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Nucleocapsid protein NCp10 of murine leukemia virus (MuLV) is encoded by the 3’ domain of gag and
contains a zinc finger of the form Cys-X,-Cys-X,-His-X,-Cys flanked by basic amino acids. In the course of
virus assembly, NCp10 is necessary for core formation, and the zinc finger flanked by the basic residues is
required for the packaging of the genomic RNA dimer. In vitro, NCp10 exhibits strong nucleic acid binding and
annealing activities that appear to be critical for virus infectivity since NCp10 promotes dimerization of the
viral RNA containing the E/DLS packaging-dimerization signal and annealing of replication primer tRNA""
to the initiation site of reverse transcription (PBS). Recent in vitro studies have suggested that NCp10 may also
play a role in proviral DNA synthesis. To investigate the function of NCp10 in proviral DNA synthesis in vivo,
we developed a simple and convenient genetic packaging system consisting of two DNA constructs expressing
the packaging components gag-pol and env of Friend MuLV and a Moloney MuLV-based lacZ vector with either
the MuLV E+ or a rat VL30 E packaging signal. This system allowed us to examine the consequences of a set
of mutations in NCp10 on a single round of recombinant virus replication. Most mutations in the N- or
C-terminal domain of NCp10 do not significantly alter infectivity, while those in the zinc finger drastically
impair infectivity. Analysis of the viral RNA content in virions showed that all mutations in the zinc finger
decrease but do not abolish packaging of the recombinant genome. Interestingly enough, mutation of Y-28 to
S (mutation Y28S) in the zinc finger results in RNA packaging at a level similar to that observed upon deletion
of three prolines and three arginines in the C-terminal domain of NCp10 (mutant APR3). However, mutant
Y28S is noninfectious while mutant APR3 is only threefold less infectious than the wild-type virus, which
prompted us to examine the role of NCp10 protein in proviral DNA synthesis in vivo using these nucleocapsid
mutants. PCR amplification was used to analyze viral DNA synthesized in newly infected cells, and results
indicate that the Y28S zinc finger mutation impairs reverse transcription, thus suggesting that the nucleo-

capsid protein zinc finger plays a key role in proviral DNA synthesis in vivo.

The nucleocapsid (NC) protein (NCp10) of Friend murine
leukemia virus (MuLV) is derived from the C terminus of the
Pr65%“¢ polyprotein precursor. It is a small basic protein of 56
amino acids containing a central Cys-X,-Cys-X,-His-X,-Cys
(CCHC) motif capable of coordinating a zinc ion (10, 31, 39;
for a review, see reference 11). Such zinc finger structures are
conserved among all retroviral NC proteins known so far ex-
cept those of spumaretroviruses (6, 9-11, 42), indicating that
this domain probably plays a critical role in virus structure and
replication. Mutational studies of NC proteins from MuLV,
avian type C viruses, and human immunodeficiency virus (38)
have indicated that most mutations altering the zinc finger
motif cause defects in genomic RNA encapsidation (2, 7, 11,
15, 16, 18-20, 28-30); however, the mechanism underlying this
defect is poorly understood. Another conserved characteristic
of retroviral NC proteins is the presence of basic amino acids
flanking the zinc finger. Earlier works have suggested that
these basic residues are required for RNA recognition and
binding leading to viral RNA dimerization and packaging (22).
In a mutational study of MuLV, Rein et al. (38) confirmed that
only the central domain of the NCp10 consisting of the zinc
finger and flanking basic residues is required for viral RNA
packaging.

In vitro, NCp10 of Moloney MuLV (MoMuLV), like NCp12 of
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avian sarcoma and leukosis virus and NCp7 of human immuno-
deficiency virus type 1 has nucleic acid annealing activities which
promote viral RNA dimerization, primer tRNA annealing to the
initiation site for viral DNA synthesis (PBS), and minus-strand
DNA transfer (2, 4, 11, 35-37, 45). Genetic data support the
notion that the function of NC protein is not restricted to genomic
RNA dimerization and encapsidation (1, 15, 22, 28). Interestingly,
a mutation of Y-28 to S (Y28S mutation) in the zinc finger of
Mo-MuLV NCp10 was shown to moderately affect genomic RNA
packaging but resulted in the production of noninfectious MuLV
(28).

These observations prompted us to examine the role of NC
protein in proviral DNA synthesis in vivo in a single round of
virus replication. A simple genetic packaging system has been
developed, consisting of two DNA constructs expressing the
packaging components gag-pol and env of Friend MuLV (40)
and of a retroviral vector with either the MuLV or the rat
VL30 packaging-dimerization signal (E/DLS) (3, 43, 44). Mu-
tations were created throughout NCpl10, and their effects on
virion production and infectivity were examined by using this
genetic system.

Results show that none of the mutations altered virion pro-
duction but that mutations in the zinc finger abolished infec-
tivity. Biochemical analyses of the zinc finger mutant virions
showed a 10- to 20-fold reduction in genomic RNA packaging
but only a 2- to 3-fold decrease for mutant Y28S, in agreement
with a previous report (28). Interestingly, a C-terminus dele-
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FIG. 1. Schematic representation of the plasmid DNA constructs. Plasmids
pFMLVY1 and pFMLVEnv encode gag-pol (positions 627 to 5840) and env
(positions 5783 to 7810), respectively, of the FB29 strain of Friend MuLV under
the control of the CMV early promoter. The retroviral vectors contain the
Mo-MuLV LTRs, lacZ, and either the homologous E/DLS packaging signal
(positions 210 to 1035) for pMLV-LacZ+ or the rat VL30 E/DLS signal (posi-
tions 210 to 794) for pVL-CT2. polyA, polyadenylation signal of bovine growth
hormone.

tion named APR3 caused a two- to threefold reduction in
genomic RNA packaging, and the mutant virus was only three-
to fourfold less infectious than the wild type (WT) while zinc
finger mutant Y28S was noninfectious. In an attempt to un-
derstand the defect in the zinc finger mutant, we analyzed viral
DNA made in newly infected cells by means of quantitative
PCR. Results indicate that proviral DNA synthesis started in
zinc finger mutant viruses but accumulation was consistently
lower than in the WT, and, moreover, it did not go to comple-
tion. These data suggest that an intact zinc finger in NCp10
protein is critical for proviral DNA synthesis in vivo.

MATERIALS AND METHODS

Plasmid DNA construction. Plasmids pFMLVY1 and pFMLVEnv were con-
structed in order to provide the packaging structural viral components. Both
plasmids derived from plasmid pRc/CMV’, a modified form of plasmid pRc/
CMV (Invitrogen) in which the sequence from nucleotides 1284 to 3253, a
BamHI fragment, was eliminated (5). To construct plasmid pFMLVY1, the
fragment from nucleotides 569 to 5867 containing gag-pol of Friend MuLV (40)
was inserted in pRc/CMV’ between the cytomegalovirus (CMV) promoter and
the bovine growth hormone polyadenylation signal. Similarly, the fragment from
nucleotides 5642 to 8301 containing env of Friend MuLV has been inserted into
pRc/CMV’ to generate plasmid pFMLVEnv.

Retroviral vectors pMLV-LacZ+ and pVL-CT2 have been described before
(44) and contain the MuLV E/DLS (nucleotides 210 to 1035) and the VL30
E/DLS (nucleotides 205 to 794), respectively, inserted between the 5’ long
terminal repeat (LTR) and the reporter lacZ gene (24). The dicistronic retroviral
vector pVL-CBT2 has been previously described (5, 43) and contains the VL30
E/DLS (nucleotides 205 to 794) inserted between the human placental alkaline
phosphatase (plap) and the neomycin phosphotransferase (neo) genes.

Mutagenesis. The 2.1-kb fragment spanning the PstfI and EcoRI sites of
pFB29/B (40) (nucleotides 569 to 2857) was subcloned into M13mp18 (46), and
the resulting plasmid was used as a target for site-directed mutagenesis as
described by Kunkel (25). The following mutagenic oligonucleotides were used
(superscript numerals indicate positions, underlined nucleotides represent
changes responsible for the amino acid substitutions, and localization of deleted
amino acids is indicated by hyphens): R8S, **’?AGC GGG CAG AGC CAG
GAT AG; RI11S, *!GAG ACA GGA TAG CCA GGG AGG AGA; D22K,
2H2AGG CCC CAA CTC AAG CAC GAC CAG TG; Y28S, 2°CAC GAC
CAG TGT GCC AGC TGC AAA GAA AAG GG; Y28G, ?'*°CAC GAC CAG
TGT GCC GGC TGC AAA GAA AAG GG; H34C, 'Y7C AAA GAA AAG
GGA TGT TGG GCT AGA G; W35G, 2>1GAA AAG GGA CAT GGG GCT
AGA GAT T; APR1, ?'3CCC AAG AAG CCA AGA GGA-GGA CCA CGA
CCC CAG; APR2, ?'?AGA GAT TGC CCC AAG AAG-GGA-GGA CCA
CGA CCC CAG G; and APR3, 2! AGA GAT TGC CCC AAG AAG-GGA-
GGA-CCC CAG GCC TCC CTC C.

Mutations were confirmed by DNA sequence analysis. The fragment carrying

J. VIROL.

the mutation was reinserted into plasmid pFMLVY1 containing full-length gag-
pol of Friend MuLV.

Cell culture and DNA transfection. NIH 3T3 cells and an NIH 3T3 cell line
containing pVL-CBT2 DNA (5, 43), named NIH 3T3-CBT2, were grown in
Dulbecco’s modified Eagle’s medium supplemented with 5% newborn calf serum
at 37°C in the presence of 5% CO,.

NIH 3T3 or NIH 3T3-CBT2 cells were transfected by the calcium phosphate
method of Chen and Okayama (8). A total of 5 X 10° NIH 3T3 cells in a
90-mm-diameter plate were transfected with 5 pg each of pFMLVY1 (WT or
mutant NCp10) and pFMLVEnv and 15 g of either pMLV-LacZ+ or pVLCT2.
The cells were incubated overnight at 35°C in a 3% CO, atmosphere. Then the
medium was removed and the cells were washed twice with phosphate-buffered
saline, refed, and incubated in a 5% CO, atmosphere at 37°C. To transfect NIH
3T3-CBT2 cells, 10 pg each of pFMLVY1 (WT or mutant NCp10) and pFMLVEnv
were used.

RT assay and recombinant virus infectivity. Two days after transfection,
reverse transcriptase (RT) activity in the supernatant was measured by using poly
rA:dT as described previously by Goff et al. (17). Two methods were used to
determine the infectivity of the recombinant virus. (i) Fresh NIH 3T3 cells were
incubated for 24 h with virus-containing supernatant from transfected cells, and
X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) staining was per-
formed as described previously (22). The viral titer was defined as the number of
B-galactosidase-expressing cells generated by 1 ml of virus-containing superna-
tant (see Fig. 2B). (ii) An autoinfection assay exploited the ability of virions
produced by the transfected cells to infect other cells in the same culture pop-
ulation. After DNA transfection, cells were divided every 2 to 3 days, and 1 day
later half of the cells were stained with X-Gal. The percentage of cells expressing
B-galactosidase (lacZ™) at different times after DNA transfection was deter-
mined, and the results are shown below (see Fig. 2C).

Western blot (immunoblot) analysis. Virus-containing medium was collected
every 12 h between 2 and 4 days after DNA transfection. Virus was pelleted by
ultracentrifugation at 25 krpm through a 20% sucrose cushion. The virus pellet
was resuspended in STE buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl) and
kept at —20°C. An aliquot of the viral preparation was used for the RT assay
(17). For Western analysis, the amount of viral particles present in the samples
was normalized according to RT activity. The CAp30 and precursor proteins
were detected by using anti-CAp30 goat antibodies (32) and an enhanced chemi-
luminescence (ECL) procedure (Amersham) according to the manufacturer’s
instructions. Quantitations were performed by laser scanning by reference to
Mo-MuLV virions collected from 3T3-A9 cells as described previously (22), and
100% corresponded to CAp30 present in WT virions (see Fig. 3).

Northern (RNA) blot analysis. To examine the level of genomic RNA pack-
aging, viral particles were collected from the medium of transfected NIH 3T3-
CBT?2 cells as described above. RNA was extracted from virion pellets, and RNA
samples were normalized according to RT activity and analyzed by Northern
blotting under denatured conditions as previously described (19, 33) using a
32P-labelled DNA probe corresponding to the neo sequence (positions 1701 to
2098 in pVL-CBT2). Quantitations were performed by laser scanning, and 100%
corresponded to recombinant genomic RNA present in WT virions (see Fig. 4).

PCR amplification of viral DNA synthesized in infected cells. To avoid plas-
mid DNA contaminations, NIH 3T3-CBT2 cells containing the integrated form
of the retroviral vector pVL-CBT2 were transfected with pFMLVY1 (WT or
mutant NCp10) and pFMLVEnv. A 10-pg amount of each plasmid was used for
each transfection performed as described above. NIH 3T3 cells were infected for
various periods with normalized quantities of virus-containing medium from
transfected NIH 3T3-CBT2 cells. Controls included WT and WT1/10, in which
cells were infected with normalized or 1/10 of the normalized WT virus-contain-
ing medium. Infected cells were lysed, and extrachromosomal DNA was ex-
tracted by the Hirt procedure (21). Samples corresponding to 10° cells infected
with 0.5 ml of supernatant from transfected NIH 3T3-CBT2 cells were subjected
to PCR amplification. Two pairs of PCR primers were used, N1701-N2098 and
RUS-plap. Primer N1701 (5'-GTG GAG AGG CTA TTC GGC T-3') and
primer N2098 (5'-ATC CGA GTA CGT GCT CGC T-3') are specific for neo
(see Fig. 5). Primer RU5 (5'-GCA TCC GAA TCG TGG TCT C-3') corre-
sponds to the R-US junction of the MuLV LTR. Primer plap (5'-GGT TCC
AGA AGT CCG GGT T-3') is complementary to a sequence in the plap gene
(see Fig. 5), inserted between the 5 LTR and the VL30 sequence in the
pVL-CBT2 vector. A total of 30 cycles were performed using the primer pair
N1701-N2098, and 31 cycles were done using the primer pair RUS-plap. Each
cycle consisted of 45 s of denaturation at 94°C, 45 s of annealing at 57°C, and 90 s
of extension at 72°C. PCR-amplified DNA products were analyzed by 1.5%
agarose gel electrophoresis, visualized by ethidium bromide staining, and quan-
tified (see Fig. 5).

RESULTS

A simple genetic packaging system derived from Friend
MuLV. To analyze the structure-function relationships of NC
protein NCp10 of MuLV in a single round of virus replication,
we developed a simple and convenient packaging system (able
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FIG. 2. Infectivity of recombinant viruses containing WT or mutant NC protein. (A) Amino acid sequence of NCp10 protein of Friend MuLV. Amino acid
substitutions and deletions are indicated (arrows). NCp10 mutants have been named according to their position in the protein, i.e., R11S corresponds to the substitution
of a serine for arginine at position 11. (B) Titers of recombinant viruses with WT or mutant NCp10 are expressed as infectious units per milliliter of virus-containing
medium corresponding to the number of LacZ-positive cell foci. Substitutions are indicated as described above, and deletions of proline and arginine repeats
corresponded to positions 43 and 44 (APR1), positions 43, 44, 46, and 47 (APR2), and positions 43, 44, 46, 47, 49, and 50 (APR3). 0 to 10, the number of LacZ-positive
cell foci varied from 0 to maximum 10. Standard errors are indicated and corresponded to at least three sets of experiments. (C) Autoinfection assay: plasmids
pFMLVY1 with WT (O) or mutant NCp10 (R11S [<], Y28S [HH], Y28G [¢], H34C [®], W35G [A], and APR3 [O]), pFMLVEnv, and retroviral vector pVL-CT2 were
simultaneously transfected into NIH 3T3 cells as described in Materials and Methods. Cell cultures were split every 3 days. One day later, one cell dish was stained
with X-Gal and the percentage of stained cells was calculated. Data shown are from a typical experiment and agree with those reported in panel B.

to generate high-titer viral stocks, obviating the use of helper
cell lines) based on the FB29 molecular clone of Friend MuLV
(40). Two DNA constructs coding for gag-pol and env of Friend
MuLV were used together with a retroviral vector containing
either the MuLV or the rat VL30 E/DLS (3, 44) in cotrans-
fection assays to transiently produce recombinant viruses. Sim-
ilar systems derived from MoMuLV have been previously de-
scribed (26, 34, 41).

Recombinant viruses were generated by NIH 3T3 cells co-

transfected with DNA constructs pPFMLVY1 and pFMLVEnv
of Friend MuLV FB29 and a retroviral vector containing lacZ
(see Materials and Methods) (Fig. 1). In each experiment, the
efficiency of transfection was assessed 2 days after transfection
by the percentage of cells expressing B-galactosidase. Virus-
containing medium was used to infect fresh NIH 3T3 cells, and
1 day later infected cells expressing [B-galactosidase were
stained with X-Gal and counted to give the viral titer. A typical
experiment gave an efficiency of transfection of about 15% and
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FIG. 3. Western blot analysis of mutant virions. Viral particles were pelleted
from medium of transfected NIH 3T3 cells by ultracentrifugation through 5 ml
of a 20% sucrose cushion. Viral proteins from equivalent quantities of virions,
based on RT activities using poly rA:dT (see Materials and Methods), were
separated on a 10% polyacrylamide gel in 0.1% sodium dodecyl sulfate and
transferred onto nitrocellulose, and CAp30 and related proteins were detected
by using anti-CAp30 antibodies and a chemiluminescence system (ECL; Amer-
sham) according to the manufacturer’s instructions. Lane 1, Mo-MuLV virions
produced by 3T3 A9 cells; lane 2, mock transfection; lanes 3 to 8, recombinant
virions with WT NCpl0 or the indicated mutants. Relative values of virion
CAp30 were obtained by laser scanning and found to be 100% (WT), 66%
(APR3), 60% (W35G), 105% (Y28S), 155% (Y28G), and 90% (H34C). It should
be noted that mutants Y28S, Y28G, H34C, and W35G were very poorly infec-
tious or noninfectious (Fig. 2B and C).

viral titers of about 1 X 10* infectious units (IU)/ml with the
pMLV-LacZ+ vector bearing the MoMuLV E/DLS encapsi-
dation signal and about 2 X 10* IU/ml with the pVL-CT2
vector containing the rat VL30 E/DLS encapsidation signal.
These results are in agreement with previous observations of
Torrent et al. (44) indicating that the rat VL30 packaging
signal is more efficient than that of Mo-MuLV.

Mutations in NCp10 zinc finger drastically impair infectiv-
ity of MuLV and MuLV-VL30 recombinant viruses. To exam-
ine the functions of NCp10 in a single round of virus replica-
tion, substitutions and deletions were introduced into Friend
MuLV NCp10 coding sequence in plasmid pFMLVY1 (Fig.
2A). The consequences of these mutations for recombinant
virus infectivity were examined in NIH 3T3 cells (Fig. 2B).
Substitution of serine for arginine at positions 8 and 11 in the
N terminus of NCpl0 (mutants R8S and R11S, respectively)
did not alter infectivity (Fig. 2B). Substitution of lysine for
asparagine at position 22 (mutant D22K), a residue close to the
zinc finger, decreased infectivity by 5- to 10-fold. Furthermore,
deletion of one or two proline-arginine (PR) residues located
in the C-terminal region of NCp10 (mutants APR1 and APR2)
only slightly altered infectivity (Fig. 2B). When all three PR
repeats were deleted (mutant APR3), infectivity was about 20
to 50% of that of the WT. However, mutations in the NCp10
zinc finger drastically impaired infectivity, since substitution of
neutral residues for aromatic amino acids (mutants Y28S,
Y28G, and W35G) or cysteine for histidine at position 34
(mutant H34C) resulted in the production of noninfectious or
very poorly infectious viruses (from 0 to 10 IU/ml while WT
virus was at 1 X 10* to 2 X 10* IU/ml; Fig. 2B). It is interesting
that the effects of these NCpl0 mutations on recombinant
virus infectivity were found to be independent of the homolo-
gous or heterologous packaging signal used under the present
conditions.

Infectivity of WT and NC mutant (R11S, Y28S, Y28G,
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H34C, W35G, and APR3) viruses was also assessed by means
of the autoinfection assay which examined the spread of infec-
tious viruses within a cell population subjected to transfection
with the three DNA constructs pPFMLVY1, pFMLVEnv, and
the LacZ retroviral vector (see Materials and Methods). Under
these conditions, 10 to 15% of all NIH 3T3 cells transiently
expressed B-galactosidase encoded by the retroviral vector at
day 3 (Fig. 2C). Between days 3 and 6, infectious recombinant
viruses were able to spread in this cell population, but not
noninfectious recombinant viruses. As shown in Fig. 2C, 26 to
27% of the cells expressed B-galactosidase at days 6 and 9
when WT and mutant R11S recombinant viruses were pro-
duced and 19 to 21% of the cells expressed B-galactosidase
with mutant APR3. However, with mutants Y28S, Y28G,
H34C, and W35G, the percentage of lacZ™ cells decreased
from 10 to 12% at day 3 to <1% at day 9, indicating that these
NC zinc finger mutations were deleterious to the formation of
infectious virions.

Taken together, these data clearly show that only mutations
in the zinc finger of Friend MuLV NC protein were able to
strongly impair infectivity (Fig. 2).

Biochemical analysis of the virons produced. The ability of
NC mutants to release functional gag-pol-related proteins in
the supernatant was assayed by means of RT activity (17). RT
activity measured in the supernatant containing virions pro-
duced by cells transfected with mutant DNAs was at a level
similar to that of the WT (data not shown), indicating that the
mutations did not significantly impair virion production. In
order to confirm these results, equivalent amounts of viral
particles were collected by ultracentrifugation and virion pro-
teins were analyzed by Western blotting using anti-CAp30 an-
tibodies (28). The amounts of CAp30 were similar in WT and
mutant recombinant MuLV virions (differing by a factor of 2 at
the most; Fig. 3). Moreover, the ratios of fully processed
CAp30 to gag polyprotein precursors Pr65 and Pr40 were sim-
ilar for WT and mutant recombinant virions (Fig. 3). These
results indicate that the NCp10 mutations examined did not
significantly impair virion production and maturation.

To examine the influence of NC mutations on genomic RNA
packaging, viral particles were collected from 48 to 96 h after
transfection of NIH 3T3-CBT2 cells, an NIH 3T3 cell line
containing the pVL-CBT2 retroviral vector (5, 44), with pFM-
LVY1 (WT or mutant NCp10) and pFMLVEnv. The amounts
of virions collected and pelleted were normalized according to
RT activity, and viral RNAs were purified and analyzed by
Northern blotting under denaturing conditions using a >?P-
labelled neo sequence as the probe (see Materials and Meth-
ods). Mutations in the N-terminal domain of NCp10 did not
significantly alter the level of genomic RNA packaging com-
pared with that of the WT virus (results not shown). Mutations
in the NCp10 zinc finger caused either an extensive reduction
(10- to 20-fold decreases for mutants Y28G, H34C, and
W35G) or a slight reduction (a 2.5-fold decrease for mutant
Y28S) in genomic RNA packaging (Fig. 4). Deletions in the
C-terminal domain of NCpl0 did not modify the level of
genomic RNA packaging for mutants APR1 and APR2 (data
not shown) and resulted in a 40% decrease only for mutant
APR3 (Fig. 4). It is of particular interest that mutant viruses
APR3 and Y28S contain similar levels of genomic RNA (Fig.
4), but APR3 was infectious (about 0.5 X 10* IU/ml) while
Y28S was very poorly infectious (0 to 10 IU/ml) (Fig. 2B and
C). These observations prompted us to examine the effects of
NCp10 zinc finger mutations on viral DNA synthesis in vivo.

Analysis by PCR amplification of viral DNA synthesis in
infected cells. NIH 3T3-CBT2 cells were transfected with WT
or NCp10 mutant pPFMLVY1 and pFMLVEnv. Subsequently,
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FIG. 4. Northern blot analysis of genomic RNA in recombinant NC mutant virions. Viral particles from transfected NIH 3T3-CBT2 cells were pelleted by
ultracentrifugation, amounts were normalized according to the RT activities, and RNAs were purified and then analyzed as described in Materials and Methods. Lanes:
1, cellular RNA (20 ng) of NIH 3T3-CBT2 cell line (positive control [C+]); 2, cellular RNA (20 ng) of untransfected NIH 3T3 cells (negative control [C—]); 3 to 8,
WT or the indicated mutants. The positions of 28 and 18S rRNA markers are indicated on the right.

NIH 3T3 cells were incubated with equivalent quantities of
virus produced by the transfected NIH 3T3-CBT2 cells for 30
min, 6 h, and 24 h (see Materials and Methods). Extrachro-
mosomal DNA corresponding to 10° cells was used to amplify
by PCR the viral DNA synthesized in infected cells. In order to
analyze early and late viral DNA synthesis, two PCR primer
pairs were used (Fig. 5A). PCR with the N1701-N2098 primer
pair, specific for neo, can detect early minus-strand cDNA
transcripts following the first-strand transfer, and PCR with the
RUS5-plap primer pair detects only late viral DNA synthesis
since it needs completion of the second-strand transfer and
further extension of the viral DNA strands (23). To facilitate
quantitation, two levels of WT virus, a normalized level and
1/10 of that level, were used in these assays (Fig. 5).
Minus-strand DNA started to be detectable 30 min after
infection with the WT and NC mutants, indicating that initia-
tion and first-strand transfer did take place (Fig. 5B). As shown
in Fig. 5B, newly made viral DNAs detected with the Neo
primer pair were found to accumulate 6 and 24 h after infec-
tion with WT and APR3 viruses. However, accumulation of

newly made DNA was about 10 times lower with Y28S and
H34C mutant viruses (Fig. 5B). Six hours after infection, the
late steps of viral DNA synthesis as analyzed by PCR using the
RUS5-plap primer pair were detected for the WT and APR3
viruses but not for the zinc finger mutants Y28S and H34C. At
24 h, DNA corresponding to the 5’ viral domain was observed
with WT and APR3 viruses. In contrast, no DNA correspond-
ing to this domain was detected with Y28S and H34C mutant
viruses (Fig. 5B).

These data indicate that the second DNA strand transfer did
not occur or was very inefficient in mutant viruses Y28S and
H34C (compare lanes wild type 1/10, Y28S, and H34C in Fig.
5B, right panel).

DISCUSSION

Nucleocapsid protein of MuLV is a structural component of
the virion NC in which several hundred NCp10 molecules are
in tight association with the genomic RNA dimer (11). In
addition, NCp10, like the NC protein of avian and human
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FIG. 5. Viral DNA synthesized in NIH 3T3 cells examined by PCR amplification. NIH 3T3 cells were infected by recombinant viruses as described in Materials and
Methods. Extrachromosomal DNA was prepared by the method of Hirt (21), and a fraction of it was subjected to PCR amplification using two primer pairs. (A)
Schematic representation of the retroviral vector pVL-CBT2 and location of the two primer pairs. N1701 and N2098 are specific for the Neo sequence and allow
amplification of minus-strand cDNA following the first strand transfer (23). RU5 and plap are specific for the 5" LTR and phosphatase sequences and therefore can
direct amplification of viral DNA only after the second transfer (23). The sizes of PCR-amplified fragments are also indicated. (B) Analysis of the DNA fragments
generated upon PCR amplification. NIH 3T3 cells were infected for 0.5, 6, and 24 h with recombinant viruses produced by NIH 3T3-CBT2 cells. DNA from uninfected
NIH 3T3 cells was used as a negative control. Serial dilutions of plasmid DNA pVL-CBT2, 0.0005 to 5 pg (equivalent to 10 to 10° molecules), were used as positive
controls. Mutants and WT are indicated above the lanes. A linear response of PCR amplification was obtained from 0.0005 to 0.05 pg of plasmid pVL-CBT2 using both
N1701-N2098 and RU5-plap primer pairs. Relative fluorescence values for the PCR-amplified DNAs were obtained by scanning and are given below. Note that relative
values are approximate and each number (taken as 100%) is +=15%. (i) Early cDNA transcripts (N1701-N2098 primer pair). At 0.5 h: WT, arbitrarily set as 100%; WT
1/10, 15%; H34C, 7%; Y28S, 3%; APR3, 8%. At 6 h: WT, 200%; WT 1/10, 100%; H34C, 12%; Y28S, 22%; APR3, 250%. At 24 h: WT, 500%; WT 1/10, 180%; H34C,
25%; Y28S, 80%; APR3, 160%. (ii) Late cDNA transcripts (RUS5-plap primer pair). At 6 h: WT, arbitrarily set as 100%; WT 1/10, 10%; H34C, 0%; Y28S, 0%; APR3,
30%. At 24 h: WT, 160%; WT 1/10, 50%; H34C, 0%; Y28S, 2%; APR3, 55%.

residues, has a well-defined globular structure, while the N-
and C-terminal domains are flexible (13). Interestingly, substi-
tutions of serine for cysteine that affect the zinc finger structure
(Fig. 2A) or of neutral residues for the aromatic amino acids,
Y-28 and W-35 (Fig. 2A), that change the side chains of the

retroviruses, has nucleic acid binding and annealing activities
that are directly implicated in several steps of the viral life
cycle. For example, it has been found that NCp10 promotes
dimerization of MuLV RNA containing the E/DLS and an-
nealing of primer tRNAF™® to the initiation site for viral DNA

synthesis (PBS) in vitro (11, 22, 35-37). NCp10 mutations that
cause a strong defect in viral RNA binding and dimerization
and in primer tRNAF™ annealing to the PBS in vitro result in
a large decrease in genomic RNA packaging and initiation of
viral DNA synthesis in vivo (11, 14, 22).

MuLV NC protein is highly basic, with a zinc finger which
exhibits a strong affinity for Zn®*" (9, 11, 13). The solution
structure of NCpl0 reveals that the central domain of the
protein, consisting of the zinc finger motif and flanking basic

zinc finger (13) resulted in a strong decrease in genomic RNA
packaging and the production of poorly infectious or nonin-
fectious viruses (Fig. 2B) (6, 11, 18-20, 28). Moreover, substi-
tutions of neutral residues for basic amino acids flanking the
zinc finger impaired genomic RNA packaging as well as
tRNAF™ annealing to the PBS, and mutant viruses were poorly
infectious (22). However, NCp10 mutations such as the Y28S
mutation (Fig. 2A) (28) did not cause a strong decrease in
genomic RNA packaging, but the mutant viruses were not



VoL. 70, 1996

infectious (28). In addition, NCp10 was found to cooperate
with RT for viral DNA synthesis in vitro (2, 11, 12). These
observations prompted us to perform mutations thought to
change the structure of the zinc finger or the basic nature of
the N- or C-terminal domain of NCpl0 and examine their
effects on virion production and infectivity and on viral DNA
synthesis in vivo.

For this purpose, a simple genetic packaging system was
derived from the highly infectious FB29 clone of Friend MuLV
(40). Two plasmids were constructed to allow expression of the
packaging components gag-pol and env. In addition, two Mo-
MuLV-based vectors with either the MuLV E+ or a rat VL30
E packaging signal were available (43, 44). Simultaneous trans-
fection of cells with the three DNAs, the two packaging con-
structs and one retroviral vector, resulted in the production of
recombinant viruses (Fig. 2) (26, 34, 41). This convenient ge-
netic system should permit an extensive analysis of the genetic
elements involved in viral core formation, genomic RNA
dimerization, and encapsidation and in the early steps of virus
replication leading to the synthesis of the double-stranded
proviral DNA and its integration into the host genome.

Mutations in the N- or C-terminal domain of NCp10 did not
extensively alter infectivity, while those in the zinc finger re-
sulted in the production of very poorly infectious or noninfec-
tious viruses (Fig. 2). The level of genomic RNA packaging was
decreased by 10- to 20-fold with almost all deleterious muta-
tions in the zinc finger (Fig. 2). One exception is the Y28S
mutant, in which packaging was 40% of the WT level, in agree-
ment with a previous report (28), and similar to that in mutant
APR3, in which three prolines and three arginines have been
deleted in the C-terminal domain of NCp10. However, mutant
Y28S was noninfectious or very poorly infectious, whereas
mutant APR3 was only threefold less infectious than the WT
virus (Fig. 2). Viral DNA synthesis in newly infected cells was
analyzed by PCR amplification, and the results show that the
Y28S zinc finger mutant, but not mutant APR3, appears to be
impaired in its ability to complete viral DNA synthesis (Fig. 5).
Minus-strand DNA synthesis occurred, but plus-strand DNA
was not detected under these conditions. Plus-strand DNA
synthesis also appeared to be inhibited in mutant H34C (Fig.
5).

These results show that NC protein NCp10 of MuLV most
probably plays a key role in viral DNA synthesis, as suggested
earlier by in vitro data for MoMuLV and human immunode-
ficiency virus type 1 (2, 11, 12). These results also favor the
notion that the central globular domain of NCp10 (13), con-
sisting of the zinc finger and flanking basic residues, is a crucial
structure necessary not only for the packaging of the genomic
RNA (22, 38) but also for its conversion into double-stranded
DNA by RT. Work is in progress to define residues in the
central globular domain of NCp10, such as tyrosine, that are
crucial for the synthesis of a complete double-stranded viral
DNA.
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