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The preintegration complex of human immunodeficiency virus type 1 (HIV-1) is a large nucleoprotein
complex containing viral nucleic acids in association with products of the viral gag and pol genes. One of these
proteins, integrase, is absolutely required for the integration and formation of the provirus. Although
HIV-1-specific 2-LTR circles from nuclei of HIV-i-infected cells were found to be associated within a

high-molecular-weight nucleoprotein complex, antibodies to HIV-1 integrase failed to precipitate this form of
viral DNA. This result indicates that circular forms of HIV-1 DNA are not associated with integrase. These
viral DNA forms seem to exist in a context of a nucleoprotein complex that is different from a preintegration
complex of HIV-1.

Acute infection with retroviruses results in a variety of DNA
molecules derived from the infecting viral RNA genome.

Reverse transcription of the human immunodeficiency virus
type 1 (HIV-1) genome is initiated in the cytoplasm and
proceeds concurrently with the nuclear import of the viral
preintegration complex (5), leading to the formation of a

linear, double-stranded DNA molecule bounded by directly
repeated sequences termed long terminal repeats (LTRs) (18).
Inside the nucleus two other forms of HIV-1 DNA can be
detected: covalently closed circular forms with one LTR
(products of recombination) or two tandem LTRs (resulting
either from ligation of the LTR ends, producing a circle
junction with GTAC between the LTR termini, or from
autointegration which produces significantly rearranged mole-
cules) (7, 9). Recent studies with a number of retroviral
systems have indicated that the linear viral DNA is the
precursor to the integrated provirus (2, 3, 8), while circular
forms are a dead-end product (3, 10). Although these viral
DNA forms are unable to integrate and support viral replica-
tion, they may play a significant role in HIV cytopathogenesis.
Several reports have associated the accumulation of circular
molecules with HIV-1 cytotoxicity (11, 13, 17a). The basis for
this phenomenon may be the ability of extrachromosomal
circular viral DNA to support low levels of protein expression
(17, 19), although this concept is questioned in another report
(15).

Factors which regulate the balance of integrated to extra-
chromosomal circular viral DNA are not well understood.
Circularization via autointegration competes with integration
(7), since both of these reactions utilize the same preintegra-
tion complex and rely on the virus-encoded integrase. In an

HIV-infected cell, this balance is shifted toward integration
because of high concentrations of target DNA in the nucleus
(7). Circularization by recombination or ligation does not
compete with integration (7).

Indeed, in vivo results indicate that circular molecules
formed by ligation or recombination are more abundant than
products of autointegration (9, 12). Reported data on the
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biological activity of extrachromosomal viral DNAs were ob-
tained with integrase-deficient viruses (17, 19), and therefore
DNA circles in those experiments (4) could have arisen only
from ligation or recombination and not from self-integration.
Since these simple circles also contain higher numbers of
intact, nonrearranged HIV genomes (7, 9, 12) and therefore
would be the most likely candidates for the role played by
extrachromosomal viral DNA in pathogenesis, we asked in
what form do these molecules exist in vivo.
A total of 2 x 108 to 3 x 108 MT-4 cells infected with

HIV-1 mfA (16) were swelled in a hypotonic buffer and lysed
by 30 strokes of a type B pestle in a Dounce homogenizer (4,
5). High-molecular-weight nucleoprotein complexes were then
released from the nuclei by a high-salt extraction buffer, exactly
as described previously (4, 5). After fractionation on a Nyco-
denz density gradient according to the previously described
procedure (1, 4, 5), fractions were dialyzed against 20 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 7.9)-20% glycerol-100 mM KCl-1 mM phenylmethylsul-
fonyl fluoride and analyzed by polymerase chain reaction
(PCR) for the presence of linear and circular forms of viral
DNA and for in vitro integration activity (4, 5). Two hundred
microliters of the total volume of 800 ,ul for each fraction was
taken for the DNA analysis, while the rest was used for an in
vitro integration assay. The density of the fractions was calcu-
lated by using the formula, density = 0.135 x OD360 + 1.0,

where OD360 is the optical density at 360 nm; density was

measured in grams per milliliter (1). The linear and circular
forms of viral DNA as well as in vitro integration activity were
found to peak around the gradient fraction with a density of
1.36 g/ml (Fig. 1). To exclude the possibility that this peak
simply represents chromatin fragments, we performed PCR
with primers specific for the ot-tubulin gene (4). This experi-
ment demonstrated that genomic DNA did not form any major
peak with a density close to 1.36 g/ml (Fig. 1A), indicating that
nuclear extracts were not significantly contaminated with chro-
matin fragments. The density of HIV-1 preintegration com-

plexes obtained in this experiment is higher than 1.20 g/ml,
which was reported recently for HIV-1 preintegration com-

plexes (4), and 1.26 g/ml, which was reported for murine
leukemia virus preintegration complexes (1). We attribute this
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FIG. 1. Equilibrium density gradient fractionation of HIV-1 nucle-
oprotein complexes. Gradient fractions were analyzed for the presence
of in vitro integration activity by a PCR-based assay (4, 5) (B) and for
the presence of HIV-1 DNA by PCR with primers specific for the
HIV-1 pol gene or 2-LTR circles (4, 5) (A). Cellular ot-tubulin gene
amplification was used as a control.

difference to the inconsistency of Nycodenz gradients, proba-
bly due to different states of hydration of the nucleoprotein
complexes in the nonionic medium (1). The result of this
experiment indicated that HIV-1 2-LTR circular DNA was
associated with a high-molecular-weight nucleoprotein com-
plex. Similar experiments localized 1-LTR circular DNA to the
same fractions of the gradient (data not shown).
These complexes either represented bona fide preintegra-

tion complexes or copurified with those complexes on a density
gradient. To resolve this question we immunoprecipitated
virus-specific nucleoprotein complexes with monoclonal anti-
bodies to HIV-1 integrase, using a procedure described previ-
ously (5). HIV-1 DNA in immunoprecipitates was analyzed by
PCR with primers specific either for total viral DNA (pol) or
for 2-LTR circles. While HIV-1 DNA was detected in the
precipitates, no 2-LTR circles could be identified in these
samples even after two rounds of PCR with nested primers
(Fig. 2A). In a control experiment, 1/10 of the nuclear extract
used in the above-described experiment was analyzed without
immunoprecipitation and was found to contain 2-LTR circles
(Fig. 2B). To exclude artifacts which may be caused by the use
of a particular monoclonal antibody in this experiment, immu-
noprecipitation of nuclear extracts was done with a polyclonal
rabbit anti-integrase antiserum. This experiment gave similar
results (data not shown). Monoclonal antibody to HIV-1 MA,
shown previously to precipitate linear viral DNA (5), also
failed to precipitate 1- or 2-LTR circular forms (data not
shown). As a negative control, we used monoclonal antibodies
to HIV-1 CA, which do not precipitate nuclear preintegration
complexes (5). This antibody failed to precipitate both forms of
HIV-1 circular DNA as well as linear DNA (data not shown).

According to current models of retroviral integration, inte-
grase is bound to the ends of the viral DNA, providing optimal
conformation for the integration (14). Our studies have dem-
onstrated that this association is stable even at high detergent
concentrations (5) which cause dissociation of other protein

FIG. 2. Analysis of HIV-1 DNA in the nuclei of infected MT-4
cells. (A) Immunoprecipitation of HIV-1-specific nucleoprotein com-
plexes with monoclonal antibodies to integrase. HIV-1 DNA extracted
from immunoprecipitates was analyzed either by one round of PCR
with primers specific for the pol gene or by two rounds with nested
primers specific for 2-LTR circles (4, 5). C, uninfected MT-4 cells. (B)
HIV-1 2-LTR circle accumulation in the nuclei of infected MT-4 cells.
One-tenth of the nuclear extract used for panel A was analyzed
without immunoprecipitation by one round of PCR with HIV-1 pol- or
cellular cx-tubulin-specific primers or by two rounds with nested
primers specific for 2-LTR circles (4, 5).

components of the preintegration complex (5, 6). The lack of
association of HIV-1 integrase with the 2-LTR circles indicates
that integrase does not recognize LTR ends in the context of
the 2-LTR junction.
A surprising result of these studies is that viral circular

DNAs are not associated with viral proteins that are compo-
nents of the HIV-1 preintegration complex (5) while they are
found within a high-molecular-weight nucleoprotein complex.
Since circularization appears to proceed within an intact
preintegration complex, at least in vitro (7), it is reasonable to
assume that dissociation of the viral proteins was not the cause
but the result of viral DNA circularization. Upon dissociation
of viral proteins, circular molecules are open for interaction
with cellular proteins (i.e., histones), thus maintaining the
high-molecular-weight nucleoprotein complex.
Our results are in accord with recent observations by

Randolph and Champoux (12), who demonstrated that 2-LTR
circular DNAs of simian immunodeficiency virus are enriched
for integration-defective molecules. Indeed, DNA molecules
with integration-competent ends should be tightly associated
with integrase, thus favoring the integration reaction and
preventing interaction with cellular enzymes.

Molecules that cannot integrate because of defective ends
(12) probably do not bind integrase as tightly as integration-
competent molecules. This provides an opportunity for cellular
enzymes (DNA polymerase and ligase) to work on the ends of
these molecules, resulting in their circularization. Since reverse

transcription of the viral genome is accompanied by a high
frequency of mutations, some of which result in defective DNA
ends (12), there is always a pool of molecules which are

substrates for circularization and which do not compete with
integration-competent molecules. The formation of high-mo-
lecular-weight nucleoprotein complexes of circular viral DNAs
and cellular proteins explains the relative stability of these
forms (17a) and most likely accounts for their biologic activity.

479b.p. ---

288b.p. -

J. VIROL.



NOTES 6865

We thank Duane Grandgenett for the antibodies to HIV-1 inte-
grase, Chris Farnet for helpful comments, M. Dempsey and T.
Stanwick for technical support, and M. Diaz for manuscript prepara-
tion.

This work was supported by NIH grants A130386 and A132890
(M.S.) and AmFAR grant 001829-13-RGT (M.B.).

REFERENCES
1. Bowerman, B., P. O. Brown, J. M. Bishop, and H. E. Varmus. 1989.
A nucleoprotein complex mediates the integration of retroviral
DNA. Genes Dev. 3:469-478.

2. Brown, P. 0. 1990. Integration of retroviral DNA. Curr. Top.
Microbiol. Immunol. 157:19-47.

3. Brown, P. O., B. Bowerman, H. E. Varmus, and J. M. Bishop. 1989.
Retroviral integration: structure of the initial covalent product and
its precursor, and a role for the IN protein. Proc. Natl. Acad. Sci.
USA 86:2525-2529.

4. Bukrinsky, M. I., N. Sharova, M. P. Dempsey, T. L. Stanwick, A. G.
Bukrinskaya, S. Haggerty, and M. Stevenson. 1992. Active nuclear
import of human immunodeficiency virus type 1 preintegration
complexes. Proc. Natl. Acad. Sci. USA 89:6580-6584.

5. Bukrinsky, M. I., N. Sharova, T. L. McDonald, T. Pushkarskaya,
W. G. Tarpley, and M. Stevenson. 1993. Association of integrase,
matrix, and reverse transcriptase antigens of human immunodefi-
ciency virus type 1 with viral nucleic acids following acute infec-
tion. Proc. Natl. Acad. Sci. USA 90:6125-6129.

6. Farnet, C. M., and W. A. Haseltine. 1991. Determination of viral
proteins present in the human immunodeficiency virus type 1
preintegration complex. J. Virol. 65:1910-1915.

7. Farnet, C. M., and W. A. Haseltine. 1991. Circularization of
human immunodeficiency virus type I DNA in vitro. J. Virol.
65:6942-6952.

8. Fujiwara, T., and K. Mizuuchi. 1988. Retroviral DNA integration:
structure of an integration intermediate. Cell 54:497-504.

9. Jurriaans, S., A. deRonde, J. Dekker, J. Goudsmit, and M.
Cornelissen. 1992. Analysis of human immunodeficiency virus type
1 LTR-LTR junctions in peripheral blood mononuclear cells of
infected individuals. J. Gen. Virol. 73:1537-1541.

10. Lobel, L. I., J. E. Murphy, and S. P. Goff. 1989. The palindromic
LTR-LTR junction of Moloney murine leukemia virus is not an

efficient substrate for proviral integration. J. Virol. 63:2629-2637.
11. Pauza, C. D., J. E. Galindo, and D. D. Richman. 1990. Reinfection

results in accumulation of unintegrated viral DNA in cytopathic
and persistent human immunodeficiency virus type I infection of
CEM cells. J. Exp. Med. 172:1035-1042.

12. Randolph, C. A., and J. J. Champoux. 1993. The majority of simian
immunodeficiency virus/Mne circle junctions result from ligation
of unintegrated viral DNA ends that are aberrant for integration.
Virology 194:851-854.

13. Robinson, H. L., and D. M. Zinkus. 1990. Accumulation of human
immunodeficiency virus type I DNA in T cells: result of multiple
infection events. J. Virol. 64:4836-4841.

14. Roth, M. J., P. L. Schwartzberg, and S. P. Goff. 1989. Structure of
the termini of DNA intermediates in the integration of retroviral
DNA: dependence on IN function and terminal DNA sequence.
Cell 58:47-54.

15. Sakai, H., M. Kawamura, J.-I. Sakuragi, S. Sakuragi, R. Shibata,
A. Ishimoto, N. Ono, S. Ueda, and A. Adachi. 1993. Integration is
essential for efficient gene expression of human immunodeficiency
virus type 1. J. Virol. 67:1169-1174.

16. Stevenson, M., S. Haggerty, C. Lamonica, A. M. Mann, C. Meier,
and A. Wasiak. 1990. Cloning and characterization of human
immunodeficiency virus type 1 variants diminished in the ability to
induce syncytium-independent cytolysis. J. Virol. 64:3792-3803.

17. Stevenson, M., S. Haggerty, C. A. Lamonica, C. M. Meier, S.-K.
Welch, and A. J. Wasiak. 1990. Integration is not necessary for
expression of human immunodeficiency virus type I protein
products. J. Virol. 64:2421-2425.

17a.Tang, S., L. Poulin, and J. A. Levy. 1992. Lack of human
immunodeficiency virus type 1 (HIV-1) replication and accumu-
lation of viral DNA in HIV-1-infected T cells blocked in cell
replication. J. Gen. Virol. 73:933-939.

18. Varmus, H. E., and R. Swanstrom. 1982. Replication of retrovi-
ruses, p. 369-512. In R. Weiss, N. Teich, H. Varmus, and J. Coffin
(ed.), RNA tumor viruses, vol. 1. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

19. Vogel, M., K. Cichutek, S. Norley, and R. Kurth. 1993. Self-
limiting infection by int/nef-double mutants of simian immuno-
deficiency virus. Virology 193:115-123.

VOL. 67, 1 993


