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Mutagenesis studies have shown that retroviral nucleocapsid (NC) protein Zn21 fingers (-Cys-X2-Cys-X4-
His-X4-Cys- [CCHC]) perform multiple functions in the virus life cycle. Moloney murine leukemia virus
mutants His 343Cys (CCCC) and Cys 393His (CCHH) were able to package their genomes normally but were
replication defective. Thermal dissociation experiments showed that the CCHH mutant was not defective in
genomic RNA dimer structure. Primer tRNA placement on the viral genome and the ability of the tRNA to
function in reverse transcription initiation in vitro also appear normal. Some “full-length” DNA copies of the
viral genome were synthesized in mutant virus-infected cells. The CCCC and CCHH mutants produced these
DNA copies at greatly reduced levels. Circle junction fragments, amplified from two-long-terminal-repeat viral
DNA (vDNA) by PCR, were cloned and characterized. Remarkably, it was discovered that vDNA isolated from
cells infected with mutant virions had a wide variety of abnormalities at the site at which the two ends of the
linear precursor had been ligated to form the circle (i.e., the junction between the 5* end of U3 and the 3* end
of U5). In some molecules, bases were missing from regions corresponding to the U3 and U5 linear vDNA
termini; in others, the viral sequences extended either beyond the U5 sequences into the primer-binding site
and 5* leader or beyond the U3 sequences into the polypurine tract into the env coding region. Still other
molecules contained nonviral sequences between the linear vDNA termini. Such defective genomes would
certainly be unsuitable substrates for integration. Thus, strict conservation of the CCHC structure in NC is
required for infection events prior to and possibly including integration.

Retroviral Gag precursors and nucleocapsid (NC) proteins
(except those of the spumavirus class) contain Zn21 fingers.
These fingers are involved in a number of processes in the viral
life cycle. They are composed of a highly conserved amino acid
sequence with invariably spaced Cys and His residues of the
form -Cys-X2-Cys-X4-His-X4-Cys- (CCHC). These sequences
are found either once or twice depending on the viral species
(2, 6).

Over the years, the function of this conserved motif has been
investigated by a variety of approaches, including mutational
analysis. In one class of mutants, the metal-binding residues of
the NC Zn21 finger are mutated to amino acids other than Cys
or His; the resulting finger is no longer able to bind Zn21 (18).
Mutant viruses of this type are defective in their ability to
package their RNA genomes; they are, of course, replication
defective (for a review, see reference 3).

Another class of mutants in the Moloney murine leukemia
virus (Mo-MuLV) system contains mutated NC Zn21 fingers
that retain the ability to coordinate Zn21 (5). These are the His
343Cys (CCCC) and Cys 393His (CCHH) NC Zn21 finger
mutants. These are also replication defective. However, in
contrast to mutants in which the conserved Cys or His residues
are changed to amino acids other than Cys or His, the CCCC

and CCHH mutants package wild-type levels of genomic RNA
(16). In these mutants, therefore, the RNA-packaging role
performed by NC Zn21 fingers has successfully been separated
from other functions in the viral replication cycle. These mu-
tants provide us with an excellent tool for studying the function
of the retroviral NC Zn21 finger in early infection processes
(e.g., reverse transcription and/or integration).

The mutant particles with CCCC and CCHH NC Zn21

fingers were defective in a number of infectivity assays and
were unable to make viral DNA (vDNA), as determined by
Southern blot analysis (16). This defect might reflect a require-
ment for the wild-type Zn21 finger during reverse transcription
or might be due to an abnormality during the assembly of
particles in the virus-producing cell. In an effort to identify the
function(s) of the Zn21 fingers as precisely as possible, we have
reinvestigated the nature of the functional defect in the mutant
particles.

In some of the present experiments, we have analyzed the
physical state of the mutant genomic RNA and the presence of
primer on the primer-binding sites (PBSs) of these RNAs. No
differences from wild-type particles were found in these assays.
We have also reexamined the ability of these particles to syn-
thesize vDNA upon infection of new host cells, using a PCR-
based approach involving amplification of the circle junction in
two-long-terminal-repeat (2-LTR) circles (see Fig. 1). These
sensitive assays showed that the mutant particles do synthesize
“full-length” DNA, although at a low level. Thus, the defect in
reverse transcription, while significant, cannot fully account for
the lack of infectivity of these particles. However, when these
DNA copies were analyzed in detail, they were found to exhibit
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a variety of abnormalities at their ends: in some molecules,
bases were missing from the normal junction site, while in
others, foreign sequences were inserted at the junction site or
the viral sequences extended beyond their normal termini.
None of these aberrant DNA molecules can serve as a sub-
strate for the viral integrase (IN); this property and the reduc-
tion in vDNA synthesis presumably are responsible for the
detrimental effects on infectivity these mutant virions. These
results shed new light on the function(s) of the NC Zn21

fingers during the infectious process and underscore the po-
tential usefulness of these structures as targets for antiviral
therapy.

MATERIALS AND METHODS

Cell lines and transfections. 293 cells (adenovirus-transformed human embry-
onal kidney cells) which express the large T antigen (293T) were obtained and
cultured as described previously (16). Mutant and wild-type proviral clones were
transfected with the calcium phosphate mammalian cell transfection kit from
59339, Inc. (Boulder, Colo.). Log-phase 293T cells, grown in 150-cm2 flasks,
were transfected and virus was harvested as described previously (16).

Plasmid constructs. The mutant and wild-type Mo-MuLV proviral clones used
in this study have been described previously (15–17). Another group of viruses
used in this study are designated Mo(10A1), and proviral clones of this type were
constructed as described by Ott et al. (25). Mutant and wild-type Mo(10A1)
viruses contained the 10A1 Env in place of the Mo-MuLV Env, enabling them to
infect 293T cells.

Exogenous template RT assays. For virus characterization, reverse transcrip-
tase (RT) assays were performed on clarified supernatants as described previ-
ously (16).

Viral RNA analysis. Viral RNA (vRNA) was isolated as described previously
(15). Samples were ethanol precipitated and stored at 220°C until they were
used for the analyses described below.

The melting temperatures of the vRNA dimers were determined as described
previously (15). The occupancy of the PBS by the tRNAPro primer on vRNAs
was determined by nondenaturing Northern blot analysis and primer-tagging
procedures as described previously, using Mo-MuLV RT from Life Technolo-
gies, Inc. (14, 36).

Viral DNA isolation. To monitor reverse transcription processes, vDNA was
obtained from cells infected with mutant and wild-type Mo(10A1)-MuLV viri-
ons. Viruses were obtained by transfecting 293T cells, collecting cell-free super-
natants at 24-h intervals, and storing the supernatants at 270°C. Before 150-cm2

flasks of 293T cells (;90% confluent) were infected with the mutant and wild-
type Mo(10A1) viruses, monolayers were incubated for 20 min at 37°C with 15 ml
of Dulbecco’s modified Eagle’s medium containing 10% (vol/vol) fetal bovine
serum, 2 mM L-glutamine, 10 U of penicillin G, 10 U of streptomycin sulfate, and
20 mg of DEAE-dextran HCl (Sigma Chemical Co., St. Louis, Mo.) per ml. The
monolayers were washed with 20 ml of Hanks’ balanced salt solution (Life
Technologies, Inc.). For each mutant, 100 ml of supernatant was thawed and
used to infect a 150-cm2 flask of 293T cells at 80 to 90% confluency. In some
experiments, wild-type virus was diluted with Dulbecco’s modified Eagle’s me-
dium containing 10% (vol/vol) fetal bovine serum, 2 mM L-glutamine, 10 U of
penicillin G, and 10 U of streptomycin sulfate before being applied to the
monolayers.

A reverse transcription-negative control was prepared as follows. At 18 h prior
to infection, a flask containing 293T cells was incubated with 20 mM 39-azido-
39-deoxythymidine (AZT; Sigma Chemical Co.) and 20 mM 29,39-dideoxycytidine
(ddC; Sigma Chemical Co.) in 30 ml of medium. The next day, drug-containing
medium was removed and the flask was DEAE-dextran treated as described
above (in the presence of 20 mM each AZT and ddC). Then 100 ml of undiluted
supernatant containing wild-type Mo(10A1)-MuLV and the RT inhibitors (20
mM each AZT and ddC) was applied to the drug-treated 293T monolayer. In
addition Hirt supernatant DNA was isolated from a flask of 293T cells that was
incubated with culture fluids harvested from monolayers transfected with
sheared salmon sperm DNA; this served as a negative control.

DNA samples were harvested after the monolayers were incubated with the
various culture fluids for 24 h. The infected 293T cells were removed from the
flask surface by incubation in phosphate-buffered saline (without Ca21 or Mg21)
(Life Technologies, Inc.) containing 1 mM EDTA. The cells were pelleted at
750 3 g for 5 min, and vDNA was isolated by the procedure described by Hirt
(20). Cell pellets were lysed in a final volume of 0.63 ml. Ethanol-precipitated
samples were resuspended in 50 ml of 10 mM Tris HCl–1 mM EDTA (pH 8.0)
(TE buffer) for PCR analysis.

Viral DNA analysis. PCR analysis of 2-LTR circularized vDNA was performed
by using the following primers and protocols. The primers used to detect 2-LTR
circularized DNA are 4658-367 (59-TTG TGG TCT CGC TGT TCC TTG-39)
(the 59 end corresponds to nucleotide (nt) 75 of the Mo-MuLV genome in U5;
Genbank accession no. J02255 [30]) and 4658-368 (59-CTG ACC TTG ATC
TGA ACT TCT CTA TTC TC-39) (the 59 end corresponds to the complement

of nt 7922 of the Mo-MuLV genome in U3; Genbank accession no. J02255).
Figure 1 shows the locations of the primers and the orientation of the ends of the
linear vDNA before and after ligation. Reactions were performed in 50-ml
volumes with AmpliTaq core reagents supplemented with 4 mM MgCl2 and
AmpliTaq Gold polymerase (Perkin-Elmer, Roche Molecular Systems, Inc.,
Branchburg, N.J.) as specified by the manufacturer. The PCR cycling parameters
were one cycle at 94°C for 9 min; 35 cycles of 94°C for 10 s, 56°C for 15 s, and
61°C for 30 s; and one cycle at 72°C for 8 min. Then 20 ml of the PCR products
from the vDNA analyses were fractionated on a 2% (wt/vol) MetaPhor agarose
(FMC BioProducts, Rockland, Maine) gel in 100 mM Tris–90 mM boric acid–1
mM EDTA (pH 8.3) (TBE) buffer. The PCR products were visualized by stain-
ing with ethidium bromide.

The PCR products were also cloned into the pCR2.1 vector by using the TA
cloning kit (Invitrogen Corp., Carlsbad, Calif.). To reduce the levels of primer-
dimer incorporation into the cloning vector, PCR products were washed with TE
buffer by using a Microcon 30 centrifugal filter (Millipore Corp., Bedford,
Mass.). The retentates were then ligated with the pCR2.1 vector. Clones were
screened for 2-LTR inserts by using the same primers and PCR conditions
described above (Fig. 1).

The sizes of the PCR products present in individual clones were determined.
The PCR products were fractionated on 2% (wt/vol) MetaPhor agarose gels in
TBE buffer along with fX174-HaeIII DNA markers (Life Technologies, Inc.),
and the gels were stained with ethidium bromide. The migration distances from
the sample wells of the fX174-HaeIII DNA marker bands plotted against the
logarithm of the sizes (in base pairs) of these bands were used to generate
standard curves. The Microsoft Corp. (Redmond, Wash.) EXCEL 97 GROWTH
function was used to calculate the sizes of the PCR products, based on their
migration distances, by using the data generated from the fX174-HaeIII DNA
marker bands. The GROWTH function returns the y values (size) from x values
(PCR product migration distances) that are specified by the existing x and y
values from the fX174-HaeIII DNA marker bands.

The pCR2.1 clones containing 2-LTR circularized vDNA PCR products were
sequenced with the T7 (59-AAT ACG ACT CAC TAT AG-39) and M13-reverse
(59-AAC AGC TAT GAC CAT G-39) primers that flank the TA cloning site of
pCR2.1 (Invitrogen Corp.) (Fig. 1). A sampling of clones of ;180 bp or smaller
were chosen at random. Clones larger than ;180 bp were also sequenced to
obtain information on the structure of the inserts. Sequencing was performed
with the ABI Dye Terminator cycle-sequencing ready reaction kit with DNA
AmpliTaq DNA polymerase FS (PE Biosystems, Foster City, Calif.) on an ABI
model 373 automated sequencer. Sequence alignments and comparisons were
performed with the Wisconsin Sequence Analysis Package (Genetics Computer
Group, Madison, Wis.).

RESULTS

It is known that retroviral NC proteins (and the parental
Gag polyproteins containing NC as a domain) facilitate RNA-
RNA interactions during virus assembly and maturation. Thus,
it appears that the Gag polyprotein, acting through its NC
domain, catalyzes the annealing of primer tRNA to the PBS
before or during virus assembly (11, 21, 22). The polyprotein
may also catalyze the dimerization of genomic RNAs. In ad-
dition, the NC protein in the mature retroviral particle induces
a conformational change in the RNA dimer, termed “matura-
tion,” after the particle is released from the cell and Gag is
cleaved (12, 13, 15). It seemed possible that replacement of the
normal CCHC Zn21 finger with CCHH or CCCC fingers
would affect these functions of NC and the Gag polyprotein.

“Immature” retroviral dimeric RNAs (e.g., those present in
PR2 virions [13, 15]) are less thermostable than dimers iso-
lated from mature, wild-type particles. Therefore, we com-
pared the physical state of the genomic RNA in the mutant
particles with that of RNA from wild-type and PR2 particles
by measuring the temperature required to dissociate the
dimers into monomers. As shown in Fig. 2, the thermostability
of the dimers from the CCHH particles was indistinguishable
from that of the wild-type particles and clearly greater than
that of dimers from PR2 particles (e.g., the wild-type and
CCHH RNAs were both ;50% dimeric after exposure to
52.5°C and some dimers are still present after treatment at
55°C, whereas less than half of the PR2 RNA dimers survived
exposure to 50°C and none were detectable in the 55°C-treated
sample). These results suggest that the CCHH NC protein is
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able to induce the same conformational changes in the initially
packaged, “immature” dimeric RNA as the wild-type protein.

We also tested the genomic RNA isolated from CCHH
mutant particles for the presence of primer tRNA at its PBS.
These assays were performed by incubating the RNA isolated
from virus with Mo-MuLV RT in the presence of
[a-32P]dATP; tRNA annealed to the PBS is radiolabeled by
the addition of one or two radioactive dAMP residues under
these conditions (14, 36). As seen in Fig. 3A, primer was
present on the CCHH RNA. The level of radioactivity in the
mutant band was somewhat lower than in the wild-type band;
however, when the two RNA preparations were compared with
respect to the amount of vRNA, the mutant sample was found
to have a correspondingly lower vRNA concentration (Fig.
3B). The quantitative analysis of these results is presented in
Table 1 and shows that the efficiency of primer tagging per
molecule of genomic RNA was virtually the same in wild-type
and mutant RNAs. Thus, the change from CCHC to CCHH in

the Zn21 finger does not appear to affect the placement of
primer tRNA on the PBS of vRNAs.

The results presented above suggest that the RNA in the
CCHH particles should be a suitable primer/template for re-
verse transcription. Therefore, reverse transcription steps were
examined by PCR techniques. PCR is much more sensitive
than the Southern blot procedure we previously used to ana-
lyze reverse transcription products in the CCCC and CCHH
mutant particles (16). Along with the CCHH mutant, we ex-
amined the CCCC mutant and other mutants that have been
characterized previously. The SSHC mutant contains a defec-
tive NC Zn21 finger since two of the ligand-binding residues
(Cys) were replaced with non-ligand-binding residues (Ser).
Two other mutants with aromatic residue mutations, Y28S and
W35S, were examined; these mutants contain CCHC NC Zn21

fingers (17).
We examined 2-LTR circularized vDNA by the PCR proce-

dures. Presumably, this product arises from the ligation of

FIG. 1. Ligation of the linear vDNA to form the 2-LTR circularized species. The linear form of the vDNA is diagrammed with the 59-LTR (position and orientations
described are with respect to plus-strand sequences) in dark gray and the 39-LTR in light gray. The 59 end shows the U3, R, U5 region of the LTR as well as the
neighboring PBS. The 39 end shows the ppt region and the subsequent 39 LTR. The positions of the PCR primers used to amplify the 2-LTR circularized vDNA species
are indicated. The 2-LTR species in the middle portion of the figure shows the expected vDNA species that results after ligation of the linear vDNA form in the cell.
PCR amplification with primers 4658-367 and 4658-368 with subsequent cloning into the TA cloning site of the pRC2.1 vector gives the expected form shown at the
bottom of the panel. Points of reference from the Mo-MuLV genome (GenBank accession no. J02255 [30]) are indicated in the lower portion of the diagram. The
diagram shows one of two possible orientations in the pCR2.1 vector. The positions of the M13-reverse and T7 primers, which were used for sequence analysis of the
2-LTR circularized, vDNA, PCR product inserts, are indicated.
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linear forms of vDNA in the nucleus of the infected cell (Fig.
1) (29, 33). The 2-LTR circles are formed only during infection
and can easily be isolated (20). Specific primers, similar to
those used by Stevenson et al. (31) and Engelman et al. (10) for
human immunodeficiency virus type 1 (HIV-1), were used to
specifically amplify sequences flanking the junction formed
upon joining of the ends of the linear vDNA.

Mutant and wild-type viruses were incubated with cells, and
the vDNA species were isolated. Figure 4 shows that correct-
sized PCR products can be detected in vDNAs isolated from
the infected cells, although they are diffuse for the CCCC,
CCHH, and SSHC mutants. These results are in contrast to the
Southern blot analysis of the CCCC and CCHH mutants, re-
flecting the greater sensitivity of PCR. The sizes of the bands
correspond to the expected size of 178 bp. The Hirt superna-
tant DNA from cells infected with the wild-type virus could be

diluted 1,000-fold and a positive PCR signal was still observed.
The CCCC, CCHH, and SSHC mutants were barely visible,
only in undiluted samples (Fig. 4); PCR products were de-
tected in the Y28S mutant at a 1:100 (not at a 1:1,000) dilution;
and bands were visible in W35S between the 1:10 and 1:100
dilutions.

In this analysis, the wild-type inoculum used to infect 293T
monolayers could be diluted 10- and 100-fold and the PCR
signal still remained strong; correspondingly lower levels of
PCR products were detected, indicating that the amount of
virus used to infect the 293T cells was not saturating with
respect to the levels of available receptors. The level of the
AZT- and ddC-treated wild-type control was reduced by 100-
fold, indicating that reverse transcription in the infected cell
was required for formation of the PCR product. The sample
labeled “(2)-Control” was from cells incubated with virus-free

FIG. 2. Melting analyses of Mo-MuLV dimeric RNAs isolated from wild-type and CCHH and PR2 mutant virions. RNAs extracted from the respective virions were
resuspended and heated for 10 min at the temperatures indicated in the figure. The positions of the monomer and dimer RNA species are indicated at the left. A
comparison of the melting temperatures of the wild type (WT), the CCHH mutant, and the PR2 mutant RNA dimers is presented. Wild-type virus contains a “mature”
RNA dimer, and PR2 virus contains an “immature” RNA dimer (15). The melting analysis of the CCHH mutant RNA was compared with that of the wild-type RNA
and the PR2 RNA in separate experiments, but in the interest of saving space, only one CCHH analysis is presented. The melting analyses were identical for the CCHH
mutant in both experiments.

FIG. 3. PBS occupancy determination in genomic RNAs isolated from wild-type (WT) and CCHH mutant virions. (A) Primer tagging was performed to determine
the levels of primer tRNA at the PBS. Undiluted and 1:10-diluted vRNAs were examined as indicated. Heated (samples heated to 100°C for 5 min and immediately
chilled on ice prior to primer tagging) and unheated samples were tested, as indicated. (B) Nondenaturing Northern blot analysis of CCHH mutant and wild-type vRNA
were tested undiluted and at a 1:10 dilution (RNA from 7.5 and 0.75 ml of culture supernatant, respectively) is indicated.
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supernatants (supernatants from monolayers transfected with
sheared salmon sperm DNA), and the negative result here
again shows that the product arises only as a result of infection
by MuLV in the inoculum.

The presence of 2-LTR circularized DNA (Fig. 4) indicates
that the primer/template complex observed in the CCHH mu-
tant (Fig. 3 and Table 1) and the other mutants can be ex-
tended by reverse transcription processes. Thus, a block in
reverse transcription cannot fully account for the ;105-fold
reduction in infectivity in this mutant (16). Note, however, that
the PCR product bands for the CCCC, CCHH, and SSHC
mutants in Fig. 4 appeared quite smeared. This suggests that
the products may be heterogeneous in size. To further inves-
tigate the diffuse character of the bands, we cloned the PCR
products into the pCR2.1 vector (Fig. 1) and examined the
clones in detail.

The sizes of the inserts cloned into the pCR2.1 vector were
measured, and the frequencies of the various insert sizes are
presented in Fig. 5. A majority of the inserts (;70%) from the
wild-type virus were close to the expected size (178 bp) (Fig.
5A). The deviation from the expected size was relatively small,
and those that were different from the expected size were
generally shorter. In contrast, the sizes of the inserts from the
mutants were widely distributed (Fig. 5B to F). Lower levels of
inserts of the correct size were observed, ranging from ;30%
for the Y28S mutant to ;7% for the CCHH mutant. The

deviation from the expected insert size in the mutants is much
greater than that observed from the wild-type virus, with most
of the inserts being shorter and some being longer. This ex-
plains why some of the PCR products observed in Fig. 4 appear
smeared.

Results from Fig. 5 indicate that there are deletions, inser-
tions, or rearrangements in the PCR inserts from the mutants.
This suggests that the full-length linear vDNA in the mutants
was defective prior to ligation. Such alterations could account
for the 105-fold reduction in infectivity in these mutants. What
accounts for the various defects in the inserts from the mu-
tants? To determine how the vDNA that flanks the junction
formed by the ligation of linear vDNA is defective, the PCR
inserts, examined in Fig. 5, were sequenced.

Sequences obtained for the mutant and wild-type PCR in-
serts were compared with what would be expected during the
normal course of reverse transcription. The inserts in the
pCR2.1 clones were sequenced with the T7 and/or M13 reverse
primer, and the expected nucleotide sequence locations are
denoted in Fig. 1. The insert sequences could be aligned and
arranged into various groups; the results are presented in Fig.
6.

Most of the inserts obtained from cells infected with the
wild-type virus had the sequence expected from a ligated, full-
length vDNA (Fig. 6A). That is, the vDNA contained the
terminal dinucleotides on each of the ends (i.e., the ends have
not been processed by the viral IN protein [4, 28]). A few of the
inserts were missing nucleotides in regions that correspond to
the ends of the “full-length” vDNA (Fig. 1 and 6A). However,
in contrast to the wild type, none of the inserts from the CCCC,
CCHH, and SSHC mutants were full length: all clones lacked
bases from both the U3 and U5 ends at the junction point.
Some inserts from the Y28S and W35S mutants had sequences
that correspond to full-length linear vDNAs, identical to those
seen in the wild-type inserts. However, the Y28S and W35S
mutants had ;50% and only ;25% of full-length inserts, re-
spectively; the remaining inserts from the Y28S and W35S
mutants had the same types of truncations observed in the
CCCC, CCHH, SSHC, and wild-type samples.

Additional forms of 2-LTR circularized vDNAs were also
obtained, and the alignments are presented in Fig. 6B to D. In
Fig. 6B, most of the clones appear to have one correct end

TABLE 1. Occupancy of the PBS in Mo-MuLV CCHH mutant and
wild-type vRNA

Sample
Genomic RNA
content (% of

wild type)a

tRNA content
of PBS (% of

wild type)b

tRNA/genomic
RNA (% of
wild type)c

Wild type undiluted 100 100 100
Wild type 1:10 Dilution 12.7 11.6 91
CCHH undiluted 30.8 41.4 134
CCHH 1:10 Dilution 1.3 5.2 400

a vRNA band intensity from nondenaturing Northern blot analysis (Fig. 3B),
measured by phosphorimaging.

b [a-32P]dAMP-radiolabeled tRNA band intensity from primer tagging (Fig.
3A), measured by phosphorimaging.

c Ratio of tRNA intensity to genomic RNA intensity expressed as a percentage
of the wild-type value.

FIG. 4. Agarose gel analysis of 2-LTR circularized vDNA PCR products. Hirt supernatants, isolated from 293T cells infected with mutant and wild-type viruses,
were amplified with primers specific for 2-LTR circularized vDNA (see Fig. 1). The RT activities (in cpm per milliliter) of the undiluted inocula (corrected for
background) are as follows: (2)-Control, 0; CCCC, 451,760; CCHH, 748,370; SSHC, 637,170; Y28S, 630,670; W35S, 564,340; and wild type, 551,430. The location of
the expected 178-bp band is shown on the right. Viruses incubated with the cells are indicated at the top, and the dilutions tested by PCR are indicated at the bottom.
The lane labeled (2)-Control contains PCR products from the Hirt supernatant from cells incubated with transfected cell culture supernatant that did not contain any
virus. The AZT/ddC lane contains PCR products from the Hirt supernatant from cells incubated with wild-type virus in the presence of the RT-inhibiting compounds
AZT and ddC. The No DNA lane contains PCR products generated in the absence of added Hirt supernatant.
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(either U3 or U5) lacking the terminal dinucleotide, as if this
end had been processed by the viral IN protein. The other
vDNA end was usually truncated (.2 bp removed). Nonviral
(or, for clone pRB796, noncontiguous viral) sequences of dif-
ferent lengths were attached between the termini.

Another set of PCR inserts (Fig. 6C) had complete 39 U5
ends (referring to viral plus-strand sequences) lacking the ter-
minal dinucleotide. However, there were additional contiguous
viral sequences after the normal 39 end of U5 that continued
into and in some cases through the PBS into the untranslated
region prior to the gag open reading frame (ORF). The region
that corresponds to the other end of the linear vDNA was
either full length or truncated to different degrees. Wild-type
as well as mutant viruses generated some clones of this type.
Three clones (pRB784, pRB825, and pRB868) contained se-
quences of nonviral origin inserted between the vDNA termini.

Another set of inserts was also obtained, resembling the
mirror image of those in Fig. 6C. As shown in Fig. 6D, these
contained complete 59 U3 ends (referring to the plus strand)
with additional viral sequences extending through the ppt into
the env ORF or the untranslated region between the env ORF
and the ppt. No wild-type inserts were observed in these align-
ments. One clone (pRB724) contained nonviral sequences that
were inserted between vDNA termini.

DISCUSSION

Early mutagenesis studies of retroviral NC Zn21 fingers
indicated that they performed some function(s) in infection
processes, in addition to their role in RNA packaging. Thus,
some mutants were able to package detectable levels of vRNA
but were found to be profoundly defective in sensitive infec-
tivity assays that can measure even single integration events
(17, 26). More recently, we have designed and characterized
noninfectious Mo-MuLV mutants that are able to package
wild-type levels of vRNA (16). These mutants have provided us
with valuable reagents that can now be used to determine the
function of the NC Zn21 finger in early infection processes in
the absence of RNA packaging defects.

We found that the initial step in reverse transcription (ad-
dition of the first nucleotide to the tRNA primer) was not
impaired in CCHH mutant particles (Fig. 3; Table 1). While all
of the mutant virions tested were able to reverse transcribe
their genomes to some extent, the CCCC, CCHH, and SSHC
mutants produced approximately full-length products at
greatly reduced levels (Fig. 4). In cells infected with wild-type
virus, the 2-LTR circle junction fragments obtained by PCR
were nearly all of the expected length (178 bp). In contrast, the
sizes of products from mutant-infected cells were far more
heterogeneous (Fig. 5), which was also reflected in the appar-

FIG. 5. Frequency distribution of the sizes of cloned 2-LTR circularized vDNA PCR products from cells incubated with mutant and wild-type viruses. Individual
clones of the PCR products obtained in the experiment in Fig. 4 were analyzed for the sizes of the inserts. Results are reported as the deviation from the expected size
of 178 bp (Fig. 1). The frequencies were compiled in 20-nt windows from the expected size. Frequencies are reported as a percentage of the total number of samples
examined. Distributions are shown for PCR product inserts obtained from cells incubated with the wild-type (A), CCCC (B), CCHH (C), Y28S (D), W35S (E), and
SSHC (F) viruses.

FIG. 6. Schematic of alignments of PCR product inserts. The cloned inserts of products from the PCR of Hirt supernatants isolated from cells incubated with
mutant and wild-type (WT) viruses were sequenced. The individual clone designations are indicated on the right, and the mutant examined is indicated on the left. The
thick gray lines in the lower portion of each panel represent nucleotides that are present in each of the clones. The dashed regions depict the nucleotides that are missing
from the vDNA product insert. The black regions depict insertions of extraneous (nonviral or noncontiguous viral) DNA sequences with the size of the fragment
indicated inside the black region. (A) Alignment of full-length or truncated inserts that are isogenic with the expected sequence for authentic 2-LTR circularized vDNA.
The diagram at the top is the same as that shown in Fig. 1. (B) Alignment of clones containing extraneous DNA inserts between the ends of the linear vDNA termini.
The diagram at the top shows the arrangement of the termini and fragments. (C and D) Alignments of clones that continue through the PBS (C) or the ppt (D) are
depicted. The diagrams at the top of each panel show the arrangement of the consensus viral sequences.
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ent smearing of the band representing the total population of
PCR products (Fig. 4).

Sequence analysis revealed that the great majority of clones
obtained from the PCR of wild-type-infected cells were appar-
ently generated by direct, end-to-end joining of the termini of
full-length, unprocessed vDNA molecules (Fig. 6A). In con-
trast, the mutants produced a remarkable variety of forms of
vDNA, and only a minority of the Y28S and W35S products
(and none of the products from the other mutants) were the
normal junction fragment (Fig. 6). It should be remembered
that full-length 2-LTR circles are formed far less frequently by
the CCCC, CCHH, and SSHC mutants than by the wild type;
thus, it is possible that the aberrant forms seen with the mu-
tants are also present in the wild-type sample but represent a
small minority of the circles in the wild-type case and are
therefore difficult to detect in this analysis.

In the majority of the products obtained from the mutant-
infected cells, bases were missing from both U3 and U5 part-
ners in the junction fragment (Fig. 6A). As diagrammed in Fig.
7, these truncated forms could arise either by exonucleolytic
digestion of the ends of a full-length vDNA molecule before

ligation in vivo (Fig. 7A) or by a failure of RT to complete
DNA synthesis (followed by exonucleolytic removal of over-
hanging 59 ends) before ligation in vivo (Fig. 7B). We cannot
distinguish between these two possibilities from the current
data.

Other products cloned from the mutant-infected cells are
presented in Fig. 6B. The formation of these products ap-
peared symmetrical, since either U3 or U5 was processed (and
the other end truncated) with roughly similar frequencies. It
seems possible that these products arise by a “half-integration”
reaction, in which IN processes one end and joins it to cellular
DNA but fails to insert the other end; the integrated end might
then be excised together with a fragment of host DNA, which
could then be joined to a truncated version of the other end.
Species similar to these were previously described by Dunn et
al. in experiments with wild-type Rous sarcoma virus (9).

Initiation of minus-strand DNA synthesis within the PBS or
leader, rather than at the normal position (the U5-PBS bound-
ary), appears to be the most plausible explanation for the
formation of the products in Fig. 6C. These species contained
additional contiguous 59 viral sequences in the 2-LTR junction

FIG. 7. Mechanisms for vDNA terminal truncations. (A) The path on the left shows how the termini become truncated after complete synthesis of the vDNA by
unabated reverse transcription. Exonuclease degradation of the double-stranded vDNA (ds vDNA) would account for the missing nucleotides at the vDNA termini.
(B) The scheme on the right shows how incomplete synthesis of vDNA could occur, due to the inability of NC to completely melt the double-stranded vDNA
complementary regions, U3?R?U5 and PBS, thus blocking RT from completing synthesis to the proper ends. Nucleases would then degrade single-stranded vDNA
overhangs (ss vDNA).
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fragments. We do not know why this should happen at an
appreciable frequency, since the mutants appeared to have the
normal level of primer tRNA, presumably at the normal posi-
tion on the PBS. For clones pRB464, pRB470, pRB728,
pRB784, pRB825, and pRB868, it is possible that the tRNA
was not completely removed by RNase H and reverse tran-
scription continued into the attached tRNA primer.

Finally, a handful of products were found (Fig. 6D) which
appear to be the mirror image of those in Fig. 6C: the se-
quences from the 39 end of the vRNA extend beyond the
U3-ppt boundary to include ppt, the 39 untranslated region, and
the env coding sequence. In all four of these clones, the U5
portion of the junction fragment was truncated; one of them
also contained an insert of nonviral sequence. It seems possible
that these products were generated by abnormal priming of
plus-strand DNA synthesis at a site 59 of the usual position (the
ppt-U3 boundary); alternatively, they might arise if the accep-
tor template in the second-strand transfer event were a mole-
cule of genomic RNA rather than plus-strand strong stop
DNA; such a template would, of course, possess the additional
ppt, 39 untranslated region, and env sequences found in these
junction fragments.

The primary goal of the present experiments was to identify
a functional defect(s) underlying the near-absolute lack of in-
fectivity of MuLV Zn21 finger mutants. In a sense, there ap-
pear to be several defects, each of which can partially explain
the biological defectiveness of these viruses. In three of the
mutants (17), but not in CCCC or CCHH mutants (16), pack-
aging of vRNA is very inefficient during particle assembly.
Further, the production of approximately full-length DNA
products is reduced ;1,000-fold (based on the limiting-dilu-
tion analysis [Fig. 4]) when CCCC or CCHH particles infect
new host cells (16). The nature of this reverse transcription
defect will obviously be addressed in future studies. Finally, we
now report that the approximately full-length products, i.e.,
those containing two LTRs which can be ligated in the infected
cell, show a dramatic new phenotype: the ends of the LTRs
have a variety of aberrations, including truncations, additional
viral sequences, and inserts of nonviral sequences. These ends
are not suitable substrates for the viral IN protein, and thus
these DNA molecules cannot carry out a normal infectious
cycle.

A substantial amount of knowledge, showing that the NC
protein performs a variety of functions during the retroviral
life cycle, has accumulated in recent years (reviewed in refer-
ences 3, 8, and 27). Thus, as a domain of the Gag precursor,
NC plays an essential role in the selection of vRNA for pack-
aging during virus assembly. This domain also appears to an-
neal the primer tRNA to the PBS (7, 11, 14, 23, 32) and may
promote the initial interaction of genomic RNA molecules to
form the “immature dimer” (11, 13, 15). The mature NC pro-
tein (i.e., after cleavage from the Gag precursor) also appears
to facilitate reverse transcription, both by assisting RT through
sites of secondary structure in the template (35, 37) and by
promoting efficient strand transfer during reverse transcription
(1, 19) (this function may be particularly important in the case
of minus-strand transfer in HIV-1 reverse transcription, where
the initial DNA product has a very stable secondary structure).
The mature protein also condenses the dimeric RNA into a
more stable dimeric structure during maturation of the particle
(12, 13, 15, 24).

The mutants studied here are clearly not defective with
respect to several of these functions: CCCC and CCHH mu-
tants package vRNA normally, and primer tRNA has been
efficiently annealed to vRNA in CCHH particles (Fig. 3). The
dimeric RNA also appears to have the normal, “mature” con-

formation in these particles (Fig. 2). In addition, in vitro assays
with mutant NC proteins suggest that the Zn21 fingers are
probably not crucial in the maturation of the dimeric RNA
(12) or in the facilitation of reverse transcription at sites of
secondary structure in the template (37). Thus, it is difficult to
explain why infection with a particle with an altered Zn21

finger in NC leads to the production of “full-length” DNA
products with aberrant ends.

It is intriguing to suggest that a single functional defect may
be responsible for the two phenotypes observed in reverse
transcription by CCCC or CCHH particles, i.e., inefficient syn-
thesis of “full-length” DNA molecules and aberrations at the
ends of those that are made. In other words, perhaps there are
aberrations or missteps at all stages of reverse transcription in
these mutants, so that many or all of the particles initiate
reverse transcription but most do not make products which can
be detected as full-length by Southern blotting and do not form
circles from which “2-LTR junction fragments” can be ampli-
fied. In any case, the results show that the Zn21 finger plays a
crucial accessory role in reverse transcription (or in protection
of the full-length DNA molecule from exonucleolytic attack)
(Fig. 7) in vivo. The fact that some of the aberrant ends have
undergone partial processing and partial integration (Fig. 6B)
raises the possibility that the NC Zn21 finger participates in
normal integration as well. We are beginning experiments to
test these possibilities directly.

A recent report (34) described experiments with an analo-
gous mutant of HIV-1, in which the N-terminal finger was
changed to CCCC. However, the results of these investigations
diverged from those presented here with MuLV in a number of
respects: the HIV-1 CCCC mutant was reported to package
vRNA inefficiently, and no circular vDNAs or 59 LTRs were
detected in cells infected with the mutant particles. Perhaps
the difference in experimental systems is responsible for the
differences in the results obtained.
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