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Abstract

Tat is a key trans-activator of HIV-1 gene transcription and major progress has
been accomplished in recent years in regard to understanding its mechanism of
action. An important breakthrough was the identification of the TAR-Tat-Cyclin
(Cyc) T1-Cyclin-dependent kinase 9 (CDK9) complex, in which CDK9 can
hyperphosphorylate the carboxyl-terminus domain (CTD) of the RNA polymerase
(RNAP) Il complex. A different activity of Tat has recently been identified in reverse
transcription. Notably, mutated HIV-1 that lacks a functional Tat protein cannot
efficiently generate reverse transcription products following infection of
permissive cells. Furthermore, Tat can also inhibit reverse transcriptase activity in
cell-free assays and can act as a suppressor of reverse transcription at late
stages in the viral life cycle. This suppressor activity of Tat can restrict the
premature reverse transcription of viral RNA in the cytoplasm and allows the viral
genome to be packaged as intact RNA molecules.
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Figure 1. Functional domains of the HIV-1 Tat protein. The full-length two-exon Tat contains 101 amino acids. A number of HIV-1
strains (e.g. LAl, DXB2, and NL4-3) encode a 86-amino acid version of Tat. The Tat sequence can be divided into five domains,
i.e. | (amino acids 1 to 20), Il (amino acids 21 to 40), Ill (amino acids 41 to 48), IV (amino acids 49 to 72), and V (amino acids 73
to 101). The first three domains, including amino acids 1 to 48, comprise the activation domain; domain 1V is highly basic and
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serves as the TAR-binding domain.

20) is proline-rich. The next 20 amino acids (21-40)
form the second domain which contains seven
highly conserved cysteine residues at positions 22,
25, 27, 30, 31, 34, and 37. The third domain, i.e.
amino acids 41 to 48, harbors a RKGLGI motif that
is found in Tat molecules derived from both HIV and
SIV. Amino acids 1-48 are implicated in interactions
with a number of cellular proteins involving Cyclin
T1 (Cyc T1)®7 Sp1™™*° histone acetyltransferase
(HAT)®2%, and protein kinase R (PKR)*. These 48
amino acids comprise the activation domain. Next
is a highly basic domain that spans amino acids 49-
72 that is involved in several different activities;
these include the binding of Tat to TAR RNA®?¢, Tat
nuclear localization®*® and plasma membrane per-
meability of Tat®". The second exon (amino acids 73-
101) defines a separate domain, the roles of which
in Tat function are largely unknown.

The three-dimensional structure of the Tat protein
has been resolved by nuclear magnetic resonance
(NMR), but only at low resolution, and reveals that
the basic region of Tat is well extended while the
cysteine-rich region adopts loop structures®,
Ordered a-helix and B-sheet structures are not
revealed by these structures and a detailed under-
standing of Tat configuration must await higher res-
olution of a more accurate structure.

promoter by Tat

special transcriptional regulat It is able to

strength of a promoter is regulated by several key

rate of transcrlptlon 3) clearance of the transcrip-
tion ¢ x
transit
has be

recruitment of the TBP/RNAP Il complex to the pro-

Trans-activation of JNEQ-IIW Efl-'Ff)'F th|5 pU

Tat has long been underE@?r@dMG@dS@r p&n@t@m@@ )
r23

moter by several TARBAEIAL | Bandel e WL Ho3n AL b b

moter®. Since Tat needs to bind to a TAR (frans-acti-
vation responsive element) structure that is formed
by nascent viral RNA in order to exert its stimulatory
effects on transcription®¥, it is proposed that Tat
may play its roles in transcription by regulating the
processivity of RNAP 1.

The elongation activity of RNAP Il is controlled by
phosphorylation of heptapeptide repeats located
within the carboxy-terminal domain (CTD)®%.
Upon CTD phosphorylation, RNAP Il changes its
conformation and, as a consequence, dissociates
from negative elongation factors (N-ELF). This
phosphorylation event is executed by cyclin T
dependent kinase (CDK) that is associated with
several positive elongation factors (P-TEF)®<.
Recent studies have demonstrated that Tat can
recruit P-TEFb to the RNAP Il complex*-#. It is also
known that Tat directly binds to cyclin T1 (Cyc T1),
a protein that is associated with CDK9'617%, Once
the first 57-nuclectides of nascent viral RNA are
synthesized, the TAR structure is formed. Following
binding to TAR, Tat brings the Cyc T1-CDK9 com-
plex close to the RNAP Il complex. Since the
nascent RNA exit channel is located adjacent to
CTD, CDK9 is then positioned close to the CTD of
RNAP Il and can thus hyperphosphorylate this crit-
ical domain (Fig. 2)%.
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Figure 2. Tat transactivation of HIV-1 LTR promoter. (A) RNAP Il complex, including a number of co-factors, initiates RNA
transcription from the HIV-1 LTR promoter. The TAR structure is formed when the first 57 nucleotides are synthesized.

(B) Tat, together with Cyc T1, binds to TAR and positions CDK9 close to the CTD (carboxyl-terminal domain) of RNAP Il. CTDK9
then causes hyperphosphorylation of CTD, and, as a consequence, transcription from LTR is switched from initiation to productive
elongation.
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Figure 3. Synthesis of HIV-1 cDNA. HIV-1 reverse transcription is initiated from a cellular tRNv=* that binds to an 18 nucleotide
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HIV-1 LTR by acetylation of histone proteins through
Tat-associated histone acetyltransferase (TAH)?*%,

Roles of Tat in HIV-1 reverse transcription.

In addition to its roles in transcription, Tat also
regulates a number of other viral activities, one of
which is reverse transcription. HIV-1 reverse tran-
scription is initiated from a cellular tRNA»s® that
binds to an 18-nucleotide viral RNA sequence
located proximal to the 5 end of the viral RNA
genome. Subsequent reactions involve the first
strand transfer, the synthesis of plus-strand DNA,
and a second strand transfer event (Fig. 3). Essen-
tial roles in these processes are played by cis-act-
ing viral RNA elements, such the primer binding site
(PBS), the polypurine tract (PPT), the 5" and 3’ R
regions, and the central cDNA flap sequence®. In
addition, a number of viral and cellular proteins are
required for efficient reverse transcription. These
include the viral nucleocapsid (NC) protein as well
as Nef, Vif, Vpr, and matrix (MA)®**%¢. Cellular pro-
teins that are involved are cyclophilin A (Cyp A) and
DNA topoisomerase 1%°. Tat can also impact on
HIV-1 reverse transcription®.

The first clue to these roles of Tat came from rever-
tants of TAR mutations that were able to support effi-
cient viral gene transcription, although the relevant
mutated viruses still exhibited an attenuated replica-
tion phenotype®. Further analysis revealed that
defective reverse transcription was associated with
these TAR mutations. Since TAR serves as the bind-
ing site for Tat, it was then speculated that the
mutated TAR may have failed to recruit Tat to the ini-
tiation complex for reverse transcription. On this
basis, it was assumed that Tat plays a role in reverse
transcription.

However, direct studies of HIV-1 variants carrying
mutated Tat were hampered by the need to gener-
ate sufficient quantities of the mutant virus particles
for infection of permissive cells. This technical diffi-
culty was solved by transfection of HIV-1 DNA that
had been deleted of the tat gene into 293 cells that
express both the E1A and E1B proteins of aden-
ovirus*. These two proteins allow the yield of mutant
HIV-1 at levels of 1-2 ng/ml. When these mutant HIV-1
viruses were used to infect peripheral blood
mononuclear cells (PBMC), substantially lower lev-
els of reverse transcription products vvere detected

be bound to the two copies of viral genomic RNA
within each virion. Hence, Tat can conceivably be
part of the reverse transcription complex and directly
participate in RT reactions following infection of tar-
get cells. In support of this hypothesis, wild-type Tat
protein that was provided in trans in producer cells,
but not in target cells, was able to overcome defects
in reverse transcription associated with Tat-mutated
viruses’. Furthermore, in endogenous reverse tran-
scription assays performed in the presence of
dNTPs, low concentrations of detergent, and appro-
priate buffer conditions, the nucleoprotein complex-
es within virus particles were able to undergo
reverse transcription. However, lysed Tat-mutated
virus particles yielded lower amounts of viral cDNA
products in these endogenous reverse transcription
experiments than did wild-type viruses*. Moreover,
frans-supplemented recombinant wild-type Tat pro-
tein suppressed, rather than augmented, endoge-
nous reverse transcription performed with wild-type
viruses®'.

In which way are the Tat-mutated virus particles
defective? Biochemical analysis of these viruses
showed wild-type levels of each of reverse tran-
scriptase activity, viral genomic RNA, Gag and Env
proteins*. However, the viral RNA of the mutated Tat
viruses appeared as partially degraded molecules
on native agarose gels and not in dimeric form as
found within wild-type virus particles®. It has been
reported that the conformation of virion RNA is
essential for reverse transcription, especially for the
first strand transfer®2. The degraded nature of the
RNA found in the absence of Tat protein accounts,
at least in part, for the failure of this RNA to undergo
efficient reverse transcription in infected cells.

What causes this degradation of viral RNA within
virus particles? Two copies of full-length HIV-1 RNA
molecules are normally packaged by each virion®.
However, only limited reverse transcription occurs
within mature virus particles themselves®, In con-
trast, substantial levels of viral cDNA molecules were
shown to be associated with Tat-mutated viruses®'.
Consistent with this observation, Tat-mutated virus
particles gave rise to lower levels of nascent endo-
geneous reverse transcription DNA products than
did wild-type viruses®'. Therefore, premature reverse
transcription must have occurred in the absence of
Tat protein before mature virus particles were made,
and a direct consequence of this premature reac-

in comparison 1o wiltt} fett m ty dation of the viral RNA
includes each of mrnustga daft?o%] st%plgN@u g?’[?@tﬁ WO g d RNase H activity.

((-)ssDNA), viral DNA synthesized a ter the first
template switch, as well ag ®i[Rg d
These results constitute the first evidence ||nk|ng Tat

iz ONA [

It is unknown whether these Tat mutations also

@?t@e(@ fal@spects of HIV-1 particle. For
example, an immiature-and non-infectious particle is

fnd Hv T reverse TRATIS UL the prior vvrrétét”édrﬁam%”r%raa?rg%%ﬁg peliogbul

ed cleavage the structure of the virus partrole is re-

Effects of Tat on the construction nd an infectious particle is formed!.
functional reverse transcription cgﬁ;&t}e pﬁﬁ%ﬁ%ﬁ fferences between these mature and

Although Tat has not been shown to be present
within
Tat wi rgé mg
current varl

conceivable that as few as two molec Ies of Tat may

immature virus particles can be distinguished by

lectren micro copy (EM) and 3 s eprits the
fTa o atfeot
r it | re to

mature torms Another example |s that after virus




Chen Liang and Mark A. Wainberg: The Role of Tat in HIV-1 Replication: an Activator and/or Suppressor?

entry into target cells, the uncoating of the ribonu-
cleoprotein complex is necessary for the viral
reverse transcription machinery to gain access to
cellular dNTP pools and other cellular factors®™. It is
possible that mutations in Tat may affect the stability
of the core structure and thus jeopardize uncoating.

Suppression of reverse transcription
by Tat protein

The increased levels of viral cDNA products found
within Tat-mutated virus particles suggest that Tat may
act as a suppressor of reverse transcription in the
cytoplasm®'. Furthermore, when Tat is mutated, high-
er levels of viral cDNA are also detected in infected
cells®'. In further support of this concept, a recombi-
nant two-exon form of Tat was shown to strongly inhib-
it reverse transcription in cell-free assays performed
with synthetic viral RNA templates, tRNAY*3 primer
and recombinant HIV-1 RT (p66/51)8'. Figure 4 illus-
trates this suppressor activity of Tat in reverse tran-
scription in the context of the HIV-1 life cycle.

Reverse transcription from the HIV-1 RNA:tRNAYs3
complex involves distinct initiation and elongation
stages. The initiation stage is associated with strong
pausing events after the extension of 1, 3, or 5
nucleotides™7¢. This stage is distinct from the sub-
sequent elongation stage as measured by distinct
RT binding and kinetic values. In the presence of
recombinant Tat protein, the elongation, but not the
initiation stage of reverse transcription is sup-
pressed®. Consistent with this, the majority of the

tRNAY=3 primer that is annealed onto the viral RNA
template within wild-type virions is extended by two
nucleotides in the case of viruses that encode wild-
type Tat protein®77,

The finding that Tat acts as a reverse transcription
suppressor also helps to explain the deficient reverse
transcription of Tat-mutant viruses in target cells. In
producer cells, wild-type Tat may limit RT activity asso-
ciated with either Gag-Pol or free RT and thus ensures
the integrity of viral RNA for incorporation into virus
particles. In contrast, an absence of Tat in producer
cells may cause aberrant viral RNA to be present with-
in virions; this defect may not be reparable by Tat pro-
teins that are newly expressed in target cells.

The biological importance of the suppressor
activity of Tat in reverse transcription awaits further
verification and several issues need to be clarified
in this regard. First, Tat is a nuclear protein, and,
although it shuttles between the nucleus and cyto-
plasm, its cytoplasmic concentration has never
been determined. Therefore, it is unclear whether
the amount of Tat available within the cytoplasm is
sufficient for inhibition of RT activity. A second issue
relates to HIV-1 assembly and the cleavage of Gag
and Gag-Pol precursors by protease during or
shortly after budding. Although the levels of RT
activity within infected cells are low, it needs to be
determined to what extent cytoplasm RT activity at
post-integrational stages of the viral life cycle is
deleterious to viral replication. This suppressor role
of Tat has been mapped to the second Tat exon, the
cysteine-rich and the core regions in studies per-
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Figure 4. Suppressor activity of Tat at the post-integration stage of the HIV-1 life cycle. The HIV-1 life cycle includes a number of
essent/al steps, these are: entry into host cells via interactions with rceTr (CD4) and co receptor (CXCR4, CCH5) molecules on
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formed with synthetic Tat molecules®. In contrast,
the amino-terminal sequence, which is largely dis-
pensable for trans-activation of gene expression,
was required for Tat to execute its positive activity in
reverse transcription within cells newly infected by
HIV-17¢. This apparent discrepancy suggests that
Tat may regulate reverse transcription through more
than one mechanism.

Alternative mechanisms for the regulatory
activity of Tat in reverse transcription

Tat is an RNA-binding protein and also interacts
with a number of cellular proteins®. It is unknown
whether these inter-molecular interactions play roles
in reverse transcription. Several studies have shown
that the TAR binding activity of Tat is not required in
order for Tat to exert its effects on reverse transcrip-
tion. For instance, mutated Tat that lacks basic
residues and TAR-binding ability can still efficiently
support reverse transcription’®; and mutant HIV-1
RNA that contains a TAR without the bulge sequence
can be reverse transcribed at wild-type levels™.
Although evidence is lacking regarding the roles of
the Tat-Cyc T1-CDK9 complex in reverse transcrip-
tion, studies have shown that over-expression of
CDKO9 did not augment reverse transcription from Tat-
mutated viruses™. Together, these studies indicate
that the direct involvement of this TAR-Tat-Cyc T1-
CDK9 complex in reverse transcription is unlikely.

It was recently observed that Tat may play a role
in the construction of the 5" cap structure of HIV-1

RNA®. Like most eukaryotic mRNA that is synthe-
sized by RNAP II, HIV-1 RNA is also modified by a
5-terminal m’GpppG cap. This reaction is usually
catalyzed by three enzymes, i.e. RNA triphos-
phatase, RNA guanylyltransferase, and RNA (gua-
nine-7)-methyltransferase®’. Capping occurs when
nascent RNA is transcribed and released from
RNAP [8#4 Therefore, transcription and capping
are two temporally linked events. The capping
reaction may be regulated by physical interactions
between capping enzymes and the CTD of RNAP
[1891 The mammalian capping enzyme, Mce 1,
binds to the phosphorylated but not the non-phos-
phorylated CTD of RNAP Il, and this binding event
stimulates the guanylytransferase activity of Mce
(8878 |t is known that Tat can recruit CDK9 to RNA
P Il and that CDK9 can then catalyze hyperphos-
phorylation of CTD®*'6". As a result, Tat may, at
least indirectly, stimulate Mce | activity. In addition,
it has been reported that Tat can directly interact
with Mce | and thus promote the capping of HIV-1
RNA®. Furthermore, the TAR structure that is pre-
sent at the 5’ end of viral RNA can substantially
ablate the capping efficiency of HIV-1 RNA by Mce
. In light of these findings, it is possible that the 5’
capping of HIV-1 RNA may occur at low efficiency
in the absence of Tat protein. These uncapped
RNA molecules are not only unstable but may also
be poorly reverse transcribed upon infection of tar-
get cells.

Although the roles of the 5 cap structure in
reverse transcription of viral RNA remain to be
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Figure 5. Physical bridging of the 5’ and 3’ ends of HIV-1 RNA may facilitate the first strand transfer during reverse transcription.
(A) HIV 1 HNA is modified at the 5’ and 3’ ends by addition of a cap Etruc%:lre (m7Gppsz and a poly(A) tail. When synthesis of

(A)n
(-)ssDNA /
Strand transfer
n may be
hog@copying
g@ermission
[
eede in drder for reve etranscrl tion to p.
ends,
ERRB R -




Chen Liang and Mark A. Wainberg: The Role of Tat in HIV-1 Replication: an Activator and/or Suppressor?

i ' ' il sig- 2. Jones K, Peterlin B. Control of RNA initiation and elongation at
determined, both the 5" cap and 3’ poly(A) tail sig _
nificantly increased the efficiency of the first strand the HIV-1 promoter. Annu Rev Biochem 1994;63:717-43.
transfer during reverse transcription in studies per- 3. Jeang K, Xial H, Rich E. Multifaceted activities of the HIV-1 trans-

. . . . h activator of transcription. Tat J Biol Chem 1999;274:28837-40.
formed with synthetlc MLV (murme leukemia VII’US) 4. Harrich D, Ulich C, Garcia-Martinez L, Gaynor RB. Tat is

RNA®. Both of these modifications in HIV-1 RNA required for efficient HIV-1 reverse transcription. EMBO J
may be required for efficient RT reactions. 1997;16:1224-35.
In support of this notion, the 5’ cap and 3’ poly(A) 5. Arya S, Guo C, Josephs S, et al. Trans-activator gene of human

6. Sodroski J, Patarca R, Rosen C, et al. Location of the trans-acti-
vating region on the genome of human T-cell lymphotropic virus
type lIl. Science 1985;198:74-7.

through the recycling of the small ribosomal sub-
unit®*, This is achieved by bridging the 5" and 3’

ends of mRNA via interactions between three pro- 7. Kuppuswamy M, Subramanian T, Chinnadurai G. Multiple func-
teins: elF4E (eukaryotic initiation factor 4E), elF4G tional domains of Tat, the trans-activator of HIV-1, defined by
and the PBP (poly(A) binding protein) (Fig. 5). elF4E mutational analysis. Nucleic Acids Res 1989;17:3551-61.

specifioally binds to the 5’ cap structure, PBP binds 8. Myers G, Korber B, Foley B, et al. Human Retroviruses and
tothe 3’ poly(A) tail, and elF4G binds to both elF4E AIDS: A Compilation and Analysis of Nucleic Acid and Amino

Acid Sequences, Theoretical Biology and Biophysics Group, Los
Alamos National Laboratory. Los Alamos, NM. pp. lll-11 to [1I-26.
. Viglianti G, Mullins J. Functional comparison of transactivation

and PBP®. These RNA-protein interactions can
physically bring the 5° and 3’ ends of mRNA into 9

close proximity, and, as a consequence, this mRNA by simian immunodeficiency virus from rhesus macaques and
can form a ring structure. Conceivably, close con- HIV type 1.Virol 1988;62:4523-32.

tact between these two ends may greaﬂy enhance 10. Tong-Starksen S, Baur A. Lu X, et al. Second exon of Tat of HIV-
the eﬁiciency of the first strand transfer during 2 is required for optimal trans-activation of HIV-1 and HIV-2

LTRs. Virology 1993;195:826-30.
11. Jeang KT, Berkhout B, and Dropulic B: Effects of integration and
replication on transcription of the HIV-1 long terminal repeat. J

reverse transcription. The absence of Tat protein
may lead to diminished levels of HIV-1 RNA that

possess the 5" cap. As a consequence, the forma- Biol Chem 1993:268:24940-49.
tion of MRNA ring may be jeopardized and reverse  12. Howcroft T, Strebel K, Martin M, et al. Repression of MHC class
transoription adversely affected. | gene promoter activity by two-exon Tat of HIV. Science

1993;260:1320-23.
13. Verhoef K, Bauer M, Meyerhans A, et al. On the role of the sec-

Therapeutic considerations ond coding exon of the HIV-1 Tat protein in virus replication and
MHC class | downregulation. AIDS Res. Hum. Retroviruses

As a key protein in HIV-1 replication, Tat has long 1998;14:1553-50.
been a target for development of anti-viral com- 14. Xiao H, Neuveut C, Benkirane M, et al. Interaction of the second
pounds. Efforts have been made maimy on the basis coding exon of Tat with human EF-1 delta delineates a mecha-

nism for HIV-1-mediated shut-off of host mRNA translation.
Biochem Biophys Res Commun 1998;244:384-9.
. Ott M, Emiliani S, Van Lint C, et al. Immune hyperactivation of

of the trans-activation activity of Tat in gene tran-
scription and, in particular, at disruption of Tat-TAR 5

interactions®*. For instance, short TAR RNA decoy HIV-1-infected T cells mediated by Tat and the CD28 pathway.
molecules have been developed that can compete Science 1997;275:1481-5.

with wild-type TAR for binding to Tat® 1. Three small ~ 16. Peng J, ZhuY, Milton J, et al. Identification of multiple cyclin sub-
molecule TAR ligands were identified that specifical- units of human P-TEFb, Genes Dev. 1998;12:755-62.

|y disrupt binding of Tat to TAR RNAT12. Screening for 17. Wei P, Garber M, Fang S-M, et al. A novel CDK9 associated C-

- . . type cyclin interacts directly with HIV-1 Tat and mediates its high-
anti-Tat compounds has primarily been based on affinity, loop-specific binding to TAR RNA. Cell 1998:92:451-62.

two types of assays, including the use of Tat-depen- 18. Cujec TP, Cho H, Maldonado E, et al. The HIV transactivator Tat

dent reporter genes in primate cells and cell-free interacts with the RNA polymerase Il holoenzyme. Mol Cell Biol

Tat-TAR interactions. A series of compounds have 1997;7:1817-23.

been selected, e.g. the benzodiazepines Ro 5-3335 19. Chun R, Semmes O, Neuveut C, et al. Modulation of Sp1 phos-

and Ro 24-742918  ALX-40C1%4 carbocyclic adeno- phorylation by HIV type 1 Tat. J Virol 1998;72:2615-29.

sine analogs'™ nbrdihydroguéiaretio acids™ and 20. Hottiger M, Nabel G. Interaction of HIV type 1 Tat with the tran-

the bish . a le derivafi H hst 33258707 scriptional coactivators p300 and CREB binding protein. J Virol
e _Disbenzimidazole derivatyve roecns 1998;72:8252-6.

Yet, only ALX-40C has reached clinical trials, and, . Marzio G, Tyagi M, Gutierez M, et al. HIV-1 tat transactivator

paradoxically, ALX- 4OC has now been ShOWﬂ to recruits p300 and CREB-binding protein histone acetyltrans-

inhibit HIV-1 replicatio k@ p p]]n qlga Ub“ﬁ@ﬁ@ﬁ mzay rbt@ Proc Natl Acad Sci USA
12 her th 9-
Egmgf)?ngﬁwg ?atip;nslgsotr\?;t|ort106:§t|:/eid/ eTrh(t% aantgj 22. Weissman J, Brown J, Howcroft T, et al. HIV-1 tat binds TAFI11250 and

lent transcription of major histocompati-
output of these screens mayf@ Géx thét | phWQ§@ﬁ§? mm Acad Sci USA 1998:95:11601-6.
Ipe strategies employed aimed only to antagonize 23 Benkirane M, Chun R, Xiao H, et al. Activation of integrated
at transactivation a i ﬁT Iﬁ:g é : in iﬁff & sferase. p300 and P/CAF are
reverse transcriptionw [}ﬁ& VGE n Ja it WrItEet: jpéi ilsagia Ehem 1998;273:24898-905.
may lead to screening of a much broader range of 24. McMillan N, Chun R, Siderovski D, et al. HIV-1 Tat directly inter-

omoounds for anti-viral ivity. _|: h b|actshwnh the interferon-induced, double-stranded RNA-depen-
comp § for anti-viral activity oT the pU et kitide, PKR. Virology 1995;213:413-24.

25. Dingwall C, Ernberg |, Gait M, et al. HIV 1 tat protein binds trans-
References activation- responswe region (TAR) RNA in vitro. Proc Natl Acad

CrPermanyerBy b HESTIGHS A0 e

ry Press, New York 1997;27-70. tion. Genes Dev 1990;4:1365-73.

AIDSREVIEWS

~
P}



AIDSREVIEWS

=
(==}

AIDS Rev 20024

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chang Y, Jeang T. The basic RNA-binding domain of HIV-2 Tat 53. Heinzinger N, Bukinsky M, Haggerty S, et al. The Vpr protein of

contributes to preferential trans-activation of a TAR2-containing HIV type 1 influences nuclear localization of viral nucleic acids in
LTR. Nucleic Acids Res 1992;20:5465-72. nondividing host cells. Proc Natl Acad Sci USA 1994;91:7311-5.
Weeks K, Crothers D. RNA recognition by Tat-derived peptides: 54. Bukrinsky M, Sharova N, McDonald T, et al. Association of inte-
interaction in the major groove? Cell 1991;66:577-88. grase, matrix, and reverse transcriptase antigens of HIV type 1
Ruben S, Perkins A, Purcell R, et al. Structural and functional with viral nucleic acids following acute infection. Proc Natl Acad
characterization of HIV tat protein. J Virol 1989;63:1-8. Sci USA 1993;90:6125-9.

Hauber J, Malim M, Cullen B. Mutational analysis of the con- 55. Von Schwedler U, Kornbluth R, Trono D. The nuclear localization
served basic domain of HIV tat protein. J Virol 1989;63:1181-7. signal of the matrix protein of HIV type 1 allows the establish-
Frankel A, Pabo C. Cellular uptake of the Tat protein from HIV. ment of infection in macrophages and quiescent T lymphocytes.
Cell 1988;55:1189-93. Proc Natl Acad Sci USA 1994;91:6992-6.

Bayer P, Kraft M, Ejchart A, et al. Structural studies of the HIV-1 56. Von Schwedler U, Song J, Aiken C, et al. Vif is crucial for HIV type
Tat protein. J Mol Biol 1995;247:529-35. 1 proviral DNA synthesis in infected cells. J Virol 1993;67:4945-55.
Peloponese Jr J-M, Gregoire C, Opi S, et al. 'H-"*C nuclear 57. Franke E, Yuan H, and Luban J. Specific incorporation of
magnetic resonance assignment and structural characterization cyclophilin A into HIV-1 virions. Nature 1994;372:359-62.

of HIV-1 Tat protein. Life Sciences 2000;323:883-94. 58. Thali M, Bukovsky A, Kondo E, et al. Functional association of
Xiao H, Lis J, Jeang K. Promoter activity of Tat at steps subse- cyclophilin A with HIV-1 virions. Nature 1994;372:363-5.

quent to TATA-binding protein recruitment. Mol Cell Biol 59. Priel E, Showalter S, Roberts M, et al. Topoisomerase | activity
1997;17:6898-905. associated with HIV particles and equine infectious anemia virus
Berkhout B, Silverman R, Jeang K. Tat trans-activates the HIV core. EMBO J 1990;9:4167-72.

through a nascent RNA target. Cell 1989;59:273-82. 60. Harrich D, Ulich C, Gaynor R. A critical role for the TAR element
Roy S, Parkin N, Rosen C, et al. Structural requirements for in promoting efficient HIV type 1 reverse transcription. J Virol
trans activation of HIV type 1 long terminal repeat-directed gene 1996;70:4017-27.

expression by tat: importance of base pairing, loop sequence, 61. Kameoka M, Rong L, Gotte M, et al. Role for HIV type 1 Tat pro-
and bulges in the tat-responsive sequence. J Virol tein in suppression of viral reverse transcriptase activity during
1990;64:1402-6. late stages of viral replication. J Virol 2001;75:2675-83.

Selby M, Bain E, Luciw P, et al. Structure, sequence, and posi- 62. Berkhout B, Das A, and van Wamel J. The native structure of the
tion of the stem-loop in tar determine transcriptional elongation HIV type 1 RNA genome is required for the first strand transfer
by tat through the HIV-1 long terminal repeat. Genes Dev of reverse transcription. Virology 1998;249:211-8.
1989;3:547-58. 63. Berkowitz R, Fisher J, and Goff S, et al. RNA packaging. Curr
Hampsey M, Reinberg D. RNA polymerase Il as a control panel Top Microbiol Immunol 1996;214:177-218.

for multiple coactivator complexes. Curr Opin Genet Dev 64. Lori F, di Marzo Veronese F, de Vico A, et al. Viral DNA carried by
1999;9:132-9. HIV type 1 virions. J Virol 1992;66:5067-74.

Shilatifard A. The RNA polymerase Il general elongation com- 65. Trono D. Partial reverse transcripts in virions from human immunod-
plex. Biol Chem 1998;379:27-31. eficiency and murine leukemia viruses. J Virol 1992;66:4893-900.
Jones K. Taking a new TAK on Tat transactivation. Genes Dev 66. Zack J, Haislip A, Krogstad P, et al. Incompletely reverse-tran-
1997;11:2593-9. scribed HIV type 1 genomes in quiescent cells can function as
ZhuY, Pe’ey T, Peng J, et al. Transcription elongation factor P- intermediates in the retroviral life cycle. J Virol 1992;66:1717-25.
TEFb is required for HIV-1 Tat transactivation in vitro. Genes Dev 67. Zhu J, Cunningham J. Minus-strand DNA is present within
1997;11:2622-32. murine type C ecotropic retroviruses prior to infection. J Virol
Mancebo H, Lee G, Flygare J, et al. P-TEFb kinase is required 1993;67:2385-8.

for HIV Tat transcriptional activation in vivo and in vitro. Genes 68. HuangY, Wang J, Shalom A, et al. Primer tRNA3Lys on the viral
Dev 1997;11:2633-44. genome exists in unextended and two-base extended forms
Zhou O, Chen D, Pierstorff E, et al. Transcription elongation fac- within mature HIV type 1. J Virol 1997;71:726-8.

tor P-TEFb mediates Tat activation of HIV-1 transcription at mul- 69. Kameoka M, Morgan M, Binette M, et al. The Tat protein of HIV
tiple stages. EMBO J 1998;17:3681-91. type 1 (HIV-1) can promote placement of tRNA primer onto viral
Fujinaga K, Cujec T, Peng J, et al. The ability of positive tran- RNA and suppress later DNA polymerization in HIV-1 reverse
scription elongation factor B to transactivate HIV transcription transcription. J Virol 2002;76:3637-45.

depends on a functional kinase domain, cyclin T1, and Tat. J 70. Isel C, Westhof E, Massire C, et al. Structural basis for the speci-
Virol 1998;72:7154-9. ficity of the initiation of HIV-1 reverse transcription. EMBO J
Garber M, Wei P, KewalRamani V, et al. The interaction between 1999;18:1038-48.

HIV-1 Tat and human cyclin T1 requires zinc and a critical cys- 71. Lanchy J, Keith G, Le Grice S, et al. Contacts between reverse
teine residue that is not conserved in the murine CycT1 protein. transcriptase and the primer strand govern the transition from
Genes Dev 1998;12:3512-27. initiation to elongation of HIV-1 reverse transcription. J Biol
Garber M, Jones K. HIV-1 Tat: coping with negative elongation Chem 1998;273:24425-32.

factors. Curr Opin Immunol 1999;11:460-5. 72. Lanchy J, Ehresmann C, Le Grice S, et al. Binding and kinetic prop-
Marshall N, Dahmus G, Dahmus M Regulation of carboxyl -ter- erties of HIV-1 reverse transcriptase markedly differ during initiation

minal domain phosphataNt@Hp‘a?tPr@rf J'[ I| ghep u bllﬁgh@ ‘mr omgxﬁgtlon EMBO J. 1996;15:7178-87.

1998;273:31726-30 chy J, Le ‘esmann C, Ehresmann B, Mar-
Yean D, Gralla JD: Transcription reinitiation rate: a potential role quet R. Specific initiation and switch to elongation of HIV type 1

for TATA box stabilization of the~TFl M (dpl h m ire the post-transcriptional modifica-
Nucleic Acids Res 1999;27:831 Eee b P6 u\ﬁé @ r p @gﬁﬂ%m{ngMBo J 1996;15:917-24.
Garcia-Martinez L, Ivanov D, Gaynor R. Association of Tat with 74. Lanchy J, Isel C, Ehresmann C, Marquet R, Ehresmann B.

PR 4 o o U WLk a0 vvn@éﬁa'@é:‘mm P an a orte

Telesnitsky A, Goff S. Reverse transcription and the generation of 1996 78 1087-96.

retroviral DNA. Retroviruses (Edited by Coffin J, Hu armus L|ang C, Hsu M, et al. HIV-1 nucleocapsid protein and
H). Cold Spring Harbor Laboratory Press, New Yor%)?;? P U dary structure of the binary complex formed between

Darlix J-L, Lapadat-Tapolsky M, de Rocquigny H, et aI Firs tRNA (Lys.3) and viral RNA template play different roles during

gllmpses at structure function relationships of the nucleocapsid initiation of (—) strand DNA reverse transcription. J Biol Chem

ses. J Mol Biol 1995 254 523 37. 0b1 276 477 5'32
@ D nés f inc aI M h ic tu of early
|C|en y of,revi rs | n in thelinfected cell. J initiati rs tra gription. J

Virol 1995;69:4053-9. B|o| Chem 1998 273:21309- 15




77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Chen Liang and Mark A. Wainberg: The Role of Tat in HIV-1 Replication: an Activator and/or Suppressor?
92.

Liang C, Rong L, Morin N, et al. The roles of the human immun-
odeficiency virus type 1 Pol protein and primer binding site in the
placement of primer tRNA>*3 onto viral genomic RNA. J Virol
1997;71:9075-86.

Ulich C, Dunne A, Parry E, et al. Functional domains of Tat
required for efficient HIV type 1 reverse transcription. J Virol
1999;73:2499-508.

Harrich D, Hooker C, Parry E. The HIV type 1 TAR RNA upper
stem-loop plays distinct roles in reverse transcription and RNA
packaging. J Virol 2000;74:5639-46.

Chiu Y, Coronel E, Ho C, et al. HIV-1 Tat protein interacts with
mammalian capping enzyme and stimulates capping of TAR
RNA. J Biol Chem 2001;276:12959-66.

Shuman S. Structure, mechanism, and evolution of the mRNA cap-
ping apparatus. Prog Nucleic Acids Res Mol Biol 2000;66:1-40.
Hagler J, Shuman S. A freeze-frame view of eukaryotic tran-
scription during elongation and capping of nascent mRNA. Sci-
ence 1992;255:983-6.

Coppola J, Field A, Luse D. Promoter-proximal pausing by RNA
polymerase Il in vitro: transcripts shorter than 20 nucleotides are
not capped. Proc Natl Acad Sci USA 1983;80:1251-5.
Rasmussen E, Lis J. In vivo transcriptional pausing and cap for-
mation on three Drosophila heat shock genes. Proc Natl Acad
Sci USA 1993;90:7923-7.

McCracken S, Fong N, Rosonina E, et al. 5’-Capping enzymes
are targeted to pre-mRNA by binding to the phosphorylated car-
boxy-terminal domain of RNA polymerase Il. Genes Dev
1997;11:3306-18.

Pillutla R, Yue Z, Maldonado E, et al. Recombinant human
mRNA cap methyltransferase binds capping enzyme/RNA poly-
merase llo complexes. J Biol Chem 1998;273:21443-6.

Yue Z, Maldonado E, Pillutla R, et al. Mammalian capping enzyme
complements mutant Saccharomyces cerevisiae lacking mRNA
guanylyltransferase and selectively binds the elongating form of
RNA polymerase II. Proc Natl Acad Sci USA. 1997;94:12898-903.
Ho C, Sriskanda V, McCracken S, Bentley D, Schwer B, Shuman
S. The guanylyltransferase domain of mammalian mRNA cap-
ping enzyme binds to the phosphorylated carboxyl-terminal
domain of RNA polymerase II. J Biol Chem 1998; 273:9577-85.
Ho C, Shuman S. Distinct roles for CTD Ser-2 and Ser-5 phos-
phorylation in the recruitment and allosteric activation of mam-
malian mRNA capping enzyme. Mol Cell 1999;3:405-11.

Cho E, Takagi T, Moore C, et al. mRNA capping enzyme is recruit-
ed to the transcription complex by phosphorylation of the RNA poly-
merase Il carboxy-terminal domain. Genes Dev 1997;11:3319-26.
Cho E, Rodriguez C, Takagi T, et al. Allosteric interactions
between capping enzyme subunits and the RNA polymerase II
carboxy-terminal domain. Genes Dev 1998;12:3482-7.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Allain B, Lapadat-Tapolsky M, Berlioz C, et al. Transactivation of
the minus-strand DNA transfer by nucleocapsid protein during
reverse transcription of the retroviral genome. EMBO J
1994;13:973-81.

. Jacobson A, Favreau M. Possible involvement of poly(A) in pro-

tein synthesis. Nucleic Acids Res 1983;11:6353-68.

Wakiyama M, Imataka H, Sonenberg N. Interaction of elF4G
with poly(A)-binding protein stimulates translation and is critical
for Xenopus oocyte maturation. Curr Biol 2000;10:1147-50.
Hershey J, Mathews M, Sonenberg N, eds.1996. Translational
Control. Cold Spring Harbor, NY, Cold Spring Harbor Lab. Press.
Gingras A, Raught B, Sonenberg N. elF4 initiation factors: effec-
tors of mRNA recruitment to ribosomes and regulators of trans-
lation. Annu Rev Biochem 1999;68:913-63.

Cullen B. Principles and applications of a Tat-based assay for
analyzing specific RNA-protein interactions in mammalian cells.
Methods Enzymol 2000;328:322-9.

Gatignol A, Jeang K. Tat as a transcriptional activator and a poten-
tial therapeutic target for HIV-1. Adv Pharmacol 2000;48:209-27.
Bohjanen P, Colvin R, Puttaraju M, et al. A small circular TAR
RNA decoy specifically inhibits Tat-activated HIV-1 transcription.
Nucleic Acids Res 1996;24:3733-8.

Bohjanen P, Liu Y, Garcia-Blanco M. TAR RNA decoys inhibit tat-
activated HIV-1 transcription after pre-initiation complex forma-
tion. Nucleic Acids Res 1997;25:4481-6.

Yamamoto R, Katahira M, Nishikawa S, et al. A novel RNA motif
that binds efficiently and specifically to the Tat protein of HIV and
inhibits the trans-activation by Tat of transcription in vitro and in
vivo. Genes Cells 2000;5:371-88.

Mei H, Cui M, Heldsinger A, et al. Inhibitors of protein-RNA com-
plexation that target the RNA: specific recognition of HIV type 1
TAR RNA by small organic molecules. Biochemistry
1998;37:14204-12.

Hsu M., Schmutt A, Holly M, et al. Inhibition of HIV replication in
acute and chronic infections in vitro by a Tat antagonist. Science
1991;254:1799-802.

Anonymous. HIV Tat inhibitor from Allelix entering clinical trials.
Antiviral Agents Bull 1993;6:130-1.

De Clercq E. Carbocyclic adenosine analogues as S-adenosyl-
homocysteine hydrolase inhibitors and antiviral agents: recent
advances. Nucleosides Nucleotides 1998;17:625-34.

Hwu J, Tseng W, Gnabre J, et al. Antiviral activities of methylat-
ed nordihydroguaiaretic acids 1. Synthesis, structure identifica-
tion, and inhibition of tat-regulated HIV transactivation. J Med
Chem 1998;41:2994-3000.

Dassonneville L, Hamy F, Colson P, et al. Binding of Hoechst
33258 to the TAR RNA of HIV-1: Recognition of a pyrimidine
bulge-dependent structure. Nucleic Acids Res 1997;25:4487-92.

No part of this publication may be

reproduced or photocopying

without the prior written permission

of the publisher
© Permanyer Publications

AIDSREVIEWS

S
©



