
2 in reaction 1, and 3’ primer of PBCV-1 dut gene and mutagenesis primer 1 in
reaction 2. The products of reactions 1 and 2 were used as a template together,
and 5" and 3’ primers of PBCV-1 dut gene were used for the second-step PCR.
The products from the second-step PCR, which contained the mutant site, were
digested with EcoRI and Xhol and inserted into the EcoRI/Xhol sites of the
pET23a+ expression vector. Mutations in the IL-3A dut gene were confirmed by
DNA sequencing. The mutant proteins were expressed and purified by the same
procedures described above. Oligonucleotide sequences of the mutagenic prim-
ers are listed in Table 1.

Molecular modeling and analysis. Homology models of the chlorella virus
dUTPases were constructed by using the human dUTPase structure (28) (PDB
ID 1Q5H) by SWISS-MODEL (38), 3D-JIGSAW (2), and CCP4 (9). The visual
presentation was done with PyMOL (11). To locate the dUTP ligand binding site,
dUTP coordinates in human dUTPase were used as the initial structure and then
refined. The binding free energy of dUTP against the dUTPases was calculated
by AutoDock (30).

Other procedures. DNA and putative protein sequences were analyzed with
the University of Wisconsin Computer Group package of programs (version 10.1;
Genetics Computer Group). The GenBank accession number for the PBCV-1
open reading frame (ORF) AS5S51L is U42580. GenBank numbers for the
dUTPase genes from viruses IL-3A and SH-6A are AY857869 and AY857870,
respectively.

RESULTS

PBCV-1 ORF A551L is a dUTPase. Chlorella virus PBCV-1
encodes a 141-codon ORF (AS551L) that has 53 to 62% amino
acid identity with dUTPases from other organisms. The
dUTPase has an inferred molecular mass of 14.9 kDa that is
among the smallest dUTPases in the public databases. Amino
acid alignment of the enzyme with dUTPases from several
sources indicates that AS51L contains the five conserved mo-
tifs that comprise the dUTPase active site (6, 10, 26, 28, 34)
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Fowl adenovirus 12

orf virus 19
Human 27
Vaccinia virus 8
Drosophila 19
S. pombe 1
Arabidopsis 26
S. cerevisiae 6
C. elegans 347
E. coli 5
P. furiosus 9 A
PBCV-1 1 EEATD

Motif TIT
Fowl adenovirus 86
Orf virus 93
Human 97
Vaccinia virus 80
Drosophila 93
S.pombe 74
Arabidopsis 100
S. cerevisiae 80
C. elegans 421
E. coli 82
P. furiosus 90
PBCV-1 75
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FIG. 1. Amino acid alignment of dUTPases. The amino acid sequences from fowl adenovirus (S26429), Orf virus (Q9YYS0), human (G02777),
vaccinia virus (P21035), Drosophila melanogaster (JC7565), Schizosaccharomyces pombe (Q9P6QS), Arabidopsis (T12954), Saccharomyces cerevisiae
(P33317), Caenorhabditis elegans (T43673), Escherichia coli (P06968), Pyrococcus furiosus (AAL47572), and PBCV-1 were aligned with the
Wisconsin GCG PILEUP program. The five conserved motifs of dUTPases are labeled.

(Fig. 1). Five gaps of one to six amino acids are scattered
throughout the alignment that are shared by at least some of
the other dUTPases.

The G+C content of a551! is 48%, which is higher than the
40% G+C content of the PBCV-1 genome and less than the
67% G+C content of Chlorella NC64A DNA (45). This ob-
servation suggests the gene might have arisen from horizontal
gene transfer (1). Typically, the 50 nucleotides preceding
PBCV-1 translational start codons are at least 70% A+T (41).
The a5511 gene fulfills this requirement, with 70% A+T. Three
possible TATAAT-like sequences are located within the 15
nucleotides prior to the UTG translation start codon (results
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FIG. 2. The molecular mass of the recombinant dUTPase (~54
kDa) was determined by nondenaturing electrophoresis on 7, 8, 9, and
10% polyacrylamide gels as described in a kit (Sigma) for measuring
the molecular mass of nondenatured proteins. Lactalbumin, carbonic
anhydrase, ovalbumin, and BSA were used as standards.

not shown). Thus, we expected a551! to encode a functional
protein.

Expression and purification of PBCV-1 dUTPase. Plasmid
pET-DUT, containing the PBCV-1 dut gene, was constructed,
and the protein was expressed as a 17.6-kDa fusion protein
containing a phage T7 tag at the N terminus and a His, tag at
the C terminus by using E. coli strain BL21(DE3)-pLysS. The
His tag allowed the recombinant protein to be purified by
Ni-NTA affinity chromatography. About 20 mg of soluble re-
combinant protein was obtained per liter of E. coli culture.
dUTPases from various sources function as either monomers
(3, 4), dimers (20), or trimers (6, 8, 26, 28, 32). Recently, a
bifunctional enzyme with dUTPase activity from Methanococ-
cus jannaschii was discovered that functions as a hexamer (21).
The molecular size of PBCV-1 recombinant dUTPase on na-
tive polyacrylamide gels is ca. 54 kDa, suggesting the enzyme is
a homotrimer (Fig. 2). Preliminary analysis of the crystal struc-
ture of IL-3A dUTPase also indicates it is a homotrimer (K.
Homma and H. Moriyama, unpublished results).

Characterization of PBCV-1 dUTPase. Purified dUTPase is
active over a wide pH range from 2.0 to 11.0, with an optimum
pH at 8.5 (Table 2). The enzyme also functions over a wide
temperature range from 25 to 65°C, with an optimal temper-

TABLE 2. Optimum reaction conditions for wild-type and
mutant dUTPases

dUTPase Temp (°C) pH Cation
PBCV-1 50 8.5 Mger
SH-6A 50 8.5 Mg2 !
1L-3A 37 8.5 Mger
Mu-2 50 8.5 Mg2 !
Mu-8 42 8.5 Mg**
Mu-22 55 8.5 Mg?*
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TABLE 3. Effect of added divalent cations on PBCV-1
dUTPase activity

Added cation Relative activity” (%) with:

(concn [mM])

No EDTA 1 mM EDTA
None 80 0
Mg** (5) 100 100
anz: 5) 71 70
C02+ Q) 61 59
Zr.l2 A 5) 52 49
Ni o Q) 47 30
Ca”™" (5) 38 31
Cu** (5) 32 28

“ The results are expressed as the percentage of enzyme activity relative to the
activity obtained with Mg?". The results are the average of three independent
experiments.

ature of 50°C (Table 2). This temperature is much higher than
the 25°C optimum temperature for growing the host and the
virus.

Addition of 1 mM EDTA completely inhibits dUTPase ac-
tivity, indicating the enzyme requires a divalent cation for
activity. To assess whether enzyme activity requires a specific
divalent cation, the ability of several divalent cations to restore
enzyme activity in the presence of EDTA was tested. Preincu-
bation of the enzyme with 1 mM EDTA for 5 min, followed by
addition of 5 mM divalent cations, established that several
divalent cations restore enzyme activity. The enzyme prefers
Mg>* but exhibits activity in the present of Mn**, Co**, Ni*™,
Zn*", Ca’?*, and Cu®" (Table 3). However, like dUTPases
from feline immunodeficiency virus (48), vaccinia virus (5) and
African swine fever virus (32), the recombinant PBCV-1 en-
zyme is active without added divalent cations (Table 3). This
result implies that divalent cations bind tightly to the protein
and remain attached to the protein after purification. Compe-
tition experiments with unlabeled deoxynucleotide triphos-
phates established that only dUTP competed with [’H]dUTP,
indicating a high preference for dUTP (Table 4).

The PBCV-1 dUTPase has a K,,, for dUTP of 11.7 uM and
a specific activity of 23.9 uM dUTP converted to dUMP min "
mg of protein—* at 50°C (Table 5). The turnover number (k)
is 6.8 s~'. The k,/K,, of the PBCV-1 dUTPase is 5.8 X 10°
M~! s The PBCV-1 recombinant enzyme was stored for
over a year at —20°C without loss of activity.

dut expression in PBCV-1-infected Chlorella cells. RNA was
extracted from virus-infected cells at various times after infec-

TABLE 4. Effect of unlabeled deoxynucleotides on PBCV-1
dUTPase activity

Relative activity”

Added deoxynucleotide (%)

“ The results are expressed as the percentage of enzyme activity relative to the
activity (23.9 pmol min~! mg™!) obtained without adding any other nucleotide.
The results are the average of three independent experiments.

J. VIROL.

TABLE 5. Kinetic constants for wild-type and mutant dUTPases

Buyme K, (M) ka7 el e
PBCV-1 11.7 6.8 23.9 5.8
SH-6A 11.9 4.9 16.6 4.1
IL-3A 11.7 9.2 31.4 7.9
Mu-2 8.2 9.8 33.6 11.9
Mu-8 7.6 4.1 14.0 5.4
Mu-22 8.5 44 14.9 5.2

tion and hybridized to an a5511 probe to determine when the
gene is transcribed during PBCV-1 replication. The probe hy-
bridized to an ~0.7-kb RNA transcript extracted from cells at
15 min p.i. The hybridization intensity increased until 45 min
p.i., followed by a rapid decrease (Fig. 3A). This result indi-
cates that the PBCV-1 dut gene is expressed as an early gene.
The 0.7-kb RNA transcript is a reasonable size for a 141-
amino-acid protein.

Antibody to the AS51L protein reacted with an ~15-kDa
protein that first appeared at ~45 min p.i. The protein in-
creased to a maximum at 90 min p.i. and then remained at a
relative constant level throughout virus replication (Fig. 3B).

dut occurrence in other chlorella viruses. Genomic DNAs
from 47 chlorella viruses, isolated from diverse geographical
regions, were hybridized to the PBCV-1 a551 probe to deter-
mine how widely the dut gene was distributed among the vi-
ruses. These viruses infect either Chlorella NC64A (NC64A
viruses) or Chlorella Pbi (Pbi viruses). The PBCV-1 a551]
probe hybridized strongly to 24 DNAs and weakly to 11 DNAs
from the 42 NC64A virus DNAs (Fig. 4). This latter finding
was surprising because gene homologs from these 11 viruses,
such as NE-8A, NY-2F, and SH-6A, typically hybridize
strongly with PBCV-1 genes, e.g., the RNase III gene (49). The
hybridizations with six other NC64A viruses—NYs-1, 11-5-2s1,
MA-1D, NY-2B, NY-2A, and Ar158—were even weaker (Fig.
4). Typically, the nucleotide sequences of these six viruses
differ significantly from PBCV-1 gene homologs and hybrid-
ization signals with PBCV-1 gene probes are either undetected

A
H 0 15 30 45 60 90 120 180 240 360

B 1

B
H 015 30 45 60 90 120 180 240 360

| —— ——

FIG. 3. (A) Transcription of PBCV-1-encoded dUTPase gene
a5511. Total RNAs were isolated from uninfected (H) and PBCV-
infected Chlorella NC64A cells at the indicated times (in minutes) and
hybridized with a **P-labeled a551! probe. (B) Western blot of PBCV-
1-encoded dUTPase. Total proteins were isolated from uninfected
(H) and PBCV-1-infected Chlorella NC64A cells at indicated times in
minutes. The proteins were reacted with dUTPase antiserum.
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FIG. 4. Hybridization of the PBCV-1 dut gene to DNAs isolated
from the host Chlorella NC64A, 42 NC64A viruses, and 5 Pbi viruses
(CVA-1, CVB-1, CVG-1, CVM-1, and CVR-1). The DNAs were hy-
bridized with a **P-labeled a551! gene probe. The blots in each row
contain 1, 0.5, 0.25, and 0.12 g of DNA from left to right, respectively.

Motif |

PBCV-1 MSSLLVKKLVESATTPMRGSEGAAGYDISSVEDVVVPAMGRIAVST
IL-3A
SH-6A

Motif 111 Motif IV
123:1e 2 B A G T DVLAGVIDSDYRGELKAILY i .
o T N A WG T DVLAGV I DED YRGEVUK I LYNIERDY T IK&GDRIAQLILE&IHTPEVA
SH-6a 71

GIDVLAGVIDSDYRGELKAILYNSGERDYIIKTGDRIAQLILEKIETPDVAVVIELEDTIRGGGGFGSTGI
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or barely detected at moderate stringency. No hybridization
was detected with DNA from the Chlorella NC64A host or
DNAs from the five Pbi viruses. The nucleotide identity of
gene homologs between the NC64A and Pbi viruses is typically
60 to 65% (41), and this probably explains the lack of a551/
hybridization with the Pbi viruses.

dut genes from other chlorella viruses. The low hybridiza-
tion of the PBCV-1 dut gene with some of the NC64A viruses
prompted us to clone the gene from other chlorella viruses to
examine sequence diversity. The dut genes from IL-3A, MA-
1E, NC-1C, NESA, NY2F, SH6A, and BJ-2C were successfully
cloned by PCR. The G+C contents of these dut genes were
46.5 to 47%, which is similar to the 48% of the PBCV-1 gene.
Collectively, 97 nucleotide substitutions occurred. Sixty-eight
of these substitutions occurred in the third position of the
codon (nonsynonymous substitution; results not shown). Based
on the amino acid sequences, the dut genes from the chlorella
viruses can be separated into three groups that are represented
by PBCV-1, IL-3A, and SH-6A (Fig. 5).

The dut genes from IL-3A and SH-6A were expressed and
the two new recombinant dUTPases had properties similar to
those of the PBCV-1 enzyme. Surprisingly, however, the IL-3A
dUTPase had a temperature optimum of 37°C rather than the
50°C for the PBCV-1 and SH-6A enzymes (Table 2). Further-
more, the larger turnover number (k_,,) and catalytic efficiency
(kea/K,,,) (Table 5) indicate that IL-3A dUTPase is the most
efficient enzyme of the three.

Protein modeling. The difference in temperature optima
between the dUTPases from PBCV-1 and IL-3A was unex-
pected. The IL-3A dUTPase differs by nine amino acids from
the PBCV-1 enzyme, including two amino acid substitutions,
Ser81—Glu81 and Arg84—Thr84, in the highly conserved mo-
tif III of the protein (Fig. 5). To determine whether these
amino acid changes might affect temperature optima, homol-
ogous model building was undertaken. Since the primary
amino acid sequence of IL-3A dUTPase is most similar to the
human dUTPase (28) and both enzymes function as homotri-
mers, the enzyme was modeled by using the human dUTPase
structure (PDB ID 1Q5U). The enzyme consists of three homo
subunits: a, b, and ¢ (Fig. 6A). Each subunit or monomer has
two discreet structures, a core, and a tail (Fig. 6B). The core
structure consists of motifs I through IV, and the tail structure
consists of motif V. The monomers form a trimer that has
threefold symmetry with a single magnesium atom located at

Motif 11
IRVPHGTYGRIAPRSGLAYKY|

GDRIAQLILE® T\ TPDVA

FIG. 5. Amino acid alignment of dUTPases from chlorella viruses PBCV-1, IL-3A, and SH-6A. Alignments were done with the Wisconsin GCG
PILEUP program. The five most conserved motifs in dUTPase are labeled. (Note that virus IL-3A dUTPase differs by two amino acid residues

in motif IIT from the other two dUTPases.)
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# { J Subunit b

FIG. 6. Molecular modeling of chlorella virus IL-3A dUTPase.
(A) Representative model of IL-3A dUTPase as a trimer. The boxed
area represents an active cavity. Structural motifs are represented by
colors. Each subunit has white, green, and gray-white motifs with the
same color coding as in panel B. (B) Monomer view of the IL-3A
dUTPase. (C) Enlarged view of the active site with dUDP (DUD) and
schematic diagram of active site (an inset). Stick models were added at
Glu81 and Thr84. (Note that dUDP is used to model the enzyme
because it is a noncompetitive inhibitor that localizes in the active site.)

the center of the structure (Fig. 6A). The active site (cavity) is
cubic (Fig. 6C, inset); motifs III and IV of each subunit provide
a base plate and a side plate. The other side plate and back wall
are from motifs I and II of subunit c, respectively. Motif V of
subunit b serves as a lid to the cubic structure. The substrate,
dUTP, accesses the cavity via a hole in the back wall and lid.

Amino acid residues 81 and 84 in motif III differ between
PBCV-1 and IL-3A dUTPases. These two residues surround

J. VIROL.

TABLE 6. Molecular contacts and substrate docking

. . dUTP

dUTPase Residue Int'er— Residue Interaction binding
action 84 (keal M)

PBCV-1 Ser Arg84 Arg Ser81 Gly132 -10.9
IL-3A Glu Gly55 Thr Gly132 —12.5
Mu-2 Glu Arg84 Arg Glu81 Gly132 —13.0
Mu-8 Ser NA“ Thr Gly132 —13.3
Mu-22 Ser Arg84 Arg Tyr83 Ser81 —135

Ser127 Gly132

“ NA, not applicable.

an aspartic acid and a tyrosine residue, which are essential for
dUTPase activity (19). Motif V is highly flexible and may act
after hydrolysis to eject reaction products from the active site
(28). In human dUTPase the corresponding amino acids are
Glul03 and Argl06 in the notation of the PDB entry 1Q5H.
Both amino acids in PBCV-1 dUTPase interact with each
other and, in addition, Arg84 has a polar contact with Gly132
in motif V (Table 6). Although the IL-3A dUTPase has human
type Glu81, PBCV-1 dUTPase has a Ser at residue 81. In the
high-temperature PBCV-1 and SH-6A dUTPases, the tail of
Motif V is secured by polar contact between Arg84 and
Gly132. The tail lid is then reinforced by an interaction be-
tween Ser81 and Arg84. However, low-temperature IL-3A
dUTPase does not have a second interaction between Glu81
and Thr84. Instead, the Glu81 carbonyl oxygen OE3 interacts
with the Gly55 nitrogen. From the modeling, we conclude that
the interaction between the three amino acids in PBCV-1
dUTPase requires a high temperature to allow the lid to move,
so that the substrate can approach the active site to form the
ES complex. To test this idea, we did a docking experiment
(17) between the virus dUTPase and dUTP at three potential
active sites in the trimer. We placed a substrate molecule in the
vicinity of an active site by using the identified binding site in
human dUTPase as a guide. For each binding site, a best-fit
conformation was determined by using the energy function in
the AutoDock program. The results indicated that alternation
of the 81st and/or 84th residue resulted in a change in binding
between dUTPase and dUTP.

Modulation of IL-3A dUTPase. To investigate the effect of
amino acid residues 81 and 84 on the temperature different
between PBCV-1 and IL-3A dUTPases, IL-3A Glu81 and
Thr84 were converted to Ser81 and Arg84 either singly or
simultaneously. The three IL-3A dUTPase mutants are Mu-8
(Glu81—Ser81), Mu-2 (Thr84—Arg84), and Mu-22 (Glu81—
Ser81 and Thr84—Arg84). The mutated dUTPases were iso-
lated by the same procedure used for PBCV-1 dUTPase. Each
mutant had properties similar to those of wild-type IL-3A
dUTPase (Table 2). However, both amino acid substitutions
affected the temperature optima of the enzyme. Substitution of
Glu81—Ser81 (Mu-8) shifts the optimal temperature from 37
to 42°C, whereas substitution of Thr84—Arg84 (Mu-2) changed
the optimal temperature from 37 to 50°C. Simultaneous sub-
stitutions (Mu-22) increased the optimal temperature from 37
to 55°C (Table 2). Kinetic analyses established that both sub-
stitutions (Glu81—Ser81 and Thr84—Arg84) slightly in-
creased enzyme substrate (dUTP) binding. Interestingly, the
change Thr84—Arg84 (Mu2) produced a larger k,/K,, value,
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which indicates the enzyme is more efficient than wild-type
IL-3A dUTPase (Table 5).

DISCUSSION

Typically, cellular dUTPases are expressed at high levels in
dividing, undifferentiated cells and at low levels in terminally
differentiated, nondividing cells. Consequently, viruses with
defective dut genes replicate poorly in nondividing host cells
compared to wild-type viruses (7, 23, 39, 40). To guarantee a
supply of deoxynucleotides in nonproliferating host cells, large
DNA viruses often encode many nucleotide synthesis enzymes,
including both subunits of ribonucleotide reductase and a
dUTPase. Virus PBCV-1 follows this pattern and encodes at
least 13 putative enzymes involved in nucleotide metabolism
(41). The virus-encoded enzymes are important because the
DNA concentration in a PBCV-1-infected cell increases 4- to
10-fold by 4 h p.i. (42). Consequently, PBCV-1 DNA synthesis
requires large quantities of deoxynucleoside triphosphates that
cannot be accounted for simply by recycling deoxynucleotides
from degraded host DNA.

The PBCV-1 dUTPase has properties similar to those of
dUTPases from other organisms. The product of the dUTPase
reaction is dUMP that is the substrate for thymidylate syn-
thase. In addition to dUTPase, PBCV-1 also encodes another
enzyme, dCMP deaminase, which produces dUMP (Y. Zhang
and J. L. Van Etten, unpublished results). Interestingly,
PBCV-1 lacks a gene encoding the classical folate-dependent
thymidylate synthase A. Instead, PBCV-1 encodes a flavin-
dependent enzyme, called thymidylate synthase X, that synthe-
sizes thymidylate (31). The recombinant PBCV-1 thymidylate
synthase X is active (16), creating a PBCV-1 encoded pathway
for dTMP synthesis that is part of dTTP biosynthesis (Fig. 7).

Viruses also need dUTPases to prevent dUTP incorporation
into viral DNA. Typically, the DNA repair enzyme uracil-DNA
glycosylase (UNG), a member of the base excision-repair path-
way, removes uracil from DNA. Unlike herpesviruses and pox-
viruses that encode UNG (7), PBCV-1 does not encode a
UNG, and so it must rely on the host UNG to eliminate uracil
from DNA. However, not all phycodnaviruses have dUTPase
encoding genes. For example, virus EsV-1 that infects the
filamentous brown alga, Ectocarpus siliculosus, lacks a dut gene
(12), whereas the gene is present in a virus which infects a
marine alga, Emiliania huxleyi (W. Wilson, unpublished data).

Accumulating evidence indicates that the chlorella viruses
probably have a long evolutionary history (41). Phylogenic
analysis of DNA polymerases places the phycodnavirus en-
zymes near the root of all eukaryotic 8 DNA polymerases (46,
47). Likewise, phylogenetic analyses of other PBCV-1-encoded
proteins often position them near the root of their eukaryotic
counterparts, e.g., the potassium ion channel protein Kcv (33),
ornithine decarboxylase (29), and GDP-mannose 4,6-dehy-
dratase (G. Duncan and J. L. Van Etten, unpublished results).
Finally, despite the fact that PBCV-1 encodes a mixture of
prokaryote- and eukaryote-like proteins, the G+C content of
the PBCV-1 genome (40%) (45) is relatively uniform through-
out its genome. This pattern suggests that the genes have
existed together in PBCV-1 for a long time. Therefore, it was
surprising to discover that the G+C content of the PBCV-1 dut
gene is significantly higher (48%) than the rest of the virus
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FIG. 7. Biosynthesis of dTTP. PBCV-1-encoded enzymes—dUT-
Pase, dCMP deaminase, and thymidylate synthase—form the pathway
for dTMP synthesis that is highlighted in the dashed-line box.

genome. This finding suggests that PBCV-1 might have ac-
quired the dut gene after the other genes. A recent compre-
hensive analysis of dUTPase amino acid sequence relation-
ships from viruses and their hosts is consistent with this
hypothesis (1). The authors of that study concluded that
PBCV-1 dut probably resulted from horizontal gene transfer
from a eukaryotic organism, possibly from its host.

Another surprise was that the nucleotide sequence in dut
genes from some of the viruses that infect Chlorella NC64A
differed substantially from the PBCV-1 homolog. Whereas sig-
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nificant differences in the dut gene were expected for NC64A
viruses NY-2A, NYs-1, IL-5-2s1, MA-1D, NY-2B, and Ar158,
gene homologs from viruses NC-1A, NE-8A, Al-2C, NY-2F,
CA-1D, NC-1B, SH-6A, BJ-2C, XZ-6E, XZ-5C, 1S-10, MA-
1E, and IL-3A are usually similar to their PBCV-1 counter-
parts. This finding suggests that the dut gene either evolves
faster than the other chlorella virus genes or the dut gene was
acquired on more than one occasion. If the gene was acquired
more than once, the gene might have different locations in the
virus genomes. It will be interesting to determine the genes
that flank dut in some of these viruses.

The finding that the temperature optimum for the IL-3A
dUTPase (37°C) was significantly different than the PBCV-1
enzyme (50°C) was also surprising. The two enzymes differ by
nine amino acids (Fig. 5). Interestingly, two of the amino acid
substitutions at positions 81 (Ser to Glu) and 84 (Arg to Thr)
occur in the highly conserved motif III that is part of the
enzyme catalytic site. Both computer modeling predicted and
amino acid substitution experiments established that these two
amino acids were at least partially, if not totally, responsible for
the difference in temperature optima.

The SH-6A dUTPase differs by 12 amino acids from the
PBCV-1 enzyme (Fig. 5). However, none of these amino acids
are located in the five conserved motifs of the enzyme. Since
these two enzymes have similar properties, the amino acid
changes in these nonconserved regions do not appear to alter
the structure of the activity center of the enzyme.

Thus, we determined the following from the present study.
(i) Chlorella viruses encode a functional dUTPase with prop-
erties similar to those of dUTPases from other organisms. (ii)
The native structure of the dUTPase is a trimer. (iii) Tran-
scription of the dut gene begins 15 min after PBCV-1 infection;
the dUTPase protein appears at 45 min p.i. and remains until
host cell lysis. (iv) The dut gene may have been acquired by the
chlorella viruses later than the other genes and on more than
one occasion. (v) Finally, amino acid residues Glu81 and Thr84
of IL-3A dUTPase have key roles in determining the optimal
temperature of the enzyme for activity.
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