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Tat is required for efficient HIV-1 reverse

transcription

David Harrich, Catherine Ulich, the retroviral genome results in the ability of reverse
Ledn F.Garcia-Martinez and transcriptase to initiate DNA synthesis from the U5 and
Richard B.Gaynor’ R elements, resulting in the synthesis of minus strand

(=) strong stop DNA (Varmus and Brown, 1989; Goff,
Division of Molecular Virology, Departments of Internal Medicine and  1990; Whitcomb and Hughes, 1992). A full-length double-

Microbiology, University of Texas Southwestern Medical Center, stranded DNA molecule is generated in a multiple step
Dallas, TX 7?’235'8594’ USA process that is initiated following a jump of the (-) strong
*Corresponding author stop DNA to the 3 end of the RNA genome (Hu and

. ) o ] Temin, 1990a,b; Hwet al, 1990). A potential role for
The ability of human immunodeficiency virus-1 additional viral and/or cellular proteins in regulating the
(HIV-1) to undergo efficient reverse transcription is efficiency of this process remains a distinct possibility.
dependent on a number of parameters. These include Human immunodeficiency virus-1 (HIV-1) reverse tran-
the binding of the tRNA3™® to the HIV-1 primer scription is dependent on the binding of the tRj¥A to
bmdmg_sﬂe_and the subsequer_ﬂ interaction with the the PBS (Rhimet al, 1991; Li et al, 1994; Wakefield
heterodimeric reverse transcriptase. Recently, we et g, 1994, 1995; Dast al, 1995). Specific interactions
demonstrated that TAR RNA was also necessary for  pepween the heterodimeric p66/51 HIV-1 reverse tran-
efficient HIV-1 reverse transcription. G|ver_1 th_e fact scriptase and the tRN/S (Baratet al, 1993) can induce
that the Tat protein is involved in the activation of conformational changes in the heterodimeric reverse tran-
HIV-1 gene expression in conjunction with TAR, we  gcriptase (Roberet al, 1990; Zakharoveet al, 1995).
wished to determine whether Tat might also be involved  the combination of reverse transcriptase and tRHXA
in the control of HIV-1 reverse transcription. HIV-1 binds to the PBS to form a specific reverse transcription
virions deleted in the tat gene were unable to initiate jnitiation complex that is assembled prior to its transition
reverse transcription efficiently upon infection _of peri- to a reverse transcription elongation complex (kseél,
pheral blood mononuclear cells (PBMCs). This defect 1993 1995, 1996). Extended interactions between the
was not due to decreased amounts of genomic RNA, 5 i-5don loop of tRNAYS and a conserved A-rich loop
reverse transcriptase or other HIV-1 proteins which —505te4 ypstream of the PBS (Iset al, 1993, 1995)
were |fncq:goratedb|nto the virion. Following trfansfec-” facilitate this transition (Isekt al, 1996). Studies with
tion of wild-type but not mutant tat genes into ce other retroviruses such as Rous sarcoma virus (RSV) also

Ilnelsdpbroducmglj HIV-1 Ig(;klng] tfat, the virions produced i ate that complex RNA stem—loop structures flanking
could be complemented for defects In reverse ranscrip- e pgs are critical for efficient reverse transcription

tion upon subsequent infection of PBMCs. In contrast, (Cobrinik et al, 1988, 1991; Aiyaret al, 1992, 1994)

rggki(rj]ef?r?; Lia]t reg’r?ésgoglgnsg{ 'Egogoﬁ]e?gmvgg?e;\mé n The sequence and/or the structure of the PBS and flanking
the ta? ot cells ?ather than the prod cerpcells contained RNA sequences, the properties of the reverse transcriptase
9 produ : and the nature of the specific tRNA primer contribute to

tat. Viruses lacking tat were also defective in endo- "o 0 ificity of this process for different retroviruses
genous assays of reverse transcription, although these (Aiyar et al, 1994)

viruses contained similar levels of reverse transcriptase. Other factors or regulatory elements in HIV-1 which

l)hii}z&?;’tﬁ:g It?]i\lc?et\e;etr a()tfthgee:]'gt giogfelzlsilgnadidsmg&o are require_d fpr viral replication have t_h(_a potential either
important for efficient HIV-1 reverse transcription dlrectly_ or indirectly to regulate the efficiency c_)f reverse
Keywords HIV-1/reverse transcription/Tat protein. transcription. For example, both the Tat protein (Dayton
et al, 1986; Fishert al, 1986; Huanget al,, 1994) and
TAR RNA (Harrichet al, 1994, 1995, 1996; Klaver and
Berkhout, 1994) are required for efficient HIV-I replication.
Mutations of thetat gene decrease HIV-1 replication
several thousand-fold (Daytogt al, 1986; Fishert al,
Reverse transcription is a process used by retroviruses1986; Huanget al, 1994). This defect has been attributed
in which the combined activities of the virus-encoded to the critical role that Tat plays in activating HIV-1 gene
heterodimeric reverse transcriptase results in the synthesisxpression (Kaet al, 1987; Berkhouet al., 1989; Laspia
of proviral DNA from its RNA genome (Baltimore, 1970; et al, 1989, 1990; Feinbergt al, 1991; Marciniak and
Temin and Mitzutani, 1970). Reverse transcription is Sharp, 1991; Katet al,, 1992). Tat activation is dependent
initiated by reverse transcriptase which, in conjunction upon a stable RNA stem—loop structure, that extends from
with a cell-derived tRNA, binds to retroviral RNA the transcription initiation site to+57, known as TAR
sequences known as the primer binding site (PBS) (Panet(Rosenet al, 1985; Muesinget al, 1987; Feng and
et al, 1975). The binding of tRNA to the PBS in Holland, 1988; Gareiaal, 1989; Selbyet al,, 1989)
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HIV-1 reverse transcription requires Tat

which serves as the binding site for Tat (Dingwetlal., to regulating transcriptional activation (Huaref al,
1990). Tat, in conjunction with TAR RNA, results in 1994). More specifically, although other viral transactiv-
marked stimulation of the elongation properties of RNA ators could fully complement the transcriptional defects

polymerase Il (Kaeet al, 1987; Laspiget al, 1989, 1990; of viruses mutated in theitat genes, these viruses were
Feinberget al, 1991; Marciniak and Sharp, 1991; Kato unable to replicate efficiently or cause cytopathicity
et al, 1992) and these effects are probably mediated by (Huanget al,, 1994).
association of Tat with RNA polymerase Il or other An HIV-1 provirus was constructed which contained a
components of the HIV-1 transcriptional elongation com- deletion in thetat gene such that only the first five amino
plex (Keenret al,, 1996; Mavankakt al., 1996). Alterations acids could be expressed. This virus produced only low
in TAR RNA structure markedly decrease Tat activation, levels of gene expression<@0 pg/ml of p24 antigen)
and viruses containing these TAR RNA mutations exhibit following transfection of a variety of different cell lines,
several thousand-fold decreases in replication upon infec-indicating the lack of a functional Tat protein. In an
tion of peripheral blood mononuclear cells (PBMCs) or attempt to isolate sufficient amounts of the virus for further
T-cell lines (Harrichet al, 1994, 1995, 1996; Klaver and studies, the puromycin resistance gene was inserted in
Berkhout, 1994). TAR revertant viruses arising from the placeneff and stable cell lines containingt-deleted
original HIV-1 TAR mutant viruses were isolated and viruses were isolated (Morgenstern and Land, 1990). A
exhibited nearly wild-type levels of gene expression due variety of T-lymphocyte cell lines were used, but only
to partial restoration of TAR RNA stem base pairing and low levels of HIV-1 gene expression were obtained.
their ability to bind Tat (Harrichet al, 1995). However, However, 293 cells which contain the adenovirus E1A
subtle base pair changes that alter TAR RNA structure and E1B proteins are able to strongly activate HIV-1 gene
were still present in these revertant viruses and they were expression and complement the defect in gene expression
found to be defective for reverse transcription following in viruses lackingat (Grahamet al, 1977; Klieweret al,
infection of PBMCs (Harrichet al, 1996). Analysis of 1989; Harricét al, 1994, 1995, 1996). Using puromycin
the original HIV-1 TAR mutant viruses further demon- selection of 293 cells transfected with HIV-1 deleted in
strated that an intact TAR element was required for efficient thegene, we were able to obtain clonal 293 cell lines
reverse transcription (Harricht al, 1996). Whether the  producing virus lacking th&at gene. We routinely obtained
effect of TAR on modulating the efficiency of reverse viral supernatant which contained 1-2 ng/ml of p24
transcription was mediated entirely by RNA secondary antigen after 16 h of cell culture. These 293 isolates were
structure or by the binding of cellular or viral factors expanded and analyzed using PCR to confirm the presence
remains unclear. of intact 5 and 3 long terminal repeats (LTRs) and a
Given the fact that TAR is critical for both the regulation defectigegene.
of HIV-1 gene expression and reverse transcription, we The 293 cells containing the¢at-defective provirus
wished to investigate whether the Tat protein was also desigstedere expanded and transfected with either
involved in regulating both of these processes. Using an RSV expression vector lacking tted gene or a similar
HIV-1 deleted in theat gene, we were able to demonstrate expression vector containing the wilitgpae (Garcia
that virions that lacked Tat were unable to undergo efficient et al, 1988). HIV-1 supernatants containing similar
reverse transcription either following infection of PBMCs amounts of reverse transcriptase activity were obtained
or in endogenous reverse transcription assays. Howeverfrom 293 cell lines producing either wild-typétat or
transfection ofat expression vectors into cell lines produc- Atat virus complemented with wild-typéat. A further
ing viruses deleted in that gene resulted in the generation biochemical characterization of these viruses was per-
of viruses that were able to undergo efficient reverse formed in Figures 3 and 4 (see below). These viruses
transcription upon infection of PBMCs or in endogenous were used to infect PBMCs, and the ability of these
reverse transcription assays. No difference in the levels viruses to undergo reverse transcription was assayed by
of reverse transcriptase, genomic RNA or other proteins PCR analysis of low molecular weight DNA obtained at 2
incorporated into virions lackingat were detected as and 24 h post-infection (Hirt, 1967). Reverse transcription
compared with wild-type HIV-1. These studies demon- products corresponding to (=) strong stop (Figure 1A),
strate that the Tat protein either directly or indirectly is jump (Figure 1B) and full-length (Figure 1C) DNA were
able to modify virion particles, to increase their ability to analyzed as described (Zaek al., 1990). As shown in
undergo efficient HIV-1 reverse transcription. Figure 1, fitat virus was very defective in reverse
transcription at both 2 and 24 h post-infection, as reflected
in the low amounts of () strong stop DNA (Figure 1A—

Results C, lanes 9 and 14) compared with that seen with wild-
Tat is required for efficient HIV-1 reverse type HIV-1 (Figure 1A-C, lanes 7 and 12). Transfection
transcription of an expression vector encodingt onto 293 cells
Since we demonstrated that the HIV-1 TAR RNA was producing wild-type HIV-1 did not alter the ability of this
required for efficient reverse transcription (Harriehal,, virus to undergo reverse transcription upon subsequent
1996), we next addressed whether this process may beinfection of PBMCs (Figure 1A-C, lanes 8 and 13) as
modulated by the Tat protein. TAR is necessary for compared with wild-type HIV-1 alone (Figure 1A-C, lanes
mediating Tat activation of HIV-1 gene expression (Rosen 7 and 12). In contrast, transfection of thet expression

et al, 1985; Muesinget al, 1987; Feng and Holland, vector onto 293 cells producing/ia¢ virus resulted in
1988; Garciaet al, 1989; Selbyet al, 1989; Dingwall virus that synthesized increased amounts of (=) strong

et al, 1990), and a previous study suggested that Tat may stop DNA upon subsequent infection of PBMCs (Figure
function at other points in the HIV-1 life cycle in addition 1A, lanes 10 and 15). Similar increases in the levels of
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Fig. 1. HIV-1 virions lackingtat are defective in reverse transcription. Activated PBMCs were infected fowith culture supernatant from 293

cells containing 6 ng of reverse transcriptase activity (Bdyfor either wild-type HIV-1 (A-D, lanes 7 and 12), wild-type HIV-1 produced from

293 cells following transfection with an RSV expression vector containing the 72 amindaagjdne (A-D, lanes 8 and 13)Mat virus (A-D, lanes

9 and 14) Atat virus produced from 293 cells following transfection of a wild-tygaé expression vector (A-D, lanes 10 and 15), mock supernatant
(A-D, lanes 6 and 11) or heat-inactivated supernatants for mock, wild-type HIV-1, wild-type HIV-1 transfected with a witdttgppression

vector,Atat virus or Atat virus transfected with a wild-typtat expression vector (A-D, lanes 1-5)t A h post-infection, residual virus was removed

by washing and Hirt lysates were prepared from half of the infected cells while the remaining PBMCs were cultured for 24 h and Hirt lysates were
prepared. The recovered nucleic acids were assayed for HIV-1 (-) strongAstgmés 1-15), the first strand jumB,(lanes 1-15) and full-length

DNA (C, lanes 1-15). Quantitative PCR analysiscgf-oxy |l content in Hirt lysates was used to standardize the DNA recov@ryafies 1-15). All

PCR reactions were performed within the linear range as determined by assays of HIV-1 DNA copy number (0, 10, 50, 250 and 1000) or cell
number (0, X10%, 2x10% 1x10* and 5<10%. This analysis is representative of PCR reactions performed on three separate HIV-1 infections using
independently prepared virus stocks.

80

the reverse transcription products were seen withtiag¢
virus produced following transfection with wild-typtat
by analyzing jump DNA at 2 (Figure 1B, lane 10) and 60
24 h (Figure 1B, lane 15) and full-length DNA at 24 h
(Figure 1C, lane 15). Analysis of the magnitude of the
defects inAtat virus reverse transcription relative to wild-
type HIV-1 was analyzed by Phosphorimager quantitation
at 24 h post-infection and indicated that th&at virus
exhibited a 10-fold defect in strong stop DNA, a 7-fold 20
defect in jump DNA and a 30-fold defect in full-length
DNA. These defects were not detected in virus produced
following transfection of the wild-typeat gene into 293
cells containing theAtat virus. No reverse transcription
products were detected in infections performed using
supernatants from uninfected 293 cells (Figure 1A—C, lane Fig. 2. Replication of HIV-1tat mutant viruses in PBMCs. For each
6) nor following heat inactivation of these viruses (Figure infection, 2<10° activated PBMCs were infected with filtered culture

. = ; ; i« Supernatant produced from 293 cells containing ~6 ng of reverse
1A-C, lanes 1-5). An internal control using PCR analysis transcriptase activity for either wild-type HIV-Itat virus or Atat

of the mitochondrial cytochrome oxidase Il geroyttox virus produced following transfection with a wild-typat expression

II) from each of the PBMC samples indicated equal DNA vector. The infected PBMCs were sampled every 3 days and assayed
recovery (Figure 1D, lanes 1-15). These results indicate for p24 antigen by ELISA.

that thetat gene is involved in the ability of HIV-1 to
undergo efficient reverse transcription.

—QO— wild type
—O— Atat
—{J— Atat + pDex tat

p24 Ag ng/ml

<
Le]

1
20

Day

Atat virus produced following transfection with wild-type

Tat-complemented virus is defective for tat were again used to infect PBMCs (Figure 2). The
subsequent replication PBMCs were assayed for the amount of p24 antigen by
Filtered 293 viral supernatants containing equal amounts enzyme-linked immunosorbent assay (ELISA) during a
of reverse transcriptase activity for wild-typAtat and 30 day period of culture. Thus, we could determine
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Fig. 3. Biochemical analysis of HIV-1at mutant viruses in PBMCsA() Filtered culture supernatants containing ~300 ng of HIV-1 p24 antigen were
subjected to centrifugation and the pelleted virus was assayed for reverse transcriptase activity and p24 antigen content as described in Materials and
methods. The assays were performed in triplicate with two independently prepared virus ®pdkesfern blot analysis was performed with a
mock-infected sample or equal quantities of virions produced from 293 cells (25 ng of p24 antigen) for wild-type Af#i¥\dirus or Atat virus

produced following transfection of a wild-tygat expression vector. HIV-1-specific proteins were detected using either an affinity-purified human
polyclonal 1gG directed against HIV-1 (lower panel) or an affinity-purified monoclonal IgG directed against HIV-1 gp120 (llIB) (upper panel)

followed by treatment with secondary HRP-conjugated antibodies and chemiluminescence detection. The molecular weight markers are indicated.

whether wild-typetat complementation of the reverse A T
transcriptase defect seen with th&t virus produced in 1 2 3 4 5 6 7 8 0 10 50 250 1000
293 cells resulted in the generation of virus that was able i

to replicate efficiently in PBMCs. Botltat virus and m ‘
Atat virus produced following transfection of the wild- :

typetat gene were unable to replicate efficiently following g

infection of PBMCs when assayed over a 30 day culture

period (Figure 2). In contrast, wild-type HIV-1 gave high 1 2 & & 38 2 v 10 Blase e
levels of p24 antigen expression (Figure 2). These results . .

indicate that although wild-typgat can complement the . .

defect in reverse transcription seen with th&at virus

upon Infecton of PBMCs, the absence of continuad _ C6 L Aab o Lo it Sl e e e,
prOdUCtl.on in the P.BMCS reS.UIte.d in low levels of_ger_le of Lrj)24 antigen and cDNA was synpthesized in the presence (A and Bg,]
expression and a failure to maintain subsequent replication.janes 1, 3, 5 and 7) or absence (A and B, lanes 2, 4, 6 and 8) of
Furthermore, these results indicated that complementationm-MLV reverse transcriptase primed with an antisense oligonucleotide
of the defect in reverse transcription of theat virus with that hybridized to HIV-1 sequences extending frer@42 to +219.

i ; ; ; i (A) HIV-1 cDNA was detected by PCR with a nested antisense primer
Lvil\(j_;_yfeec?lfngﬁ;nc;ts result in the generation of wild-type corresponding to HIV-1 sequence<236 to +214 and a sense primer

corresponding to+96 to +118 for mock (lanes 1 and 2), HIV-1 wild-

type (lanes 2 and 3)\tat virus (lanes 4 and 5) aAtat virus produced

HIV-1 wild-type and Atat virions have similar following transfection with a wild-typeat expression vector (lanes 7

biochemical properties and 8). B) A synthetic RNA included in each sample during the RNA
. . . . . _ . isolation and the M-MLYV reverse transcription reaction was detected

It Was important to CharaCterl.Ze the bIOChem_lcal properties by PCR using a nested antisense primer made to HIV-1 sequences

of wild-type HIV-1 andAtat virions produced in 293 cells 162 to +42 and an oligonucleotide made to polylinker sequences

both before and after transfection of the wild-typat present in the synthetic RNA (lanes 1-8).

gene to determine whether decreased synthesis of HIV-1

proteins may account for the defects noted in reverse

transcription upon infection of PBMCs. To compare the similar with these different viruses with a ratio of reverse
biochemical properties of these viruses, filtered viral transcriptase/p24 ranging from ~3.2 to 2.6. Next, these
supernatant from 293 cells was harvested by centrifugation viruses were analyzed by Western blot analysis using

and analyzed for both reverse transcriptase activity and human IgG antibodies directed against HIV-1 or a mono-
p24 antigen (Figure 3A). This analysis indicated that the clonal antibody directed against gp120. This analysis
reverse transcriptase activity and p24 antigen levels wereindicated that the amount of gp120 and other HIV-1
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MET Gilu Pro Val Asp Pro Asn Leu Glu Pro Tmp Lys His Pro Gly Ser Gin Pro Arg Thr Ala
ATG GAG CCA GTA GAT CCT AAT CTA GAG CCC TGG AAG CAT CCA GGA AGT CAG CCT AGG ACT GCT

* * * *
Cys Asn Asn Cys Tyr Cys Lys Lys Cys Cys Phe His Cys Tyr Ala Cys Phe Thr Arg Lys Gly
TGT AAC AAT TGC TAT TGT AAA AAG TGT TGC TTT CAT TGC TAC GCG TGT TTC ACA AGA AAA GGC

TCT TCT AGC AGC
Ser Ser Ser Ser
Leu Gly lle Ser Tyr Gly Arg Lys Lys Arg Arg Gin Arg Arg Arg Ala Pro Gin Asp Ser Gin
TTA GGC ATC TCC TAT GGC AGG AAG AAG CGG AGA CAG CGA CGA AGA GCT CCT CAG GAC AGT CAG
TAA TAA
A53 A60

Thr His Gin Ala Ser Leu Ser Lys Gin
ACT CAT CAA GCT TCT CTA TCA AAG CAG TAA

Fig. 5. Structure of the first coding exon of that gene. The sequence of the first 72 amino acids of the HIV-1t&F§ene is shown. The position
of the four cysteine residues that were mutated indyeconstruct are indicated as are the positions of the truncations dhtigene at amino acid
position 53 A53) and 60 A60).

proteins were similar for wild-type HIV-1Atat virus and A Copy Number
Atat virus produced following transfection of 293 cells g ' 283458 67 B 080501000
with the wild-typetat expression vector (Figure 3B). »

Finally, we determined whether the same amount of 5 “’“ -"
HIV-1 RNA was incorporated into the wild-type ardat A,
virions produced in either the presence or absence of B
a wild-type tat gene transfected into 293 cells. Virus LE 8 % Bs T £ 1090201009
preparations containing equal amounts of p24 antigen 3 &_
were subjected to PCR analysis. Similar amounts of RNA - . ‘ . “
were incorporated into HIV-1 wild-type (Figure 4A, lanes ¢
3 and 4),Atat virus (Figure 4A, lanes 5 and 6) artat 1 2 3 4 5 6 7 0 10 50 250 1000
virus produced following transfection with wild-typtat =
(Figure 4A, lanes 7 and 8). There was no RNA detected 5 - - _“
in mock-infected 293 supernatants (Figure 4A, lanes 1 Z
and 2) and the amount of an internal control HIV-1 RNA n o s
included in each sample prior to PCR analysis was { 5 39 4 E & 7 R

similar (Figure 4B, lanes 1-8). Thus no gross biochemical
abnormalities were detectable in thet mutant virus as
compared with wild-type HIV-1.

Cyt Ox

e b . ]

Fig. 6. Role oftat mutants on increasingtat virus reverse

Wild-type but not mutant tat genes prevent

defects in reverse transcription of Atat virions

Next, we determined whether transfection of expression
vectors containing a variety dat mutants was able to

transcription. Activated PBMCs were infected @ h with culture
supernatant from 293 cells including mock supernatant (A-D, lane 1)
or 6 ng of reverse transcriptase activity (5udJ for either wild-type
HIV-1 (A-D, lane 2), wild-type HIV-1 transfected with a wild-tygat
expression vector (A-D, lane 3)tat virus (A-D, lane 4) orAtat virus

prevent the defect in reverse transcription seen with the transfected with expression vectors containing eithtat @ysteine

Atat virus. The 293 cells containing th&tat virus were
transfected with expression vectors containing either wild-
type tat, a tat mutant in four critical cysteine residues
(tat/cy9, a tat deletion mutant that eliminated the basic
domain QA53) or atat deletion mutant that contained the
first 60 amino acids ofat (A60) (Garciaet al, 1988).
Thetat/cysandA53 tat mutants are very defective foat
activation of HIV-1 gene expression while th&60 tat
mutant has nearly wild-typtat function. A schematic of
the position of these mutants in that gene is shown
(Figure 5). Virus stocks were prepared from each of

mutant €at/cy9 (A-D, lane 5), atat mutant truncated at amino acid 53
(A53) (A-D, lane 6) or aat mutant truncated at amino acid 60860)
(A-D, lane 7). Hirt lysates were prepared from HIV-1-infected PBMCs
at 24 h post-infection and the recovered cytoplasmic nucleic acids
were assayed for HIV-1 DNA using PCR primers to detect (<)

strong stop B) the first strand jump or@) full-length DNA. (D) Total
cytoplasmic nucleic acids from each infection were normalizedyte
oxy Il content by PCR. All PCR reactions were performed within the
linear range as determined by assays of HIV-1 DNA copy number (0O,
10, 50, 250 and 1000) or cell number (0¢20?, 2x10%, 1x10* and
5x10%. Infections were performed using three independent stocks of
each virus followed by PCR analysis.

these transfected 293 cells and equal amounts of reverseitat virus was very defective for reverse transcription
transcriptase activity were used to infect PBMCs. The when analyzed for DNA synthesis, including () strong
reverse transcription products isolated from each of these stop (Figure 6A, lane 4), jump (Figure 6B, lane 4) and
infections were analyzed using PCR at both 2 and 24 h full-length (Figure 6C, lane 4), as compared with wild-
post-infection. Only the PCR analyses from samples type HIV-1 (Figure 6A-C, lane 2). This defect was not
isolated at 24 h post-infection are shown in Figure 5. The seen inAtat virions produced following transfection of
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Fig. 7. Tat expressed in target cells does not incre&tse virus reverse transcription. Equivalent cell numbers of either HeLa, HeLa/CD4 or HelLa/

CDA4tat were infected fo 2 h with either mock supernatant (A-D, lanes 1,

8 and 15) or 15 ng of reverse transcriptagg)&ativity obtained

from 293 cells for either wild-type HIV-1 (A-D, lanes 5, 12 and 19), HI\Atat virus (A-D, lanes 6, 13 and 20) or HIV-Atat virus produced

following transfection with a wild-typeat expression vector (A-D, lanes 7,

(A-D, lanes 2, 9 and 16), HIV-Atat virus (A-D, lanes 3, 10 and 17) dtat
vector (A-D, lanes 4, 11 and 18) were used to infect each cell line. The

14 and 21). Similarly, heat-inactivated viruses including wild-type HIV-1
virus produced following transfection of a wild-typat expression
residual virus was removed by washing, and Hirt lysates were prepared

from the infected cells at 24 h post-infection. The recovered nucleic acids were assayed for HIV-1 (=) strolg Eopg 1-21), first strand jump
(B, lanes 1-21) and full-length DNAQ, lanes 1-21). Quantitative PCR analysiscgf-ox Il content in Hirt lysates, lanes 1-21) was used to

normalize the input in all PCR reactions. This analysis is representative

of three independent infections and subsequent PCR reactions. All PCR

reactions were performed within the linear range of the assay as indicated by the HIV-1 DNA standards (0, 10, 50, 250 and 1000) and the cell

number (0, K10%, 1x10%, 3x10° and 1xX10%.

the wild-typetat gene into the 293 cells, since the amounts
of the PCR products were similar to that seen with wild-
type HIV-1 (Figure 6A-C, lanes 2 and 3). In contrast,
Atat virus produced in 293 cells following transfection of
the tat mutanttat/cysexhibited marked defects in reverse
transcription upon infection of PBMCs (Figure 6A-C,
lane 5). Atat mutant, A53, when transfected into 293
cells containing theAtat virus, resulted in virus that
was still partially defective in the synthesis of reverse
transcription products upon infection of PBMCs (Figure
6A—C, lane 6). Finally, transfection of the 293 cells into
tat mutant A60 restored the ability of theé\tat virus
produced to undergo reverse transcription upon infection
of PBMCs (Figure 6A—C, lane 7). Analysis of these PCR

assays using Phosphorimager quantitation indicated that

relative to wild-type HIV-1 there were defects in strong
stop, jump and full-length products of 8-, 10- and 30-fold
for Atat virus alone; 12, 16- and 100-fold fdktat virus
complemented withat/cys 5-, 6- and 50-fold forAtat
virus complemented wittA53 and of 2-fold or less
for Atat virus complemented witiA60. There were no
detectable PCR products following mock infection of
PBMCs (Figure 6A—-C, lane 1) and there was equal
recovery of DNA from the PBMCs as judged by equivalent
PCR products seen with the contmjt-ox Il (Figure 6D,
lanes 1-7). These results indicate that the abilityapto
complement reverse transcription of tidat virus was
dependent on a functiongt gene.

Tat expression in target cells does not increase the
reverse transcription of Atat virions

A wild-type tat expression vector when transfected into
293 cells producing thAtat virus was able to prevent the

defect in reverse transcription with this virus following
infection of PBMCs (Figures 1 and 6). Next, we addressed
whether the presence dattlgene in the target cells
used for HIV-1 infection rather than in the HIV-1 producer
cells could also complement the defect in reverse transcrip-
tion seen with thé\tat virus. HelLa cells either lacking or
possessing the CD4 receptor (Magidah, 1986) or
HelLa CD4 cells stably expressing ttet gene were used
in infection experiments with the different HIV-1 virus
stocks. The HelLa CD4 cells containing that gene
resulted in 50-fold levels of activation of a transfected
HIV-1 LTR CAT plasmid compared with HeLa CD4 cells
(data not shown). The different HeLa cell lines were
infected with equal amounts of reverse transcriptase pro-
duced from the 293 cells containing wild-typAtatV-1,
virus or Atat virus complemented with wild-typtat. The
levels of HIV-1 reverse transcription products were assayed
at 24 h post-infection.
No reverse transcription products were detected with
any of the viruses when they were used to infect HeLa
cells lacking the CD4 receptor (Figure 7A-C, lanes 5-7).
In contrast, reverse transcription products were detected
when 293 supernatants containing either the wild-type,
Atat virus or theAtat virus complemented with wild-type
tat were used to infect HeLa CD4 cells (Figures 7A-C,
lanes 12-14). Thé\tat virus was very defective in the
synthesis of reverse transcription products when used to
infect HeLa CD4 cells (Figure 7A—-C, lane 13). No defects
in reverse transcription were seen wiltat produced in
293 cells following transfection of the wild-typat gene
(Figure 7A-C, lane 14), with similar levels of reverse
transcription products detected as compared with wild-
type HIV-1 (Figure 7A-C, lane 12). When each of these
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Fig. 8. Endogenous reverse transcription assays of HIV-1 wild-typetahchutants. A) and B) Either wild-type HIV-1 (lanes 1 and 2)tat virus

(lanes 3 and 4) oftat virus produced following transfection with either wild-typet designateditat/WT (lanes 5 and 6) or thit mutantstat/cys
designateditat/cys (lanes 7 and 8)\53 designateditat/A53 (lanes 9 and 10) ak60 designatedtat/A60 (lanes 11 and 12) were assayed in

triplicate for reverse transcriptase activity. Culture supernatants (pl)5fbntaining activity equivalent to 20 pg of recombinant reverse transcriptase
were treated with 10 mM MgGland 100 U of DNase | for 20 min at 30°C. To detect endogenous viral DNAJI%J the treated viral supernatant

were lysed and subjected directly to PCR analysis (A and B, lanes 1, 3, 5, 7, 9 and 11). The remaining viral supernatants were supplemented with
either 12uM dNTPs (A, lanes 2, 4, 6, 8, 10 and 12) or fi®1 dNTPs minus dTTP (B, lanes 2, 4, 6, 8, 10 and 12). DNase | activity was confirmed

by the addition of 18copies of an HIV-1 LTR plasmid to wild-type HIV-1 supernatant not supplied with dNTPs (lane 13). The presence of
endogenous HIV-1 DNA was measured in wild-type HIV-1 supernatant not supplemented with dNTPs (lane 14). All reactions were incubated at
37°C for 60 min and terminated with 2Q0 of stop solution at 50 then 95°C for 10 min at each temperature. All lysed supernatants were assayed
by PCR for the presence of HIV-1 (-) strong stop DNA as described in Materials and methods. All PCR reactions were performed within the linear
range of the assay.

viruses produced in 293 cells was used to infect HeLa deoxynucleotides (dNTPs) (Figure 8A, lanes 2, 4, 6, 8,
CD4 cells containing theat gene, theAtat virus was 10 and 12) or dNTPs lacking dTTP (Figure 8B, lanes 2,
again very defective for reverse transcription, with defects 4, 6, 8, 10 and 12). The dTTP was omitted from these
ranging from 20-fold for strong stop and jump DNA to reactions to demonstrate that the DNA detected by PCR
100-fold for full-length DNA (Figure 7A—C, lane 20). In was the product of the endogenous reverse transcription
contrast, theAtat virus complemented with wild-typtat reaction rather than pre-existing endogenous DNA. These
(Figure 7A-C, lane 21) and wild-type HIV-1 (Figure 7A— virions were incubated in a stop solution (10 mM Tris

C, lane 19) gave similar levels of reverse transcription pH 8.0, 10 mM EDTA, 2Qug/ml herring sperm DNA and
products. Neither mock infection or heat-treated viruses  pdtl proteinase K) at 50°C then at 95°C for 10 min
gave detectable levels of reverse transcription productsand assayed by PCR for the presence of HIV-1 (-) strong
when used to infect any of the HelLa cell lines (Figure stop DNA. The amount of (-) strong stop DNA synthesized
7A-C, lanes 1-4; lanes 8-11; lanes 15-18). There wasin the endogenous reverse transcription assay was similar
equal recovery of DNA samples from the HIV-1-infected for wild-type HIV-1 (Figure 8A, lane A&at virus

Hela cells as determined from PCR analysis of the produced following transfection of 293 cells with wild-
oxy Il gene (Figure 7D, lanes 1-21). These results indicate tapgFigure 8A, lane 6) anditat virus produced

that the expression of wild-typtat in the producer cells  following transfection with theA60 tat mutant (Figure

but not the target cells was able to reverse the defects in 8A, lane 12). In contrast, there was a marked decrease in
reverse transcription seen with thgat virus. the amount of (-) strong stop DNA synthesized with the

Atat virus (Figure 8A, lane 4) or thatat virus produced
HIV-1 virions lacking tat exhibit defects in following transfection of 293 cells with either that/cys
endogenous reverse transcription mutant (Figure 8A, lane 8) or thiat mutantA53 (Figure

Finally, we assayed endogenous reverse transcription (Arts8A, lane 10). Phosphorimager quantitation of the PCR
et al, 1994) using virions produced in 293 cell lines assays indicatedMaavirus exhibited a 10-fold defect
expressing either wild-type HIV-Ntat virus orAtat virus relative to wild-type HIV-1. TheAtat virus produced
complemented following transfection with wild-tygat following transfection of 293 cells with wild-typtat was

or different tat mutants. Virus stocks containing equal 2-fold higher than wild-type virus, while thétat virus
quantities of reverse transcriptase were treated with DNase produced following transfection of 293 cellat/with
| to remove potential contaminating chromosomal DNA. cys exhibited a 16-fold defect, thétat virus produced
PCR analysis was then performed on a portion of these following transfection AgiBhtat exhibited a 5-fold
virions with specific primers to detect pre-existing endo- defect and thé\tat virus produced following transfection
genous DNA (Figure 8A and B, lanes 1, 3, 5, 7, 9 and VINBO tat exhibited no defect. DNase | treatment was
11). The other portion of the virions was incubated sufficient to remove potential contaminating chromosomal
for 60 min at 37°C in the presence of either LR DNA or cell nuclei as indicated by the near complete
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into the 293 cells containing/Mfa¢ virus. These studies

DNA sequences detected by PCR that was added to viralindicate the requirement for a functional Tat protein to

supernatant not supplemented with dNTPs (Figure 8A,
lane 13). No HIV-1 DNA was detected in DNase I-treated
wild-type HIV-1 supernatant not supplied with dNTPs
(Figure 8B, lane 14). Finally, there was little synthesis of
(-) strong stop DNA when dTTP was omitted from the

complement the defects seen with virions facking
However, the defect in reverse transcription of thiat
virus upon infection of PBMCs was not due to detectable
differences in the amount of HIV-1 proteins such as
gp120. Furthermore, the amount of p24 antigen, reverse

endogenous reaction (Figure 8B, lanes 2, 4, 6, 8, 10 andtranscriptase and intravirion RNA was standardized care-

12), indicating that virions required exogenous pools of
deoxynucleotides to initiate measurable levels of (-) strong
stop DNA. These results indicate that the levels of
endogenous reverse transcription for the wild-type and
Atat-deleted viruses correlated with the vivo reverse
transcription analysis for these viruses.

Discussion

fully for each of the viral stocks produced from the 293
cell lines so that any potential differences between the
stocks could be identified\t@iheirus produced in 293
cells complemented with wild-type but not mutatatt
genes can undergo efficient reverse transcription both
in vivo andin vitro in the presence of an exogenous dNTP
pool. Although it is possible that subtle changes in HIV-1
virion structure occur in the absence wit, electron
microscopy did not detect ultrastructural abnormalities of

Recently, we demonstrated that a number of HIV-1 mutants viruses lackingat which were produced under conditions

in TAR were defective for reverse transcription upon
infection of PBMCs (Harrichet al, 1996). Since TAR
RNA is involved in the control of HIV-1 reverse transcrip-
tion, we investigated whether that gene which requires
TAR RNA to activate gene expression might also be
required for efficient reverse transcription. Previous data
have demonstrated that HIV-1 virions containing deletions
in the tat gene were very defective for viral replication
(Dayton et al,, 1986; Fisheret al, 1986; Huanget al,
1994). This defect has been attributed primarily to a
failure oftat-mediated increases in HIV-1 gene expression
(Dayton et al, 1986; Fisheret al, 1986). However, the
fact that heterologous viral transactivators inserted into
HIV-1 proviruses lackingtat could complement defects
in HIV-1 gene expression but not defects in viral replication
and cytopathicity suggested potential effects taf in
regulating other steps in the viral life cycle (Huang
et al, 1994).

A role for tat in early steps in the HIV-1 life cycle has
not been demonstrated due at least in part to difficulty with
obtaining sufficient quantities of HIV-1 virions lackirnagt.
The adenovirus E1A and E1B proteins in the 293 cells
(Grahamet al, 1977) complement the defects in HIV-1
gene expression seen with both TAR atad mutants
because the primary effect of ELA on activating gene
expression is by interaction with upstream cellular tran-
scription factors (Klieweet al,, 1989). Clonal populations
of 293 cells containing HIV-1 deleted in that gene were
isolated and the quantity of this virus was sufficient to
analyze early steps in the HIV-1 life cycle. Surprisingly,
we found that HIV-1 lacking thetat gene was very
defective in the initiation of reverse transcription as
reflected in defects in the synthesis of (-) strong stop

where their gene expression was complemented with
heterologous viral transactivators (Huasigal., 1994).
A variety of studies indicate that reverse transcription
is subject to complex regulation by both viral and cellular
proteins. For example, the cellular milieu is critical for
the efficiency of HIV-1 reverse transcription as reflected
in the marked defects in replication seen in quiescent
lymphocytes (Zacket al, 1990, 1992; O’Brianet al,
1994). Mutants in several viral proteins including integrase
(Masudaet al, 1995), Nef (Schwartzt al, 1995) and
Vif (von Schweeliesl, 1993) result in viruses that
exhibit defects in reverse transcription. In addition, the
nucleocapsid which facilitates strand transfer may also
increase the efficiency of reverse transcription (Lapadat-
Tapolkskal, 1993, 1995; Allainet al,, 1994; Peliska
et al, 1994). Cellular proteins including DNA topoisomer-
ase | (Retedl, 1990) and cyclophilin A (Franket al,
1994; Thaliet al., 1994) are also present in HIV-1 virions.
DNA topoisomerase | has been suggested to stimulate the
elongation properties of reverse transcriptase (Ptiell.,
1990; Jardinet al,, 1993; Takahashet al., 1995). Cyclo-
philin A is incorporated into the HIV-1 particle via its
interactions with the Gag protein (Frahla, 1994;
Thali et al, 1994). Mutations in critical proline residues
in Gag which bind cyclophilin A result in virions which
exhibit defects in replication that may be due in part to
defects in reverse transcription (Braateal, 1996).
These results suggest that HIV-1 reverse transcription is
subject to complex regulation and that viral and cellular
proteins in addition to reverse transcriptase are probably
critical in regulating the efficiency of this process.
Recent studies suggest that reverse transcription may
have at least three defined stages of regulation, including

DNA. There was a corresponding decrease in the amountinitiation, a transition between initiation and elongation,

of first strand synthesis and a further defect in the synthesis

of full-length DNA, suggesting that the processivity of

the reverse transcriptase might also be affected in virus

lackingtat. It will be important to determine whether the
defects in reverse transcription seen with virus lackatg
are entirely due to a defect in initiation or whether

additional effects of reverse transcriptase processivity are

also present.

The defects in reverse transcription seen with HIV-1
lacking tat could be prevented by transfection of wild-
type but not a variety of mutartat expression vectors

and elongaticet @5€1996). This pattern of regulation
is dependent on modified nucleosides in the tRNA
which facilitate interactions with the HIV-1 PBS and with
an A-rich loop located 12-17 nucleotides upstream of the
PBS (Iselet al, 1993, 1996). This complex pattern of
RNA interactions may be critical for the regulation of the
transition between the initiation and elongation of reverse
transcription which is seen with HIV-1 reverse tran-
scriptase but not with several other viral reverse tran-
scriptases (Artset al, 1996b). Data indicating that
tRNYS DNA chimeras can lead to the synthesis of (=)

1231



D.Harrich et al.

strand strong stop DNA synthesis with a reverse tran-
scriptase mutant that is defective for the initiation of
reverse transcription with authentic tRA# further indi-
cate a role for multiple RNA interactions in the reverse
transcription process (Artst al, 1996a). Our previous
finding that TAR RNA is involved in the regulation of
(=) strong stop DNA synthesis would be consistent with
a role for TAR RNA in these multiple RNA interactions
to regulate an early step in the synthesis of (-) strand
strong stop DNA synthesis.

The question arises as to hdat is able to stimulate
efficient reverse transcription. One possibility is tlatt
is incorporated into HIV-1 virion particles via binding to
TAR RNA (Dingwall et al, 1990; Calnaret al, 1991;
Weeks and Crothers, 1991). Tat binding to TAR RNA
may alter TAR structure such that the initiation of reverse
transcription is enhanced. For example, NMR analysis

nucleosides and circularized with T4 DNA ligase. A 14 bp deletion from
+5430 to+5443 within thetat gene was identified by DNA sequencing
that created a frame shift at but did not alter other HIV-1 genes. The
first five amino acids oftat (MEPVD) were translated followed by
eight amino acids translated from the n -1 alternate reading frame
(LEASRKSA) followed by a stop codon.

Both the wild-type and mutant eucaryotic vectors expresthwere
described previously (Garcit al., 1988). For these vectors, the HIV-1
tat gene encoding either the first 72 amino acids (wild-type), 60 amino
acids Q\60), 53 amino acidsA53) or serine substitutions of cysteine at
residues 22, 27, 31 and 34afcyy were placed downstream of the
RSV promoter in a vector containing the SV40 splice acceptor and
polyadenylation sequences (Gareiaal, 1988).

Cells and cell lines

A 100 mm plate of 50% confluent 293 cells (Grahatral, 1977) was
transfected with 2Qug of Mrol-linearized pBRDH2purditat (Harrich

et al, 1994). The transfected 293 cells were split 1:25, 3 days post-
transfection and grown in modified Iscove’s medium supplemented with
5% newborn calf serum (NCS), 2.5% fetal bovine serum (FBS), 1%
penicillin—streptomycin and fig/ml puromycin. In 4—6 weeks, individual

indicated that Tat binding induces a conformational change cell foci were removed from the culture dish using cloning wells (Bellco,

which forms a more stable TAR RNA structure (Aboul-ela
et al, 1995). It is possible that Tat may facilitate inter-
actions between TAR RNA and other RNA elements
including tRNA®s and U5 RNA which are involved in

Inc.), expanded, and cell free culture supernatant was assayed for p24
antigen by ELISA (DuPont). A 293 cell line designated 5250 produced
1-2 ng/ml of HIV-1 p24 antigen in 16 h. Both the HIV-1 LTR arat
genes were obtained from chromosomal DNA by PCR and subjected to
DNA sequencing.

the reverse transcription process. Whether these RNA A Hela cell line that stably expressed the human CD4 receptor was

interactions may lead to direct association of Tat with

either reverse transcriptase or nucleocapsid remains to bq‘j

determined. The initial interactions of Tat with TAR

RNA and subsequent direct interactions with reverse
transcriptase could result in stimulation of the initiation
of reverse transcriptase with secondary effects of Tat on

the processivity of reverse transcriptase. However, using

Western blot analysis with rabbit polyclonal antibodies

obtained from the NIH AIDS reference and reagents program (Maddon
t al, 1986) (NIH ARRP #154). The HeLa CD4 cells were transfected
sing lipofectamine (Gibco/BRL) with a pBabe expression vector con-
taining the wild-typetat gene (Morgenstern and Land, 1990). At 3 days
post-transfection, cells were split 1:50 and maintained in Iscove’s medium
supplemented with 5% NCS, 2% FBS, 1% penicillin—streptomycin, 1%
glutamine, 0.5 mg/ml G418 (Gibco) and 0.2 mg/ml hygromycin B
(Boehringer Mannheim). Individual foci were isolated, expanded and
assayed for expression of Tat protein using a HIV-1 LTR CAT transactiv-
ation assay (Garcieet al, 1989) prior to use in HIV-1 infection

directed against Tat, we have been unable to detect Tatexperiments.

protein in concentrated preparations of HIV-1 virus. This
could be due to the fact that the detection limits of our
Western blot analysis using polyclonal Tat antibodies fail
reproducibly to detect Tat if only four or less molecules
are present in each virion particle.

Alternatively, Tat could have an indirect effect on
stimulating reverse transcription by altering either virion
structure or the association of viral or cellular factors. For
example, Tat could alter intravirion nucleotide pools which
are critical for efficient reverse transcription (Zagkal.,
1990, 1992; O'Briaret al,, 1994). However, our analysis

PBMCs were obtained from HIV-1 seronegative donors and grown in
RPMI supplemented with 20% FBS (Gibco-BRL), 1% penicillin—
streptomycin (Gibco-BRL) and jgg/ml phytohemagglutinin (Boehringer
Mannheim) for 3 days (Harriclet al, 1994). The PBMCs were then
placed in RPMI culture medium supplemented with 20 U/ml interleukin-2
(BTI, Inc.) and used immediately for HIV-1 infection experiments.

Virus stocks

All HIV-1 virus stocks including wild-type andAtat mutants were
produced in stable 293 cell lines (Grahanal, 1977; Harrichet al,
1994, 1996). The 293 cell lines were grown in 100 mm dishes until they
were 75% confluent and the culture medium was replaced with RPMI
1640 supplemented with 10% FBS, 1% penicillin—streptomycin and 1%
glutamine (Gibco-BRL) and cultured for 16 h. To complement 293 5250

using sensitive techniques (Sherman and Fyfe, 1989) didcejis with either wild-type or mutartat genes, 100 mm plates of 40%

not demonstrate differences in the nucleotide levels in
HIV-1 produced in the presence or absence of Tat
(D.Harrich and R.B.Gaynor, unpublished observation).
Further studies will be required to elucidate the mechanism
by which Tat enhances the efficiency of HIV-1 reverse
transcription. Such studies could potentially identify novel
transdominant inhibitors as well as yield a better under-
standing of potential cellular and viral factors that regulate
this key step in the HIV-1 life cycle.

Materials and methods

Plasmids

The HIV-1 proviral construct pBRDH2puro was made by inserting the
puromycin resistance gene (Morgenstern and Land, 1990) into the
proviral construct pBRDH1 which was derived from HIV-1 pBH10
(Hahnet al, 1984). Thetat deletion construct pBRDH2purhtat was
derived from pBRDH2puro that was linearized with the restriction
enzyme Banll and treated with mung bean nuclease. The digested
plasmid was incubated with T7 polymerase in the presence of deoxy-
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confluency were transfected using lipofectamine witgSof expression
vectors for RS\utat wild-type, RSViatA60, RSViatA53 or RSViatd/
cysexpression plasmids (Gibco-BRL). Three days post-transfection, the
culture medium was changed to RPMI 1640 supplemented with 10%
FBS, 1% penicillin—streptomycin and 1% glutamine (Gibco-BRL) and
cultured for 16 h. All virus supernatants were collected, passed through
a 0.45um filter and stored in aliquots at —80°C. All virus stocks were
assayed for p24 antigen by ELISA and reverse transcriptase activity
using a non-radioactive assay that utilized a synthetic template—primer
hybrid poly(A)—oligo(dT) sand digoxigenin—biotin-labeled dUTP, which
was detected by an ELISA protocol (Boehringer Mannheim) when
incorporated into the newly synthesized DNA.

Immunoblot analysis of virions
Virus stocks were pelleted by centrifugation at 22 @dfor 2 h at 4°C
and suspended in phosphate-buffered saline/1% bovine serum albumin

(PBS/BSA). The virus suspensions were assayed for reverse transcriptase

activity and p24 antigen content. Each virus suspension was diluted and
normalized to 0.35 ng of p24 antigen4dxX Laemmli buffer. Viral
lysates were incubated at 95°C for 10 min and 25 ng of p24 antigen

was loaded in each lane. Samples were subjected to electrophoresis

on 10% SDS—polyacrylamide gels. The proteins were transferred to

nitrocellulose and probed with either 1:10 000 human anti-HIV-1 1gG
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(NIH ARRP #192) or 1:1000 dilution of 1gG-purified rabbit anti-gp120 of ll0of each of the endogenous reverse transcription reactions were
(Intracel). Secondary antibodies were horseradish peroxidase (HRP)-performed for (=) strong stop DNA using ‘hot’ PCR as described, except
coupled sheep anti-human at 1:5000 or HRP-coupled goat anti-rabbit for the addition of 2 mM. MgCl
at 1:3000. Visualization of proteins was carried out using enhanced
chemiluminescence (Amersham). PCR analysis of HIV-1 DNA

Chromosomal DNA from 293 cell lines expressing either the wild-type
HIV-1 infection or tat mutant HIV-1 virus was isolated as previously described (Hirt,
The HIV-1 wild-type andtat mutants were normalized for reverse 1967; Harethal, 1996). The 5and 3 LTRs and thetat gene from
transcriptase activity. Typically, HIV-1 supernatant containing reverse the 293 cell lines stably expressing that mutant virus were obtained
transcriptase activity equal to 6 ng (51d) of recombinant reverse by PCR. Optimized PCR reagents were obtained from Invitrogen and
transcriptase was supplemented with 10 mM Mg&eld 300 U of DNase Tag DNA polymerase was purchased from Boehringer Mannheim.
I (Worthington Biochemical, New Jersey) and then incubated at 30°C Exactly 200 ng of purified chromosomal DNA and 50 ng of the
for 30 min. DNase |-treated viral supernatant was heat inactivated at oligonucleotide pairs (—436/-415)'(ECCAAACAAGACAAGAGAT-
60°C for 20 min for use in control infections. For each infectior, 12/ TGA -3, sense) and+242/+219) (3-CCTGCGTCGAGAGAGCTCC-
activated PBMCs were infected with the appropriate DNase I-treated TCTGG-3, antisense) (5LTR); (+8605+8625) (B-GCAGCTTTA-
virus stock in a 150 mm tissue culture plate with gentle reciprocal GATATTAGCCAGs8nse) and 49282H9258) (8-CTGCTAGA-
shaking at 37°C for 2 h. The heat-inactivated virus stocks were used to GATTTTTCCACACTGAC-3, antisense) (3LTR); (+5417H5446)
infect 1X107 activated PBMCs in 100 mm tissue culture plates. Cells '-GECATAATAAGAATTCTGCAACAACTGCTG-3, sense) and
used in the infection were washed three times with RPMI 1640 (+5653H4-5634) (3-GGTTGCATTACATGTACTAC-3, antisense)tat

supplemented with 10% FBS, 1% penicillin—streptomycin and 1% gene) were subjected to 40 cycles of PCR at 95, 55 and 72°C for 1 min
glutamine (Gibco-BRL). All cells infected with heat-inactivated virus or ~ at each temperature using 1.25 UTafg DNA polymerase (Zaclet al,

one half of the infected cells were removed and total cytoplasmic nucleic 1990). The expected 678, 677 and 237 bp DNA products, respectively
acids were obtained by modified Hirt lysis. Briefly, the cell pellet was for the 5 LTR, 3' LTR and thetat gene were resolved and purified from
washed in X phosphate-buffered saline, pelleted at 40fdr 10 min, a 6% polyacrylamide gel. The DNA fragments were ligated into TA

and gently resuspended in 0.5 ml of Tris buffer (10 mM Tris pH. 7.0, vector (Invitrogen) and analyzed by DNA sequencing.

10 mM EDTA). The cell suspension was vortexed gently and lysis Nucleic acids concentrations of Hirt lysates were normalized by ‘hot’

solution was added (10 mM Tris pH 7.0, 10 mM EDTA, 1.2% SDS and PCR amplification targeted to the mitochondrial DNA-encodgtdoxy
2 mg/ml proteinase K), then incubated at 37°C for 2 h. Exactly 0.25 ml 1l gene. Hirt lysates were serially diluted in 5-fold increments and 5
of 5.0 M NaCl was added to each lysate and left on ice overnight. Each of each dilution was assayed by ‘hot’ PCRaq DNA polymerase was

lysate was subjected to centrifugation at 15 §@6r 1 h. The supernatant first inactivated with Tagstart Ab (Clontech) for 5 min at room temper-
was decanted and phenol:chloroform:isoamyl alcohol (25:24:1) solution ature, then added to a master PCR mix that containedgtimized buffer
was added, vigorously vortexed, and centrifuged at 15d@fa0 15 min. D (Invitrogen), 0.1 mM dNTPs, 50 ng of an unlabeled oligonucleotite (5
The aqueous layer was transferred to a fresh tube and the nucleic acidsCACATGCAGCGCAAGTAGGT-3, sense) and 25 ng of #P end-
were precipitated with two volumes of ethanol overnight at —20°C. The labeled oligonuclentiite1(? c.p.m.fig) (5-GGAAATGATTATG-
nucleic acids were pelleted by centrifugation at 15 gt 4°C for 1 h AGGGCGTG-3, antisense) which hybridized to the humeyt-oxy Il
and the alcohol was carefully removed, leaving a visible pellet that was gene. After a 95°C denaturation for 5 min, 20-23 cycles of amplification
washed with cold 70.0% ethanol, air dried, and resuspended in 50.0 ml were performed at 93°C for 1 min and 65°C for 2 min. The PCR
of PCR quality TE (10 mM Tris pH 7.8, 0.1 mM EDTA). The remaining products were separated by electrophoresis on a 6% polyacrylamide gel.
cells were cultured for an additional 22 h then processed by modified The dried gels were quantified on a Molecular Dynamics Phospholmager
Hirt lysis. and visualized by autoradiography. Generally, the PCR otyhexy I
To determine viral replication kinetics X2L0° activated PBMCs were mitochondrial gene produced linear amplification in thé-I@* dilution
infected with either HIV-1 wild-type ottat mutant viral supernatants of the original Hirt lysates. The concentrations of the Hirt lysate nucleic
that contained reverse transcriptase activity equal to 6 ng [g)Usf acids were normalized fayt-oxy |l content.
recombinant reverse transcriptase. The cells were washed as previously Exsatfyrormalized Hirt lysate or 1Qul of endogenous reverse
described and cultured in RPMI 1640 supplemented with 10% FBS, transcription reactions were assayed directly for HIV-1 DNA by 30-35
1% penicillin—streptomycin, 1% glutamine (Gibco-BRL) and 30 U of cycles of ‘hot’ PCR as previously described. Oligonucleotides were used
interleukin-2 (BTI, Inc.). The cells were sampled every 3 days, and to detect SF2 LTR DNA that amplified (i) an 87 bp DNA fragment that
either split 1:2 or supplemented with culture media as needed. containedJR sequence betweerr96 and +118 (5-CAAGTA-
Approximately 13 HelLa, HeLa/CD4 and HelLa/CD4/Tat cells were GTGTGTGCCCGTCTGTT-3 sense) and+182 and +158 (5-
incubated with DNase I-treated viral supernatants produced from 293 CTGCTAGAGATTTTTCCACACTGA&sense); (i) a 111 bp
cells expressing either wild-type HIV-IAtat or Atat complemented DNA fragment that contained RU3 sequences between —49 and —-30

with wild-type tat viral-containing activity equal to 15 ng of reverse '{BGGCGTGCCCTCAGATGCTG-3 sense) and betwee62 and
transcriptase (5 Yg) or heat-inactivated viruses for 2 h at 37°C with  +42 (5-AAGCAGTGGGTTCCCTAGTTAG-3, antisense) and (iii)) a

constant shaking. Cells were washed three times with media. At 24 h 147 bp DNA fragment that contained=thleuRranslatedgag
post-infection, cells were harvested and Hirt lysates were prepared. The sequences between96 and+118 (3-CAAGTAGTGTG-TGCCCGT-
DNA amounts were normalized using PCR with tty-oxy Il gene as CTGTT-“3sense) and between242 and+219 (3-CCTGCGTCGAG-
an internal control, and PCR analysis was performed to analyze HIV-1 AGAGCTCCTCTGG-3, antisense). All PCR reactions were subject to
reverse transcription products. electrophoresis in polyacrylamide gels as described.

Quantitative RT-PCR was performed using HIV-1 virion-associated
Endogenous reverse transcription assay RNA isolated from pelleted virus particles. DNase I-treated virus stocks
Virus stocks prepared from 293 cell lines expressing either HIV-1 wild- for either the wild-typétatr mutant viruses were subjected to
type, Atat or Atat complemented with either wild-typ&at or the tat centrifugation at 22 00@ for 90 min and resuspended iNX1PBS/
mutants Acys, A53 and A60 were assayed for reverse transcriptase BSA. The viral suspensions were assayed for p24 antigen and reverse
activity (Boehringer Mannheim). For each endogenous reverse transcrip- transcriptase activity. Exactly 100 ng of p24 antigen were suspended in
tion reaction, 15@l of viral supernatants containing reverse transcriptase Trizol reagent (Gibco-BRL) according to the manufacturer’s recom-
activity equivalent to 20 pg of recombinant reverse transcriptase were mendations. During the purification, &mvitro synthesized HIV-1 RNA
supplemented with 10 mM Mggland 100 U of DNase | (Worthington (I.C. RNA) was added to monitor RNA recoveryiandtro reverse
Biochemical Corp.) then incubated at 30°C for 20 min. As a control for transcription efficiency (Harrichet al, 1996). Nucleic acids were
DNase | activity, 16 copies of an HIV-1 LTR plasmid was added to the precipitated overnight (—20°C) and recovered by centrifugation at
viral supernatant. Next, 50l of the treated supernatants were added to 15000g at 2°C for 60 min. A visible pellet was washed with 70%
200 pl of stop solution (10 mM Tris pH 8.0, 10 mM EDTA, 20g/ml ethanol, centrifuged as before and the pellet was resuspendeduih 30
sheared herring sperm DNA, %@/ml proteinase K), then incubated at of PCR TE (10 mM Tris pH 7.8, 0.1 mM EDTA). Duplicate reactions
50 and 95°C for 10 min at each temperature. The remaining supernatants that contdiokeldeh viral RNA, 50 ng of the oligonucleotide primer
were supplemented with either 1M dNTP (3 uM each dATP, dCTP, (+242H+219) (B-CCTGCGTCGAGAGAGCTCCTCTGG-3antisense)
dGTP and dTTP) or 12M dNTPs minus dTTP and incubated at 37°C and 5 ml of dimethylsulfoxide were incubated at 65°C for & min.
for 60 min. The reactions was terminated with 4@i0of stop solution vitro reverse transcription reactions were performed in the presence and
then incubated at 50 and 95°C for 10 min at each temperature. Assays absence of M-MLV reverse transcriptase (Gibco-BRL) with buffers

1233



D.Harrich et al.

provided by the manufacturer plus 0.1 mM dNTPs at 37°C for 30 min. transcription primers other than the naturdfiRNAVirol., 69,
First, each reverse transcription reaction was serially diluted in 5-fold ~ 3090-3097.

increments and assayed for the internal control RNA (I.C. RNA) by Dayton,A.l., Sodroski,J.G., Rosen,C.A., Goh,W.C. and Haseltine, W.A.
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