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Human immunodeficiency virus type 1 (HIV-1) containing mutations in the nucleocapsid (NC) Zn2� finger
domains have greatly reduced infectivity, even though genome packaging is largely unaffected in certain cases.
To examine replication defects, viral DNA (vDNA) was isolated from cells infected with viruses containing
His-to-Cys changes in their Zn2� fingers (NCH23C and NCH44C), an integrase mutant (IND116N), a double
mutant (NCH23C/IND116N), or wild-type HIV-1. In vitro assays have established potential roles for NC in
reverse transcription and integration. In vivo results for these processes were obtained by quantitative PCR,
cloning of PCR products, and comparison of the quantity and composition of vDNA generated at discrete
points during reverse transcription. Quantitative analysis of the reverse transcription intermediates for these
species strongly suggests decreased stability of the DNA produced. Both Zn2� finger mutants appear to be
defective in DNA synthesis, with the minus- and plus-strand transfer processes being affected while interior
portions of the vDNA remain more intact. Sequences obtained from PCR amplification and cloning of 2-LTR
circle junction fragments revealed that the NC mutants had a phenotype similar to the IN mutant; removal of
the terminal CA dinucleotides necessary for integration of the vDNA is disabled by the NC mutations. Thus,
the loss of infectivity in these NC mutants in vivo appears to result from defective reverse transcription and
integration processes stemming from decreased protection of the full-length vDNA. Finally, these results
indicate that the chaperone activity of NC extends from the management of viral RNA through to the
full-length vDNA.

The nucleocapsid (NC) protein is a small, highly basic pro-
tein generated during protease processing of the Gag polypro-
tein that occurs during retrovirus maturation (20, 21). In all
orthoretroviruses, these proteins are characterized by the pres-
ence of one or two Zn2� finger domains with a common se-
quence motif, -Cys-X2-Cys-X4-His-X4-Cys- (CCHC) (4, 14,
31), in which the Cys and His residues coordinate a Zn2� ion
(11, 51). As a domain of the Gag polyprotein, its role in
recognition, packaging, and stabilization of the viral RNA ge-
nome has long been documented.

In addition to its RNA encapsidation function, we and oth-
ers have presented data indicating that NC may play a role in
events that occur early in the infection process after viral entry
(5, 26, 53). The importance of the native conformation of the
Zn2� finger moieties has been demonstrated by the loss of
infectivity in viruses containing mutations within these do-
mains. For instance, mutants of Moloney murine leukemia
virus (Mo-MuLV) were studied that contained substitutions
within the single Zn2� finger of its NC (25). The His residue
was replaced with Cys (CCCC) in one such mutant so that the
Zn2�-coordinating property was retained; the virions packaged
wild-type levels of viral RNA but were replication defective.
This mutant also exhibited marked differences in the 2-LTR
circular viral DNA (vDNA) isolated from infected cells rela-

tive to wild type. Unlike wild-type virus, this mutant produced
2-LTR circles that appeared to arise from vDNA transcripts
with incomplete termini, suggesting either a deficiency in re-
verse transcription, the process by which a vDNA copy of the
genomic RNA is produced, or a deficiency in the ability of NC
to protect the newly synthesized vDNA from exonucleases.

Similarly, mutations were generated in human immunodefi-
ciency virus type 1 (HIV-1) in either or both of its Zn2� fingers
with comparable results: substitution of Cys for His in either or
both fingers (NCH23C and/or NCH44C) also resulted in viruses
in which the quantity of RNA packaged relative to that for the
wild type was much larger than their infectivity in short- and
long-term assays (26). Thus, in the Mo-MuLV and HIV-1
mutants, the RNA-packaging role of NC was detached from
functions it apparently serves during infection.

Several groups have examined in vitro systems that represent
early, postentry events that occur during retroviral infection.
Models have been developed to study the process of reverse
transcription (3, 28–30, 34, 35, 38, 39, 46, 47, 57, 58) and
subsequent integration processes (9, 10, 22a). A number of
these studies demonstrate the nucleic acid chaperone proper-
ties of NC, in which it acts to melt secondary structures and
anneal complementary sequences (44, 55, 56). In the HIV-1
system, this property directly supports reverse transcription at
various points, including the formation of a productive initia-
tion complex by placement of tRNA3

Lys at the primer binding
site (PBS) on the genome, allowing elongation to proceed
through otherwise stable stem-loop structures present in the
genome and aiding strand transfer events and strand displace-

* Corresponding author. Mailing address: AIDS Vaccine Program,
SAIC-Frederick, Inc., National Cancer Institute at Frederick, Freder-
ick, MD 21702-1201. Phone: (301) 846-5980. Fax: (301) 846-7119.
E-mail: gorelick@mail.ncifcrf.gov.

1469



ment syntheses that are required for completion of vDNA
synthesis. It has also been proposed that specific protein-pro-
tein interactions between HIV-1 NC and reverse transcriptase
(RT) may be the basis for the enhancement of the polymer-
ization rate and RNase H activity observed in many different
assays (8). In fact, Cameron et al. (8) and others (16) suggest
that there is an interaction between the two proteins in vitro
that is dependent on intact Zn2� finger structures. In addition,
we and others have shown that NC is able to enhance the
stimulation of concerted end joining in in vitro integration
reactions (9, 10, 22a). In this in vitro system, the integration
reaction proceeds as observed during a productive integration
event in vivo.

The stringent requirement of the wild-type Zn2� finger do-
mains of HIV-1 NC for infectivity was demonstrated previously
(26). In this work, we have further examined the effects in vivo
of mutating the Zn2� coordinating His residues to Cys in
either of the NC Zn2� fingers, generating the NCH23C and
NCH44C mutants (26). A virus containing a mutation in inte-
grase (IN), IND116N, described previously (17, 18), and the
double mutant NCH23C/IND116N were also examined to inves-
tigate possible integration defects resulting from mutations of
the NC Zn2� fingers. This work presents in vivo requirements
for the wild-type HIV-1 NC Zn2� fingers. In addition to effi-
cient reverse transcription processes and vDNA protection, as
proposed previously (53), they are required for initial integra-
tion events. Presented in this study is a mechanistic basis for
the loss of infectivity in these HIV-1 NC Zn2� finger mutants.

MATERIALS AND METHODS

Plasmid constructs. The mutant and wild-type plasmids examined in this study
use the HIV-1 proviral clone pNL4-3 (GenBank accession numbers AF324493
and M19921 [1]). The NCH23C, NCH44C, and RTD185K/D186L plasmids were
described previously (26). The IN mutant in pNL4-3 (IND116N) has been de-
scribed previously (18), and the combination NCH23C/IND116N mutant was gen-
erated by inserting the 1,818-bp PinAI- PflMI fragment from the IND116N plas-
mid into the corresponding sites of the NCH23C mutant plasmid. A frameshift
mutation was also introduced in the env region (described previously [41]) of all
of these plasmids so that when the plasmid was cotransfected with the vesicular
stomatitis virus G (VSV-G) Env-expressing plasmid, pHCMV-g (6), the viruses
produced were capable of only a single round of infection (see below). DNA
manipulations were performed using standard molecular biological reagents and
procedures. All mutations were verified by sequencing.

The standard template used in the quantitation of transcription intermediates
(denoted pRB1008) was generated by insertion of the 1,789-bp StuI-SpeI frag-
ment from pNL4-3 into the EcoRV-SpeI sites of pZeRO-1 (Invitrogen, Carlsbad,
Calif.). This fragment contained the cellular DNA sequence flanking the 5� end
of the HIV-1 coding sequence through the SpeI site within the gag coding region.
Figure 1 shows the target sequence, primers, and probes for quantitative PCR
(see below). Since this plasmid was used as a standard in the quantitation of
linear transcripts, it was digested with SpeI, which recognizes a single site within
pRB1008.

The standard template used in the quantitation of cellular DNA equivalents
(designated pJB1057) was generated by first amplifying a 1,301-bp portion of the
region surrounding introns 4 to 6 of the gene encoding porphobilinogen deami-
nase (PBGD) (13, 27) with sense and antisense primers, PB-HindIII (5�-ATC
CAA GCT TAG CCC AAA GAT GAG AGT G-3�) and PB-BglII (5�-CCT TCT
CAA GAT CTC AGG AGC ATG A-3�), respectively (restriction sites are de-
noted in boldface type). The PCR product was digested with HindIII and BglII
and ligated into the corresponding sites of the pTRI-18 vector (Ambion, Austin,
Tex.).

The template used as a standard in the quantitation of 2-LTR circular vDNA
(denoted pJB1041) was generated by first PCR amplifying a region spanning the
2-LTR junction within circularized vDNA that was isolated from cells infected
with wild-type virus. The contiguous sequence of this junction fragment corre-
sponds to nucleotides (nt) 455 to 636 joined to nt 9074 to 9269 in the pNL4-3

sequence. Figure 2 shows a portion of the sequence along with primers and the
probe used for real-time PCR (see below). The PCR products were ligated into
pGEM-T (Promega, Madison, Wis.).

Cell lines, transfections, infections, and total-cell DNA isolation. The 293T
cell line (293 cell line containing the simian virus 40 large T antigen) was
maintained as described previously (26). A human osteosarcoma (HOS) cell line
was the generous gift of John G. Julias and was maintained as described previ-
ously (36). All lines were maintained under 7% CO2 at 37°C.

Pseudotyped viruses, capable of only a single round of infection, were gener-
ated from 293T cells by transfection as described previously (36). Infection of
HOS cells and isolation of total cellular DNA were performed as described
previously (36), except that 2 �g of hexadimethrine bromide (Polybrene [Sigma-
Aldrich Corp., St. Louis, Mo.]) per ml was included in culture fluids applied to
the HOS cells.

Quantitative PCR. Quantitative, real-time PCR was performed using an ABI
Prism 7700 sequence detection system (Applied Biosystems, Foster City, Calif.).
Appropriate sense and antisense primers were used, along with oligonucleotide
probes as described in the ABI-7700 Users’ Manual and elsewhere (Applied
Biosystems part no. 402823 [52]). Plasmid DNA for each template described
above was prepared from a plasmid with the expected insert identified by se-
quence analysis, quantitated by measuring the absorbance at 260 nm, and stored
in aliquots at concentrations of 106 copies/�l at �20°C. Primer and probe
combinations used to detect reverse transcription intermediates are presented in
the legend to Fig. 1. To verify that the vDNA isolated from the infection of the
HOS cells was not contaminated with transfected plasmid DNA and that the
detected targets were generated from a reverse transcription event, an additional
primer-probe combination was designed to detect “cellular flanking” DNA,
which is presented in Fig. 1. By using this in combination with the HIV-1
RT-defective clone (RTD185K/D186L), we were able to confirm that no carryover
DNA was present in the vDNA preparations.

The 2-LTR circular vDNA was quantitated in a similar manner by using two
different reactions for each sample. They discriminate between circular vDNA
containing the expected sequence for full-length linear vDNA, prior to ligation,
and other species that contain both the full-length species and species with a
range of deletions at either the 5� or 3� long terminal repeat (LTR) ends, up to
�50 bp. Both reactions utilize the same sense primer (HIV-SS-F4) and fluoro-
genic probe (P-HUS-SS1 [see Fig. 2]) shown in Fig. 1. The positions of the
antisense primers were varied to detect the expected sequence at the junction of
either full-length vDNA or end-to-end ligated vDNAs that either are full length
or may have been truncated prior to ligation. For primer-probe combinations,
see Fig. 2. Quantitation was performed by comparing amplification profiles for
unknown samples with those for a dilution series of a stock solution of known
copy number of the standard pJB1041 (see above).

Typically DNA from �105 cells (determined by measuring the PBGD content,
a single-copy/cell assay, of the vDNA sample isolated) was analyzed by real-time
PCR. Copy numbers were adjusted on a per cpm of RT activity basis as well as
on a per cell basis and arbitrarily reported as corrected copies present for 4 �
1011 cells. TaqMan quantitation of PBGD targets in DNA samples was carried
out with the primers PBGD-DF3 (5�-AGG GCA GGA ACC AGG GAT TAT
G-3�) and PBGD-DR1 (5�-GGG CAC CAC ACT CTC CTA TCT TT-3�) and
P-PBGD-01 probe (5�-FAM-ATG TCC ACC ACA GGG GAC AAG ATT
C-TAMRA-3�). This gene is present in two copies in the diploid human genome
(13, 27) and is thus used as a measure of cell number (48). The primer-probe
combination is designed to amplify a 334-bp region spanning introns 4 to 6 of the
PBGD gene (48). The cell equivalent DNA present in a given sample was
determined by comparison with a dilution series of a standardized stock of
pJB1057 described above.

The primers used in this study were chosen empirically according to which
functioned best within the constraints of the TaqMan assays. These PCR ampli-
fications were carried out in 96-well optical plates (Marsh Bio Products, Roch-
ester, N.Y.) in a total volume of 50 �l. A sample volume of 10 �l was added to
40 �l of a master mix consisting of 3 �l of TaqMan buffer A, 2 �l of AmpliTaq
Gold buffer, 300 �M each dATP, dGTP, and dCTP, 600 �M dUTP, 4 mM
MgCl2, primers as described above [1 �M each], 100 nM probe, and 1.25 U of
AmpliTaq Gold. Buffers, MgCl2, and enzyme were obtained from Applied Bio-
systems, deoxynucleoside triphosphates were obtained from Promega, primers
were obtained from Invitrogen, and probes were obtained from Biosource In-
ternational (Camarillo, Calif.). The reaction mixtures were initially incubated for
10 min at 94°C, followed by 45 cycles of two-step amplification regimens (95° C
for 15 s and 60°C for 1 min) for all reactions except the full-length and total
2-LTR assays and the cellular flanking DNA assay, which were amplified by using
95°C for 15 s and 66°C for 1 min.

PCR amplification, product cloning, and sequence determination of 2-LTR
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junction fragments. 2-LTR junction fragments were PCR amplified, cloned, and
sequenced as described by Julias et al. (37); the positions of the primers used for
the PCR amplification are presented in Fig. 2. Sequences of the DNA inserts
were determined using ABI Big Dye terminator version 2 chemistry (Applied
Biosystems) and M13 reverse primer (Invitrogen) on an ABI-373XL DNA se-
quencer (Applied Biosystems) as specified by the manufacturer. Sequences were
aligned with the aid of the ClustalW alignment protocol, used through the
following URL and managed by the Baylor College of Medicine: http:
//searchlauncher.bcm.tmc.edu/multi-align/multi-align.html.

RESULTS

NC functions during early infection events. To more fully
define the role performed by NC in these events, the course of
reverse transcription (54) for wild-type and mutant viruses was

examined using primers and probes complementary to se-
quences that are generated after discrete, critical points in the
process. The quantity of transcripts containing the R-U5, U3-
U5, gag, and R-5� untranslated region (UTR) regions were
measured to monitor reverse transcription from minus-strand
strong-stop DNA synthesis through the minus-strand transfer
event, late minus-strand synthesis, and finally the plus-strand
transfer event, respectively (Fig. 1).

Reverse transcription in wild-type and IN mutant viruses.
Typical results obtained with each mutant are presented in
Table 1. Percent copy numbers relative to wild type for each
intermediate are also presented. In addition, values for the

FIG. 1. Sequence used for real-time PCR detection of reverse transcription intermediates. A portion of the sequence contained in pRB1008
that is used as a standard template for real-time PCR is presented. The sequence and positions in the pNL4-3 sequence of the 5� cellular flanking
region, the 5� LTR, and a portion of the gag region are shown. The location in the pNL4-3 sequence is denoted by the numbers at the top of the
sequence. Positions of primers and probes used are shown, with the sequences depicted in red text (probes are designated with a P- prefix). Primers
and probes used for the detection of cellular flanking sequences are NL43-FLANK-F1, NL43-FLANK- R1, and P-NL43-FLANK1, respectively.
The R-U5 region, representative of minus-strand strong-stop vDNA, is detected using HIV-SS-F4, HIV-SS-R4, and P-HUS-SS1. Detection of the
U3-U5 region generated after minus-strand transfer is performed using HIV-FST-F1, HIV-SS-R4, and P-HUS-SS1. HIV-FST-F1 has an inosine
at position 16 (from the 5� end) instead of an adenosine. The inosine forms a base pair with thymidine in the standard template pRB1008 (the
U3 region was derived from the 5� LTR of pNL4-3), and in the vDNA target the inosine forms a base pair with cytosine since the source of the
U3 region is derived from the 3� end of the genome (i.e., the 3� LTR of pNL4-3). The inosine-thymidine and inosine-cytosine interactions involve
the same number of hydrogen bonds, and thus the HIV-FST-F1 will have roughly the same Tm with either target. Sequences in gag are quantitated
using HIV-gag-F1, HIV-gag-R1, and P-HUS-103, and this region represents sequences generated after late-minus-strand synthesis. R-5�UTR
targets, representative of sequences generated after plus-strand transfer, are detected using HIV-SS-F4, HIV-SST-R1, and P-HUS-SS1.
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percent copy numbers for each successive intermediate, rela-
tive to the R-U5 sequence for each virus, are presented. We
observed interassay variation in the absolute copy number de-
rived from a particular mutant among different experiments. In
contrast, the intra-assay variation was surprisingly low once
copy numbers were normalized for RT activity and infected-
cell number. This variability between experiments presumably
reflects infection efficiency and/or other factors other than the
controls and does not affect the relative results between vi-
ruses. Transfections with sheared salmon sperm DNA and
plasmid containing a nonfunctional RT (RTD185K/D186L) were
included as negative controls for each panel of mutants tested.
The RTD185K/D186L mutant was also included to ensure that
plasmid DNA was not being carried over from the initial trans-
fection step into the infection, since this plasmid contains the
same mammalian flanking DNA sequences as all of the other
plasmids (Fig. 1).

The wild-type and IND116N viruses produced approximately
equal amounts of each reverse transcription intermediate, as
expected for a mutation that has little effect on reverse tran-
scription (Table 1). In addition, the number of R-U5 and
U3-U5 DNA copies was essentially the same for both viruses,
implying that the minus-strand transfer process is efficient.
Finally, about one-third of the transcripts containing the R-U5

sequence were also detected with the primers complementary
to R-5�UTR, suggesting that many transcripts isolated at the
time of harvest were nearly complete (Table 1). The IND116N

mutants were included in attempts to determine the integra-
tion efficiency of the NC mutants relative to wild type (see
below).

Reverse transcription in NC mutant viruses. Viruses con-
taining mutations in either NC Zn2� finger, however, exhibited
a very different phenotype from the wild type. Viruses contain-
ing the Cys substitution in the amino-terminal finger (NCH23C)
were particularly affected, yielding �3% of the R-U5 transcript
relative to wild type. In addition, progression through both
strand transfer events appeared to be enormously reduced
relative to wild type, with the most severe defect occurring
after plus-strand transfer (Table 1). However, simply compar-
ing the value of the R-U5 copy number with that of U3-U5 to
determine the amount of minus-strand transfer may be mis-
leading: it has been suggested previously that this particular
mutation may lead to increased degradation (decreased stabil-
ity) of the vDNA by host exonucleases (53). Therefore, de-
creased stability of the vDNA molecule could lead to an un-
derestimation of U3 and U5 quantities relative to more
interior and possibly more protected sequences. This probably
explains why we observed a much larger quantity of gag copies

FIG. 2. HIV-1 2-LTR circle junction fragment sequence, with PCR and cloning primers, and the probe. A portion of the full-length 2-LTR
junction sequence is presented, along with the locations of various primers and the probe. Nucleotide positions in the pNL4-3 sequence are
denoted at the top in italics. The position of the 2-LTR junction is also shown. This sequence region contained in the pJB1041 plasmid was used
as a standard template for real-time PCR. The legend depicting the various regions (R, U5, and U3) is shown at the bottom of the figure. The
primers and probe used to quantify full-junction 2-LTR circles are HIV-SS-F4, HIV-LTR-R5, and P-HUS, SS1, respectively. Total 2-LTR circles
are detected using HIV-SS-F4, HIV-LTR-R3, and P-HUS-SS1. The CJ-F and CJ-R primers have been described as the upstream and downstream
primers, respectively, by Julias et al. (37).
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relative to R-U5 in all Zn2� finger mutants than we did in the
wild type. Indeed, there was frequently a higher level of gag
than U3-U5 targets in these mutant vDNAs (Table 1).

Virus with the mutation in the carboxy-terminal Zn2� finger
(NCH44C) exhibited a slightly different phenotype. While the
copy number of all intermediates was substantially reduced
relative to that of the wild type, the ratio of the R-5�UTR to
R-U5 sequence was not as dramatically lowered; it was only
about one-half that observed for the wild type (Table 1). Thus,
it appears that the strand transfer events in this mutant are not
as critically affected as in the NCH23C mutant. The gag copy
number obtained was approximately twice that for R-U5 in this
mutant, which we again interpret as evidence for substantially
decreased stability of the vDNA transcript with this mutation.

Quantitation of 2-LTR circular vDNA. To obtain an idea of
how many vDNAs were actually completed, vDNA termini
were examined by studying 2-LTR circles, which are found in
infected cells (19, 32, 50). The 2-LTR circular vDNA species
are actually dead-end products of reverse transcription, but
they are experimentally useful. Two-LTR circles appear to be
formed through the action of a host cell ligation activity, com-
posed of DNA ligase IV and other factors (40), that joins the
free ends of the linear vDNA, and it has recently been shown
that the circular form is relatively long lived (7, 42). Real-time
PCR was used to determine the 2-LTR copy number in DNA
samples generated by HIV-1 infection. The TaqMan quantita-
tive method was performed with the primers and probe shown
in Fig. 2. The same samples used for analysis of reverse tran-
scription intermediates were examined here.

To distinguish between full-length sequences and those con-
taining deletions, different primer-probe systems were de-
signed. Both used the same sense primer (HIV-SS-F4) and
probe (P-HUS-SS1) located in the R and U5 regions, respec-
tively. To detect circle junctions formed by ligation of full-
length linear vDNA (i.e., full-junction 2-LTR circles), the an-
tisense primer HIV-LTR-R5 was used, which is complementary
to the precise sequence expected across the junction. In an-
other detection system, the antisense primer (HIV-LTR-R3)
used was designed to be complementary to a sequence located
further downstream (75 nt into the U3 region [Fig. 2]). This
second primer-probe combination allowed the detection of
both full-length sequence and sequences that contained dele-
tions between the 3� ends of the probe and antisense primer
sequences. Copy numbers determined with this second primer-
probe set were therefore termed total 2-LTR circles.

The number of full-junction and total 2-LTR circles was
determined in duplicate assays for each sample; typical results
are presented in Table 2. The 6- to 45-fold decrease in total
2-LTR copy numbers for all NC Zn2� finger mutants relative
to wild type suggests that vDNA formation is hampered by
these mutations, as has been proposed previously (53). Nota-
bly, virus containing the mutation in the proximal Zn2� finger
clearly produces drastically reduced numbers of full-length re-
verse transcripts and a major defect occurs at the point of
plus-strand transfer, as evidenced by both the extremely small
number of R-5�UTR copies (Table 1) and 2-LTR circular
DNA sequence targets (Table 2). A similar but less severe
reduction was observed with the NCH44C mutant. The muta-
tion in IN resulted in an increase of 16 times the total 2-LTR
copies and 40 times the full-length 2-LTR copies over wild
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type. These values are consistent with the hypothesis that at
least one fate of unintegrated vDNA is ligation-circularization
(Fig. 3A). The similarity between the values obtained from the
IND116N mutant for R-5�UTR (Table 1) and total 2-LTR circle
copies (Table 2) again supports the conclusion that the unin-
tegrated vDNA in this mutant becomes ligated. Furthermore,
the increase in the number of 2-LTR circles observed with the
IND116N mutant did not result from increased vDNA synthesis,
since Table 1 shows that the levels of reverse transcription
intermediates were roughly equivalent between wild-type and
IND116N infections. These data also indicate that 	95% of the

full-junction vDNAs synthesized became integrated in a wild-
type infection after 24 h, which is consistent with previous
results from this laboratory (26).

Sequence analysis of 2-LTR circle junction fragments. We
PCR amplified, cloned, and sequenced the PCR products to
compare 2-LTR circular vDNAs formed after infection with
NC Zn2� finger mutant and wild-type HIV-1. These se-
quenced junction fragments presented us with a snapshot of
the state of the linear vDNA termini just prior to ligation. The
sequence integrity at the junction of the ligated ends was ex-
amined as an indicator of three processes: (i) the progression
of reverse transcription to its completion, (ii) the productivity
of the integration process (using the IND116N-containing mu-
tants), and (iii) the ability of NC to protect vDNA from deg-
radation by host exonuclease and/or ligase activity.

Oligonucleotides complementary to the expected sequence
surrounding the circle junction were used to PCR amplify
2-LTR circular vDNA (Fig. 2) (37) arising from infections with
either wild-type or mutant viruses. Each primer contained a
restriction site to facilitate cloning of the resulting products.
Using the R-U3 primers with the probe for quantifying 2-LTR
circle species (Table 2) allowed the detection of a slightly
different array of sequences from those detected by using the
primers in these cloning experiments (Fig. 2). Obviously, the
quantification does not account for all 2-LTR circles formed,
but it does detect most of those revealed with the primer set
used in these cloning experiments.

PCR products from infected-cell lysates were cloned, and
the inserts were analyzed for size. Distributions of the lengths
of the inserts cloned for each of the mutants are presented in
Fig. 4. Infections are arranged in decreasing order of percent-
age of expected full-length sizes as follows: IND116N 	 NCH44C

	 wild type 	 NCH23C 
 NCH23C/IND116N. The clones ob-
tained with the wild type had a higher level of aberrantly small
junction fragments than did those obtained with all of the
mutants. In contrast, the IND116N mutant infection gave almost
exclusively the proper sizes of 2-LTR junction fragments.

The nucleotide sequences were determined for a number of
these clones, which were selected to produce an array of se-
quences that represented the size distribution proportionately.
Viral sequences obtained from each mutant are presented
schematically in Fig. 5, and properties of the termini are sum-
marized in Table 3. The results in Fig. 4 parallel those in Fig.
5. There is a large degree of heterogeneity in the wild-type
samples and less so with the mutants. The IND116N mutant is
the most homogeneous, containing mostly full-length 2-LTR
junctions.

The Asp116-to-Asn mutation of HIV-1 IN results in almost
complete inhibition of its end-processing function and DNA
strand transfer activities in vitro (18). As expected, none of the
sequences obtained for the IND116N mutant contained pro-
cessed ends (Fig. 5A; Table 3). This mutation also resulted in
a greater absolute number of 2-LTR circles than did the wild
type (Table 2). In the absence of integration activity, equiva-
lent numbers of total vDNA transcripts (linear, circular, and
proviral) were expected and observed for both wild-type and
IND116N viruses (Table 1). It is apparent that the vDNAs that
are unavailable for integration (as in the IND116N case) are
acted on by nuclear ligases in the infected cell (Fig. 3A). The
His-to-Cys NC Zn2� finger mutation in either Zn2� finger of

FIG. 3. Fates of vDNA with and without a competent IN protein.
(A) Schematic representation of the fate of integrated vDNA when the
IN protein is knocked out. Viral DNA that could have been integrated
now becomes ligated when IN is defective. The vDNA is represented
by the black boxes (LTR regions) and the black line, and the cellular
flanking DNA into which the provirus in inserted is represented by a
thick wavy line. (B) Graph showing the percentage of integration-
competent vDNAs isolated from cells infected with mutant and wild-
type viruses. Values were calculated by assuming that the four types of
linear vDNA sequences in Fig. 5 (U/U, U/P, P/U, and P/P) would have
been integration competent if not for some defect other than vDNA
end truncations or insertions. Values are reported as the percentage of
integration-competent sequences of the total sequences obtained in Fig. 5.

TABLE 2. Quantitation of 2-LTR circular vDNA

Virus
2-LTR circle copy no.a

Full junction Total

(�)-Controlb,c 0 0
RTD185K/D186L

c 1 0
Wild type (1.4 � 0.2) � 104 (3.6 � 0.8) � 104

IND116N (5.6 � 0.2) � 105 (6.0 � 0.1) � 105

NCH23C (4.5 � 1.6) � 102 (8.0 � 4.0) � 102

NCH23C/IND116N (7.0 � 0.5) � 102 (1.3 � 0.4) � 103

NCH44C (3.6 � 0.3) � 103 (6.0 � 0.4) � 103

a 2-LTR circle copy numbers are expressed in units of corrected mean copy
number � standard deviation. Representative values are taken from a typical
experiment with samples run in duplicate using the primers and probe depicted
in Fig. 2. All values are normalized with respect to the virus stock and cell
number used in infection, as described in Materials and Methods.

b Transfection and infection using sheared salmon sperm DNA.
c Copy numbers are the actual values obtained from the total DNA from �105

cells. Adjustments for RT activities with these samples are not possible since
there was no activity.
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HIV-1 yielded proportionally more full-length 2-LTR circles in
the mutants than in the wild type (Fig. 5; Table 2), although
�10- to 50-fold fewer total circles were produced overall (Ta-
ble 2). In addition to simple end joining, all viruses except the
IND116N mutant yielded a small proportion of circle junctions
that had an insertion of virally derived sequence, either the
PBS or the 3� polypurine tract (PPT), where minus- and plus-
strand DNA synthesis is initiated, respectively (Fig. 5). These
types of insertions were also detected in the analysis of 2-LTR
circles formed by Mo-MuLV and are probably either a
mispriming event or a defect in RNase H processing during
reverse transcription (25, 37). Some nonviral insertions were
also detected between the termini. It appears that the HIV-1
NC mutation does not significantly alter the frequency of these
events, since they occur almost equivalently in both the NC
mutants and wild type. While none of these types of inserts
were observed with the IND116N mutant, the larger number of
circle junctions obtained with this mutant (Fig. 5A; Table 2)
probably masks these relatively rare occurrences.

The ratios of full-junction to total 2-LTR circles from (i) the
real-time PCR (TaqMan) assay (Table 2) and (ii) the cloning
and sequencing protocol are presented in Table 4. The effec-
tiveness and reliability of the real-time PCR assay are demon-

strated by the excellent agreement between the values ob-
tained by the two methods. In addition to providing a measure
of the integrity of the ligated termini, the normalized copy
numbers provide more quantitative information than can be
obtained from the cloning experiments alone. To our know-
ledge, this is the first reported assay of this type that can
reliably distinguish between full-length and truncated 2-LTR
junction fragments.

Effects of NC mutations on integration. IN performs the
obligate removal of two nucleotides from the 3� ends of the
linear vDNA prior to its integration (15, 49), and it appears
that mutations in NC can affect this reaction in vivo. A greater
proportion of sequences obtained from infections with the
HIV-1 NC mutants appear to exhibit deficiencies in this end-
processing function of both LTR termini relative to the wild
type, particularly with respect to the 5� U3 end. For example,
26 and 44% of the sequences examined from the wild type
were not processed (Fig. 5) at the 5� U3 and 3� U5 ends (Fig.
5A), respectively, whereas 67 and 63%, respectively, of the
sequences from the NCH23C mutant were not processed (Fig.
5B). Furthermore, adding the IND116N mutation to the
NCH23C mutant virus resulted in the production of nearly
equivalent levels of 2-LTR circles (Table 2), suggesting a com-
plete lack of integration with the NCH23C mutant. In addition,
the types of sequences obtained (processed versus unproc-
essed) were minimally affected among the two NCH23C mu-
tants (Table 3). The NCH23C mutation somehow caused end-
processing defects in the vDNA (Table 3), since the termini
were almost exclusively unprocessed (as observed with the
IND116N mutant), and the intact NC Zn2� finger was required
for this activity in conjunction with IN.

As a consequence of the defect in end processing, the level
of integration in the NCH23C mutant appears quite defective,
as mentioned above. This can be confirmed further by exam-
ining the 2-LTR junction fragments in Fig. 5. Theoretically,
full-length linear vDNAs with either unprocessed or processed
termini at both ends (i.e., the U/U, U/P, P/U, or P/P classes of
vDNAs [Fig. 5]) would be competent for integration in virions
if there were no other defects. Of course, only the vDNAs of
the P/P type would be integrated. IN in these “ideal” virions
would process the unprocessed ends, and integration would
occur. By comparing the percentages of vDNAs that are inte-
gration competent for virus pairs with and without a functional
IN, one can observe the integration competency of a particular
mutant or wild-type virus. The fact that the 2-LTR circles are
stable in culture (7, 42) makes this analysis attractive. For the
wild-type and IND116N pair, where both contain wild-type NC,
22% of the vDNAs were integration competent in the wild type
whereas the level increased to 80% for the IND116N mutant
(Fig. 3B and 5A). In contrast, comparing NCH23C with and
without a functional IN showed absolutely no change in the
levels of integration-competent vDNAs (52%), again indicat-
ing a gross defect in the integration process. The level of
integration-competent vDNAs in the NCH44C mutant was sim-
ilar to that for the NCH23C (Fig. 3B and 5B).

DISCUSSION

This work demonstrates some of the in vivo requirements
for the wild-type HIV-1 NC Zn2� fingers in infection pro-

FIG. 4. Frequency distribution of the sizes of cloned 2-LTR circu-
lar vDNA PCR products from cells incubated with mutant and wild-
type viruses. Inserts of the PCR product clones were analyzed for their
sizes by either agarose gel electrophoresis or sequence analysis. Re-
sults are reported as the deviation from the expected size of 346 bp
(Fig. 2). The frequencies were compiled in 20-nt windows from the
expected size. Frequencies of the variance of insert sizes are reported
as a percentage of the total number of samples examined. Distribu-
tions for wild-type (}) and IND116N (■ ) (A), NCH23C (}) and NCH23C/
IND116N (■ ) (B), and NCH44C (}) (C) virus infections are shown.
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cesses. The NC mutants examined are defective for replication
despite being able to package normal levels of RNA genomes.
We examined reverse transcription intermediates from in-
fected cells and found that the wild-type NC Zn2� fingers are
required for reverse transcription processes and vDNA pro-
tection, as has been proposed previously for HIV-1 (53) and by
this laboratory for Mo-MuLV NC (25). Surprisingly, this is the

first report demonstrating that the NC Zn2� fingers are re-
quired for initial integration events. Mutations to the NC Zn2�

fingers prevent proper end processing via viral IN. It can also
be inferred from these results that NC remains associated with
not only the viral RNA throughout reverse transcription but
also the full-length vDNA up to the point of integration.

The results presented in this study generally coincide with

FIG. 5. Schematic of PCR product insert alignments. The cloned inserts of products from the PCR of vDNA isolated from cells incubated with
mutant and wild-type viruses were sequenced. The virus examined is indicated on the right of each collection, and the classification of each
sequence type is indicated on the left as follows: U, unprocessed end (full length); P, processed end (the CA dinucleotides were removed from the
end, presumably by the viral IN protein); I, incomplete end (truncated compared to the full-length sequence). The letter to the left of the slash
represents the state of the 3�-U5 end, and the letter to the right represents the state of the 5�-U3 end of the vDNA prior to ligation. The thick
black lines in 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 grey regions depict DNA insertions of viral origin (PPT or PBS), and the horizontal boxes represent insertions
of nonviral origin. The vertical boxes are spacer regions to accommodate the insertions. Black lines that are butted against the vertical boxes are
full-length 2-LTR viral sequences. The lengths of lines and horizontal boxes are proportional to the length of the DNA sequence, with a 20-nt
reference shown at the top of the figure. The PPT insert in the NCH23C collection of alignments, denoted by *, is 229 bp and is contiguous with
the 5�-U3 end. A summary of the types of sequences for each virus is presented in Table 3. (A) Alignment of sequences from cloned PCR products
of vDNA from infections with virus containing wild-type NC protein. (B) Alignment of sequences from cloned PCR products of vDNA from
infections with virus containing mutant NC proteins.

1476 BUCKMAN ET AL. J. VIROL.



those reported previously by this laboratory (25, 26) and ex-
tend our understanding of earlier experiments considerably.
The importance of the Zn2� finger motifs in NC proteins of
several retroviruses has long been recognized. Experiments in
vitro that simulate events during early infection have indicated
their role in critical functions, including initiation and proces-
sion of reverse transcription (28–30, 33, 47), as well as integra-
tion of model substrates (9, 10, 22a). In addition, the impor-
tance of the Zn2� fingers in vivo for viral replication was
demonstrated previously (5, 23, 26, 43, 53). Here, we have
begun to link in vitro observations of the function of NC Zn2�

fingers and the broader role of NC with events that occur in
vivo.

Previous studies of Mo-MuLV (25) suggested that NC has
important functions in generating and/or stabilizing the vDNA
produced during infection. The present study was initiated to
explore these phenomena, noting how analogous mutations in

one or the other NC Zn2� fingers of HIV-1 affect vDNA
production. The NC mutants tested appear deficient in vDNA
synthesis since there was a substantial decrease in the R-U5
(strong-stop product) copy numbers compared to wild type for
both the NCH23C and NCH44C mutants (39- and 8-fold, respec-
tively [Table 1]). Even more drastic reductions were observed
in sequences corresponding to the vDNA ends. For example
the U3-U5 (minus-strand transfer product) and R-5�UTR
(plus-strand transfer product) copy numbers decreased by
�130- and �6,000-fold, respectively, for NCH23C compared to
wild-type virus. The reductions in the termini for the NCH44C

mutant compared to wild type were �10-fold for the first- and
second-strand transfer products.

On initial inspection of strong-stop and strand transfer
vDNA quantities, one gets the impression that there are severe
defects in reverse transcription processes. However, the reduc-
tion in gag levels was only 16- and 2-fold for the NCH23C and

FIG. 5—Continued.
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NCH44C mutants, respectively, compared to wild type (Fig. 1;
Table 1). The only way that gag sequences can be obtained is
via successful strand transfer events (54). The fact that gag is
present at fairly substantial levels in the mutants, compared to
those in the wild type, indicates that the NC mutants are
deficient in protecting the ends of the vDNA from exonucle-
ases. These data show that reverse transcription is not affected
very severely. The overall numbers of vDNA molecules are
reduced, but not very drastically; however, the quality of the
vDNA is inferior since the ends are degraded. Degradation of
the ends would account for the drastic reduction in the R-U5,
U3-U5, and R-5�UTR target sequences, which represent the
strong-stop, minus-stand transfer, and plus-strand transfer
vDNA species, respectively. In addition, a reduction in the
sequences at the vDNA ends would inflate the levels of gag
targets, relative to R-U5, as observed in the NCH23C mutants
and especially in the NCH44C mutant.

In addition to the obvious end degradation problem, there
are reverse transcription defects in NC mutants since the levels
of gag in the mutants relative to those in the wild-type virus are
reduced (Table 1). Defects in the chaperone activity of the
NCH23C and the NCH44C mutants have been demonstrated in
vitro by Williams et al. (56) and Guo et al. (30). These muta-
tions would certainly affect minus- and plus-strand transfer
processes as well as nucleic acid secondary-structure manage-
ment in the mutant virus infections. However, it is difficult to
obtain meaningful data regarding the effects of these muta-
tions on reverse transcription per se, due to the overriding
degradation of the vDNA termini seen in these mutant infec-
tions.

There appears to be an additional effect on integration pro-
cesses in the HIV-1 NC mutants. This is apparent when the
effects of the IN mutation in IND116N are compared with re-
sults obtained for both NC Zn2� finger mutants. The NC
mutant viruses increase the proportion of full-length sequences
compared to that in the wild type, and these sequences have
not undergone end processing (i.e., removal of the terminal
dinucleotides [Table 3; Fig. 5]). The NC mutants also yield
defective or incomplete vDNAs, similar to what is observed
with wild-type HIV-1. This was not the case with the Mo-
MuLV NC mutants, since significant end-truncations were
noted in the 2-LTR circles from the Mo-MuLV mutants

whereas wild-type junction fragments had a much higher pro-
portion of full-length sequences (25). There is, however, a
reduction in the quantity of 2-LTR circular DNA molecules in
the HIV-1 NC mutants, similar to observations made with the
Mo-MuLV mutants.

These results demonstrate that NC, with intact Zn2� fingers,
are required for efficient removal of the 3�-terminal dinucle-
otides by IN in vivo. The fact that mutating IN in NCH23C does
not increase the proportion of full-length junction fragments
certainly supports this conclusion. The relative increase in the
number of full-length 2-LTR circles for the IND116N mutant
compared to wild type is due to a block in integration, yet the
absence of an added effect on mutation of IN in the NCH23C

mutant provides evidence that the NC mutation alone leads to
the end-processing defect that blocks integration of the vDNA
(Fig. 5; Table 2). In addition, there is a �60% increase in the
level of integration-competent junction fragments between the
wild-type and IND116N infections, which is not seen with the
NCH23C-NCH23C/IND116N pair (Fig. 3B and 5).

NC appears to be assisting viral IN with initial integration
processes through direct or indirect interactions. It is possible
that the end-processing defect with the NC mutants may also
be linked to vDNA protection issues. In vitro experiments have
shown that purified NCH23C and NCH44C mutant proteins were
able to stimulate coupled joining at �50% of the wild-type
levels (10). Since these mutant proteins can support integra-
tion in vitro, the defect with these NC mutants in vivo may be
attributable to the lack of protection of the vDNA from cellu-
lar ligases, which may act to displace IN from the vDNA prior
to the removal of the terminal dinucleotides by IN. Whatever
the mechanism, these results provide strong in vivo evidence
for an involvement for NC during the integration processes.

Reverse transcription and integration steps of the virus life
cycle are affected as described above. Since pseudotyped vi-
ruses were used in this work, it is possible that differences
might be observed in the effects of the NC mutations when
infections are mediated through the use of HIV-1 Env. It has
been reported that HIV-1 entry via VSV-G pseudotyping can
affect downstream steps in the viral life cycle (2, 12). Further
studies comparing reverse transcription and integration pro-
cesses from NC mutant viral infections, mediated by VSV-G
and HIV-1 gp120SU Env proteins, would address this possibil-
ity. One problem involves obtaining sufficient virus titers from

TABLE 3. Classification of LTR termini from 2-LTR
junction fragments

Virus
Total no. of
sequences
obtaineda

Total no. of 3�
U5 endsb

Total no. of 5�
U5 endsb

Uc Pc Ic U P I

Wild type 51 21 15 11 12 6 29
IND116N 43 41 0 2 41 0 2
NCH23C 21 12 2 5 14 1 6
NCH23C/IND116N 23 15 0 6 17 0 6
NCH44C 43 28 4 7 24 1 15

a Sequence categories summarized are from virally derived DNAs and are
tallied from sequences depicted in Fig. 5.

b LTR end of linear vDNA prior to ligation.
c U, unprocessed LTR end; P, processed LTR end defined as the removal of

the CA dinucleotide from the 3� end via the action of IN; I, incomplete end,
defined as an end which was either not completely synthesized or was degraded
once synthesized.

TABLE 4. Quantitation of 2-LTR circular vDNA

Virus

% of full junction with respect to total no. by:

Quantitative PCRa Cloning
and sequencingb

Wild type 37 � 5 43
IND116N 87 � 9 91
NCH23C 54 � 7 55
NCH23C/IND116N 58 � 6 63
NCH44C 58 � 3 61

a Values expressed as percent ratio (mean � standard deviation) of full junc-
tion/total 2-LTR circles from at least three individual transfection-infection ex-
periments.

b Percentage of full junctions/total 2-LTR junctions obtained on analysis of
sequence data (Fig. 5), with correction for differential detection resulting from
the use of primers that target slightly different regions of the expected circle
junction sequence.
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gp120SU/CD4-mediated infections to generate sufficient levels
of reverse transcription intermediates from some of the mu-
tants.

Results of both in vitro and in vivo experiments have shown
that the two Zn2� fingers in the HIV-1 NC protein are not
interchangeable (24, 30, 56) and, furthermore, that defects in
replication are more strongly affected by mutations in the NH2-
terminal finger. We found previously that the NCH23C mutant
is completely replication defective whereas NCH44C is able to
replicate at a very low level, eventually reverting to a wild-type
genotype (26). Results presented here are consistent with the
different behaviors observed for the two viruses, since the
NCH23C mutant clearly possesses more severe defects in re-
verse transcription and vDNA protection than does the
NCH44C mutant (Tables 1 and 2). It appears that vDNA pro-
duction with the NCH23C mutant is �8-fold lower than with the
NCH44C mutant and �16-fold lower than with the wild type
when gag levels are compared (Table 1).

One additional conclusion can be drawn from these results.
NC is probably associated with the preintegration complex up
to and possibly during the integration event, which forms the
provirus. In this study, we have shown that wild-type NC is
required for setting the stage for initial integration events and
that processing of the vDNA termini by the viral IN protein is
not occurring with the NCH23C mutant. Additionally, in vitro
studies from this and other laboratories have shown that wild-
type recombinant NC can enhance integration and, specifi-
cally, the coupled joining reaction (9, 10, 22a). Evidence from
other laboratories also suggests the presence of NC at later
stages of the infection process. Gallay et al. (22) demonstrated
the presence of HIV-1 NC in the nuclear fraction from in-
fected cells after 8 h; NC is presumably associated with prein-
tegration complexes that were imported into the nucleus.
Risco et al. (45) also showed the presence of NC in nuclei by
immunogold labeling of Mo-MuLV-infected cells. They spec-
ulate that NC enters the nucleus as a component of a complex
containing IN and the vDNA. NC possesses nucleic acid chap-
erone activity, which assists in many processes during reverse
transcription (44). The results of this study strongly suggest
that NC is involved in viral nucleic acid management of the
full-length vDNA as well as chaperone functions previously
proposed.

As has been demonstrated in this work, the lack of replica-
tion in NC mutant viruses is due to a reduction in the quantity
and quality of the vDNA synthesized, with defects in integra-
tion as well. It is clear that NC is a necessary component of the
reactions carried out by RT and IN. These reactions are so
sensitive to the nature of the NC protein, in fact, that the
relatively subtle mutations investigated here that preserve
Zn2� binding and RNA packaging are catastrophic to viral
replication. Therefore, the NC component of these processes
obviously represents an important target in the development of
antiretroviral therapies against viruses resistant to current
treatments.
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