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Betaretroviruses encode dUTPase, an essential factor
in DNA metabolism and repair, in the pro open reading
frame located between gag and pol. Ribosomal frame-
shifts during expression of retroviral proteins provide a
unique possibility for covalent joining of nucleocapsid
(NC) and dUTPase within Gag-Pro polyproteins. By de-
veloping an antibody against the prototype betaretrovi-
rus Mason-Pfizer monkey virus dUTPase, we demon-
strate that i) the NC-dUTPase fusion protein exists both
within the virions and infected cells providing the only
form of dUTPase, and ii) the retroviral protease does not
cleave NC-dUTPase either in the virion or in vitro. We
show that recombinant betaretroviral NC-dUTPase and
dUTPase are both inefficient catalysts compared with
all other dUTPases. Dynamic light scattering and gel
filtration confirm that the homotrimeric organization,
common among dUTPases, is retained in the NC-dUT-
Pase fusion protein. The betaretroviral dUTPase has
been crystallized and single crystals contain homotrim-
ers. Oligonucleotide and Zn2� binding is well retained in
the fusion protein, which is the first example of acqui-
sition of a functional nucleic acid binding module by the
DNA repair factor dUTPase. Binding of the hexanucle-
otide ACTGCC or the octanucleotide (TG)4 to NC-dUT-
Pase modulates enzymatic function, indicating that the
low catalytic activity may be compensated by adequate
localization.

The ubiquitous enzyme dUTP pyrophosphatase (dUTPase)1

is unique in its capacity to prevent incorporation of uracil into
DNA (1). dUTPase produces the dTTP precursor dUMP and

decreases cellular dUTP levels, its lack leads to an elevated
dUTP/dTTP ratio and DNA with a high content of uracil. Ex-
cision repair of uracil-DNA results in a futile cycle because of
the low cellular dTTP content. Subsequently, multiple double-
stranded DNA breaks and thymine-less cell death occur (2).
dUTPase is essential in both pro- and eukaryotes (3, 4) and
restricts host range and pathogenicity in both retroviruses
(5–7) and Herpesvirus (8). Null mutations in retroviral dUT-
Pase gene affect viral growth only in non-dividing cells (e.g.
macrophages) (6, 9). Consequently, viral dUTPases are sub-
jects of medical interest.

Retroviral dUTPase genes are located in non-primate lenti-
viruses and betaretroviruses at different genomic locations
(10–12). Lentiviral dUTPase genes are in the pol open reading
frame between reverse transcriptase and integrase genes, al-
though in betaretroviruses, the 5�-portion of the pro frame
encodes dUTPase. Virion lysates show dUTPase activity, indi-
cating enzyme encapsulation in the virion (13). In betaretrovi-
ruses mouse mammary tumor virus (MMTV) (14) and Mason-
Pfizer monkey virus (M-PMV) (15), two ribosomal frameshifts
between gag and pro and pro and pol frames occur, yielding
Gag-Pro and Gag-Pro-Pol polyproteins. The first frameshift
may give rise to a transframe fusion protein joining the nucle-
ocapsid (NC) and dUTPase polypeptides. Such a fusion protein
is present in MMTV (16). The catalytic efficiency of recombi-
nant MMTV NC-dUTPase was, however, low compared with
lentiviral or other dUTPases (16, 17). The low activity was
attributed to the harmful replacement of a strongly conserved
tyrosine by phenylalanine in a dUTPase sequence motif (12). In
this motif, Tyr is important for enzyme function (18, 19). This
natural Tyr to Phe substitution prevented an independent as-
sessment of the role of the NC domain on dUTPase activity in
the MMTV transframe protein.

Eukaryotic, bacterial, and retroviral (EuBaR) dUTPases are
homotrimers with three active sites, each of which is con-
structed by conserved sequence motifs from all the three sub-
units (20–23). This architecture, unique among enzymes and
conserved in EuBaR dUTPases despite a low sequence similar-
ity, provides a strong dependence of catalytic activity upon
oligomerization. The nucleocapsid domain of NC-dUTPase add-
ing 81 amino acids to the 153-residue monomer of dUTPase
represents a significant N-terminal extension in the fusion
protein. This might interfere with the organization of the N-
terminal �-strand of M-PMV dUTPase. In human, Escherichia
coli and lentiviral enzyme crystal structures, this segment
contributes to cohesive intersubunit forces by making
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H-bonded contact with the C-terminal �-strand of the neigh-
boring subunit (20–23). It is therefore of importance to inves-
tigate the oligomerization properties of the transframe protein
in relation to the enzymatic activity.

Retroviral dUTPases may combine enzymatic function with
localization and architectural roles by recruiting additional
domains for interaction with nucleic acids. We have, therefore,
set out to investigate the presence of NC-dUTPase in the ma-
ture M-PMV virion, together with its structural and functional
characterization. We selected M-PMV instead of MMTV to
circumvent the problem of Tyr to Phe replacement present in
MMTV, but not in M-PMV (15). We have identified NC and
NC-dUTPase in Western blots of M-PMV virions and deter-
mined their relative amounts. To assess the relative influence
of the NC domain on dUTPase activity, we generated expres-
sion systems for the fusion protein as well as for dUTPase
separate from the NC segment. NC-dUTPase and dUTPase
were purified to homogeneity, and characterized with respect
to protein structure and kinetic properties. The role of the NC
segment and oligonucleotide binding in modulating dUTPase
activity was investigated. Single crystals of M-PMV dUTPase
suitable for x-ray diffraction analysis were generated. NC-
dUTPase is shown to possess intact homotrimeric organization,
ability to interact with oligonucleotides and an inherent low
dUTPase activity that might be modulated upon oligonucleo-
tide binding to the NC segment.

EXPERIMENTAL PROCEDURES

Electrophoretic materials and Chelex were from Bio-Rad, chromato-
graphic materials from Amersham Biosciences, Phenol Red indicator
from Merck, and other materials of analytical grade from Sigma. Mo-
lecular biology materials were from Stratagene, unless stated
otherwise.

Plasmids, Vectors, and Bacterial Strains—The plasmid FPpSARM4,
containing the whole M-PMV genome with one nucleotide insertion
within frameshifting sequence between gag and pro genes, was used as
a template for PCR amplification of M-PMV dUTPase and NC-dUTPase
genes. The plasmid pET22b (Novagen) in the E. coli strain
BL21(DE3)pLysS was used for protein expression. E. coli strains DH5�
and XL1-Blue were used for plasmid amplification. Primer synthesis
and DNA sequencing were performed by Generi Biotech, Hradec
Králové Czech Republic, and Biological Research Center in Szeged,
Hungary.

DNA manipulations were carried out by common techniques (24).
Constructs were verified by DNA sequencing. M-PMV dUTPase gene
was amplified by PCR using the FPpSARM4 template and the prim-
ers 5�-dUTP, 5�-CCACCCCACATATGAAACGGGTGGAG-3� (NdeI
site fused into the start ATG codon in bold) and 3�-dUTP, TAGGCT-
CGAGTTAATATATGTCTGA (XhoI site and stop codon in bold). Dou-
ble-digested PCR fragment was purified (QIAquick PCR purification
kit) and ligated into pET22b. The resulting recombinant plasmid was
named dUTPase/pET22b. For better codon usage in bacterial expres-
sion systems, two silent mutations were introduced to replace CGGArg

with CGTArg as well as GGGGly with GGTGly using the primers 5�-R-
GdUTP: GAGATATACATATGAAACGTGTGGAGGGTCCAGC, and
3�-dUTP, and dUTPase/pET22b as a template to give plasmid RGd-
UTPase/pET22b. M-PMV NC-dUTPase gene was amplified using
FPpSARM4 as template and the primers 5�-NCdUTP AAGGCCTGC-
ATATGGCCGCCGCCT and 3�-dUTP to result in the plasmid
NC-dUTPase/pET22b.

Expression and Purification of Recombinant NC-dUTPase and dUT-
Pase—E. coli BL21(DE3)pLysS (25) cells transformed with the plas-
mids were propagated till exponential growth, then induced by 0.5 mM

iso-propyl-�-D-thiogalactoside. Cells were harvested three to four hours
post-induction and stored at �70 °C. Subsequent manipulations were
carried out on ice. For purification of M-PMV dUTPase, cell pellets were
solubilized in 1/10 volume of lysis buffer (50 mM Tris-HCl (pH 8.5)
containing 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), and
0.5 mM phenylmethanesulfonyl fluoride and 2 �g/ml RNase and
DNase). Cell suspensions were stirred for 30 min, sonicated (3–5 �
60 s), and centrifuged (18,000 � g for 20 min). Supernatant was dia-
lyzed overnight against 50 mM Tris buffer (pH 6.8) containing 50 mM

NaCl, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride and loaded

on a CM-Sepharose or SP-Sepharose ion exchange column (200 ml)
equilibrated in the same buffer, and developed in a linear gradient of 1
M NaCl. dUTPase eluted at 0.5–0.6 M NaCl, as followed by enzyme
activity measurements and SDS-PAGE. Concentrated enzyme fractions
were gel filtrated on Superdex 200 HR column using 50 mM Tris buffer
(pH 7.5) also containing 300 mM NaCl, 1 mM DTT, and 10 mM MgCl2.
Cell pellets for purification of M-PMV NC-dUTPase were solubilized as
above, but in lysis buffer containing 5 mM DTT. Supernatants were
directly loaded on a HiTrap Heparin HP column (5 ml), equilibrated in
50 mM Tris buffer (pH 8.0) containing 150 mM NaCl, 5 mM DTT, and 0.1
mM phenylmethylsulfonyl fluoride, and developed using 200 ml of a
linear gradient up to 1 M NaCl. NC-dUTPase appeared at 0.35–0.5 M

NaCl. Superdex 200 HR column gel filtration was carried out in 20 mM

Hepes buffer (pH 7.0) containing 500 mM NH4Cl, 2 mM DTT, 10 mM

�-mercaptoethanol, and 25 mM MgCl2. The purified preparations ap-
peared as single bands on SDS-PAGE, gel densitometry suggested at
least 95% purity. Enzyme stocks were concentrated on Millipore cen-
trifugal filters (10 kDa cutoff) to a final concentration of 5–15 mg/ml,
flash-frozen in liquid nitrogen, and stored at �70 °C. As shown by
activity measurements and SDS-PAGE, this storage did not cause con-
siderable degradation up to three months, but precipitation became
prominent after cycles of freeze/thaw. Throughout the present study,
molar enzyme concentrations refer to the monomeric species, unless
stated otherwise. Before use, aliquots of the enzyme were dialyzed
against respective buffers.

Protein concentration was measured by Bradford’s assay (26) or
spectrophotometrically using A0.1% 1 cm, 280 nm � 0.74 or 0.76 for
NC-dUTPase, or dUTPase, respectively, as calculated from amino acid
composition. UV absorbance spectra were recorded on a JASCO-V550
spectrophotometer at 25 °C in 20 mM HEPES buffer (pH 7.0) also
containing 500 mM NH4Cl, 2 mM DTT, 10 mM �-mercaptoethanol, and
25 mM MgCl2.

dUTPase Activity Assay by Thin Layer Chromatography—Reactions
were with 1 �M dUTPase in 20 mM HEPES buffer (pH 7.5) containing
150 mM KCl, 5 mM MgCl2, and 10 mM of either dUTP, dCTP, or dTTP.
At time points, 0.5–1 �l of the reaction mixtures was spotted on Baker-
flex silica gel IB2-F thin layer plates. Plates were developed in 6:3:1
iso-propanol/NH3/H2O, resulting in approximate retention values in
percent of distance traveled from start point related to total distance
traveled by the eluent of 40, 11, and 5% for dNMP, dNDP, and dNTP,
respectively. Spots were visualized under UV light.

Continuous Spectrophotometric dUTPase Activity Assay—Proton re-
lease during the transformation of dUTP into dUMP and PPi was
followed at 559 nm at 25 °C (19), using a JASCO-V550 spectrophotom-
eter. Reaction mixtures contained 240 nM enzyme in 1 mM Tes-HCl (pH
7.5) containing 40 �M dUTP, 0.1–5 mM MgCl2, 150 mM KCl, and 40 �M

Phenol Red indicator (assay buffer). Initial velocity was determined
from the slope of the first 10 s of the progress curve. The enzyme kinetic
parameters kcat and KM were also determined from the entire progress
curve using the integrated Michaelis-Menten equation (27, 28). Metal
ion requirement was tested in separate experiments, using components
run through a 50-ml Chelex column (1 ml/min flow rate).

Dynamic Light Scattering—Measurements were carried out on a
DynaPro-MS/X molecular sizing instrument (Protein Solutions, Inc.,
VA) with a 20-�l micro-sampling cell at 20 °C, according to the manu-
facturer’s recommendations. The sample contained 1.1 mg/ml protein in
20 mM HEPES buffer (pH 7.0) containing 200 mM NH4Cl, 1 mM ZnCl2,
2 mM DTT, and 10 mM �-mercaptoethanol. An aliquot of 25 �l was
freshly filtered (0.02 �m Whatman Anodisc (Whatman, UK)) into the
measurement cell. One hundred readings were recorded, and the data
were analyzed using the non-negatively constrained least squares
method (29) incorporated into the DYNAMICS version 5.20.05. The
analysis is based on the Stokes-Einstein equation (DT � kbT/6 Pi

(SV)RH), under the assumption of Brownian motion. DT (translational
diffusion coefficient) was converted to the hydrodynamic radius (RH) of
the sample particles (kb is Boltzmann’s constant, T is the absolute
temperature in degrees Kelvin, Pi is the value of the constant Pi, and
(SV) is the solvent viscosity). Polydispersity was defined as (standard
deviation of RH)/RH, giving an estimation of the homogeneity of particle
sizes in the sample (30).

Analytical Gel Filtration—A Superdex 200 HR column, calibrated
with transferrin, ovalbumin, myoglobin, and RNase (molecular masses:
81, 43, 17.6, and 13.7 kDa, respectively). 500 �l samples were applied at
0.1–1.0 mg/ml protein concentrations. Exclusion volume was deter-
mined by using blue dextran.

PAGE—SDS-PAGE was performed using 12–18% minigels. Protein
bands were visualized by colloidal Coomassie Brilliant Blue (Bio-Rad)
and quantitated on a GelDoc densitometer (Bio-Rad). Native PAGE on
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Novex 10% polyacrylamide gel pre-casted with Tris borate-EDTA buffer
(Invitrogen) was run in reverse direction in 0.2 M sodium-acetate buffer
(pH 4.5).

Circular Dichroism (CD) Measurements—Far UV CD spectra were
recorded on protein samples at 0.2 mg/ml concentration in 20 mM Tris
buffer (pH 8.0) containing 200 mM NH4Cl, and 5 mM DTT. 1–4 �l
aliquots of concentrated and buffered Zn(Ac)2 solution were added in
the cuvette to reach the final concentrations. Three scans were
averaged.

N-terminal Microsequencing—Protein samples blotted on polyvinyli-
dene fluoride membrane were analyzed at the Analysis and Synthesis
Laboratory of the Agricultural Biotechnological Research Center of
Gödöllö, Hungary on ABI 471A of Applied Biosystems, Inc.

Antiserum Production and Western Blotting—Rabbits were immu-
nized with recombinant M-PMV dUTPase. For the first injection, anti-
gen in complete Freund’s adjuvant was injected into the muscle of the
upper thigh of the animals. The second injection was carried out 3
weeks later using incomplete Freund’s adjuvant, followed by boosting at
a 2-week interval, using antigen solution in physiological saline. Serum
was used at a dilution of 1:50,000 in Western blots on nitrocellulose
membranes. Antisera against M-PMV NC and capsid proteins were
kindly provided by Dr. T. Ruml from the Institute of Chemical Tech-
nology, Prague, Czech Republic. Blots were stained first with Ponceau
dye and then developed with the antiserum, followed by staining with
secondary antibody (alkaline phosphatase or horseradish peroxidase
labeled anti-rabbit IgG). For visualization, nitro-blue-tetrazolium/5-

FIG. 1. Expression (A), purification (B), crystallization (C), and spectroscopy (D) of recombinant NC-dUTPase and dUTPase. A, bacterial cell
extracts were loaded on SDS-PAGE before induction (lanes 0), as well as one, two, and three hours after induction (lanes 1, 2, and 3). M stands
for molecular mass marker (205, 116, 66, 45, 29, 20, 14.2, and 6.5 kDa). Arrows indicate the positions of the NC-dUTPase and dUTPase proteins.
Note the difference between expression patterns. B, recombinant proteins after purification. Numbers indicate positions of molecular mass
standards. Lane 1 and 3, SDS-PAGE. Lane 2, Western blot developed with antiserum against M-PMV dUTPase. C, single crystals of M-PMV
dUTPase. Mark length is 0.1 mm. D, UV absorption spectra of NC-dUTPase (solid line) and dUTPase (dashed line). The molar extinction
coefficients at 280 nm, 18,250 and 12,160 M�1cm�1 for NC-dUTPase and dUTPase, respectively, calculated from the amino acid composition, were
used to scale the spectra of protein solutions, recorded in absorbance units, to molar values. E, characterization of the polyclonal antiserum raised
against M-PMV dUTPase. E. coli extracts from strains overproducing E. coli dUTPase (57) (lane 1), M-PMV dUTPase (lane 2), and M-PMV
NC-dUTPase (lane 3) were probed with the rabbit polyclonal antibody raised against M-PMV dUTPase. Note that only bands corresponding to the
M-PMV NC-dUTPase and dUTPase react with the antiserum. Lane 4, prestained molecular mass marker (205, 116, 66, 45, 29, 20, 14.2, and 6.5
kDa). The stain of the marker is retained on the blot.
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bromo-4-chloro-3-indolyl phosphate or the enhanced chemilumines-
cence kit of Amersham Biosciences, respectively, was used.

Purification of M-PMV Virions—The rhesus monkey CMMT cell line,
chronically infected with M-PMV, was grown in Dulbecco’s essential
medium with 10% fetal bovine serum. Medium containing released
virions was collected from confluent plates and filtrated through a
membrane filter (0.45 �m). Virions were pelleted through a 15% (m/vol)
sucrose cushion for 1 h at 160,000 � g. The virus pellet was resus-
pended in 10 mM Tris buffer (pH 7.6) containing 500 mM NaCl and 1%
(v/v) Triton X-100, and loaded onto sucrose velocity gradient containing
25–60% (m/vol) sucrose in the same buffer. The gradient was centri-
fuged at 160,000 � g for 1 h at 4 °C, and 1 ml fractions were collected
from the top of the gradient. Fractions were analyzed by SDS-PAGE
and Western blot.

Analysis of Virus Proteins in Infected COS-1 Cells—Confluent
CMMT cells, chronically infected with M-PMV, were incubated in Cys,
Met-free Dulbecco’s modified Eagle’s medium (Sigma) (30 min, 37 °C)
followed by change into medium containing 35S-labeled methionine and
cysteine (60 �Ci/ml) (ICN) for overnight labeling (31). Radiolabeled
virus particles were filtered through 0.45 �m polysulfone membrane,
and 10 �g/ml of polybrene was added. COS-1 cells were overlaid with
the radiolabeled virion mixture and incubated for 2 h at 37 °C, washed
several times, and complete Dulbecco’s modified Eagle’s medium was
added. Cells were lysed after 4 h in 50 mM Tris-HCl (pH 7.5) buffer
containing 1% Triton X-100, 1% sodium-deoxycholate, 0.15 M NaCl,
mixture protease inhibitor mix, 7 �g/ml DNase, and 15 �g/ml RNase
(lysis buffer A). Cell-associated viral proteins were immunoprecipitated
from the lysate using the M-PMV dUTPase antiserum and protein A
agarose in the presence of 0.1% SDS. Radiolabeled viral proteins from
the immunoprecipitate were separated on SDS-PAGE and detected by
autoradiography. In a separate experiment, COS-1 cells were infected
with non-labeled released virions from confluent CMMT cells in the
presence of polybrene (10 �g/ml). Cells were lysed after washing in lysis
buffer at different time (1, 2, 4, and 6 h), and cell-associated proteins
were separated on SDS-PAGE and detected by Western blot using
SuperSignal West-femto sensitivity substrate (Pierce).

Cleavage of M-PMV NC-dUTPase Protein by M-PMV Protease in
Vitro—The purified NC-dUTPase was dialyzed against 50 mM phos-
phate buffer (pH 6.2) containing 300 mM NaCl and 0.01% (v/v) �-mer-
captoethanol and was concentrated to 0.3 mg/ml. Reaction mixture
contained 33 �M NC-dUTPase in a total volume of 40 �l and 2 �M

M-PMV protease, expressed and purified as described previously (32).
Following an overnight incubation at 37 °C, reaction products were
analyzed by SDS-PAGE and Western blots.

Crystallization—Conditions were screened at different temperatures
(Crystal Screen, Hampton Research). Vapor diffusion experiments were
made in hanging drops against 500 �l reservoir. dUMP was added to
the enzyme solution (7.4 mg/ml protein in 20 mM Tris buffer (pH 7.05)
containing 0.5 M NaCl and 1 mM DTT) in equimolar amounts (relative
to the monomer). Enzyme solutions (2 �l) were mixed with an equal
amount of the reservoir solution.

Preliminary X-ray Analysis—Synchrotron radiation was used to col-
lect diffraction data at 100 K from a cryoprotected flash-frozen crystal.
Measurements were carried out at beam ID29 European Synchrotron
Radiation Facility (Grenoble, France) using ADSC Q210 CCD detector.
Cell parameters and crystal system were determined by MOSFLM 6.01
program (33). Matthews coefficient and solvent content of the crystal
were calculated with the CCP4 program suite (34).

RESULTS

Cloning, Expression, and Antibody Production—Fig. 1A
shows the expression patterns of the constructs NC-dUTPase
and dUTPase. The yields of the proteins were 120 mg/liter and
30 mg/liter, respectively. This lower yield for dUTPase was
considerably improved upon silent mutagenesis of CGGArg and
GGGGly (data not shown). DNA sequencing of the plasmids was
in complete agreement with the desired sequences, and N-
terminal microsequencing of the expressed proteins also gave
the expected results (KRVEG for dUTPase, AAAFSGQTVKP
for NC-dUTPase). Molecular mass estimated from SDS-PAGE
is 16 kDa, and 27 kDa for dUTPase, and NC-dUTPase, respec-
tively. These data indicate that the recombinant constructs
faithfully represent the dUTPase and NC-dUTPase proteins of
M-PMV retrovirus. Fig. 1B shows the SDS-PAGE of the puri-
fied proteins. The faint higher band in the NC-dUTPase lane is

due to a cross-linked aggregate of NC-dUTPase as it was shown
to react with the antibody developed against M-PMV dUTPase
(Fig. 1E). No cross-reactivity of this polyclonal serum to dUT-
Pases from other species, or to other proteins was detectable.
As an ultimate test of protein purity, Fig. 1C demonstrates that
single crystals of purified M-PMV dUTPase can be crystallized.
Following several chromatographic steps, the proteins were
also practically free from nucleic acid contaminations, as
shown by the UV absorbance spectra (Fig. 1D) where the max-
imum wavelength of absorbance is around 280 nm (character-
istic for aromatic amino acid side chains).

M-PMV Virions and Infected Cells Contain NC-dUTPase,
Resistant to Cleavage with Either M-PMV or Cellular Prote-
ase—To determine the status of dUTPase in M-PMV virions,
immunoblot analysis of virion-associated proteins from sucrose
gradient fractions was performed using antibodies against NC
(Fig. 2B) and dUTPase (Fig. 2C). Western blot analysis of
M-PMV viral proteins using antibodies agains M-PMV capsid
revealed that gradient fractions 2–4 (corresponding to 31–39%
(m/vol) sucrose, or 1.13–1.17 g/ml density) contained the peak
of M-PMV-associated proteins (Fig. 2A). These fractions, when
reacted with anti-NC antiserum, were shown to contain NC in
two forms, characterized by 27 kDa (at relative amount of 12%)
and 13 kDa (at relative amount of 88%) (Fig. 2B, lanes 2–4).
The 27-kDa form co-localizes with the only band showing reac-
tivity with the mono-specific antiserum developed against M-
PMV dUTPase (Fig. 2C, lanes 2–4). These results indicate that
mature M-PMV virions contain the fusion protein NC-dUTPase
as the only detectable source of dUTPase, whereas NC protein
is present both as fused to dUTPase (27 kDa form) and in free
(13 kDa) form.

To investigate if M-PMV protease, which cleaves viral
polyproteins during maturation, is able to cleave NC-dUTPase
under optimal in vitro conditions, purified NC-dUTPase was
incubated with recombinant M-PMV protease. Fig. 3, A and B,
show that no cleavage of NC-dUTPase occurs even upon pro-
longed incubation with the protease. It can be concluded that

FIG. 2. Western blots of proteins in M-PMV virions probed
with antisera against capsid (A), NC (B), and dUTPase proteins
(C). Fractions from the sucrose gradient step of the M-PMV virion
purification were examined for presence of M-PMV viral proteins. Ar-
rows, marker positions.
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the NC-dUTPase junction is practically fully resistant to pro-
teolysis by the retroviral protease.

To determine whether NC-dUTPase might get cleaved by
cellular proteases in infected cells, we have analyzed M-PMV
cell-associated proteins. Radiolabeled M-PMV virions released
from CMMT cells were used to infect COS-1 cells. Viral pro-
teins were immunoprecipitated from COS-1 lysate with rabbit
anti-dUTPase. The immunoprecipitate was analyzed by SDS-
PAGE followed by autoradiography (Fig. 3C, lane 7) to reveal
the presence of one significant protein band, migrating at �27
kDa. This apparent molecular mass corresponds to the size of
the intact NC-dUTPase fusion protein (see Fig. 3C, lane 6).
Western blot analysis of COS-1 cell-associated proteins using
anti-dUTPase antibody and chemiluminescent substrate also
showed one protein band reactive to anti-dUTPase that mi-
grates at 27 kDa (Fig. 3C, lanes 2–5). These results confirm
that NC-dUTPase is not degraded within the cells and also
show that the highest level of NC-dUTPase was detected
within the cells 4 h after infection (Fig. 3C, lanes 4 and 5).
Results indicate that i) M-PMV virions produced by the chron-
ically infected CMMT cell line can infect COS-1 cells, and ii) no
degradation of NC-dUTPase by cellular proteases is detectable
in infected cells.

Enzyme Kinetic Studies—Michaelis-Menten parameters for
dUTP cleavage do not differ for NC-dUTPase and dUTPase
(Table I). Mg2� is a co-factor for both constructs, whereas Zn2�,

a known strong chelator of the NC domain, does not have an
appreciable effect. Zn2� was applied at relatively low concen-
tration to prevent precipitation, but this concentration assured
binding of the ion to NC as shown by CD spectroscopy (see Fig.
5 and text below). kcat is very low (0.6 s�1), similar to the value
obtained for MMTV NC-dUTPase (16, 17). Specificity studies
with the close substrate analogues dCTP and dTTP showed
that kcat is further decreased by one order of magnitude (0.05
s�1 and 0.03 s�1, respectively), making KM. Determinations
unreliable due to the very slow reaction. No change in specific-
ity could be seen when comparing NC-dUTPase and dUTPase.
To check if binding of an oligonucleotide to the NC domain
might modulate dUTPase activity within the fusion NC-dUT-
Pase protein, a hexanucleotide (ACTGCC) was synthesized.
This hexanucleotide binds with high affinity to the closely
similar NC protein of human immunodeficiency virus (35), and
the amino acid residues involved in oligonucleotide binding
were identified in the three-dimensional structure (36). Most of
these residues are present in M-PMV NC protein as well. The
hexanucleotide was added at the concentration required to
provide possibly full complexation of NC protein (published
dissociation constants of 100–500 nM, see Refs. 37 and 38).
Other studies of DNA-NC protein interaction reported high
preference of NC for binding to TG dinucleotide repeats (39,
40). Therefore the octanucleotide (TG)4 was also synthesized
and used in parallel experiments. Table I shows that both

FIG. 3. Lack of proteolytic processing of M-PMV NC-dUTPase in vitro and in infected COS-1 cells. A (SDS-PAGE) and B (Western blot)
show analysis of in vitro proteolytic processing of M-PMV NC-dUTPase by retroviral M-PMV protease. Lanes 1 and 6, NC-dUTPase before
incubation with protease; lanes 2 and 7, NC-dUTPase after incubation with protease; lanes 3 and 8, dUTPase; lanes 4 and 9, NC; lane 5 and 10,
protease. Lanes 1–5 in B were probed with M-PMV dUTPase antiserum, lanes 6–10 with M-PMV NC antiserum. C, Western blot analysis (lanes
1–6) and autoradiograph of metabolically labeled and immunoprecipitated protein (lane 7) with rabbit anti-dUTPase. Lane 1, mock-infected cells;
lane 2-5, cell lysates 1, 2, 4, and 6 h after infection of COS-1 cells with M-PMV virions released from CMMT cells; lane 6, virions released from
C-MMT cells; lane 7, protein immunoprecipitated from COS-1 cells 4h after infection with metabolically labeled [35S]M-PMV.
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oligonucleotides have a slight, but appreciable, positive modu-
lating effect on NC-dUTPase, in the simultaneous presence of
Mg2� and Zn2�. A 10-fold increase in oligonucleotide concentra-
tion had no further effect. The presence of the oligonucleotide had
no effect on the activity of NC-lacking dUTPase in either of the
combinations tested (data not shown), in agreement with the
expectation that oligonucleotide binding-induced effects are prob-
ably mediated by the NC domain. These results indicate that i)
the low activity of M-PMV dUTPases is an inherent property not
due to the nucleocapsid domain, and ii) NC-dUTPase activity
may be modulated by oligonucleotide binding to the NC segment.
To account for the low activity, correct folding of the protein
constructs was checked by circular dichroism spectroscopy.

Estimation of Secondary Structure by CD Spectroscopy—CD
spectra recorded in the peptide bond absorption wavelength
range reflect secondary structural elements with reasonable
accuracy (41, 42). Spectra of M-PMV NC-dUTPase and dUT-

Pase were processed by the k2d program (42), previously shown
to describe secondary structural content for E. coli dUTPase in
agreement with the crystal structure (27). Results indicate that
both M-PMV dUTPase and NC-dUTPase contain a high
amount of �-structure (41 and 38%, respectively), and a low
amount of �-helices (6 and 8%, respectively). These values are
very close to those determined for E. coli dUTPase (5% �-helix,
42% �-structure (27)), indicating that an intact dUTPase-like
fold may be present in both recombinant M-PMV proteins. The
�-helical content is very low for both M-PMV proteins, which
seems to indicate that the helices of the NC domain do not

TABLE I
Kinetic parameters of M-PMV dUTPase and NC-dUTPase, as measured in the enzyme-catalyzed cleavage of dUTP, in the

presence 100 �M MgCl2 and different additives
Data represent average and error of 5-8 parallel measurements. Hexanucleotide sequence, ACTGCC; octanucleotide sequence, TG.

Enzyme Additives kcat (s�1) kcat/KM (M
�1 s�1)

dUTPase none 0.65 � 0.17 (3.2 � 0.5) � 105

NC-dUTPase none 0.68 � 0.20 (3.6 � 0.4) � 105

50 �M Zn(Ac)2 0.60 � 0.12 (2.8 � 0.5) � 105

50 �M Zn(Ac)2 � 10 �M hexanucleotide 1.2 � 0.25 (10.5 � 1.5) � 105

50 �M Zn(Ac)2 � 10 �M octanucleotide 0.85 � 0.22 (12.3 � 2.4) � 105

FIG. 4. Oligomerization status of NC-dUTPase and dUTPase. A,
analytical gel filtration. Kav was calculated according to the equation
(Ve � V0)/(VT � V0), where Ve is the elution volume, V0 is the exclusion
volume, and VT is the total volume of the column. Solid line shows the
linear function of Kav as obtained with the calibration proteins (closed
squares). Arrows indicate the positions of NC-dUTPase (solid) and
dUTPase (dashed), respectively. B, dynamic light scattering. Results
shown were obtained with NC-dUTPase. The observed average particle
size is 4.20 nm, the estimated molecular weight is 93 kDa, and the
polydispersity is 18.5%.

FIG. 5. Binding of nucleocapsid-cognate ligands to NC-dUT-
Pase. A, gel filtration of ion exchange purified NC-dUTPase. Three
peaks (1, 2, and 3) are identified in the chromatograms showing A260
(dashed line) and A280 (solid line). Inset, lanes 1, 2, and 3 show SDS-
PAGE analysis of the three peaks of the gel filtration curve. Lanes 4 and
5 correspond to the same native gelelectrophoretogram of the sample
from the gel filtration peak 1, stained with ethidium bromide to show
DNA presence (negative image, lane 4), or with Coomassie Blue to show
protein presence (lane 5). B, far UV circular dichroism spectra of M-
PMV NC-dUTPase alone (solid line) and in the presence of 40 �M

Zn(Ac)2 (dotted line).
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significantly contribute to the CD signal. This is not surprising,
as the expected helical content with completely folded �-helices
of the NC domain, estimated from the three-dimensional struc-
ture as determined by NMR (43) would not exceed 5% in the
whole length NC-dUTPase. In conclusion, CD spectra are in
agreement with a correctly folded dUTPase domain that is not
heavily perturbed by the NC domain.

Oligomerization Status—dUTPase active site architecture
ultimately depends on quaternary organization (see the In-
troduction). Incorrect oligomerization may therefore decrease
catalytic activity. Gel filtration data indicate native molecu-
lar masses of 78 and 46 kDa for NC-dUTPase and dUTPase,
respectively (Fig. 4A). Dynamic light scattering measure-
ments provided an independent estimate of 93 kDa for NC-
dUTPase (Fig. 4B), somewhat higher than the result from the
gel filtration experiment. If the shape of the oligomer is
appreciably non-spherical, its mass may be overestimated by
light scattering. Together with the subunit molecular mass
data (27 kDa for NC-dUTPase and 16 kDa for dUTPase, Fig.
1B), the homotrimeric quaternary structure can be ascer-
tained for both M-PMV dUTPase and NC-dUTPase with high
probability. This result indicates that the homotrimer is cor-
rectly assembled.

Binding of Cognate Ligands of the Nucleocapsid Domain to
NC-dUTPase (Fig. 5)—Nucleocapsid is a well known nucleic
acid-binding protein, containing two tandem CCHC Zn-
knuckle motifs (37, 38). During purification of recombinant
NC-dUTPase, a considerable amount of nucleic acids was co-
purified with the protein during cation exchange chromatogra-
phy. During gel filtration, a considerable amount of NC-dUTPase
protein appeared in complex with nucleic acids (Fig. 5A). On the
contrary, NC-lacking dUTPase was essentially nucleic acid-free
following cation exchange chromatography. Results indicate that
nucleic acid binding ability is present in NC-dUTPase.

Binding of Zn2� to the Zn-knuckle Motifs within NC Was

Investigated by CD Spectroscopy (Fig. 5B)—Upon Zn2� addi-
tion, a characteristic increase in the CD signal at 230–210
nm wavelength range, shown to be induced by Zn2� binding
to NC protein in several independent laboratories (44–47), is
readily recognizable in the spectra of NC-dUTPase. Results
indicate that both nucleic acid and Zn2� binding, character-
istic for NC, are retained in the M-PMV NC-dUTPase fusion
protein.

Crystallization and Preliminary Crystallography—A high-
resolution three-dimensional structure would provide a struc-
tural explanation for the low specific activity. Crystallization of
M-PMV dUTPase was therefore attempted. Crystals grew best
in hanging drops with salt (sodium-formate, sodium-acetate, or
Li2SO4) as precipitant. Crystals used for x-ray analysis with
dimensions of 0.1 � 0.05 � 0.05 mm were obtained at 4 °C in
the presence of 0.1 M sodium-acetate buffer (pH 4.6) with 2.0 M

sodium-formate (see Fig. 1C). Crystals 5-fold larger in each
dimension have also been obtained recently. Despite wide-
spread crystallization attempts with NC-dUTPase, no crystals
could yet be obtained in this case.

Preliminary X-ray diffraction analysis at synchrotron radia-
tion (beyond 3.7 Å) proves that the space group is either prim-
itive trigonal or primitive hexagonal, with cell dimensions a �
b � 60.83 Å, c � 64.03 Å, � � � � 90°, � � 120°. Collection of
complete data sets is in progress. This requires multiple crys-
tals due to short lifetime in the x-ray beam. Assuming 6 mono-
mers per unit cell, calculation of Matthews coefficient gives
2.47 Å3 Da�1 together with a solvent content of �50.2%, which
are normal values for globular proteins (48). The type of the
space group argues for the presence of 3-fold symmetry in the
crystal. This suggests that the trimeric arrangement, typical to
well described representatives of the dUTPase family, and
shown to exist in solution for M-PMV dUTPase as well (Fig.
4A), is retained in the crystal phase.

FIG. 6. Gag-pro frameshift site conservation in betaretroviral genomes. Ribosomal frameshift (boxed letters in the nucleotide sequences)
occurring at �12% frequency at the gag-pro junction leads to translation of the fusion protein NC-dUTPase. Betaretroviral genomes for which
sequence data are available were investigated for the location of the frameshift site, which was experimentally mapped in the Mason-Pfizer monkey
virus (MPMV) and MMTV genomes (47). In five out of six cases, the frameshift location drives the expression of the fusion protein NC-dUTPase
in such a way that the last fifteen residues of NC as well as the full-length of protein p4 do not get translated. In the single case of MMTV, the
frameshift occurs right at the stop codon (taa) after the NC gene. GenBankTM data were used for sequences of M-PMV (M12349), JSRV (Jaagsiekte
sheep retrovirus) (M80216), SRV-1 (simian retrovirus 1) (M11841), SRV-2 (simian retrovirus 2) (M16605), SMRV (squirrel monkey retrovirus)
(M23385), and MMTV (M15122). Boxed elements before and after the frameshift site show consensus sequence of the Zn-knuckle motifs in the NC
region and the five conserved motifs in the dUTPase region.
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DISCUSSION

Covalent Linkage of NC and dUTPase Is Provided by Correct
Positioning of the Frameshift Signal—Retroviral polyproteins

are cleaved during maturation by viral-encoded protease into
separate polypeptides that frequently form non-covalent homo-
or heterooligomers. In the present work, however, clear evi-

FIG. 7. Shortened spacer in betaretroviral dUTPases. A, alignment of dUTPase sequences in the region of conserved motifs 4 and 5.
Eukaryotic, bacterial, lentiviral, and betaretroviral sequences are shown. Dark blue background indicates conserved motifs 4 and 5; yellow background
is for the gaps in the betaretroviral sequences in the spacer separating motif 4 and 5. DMEL, Drosophila melanogaster (55); HSAP, Homo sapiens
SwissProt P33316; RNOR, Rattus norvegicus SwissProt U64030; LESC, Lycopersicon esculentum SwissProt P32518; CELE, Caenorhabditis elegans
SwissProt U96695; ECOL, E. coli SwissProt P06968; HINF, Haemophilus influenzea SwissProt U32776; CBUR, Coxiella burnettii SwissProt S44300;
EIAV, Equine infectious anemia virus (GenBank™ accession M16575); 1FIV, feline immunodeficiency virus (GenBank™ accession M25381); PLV,
puma lentivirus (GenBank™ accession PLU03982); VISV, visna/maedi virus (GenBank™ accession M60609); CAEV, caprine encephalitis virus
(GenBank™ accession M33677); MPMV, Mason-Pfizer monkey virus (GenBank™ accession M12349); MMTV, mouse mammary tumor virus (Gen-
Bank™ accession M15122); SRV1, simian retrovirus 1 (GenBank™ accession M11841); SRV2, simian retrovirus 2 (GenBank™ accession M16605);
SMRV, squirrel monkey retrovirus (GenBank™ accession M23385); OPAV, ovine pulmonary adenocarcinoma virus (GenBank™ accession M80216);
DHEV, dwarf hamster endogenous retrovirus (GenBank 164632); HERV, human endogenous retrovirus (53). B, structural model of feline immuno-
deficiency virus dUTPase in complex with dUDP (Protein Data Bank 1F7R) (56). Ribbon diagrams of the three subunits are color-coded with green,
cyan, and gray. The nucleotide ligand is in rod model in red. Conserved sequence motifs 4 and 5 are in dark blue, and the segment lacking in
betaretroviruses is colored yellow. The carboxyl terminus of each chain is located as closing over the dUDP molecule bound at the neighboring subunit.
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dence is presented for the existence of the transframe protein
NC-dUTPase, which is not cleaved either during maturation by
M-PMV protease or by cellular proteases within infected cells,
or under optimal in vitro conditions by recombinant M-PMV
protease (Figs. 2 and 3). In fact, the amino acid sequence in this
connecting region (PPHQ*KRVE, where * indicates the peptide
bond separating NC and dUTPase domains (15)) does not con-
form to the specificity requirements of M-PMV protease (49,
50). The first frameshift signal (G.GGA.AA at nucleotides
2311–2316) is located within the NC-coding region of the M-
PMV genome. Ribosomal frameshifting results in the synthesis
of the NC-dUTPase fusion protein within the Gag-Pro polypro-
tein, wherein the NC domain lacks fifteen C-terminal amino
acid residues but still retains both Zn-knuckle motifs. The full
size NC as well as the p4 protein are cleaved out from the Gag
polyprotein during maturation and therefore can fully function
in the replication of the virus. A comparison of available bet-
aretroviral genomic sequences (Fig. 6) reveals that the frame-
shift site conservation is rather universal in this group of
viruses. All genomes containing a coding sequence for the p4
protein after the NC sequence have a strictly conserved frame-
shift site (consensus sequence GGGAAAC) within the NC cod-
ing sequence. This observation argues that the resistance of the
fused NC-dUTPase protein against retroviral proteolysis is a
general feature among betaretroviruses that may have been
engineered through evolution by positioning a frameshift site
within the NC coding region to avoid an authentic protease-
processing site between NC and dUTPase sequences.

Functionality of the Transframe Protein—Figs. 2 and 3 show
that in mature M-PMV virions as well as in infected COS-1
cells, dUTPase is exclusively found to be fused to NC, whereas
�12% of the total NC content of the virion is present as NC-
dUTPase. This ratio is in good agreement with the frameshift
frequency at the gag-pro junction in betaretroviruses MMTV
and human endogenous retrovirus (14, 51, 52). The careful
guarantee for the covalent linkage of NC and dUTPase, as
discussed above, may suggest a role for this fusion in modulat-
ing both nucleocapsid and dUTPase functions. Two independ-
ent approaches convincingly show that the NC-dUTPase pro-
tein is a homotrimer with specific dUTPase activity (Fig. 4),
wherein the nucleic acid and Zn2�-binding NC is retained (Fig.
5). By fixing three nucleocapsid polypeptides on a common
trimeric core provided by the dUTPase fold, the valency of the
nucleic acid organizing unit is increased from one (single NC)
to three (trimeric NC-dUTPase). Such a multivalent nucleic
acid chaperone may compare positively with monovalent
counterparts.

Inherent Low Catalytic Activity of Betaretroviral dUT-
Pases—MMTV and M-PMV NC-dUTPases show similarly low
kcat/KM values of 3–4 � 105 M�1 s�1 that is retained in the
NC-lacking M-PMV dUTPase; therefore, it is not caused by the
nucleocapsid domain but is an inherent property. Kinetic con-
stants of M-PMV-MMTV and other dUTPases, these latter
with kcat/Km values in the range of 2–5 � 107, reveals that
kcat/Km decrease is mainly due to kcat difference. kcat of dUT-
Pase from human endogenous retrovirus, a close relative of
MMTV and M-PMV, is also in the same low range (0.7 s�1 (53)).
kcat values of other retroviral (54), bacterial (27, 28), and eu-
karyotic (Drosophila melanogaster)2 enzymes are all much
higher (8–15 s�1). Although most, if not all, conserved dUT-
Pase active site residues are present in M-PMV dUTPase as
well (55), a detailed mutagenetic analysis is expected to reveal
important clues regarding this difference. Sequence align-

ments point out a common feature in betaretroviral dUTPases:
the spacer between motifs 4 and 5 is significantly decreased by
4–7 residues from the 21-residue length in all other dUTPases
(Fig. 7A). This spacer crosses over to the substrate bound at the
neighboring subunit to form the closed, catalytically competent
enzyme conformer. The feline immunodeficiency virus dUT-
Pase structure (56) reveals that spacer shortening may seri-
ously compromise formation of the closed conformer (Fig. 7B).
It is suggested that the diminished catalytic activity might be
due to a steric constraint caused by the short spacer between
the last two motifs. The success in crystallization and crystal-
lography of M-PMV dUTPase (see “Results”) will hopefully
soon provide the required structural data. The experimental
observation of the low catalytic activity inherent to the dUT-
Pase domain relates the present work relevant for mechanistic
investigations of dUTPases.

Whatever is the cause for the low activity, it should be
compensated for under physiological circumstances. dUTPase
levels in betaretroviruses and lentiviruses, the latter encoding
high-activity enzyme (54), are not expected to differ consider-
ably, because in both cases one frameshift with comparable
frequency is required for dUTPase translation. We propose that
compensation might be provided by adequate localization due
to the NC domain. The present results indicated that the nu-
cleic acid-binding ability is retained in the fusion NC-dUTPase,
and that this may lead to positive modulation of enzyme activ-
ity. NC protein is known to associate to both the viral RNA and
the de novo synthesized DNA strands during reverse transcrip-
tion that requires fine-tuning of nucleotide pools. dUTPase
anchored by NC to the reverse transcription machinery can
fulfill its task of regulating local dUTP/dTTP ratios. By means
of co-localization with the nucleic acids partaking in this proc-
ess, dUTPase activity is used economically, and a low activity
may still be enough to regulate local nucleotide pools.

Conclusion—Mature M-PMV virions are shown to contain
NC and dUTPase proteins in stable covalent linkage giving rise
to a homotrimer with an experimentally proven bifunctional
character in vitro. Results indicate that nucleic acid binding
and dUTP cleaving activities within the same protein may
modulate both NC and dUTPase function.
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