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Productive high-titer infection by human immunodeficiency virus type 1 (HIV-1) requires the activation of
target cells. Infection of quiescent peripheral CD4 lymphocytes by HIV-1 results in incomplete, labile reverse
transcripts and lack of viral progeny formation. An interplay between Tat and p53 has previously been
reported, where Tat inhibited the transcription of the p53 gene, which may aid in the development of
AIDS-related malignancies, and p53 expression inhibited HIV-1 long terminal repeat transcription. Here, by
using a well-defined and -characterized stress signal, gamma irradiation, we find that upon gamma irradiation,
HIV-1-infected cells lose their G,/S checkpoints, enter the S phase inappropriately, and eventually apoptose.
The loss of the G,/S checkpoint is associated with a loss of p21/Wafl protein and increased activity of a major
G,/S kinase, namely, cyclin E/cdk2. The p21/Wafl protein, a known cyclin-dependent kinase inhibitor, interacts
with the cdk2/cyclin E complex and inhibits progression of cells into S phase. We find that loss of the G,/S
checkpoint in HIV-1-infected cells may in part be due to Tat’s ability to bind p53 (a known activator of the
p21/Wafl promoter) and sequester its transactivation activity, as seen in both in vivo and in vitro transcription
assays. The loss of p21/Wafl in HIV-1-infected cells was specific to p21/Wafl and did not occur with other KIP
family members, such as p27 (KIP1) and p57 (KIP2). Finally, the advantage of a loss of the G,/S checkpoint
for HIV-1 per se may be that it pushes the host cell into the S phase, which may then allow subsequent
virus-associated processes, such as RNA splicing, transport, translation, and packaging of virion-specific

genes, to occur.

In mammalian cells, passage from G, to G, is controlled by
cyclin-dependent kinases cdks that are regulated by D-type
cyclins. D-type cyclins (D1, D2, and D3) act as growth factor
sensors, are induced as part of the delayed early response to
growth factor stimulation, and assemble with cdk4 and cdké in
a growth factor-dependent way. D-type cyclins are labile pro-
teins, and because their holoenzyme activity decays rapidly,
cells deprived of mitogens exit the cycle and enter G,. How-
ever, mammalian cells are only rarely cycling and spend a
considerable fraction of their life spans in a resting phase,
termed G, with a DNA content equal to that of a G; cell.
Recruitment of resting cells into the cell cycle is controlled by
a circuitry that interacts with the cell cycle machinery (16, 43).

p53 induction is translated into inhibition of cell cycle pro-
gression by two different mechanisms. In the first mode of
action, p53 acts as a transcriptional activator and induces the
transcription of genes with p53 response elements. Such genes
include p21/Wafl, a known cdk inhibitor (cdkl) (13, 29). In-
teraction of this protein with the cdk2/cyclin E complex is
thought to inhibit progression of cells into S phase (6, 33).
There is an excellent correlation between p53 status, capability
for G, arrest, and p21/Wafl induction after treatment with
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DNA-damaging agents (7, 42). The main target for transacti-
vation is the p21 gene; synthesis of the p21 protein is the cause
of G,/S-phase arrest due to the inhibition of cdks. As a con-
sequence, the presence of p21/Wafl protein prevents phos-
phorylation of Rb. Therefore, physical or functional deletion
of the p21/Wafl gene product results in a loss of the G,/S
checkpoint (44).

Mice lacking p21/Wafl (p21 =/~ embryonic fibroblasts) are
deficient in the ability to arrest in G, in response to DNA
damage and nucleotide pool perturbation. p21~/~ cells also
exhibit a significant growth alteration in vitro, achieving a sat-
uration density as high as that observed in p53~/~ cells. In
contrast, other aspects of p53 function, such as thymocytic
apoptosis and the mitotic spindle checkpoint, appear normal
(8).

The effect of p21/Wafl on various purified cdks has also
been explored. p21/Wafl effectively inhibits the cdk2, cdk3,
cdk4, and cdk6 kinases (K;, 0.5 to 15 nM) but is much less
effective toward cdc2/cyclin B (K, approximately 400 nM) and
cdk5/p35 (K;, >2 mM) and does not associate with cdk7/cyclin
H. Thus, p21/Wafl is not a universal inhibitor of cdks but
displays selectivity for G,/S cyclin-cdk complexes (14).

Productive infection by human immunodeficiency virus type
1 (HIV-1) requires the activation of target cells. Infection of
quiescent peripheral CD4 lymphocytes by HIV-1 results in
incomplete, labile reverse transcripts. It has been shown that
optimal completion of reverse transcription takes place in late
G, phase when highly purified T cells which contain G,,-phase
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cells are used (24). Along the same lines, activation with the
alpha CD3 molecule alone resulted in cell cycle progression
into only G,, and incomplete HIV-1 reverse transcription.
However, costimulation through the CD28 receptor and tran-
sition into G, was required to efficiently complete the reverse-
transcription process (25).

Tat (transactivator of transcription) is essential for HIV-1
replication in vivo and in vitro. Tat-(65-80), an RGD-contain-
ing domain, has been shown to regulate the proliferative func-
tions of a variety of cell lines, including a human adenocarci-
noma cell line, A549. Treatment with Tat-(65-80) has been
shown to reduce the p53 gene product fivefold, whereas c-fos
gene transcription increased sevenfold at 0.5 h posttreatment
and subsequently declined to baseline levels at 8 h. Therefore,
it was suggested that Tat-(65-80) can modulate growth-related
genes in cells (12). A similar result has also been reported in
which Tat inhibits the transcription of p53, and the downregu-
lation of p53 by Tat may be involved in the development of
AIDS-related malignancies (26). The interaction between Tat
and p53 seems specific, since, with a lambda cI repressor sys-
tem, Tat protein specifically interacts with the human p53
protein via the p53 dimerization domain. Two alternative bio-
logical consequences have been proposed as a result of Tat-p53
interaction: (i) Tat interaction with p53 may inactivate p53
regulatory functions, thus producing cell transformation, or (ii)
Tat interaction favors the formation of p53 dimers, thus lead-
ing the cell towards apoptosis (27).

The inhibition effect of p53 on the HIV-1 viral long terminal
repeat (LTR) has been reported. The p53 inhibition is ob-
served both at transfection and in in vitro transcription assays.
In addition, the Sp1 and the TATA box sites of the HIV-1 LTR
were shown to be the primary sites involved in the p53-induced
inhibition observed on this viral promoter (9).

We have been interested in the question of the various cell
cycle checkpoints and their relationship to post-integration
events in HIV-1-infected cells. The rationale came from the
reported observations stated above, especially the Tat-p53 in-
teraction, which we have also found in a two-hybrid system,
and its functional consequences in a virus-infected cell. We
therefore reasoned that the Tat-p53 physical interaction might
play a role in manipulating the host cell cycle checkpoints. By
using a well-defined and characterized stress signal, gamma
irradiation, we found that HIV-1-infected cells lose their G,/S
checkpoints, inappropriately enter the S phase, and eventually
apoptose. The loss of this checkpoint is associated with loss of
p21/Wafl protein and increased activity of a major G,/S ki-
nase, namely, cyclin E/cdk2. Finally, the advantage of loss of
the G,/S checkpoint for HIV-1 is shown to be associated with
an increase in viral transcription and progeny formation.

MATERIALS AND METHODS

Expression vectors, antibodies, and protein purification. Wild-type Tat pro-
tein was overexpressed in bacteria and purified as described previously (2). p53
was expressed from baculovirus and purified as described previously (28). Glu-
tathione-S-transferase-TATA-binding protein (GST-TBP), GST-Rb (Z51), and
GST-Tat were expressed in Escherichia coli DH5«, induced with 0.5 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) for 3 h, pelleted, washed with phosphate-
buffered saline (PBS), lysed with PBS plus 0.1% NP-40, sonicated, and bound to
GST beads (10% slurry) overnight. The beads were washed the next day (three
times) with the lysis buffer and run on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for quality prior to use (19, 20). Histadine-tagged
proteins were purified by nickel affinity chromatography (Qiagen), followed by
cation-exchange fast protein liquid chromatography (HiTrap SP; Amersham
Pharmacia Biotech) (18).

Plasmids (pCMV-p53 and G5 p53-CAT) for lymphocyte transfection have
been described elsewhere (32). A supercoiled double-banded cesium chloride
plasmid, p53/G-Free, was used for in vitro transcription and has been described
previously (31). HIV-LTR CAT (wild type) and TAR mutant (TM26; 37, 38)
plasmids were electroporated into CEM (12D7) cells and scored for chloram-
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phenicol acetyltransferase (CAT) activity (17). Wild-type Tat and mutant 41
(pGEM-Tat 41) were generous gifts of Andy Rice.

Various antibodies were used for Western blots at 1:1,000 dilution, which were
incubated overnight, washed the next day, and detected with *I-protein G
(Amersham). The antibodies used were p53 (Ab-1; Calbiochem), p21/Wafl
(C-19; Santa Cruz), Kip2 p57 (C-20; Santa Cruz), cyclin E (M-20; Santa Cruz),
cdk2 (H-298; Santa Cruz), p27 (N-20; Santa Cruz), and TBP (a generous gift of
Nancy Thompson). Antibodies against HIV-1 viral proteins were from the Na-
tional Institutes of Health AIDS research and reference program (operated by
McKesson BioServices, Rockville, Md.).

In vitro transcription assay. The G-free DNA templates used in the in vitro
transcription assays were amplified in E. coli and double CsCl, purified prior to
use. For the in vitro transcription reactions, preincubation with extract was done
at 30°C for 30 min, followed by the addition of 2 .l of [a->*P]JUTP (Amersham
Pharmacia Biotech) (400 Ci/mmol) and incubation at 30°C for 60 min. Reaction
mixtures contained CEM (12D7) whole-cell extract (20 pl; 14 pg/ul), 1.0 pg of
supercoiled DNA, 300 ng of Tat protein, and 200 ng of pS3 protein (pretreated
with Pab421 antibody [31]) in a total volume of 65 pl. Transcription buffer (31
pl/reaction) contained 3 wl of 20% polyethylene glycol (molecular weight, 6000),
3 pl of 50 mM MgCl,, 3 ul of 1 mM dithiothreitol (DTT), 1 pl of 0.2 M creatine
phosphate (Boehringer Mannheim), 1.5 ul of 50 mM ATP-CTP, 1 ul of 20 mM
3’-O-methylguanosine 5'-triphosphate (Amersham Pharmacia Biotech), 20 U of
RNase T1 (100 U/ul; Boehringer Mannheim), and 18.5 pl of buffer D containing
a final concentration of 20 mM HEPES (pH 7.9), 100 mM KCl, 12.5 mM MgCl,,
0.1 mM EDTA, 17% glycerol, and 1 mM DTT. Samples were processed and
loaded on a 4% denaturing urea PAGE gel and exposed to a PhosphorImager
cassette (Molecular Dynamics) overnight.

Lymphocyte transfection. Lymphocyte [CEM (12D7)] cells were grown to
mid-log phase and were processed for protein electroporation according to a
previously published procedure (17). Only one modification was introduced, in
which the cells were electroporated at 230 V and plated in 10 ml of complete
RPMI 1640 medium for 18 h prior to harvest and CAT assay.

Microscale preparation of extracts. Cytoplasmic fractions were obtained ac-
cording to the following procedure. Cells were harvested at 1,000 rpm (Sorval) at
4°C for 10 min. The cell pellet was resuspended in 10 volumes of cold PBS
without Ca®* or Mg?™". The cell pellet was then washed (twice) in 0.1 volume of
cold buffer A (10 mM HEPES [pH 7.9 at 4°C], 1.5 mM MgCl,, 10 mM KClI, and
0.5 mM DTT) and pelleted as described above. The washed cell pellet was
resuspended in 60 pl of cold buffer C (20 mM HEPES [pH 7.9], 25% [vol/vol]
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM phenylmethyl-
sulfonyl fluoride [PMSF] [added fresh in isopropanol], and 0.5 mM DTT) plus
0.1% NP-40 per 107 cells, incubated on ice for 10 min, mixed briefly (10 s) by
vortexing, and spun at 10,000 rpm at 4°C for 10 min in an Eppendorf microcen-
trifuge. The lysed cell supernatant was retained, diluted with 120 wl of cold
modified buffer D (20 mM HEPES [pH 7.9], 20% [vol/vol] glycerol, 0.05 M KCl,
0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT) per 10 cells, and stored at
—70°C as 100-pl aliquots. Protein concentration determinations were made prior
to storage.

To prepare nuclear extracts, cells were collected and washed once with PBS
(without Ca** and Mg>") and once with 200 pl of ice-cold buffer A. The cells
were lysed in 200 pl of buffer A by gently passing the cell suspension through a
28-gauge needle. This procedure is done with the tube containing the cells
submerged in ice. The nuclei were collected by pelleting the suspension for 30 s
in an Eppendorf microcentrifuge, and the supernatant was kept for further
analysis. Crude nuclei were extracted with ice-cold buffer C (20 mM HEPES [pH
7.9], 25% [vol/vol] glycerol, 420 mM KClI, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5
mM DTT, 0.5 mM PMSF), 60 pl for 100 pl of cell pellet, for at least 15 min on
ice. An equal volume of buffer D (20 mM HEPES [pH 7.9], 20% [vol/vol]
glycerol, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT) was added, and the
mixture was spun in an Eppendorf microcentrifuge for at least 10 min at 4°C. The
supernatants were collected, and their volumes were measured. Generally, nu-
clear or cytoplasmic extracts from 48-h ACH, cells had to be trichloroacetic acid
precipitated prior to being loaded onto a gel (see Fig. 2B, 48 h). The protein
concentration for each preparation was determined by using the Bio-Rad protein
assay kit.

Immunoprecipitation and immunoblotting. Cells grown in culture were spun
at 10,000 X g for 15 min. The supernatants were discarded, and the pellets were
washed twice with 25 ml of PBS without Ca®>* or Mg?*. The pelleted cells were
lysed with 1 ml of lysis buffer containing 50 mM Tris-Cl (pH 7.4), 120 mM NaCl,
5 mM EDTA, 0.5% NP-40, 50 mM NaF (phosphotyrosine phosphatase inhibi-
tor), 1 mM DTT, and 1 mM PMSF. The cells were incubated on ice for 15 min
and mixed gently every 5 min. The cells were then transferred to an Eppendorf
tube and microcentrifuged at 4°C for 10 min. Protein concentrations in the
lysates were determined with the bicinchoninic acid protein assay kit (Bio-Rad
Laboratories). A total of 2 mg of cellular proteins with 50 pl of rabbit anti-human
cyclin E antibody C-17 (Santa Cruz Biotechnology) were used for immunopre-
cipitation. They were mixed for 12 to 14 h at 4°C, and the next day, 150 wl of 30%
Protein G Plus Protein Agarose beads (catalog no. IP05; Calbiochem) was used
in TNE 50 plus 0.1% NP-40 buffer and mixed at 4°C for 3 h. The samples were
microcentrifuged for 10 min at 4°C, and the supernatants were discarded. The
agarose beads were washed three times with TNE 50 plus 0.1% NP-40, gently
vortexed, and pelleted. To the pellets, 20 pl of 2X Tris-glycine-SDS sample
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buffer was added, and the solution was heated at 95°C for 5 min and separated
on 4 to 20% Tris-glycine gels (NOVEX, Inc.) at 200 V for 60 min. The proteins
were then transferred to nylon-reinforced nitrocellulose membranes (Immo-
bilon-P transfer membranes; Millipore Corp.) overnight at 0.08 A. Following the
transfer, the blots were blocked with 5% nonfat dry milk in 50 ml of TNE 50 plus
0.1% NP-40 for 30 min and washed twice with 25 ml of TNE 50 plus 0.1% NP-40
at 4°C. After the wash was discarded, the blots were probed with a 1:1,000
dilution of rabbit anti-human cdk2 (H-298) (catalog no. sc-748; Santa Cruz
Biotechnology), rabbit anti-human cdk4 (H-303) (catalog no. sc-749; Santa Cruz
Biotechnology), or rabbit anti-human cdk6 (H-96), (catalog no. sc-7180; Santa
Cruz Biotechnology). The blots were probed for a period of 12 to 14 h at 4°C,
followed by two washes with 25 ml of TNE 50 plus 0.1% NP-40. After the washes,
the blots were treated with 10 ml of '>*I-protein G (50 1) (catalog no. IM. 244;
Amersham) in TNE 50 plus 0.1% NP-40 for a period of 2 h at 4°C. Finally, the
blots were washed twice in 25 ml of TNE 50 plus 0.1% NP-40 and placed on a
PhosphorImager cassette for further analysis. For straight Western blots, a total
of 25 to 50 pg of cellular proteins were run on 4 to 20% Tris-glycine gels,
transferred, and blotted with a 1:1,000 dilution of cyclin E or cdk2 antibody.

Cell culture. ACH, (10) and 8ES5 (36) cells are both HIV-1-infected cells, with
integrated wild-type single-copy virus (ACH,) and an integrated single-copy
reverse transcriptase-defective virus (8E5) in CEM (12D7) cells (5). The CEM
(12D7) T-cell is the parental cell for both ACH, and 8ES5 cells. CEM (Vector)
and CEM (Tat) cells have been described elsewhere (22). These and other cell
lines were cultured at 37°C up to 10° cells per ml in RPMI 1640 medium
containing 10% fetal bovine serum (FBS) treated with a mixture of 1% strep-
tomycin, penicillin antibiotics, and 1% L-glutamine (Gibco/BRL).

cdk assays. Twenty million T cells were cultured to the mid-log phase of
growth and lysed in a buffer containing 150 mM NaCl, 50 mM HEPES (pH 7.5),
1 mM EDTA, 2.5 mM EGTA, 1 mM DTT, 0.1% Tween-20, 100 puM NasVO,, 1
mM NaF, 30 nM aprotinin, 500 nM leupeptin, 100 pM PMSF, 10 mM beta-
glycerophosphate, and 1 mM sodium pyrophosphate. The kinase activity of the
immunoprecipitated anti-cyclin E complexes from the cell lysis were assessed by
the transfer of phosphate from [y-3*P]ATP to truncated recombinant GST-Rb
(Z51) protein in a reaction buffer consisting of 50 mM HEPES (pH 7.5), 10 mM
MgCl,, 1 mM DTT, 2.5 mM EGTA, 10 mM beta-glycerophosphate, 100 pM
Na;VO,, 1 mM NaF, 20 puM ATP, 200 ng of the substrate GST-Rb protein
(eluted from glutathione beads), and 10 wCi of [y-*?P]ATP (specific activity, 11
Ci/mmol; ICN Biochemical). The reactions were performed for 30 min at 30°C
and stopped by the addition of SDS sample buffer. The samples were boiled for
5 min at 65°C, and the proteins were separated on a 4 to 20% Tris-glycine gel.
The gels were autoradiographed, and bands were counted on a Molecular Dy-
namics PhosphorImager plate.

For histone H1 kinase activity, cells were cultured to the mid-log phase of
growth, treated, and processed at various time points by lysis in a buffer con-
taining 250 mM NaCl, 50 mM Tris (pH 7.4), 5 mM EDTA, 0.1% Nonidet P-40,
100 pM NazVO,, 50 mM NaF, 30 nM aprotinin, and 500 nM leupeptin. Immu-
noprecipitated associated complexes were assessed by the transfer of phosphate
from [y->*P]ATP (specific activity, 11 Ci/mmol) to histone H1 (10 wg; Boehr-
inger Mannheim) in a reaction buffer consisting of 50 mM Tris (pH 7.4), 10 mM
MgCl,, 1 mM DTT, and 144 uM ATP (40 pCi of [y->*P]JATP). The reactions
were performed for 15 min at 30°C and stopped by the addition of SDS sample
buffer. The samples were boiled for 5 min at 95°C, and the proteins were
separated on a 4 to 20% Tris-glycine gel. One U of cdk2-associated activity/min
was defined as the incorporation of 1 pmol of phosphate/min into the substrate.

Northern blotting. Total cellular RNA was extracted using the RNAZol re-
agent (Gibco/BRL). Total RNA (20 pg) was run on a 1% formaldehyde-agarose
gel overnight at 75 V, transferred onto a 0.2-um nitrocellulose membrane (Mil-
lipore Inc.), UV cross-linked, and hybridized overnight at 42°C with end-labeled
32P-HIV full-genomic RNA (Loftsrand, Gaithersburg, Md.). The next day, the
membrane was washed two times for 15 min each time with 10 ml of 0.2%
SDS-2X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) at 37°C,
exposed, and counted on a PhosphorImager cassette (Molecular Dynamics).

Gamma irradiation of cells. Gamma irradiation was performed in a J. L.
Shepherd and Associates Mark I irradiator, model 68A, utilizing a pair of
6,000-Ci '¥7Cs sources in type 6810 capsules. Dosage values were initially cali-
brated by J. L. Shepherd and Associates and were updated annually by the Office
of Radiation Safety of the University of Medicine and Dentistry of New Jersey
(UMDNJ) with a Thomson and Nielsen Electronics Ltd. irradiator dosimeter,
model MD-10, and high-dose sensors according to the instructions in the manual.

A 4-in. turntable on a base was used at position 3 of the irradiator chamber.
The center of position 3 was located 8.2 in. from the sources. At this position, a
uniform dose was given from 4.3 to 9.7 in. from the floor of the irradiator
chamber and at a 2-in. radius from the center of the turntable with no attenuators
used. Four individual 25-ml tissue culture flasks (5 ml of cells laid flat) fit into the
uniform-dosage area. In this position, irradiation of about 1 min is calculated to
give a dosage of 770 rads, or 7.7 Gy.

Cultures were grown prior to irradiation in a 37°C CO, incubator under
normal-serum or serum-starved conditions (RPMI 1640 or Dulbecco’s modified
Eagle’s medium from Quality Biological, Inc.). The cultures were removed,
irradiated, and then returned to 37°C to incubate for 24 or 48 h before being
processed for fluorescence-activated cell sorter (FACS) analysis or cell extrac-
tion procedures. When cells were grown under serum-starved (1% FBS) condi-
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tions for 3 days, at time zero, 1/10 volume of fetal calf serum (from Atlanta
Biologicals) was added immediately following gamma irradiation, and then in-
cubation was continued for 24 or 48 h.

Cell cycle block and analysis. Cells for all experiments were grown to mid-log
phase, washed, and kept in complete medium with 1% FBS for 3 days. They were
then treated with gamma irradiation, 10% serum was added, and then they were
incubated for various times (i.e., 0, 24, and 48 h). For FACS analysis, the cells
were removed from medium at each time point, washed with PBS without Mg>*
or Ca?", fixed with 70% ethanol, and stained with a cocktail of PI buffer (PBS
with Ca®>* and Mg?*, RNase A [10 pg/ml], NP-40 [0.1%], and propidium iodide
[50 pg/ml]) followed by cell-sorting analysis. The FACS analyses for CEM,
ACH,, and 8ES5 cells were all performed at the same time after the collection of
cells. At least three independent experiments, at different times (Fig. 1), were
performed for each cell type. FACS data was acquired on a Becton Dickinson
FACScaliber with a 488-nm argon laser. Acquisition was done with CELLQuest
software (Becton Dickinson), and analysis was performed on a Macintosh com-
puter with ModFit LT software (Verity Software House, Inc.). The gates used for
FACS analysis were at channel 200 for FL2 width versus FL2 area, with a doublet
discriminator. CELLQuest acquisition was for 1,024-channel documents, and the
ModFit analysis was done for 250-channel documents. Apoptosis, G;, S, and
G,/M peaks are shown in Fig. 1. We normally gate on live cells for flow cytom-
etry, but the cell cycle parameters were calculated after the apoptotic cells were
additionally gated out. More information on gating will be provided upon re-
quest.

RESULTS

We initially asked whether HIV-1-infected cells had any
abnormalities in their cell cycle profiles when treated with
gamma irradiation. Gamma irradiation has been one of the
best-studied agents for inducing DNA damage in a variety of
eukaryotic systems, ranging from yeast to humans, and its
consequential effects on various pathways have been well char-
acterized. These pathways, including evolutionarily conserved
Chkl, ATR, and nuclear poly(ADP-ribose) polymerase and
nonconserved p21, p53 and AbI, guard genomic integrity after
DNA damage (21, 30, 34, 47).

Normally, when primary, untransformed cells are gamma
irradiated, they stop at a time point called the G,/S checkpoint
and do not proceed into S phase. This block at G,/S allows
time to repair damaged DNA prior to S-phase entry. Trans-
formed cells, as well as various in vitro cell lines, however, will
stop at two checkpoints, one at G,/S and the other at G,/M.
The proteins responsible for the G,/S and G,/M blocks are
p21/Wafl and 14-3-3 family members, respectively (3, 4). p21/
Wafl inhibits G,/S cyclin-cdk complexes and therefore stops
entry into S phase, whereas a block at the G,/M checkpoint
allows sufficient time for increase of cell mass and rescanning
and repairing of damaged DNA prior to mitosis. The discrep-
ancy between primary and transformed cell lines is that pri-
mary cells are mostly at Go/G; (~80 to 90%; i.e., human
peripheral blood lymphocytes [PBLs]), whereas transformed
cell lines have a G,/G, population of about 40 to 60% and an
S-phase population of 30 to 40%. It is the G,/G, population
that stops at G,/S and S-phase cells that stop at G,/M upon
gamma irradiation.

Effect of gamma irradiation on HIV-1-infected cells. To de-
termine the effect of gamma irradiation on lymphocytes, we
initially used various T-cell lines and performed FACS analysis
after irradiation. A typical profile of treated cells within 48 h
postirradiation is shown in Fig. 1A. CEM (12D7) lymphocytes
are the parental host cells for two well-studied latent HIV-1-
infected cells, namely, ACH, and 8E5. As expected, upon
irradiation of CEM parental cells, two populations blocked at
G,/G, and G,/M appeared within the first 48 h. These popu-
lations remained blocked until DNA damage was repaired and
allowed reentry into the next phase of the cell cycle. We have
also observed a similar pattern of G,/G; and G,/M blocks in
other commonly used T cells, namely, H9, Jurkat, and Molt-4
cells (data not shown). However, the profile of HIV-1-infected
cells looked very different upon gamma irradiation. The results
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FIG. 1. Effect of gamma irradiation on HIV-infected and uninfected cells. The cells were grown to the mid-log phase of growth, serum starved for 3 days in 1%
FBS, gamma irradiated, and processed at various time points for FACS analysis. (A) Parental CEM (12D7) cells; (B and C) HIV-1-integrated latently infected cells
with wild-type (ACH,) and reverse transcription mutant (8ES) proviral genomes. Each panel shows cell cycle histogram profiles and percentages of cell numbers at
various stages of the cell cycle. apop, percentage of cells that were apoptosing at each 0-, 24-, and 48-h time point. Apoptosis, G, S, and G,/M peaks are indicated
by arrows. Apoptotic cells are cells that have exited the cell cycle and are about to apoptose. We normally gate on live cells for flow cytometry, but the cell cycle
parameters were calculated after the apoptotic cells were additionally gated out. More information on gating will be provided upon request.
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FIG. 2. Gene expression and translation of HIV-1-infected cells following gamma irradiation. (A) Twenty micrograms of total RNA was separated on an
RNA-formaldehyde-agarose gel, transferred, and probed with full-length labeled HIV-1 genomic RNA messages corresponding to a 2.2-kb collection of doubly spliced
regulatory proteins, such as Tat, Nef, Rev, and Vpr. The ~4.5-kb messages correspond to the Gag, Pol, and Env singly spliced messages, and the ~9.5-kb messages
represent full genomic RNA that is packaged into the virion. The blot was later stripped and used to probe with a 40-mer anti-sense actin probe (bottom). (B) Both
cytoplasmic (50-pg) and nuclear (20-pg) extracts were processed from ACH, cells and Western blotted for viral Tat, Nef, Rev, Vpr, cytoplasmic (L32) (C), and nuclear
(TBP) (N) proteins. Forty-eight-hour samples were trichloroacetic acid precipitated prior to separation on a 4 to 20% Tris-glycine gel. WB, Western blotting.

of such an experiment are shown in Fig. 1B and C. In both
ACH, and 8ES cells, a loss of G,/G, population, as well as an
increase in S-phase cells, was observed within the first 24 h.
This was in marked contrast to CEM parental cells, where only
a twofold drop in Gy/G; cells was observed after 24 h (56.5%
at 0 h versus 36.9% at 24 h). HIV-1-infected cells also showed
a dramatic increase in apoptotic cells after 48 h post-gamma
irradiation. This increase in apoptotic cells was absent in the
parental cells (Fig. 1, CEM 48-h samples). We have therefore
attributed the loss of the Gy/G, population and the massive
apoptosis effect to the presence of the HIV-1 genome in ACH,
and 8E5 cells.

We next examined the effect of HIV-1 gene expression and
subsequent translation in infected cells. We chose ACH, cells
over 8ES cells for the continuation of these studies mainly
because they produced wild-type HIV-1 particles and both
were from the same parental line. Total RNA was extracted
before and after gamma irradiation and was used for Northern
blot analysis. A full-length *?P-RNA-labeled probe was used
for detection of various-size HIV-1 RNA populations. Gener-
ally, a doubly spliced series of RNA molecules was observed in
ACH, cells prior to gamma irradiation. They represent the first
wave of HIV-1 transcripts, which are doubly spliced messages
that are then translated for the next wave of processes, such as
transactivation (by Tat), RNA transport and splicing (by Rev),
and other virus-associated steps. Therefore, these small mes-
sages code for regulatory proteins, such as Tat, Rev, Nef, Vpr,
and other accessory molecules needed for proper progeny for-
mation. When performing Northern blot analysis from ACH,

cells, we found that HIV-1 transcripts increase within the first
24 h and remain constant up to 48 h (Fig. 2A). In fact all the
appropriate transcripts prior to the assembly of virions were
made within the first 24 h, which correlated with loss of a
G,/G, population and increase of S-phase cells.

To determine which of the accessory proteins was present in
ACH, cells before and after gamma irradiation, we performed
Western blots of nuclear and cytoplasmic fractions, using anti-
Tat, -Rev, -Vpr, and -Nef antibodies. The results are shown in
Fig. 2B, where only Tat protein was present in the nuclear
fractions of untreated zero-hour samples and only Nef protein
was present in the cytoplasmic fractions of untreated ACH,
cells. Two positive-control cellular proteins, .32 and TBP,
were used as protein markers for the cytoplasmic and nuclear
fractions, respectively. Taken together, these data imply that
the accessory proteins, such as Tat, in the nucleus may con-
tribute to the loss of the G,/S checkpoint observed in latent
HIV-1-infected cells.

Effect of Tat on various stages of the cell cycle in lympho-
cytes. It has previously been shown that p53 protein is respon-
sible for the G,/S and G,/M checkpoints in higher eukaryotic
cells (47). Therefore, the sequestration of p53 protein by var-
ious cellular and/or viral proteins provides an important regu-
latory mechanism for abrogation of a given checkpoint (35, 41,
49). Along the same lines, HIV-1 Tat has been shown to bind
to p53 (9, 26, 27) and is proposed to be important for the
development of HIV-1-related malignancies (26). Interest-
ingly, Tat expression has also been related to increased apo-
ptosis in infected cells (40, 46). We therefore wished to exam-
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FIG. 3. Effect of Tat on G,/S checkpoint in CEM cells. Both CEM (Vector)
and CEM (Tat) cells were grown in the presence of 100 pg of hygromycin/ml to
the mid-log phase of growth. The cells were serum starved for 3 days prior to
gamma irradiation. Following gamma irradiation, the cells were put in complete
medium with 10% FBS and processed for FACS analysis at various time points.
(A and B) Histograms and numbers of cells at various stages of the cell cycle. (C)
Transfection of both cell types with either wild-type (wt) LTR-CAT or a TAR
mutant (mut) (TM26) LTR-CAT in CEM (Vector) and CEM (Tat) cells. Five
micrograms of each DNA was transfected (by electroporation) into the cells and
processed 18 h later for CAT assay. Fifty micrograms of total protein was used
for the CAT assay, and acetylated products were run on thin-layer chromatog-
raphy, exposed on a Phosphorlmager cassette and counted with Molecular Dy-
namics software. +, present; —, absent.

ine whether Tat-expressing cells would show either loss of the
G,/S checkpoint or apoptosis, as both are seen in ACH, cells.
We used two cell lines, CEM (Tat), containing a vector carry-
ing the Tat gene, and CEM (Vector), containing only the
backbone vector, and selected them in the presence of hygro-
mycin (22). Upon gamma irradiation of these cells, there was
a 10-fold drop in G,/G; cells within the first 24 h in the CEM
(Tat) cells compared to only a 2-fold drop among vector-
transfected cells (Fig. 3A and B). However, no increase in
apoptosis was observed at any time point following gamma
irradiation in Tat-expressing cells. We have observed similar
results with other T lymphocytes, such as H9-Tat and Jurkat-
Tat cells (data not shown). To determine whether the Tat in
CEM (Tat) cells was a functional protein, we transfected both
a wild-type and a TAR mutant (TM26) reporter plasmid into
these cells and scored for activated transcription using stan-
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FIG. 4. In vivo effect of Tat on p53-activated transcription. CEM (12D7) cells were grown to mid-log phase and transfected with a reporter (G5P53CAT) and
activator (CMV-p53) in the presence (+) or absence (—) of Tat expression vector. (A) Diagram of the reporter gene used for transfection studies, which contains five
GALA binding sites and five DNA-responsive elements. (B) Transfection experiment in CEM cells using electroporation method. The samples were processed similarly

to those in Fig. 3C.

dard CAT assays (17, 19). As expected, the wild-type but not
the mutant LTR-CAT construct was transactivated in CEM
(Tat) cells (Fig. 3C). Taken together, these data suggest that
loss of the G,/S checkpoint in ACH, and CEM (Tat) cells is
due to the presence of Tat protein and that the increase in
apoptosis observed in irradiated ACH, cells is due to other
HIV regulatory or structural proteins.

Mechanism of Tat-mediated loss of G,/S checkpoint. To
determine the mechanism of loss of the G,/S checkpoint by Tat
and its relationship with p53, we decided to perform two sets of
in vivo and in vitro experiments. First, we performed transfec-
tions into CEM cells using a pS53-responsive reporter, p53
activator, and Tat plasmids. The results of such an experiment
are shown in Fig. 4. The plasmid G5p53CAT was responsive to
a p53 activator construct (Fig. 4B, compare lanes 1 and 2).
Furthermore, in agreement with previously published results
(9, 26), wild-type but not mutant Tat was able to downregulate
the effect of p53 in transfections (Fig. 4B, compare lanes 3 to
5). Transfection experiments score for transcription, message
half-life, nuclear transport, and translation events. We won-
dered whether the observed effect of Tat and p53 was at the
level of transcription and/or other subsequent events stated
above. To find out, we performed in vitro transcription analysis
with Tat and p53 using a supercoiled p53-responsive G-free
cassette. The results are shown in Fig. 5C, where purified p53

was able to activate the p53/G-Free plasmid by a fourfold
increase (1,250 counts for basal transcription versus 5,375
counts for activated transcription). In the presence of wild-type
but not mutant Tat, the p53 activation is nearly abolished (Fig.
5, compare lanes 2 to 4). To further show that Tat indeed
complexes with p53 as reported previously (27), we performed
GST pull-down assays using GST-Tat and radiolabeled p53.
The results of such an experiment are shown in Fig. 5D, where
p53 binds as efficiently to Tat as to TBP. We next performed
other control experiments, where the GST-p53 wild type or a
mutant GST-p53 (1-300) was incubated with *>S-labeled wild-
type Tat or a Tat mutant 41 (pGEM-Tat 41; a generous gift of
A. Rice), and found that Tat binds to the C-terminal domain of
p53 (Fig. 5E, lanes 2 and 3) and that the Tat mutant 41 was not
able to bind to p53 (Fig. 5F, lanes 2 and 3) under 150 mM salt
wash conditions. Collectively, these experiments imply that Tat
may indeed bind to p53 and sequester its transactivation ca-
pability on p53-responsive elements.

Effect of cdkls in HIV-1-infected cells. cdks are generally
active at specific stages of the cell cycle when bound to specific
cyclin partners. The cyclin-cdk complexes are subject to inhi-
bition by cdkls, which sequester the enzymatic functions of
cyclin-cdk complexes, thereby stopping cells at specific check-
points. The G, phase of the cell cycle contains two sets of
inhibitors, the INK and KIP family members for early G, and
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FIG. 5. Invitro analysis of Tat on P53-activated transcription. In vitro transcription assays were performed with a supercoiled G-free cassette DNA (P53/G-Free),
CEM (12D7) whole-cell extract, and purified p53 and Tat proteins. (A) Diagram of the reporter G-Free plasmid. (B) Coomassie blue stain of p53 and Tat proteins
used for in vitro transcription assays. (C) In vitro transcription with p53 (lane 2 was treated with monoclonal antibody PAb 421 to increase DNA binding) in the presence
(+) or absence (—) of either mutant (lane 3, Tat 41 mutant [25]) (mut) or wild-type (lane 4) (wt) Tat. Neither wild-type nor mutant Tat protein alone activated
P53/G-Free transcription (data not shown). (D) In vitro binding of GST-TBP (positive control), GST, or GST-Tat to *>S-labeled p53 (TNT; Promega). Samples were
bound overnight and washed the next day, and bound p53 proteins were run on a 4 to 20% Tris-glycine gel, dried, and exposed to a PhosphorImager cassette. (E)
Binding of 3°S-labeled Tat to GST-p53 wild type or a mutant containing p53 residues 1 to 300. As previously reported (27), Tat binds to the C-terminal domain of p53.
(F) Binding of either the wild-type or a 41 mutant of Tat to GST-p53. The experiments shown in panels E and F were performed in the presence of 50 pg of ethidium
bromide/ml (to eliminate nonspecific binding to nucleic acids) and washed with TNE, 5, plus 0.1% NP-40 buffer prior to being loaded on SDS-PAGE.

late G, phases, respectively. The INK family members consist
of p16(INK4A), p15(INK4B), p18(INK4C), and p19(INK4D),
and they mainly inhibit early G, kinases, such as cyclin D1 to
-3/cdk4 to -6 (1, 11). The CIP/KIP family members are p21/

Wafl/CIP1, p27(KIP1), and p57(KIP2), and they inhibit some
early G, kinases (i.e., p27 association with cyclin D1/cdk com-
plex) but mainly the late G,/S checkpoint kinase, namely, cy-
clin E/cdk2 (48).
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FIG. 6. Late-G,-phase cdkI KIP family members in infected and uninfected cells. Both CEM and ACH, cells were gamma irradiated, and nuclear extracts were
processed at various time points for cdkI levels. (A, B, and C) Western blots with anti-p21 (Wafl) monoclonal antibody (MADb) (A), anti-p27 MAb (B), and anti-p57
MAD (C). All samples were processed on a 10 to 20% Tricine gel (Novex), transferred to a polyvinylidene difluoride membrane, and Western blotted with appropriate
antibodies. Antigen-antibody-associated complexes were detected with '*I-protein G (Amersham). The samples in panel A, lanes 7 to 10, were processed from CEM
vector control and CEM Tat-expressing cells. (D) Nuclear extracts from CEM and ACH, after gamma irradiation and Western blotting for p21/Waf1 protein.

We therefore wished to examine the levels of late G, cyclin Interestingly, p21/Wafl levels were constant in CEM parental
inhibitors in infected and uninfected cells. Upon Western blot cells even 24 or 48 h post-gamma irradiation. However, similar
analysis, we observed the absence of p21/Wafl in ACH, cells levels of p27 and p57 inhibitors were present in infected and
before or after gamma irradiation (Fig. 6A, p21/Wafl WB). uninfected cells (Fig. 6B and C). A similar result was also
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FIG. 7. Immunoprecipitation of cyclin E-associated complex in both infected and uninfected cells. Infected and uninfected cell extracts from gamma-irradiated cells
were treated for immunoprecipitation with polyclonal rabbit anti-cyclin E antibody at 4°C. The immune complexes were pelleted the next day with protein A plus
protein G beads, washed, and used for kinase assays with histone H1 or GST-Rb as substrates. (A) Labeled products resolved by SDS-4 to 20% PAGE and their
corresponding counts with the Molecular Dynamics PhosphorImager software. (B) Straight Western blots for cdk2 and cyclin E in infected and uninfected cells. (C and
D) Similar to panels A and B except that CEM (Vector) and CEM (Tat) were used as the starting materials for immunoprecipitations.

obtained using the CEM vector control and the Tat-containing
cell line, where p21/Wafl levels were decreased in the Tat-
containing cells (Fig. 6A, lanes 7 to 10). When we looked at the
localization of p21/Wafl protein in uninfected cells, we found
that more of p21/Wafl protein is localized in the nucleus
following gamma irradiation (Fig. 6D, lanes 3 and 4), implying
that transport of p21/wafl into the nucleus may be a rate-
limiting step as opposed to a transcriptional increase in these
cells. Western blot analysis of early INK family members
showed no change of cdkls in infected or uninfected cells (data
not shown). Collectively, these data imply that, in ACH, cells,
loss of the G,/S checkpoint is attributed to lack of cdkI p21/
Wafl expression.

Functional activation of G,/S kinase and cyclin E/cdk2 in
HIV-1-infected cells. Next, we examined the effect of cyclin
E/cdk2 kinase activity in infected and uninfected cells. We
reasoned that if ACH, cells have no p21/Wafl present, they
should have higher cyclin E/cdk2 kinase activity. We per-
formed kinase assays with immunoprecipitated cyclin E/cdk2
complex from both CEM and ACH,, cells. The results of such
an experiment are shown in Fig. 7A, where cyclin E/cdk2
immunoprecipitate was capable of a better phosphorylation of

both histone H1 and Rb substrates post-gamma irradiation in
HIV-1-infected cells. The cyclin E and cdk2 protein levels were
similar before and after gamma irradiation (Fig. 7B). A similar
result was also obtained in Tat-expressing cells, where higher
levels of histone H1 and Rb phosphorylation were apparent
24 h post-gamma irradiation (Fig. 7C). The two cell types
contained similar levels of cyclin E and cdk2, indicating that
the change in phosphorylation pattern is not simply due to
changes in expression levels of these cyclin-cdk complexes (Fig.
7D). It is interesting to note that both CEM and CEM (Vec-
tor) cells show lower levels of Rb phosphorylation 24 h post-
gamma irradiation, perhaps due not so much to the p21/Wafl
transcriptional upregulation but simply to an active transport
of p21/Wafl into the nucleus, as seen in Fig. 6D. Taken to-
gether, loss of p21/Wafl in infected cells may allow the cyclin
E/cdk2-associated complex to push cells inappropriately into S
phase and thus promote apoptosis.

DISCUSSION

HIV-1 establishes latent infection of a certain population of
CD4" host cells, which could be long-term reservoirs for
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FIG. 8. Proposed model of Tat-p53 interaction and its functional consequences for p21/Waf1 levels. Upon DNA damage, the primary effect of p53 response at G,/S
is upregulation of the p21/Wafl gene product and its subsequent binding to the cyclin-cdk complex. The functional consequence of the p21-cyclin-cdk complex is to
stop cells at the G,/S border prior to entry of the cells into the S phase. In HIV-infected cells, Tat inactivates p53 function, thus downregulating p21 expression and

allowing loss of the G,/S checkpoint.

HIV-1. The expression of viral genes in such long-term-in-
fected cells is strongly regulated by the cellular status, such as
the phase of the cell cycle or the stage of cell differentiation. It
has been demonstrated that activation of HIV-1 by NF-«B was
induced by phorbol myristate acetate treatment during late G,
to S but not after entering G, phase, indicating that the tran-
scriptional factor(s) involved in viral gene expression is also
largely regulated by the host cell cycle (45).

It has been proposed that retroviruses establish productive
infection only in proliferating cells, such as T cells. Macro-
phages, however, are often considered to be nonproliferating
in vitro yet are susceptible to HIV-1 infection. Treatment of
monocyte-derived macrophages with aphidicolin, a specific in-
hibitor of DNA polymerase alpha and delta which arrests cells
in G,/S phase of the cell cycle, also inhibited DNA synthesis
but did not prevent establishment of productive infection,
which is completely analogous to observations in T cells (39).
More specifically, it has been demonstrated that completion of
reverse transcription in macrophages inoculated with the
HIV-1 Ba-L variant, and a macrophage-tropic ADA strain and
two primary macrophage-tropic HIV-1 variants isolated from
cerebrospinal fluid and from bronchoalveolar lavage from pa-
tients with AIDS, is dependent on cellular conditions that
coincide with cell proliferation. Therefore, HIV-1 replication
is restricted to cells with proliferative potential (23). Collec-
tively, these data suggest that most if not all HIV-1 subtypes
require the presence of an environment where cells either are
doubling or are simply able to go from early G, to late G,
phase of the cell cycle (i.e., macrophages).

It has been shown that the cdkI p21 (Sdil, Cipl, and Wafl)
binds to and inactivates all cyclin E/cdk2 complexes in cells
that are under stress, such as gamma irradiation. Interestingly,
it has recently been shown that in the senescent-cell-cycle-
arrested cells, p21/Wafl expression occurs prior to the accu-
mulation of the cdk4-cdké6 inhibitor p16 (Ink4a), suggesting
that p21 may also be an earlier upstream inhibitor than INK
family members (42). However, the mechanism of inhibition,
and therefore the blocking of cells at G,/S, is generally attrib-
uted to lack of complete Rb phosphorylation and the subse-
quent release of E2F family members.

We have investigated the effect of the G,/S checkpoint in
latent HIV-1-infected cells. We found that gamma-irradiated
ACH, and 8ES5 cells showed a loss of G,/G, population within
the first 24 h, increase of singly spliced RNA, and a dramatic
increase of apoptotic cells after 48 h. This result is intriguing in
that HIV basal transcription and transactivation may be phe-
nomena of the mid-to-late G, phase of the cell cycle. At the

same time, Tat may directly affect the host cell cycle machinery
at the G,/S checkpoint by sequestering p53, increasing Rb
phosphorylation, and pushing cells into S phase. Subsequently,
the host cell may sense the inappropriate entry into S phase
and turn on its apoptotic machinery.

To our surprise, when we looked at the apoptosis pattern of
Tat-expressing cells, we observed no increase of apoptosis in
lymphocytes after gamma irradiation. Similar results were also
seen in Jurkat-Tat, H9-Tat, THP-1-Tat, and HeLa-Tat cells
compared to their parental counterparts, Jurkat, H9, THP-1,
and HeLa cells, respectively (data not shown). In fact, we have
always observed loss of a G/G; population in Tat-expressing
cells and no apparent apoptosis within 48 h post-gamma irra-
diation. We therefore believe that the massive apoptosis seen
in ACH, or 8ES cells is due to HIV-1 open reading frames
other than that for Tat. Current preliminary results indicate
that Env protein synthesis alone may be responsible for a
majority of the apoptosis in these cells (F. Santiago and S.
Chong, unpublished results). Future in-depth experiments with
various Tats and Envs, from clades A to O, will determine
whether the loss of G,/G, population by Tat and apoptosis,
possibly by Env, are general phenomena of all HIV-1 strains.

Loss of the G,/S checkpoint by Tat-expressing cells in HIV-1
latent cells is intriguing in light of reports that Tat functionally
and physically interacts with p53 (Fig. 8). As reported previ-
ously, Tat-p53 functional interactions may allow the develop-
ment of AIDS-related malignancies (26). This suggestion is
plausible, since free Tat protein is able to act as a mitogen and
can activate the transcription of a number of proliferative
cytokines (15). The physical interaction of Tat and p53 may
also have additional roles, one of which is indicated by the
observation that p53 inhibits HIV-1 LTR gene expression in
the absence of Tat (9). The p53-induced repression of the LTR
could possibly be relieved by the sequestration of p53 protein
at the G,/S checkpoint by Tat protein. This interaction would
allow LTR gene expression and transactivation to take place.
Simultaneously, Tat-p53 physical interaction can alter the gene
expression of pS53-responsive promoters, such as p21/Wafl.
Downregulation of a cdkl, such as p21/Wafl, may account for
the observed loss of the G,/S checkpoint.

We also attempted to observe whether a similar loss of the
G,/S checkpoint could occur in PBL samples from patients
with HIV-1 infection. Using available patient samples
(UMDNIJ cohort group), we were unable to establish a semi-
purified baseline set of infected CD4" cells from 10 patients
with AIDS at various stages of disease development. The ma-
jor inconsistency in experiments with patient PBLs had been
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that there were no available methods to purify infected CD4™*
cells from patients who were under treatment with zidovudine
and protease inhibitors (data not shown).

Loss of a checkpoint in HIV-1-infected cells has profound
consequences for the virus. This may be a mechanism for the
virus to push cells into S phase, which may be needed for
subsequent virus-associated processes, such as RNA splicing,
transport, translation, and packaging of virions. If so, then
HIV-1 could serve as a model system to study many similar
cellular pathways, such as basal transcription, activation, etc.,
in a cell cycle-dependent manner. Thus, retroviruses could
serve as in vivo functional molecular probes, allowing us to
better understand basic cellular machineries in higher eukary-
otic cells.
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