JOURNAL OF VIROLOGY, Mar. 1995, p. 1612-1620
0022-538X/95/$04.00+0
Copyright © 1995, American Society for Microbiology

Vol. 69, No. 3

Lentivirus Tat Proteins Specifically Associate with a Cellular Protein
Kinase, TAK, That Hyperphosphorylates the Carboxyl-Terminal

Domain of the Large Subunit of RNA Polymerase II:
Candidate for a Tat Cofactor

CHRISTINE H. HERRMANN* axp ANDREW P. RICE
Division of Molecular Virology, Baylor College of Medicine, Houston, Texas 77030-3498

Received 24 August 1994/Accepted 6 December 1994

Efficient replication of human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2) requires the virus
transactivator proteins known as Tat. In order to understand the molecular mechanisms involved in Tat
transactivation, it is essential to identify the cellular target(s) of the Tat activation domain. Using an in vitro
kinase assay, we previously identified a cellular protein kinase activity, Tat-associated kinase (TAK), that
specifically binds to the activation domains of Tat proteins. Here it is demonstrated that TAK fulfills the
genetic criteria established for a Tat cofactor. TAK binds in vitro to the activation domains of the Tat proteins
of HIV-1 and HIV-2 and the distantly related lentivirus equine infectious anemia virus but not to mutant Tat
proteins that contain nonfunctional activation domains. In addition, it is shown that TAK is sensitive to
dichloro-1-B-p-ribofuranosylbenzimidazole, a nucleoside analog that inhibits a limited number of kinases and
is known to inhibit Tat transactivation in vivo and in vitro. We have further identified an in vitro substrate of
TAK, the carboxyl-terminal domain of the large subunit of RNA polymerase II. Phosphorylation of the
carboxyl-terminal domain has been proposed to trigger the transition from initiation to active elongation and
also to influence later stages during elongation. Taken together, these results imply that TAK is a very

promising candidate for a cellular factor that mediates Tat transactivation.

Human immunodeficiency virus types 1 and 2 (HIV-1 and
HIV-2), the causative agents of AIDS, are closely related len-
tiviruses, a subfamily of retroviruses (73). Equine infectious
anemia virus (EIAV) is a distantly related lentivirus that pro-
duces a slow, progressive disease in horses (11). HIV and
EIAV encode a crucial gene, fat, whose protein product reg-
ulates virus gene expression and is required for efficient virus
replication. Tat is unique among transcriptional activators in
that its cis-regulatory target is an RNA element, TAR, that is
found at the 5’ ends of nascent virus transcripts. HIV TAR
RNA is highly structured and appears to function simply as a
binding site for Tat, since heterologous RNA elements can
substitute for TAR when the appropriate RNA binding domain is
fused to Tat (65, 67). While the sequence of EIAV TAR is
sufficiently divergent from HIV TAR RNA that HIV and EIAV
Tat (E-Tat) proteins do not cross-transactivate the heterolo-
gous promoter, the TAR element of EIAV is thought to func-
tion in an analogous manner to the HIV TAR element (10).

On the basis of sequence comparison, several regions of
homology among the lentivirus Tat proteins have been defined
(Fig. 1). The HIV Tat and E-Tat proteins contain a conserved
core region and a basic region; the HIV Tat proteins share an
additional conserved cysteine-rich region. Biochemical and ge-
netic experiments have established that Tat proteins possess
two functional domains, an RNA binding domain required for
interaction with TAR RNA and the activation domain thought
to function by recruiting a cellular factor to the virus promoter
(reviewed in reference 34). For the HIV-1 Tat protein (Tat-1),
the basic region is necessary and sufficient for TAR binding in
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vitro, although amino-terminal sequences are also required for
RNA binding in vivo (7, 13, 45, 63). The carboxyl-terminal
region of E-Tat in addition to the basic region is required to
form the RNA binding domain of E-Tat (20). Through protein
fusion experiments, the activation domains of HIV Tat proteins
have been shown to comprise the cysteine-rich and core regions
of HIV Tat proteins, as well as nonconserved amino-terminal
sequences (35, 60, 65, 68). The core region of E-Tat, which is
functionally interchangeable with the core region from HIV,
constitutes the activation domain of E-Tat, although its activity
is influenced by sequences outside the conserved regions (20).
Although effects of Tat at the levels of both transcriptional
initiation and elongation have been reported (24, 36, 41, 48,
68), the precise mechanism of action for the Tat proteins
remains elusive. To understand the molecular mechanism of
Tat, it is necessary to identify the cellular target(s) of the Tat
activation domain. On the basis of genetic experiments, Tat-1,
the HIV-2 Tat protein (Tat-2), and E-Tat have been predicted
to interact with a common cellular factor (9, 46, 59). Therefore,
the Tat cofactor is expected to bind specifically to the activa-
tion domains of all these lentivirus Tat proteins but to be
unable to interact with activation domain mutants that fail to
transactivate in vivo. Although several cellular proteins that
can bind to Tat-1 in vitro have previously been reported (21,
32, 52), these proteins do not fulfill all of the criteria set for a
Tat cofactor; since the specificity of binding between these
proteins and Tat has not been demonstrated, their role(s) in
Tat transactivation remains unclear. More recently, it has been
shown that Tat-1 can interact directly and specifically with the
TATA-binding protein (TBP) or the TFIID complex (TBP and
associated factors) in vitro (37). It remains to be determined
whether TBP specifically interacts with Tat-2 and E-Tat. Pre-
cisely how the interaction between TBP and Tat-1 results in
increased transcriptional effects by Tat is not known.
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FIG. 1. Comparison of Tat-1, Tat-2, and E-Tat proteins. The regions of
homology among Tat-1 (HXB2), Tat-2 (ROD), and E-Tat are shown. The
regions that constitute the activation domain of each protein are indicated. The
RNA binding domain is sufficient for TAR RNA binding in vitro, although
amino-terminal sequences have been shown to be required for RNA binding of
Tat-1 in vivo. The heavy lines after amino acid residues 72 of Tat-1 and 99 of
Tat-2 represent the exon 1-exon 2 junctions of these proteins.

Recently, a specific interaction of Tat-1 and Tat-2 with a
cellular protein kinase, Tat-associated kinase (TAK), was dem-
onstrated (30). TAK phosphorylated Tat-2 (but not Tat-1) and
an as yet unidentified 42-kDa protein. TAK associated with
wild-type Tat-2 but not mutants of Tat-2 that contained dele-
tions within the activation domain. It was shown that the acti-
vation domain of Tat-1 alone (although not full-length Tat-1)
specifically interacted with TAK, since point mutations that
abolished the function of the activation domain in vivo failed to
interact with TAK in vitro.

In this study, we report that TAK binds specifically not only
to Tat-2 but also to full-length Tat-1 as well as E-Tat. Thus,
TAK fulfills the genetic criteria set for a Tat cofactor. We have
further identified an in vitro substrate of TAK, the carboxyl-
terminal domain (CTD) of the large subunit of RNA poly-
merase II (RNAP II). Phosphorylation of the CTD has been
proposed to trigger the transition from complex assembly to
active elongation and to influence events during the elongation
phase of transcription. Phosphorylation of the CTD by TAK
suggests a relatively simple model for the mechanism of action
of Tat. In addition, we present evidence that TAK activity is
inhibited by dichloro-1-B-p-ribofuranosylbenzimidazole (DRB), a
nucleoside analog that has been shown to selectively inhibit
Tat function in vivo and in vitro. Taken together, these results
imply that TAK is an attractive candidate for a cellular cofac-
tor that mediates Tat function.

MATERIALS AND METHODS

Preparation of bacterially expressed fusion proteins. Plasmids used to express
glutathione S-transferase (GST) fusions of wild-type and mutant Tat-2 (isolate
ROD) proteins and GST-Tat-1 plasmids expressing isolate HXB2 86-, 72-, and
48-residue proteins have previously been described (30, 58). GST-Tat-1 plasmids
that expressed isolate SF2 proteins were generously provided by R. Gaynor and
colleagues. GST fusions of wild-type and A3C E-Tat proteins were kindly pro-
vided by D. Derse. The A3C mutant contains a deletion of the last three amino
acid residues of the carboxyl terminus (8). The E-Tat core + T mutant contains
an insertion of threonine between amino acid residues 36 and 37 within the
activation domain. GST-E-Tat core + T fusions were constructed by PCR am-
plification by standard techniques, using the E-Tat core + T gene in the pRS
vector (8). GST-Tat proteins were expressed and purified as described previously
(30, 58). The GST-CTD expression plasmid (GCTD), obtained from B. Dynan and
colleagues, was expressed and purified essentially as previously described (57).

Preparation of HeLa cell nuclear extracts. Nuclear extracts of HeLa cell
suspension cultures were prepared by the method of Dignam et al. (22). Prior to
use in in vitro binding and kinase assays, nuclear extracts were treated with 100
U of DNase per ml and 50 ug of RNase per ml for 10 min at 37°C and precleared
by successive incubations with glutathione-Sepharose beads (Pharmacia) and
GST-loaded glutathione-Sepharose beads.
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CTD phosphorylation assay. GST and GST-Tat fusion proteins (0.5 pg) were
bound to 10 pl of glutathione-Sepharose beads (50% slurry) preequilibrated in
EBC buffer (50 mM Tris [pH 8.0], 120 mM NaCl, 0.5% Nonidet P-40, 5 mM
dithiothreitol) by incubation for 15 min at 4°C with gentle rocking. Beads were
pelleted and washed two times with EBC buffer that contained 0.075% sodium
dodecyl sulfate (SDS) and once with EBC buffer. GST-Tat beads were subse-
quently incubated with precleared HeLa nuclear extracts for 60 min at 4°C with
rocking. The resulting complexes were washed three times with EBC buffer that
contained 0.03% SDS and once with Tat kinase buffer (TKB) (50 mM Tris [pH
7.4], 5 mM MnCl,, 5 mM dithiothreitol).

CTD kinase assays were performed by adding 50 pl of a mix that contained
TKB, 100 ng of GST-CTD, 2 pM ATP, and 10 pCi of [y->*P]JATP (3,000
Ci/mmol; New England Nuclear) to the bead complexes and incubating at room
temperature for the indicated times. Complexes were pelleted briefly, boiled in
Laemmli sample buffer, and resolved by electrophoresis on SDS-8% polyacryl-
amide gels.

RESULTS

Hyperphosphorylation of a CTD fusion protein by TAK.
Previously, we showed that Tat-2 and the activation domain
alone of Tat-1 specifically associate with TAK (30). We pro-
posed that TAK may mediate Tat function by phosphorylating
a component of the transcription complex. Since phosphory-
lation of the CTD of the large subunit of RNAP II has been
proposed to trigger the transition from complex assembly to
active elongation and to influence transcriptional elongation,
we considered the CTD to be a potential target of TAK phos-
phorylation. Therefore, we asked whether a kinase activity
associated with Tat-2 could phosphorylate the CTD and give
rise to the characteristic shift in electrophoretic mobility de-
tected by SDS-polyacrylamide gel electrophoresis (PAGE).

Tat-2 expressed in bacteria as a fusion protein with GST was
purified by selective adsorption to glutathione-Sepharose
beads and then incubated with HeLa cell nuclear extract as
described in Materials and Methods. A kinase assay was per-
formed with a GST-CTD fusion protein (57) as the substrate
and subsequently analyzed by SDS-PAGE (Fig. 2). As ex-
pected from our previous study (30), two phosphorylated
forms of Tat-2, as well as a phosphorylated 42-kDa protein,
were products of the reaction. The identity of the 42-kDa
protein is not known, but the presence of this protein corre-
lates with TAK activity; it may represent a subunit of the
kinase that becomes autophosphorylated in the reaction. In
addition to Tat-2 and the 42-kDa protein, two phosphorylated
forms of the CTD were observed, a faster migrating form
referred to as CTDa and a more slowly migrating form re-
ferred to as CTDo. The underphosphorylated CTDa form
comigrated with bacterially expressed GST-CTD fusion pro-
tein (54). The two forms of the CTD displayed the expected
migration rates for the GST-CTD fusion (see Fig. 3 to 6), as
characterized by using the DNA-dependent protein kinase
(DNA-PK) (57). For comparison, the migration of phosphor-
ylated forms of the CTD labeled by purified cdk2/cyclin A
kinase (28) is also shown in Fig. 2. The closely related cdc2/
cyclin A kinase has previously been shown to phosphorylate
the CTD with a resulting shift in mobility to the CTDo form
(14). The cdk2/cyclin A kinase fully hyperphosphorylates the
CTD (uppermost band) and also gives an incompletely hyper-
phosphorylated CTD form. Intermediate forms of the CTD have
previously been observed with other CTD kinases (14, 56, 62a).

The shift in mobility of the CTD is characteristic of the
change in migration seen with the full-length RNAP II subunit
or the CTD alone expressed as a fusion with GST (6, 57). This
suggests that the site of phosphorylation is within the CTD
portion of the fusion protein rather than the GST portion.
Furthermore, previous work has shown that TAK does not
phosphorylate the GST portion of GST-Tat-2 protein (30), nor
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FIG. 2. TAK phosphorylates the CTD of the large subunit of RNAP II.
Wild-type GST-Tat-2 bound to glutathione-Sepharose beads was incubated with
HelLa cell nuclear extract as described in Materials and Methods. Kinase assays
were performed by incubating washed bead complexes with 100 ng of GST-
CTD-2 pM ATP-10 pCi of [y->*P]ATP in TKB for the indicated times at room
temperature. Lane cdk2/cyclin A, cdk2/cyclin A kinase expressed and purified
from baculovirus (28) was incubated with 100 ng of GST-CTD-10 uM ATP-10
uCi of [y->?P]ATP in TKB for 10 min before the addition of Laemmli sample
buffer. Products of the reaction were separated by electrophoresis on an
SDS-8% polyacrylamide gel and visualized by autoradiography. The positions of
the CTDa and CTDo forms, the two phosphorylated forms of Tat-2, and the
42-kDa protein discussed in the text are indicated by arrows. The phosphorylated
product seen below the CTDa band in the cdk2/cyclin A lane is detected in the
absence of GST-CTD and probably represents autophosphorylation of cyclin A.

does TAK phosphorylate GST expressed as a fusion with Tat-1
protein (see Fig. 4A).

Phosphorylation of both forms of the CTD by TAK was
detected as soon as 1 min after the reaction was initiated,
indicating a highly cooperative reaction (seen on longer expo-
sures of the gel shown in Fig. 2). The level of phosphorylation
increased with time (up to 120 min). GST alone did not bind a
kinase activity that was able to hyperphosphorylate the CTD in
our assay (see Fig. 3A, 4A, and 5), indicating that hyperphos-
phorylation of CTD was dependent on TAK activity.

Phosphorylation of the CTD has been detected on serine,
threonine, and tyrosine residues (4, 6, 77). With Tat-2 as the
substrate, TAK was previously shown to be a serine-threonine
kinase (30). To determine the amino acid specificity of TAK
for the CTD, phosphoamino acid analysis was performed on both
forms of the CTD. Phosphorylation of CTDa and CTDo occurred
almost entirely, if not exclusively, on serine residues (54).

Hyperphosphorylation of the CTD is specific for a func-
tional activation domain of Tat-2. To investigate the specificity
of hyperphosphorylation of the CTD, Tat-2 proteins that con-
tained deletions in the activation domain were assayed for the
ability to bind a kinase activity that was capable of shifting the
mobility of the CTD. The A8/33 (deletion of residues 8 to 33)
and A8/47 (deletion of residues 8 to 47) mutants displayed
reduced transactivation activities in transient transfection as-
says performed in our laboratory (23, 60), although the equiv-
alent of the A8/33 mutant was found to possess wild-type trans-
activation activity by others (4a). We previously showed that
the A8/33 and A8/47 mutants bound TAK weakly, if at all (30).
The mutants, 84A and 90A, which contained deletions at the
carboxyl terminus of Tat-2 (truncations after residues 84 and
90, respectively) retained the ability to bind to TAK. The
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FIG. 3. Hyperphosphorylation of the CTD is specific for a functional activa-
tion domain of Tat-2. (A) Wild-type and mutant Tat-2 proteins fused to GST
were bound to glutathione-Sepharose beads and incubated with HeLa cell nu-
clear extracts, and CTD kinase assays were performed as described in Materials
and Methods. Kinase reaction mixtures were incubated for 45 min at room
temperature, and products were separated by electrophoresis on SDS-8% poly-
acrylamide gels. Lane GST, the parental GST construct; lane Tat-2, wild-type
Tat-2 fused to GST. GST-Tat-2 mutants A8/33 and A8/47 contain deletions
within the activation domain (residues 8 to 33 and 8 to 47, respectively), and
mutants 84A and 90A contain truncations at the C terminus (after residues 84
and 90, respectively) (30, 59). Arrows indicate the positions of the CTDa and
CTDo forms, wild-type Tat-2, and the 42-kDa protein referred to in the text. (B)
Equivalent amounts of the fusion proteins used in panel A were bound to
glutathione-Sepharose beads, washed, and separated on an SDS-12% polyacryl-
amide gel. Fusion proteins were visualized by Coomassie blue staining.

results in Fig. 3A show that the kinase activity that bound to
wild-type Tat-2 and the 84A and 90A mutants caused a shift in
the mobility of CTD. The A8/33 and A8/47 complexes phos-
phorylated the CTDa form but did not give rise to the CTDo
form. These mutants were present in kinase reactions at levels
similar to that of wild-type Tat-2 protein as shown by Coo-
massie blue staining (Fig. 3B). Therefore, the ability to hyper-
phosphorylate the CTD in vitro correlates with Tat-2 proteins
that contain functional activation domains. Phosphorylation of
the faster migrating CTDa form in reactions with Tat-2 pro-
teins that contain deletions in the activation domain is proba-
bly due to the activity of a kinase that binds to GST-Tat fusion
proteins outside the activation domain (see Fig. 4A).
Hyperphosphorylation of the CTD is specific for a func-
tional activation domain of Tat-1. In previous work, the inter-
action of TAK with full-length wild-type Tat-1 was difficult to
detect probably in part because of the fact that Tat-1, unlike
Tat-2, does not serve as a substrate of TAK. After the identi-
fication of the CTD as a substrate of TAK, the ability of
full-length Tat-1 to interact with TAK was tested with the CTD
as the substrate. The results in Fig. 4A show that wild-type
full-length Tat-1 did interact with TAK, resulting in hyper-
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FIG. 4. Hyperphosphorylation of the CTD is specific for a functional activa-
tion domain of Tat-1. (A) Wild-type and mutant Tat-1 proteins fused to GST
were assayed for CTD kinase activity as described in Materials and Methods.
Kinase reaction mixtures were incubated for 60 min at room temperature. GST-
Tat-1 proteins are derived from virus isolates HXB2 and SF2 as indicated. Lane
GST, the parental GST construct; lanes 86R, 72R, and 48A, wild-type two-exon
or one-exon Tat-1 (HXB2) or activation domain alone of Tat-1 (HXB2), respec-
tively, fused to GST (30, 58). cys22 mutants contain a substitution of Cys for Gly
at residue 22, and pro18IS mutants contain an insertion between residues 18 and
19. These mutations were constructed in 86R, 72R, and 48A backgrounds as
fusions with GST (58). Lane SF2 Tat-1 72R, wild-type one-exon Tat-1 from
isolate SF2 fused to GST. 72R-cys contains three substitutions of serine for
cysteine in the activation domain, and 52/57 contains substitutions within the
basic domain (50). Arrows indicate the positions of the CTDa and CTDo forms
and the 42-kDa protein referred to in the text. No phosphorylation of the CTDo
form was seen with the mutants on longer exposure of the gel shown here or in
repeated experiments with these mutants. (B) Portion of the reactions from
panel A run on an SDS-12% polyacrylamide gel. Fusion proteins were visualized
by Coomassie blue staining.

phosphorylation of the CTD in the kinase assay. By using the
Tat-1 protein from virus isolate HXB2, phosphorylation of the
CTDo form was seen with wild-type full-length 86R Tat-1 (two
exons), 72R Tat-1 (one exon), and the activation domain of
Tat-1 alone (48A). 72R possesses full transactivation activity in
transient transfection assays (18, 66), while experiments with
protein fusions of the amino-terminal 48 residues have estab-
lished that this region constitutes the Tat-1 activation domain
(35, 60, 65, 68). The hyperphosphorylated form of the CTD
was not detected with two different mutants of Tat-1, cys22
(substitution of Gly for Cys at residue 22) and prol8IS (inser-
tion of Glu and Phe between residues 18 and 19), in the 86R,
72R, or 48A background. These mutants have previously been
shown to be nonfunctional in transactivation assays in vivo
(61). It should be noted that the pro18IS mutant is predicted to
retain wild-type structure on the basis of protease sensitivity
studies (62), suggesting that the failure of the prol8IS mutant to
bind TAK is not due simply to perturbation of protein structure.

Although phosphorylation of the faster migrating CTDa
form was evident for the cys22 and prol8IS mutants in 86R
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and 72R backgrounds, this kinase activity is probably not rel-
evant for Tat transactivation function since it binds outside the
activation domain, as demonstrated by the failure of the 48A
mutants to bind this activity. By using partially purified TAK
preparations, it can be shown that the cys22 and prol8IS mu-
tants in the 86R background fail to bind this nonspecific CTDa
kinase activity (31).

The ability of Tat-1 to associate with TAK and result in
hyperphosphorylation of the CTD was also tested with GST
fusions of Tat-1 from virus isolate SF2. HXB2 and SF2 Tat-1
genes represent the most divergent Tat genes of HIV-1 isolates
(51). As with HXB2 Tat-1, the slowly migrating CTDo form
was seen with wild-type SF2 Tat-1 (72R) (Fig. 4A). 72R-cys,
which contains three substitutions of serine for cysteine in the
activation domain (obtained from R. Gaynor), failed to asso-
ciate with a kinase that hyperphosphorylated the CTD. Hyper-
phosphorylation of the CTD was seen with 52/57, a potent
transdominant mutant (50). This mutant contains substitutions
of glycine and alanine in the basic domain but has an intact
activation domain. The higher levels of CTD phosphorylation
in the SF2 reactions most likely reflect higher levels of GST-
Tat-1 fusion proteins in these reactions, as seen by Coomassie
blue staining (Fig. 4B). Therefore, the results with Tat-1 ob-
tained from two divergent isolates of HIV indicate that the
interaction of Tat-1 with a kinase activity that hyperphosphor-
ylates the CTD is specific for a functional activation domain of
Tat-1.

In our previous study, the association of TAK with Tat-1 was
detected with the activation domain alone (48A) but not with
full-length Tat-1 (30). This study clearly shows that full-length
Tat-1 does specifically associate with a cellular protein kinase,
since reactions with wild-type Tat-1 proteins but not with mu-
tant Tat-1 proteins display the shift in mobility of the CTD.
Furthermore, low levels of the TAK-associated 42-kDa protein
were detected with wild-type 86R and 72R Tat-1 proteins (Fig.
4A). The use of nuclear extracts, which contain higher TAK
activity, rather than whole-cell extracts (used in our previous
experiments) probably allowed the detection of the 42-kDa
protein in these experiments. It is also possible that the inter-
action of TAK with Tat-1 is less stable than that with Tat-2 in
vitro and therefore more difficult to detect.

TAK specifically associates with E-Tat. Since HIV Tat pro-
teins and E-Tat are thought to function through a common
cellular cofactor (9, 46), we asked whether E-Tat could interact
with TAK. As shown in Fig. 5, wild-type E-Tat protein pro-
duced as a fusion with GST associated with a kinase activity
that hyperphosphorylated the CTD. A mutant E-Tat protein,
A3C, that contained a 3-amino-acid-residue deletion in the
nonconserved C terminus of E-Tat also associated with the
kinase activity that hyperphosphorylated the CTD. The A3C
mutant protein is deficient in targeting the EIAV TAR RNA
element and possesses <20% of the transactivation activity of
wild-type E-Tat protein (8). However, a mutant, core + T, that
contained an insertion within the conserved core region and
retained only 10% of wild-type activity (19a) failed to interact
with this kinase activity. This indicates that the interaction
between TAK and E-Tat is specific for a functional activation
domain of E-Tat.

In summary, TAK interacts specifically with Tat-1, Tat-2,
and E-Tat. Thus, TAK meets the genetic criteria established
for a cellular cofactor of Tat function. Interaction with TAK
appears to be specific for lentivirus Tat proteins, since TAK did
not associate with the transactivator protein Tax of human
T-cell leukemia virus type 1, a member of a distinct class of
complex retroviruses (31).

TAK activity is sensitive to DRB. DRB is a nucleoside an-
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FIG. 5. Specific interaction between TAK and E-Tat. Wild-type and mutant
E-Tat proteins fused to GST were assayed for CTD kinase activity as described
in Materials and Methods. Kinase reaction mixtures were incubated for 60 min
at room temperature. The A3C mutant contains a deletion of three amino acid
residues in the nonconserved C-terminal region of E-Tat. The core + T mutant
contains an insertion in the conserved core region (see Materials and Methods
for further descriptions of these mutants). Equivalent amounts of GST fusion
proteins were detected by Coomassie blue staining.

alog that selectively inhibits RNAP II transcription in vivo (25,
64) and in vitro (75). In vitro studies indicate that DRB inhibits
RNAP 1II transcription at the level of elongation (12, 49).
Interestingly, DRB has been demonstrated to preferentially
inhibit Tat transactivation in vitro (48) and to inhibit Tat ac-
tivity in Xenopus oocytes (5) and HelLa cells (72). DRB is
thought to function by inhibiting the activity of a kinase(s) (76).
A few protein kinases, including several kinases that phosphor-
ylate the CTD, have been reported to be sensitive to this drug
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FIG. 6. TAK activity is sensitive to DRB. GST and wild-type GST-Tat-2
bound to glutathione-Sepharose beads were incubated with HeLa cell nuclear
extracts, and kinase assays were performed as described in Materials and Meth-
ods except that the indicated concentration of DRB was included in each reac-
tion mixture. Reaction mixtures were incubated for 45 min at room temperature.
Arrows indicate the positions of the CTDa and CTDo forms, the 42-kDa protein,
and the two phosphorylated forms of Tat-2.
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FIG. 7. Selective inhibition of CTD phosphorylation by DRB. GST and GST-
Tat-2 bound to glutathione-Sepharose beads were incubated with HeLa cell
nuclear extracts, and kinase assays were performed as previously described (30)
except that 1 mg of casein per ml and the indicated concentration of DRB were
included in each kinase reaction mixture. Kinase reaction mixtures were incu-
bated for 30 min at room temperature, and products were separated by SDS-
PAGE. Quantitation of phosphorylated casein in GST and GST-Tat-2 reactions,
as indicated, was performed with a Betagen Betascope 603 scanner.

(see Discussion). Therefore, it was of interest to determine
whether TAK activity was sensitive to DRB.

The ability of DRB to inhibit TAK activity was tested by
examining the phosphorylation of Tat-2 and the CTD in the
presence of different concentrations of DRB. Tat transactiva-
tion has been reported to be inhibited by 50% by a DRB
concentration of 4 wM in vitro (48) and of 6 to 18 wM in vivo
(5, 72). TAK activity was sensitive to DRB in this concentra-
tion range (Fig. 6). Quantitation of the gel shown in Fig. 6 with
a Betagen Betascope 603 scanner revealed that the concentra-
tion of DRB required for 50% inhibition of TAK activity was
10 wM with Tat-2 as the substrate and 2.5 uM with the 42-kDa
protein as the substrate. Phosphorylation of the CTDa form
was inhibited by 50% at a DRB concentration of 2 uM, while
phosphorylation of the CTDo form was inhibited by greater
than 50% at a DRB concentration of 1 pM.

To confirm that DRB was not causing general inhibition of
kinase activity in our assay, the sensitivity of TAK to DRB
was also tested with casein as the substrate. GST binds a ki-
nase activity that is able to phosphorylate casein (Fig. 7). This
nonspecific kinase activity was not inhibited by DRB concen-
trations of up to 50 wM. Casein was phosphorylated to an
approximately eightfold-higher level by the GST-Tat-2-associ-
ated kinase, and this activity was sensitive to DRB.

In conclusion, these results indicate that TAK is inhibited by
DRB concentrations in the range that inhibits Tat transactiva-
tion in vitro and in vivo. This is consistent with a role for TAK
in the DRB-sensitive step of Tat transactivation. Although
further work is required to demonstrate that TAK is indeed a
DRB-sensitive Tat cofactor, the correlation between the bind-
ing of the kinase activity that hyperphosphorylates the CTD in
vitro with Tat proteins that are functional for Tat transactiva-
tion in vivo suggests that TAK represents a very promising
candidate for a cellular factor involved in Tat transactivation.

DISCUSSION

Transactivation of HIV gene expression by Tat is thought to
be mediated by a cellular factor. Previously, we identified a
candidate for such a Tat cofactor, a cellular protein kinase
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activity, TAK, that specifically interacts with Tat-2 and the
activation domain alone of Tat-1 (30). In this study, we dem-
onstrated that not only the Tat-1 activation domain (residues 1
to 48) but also the two-exon (86R) and one-exon (72R) wild-
type Tat-1 proteins interacted with TAK. The abilities of Tat-1
proteins to interact with TAK strongly correlated with their
transactivation activities in vivo, i.e., Tat-1 proteins that con-
tained point mutations that rendered them nonfunctional for
transactivation in vivo failed to associate with this kinase in
vitro. It was also shown that E-Tat specifically interacted with
TAK. Thus, TAK interacts with Tat-1, Tat-2, and E-Tat pre-
cisely as predicted for a Tat cofactor by previous genetic ex-
periments (9, 46). This study further identified a cellular sub-
strate of TAK that has important implications for Tat function,
the CTD of the large subunit of RNAP II. Finally, it was
demonstrated that TAK activity is inhibited by DRB, a nucle-
oside analog that inhibits Tat transactivation in vivo and in
vitro. These new results lend support to the proposal that TAK
acts as a mediator of Tat function.

Is TAK a novel protein kinase? To date, a number of mam-
malian protein kinases that can phosphorylate the CTD in
vitro have been identified; the relative roles of these kinases in
vivo, however, have not yet been elucidated. Kinases that phos-
phorylate the CTD in vitro include the general transcription
factor TFIIH (43), DNA-PK (57), and the cdc2 kinase (14). In
preliminary experiments with a monoclonal antibody directed
against the 62-kDa subunit of TFIIH (provided by D. Rein-
berg), we have been unable to detect TFIIH in complexes that
contain TAK activity. TAK is unlikely to be DNA-PK because
our assays have been performed in the absence of DNA, a
condition under which DNA-PK has little or no activity. Fur-
thermore, DNA-PK has been shown to be resistant to DRB
(2). The cdc2 kinase displays sensitivity to DRB (14), but TAK
does not appear to be related to cdc2 or cdk2, since unlike cdc2
or cdk2, TAK did not detectably phosphorylate histone H1
(29). Payne and Dahmus (56) and Stevens and Maupin (70)
have described additional partially purified kinase activities
that phosphorylate the CTD in vitro and are sensitive to DRB;
like TAK, these kinases do not phosphorylate histone HI.
Preliminary results indicate that the pair of CTD kinases char-
acterized by Payne and Dahmus (56) do not associate with
Tat-1 and Tat-2 with the specificity of TAK (31). Therefore, it
appears that TAK may represent a novel protein kinase activity.

Phosphorylation of the CTD. While the experiments pre-
sented here do not address the functional significance of phos-
phorylation of the CTD by TAK in vivo, the ability of a kinase
activity that associates with Tat activation domains to hyper-
phosphorylate the CTD of RNAP II in vitro is intriguing. The
CTD contains an unusual, highly repetitive structure that con-
sists of tandem repeats of the consensus sequence Tyr-Ser-Pro-
Thr-Ser-Pro-Ser (17). Although the function of the CTD is not
known, this domain is essential for cell viability (1, 3, 53). Two
forms of RNAP II exist in vivo; they differ with respect to
phosphorylation of the CTD and are involved at different
points in the transcription cycle. The unphosphorylated Ila
form preferentially enters the preinitiation complex, while the
Ilo form is associated with actively elongating complexes (15,
19). Roles for the phosphorylated CTD at various stages of the
transcription cycle have been postulated. During the initiation
phase of transcription, phosphorylation of the CTD has been
proposed to disrupt the preinitiation complex and trigger the
transition from transcription complex assembly to active elon-
gation (19). It has been postulated that the phosphorylated
CTD acts during transcriptional elongation to release RNAP
IT from paused or attenuated transcription complexes (69).
The phosphorylated CTD has also been proposed to facilitate
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transcriptional elongation by displacing nucleosomes ahead of
the elongating complex (16). An additional role, the phosphor-
ylated CTD as an attachment site for proteins involved in RNA
processing, has been put forth (27). Given these different hy-
potheses and the number of kinases that phosphorylate the
CTD in vitro, it seems likely that the CTD is regulated in vivo
at different points in the transcription cycle by distinct kinase
activities.

Effects of DRB on transcriptional elongation and Tat trans-
activation. The experiments presented here do not address the
point in the transcription cycle at which phosphorylation of the
CTD by TAK might occur. The sensitivity of TAK to DRB,
however, suggests that TAK may function early during elon-
gation. Recent studies that have investigated the sensitivity of
transcription to DRB have concluded that DRB functions after
the initiation of transcription but has no effect on elongation
complexes that have transcribed more than 500 nucleotides
(12, 39). Using extracts from Drosophila cells, Marshall and
Price (49) have identified two classes of RNAP II complexes,
abortive and productive. They have presented evidence that
DRB functions by inhibiting a factor, P-TEF, that is required
to convert abortive elongation complexes into complexes that
are competent to transcribe full-length transcripts. Recently, it
has been proposed that a mammalian P-TEF may be the DRB-
sensitive mediator of Tat stimulation of transcriptional elon-
gation (33). It is possible that TAK is this factor.

In vitro transcription experiments have demonstrated di-
rectly that Tat-1 stimulates elongation of the HIV-1 long ter-
minal repeat through the formation of more-processive elon-
gation complexes (38, 47). Two distinct classes of RNAP II
complexes, a more-processive complex and a less-processive
complex, have been reported to initiate from the HIV-1 pro-
moter, and it has been proposed that Tat increases the relative
proportion of highly processive elongation complexes (44, 48).
This Tat-dependent increase in the abundance of more-pro-
cessive complexes was preferentially inhibited by DRB. Con-
sistent with the effects of DRB on TAK, Marshall and Price
(49) reported that productive elongation complexes were in-
hibited by a DRB concentration of as low as 1 pM, while
abortive complexes were resistant to a DRB concentration of
up to 50 pM.

Model of Tat transactivation. Two models for the mecha-
nism of action of Tat may be proposed on the basis of the work
presented here and the published results of others (Fig. 8);
these models are not mutually exclusive. In the absence of Tat,
abortive elongation complexes are formed on the HIV pro-
moter, resulting in the production of short, abortive transcripts
(Fig. 8A). The role of Tat in both models proposed here is to
recruit TAK to the TAR RNA element. TAK then phosphor-
ylates the CTD of the large subunit of RNAP II, resulting in
the formation of a more-processive elongation complex. The
models differ with respect to the timing of the phosphoryla-
tion event. In the first model, TAK phosphorylates the CTD
while the RNAP II preinitiation complex is still present on the
promoter (Fig. 8B). This could increase the rate of transcrip-
tional initiation as well as the processivity of elongation. In this
model, the effects of Tat on initiation and elongation are
coupled and the initiation complexes that form in the presence
of Tat are processive for elongation. This model is consistent
with the work of Yankulov et al., which suggested that the
processivity of elongation complexes is determined during
the initiation phase of transcription (74). In the second model,
abortive elongation complexes initiate from the HIV long
terminal repeat and become phosphorylated on the CTD by
TAK after they transcribe through TAR RNA (Fig. 8C). This
modification is proposed to convert abortive elongation com-
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FIG. 8. Models of Tat transactivation. (A) In the absence of Tat, transcription complexes that initiate on the HIV long terminal repeat may be phosphorylated by
a template-bound CTD kinase at a limited number of sites. This phosphorylation event may trigger the release of the preinitiation complex from the promoter to begin
active elongation. Complexes formed in the absence of Tat are not highly processive for transcriptional elongation, and predominantly short, abortive transcripts are
produced. (B) It is proposed that Tat recruits TAK to the TAR RNA element. Once bound to TAR RNA, TAK phosphorylates the CTD of the large subunit of RNAP
II in the preinitiation complex. This may lead to an increase in transcriptional initiation as well as the formation of complexes that are highly processive for elongation.
An increased number of transcripts and a higher proportion of full-length transcripts would be generated. (C) In this model, the transcription complexes that initiate
from the HIV promoter are not highly processive for transcriptional elongation. Early during elongation of HIV RNA, it is proposed that the transcription complexes
become modified by phosphorylation on the CTD by TAK, which has been recruited to TAR RNA by Tat. This modification results in the formation of highly processive
transcription complexes, resulting in increased production of full-length transcripts. Depending on basal promoter activity, the mode of action of TAK depicted in panel
B or panel C may predominate. These models do not imply the specific site(s) or number(s) of phosphorylation events on the CTD but simply suggest that an additional
phosphorylation event occurs in the presence of TAK that increases the processivity of the elongation complex. The protein referred to as loop factor may represent
an RNA binding domain of TAK or a distinct cellular protein. Square P, phosphorylation by a template-bound kinase; circle P, phosphorylation by TAK; rectangle,

nonprocessive elongation complex; oval, highly processive elongation complex.

plexes to processive complexes, leading to an increase in the
abundance of full-length transcripts. This model is consis-
tent with TAK functioning analogously to P-TEF (see above).
The latter model may provide an explanation for the proposed
modification of transcription complexes that occurred during
transcription through the TAR RNA region as suggested by
the results of Graeble et al. (26). Consistent with this model, a

recent report has correlated hyperphosphorylation of the CTD
with the passage of paused polymerase complexes to elongation-
ally competent complexes on the Drosophila hsp70 gene (55).
The point at which phosphorylation of the CTD by TAK
occurs could be influenced by the basal level of transcription.
There have been several reports that the effects of Tat on
elongation are predominant over initiation effects when there
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is a high level of basal transcription (24, 40, 42). Under con-
ditions of low basal promoter activity, phosphorylation of the
CTD by TAK may occur primarily during the transcriptional
initiation phase (Fig. 8B); under conditions of high basal tran-
scription, phosphorylation of the CTD may occur predomi-
nantly after elongation has begun (Fig. 8C).

Recently, it was reported that Tat is capable of interacting
directly and specifically with basal transcription factor TFIID
(37). TFIID has also been shown to associate specifically with
the nonphosphorylated form of the CTD (71). Therefore, it is
conceivable that Tat, TAK, and TFIID may exist in a multi-
subunit complex. Alternatively, and perhaps more likely, Tat
may interact with TFIID and TAK independently at different
points during the transcription process. One possibility is that
the effects of Tat on transcriptional initiation might be exerted
through TFIID, while the stimulation of elongation by Tat
might be mediated by TAK. It is also possible that modification
of another component of the transcription complex by TAK or a
distinct cellular factor may be important for Tat transactivation.

Genetic experiments suggest that a cellular factor required
for Tat transactivation binds to the loop region of TAR RNA.
It is not presently known whether TAK is this cellular factor,
since the experiments presented here were conducted in the
absence of TAR RNA. In the models shown in Fig. 8, the
protein referred to as loop factor could be an RNA binding
domain of TAK or a distinct cellular factor. On the basis of a
genetic analysis, Madore and Cullen (46) hypothesized that the
interaction of Tat with a cellular factor was prerequisite for
binding to TAR RNA. Tat clearly interacts with TAK in the
absence of TAR RNA. It remains possible, however, that the
interaction between Tat and TAK is stabilized by binding to
TAR RNA, especially in the case of Tat-1. It will be of interest
to determine whether TAK is capable of binding TAR RNA,
either independently or in conjunction with Tat.

Implications of CTD phosphorylation for transcriptional
elongation. The models depicted in Fig. 8 are consistent with
the notion that RNAP II is regulated by multiple phosphory-
lation events on the CTD that occur in a precise temporal
manner (19). Phosphorylation by a template-associated kinase
may be required for the release of the initiation complex from
the promoter, although as in the case of HIV long terminal
repeats, these complexes may be abortive for elongation. An
additional phosphorylation event (in this instance, by TAK)
may be necessary for the formation of highly processive com-
plexes. Although this second phosphorylation event could oc-
cur while the RNAP II complex is on the promoter (Fig. 8B) or
at a subsequent point (Fig. 8C), the result would be the for-
mation of more-processive complexes. It is further possible
that the extent of phosphorylation correlates with the proces-
sivity of the elongation complex. Since the shift in mobility of
the CTD by SDS-PAGE does not reflect the degree (number
of phosphorylated sites) or specificity (serine and threonine
versus tyrosine) of CTD phosphorylation, it is difficult to dis-
tinguish between different hyperphosphorylated forms of the
CTD in elongating complexes. This model predicts, however,
that highly processive elongation complexes are phosphory-
lated at additional sites relative to less-processive complexes.
Because other strong transcriptional activators, such as the
herpes simplex virus type 1 VP16 protein and the adenovirus
E1A protein, appear to be able to stimulate elongation (74),
hyperphosphorylation of the CTD may be a mechanism for
increasing the processivity of elongation that is not unique to
lentivirus Tat proteins.

PHOSPHORYLATION OF CTD BY TAK 1619

ACKNOWLEDGMENTS

We are grateful to R. Gaynor and colleagues for SF2 GST-Tat-1
constructs, D. Derse for E-Tat constructs, and B. Dynan and S. Peter-
son for the GST-CTD construct. We thank W. Harper for generously
providing the cdk2/cyclin A kinase. We also thank Moses Gold for
construction of the GST-E-Tat core + T mutant, R. Javier and S.
Marriott for comments on the manuscript, and D. Derse for helpful
discussions.

This research was supported by NIH grant AI25308 (A.P.R.) and
NIH postdoctoral fellowship AI08663 (C.H.H.). Some DNA sequenc-
ing of plasmid constructs was performed in the Nucleic Acid Core
Laboratory (supported by NIH grant U01 AI30243).

REFERENCES

1. Allison, L. A., J. K. Wong, V. D. Fitzpatrick, M. Moyle, and C. J. Ingles. 1988.
The C-terminal domain of the largest subunit of RNA polymerase II of
Saccharomyces cerevisiae, Drosophila melanogaster, and mammals: a con-
served structure with an essential function. Mol. Cell. Biol. 8:321-329.

2. Arias, J. A., S. R. Peterson, and W. S. Dynan. 1991. Promoter-dependent
phosphorylation of RNA polymerase II by a template-bound kinase. J. Biol.
Chem. 266:8055-8061.

3. Bartolomei, M. S., N. F. Halden, B. R. Cullen, and J. L. Corden. 1988.
Genetic analysis of the repetitive carboxyl-terminal domain of the largest
subunit of mouse RNA polymerase II. Mol. Cell. Biol. 8:330-339.

4. Baskaran, R., M. E. Dahmus, and J. Y. J. Wang. 1993. Tyrosine phosphor-
ylation of mammalian RNA polymerase II carboxyl-terminal domain. Proc.
Natl. Acad. Sci. USA 90:11167-11171.

4a.Berkhout, B., A. Gatignol, J. Silver, and K.-T. Jeang. 1990. Efficient trans-
activation by the HIV-2 Tat protein requires a duplicated TAR RNA struc-
ture. Nucleic Acids Res. 18:1839-1846.

5. Braddock, M., A. M. Thorburn, A. J. Kingsman, and S. M. Kingsman. 1991.
Blocking of Tat-dependent HIV-1 RNA modification by an inhibitor of
RNA polymerase II processivity. Nature (London) 350:439-441.

6. Cadena, D. L., and M. E. Dahmus. 1987. Messenger RNA synthesis in
mammalian cells is catalyzed by the phosphorylated form of RNA poly-
merase II. J. Biol. Chem. 262:12468-12474.

7. Calnan, B. J., S. Biancalana, D. Hudson, and A. D. Frankel. 1991. Analysis
of arginine-rich peptides from the HIV Tat protein reveals unusual features
of RNA-protein recognition. Genes Dev. 5:201-210.

8. Carroll, R., L. Martarano, and D. Derse. 1991. Identification of lentivirus
Tat functional domains through generation of equine infectious anemia
virus/human immunodeficiency virus type 1 fat gene chimeras. J. Virol.
65:3460-3467.

9. Carroll, R., B. M. Peterlin, and D. Derse. 1992. Inhibition of human immu-
nodeficiency virus type 1 Tat activity by coexpression of heterologous trans
activators. J. Virol. 66:2000-2007.

10. Carvalho, M., and D. Derse. 1991. Mutational analysis of the equine infec-
tious anemia virus Tat-responsive sequence element. J. Virol. 65:3468-3474.

11. Cheevers, W. P., and T. C. McGuire. 1985. Equine infectious anemia virus:
immunopathogenesis and persistence. Rev. Infect. Dis. 3:83-88.

12. Chodosh, L. A., A. Fire, M. Samuels, and P. A. Sharp. 1989. 5,6-Dichloro-
1-beta-p-ribofuranosyl benzimidazole inhibits transcription elongation by
RNA polymerase II in vitro J. Biol. Chem. 264:2250-2257.

13. Churcher, M. J., C. Lamont, F. Hamy, C. Dingwall, S. M. Green, A. D. Lowe,
P. J. G. Butler, M. J. Gait, and J. Karn. 1993. High affinity binding of TAR
RNA by the human immunodeficiency virus type-1 tat protein requires
base-pairs in the RNA stem and amino acid residues flanking the basic
region. J. Mol. Biol. 230:90-110.

14. Cisek, L. J., and J. L. Corden. 1991. Purification of protein kinases that
phosphorylated the repetitive carboxyl-terminal domain of eukaryotic RNA
polymerase II. Methods Enzymol. 200:301-325.

15. Corden, J. L. 1993. RNA polymerase II transcription cycles. Curr. Opin.
Genet. Dev. 3:213-218.

16. Corden, J. L., D. L. Cadena, J. M. Ahearn, and M. E. Dahmus. 1985. A
unique structure at the carboxyl terminus of the largest subunit of eukaryotic
RNA polymerase II. Proc. Natl. Acad. Sci. USA 82:7934-7938.

17. Corden, J. L., and C. J. Ingles. 1992. Carboxy-terminal domain of the largest
subunit of eukaryotic RNA polymerase II, p. 81-107. In S. McKnight and K.
Yamamota (ed.), Transcriptional regulation. CSHL Press, Cold Spring Har-
bor, N.Y.

18. Cullen, B. R. 1986. Trans-activation of human immunodeficiency virus oc-
curs via a bimodal mechanism. Cell 46:973-982.

19. Dahmus, M. E., and W. S. Dynan. 1992. Phosphorylation of RNA poly-
merase I as a transcriptional regulatory mechanism, p. 109-128. In S. Mc-
Knight and K. Yamamoto (ed.), Transcriptional regulation. CSHL Press,
Cold Spring Harbor, N.Y.

19a.Derse, D. Personal communication.

20. Derse, D., M. Carvalho, R. Carroll, and B. M. Peterlin. 1991. A minimal
lentivirus Tat. J. Virol. 65:7012-7015.

21. Desai, K., P. M. Loewenstein, and M. Green. 1991. Isolation of a cellular

1sonb Aq Tz0z ‘ST Arenuer uo /610 wse’IAl//:dny wouy papeojumoq


http://jvi.asm.org/

1620 HERRMANN AND RICE

22.

23.

24.

25.

26.

27.

28.

29.
30.

31
32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

protein that binds to the human immunodeficiency virus Tat protein and can
potentiate transactivation of the viral promoter. Proc. Natl. Acad. Sci. USA
88:8875-8879.

Dignam, J. D., R. M. Levovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475-1489.

Echetebu, C. O., and A. P. Rice. 1993. Mutational analysis of the amino and
carboxy termini of the HIV-2 Tat protein. J. Acquired Immune Defic. Syndr.
6:550-557.

Feinberg, M. B., D. Baltimore, and A. D. Frankel. 1991. The role of Tat in
the human immunodeficiency virus life cycle indicates a primary effect on
transcriptional elongation. Proc. Natl. Acad. Sci. USA 88:4045-4049.
Fraser, N. W,, P. B. Sehgal, and J. E. Darnell. 1978. DRB-induced premature
termination of late adenovirus transcription. Nature (London) 272:590-593.
Graeble, M. A., M. J. Churcher, A. D. Lowe, M. J. Gait, and J. Karn. 1993.
Human immunodeficiency virus type 1 transactivator protein, tat, stimulates
transcriptional read-through of distal terminator sequences in vitro. Proc.
Natl. Acad. Sci. USA 90:6184-6188.

Greenleaf, A. L. 1993. Positive patches and negative noodles: linking RNA
processing to transcription? Trends Biochem. Sci. 18:117-119.

Harper, J. W., G. R. Adami, N. Wei, K. Keyomarsi, and S. J. Elledge. 1993.
The p21 Cdk-interacting protein Cipl is a potent inhibitor of G1 cyclin-
dependent kinases. Cell 75:805-816.

Herrmann, C. H., J. W. Harper, and A. P. Rice. Unpublished data.
Herrmann, C. H.,, and A. P. Rice. 1993. Specific interaction of the human
immunodeficiency virus Tat proteins with a cellular protein kinase. Virology
197:601-608.

Herrmann, C. H.,, and A. P. Rice. Unpublished data.

Jeang, K.-T., R. Chun, N. H. Lin, A. Gatignol, C. G. Glabe, and H. Fan. 1993.
In vitro and in vivo binding of human immunodeficiency virus type 1 Tat
protein and Spl transcription factor. J. Virol. 67:6224-6233.

Jones, K. 1993. Tat and the HIV-1 promoter. Curr. Opin. Cell Biol. 5:461-468.
Jones, K., and B. M. Peterlin. 1994. Control of RNA initiation and elonga-
tion at the HIV-1 promoter. Annu. Rev. Biochem. 63:717-743.

Kamine, J., T. Subramanian, and G. Chinnadurai. 1991. Spl-dependent
activation of a synthetic promoter by human immunodeficiency virus type 1
Tat protein. Proc. Natl. Acad. Sci. USA 88:8510-8514.

Kao, S.-Y., A. F. Calman, P. A. Luciw, and B. M. Peterlin. 1987. Anti-
termination of transcription within the long terminal repeat of HIV-1 by tat
gene product. Nature (London) 330:489-493.

Kashanchi, F., G. Piras, M. F. Radonovich, J. F. Duvall, A. Fattaey, C.-M.
Chiang, R. G. Roeder, and J. N. Brady. 1994. Direct interaction of human
TFIID with the HIV-1 transactivator Tat. Nature (London) 367:295-299.
Kato, H., H. Sumimoto, P. Pognonec, C.-H. Chen, C. A. Rosen, and R. G.
Roeder. 1992. HIV-1 Tat acts as a processivity factor in vitro in conjunction
with cellular elongation factors. Genes Dev. 6:655-666.

Kephart, D. D., N. F. Marshall, and D. H. Price. 1992. Stability of Drosophila
RNA polymerase II elongation complexes in vitro. Mol. Cell. Biol. 12:2067-
2077.

Kessler, M., and M. B. Mathews. 1991. Tat transactivation of the human
immunodeficiency virus type 1 promoter is influenced by basal promoter
activity and the simian virus 40 origin of DNA replication. Proc. Natl. Acad.
Sci. USA 88:10018-10022.

Laspia, M. F., A. P. Rice, and M. B. Mathews. 1989. HIV-1 Tat protein increases
transcriptional initiation and stabilizes elongation. Cell 59:283-292.

Laspia, M. F., A. P. Rice, and M. B. Mathews. 1990. Synergy between HIV-1
Tat and adenovirus E1A is principally due to stabilization of transcriptional
elongation. Genes Dev. 4:2397-2408.

Lu, H., L. Zawel, L. Fisher, J.-M. Egly, and D. Reinberg. 1992. Human
general transcription factor IIH phosphorylates the C-terminal domain of
RNA polymerase II. Nature (London) 358:641-645.

Lu, X., T. M. Walsh, and B. M. Peterlin. 1993. The human immunodeficiency
virus type 1 long terminal repeat specifies two different transcription com-
plexes, only one of which is regulated by Tat. J. Virol. 67:1752-1760.

Luo, Y., S. J. Madore, T. G. Parslow, B. R. Cullen, and B. M. Peterlin. 1993.
Functional analysis of interactions between Tat and the trans-activation
response element of human immunodeficiency virus type 1 in cells. J. Virol.
67:5617-5622.

Madore, S. J., and B. R. Cullen. 1993. Genetic analysis of the cofactor
requirement for human immunodeficiency virus type 1 Tat function. J. Virol.
67:3703-3711.

Marciniak, R. A, B. J. Calnan, A. D. Frankel, and P. A. Sharp. 1990. HIV-1
Tat protein transactivates transcription in vitro. Cell 63:791-802.
Marciniak, R. A,, and P. A. Sharp. 1991. HIV-1 Tat protein promotes
formation of more processive elongation complexes. EMBO J. 10:4189—
4196.

Marshall, N. F., and D. H. Price. 1992. Control of formation of two distinct
classes of RNA polymerase II elongation complexes. Mol. Cell. Biol. 12:
2078-2090.

Modesti, N., J. Garcia, C. Debouck, B. M. Peterlin, and R. Gaynor. 1991.
Transdominant mutants resulting from alterations in the Tat basic domain

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

J. VIROL.

inhibit HIV-1 gene expression. New Biol. 3:759-768.

Myers, G., J. Berzofsky, B. Korber, R. Smith, and G. Pavlakis. 1993. Human
retroviruses and AIDS. Los Alamos National Laboratory, Los Alamos,
N.Mex.

Nelbock, P., P. J. Dillon, A. Perkins, and C. Rosen. 1990. A ¢cDNA for a
protein that interacts with the HIV Tat transactivator. Science 248:1650-1653.
Nonet, M., S. Sweetser, and R. A. Young. 1987. Functional redundancy and
structural polymorphism in the large subunit of RNA polymerase II. Cell
50:909-915.

Nyugen, V.-P., C. H. Herrmann, and A. P. Rice. Unpublished data.
O’Brien, T., S. Hardin, A. Greenleaf, and J. T. Lis. 1994. Phosphorylation of
RNA polymerase II C-terminal domain and transcriptional elongation. Na-
ture (London) 370:75-77.

Payne, J. M., and M. E. Dahmus. 1993. Partial purification and character-
ization of two distinct protein kinases that differentially phosphorylate the
carboxyl-terminal domain of RNA polymerase subunit IIa. J. Biol. Chem.
268:80-87.

Peterson, S. R., A. Dvir, C. W. Anderson, and W. S. Dynan. 1992. DNA
binding provides a signal for phosphorylation of the RNA polymerase I1
heptapeptide repeats. Genes Dev. 6:426-438.

Rhim, H., C. O. Echetebu, C. H. Herrmann, and A. P. Rice. 1994. Wild type
and mutant HIV-1 and HIV-2 Tat proteins expressed in Escherichia coli as
fusions with glutathione S-transferase. J. Acquired Immune Defic. Syndr.
7:1116-1121.

Rhim, H., and A. P. Rice. 1993. TAR RNA binding properties and relative
transactivation activities of human immunodeficiency virus type 1 and 2 Tat
proteins. J. Virol. 67:1110-1121.

Rhim, H., and A. P. Rice. 1994. Exon2 of HIV-2 Tat contributes to transac-
tivation of the HIV-2 LTR by increasing binding affinity to HIV-2 TAR
RNA. Nucleic Acids Res. 22:4405-4413.

Rice, A. P., and F. Carlotti. 1990. Mutational analysis of the conserved
cysteine-rich region of the human immunodeficiency virus type 1 Tat protein.
J. Virol. 64:1864-1868.

Rice, A. P., and F. Carlotti. 1990. Structural analysis of wild-type and mutant
human immunodeficiency virus type 1 Tat proteins. J. Virol. 64:6018-6026.

62a.Rice, S. A., M. C. Long, V. Lam, and C. A. Spencer. 1994. RNA polymerase

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

II is aberrantly phosphorylated and localized to viral replication compart-
ments following herpes simplex virus infection. J. Virol. 68:988-1001.

Roy, S., U. Delling, C.-H. Chen, C. A. Rosen, and N. Sonenberg. 1990. A
bulge structure in HIV-1 TAR RNA is required for Tat binding and Tat-
mediated trans-activation. Genes Dev. 5:1365-1373.

Sehgal, P. B., E. Derman, G. R. Molloy, I. Tamm, and J. E. Darnell. 1976.
5,6-Dichloro-1-B-p-ribofuranosylbenzimidazole inhibits initiation of nuclear
heterogeneous RNA chains in HeLa cells. Science 194:431-433.

Selby, M. J., and B. M. Peterlin. 1990. Transactivation by HIV-1 Tat via a
heterologous RNA binding protein. Cell 62:769-776.

Sodroski, J. G., R. Patarca, C. A. Rosen, F. Wong-Staal, and W. Haseltine.
1985. Location of the transactivating region on the genome of human T-cell
lymphotropic virus type III. Science 229:74-77.

Southgate, C., M. L. Zapp, and M. R. Green. 1990. Activation of transcrip-
tion by HIV-1 Tat protein tethered to nascent RNA through another pro-
tein. Nature (London) 345:640-642.

Southgate, C. D., and M. R. Green. 1991. The HIV-1 Tat protein activates
transcription from an upstream DNA-binding site: implications for Tat func-
tion. Genes Dev. 5:2496-2507.

Spencer, C. A., and M. Groudine. 1990. Transcription elongation and eu-
karyotic gene regulation. Oncogene 5:777-785.

Stevens, A., and M. K. Maupin. 1989. 5,6-Dichloro-1-B-p-ribofuranosylben-
zimidazole inhibits a HeLa protein kinase that phosphorylates an RNA poly-
merase II-derived peptide. Biochem. Biophys. Res. Commun. 159:508-515.
Usheva, A., E. Maldonado, A. Goldring, H. Lu, C. Houbavi, D. Reinberg, and
Y. Aloni. 1992. Specific interaction between the nonphosphorylated form of
RNA polymerase II and the TAT-binding protein. Cell 69:871-881.
Watson, M. E., and M. Moore. 1993. A quantitative assay for transactivation
by HIV-1 Tat, using liposome mediated DNA and a paralle]l ELISA system.
AIDS Res. Hum. Retroviruses 9:861-867.

Wong-Staal, F., and Y. N. Vaishnav. 1991. Biochemistry of AIDS virus.
Annu. Rev. Biochem. 60:577-560.

Yankulov, K., J. Blau, T. Purton, S. Roberts, and D. L. Bentley. 1994.
Transcriptional elongation by RNA polymerase II is stimulated by transac-
tivators. Cell 77:749-759.

Zandomeni, R., B. Mittleman, D. Bunick, S. Ackerman, and R. Weinmann.
1982. Mechanism of action of dichloro-1-B-p-ribofuranosylbenzimidazole:
effect on in vitro transcription. Proc. Natl. Acad. Sci. USA 79:3167-3170.
Zandomeni, R., M. C. Zandomeni, D. Shugar, and R. Weinmann. 1986.
Casein kinase type II is involved in the inhibition by 5,6-dichloro-1-B-p-
ribofuranosylbenzimidazole of specific RNA polymerase II transcription. J.
Biol. Chem. 261:3414-3419.

Zhang, J., and J. L. Corden. 1991. Identification of phosphorylation sites in
the repetitive carboxyl-terminal domain of the mouse RNA polymerase II
largest subunit. J. Biol. Chem. 266:2290-2296.

1sonb Aq Tz0z ‘ST Arenuer uo /610 wse’IAl//:dny wouy papeojumoq


http://jvi.asm.org/

