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Certain human immunodeficiency virus type 1 (HIV-1) isolates are able to productively infect nondividing
cells of the monocyte/macrophage lineage. We have used a molecular genetic approach to construct two
different HIV-1 integrase mutants that were studied in the context of an infectious, macrophage-tropic HIV-1
molecular clone. One mutant, HIV-1DD(35)E, containing a 37-residue deletion within the central, catalytic
domain of integrase, was noninfectious in both peripheral blood mononuclear cells and monocyte-derived
macrophages. The HIV-1DD(35)E mutant, however, exhibited defects in the assembly and/or release of progeny
virions in transient transfection assays, as well as defects in entry and/or viral DNA synthesis during the early
stages of monocyte-derived macrophage infection. The second mutant, HIV-1D116N/8, containing a single
Asp-to-Asn substitution at the invariant Asp-116 residue of integrase, was also noninfectious in both peripheral
blood mononuclear cells and monocyte-derived macrophages but, in contrast to HIV-1DD(35)E, was indistin-
guishable from wild-type virus in reverse transcriptase production. PCR analysis indicated that HIV-1D116N/8
entered monocyte-derived macrophages efficiently and reverse transcribed its RNA but was unable to complete
its replication cycle because of a presumed block to integration. These data are consistent with the hypothesis
that integration is an obligate step in productive HIV-1 infection of activated peripheral blood mononuclear
cells and primary human macrophage cultures.

The growing number of primary human immunodeficiency
virus type 1 (HIV-1) isolates containing intact IN coding re-
gions is a strong indication that integration of viral DNA is an
obligate step during productive lentivirus infections. Nonethe-
less, a series of conflicting reports during the past 10 years (2,
11, 22, 28) has raised questions about the requirement for
lentiviral DNA integration, particularly when it was appreci-
ated that members of this retroviral subfamily were able to
infect nondividing monocyte-derived macrophages (MDM).
This last property initially appeared to be in conflict with bro-
modeoxyuridine density-labeling studies involving Rous sar-
coma virus in which cell replication was shown to be necessary
for the integration of the newly synthesized viral DNA (13, 31).
Further confounding the question of a requirement for inte-
gration were experiments reporting that DNA of the prototyp-
ical lentivirus, visna virus, was not covalently associated with
high-molecular-weight DNA during a spreading infection in
sheep choroid plexus cells but, instead, was present in a low-
molecular-weight (unintegrated) form (11). The accumulation
of significant amounts of unintegrated viral DNA in cells
acutely infected with both visna virus (11) and HIV-1 (26) was
also viewed by some as consistent with a replication model that
utilized unintegrated lentiviral DNA as a template for mRNA
synthesis (28).
A molecular-genetic approach, employing Bal31 deletion

mutagenesis, had been used previously to show that viral DNA
integration was an obligate step during infections initiated by
the oncoretrovirus Moloney murine leukemia virus (24); when
IN coding sequences were interrupted, infectivity was reduced

by more than 300-fold. More recently, several groups have
reported that mutations introduced into the IN coding se-
quences of infectious HIV-1 molecular clones result in the loss
of infectivity for a variety of human T-cell lines (3, 6, 17, 23, 27,
29, 34). In many of these studies, the interruption of IN had
pleiotropic effects involving a variety of steps in the virus life
cycle. Small deletions, or even single amino acid substitutions,
caused defective processing of precursor polypeptides, alter-
ations in particle morphology, impaired viral DNA synthesis,
reduced virion-associated reverse transcriptase (RT) activity,
or smaller amounts of IN protein incorporation into released
particles (3, 6, 27, 29, 34).
The demonstration that integration of HIV-1 DNA is nec-

essary during acute infections of nondividing cells such as pri-
mary human MDM has been hampered by the unavailability of
full-length molecular clones of HIV-1 capable of directing the
synthesis of macrophage-tropic virus. Until very recently, the
most compelling evidence (33) supporting a requirement for
integration in human MDM consisted of Southern blot analy-
ses of chromosomal DNA prepared from cells infected with
the HIV-1Ba-L (9) macrophage-tropic isolate. The results of
these analyses, however, did not eliminate the possibility that
unintegrated viral DNA was simply trapped in the high-molec-
ular-weight fraction.
In an attempt to definitively answer whether integration is

required during productive HIV-1 infections of human MDM,
mutations were introduced into the IN coding sequences of
two different molecular clones, each capable of directing the
synthesis of macrophage-tropic virus. Cloned proviral DNA
was obtained by infecting human peripheral blood mononu-
clear cells (PBMC) with HIV-1AD-87(M) (21), a derivative of
the macrophage-tropic HIV-1Ada strain (10). Unintegrated,
circularly permuted viral DNA was cloned from the Hirt su-
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pernatant fraction (12) with an EcoRI-digested lambda phage
vector (29a). One of the clones obtained was inserted into
pBR322 (pAD8-1) and, following transfection of HeLa cells,
generated virus that was infectious in human MDM. This clone
was subsequently converted to a two-long terminal repeat
(two-LTR) linear HIV-1 proviral DNA, designated pAD8. A
second wild-type, macrophage-tropic molecular clone used in
these studies was a derivative of pNL4-3 (1), into which the
1.7-kbp fragment containing env coding sequences located be-
tween the KpnI and BsmI sites from the macrophage-tropic
pAD8-1 clone was substituted for the corresponding region of
pNL4-3. The resulting pNL(AD8) clone generates progeny
virus that readily infects human MDM (8).
A primary MDM system requiring no exogenous cytokines

was employed to assess the requirement of IN during produc-
tive virus infections (18). Elutriated monocytes were allowed to
differentiate over a 14-day period in 100-mm2 bacteriological
petri plates (Corning; catalog no. S27050-100) and then were
transferred to 24-well tissue culture plates (NUNC; catalog no.
1-48982; 106 cells per well) and allowed to adhere overnight
prior to infection. The nonproliferating status of differentiated
MDM cultures was documented by measuring [3H]thymidine
uptake by cultures of adherent primary human macrophages or
HeLa cells, plated at initial densities of 3 3 106 and 5 3 104

cells, respectively, in individual wells of a 24-well plate. Cells
were labeled for 18 h with 2.5 mCi of [3H]thymidine (6.7 Ci/
mmol) in 1 ml of medium at 3, 6, 9, and 12 days after plating.
Following labeling, the cells were washed with phosphate-buff-
ered saline, lysed in 0.1 M NaOH, and trichloroacetic acid
precipitated before the precipitates were counted. As a nega-
tive control, similar amounts of [3H]thymidine were added to
wells containing no cells; the empty wells were also washed
with phosphate-buffered saline and subjected to NaOH lysis
plus trichloroacetic acid precipitation as described above. The
MDM cultures incorporated less than 1% of the [3H]thymidine
incorporated by the HeLa cells (e.g., 2,600 versus 364,000
cpm). This level of [3H]thymidine incorporation by MDM was
essentially the same as that observed for the negative control
(e.g., ;2,400 cpm).
The central region of the HIV-1 IN protein is the most

highly conserved part of the molecule (6, 14, 15), containing
the principal catalytic domain of the enzyme which mediates 39
processing, DNA strand transfer, and disintegration activities,
as measured by in vitro assays (4, 5, 15, 19, 30, 32). This portion
of IN is relatively protease resistant (5) and includes the now
well-recognized D,D(35)E motif required for catalysis (5, 15,
30, 32). The first IN mutant was constructed by introducing an
in-frame 111-bp deletion (Fig. 1), encompassing the highly
conserved D(35)E motif, into the 4.3-kbp PstI-EcoRI fragment
of pAD8 DNA by oligonucleotide-directed mutagenesis using
pIBI30 as previously described (16). The 111-bp deletion
within the pol gene was confirmed by nucleotide sequencing
following reinsertion of the mutagenized fragment into pAD8
DNA; the resulting mutant was named pAD8DD(35)E. The sec-
ond IN mutant consisted of an Asp-to-Asn substitution affect-
ing the invariant D-116 residue within the D(35)E motif (Fig.
1). This substitution was introduced by PCR mutagenesis into
the pol gene of pNL4-3, as previously described (6). The AgeI-
to-PflMI fragment (nucleotides 3485 to 5297 [20]) of the IN-
defective HIV-1IN/D116N was substituted for the homologous
1.4-kbp pol fragment in pNL(AD8), generating molecular
clone pNL(AD8)D116N/8. Stocks of the two wild-type and the
two IN-defective macrophage-tropic HIVs were prepared by
transfecting HeLa cells with pAD8 and pNL(AD8) DNAs and
pAD8DD(35)E and pNL(AD8)D116N/8 DNAs, respectively.
Virus infectivity in primary lymphocyte and macrophage cul-

tures was monitored by RT assay (7), an indicator of a spread-
ing virus infection. In this experiment, approximately equal
amounts of virus (based on virion-associated RT activity
present in the supernatants collected from transfected HeLa
cells) were used as inocula. As shown in Fig. 2, the two wild-
type virus preparations [AD8 and NL(AD8)] readily infected
PBMC (panel A) or MDM (panel B). T-cell line-tropic virus
strains such as HIVNL4-3 are unable to replicate in this MDM
system (8). Figure 2 clearly shows that both of the IN mutant
virus preparations failed to initiate spreading infections in ei-
ther phytohemagglutinin-stimulated primary lymphocytes or
MDM during 2 to 4 weeks of observation.
Because the introduction of pol mutations into molecular

clones of HIV-1 has been reported to disrupt a number of steps
in the virus life cycle (3, 6, 27, 29, 34), it has been difficult to
identify mutations that solely impair the integration of viral
DNA into the host cell chromosome. Consequently, the pol
mutations under study here were evaluated for possible defects
perturbing two critical points during virus replication: (i) entry
into MDM and subsequent reverse transcription of the viral
genome and (ii) the assembly and/or release of progeny virus
particles. The effects of the pol mutations on the latter func-
tion(s) were evaluated by measuring the RT activity released
into the supernatant medium 48 h after transfection of HeLa
cells with plasmid DNA. As shown in Fig. 3A, the deletion
eliminating the catalytic domain of IN reduced RT production
by more than twofold. In independent experiments, a 2.5-
to 5-fold decrease in RT production was observed with
pAD8DD(35)E (data not shown). In contrast to these results, the
pNL(AD8)D116N/8 point mutant released about the same
amount of RT activity as its wild-type pNL(AD8) parent (Fig.
3A). This result is in excellent agreement with a previous
analysis of this particular pol mutation which demonstrated
that pelleted HIV-1IN/D116N particles contained wild-type
amounts of p24 Gag, p66 RT, and p32 IN proteins (6).
A possible defect affecting the reverse transcription of the

HIV-1DD(35)E and HIV-1D116N/8 viral genomes following entry
into MDM was investigated by subjecting cells, harvested at 0
and 24 h postinfection, to DNA PCR analysis. The primers
chosen to amplify the 39 region of pol in HIV-1AD8, HIV-
1NL(AD8), and HIV-1D116N/8 would be expected to generate a
580-bp product, whereas HIV-1DD(35)E would produce a
smaller, 469-bp fragment. As shown in Fig. 3B, PCR products
of the predicted sizes were synthesized in the infected MDM

FIG. 1. Structures of wild-type and mutant integrase proteins. The amino
acids shown at the top are residues 114 to 154 of the integrase protein encoded
by the macrophage-tropic HIV-1AD8 strain (29a). For the wild-type (WT) IN, the
approximate locations of the Zn finger-like HHCC domain and the D(35)E
sequence of the central, catalytic region are indicated by dashed lines. The
mutant DD(35)E expresses an IN protein which lacks residues 116 to 152,
inclusive, and was constructed by introducing an in-frame deletion of nucleotides
346 to 456 into the IN coding sequence of pAD8. The mutant D116N/8 bears an
Asp-to-Asn substitution at residue 116 and was constructed by cloning the
1,813-bp AgeI-to-PflMI fragment from the pNL4-3-derived mutant IN/D116N
(6) into pNL(AD8) (8).
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by 24 h postinoculation. In this and other experiments, no
impairment in viral DNA synthesis was ever detected in human
MDM cultures infected with HIV-1D116N/8. This was not the
case for HIV-1DD(35)E-infected MDM, which invariably con-
tained smaller amounts of viral DNA 24 h following infection
than the wild-type virus. In other experiments of this type, PCR
analyses indicated that cells exposed to HIV-1DD(35)E pro-
duced significantly less viral DNA than those infected with the
wild type at 1, 2, 4, and 14 days after infection (data not
shown). This result presumably reflects the effect(s) of im-
paired entry and/or reverse transcription of HIV-1DD(35)E
progeny particles.
Other investigators have mutagenized the highly conserved

Asp residue at position 116 within the D(35)E motif of IN, and
have reported conflicting results with respect to its effect on
virus production. Shin et al. (27) reported that an Ala substi-

tution at this position in HIV-1HXB2 severely impaired pro-
cessing of the Pr55Gag precursor and was associated with the
release of morphologically abnormal particles containing vir-
tually no detectable RT activity. In contrast, two other groups
have reported that Ala at this position does not impair particle

FIG. 2. Infectivity of wild-type and integrase mutant viruses. (A) Infection of
primary human PBMC. Ficoll-Hypaque-purified PBMC (106/ml) were stimu-
lated with 250 ng of phytohemagglutinin-P (Burroughs Wellcome; catalog no.
HA17) for 96 h in RPMI 1640–10% fetal bovine serum. Cells were then washed
once with phosphate-buffered saline, resuspended at 106/ml in RPMI 1640–10%
fetal bovine serum, supplemented with 64 NIH-BRMP U of interleukin-2 (Phar-
macia; catalog no. 6011) per ml, and infected with HIV-1DD(35)E, HIV-1AD8,
HIV-1D116N/8, or HIV-1NL(AD8) at a multiplicity of infection of 1023 or mock
infected (mock). (B) Infection of primary human MDM at the same multiplicity
as for panel A and with the same inocula. Infection and culture of MDM were
carried out as described in the text.

FIG. 3. (A) Relative production of wild-type (wt) and mutant integrase vi-
ruses by transfected HeLa cells. Confluent HeLa monolayers propagated in
25-cm2 flasks were transfected with 10 mg of proviral DNA by calcium phosphate
coprecipitation (Stratagene; catalog no. 200285). As a control for transfection
efficiency, 0.1 mg of pXGM5 (25) was included in each transfection mixture. The
supernatants were harvested 48 h posttransfection, passed through 0.45-mm-
pore-size filters, and assayed for RT activity (7) and human growth hormone
(Nichols Institute; catalog no. 40-2205) levels. Aliquots of virus were stored at
2708C. Data are expressed as the fraction of RT activity produced relative to
that for cells transfected with pAD8. The values plotted represent the simple
averages of three independent transfections, 6 the standard errors, and have
been normalized relative to values for human growth hormone expression. (B)
Viral DNA production in primary MDM cultures. Infected MDM cultures were
harvested at 0 and 24 h postinfection. At the time of harvest, the cultures were
washed twice with phosphate-buffered saline, treated with 50 U of DNase I
(Promega; catalog no. M6101) at 378C for 15 min, washed twice again with
phosphate-buffered saline, and treated with trypsin-EDTA (Gibco; catalog no.
610-5300AG) at 378C for 30 min. The cells were then washed twice with phos-
phate-buffered saline and lysed in 10 mM Tris–1 mM EDTA–0.001% Triton
X-100–0.0001% sodium dodecyl sulfate–proteinase K (100 mg/ml; Boehringer
Mannheim Biochemicals; catalog no. 161 519) at 568C for 1 h. Proteinase K was
inactivated by incubation of the lysates at 958C for 10 min. The lysates were
frozen on dry ice and stored at 2208C. For PCR analysis, 25-ml aliquots of each
lysate (equivalent to 1.5 3 105 cells) were amplified in a 50-ml reaction volume
adjusted to 10 mM Tris (pH 8.3)–50 mM KCl–2 mM MgCl2–200 mM (each)
dATP, dCTP, dGTP, and dTTP–0.02% gelatin–1.25 U of Taq polymerase (Per-
kin-Elmer). The primers used for amplification had the following sequences:
DIN1, 59-TAGCCAGCTGTGATAAATGTC-39 (NL4-3 positions 4339 to 4359
[20]); and DIN2, 59-CCCTGTAATAAACCCGAAAAT-39 (NL4-3 positions
4894 to 4914 [20]). Amplification was carried out according to the following
protocol: preheating at 948C for 2 min, followed by 35 cycles of 948C for 45 s,
608C for 30 s, and 728C for 2 min. Lanes: 1, lysis buffer alone; 2 and 3, HIV-
1DD(35)E-infected macrophages at 0 (lane 2) and 24 (lane 3) h postinfection; 4
and 5, HIV-1AD8-infected macrophages at 0 (lane 4) and 24 (lane 5) h postin-
fection; 6 and 7, HIV-1D116N/8-infected macrophages at 0 (lane 6) and 24 (lane
7) h postinfection; 8 and 9, HIV-1NL(AD8)-infected macrophages at 0 (lane 8) and
24 (lane 9) h postinfection; 10, fX-174–HaeIII molecular weight standards. The
positions of PCR products are indicated on the right.
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production (3, 34). A different substitution at the same residue
(D116E) also resulted in no alterations of virus assembly (29).
We have also recently reported that the D116N substitution
present in the T-cell line-tropic strain HIV-1NL4-3 caused no del-
eterious effects on virion morphology or virus production (6).
Our evaluation of viral DNA synthesis within 24 h of MDM

infection with HIV-1D116N/8 revealed no discernable difference
from infection with wild-type virus (Fig. 3B). In a previous
study, we reported that T cells productively infected with virus
containing the identical D116N mutation accumulated large
amounts of unintegrated circular DNA relative to total viral
DNA, as determined by analysis with primers that amplified
sequences unique to two-LTR-containing circular DNA (6).
Increased amounts of circular DNA following infection of
HeLa-CD4-LTR-b-gal cells with a D116A IN mutant of HIV-
1HXB2 have also been recently reported (34). Although it has
been suggested that the unintegrated circular viral DNA, ac-
cumulating in HeLa-CD4-LTR-b-gal cells following infection
with IN mutants such as HIV-1D116N/8, may direct the synthesis
of Tat mRNA and Tat protein (thereby generating significant
numbers of blue colonies) (34), this process, even if it occurs in
acutely infected MDM, fails to sustain a detectable spreading
viral infection (Fig. 2B).
Despite the recent retraction of a report describing the in-

fectivity of an IN-defective simian immunodeficiency virus
(22), the question of whether integrated lentivirus DNA is
required for productive infection continues to be raised (2).
The loss of infectivity for primary macrophage cultures as a
consequence of a single amino acid substitution within the
catalytic domain of IN, which has no demonstrable effect on
virus entry, reverse transcription, assembly, or release, is strong
evidence that impaired integration is solely responsible for the
observed replication defect. The failure of HIV-1D116N/8 to
infect MDM is in agreement with a similar, recently published
study (34) and provides molecular genetic evidence that a
functional HIV-1 IN protein is required for the productive
infection of both activated PBMC and nondividing primary
human macrophage cultures.

We are indebted to Kathleen Clouse and Karis Faust for providing
fresh elutriated monocytes, to Alicia Buckler-White and Theresa Lave-
nue for DNA sequencing, and to Ron Willey for critical reading of the
manuscript.

REFERENCES
1. Adachi, A., H. E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, and
M. A. Martin. 1986. Production of acquired immunodeficiency syndrome-
associated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J. Virol. 59:284–291.

2. Bukrinsky, M., N. Sharova, and M. Stevenson. 1993. Human immunodefi-
ciency virus type 1 2-LTR circles reside in a nucleoprotein complex which is
different from the preintegration complex. J. Virol. 67:6863–6865.

3. Cannon, P. M., W. Wilson, E. Byles, S. M. Kingsman, and A. J. Kingsman.
1994. Human immunodeficiency virus type 1 integrase: effect on viral repli-
cation of mutations at highly conserved residues. J. Virol. 68:4768–4775.

4. Drelich, M. R., R. Wilhelm, and J. Mous. 1992. Identification of amino acid
residues critical for endonuclease and integration activities of HIV-1 IN
protein in vitro. Virology 188:459–468.

5. Engelman, A., and R. Craigie. 1992. Identification of conserved amino acid
residues critical for human immunodeficiency virus type 1 integrase function
in vitro. J. Virol. 66:6361–6369.

6. Engelman, A., G. Englund, J. M. Orenstein, M. A. Martin, and R. Craigie.
1995. Multiple effects of mutants in human immunodeficiency virus type 1
integrase on viral replication. J. Virol. 69:2729–2736.

7. Freed, E. O., and M. A. Martin. 1994. Evidence for a functional interaction
between the V1/V2 and C4 domains of human immunodeficiency virus type
1 envelope glycoprotein gp120. J. Virol. 68:2503–2512.

8. Freed, E. O., and M. A. Martin. 1994. HIV-1 infection of non-dividing cells.
Nature (London) 369:107–108.

9. Gartner, S., D. M. Markowitz, M. H. Kaplan, R. C. Gallo, and M. Popovic.
1986. The role of mononuclear phagocytes in HTLV-III/LAV infection.
Science 233:215–219.

10. Gendelman, H. E., J. M. Orenstein, M. A. Martin, C. Ferrua, R. Mitra, T.
Phipps, L. A. Wahl, H. C. Lane, A. S. Fauci, D. S. Burke, D. Skillman, and
M. S. Meltzer. 1988. Efficient isolation and propagation of human immuno-
deficiency virus on recombinant colony-stimulating factor 1-treated mono-
cytes. J. Exp. Med. 167:1428–1441.

11. Harris, J. D., H. Blum, J. Scott, B. Traynor, P. Ventura, and A. Haase. 1984.
Slow virus visna: reproduction in vitro of virus from extrachromosomal
DNA. Proc. Natl. Acad. Sci. USA 81:7212–7215.

12. Hirt, B. 1967. Selective extraction of polyoma DNA from infected mouse cell
cultures. J. Mol. Biol. 26:365–369.

13. Humphries, E. H., and H. M. Temin. 1974. Requirement for cell division for
initiation of transcription of Rous sarcoma virus RNA. J. Virol. 14:531–546.

14. Khan, E., J. P. Mack, R. A. Katz, J. Kulkosky, and A. M. Skalka. 1991.
Retroviral integrase domains: DNA binding and the recognition of LTR
sequences. Nucleic Acids Res. 19:851–860.

15. Kulkosky, J., K. S. Jones, R. A. Katz, J. P. G. Mack, and A. M. Skalka. 1992.
Residues critical for retroviral integrative recombination in a region that is
highly conserved among retroviral/retrotransposon integrases and bacterial
insertion sequence transposases. Mol. Cell. Biol. 12:2331–2338.

16. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and efficient
site-specific mutagenesis with phenotypic selection. Methods Enzymol. 154:
367–382.

17. LaFemina, R. L., C. L. Schneider, H. L. Robbins, P. L. Callahan, K. LeGrow,
E. Roth, W. A. Schleif, and E. A. Emini. 1992. Requirement of active human
immunodeficiency virus type 1 integrase enzyme for productive infection of
human T-lymphoid cells. J. Virol. 66:7414–7419.

18. Lazdins, J. K., T. Klimkait, K. Woods-Cook, M. Walker, E. Alteri, D. Cox, N.
Cerletti, R. Shipman, G. Bilbe, and G. McMaster. 1991. In vitro effect of
transforming growth factor-beta on progression of HIV-1 infection in pri-
mary mononuclear phagocytes. J. Immunol. 147:1201–1207.

19. Leavitt, A. D., L. Shiue, and H. E. Varmus. 1993. Site-directed mutagenesis
of HIV-1 integrase demonstrates differential effects on integrase functions in
vitro. J. Biol. Chem. 268:2113–2119.

20. Myers, G. S., S. Wain-Hobson, B. Korber, R. F. Smith, and G. N. Pavlakis
(ed.). 1993. Human retroviruses and AIDS. Los Alamos National Labora-
tory, Los Alamos, N. Mex.

21. Potts, B. J., W. Maury, and M. A. Martin. 1990. Replication of HIV-1 in
primary monocyte cultures. Virology 175:465–476.

22. Prakash, K., P. N. Ranganayhan, R. Mettus, P. Reddy, A. Srinivasan, and S.
Plotkin. 1992. Generation of deletion mutants of simian immunodeficiency
virus incapable of proviral integration. J. Virol. 66:167–171. (Retraction,
67:6916, 1993.)

23. Sakai, H., M. Kawamura, J. 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.

24. Schwartzenberg, P., J. Colicelli, and S. P. Goff. 1984. Construction and analysis
of deletion mutants in the pol gene of Moloney murine leukemia virus: a new
viral function required for productive infection. Cell 15:1383–1395.

25. Selden, R. F., K. B. Howie, M. E. Rowe, H. M. Goodman, and D. D. Moore.
1986. Human growth hormone as a reporter gene in regulation studies
employing transient gene expression. Mol. Cell. Biol. 6:3173–3179.

26. Shaw, G. M., B. H. Hahn, S. K. Arya, J. E. Groopman, R. C. Gallo, and F.
Wong-Staal. 1984. Molecular characterization of human T-cell leukemia
(lymphotropic) virus type III in the acquired immune deficiency syndrome.
Science 226:1165–1171.

27. Shin, C.-G., T. Brunella, W. A. Haseltine, and C. M. Farnet. 1994. Genetic
analysis of the human immunodeficiency virus type 1 integrase protein. J.
Virol. 68:1633–1642.

28. 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 1 protein products. J. Virol. 64:2421–2425.

29. Taddeo, B., W. A. Haseltine, and C. M. Farnet. 1994. Integrase mutants of
human immunodeficiency virus type 1 with a specific defect in integration. J.
Virol. 68:8401–8405.

29a.Theodore, T., G. Englund, M. Martin, and K. Peden. Unpublished data.
30. van Gent, D. C., A. A. M. Oude Groeneger, and R. H. A. Plasterk. 1992.

Mutational analysis of the integrase protein of human immunodeficiency
virus type 2. Proc. Natl. Acad. Sci. USA 89:9598–9602.

31. Varmus, H. E., T. Padgett, S. Heasley, G. Simon, and J. M. Bishop. 1977.
Cellular functions are required for synthesis and integration of avian sar-
coma virus-specific DNA. Cell 11:307–319.

32. Vink, C., D. C. van Gent, A. M. Oude Groeneger, and R. H. A. Plasterk. 1993.
Identification of the catalytic and DNA-binding region of the human immu-
nodeficiency virus type 1 integrase protein. Nucleic Acids Res. 21:1419–1425.

33. Weinberg, J. B., T. J. Matthews, B. R. Cullen, and M. H. Malim. 1991.
Productive human immunodeficiency virus type I (HIV-1) infection of non-
proliferating human monocytes. J. Exp. Med. 174:1477–1482.

34. Wiskerchen, M., and M. A. Muesing. 1995. Human immunodeficiency virus
type 1 integrase: effects of mutations on viral ability to integrate, direct viral
gene expression from unintegrated viral DNA templates, and sustain viral
propagation in primary cells. J. Virol. 69:376–386.

VOL. 69, 1995 NOTES 3219


