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ABSTRACT. FCP1, a phosphatase specific for the carboxyl-terminal domain of the largest subunit of RNA
polymerase I, is regulated by the HIV-1 Tat protein, CK2, TFIIB, and the large subunit of TFIIF (RAP74).
We have characterized the interactions of Tat and RAP74 with the BRCT-containing central domain of
FCP1 (FCP4s2-739. We demonstrated that FCP1 is required for Tat-mediated transactivation in vitro and
that amino acids 562685 of FCP1 are necessary for Tat interaction in yeast two-hybrid studies. From
sequence alignments, we identified a conserved acidic/hydrophobic region in FCP1 adjacent to its highly
conserved BRCT domain. In vitro binding studies with purified proteins indicate that HIV-1 Tat interacts
with both the acidic/hydrophobic region and the BRCT domain of FCP1, whereas RARAinteracts

solely with a portion of the acidic/hydrophobic region containing a conserved LXXLL-like motif. HIV-1
Tat inhibits the binding of RAP74s-517to FCP1. In a companion paper (K. Abbott et al. (2005) Enhanced
Binding of RNAPII CTD Phosphatase FCP1 to RAP74 Following CK2 Phosphoryldiimthemistry

44, 2732-2745, we identified a novel CK2 site adjacent to this conserved LXXLL-like motif.
Phosphorylation of FCRi,-s19 by CK2 at this site increases binding to RAR#ds17, but this
phosphorylation is inhibited by Tat. Our results provide insights into the mechanisms by which Tat inhibits
the FCP1 CTD phosphatase activity and by which FCP1 mediates transcriptional activation by Tat. In
addition to increasing our understanding of the role of HIV-1 Tat in transcriptional regulation, this study
defines a clear role for regions adjacent to the BRCT domain in promoting important prptetein
interactions.

Transcription by RNA polymerase Il (RNAPII) is a transcription cycleJ). Transcription begins with the recruit-
complex process regulated in part by the phosphorylation ment of the hypophosphorylated form of the polymerase
of the carboxyl-terminal domain (CTD) of the largest sub- (RNAPIIA). Following the assembly of the initiation com-
unit of RNAPII (1, 2). The RNAPII CTD contains several plex, several kinases, such as cdk7 and cdk9, are recruited,
heptapeptide repeats that are phosphorylated during theallowing hyperphosphorylation of the CTD4,(5. The
hyperphosphorylated form of the polymerase (RNAPIIO) is
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recycling, because it processively dephosphorylates the CTDinhibits the dephosphorylation of the CTD by FCRID)

of the largest subunit of RNAPII7-9) at Sef and Set Also, both Tat and RAP74 interact with the central domain
(10-13). FCP1 can dephosphorylate arrested elongation of FCP1 (8, 21, 40. Interestingly, Tat also interacts with
complexes and therefore may also help modulate phospho-he cellular kinase complex P-TEFb (cyclin T1 component)
rylation levels of the elongating polymeras® (4. FCP1 and has been shown to stimulate both ?Send Set

has also been shown to enhance elongation, and this functiorphosphorylation of the CTD4¢). FCP1 contains multiple

is independent of its phosphatase activi® (5. These phosphorylation sites and recent studies have shown that
findings that FCP1 functions in elongation complexes suggestphosphorylation regulates FCP1 activitid®(43.

that FCP1 may remain associated with RNAPII during  As part of our general interest in characterizing the
elongation. However, although FCP1 can form a stable molecular interactions that regulate the biological activity
interaction with RNAPIIA 8, 16, 17, and ChIP experiments  of FCP1, we recently described the first NMR structures of
suggest that FCP1 remains associated with RNAPII during the carboxyl-terminal domain of RAP74 (cterRAP74Y)
elongation {1), no stable association with RNAPIIO has  and of a proteir-protein complex between cterRAP74 and
been reported1). the carboxyl-terminal domain of FCP25). In addition to
Three domains have been identified in FCP1 based onproviding a detailed view of this complex, our NMR studies
sequence similarity between human FCP1 (hFCP1) and yeasgonfirmed the hypothesis that TFIIB and TFIIF share a
FCP1 (yFCP1)18). The amino terminus contains the FCP common binding site on the carboxyl-terminal domain of
homology region with the conservéWWDXDX(T/V) YW FCP1 @1, 44. Here, we demonstrate that FCP1 is required
motif (¥ is a hydrophobic residue) characteristic of a family for Tat-mediated transactivation in vitro and that the central
of small molecule phosphotransferases and phosphohydrogomain of FCP1 is necessary for Tat interaction in yeast
lases 19, 20. Yeast studies revealed that mutation of the two-hybrid studies. We characterized the interactions of the
first aspartic acid of this motif abolishes catalytic activity BRCT-containing central domain of FCP1 (FGR173g With
(12), and strains carrying this mutation in FCP1 are not poth the HIV-1 Tat protein and the carboxyl-terminal domain
viable, indicating that the phosphatase activity of FCP1 is of RAP74. We also analyzed the effect of HIV-1 Tat on
essential in yeastlQ). Yeast studies have also revealed that ck2 phosphorylation of purified FCRg& e in vitro. We
the central domain of FCP1 is essential for cell VIablllty and discuss the functional impiications of the Tat/FCP1 interac-

phosphatase activitylg, 2. The highly acidic carboxyl-  tion for the phosphatase activity of FCP1 and for Tat
terminal domain is dispensable both for activity and viability, transcriptional activation.

however it is capable of activating transcription when
tethered to a promoter by fusion to a heterologous DNA- EXPERIMENTAL PROCEDURES
binding domain 21).

The central domain of FCP1 contains a conserved Brca-1 AntibodiesThe affinity-purified FCP1 polyclonal antibody
carboxyl-terminal (BRCT) domain. The BRCT domain is Was prepared as previously describ&l (The HIV-1 Tat
an independently folded domain 605 amino acid residues ~ monoclonal antibody (15.1) and the Tat polyclonal antibody
that appears to be important for mediating pro-tqj“)tein (705) used in this StUdy were obtained through the NIH AIDS
interactions. BRCT domains have been identified in one or Research and Reference Reagent Progréé) 47. The
multiple copies in over 450 proteins, which function in cell RAP74 polyclonal antibody (C-18) and all secondary anti-
cycle regulation, DNA repair, recombination, chromatin bodies were purchased from Santa Cruz Biotechnologies
remodeling and transcriptional activatiod2¢-28). Several ~ (Santa Cruz, CA). The polyhistidine monoclonal antibody
high-resolution structures of various BRCT domains have Was purchased from Novagen (Madison, WI).
been determined either as single domaif8—32) or as PlasmidsPlasmids used for yeast two-hybrid studies were
tandem repeat$(, 33-35). The BRCT fold is characterized  constructed by inserting the indicated portion of human FCP1
by a four-stranded parallgtsheet surrounded by two or three  and HIV-1 Tat in plasmids pAS-1 and pACTIIl, as described
o-helices. In tandem BRCT domains, the two domains pack previously 8). Details of their construction will be provided
together in a head-to-tail arrangement to form a stable upon request. All plasmids expressing the glutathione-S-
compact structure3(l, 33, 39. Recently, it was found that  transferase(GST)-human FCP1 fragments used for in vitro
the BRCT domains of Brcal and PTIP specifically recognize binding studies were constructed by PCR amplification using
phosphorylated protein targets, defining a new role for the pJA533 as the templat&), The amplified DNA fragments
BRCT domain in cellular signaling36, 37. Although the were digested witlBamHL andEcoRL and then inserted in
BRCT domain of FCP1 is essential for viability and frame into theBamHL and EcoRL sites of pGEX5X-1
phosphatase activityd( 12, 21, 3§, its direct involvement ~ (Amersham Biosciences, NJ). The pGEX2T expression
in protein—protein interactions is not well understood at this vectors for HIV-1 Tat proteins (Tatge, Tati—72, Tat—4g and
time. Tat—4sc220 (48) were obtained from the AIDS Research and

Several proteins have been shown to influence the func- Reference Reagent Program. The pGEX2T expression vector
tions of FCP1 as a phosphatase and as a positive elongatiofior HIV-1 Tatys—gs Was constructed by PCR amplification
factor. The largest subunit of the general transcription factor of Tat cDNA using pGEX2T HIV-1 Tat g¢ as the template.
TFIIF (RAP74) has been shown to stimulate FCP1 phos- The PCR fragments were then digested wmHL and
phatase activity39), whereas the general transcription factor EcoRL and inserted in frame into thBamHL and EcoRL
TFIIB prevents this stimulation by TFIIR3Q). The carboxyl- sites of the GST expression vector pGEX2T (Amersham
terminus of FCP1 directly interacts with the carboxyl- Biosciences, NJ). An expression vector for the hexahistidine-
terminal domain of RAP748) and the first cyclin repeat of  (Hisg)-Tati—7, fusion protein was prepared by inserting a
TFIIB (21). The HIV-1 transcriptional activator protein Tat PCR-amplified Tat cDNA cut witlBglll into the BamHL
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site of pRSET-C (Invitrogen, CA). The expression vector
for RAP74436-517 has been described previousé4). The
alanine substituted mutants GST-FGR1s: (E956A and
L957A) (45), GST'FCPQG}738 and GST-FC%}599 (Y592A
and L593A), as well as the CK2 site mutant GST-F&R11o

(T584E) were prepared by site-directed mutagenesis (Strat-MO):

Abbott et al.

at 37°C, and protein expression was induced with 0.7 mM
isopropylf3-D-thiogalactoside (IPTG) fo3 h at 30 °C.

The cells were harvested and resuspended in EBC buffer
(50 mM Tris-HCI pH 8.0, 120 mM NacCl, 0.5% NP-40 and

2 mM DTT) supplemented with protease inhibitors (Sigma,
1 ug/mL leupeptin, 2ug/mL aprotinin and 0.9

agene, CA). The expression vectors for preparing purified mg/mL PMSF. Cells were lysed by passage through a French

FCPXe2-610 and thioredoxin-His FCP ks,-735 were created
by inserting the BamHL and EcoRL fragments from
pGEXSX-l FCP3s2-619 and pGEX5X—1 FCP&,_735 re-
spectively, into theBamHL/EcoRL sites of the pET-32c
(Novagen, WI) expression vector. The pHATARG400
template used for in vitro transcription experiments was
generously provided by Q. Zhou and P. A. Shatp)(The
expression vector for the carboxyl-terminal histidine-tagged
full-length hFCP1 was generously provided by Danny
Reinberg. All plasmids created for this study were validated
by DNA sequencing.

Immunodepletion of FCP1 from HelLa Nuclear Extract.
Five hundredulL of HelLa nuclear extract prepared as
previously described50) were incubated with lulL of
affinity-purified polyclonal FCP1 antibody or control 1gG
antibody (Sigma-Aldrich, MO) fol h at 4°C. Extracts were
loaded onto a 2@L protein A-Sepharose columns that had
been equilibrated with 400L BC100 buffer (20 mM Tris-
HCIl pH 7.9, 0.2 mM EDTA, 0.2 mM DTT, 20% glycerol
and 100 mM KCI) b1) containing 250 mg/mL BSA prior
to loading. The flow-through fractions were aliquoted and
stored at-80 °C until needed for in vitro transcription assays
with pHIV+TARG400.

In Vitro Transcription Assayln vitro transcription reac-
tions with Tai_7, were performed as described previously
(49, 52 with some modifications. For each 2& reaction,
we used 100 ng of supercoiled pHMARG400 template,

press cell and centrifuged at 100,000 g for 40 min. The
supernatant obtained from the high-speed centrifugation was
added to glutathione(GSH)-Sepharose resin (Amersham
Biosciences, NJ) and incubated with mixing at@ for 30

min. The resin was collected by centrifugation and washed
four times with wash buffer (50 mM Tris-HCI pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.05% SDS and 1
mM DTT). GST-FCP1 fragments were eluted off the resin
with 15 mM reduced glutathione (Sigma, MO) for 10 min
at 25°C, dialyzed into protein storage buffer (50 mM Tris-
HCI pH 8.0, 100 mM NaCl, 2 mM DTT and 20% glycerol),
aliquoted and stored at80 °C. GST-FCP1 fragments were
rebound to fresh GSH-Sepharose resin prior to pretein
protein binding studies.

All HIV-1 Tat proteins used for binding studies were
expressed as GST-Tat constructs and purified as stated for
the GST-FCP1 fragments up to the elution step. At this step,
Tat proteins were cleaved from the GST using thrombin
(Calbiochem, CA) and subsequently dialyzed into 5% acetic
acid and loaded on a C-4 reverse-phase HPLC column
(Vydac, CA). Tat proteins were eluted from the column using
an acetonitrile gradient (25% to 45% over 20 min) in 0.05%
TFA at a flow rate of 8 mL/min. Purified Tat proteins were
stored lyophilized in aliquots at20 °C. The GST-Tat g
used in binding studies with Higagged FCP1 was purified
as described for GST-FCP1 fragments up to the end of the
high-speed centrifugation step. The supernatant from the

30ug of nuclear extract that was FCP1 or IgG depleted and high-speed centrifugation was snap frozen in liquid nitrogen

various amounts of Tat;,. The Hig—Tat—7, protein used

for these studies was purified under denaturing conditions.

The reactions were incubated at 30 for 30 min prior to
the addition of IuL of [y*2P]-CTP 3000 Ci/mM (Amersham

Biosciences, NJ). The reactions were further incubated for

30 min and then stopped with the addition of:lL of 250
mM EDTA. Each reaction was then supplemented with 2
uL of RNAse T1 (5 UkL) and incubated at 37C for 10
min. The G-less RNA transcripts were resolved on a

and stored at-80 °C until needed. Prior to each experiment,
this partially purified GST-Tatgs was freshly purified by
capture and washes on GSH-Sepharose resin as described
for the GST-FCP1 fragments.

The RAP7435-5:7 was purified as described previously
(44). The FCP1 peptides (FCE4 600 and FCP{g3-607) used
for the protein-protein binding studies and for the 2D
IH-15N heteronuclear single quantum coherence (HSQC)
spectrum were chemically synthesized at the Medical College

denaturing polyacrylamide gel. Gels were vacuum-dried and of Georgia with an extra glycine residue at the amino
32p-labeled RNA was detected by Phosphorimager analysisterminus. The peptides were purified to homogeneity on a

(Molecular Dynamics-Amersham Biosciences, NJ).

Yeast Two-Hybrid AssaY.east manipulations and growth
media were described previousk3j. To test the ability of
yeast cells to grow on medium containing 3-aminotriazole
(AT), 3 uL of a cell suspension (approximately 2,000 cells)
were applied onto SD medium (BD Biosciences, NJ)
containing 10Q«g/mL adenine and 40 mM AT. As a control,
a similar number of cells were applied onto medium lacking
AT, but containing 10Qug/mL of adenine and histidine.

Protein Purification.The full-length FCP1 used for in vitro
transcription of pHI\VA-TARG400 was purified from HelLa
cells as described previous)( The recombinant full-length

C-4 reverse-phase HPLC column using an acetonitrile
gradient (30% to 50% over 20 min) in 0.05% TFA at a flow
rate of 8 mL/min. The purified FCR1y-s00 and FCPds3-607
peptides were stored lyophilized in aliquots-a20 °C.

The thioredoxin-His-FCP ks,-735 fusion protein used for
in vitro binding studies was obtained by expression in BL21-
(DE3). The cells were induced with 1 mM IPTGrfd h at
37 °C. The cells were harvested, lysed by passage though a
French press in PE buffer (25 mM phosphate pH 7.2 and 1
mM EDTA) and centrifuged at 15,000 g for 30 min. The
pellet, which contained the protein in an inclusion body, was
washed twice at 25C in PE buffer supplemented with 1 M

Hiss-tagged human FCP1 used for binding studies was urea and 0.5% Triton X-100 to remove contaminants. The

purified from baculovirus-infected insect cells as described
previously for yeast FCP1LQ). GST-FCP1 fragments were
expressed in DHb (Stratagene, CA). These cells were grown

washed pellet was then solubilizedé M guanidinium HCI
and 10 mM Tris pH 8.0 buffer for 15 min at 50C and
centrifuged at 100,000 g for 40 min at°€. The fusion
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protein from the high-speed supernatant was first bound toferred to a PVDF membrane (Millipore, MA) using the

Ni?*-charged Chelating Sepharose Fast Flow resin (Amer-

Invitrogen transfer system. The Tab, Tat-—4s and Tat 4scooc

sham Biosciences, NJ). The captured fusion protein wasproteins were detected using a 1:1,000 dilution of the Tat

gradually refolded on the resin at 28 by stepwise
incubation in refolding buffer A (10 mM Tris pH 8.0, 500
mM NacCl, 20% glycerol and 1 mMp-mercaptoethanol)
supplemented with 4, 2, dnl M urea. The fusion protein
was eluted from the resin using 250 mM imidazole in
phosphate buffered saline, dialyzed overnight into protein
storage buffer and aliquots were stored-&80 °C. The
FCPXs2-610 protein used in the CK2 assay was obtained by
expression of a thioredoxin-HigCP ks2-619 fusion protein

in BL21(DES3). The cells were induced with 1 mM IPTG
for 4 h at 37°C. The thioredoxin-HigsFCPXs2-619 Was
purified from the inclusion body under denaturing conditions
as described for the thioredoxin-HECP ke,-73s After the
high-speed centrifugation, the fusion protein from the
supernatant was refolded by stepwise dialysis &C4in
refolding buffer A supplemented with 4, 2, &l M urea
and finally in phosphate buffered saline. FGB1s10 Was
then cleaved from thioredoxin-Hisvith thrombin (Calbio-
chem, CA). The FCR},e19 protein was applied to a

monoclonal antibody (15.1) and a 1:10,000 dilution of anti-
mouse horseradish peroxidase (HRP) conjugated secondary
antibody. Tats-gs was detected using a 1:5,000 dilution of
the Tat polyclonal antibody (705) and a 1:20,000 dilution
of the anti-rabbit HRP conjugated secondary antibody. The
RAP74436-517 protein was detected using a 1:400 dilution of
the RAP74 polyclonal antibody C-18 and a 1:7,000 dilution
of anti-rabbit HRP conjugated secondary antibody.

For binding reactions with immobilized GST-Tat (Figure
4A), control GST or GST-Tatgs were purified on GSH-
Sepharose as described above. Binding experiments were
performed in 50QuL of binding buffer PP containing 0.5
uM purified Hiss-FCPZ_g6; OF thioredoxin-Hig-FCP ke, 738
and 0.5uM GST-Tat-_gs. Bound Hig-FCP1 proteins were
collected and washed (2 to 4 times) in binding buffer PP
supplemented with 350 mM NaCl. The washed pellet was
resuspended in NuPage LDS 4X sample buffer, and proteins
were resolved on a NuPage-42% Bis-Tris gradient gel in
1X MES electrophoresis buffer. Proteins were transferred

Q-Sepharose High Peformance (Amersham Biosciences, NJYo an Immobilon-P membrane (Millipore, MA) and detected

column (100 mL bed volume) equilibrated with buffer A
(20 mM phosphate buffer pH 7.2, 1 mM DTT and 1 mM
EDTA). FCPLs,-619 Was eluted from the column using a
gradient (from 0% to 100% over 700 mL) of buffer B (20
mM phosphate pH 7.2, 1 mM DTT, 1 mM EDTA and 1 M
NaCl) and dialyzed overnight at C into 3% acetic acid.

using a 1:1,000 dilution of a Hismonoclonal antibody
(Novagen, WI) and a 1:10,000 dilution of an HRP-conjugated
secondary antibody. The bound secondary antibodies were
detected by chemiluminescence using the ECL-Plus kit
(Amersham Biosciences, NJ), and all membranes were
subsequently stained with Coomassie blue to verify equiva-

The eluent volume was reduced using a rotovap, andlent GST-fusion protein input.

FCPXs2-610 Was applied to a C-4 reverse-phase HPLC col-
umn (Vydac,CA). FCPg,-619 was eluted from this column
using an acetonitrile gradient (30% to 50% over 20 min) in
0.05% TFA at a flow rate of 8 mL/min. Eluted FCR1 619
was dialyzed overnight into protein storage buffer, and
aliquots were stored at-80 °C. Protein concentrations

NMR SpectroscopyThe *N-labeled RAP74¢s 517 was
expressed from a pGEX2T vector (Amersham Biosciences,
NJ) in BL21(DE3). Labeled protein was obtained by growth
in a modified minimal medium containing®N-labeled
NH.CI as the sole source of nitrogefdj. The NMR sample
consisted of 1 mM®N-labeled RAP74ks-5171 mM unlabeled

were estimated using a combination of UV spectroscopy at FCPX7s-600in 5004L of 20 mM sodium phosphate pH 6.5

280 nm H4) and comparison with known amounts of

and 1 mM EDTA (90% HO and 10% DRO). The 2D

bovine serum albumin (Promega) on Coomassie blue-stainedH-5N HSQC 65) was collected at 2?7C using Varian

gels.

Protein—Protein Binding Assayfor all in vitro binding
experiments with immobilized GST-FCP1 we used the
following procedure. GST-FCP1 fragments were first coupled

to 10uL of GSH-Sepharose resin (Amersham Biosciences,

NJ) in 500uL of EBC buffer for 1 h. The bound GST-FCP1
was then collected by centrifugation, washed with EBC
buffer and equilibrated with binding buffer PP (40 mM
HEPES pH 7.9, 120 mM NacCl, 0.5% NP-40 and 10 mM

Uniyinova 600 MHz NMR spectrometer equipped with a z
pulsed-field gradient unit and a HCN triple resonance probe.
The NMR data was processed with the NMRPipe/NMRDraw
package %6).

Phosphorylation of FCP1 Fragments with CKEZor
phosphorylation of FCP1, the FCR1 6,9 protein (or control
protein) was first diluted at 1.25 mg/mL in 20 of 1.25X
phosphorylation buffer (20 mM Tris-HCI pH 7.5, 25 mM
KCI, 10 mM MgCl, 350uM ATP and 2.5uCi [y32P]-ATP

DTT). The binding reactions contained equimolar amounts (4500 Ci/mmol)). The reaction was initiated by the addition

of various GST-FCP1 fragments and purified HIV-1 Tat
proteins (0.5uM Tati_gs, Tat-72, Tat—ss, Tah-sscoec OF
Tatg-gs) Or RAP7436-517 (10 uM). Binding reactions were
performed in 50Q:L of binding buffer PP at £C for 1 h.
For binding with Tat proteins, this buffer was supplemented
with 80 uM zinc sulfate. The proteinprotein complexes

of 10 units (5uL) of CK2 enzyme (New England Biolabs,
MA) diluted in CK2 buffer (20 mM Tris-HCI pH 7.5, 200
mM NaCl, 0.5 mM DTT, 10% glycerol and 0.5% Triton
X-100). The phosphorylation reactions were incubated at 25
°C for 30 min and terminated by the addition of NuPage
LDS 4X sample buffer. For mock phosphorylation, the

were collected by centrifugation and then washed (2 to 4 reaction was performed similarly, but 1X CK2 buffer

times) with binding buffer supplemented with 350 mM NacCl

replaced the CK2 enzyme. Proteins were resolved on 12%

(for binding assays including RAP74 no additional salt was Bis-Tris NuPage gels using 1X MES electrophoresis buffer
added). The washed pellet was resuspended in NuPage LDSInvitrogen, CA). The phosphorylated proteins were detected
4X sample buffer (Invitrogen, CA), and proteins were by Phosphorimager analysis (Molecular Dynamics-Amer-
resolved on a 12% Bis-Tris NuPage gel using 1X MES sham Pharmacia, NJ). Phosphorylation of the GST-FCP1
electrophoresis buffer (Invitrogen, CA). Proteins were trans- fusion protein used in proteifprotein binding assays was
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v o GAL4DBD-Tat Fusion
= e
A 522
£ 2 <
FCP1 - 562-961
562-878
RAP74  am e e S
15}
1 2 3 2 562-788
B O 562685
Anti-lgG Anti-FCP1 a
Tatizs | dbettlle hoittl < 562-637
2
- - Y 698-961
1 2 3 456
S
+AT -AT
FCPlyg61 - - + + + + Ficure 2: FCP1 and HIV-1 Tat interact in the yeast two-hybrid
Taty.7; -+ - + - + system.S. cereisiae cells were co-transformed with plasmids
expressing FCP1 fragments fused to the GAL4 activation domain
--aened (GAL4AD) and a plasmid expressing Tai, fused to the GAL4
DNA-binding domain (GAL4DBD). For each of the resulting
1 23 4 5 b strains, a drop of a cell suspension was applied onto SD medium

containing (+AT) or lacking (-AT) 3-aminotriazole and allowed
to grow at 30°C for 4 days. The amino acid numbering for FCP1
is given according to GenBank accession number NP_004706.2.

Ficure 1: FCP1 mediates transcriptional activation by HIV-1 Tat
in vitro. (A) Immuno-depletion of endogenous FCP1. HelLa cell
nuclear extracts (3&g) depleted with control IgG (lane 1) or
affinity-purified FCP1 polyclonal (lane 2) antibodies were analyzed . i . .
by western blot using FCP1 and RAP74 antibodies. (B) Effect of increasing concentration of Tat (Figure 1B, lanes6}
FCP1 depletion on transcription activated by Tat. Nuclear extracts When purified FCP1 was added back to the transcription
depleted with control I9G (lanes—B) or FCP1 affinity-purified reaction, we observed an increase in transcription from the
antibodies (lanes 46) were tested for their ability to support pHIV-+TARG400 template in the presence of Tat (Figure

t(r_a)n Sg'g?ggefr:gén ;?6280” IngE_'gROC:‘TgOteanpéff)"};Eijb(sg)n ®1C). The immunodepletion of FCP1 from nuclear extracts

Restoration of Tat activation in nuclear extracts treated with FCP1 did not remove RAP74 (Figure 1A). Furthermore, it is
affinity-purified antibody after the addition of full-length purified  unlikely that immunodepletion of FCP1 removed the RNAPII
FCP1. In vitro transcription reactions were performed with nuclear holoenzyme from the Hela nuclear extract since the levels

extracts treated with FCP1 affinity-purified antibody in the absence .
(=) or presence-t) of 200 ng Tat 1, and either 0.25iL (-+) or of human SRB7, an intrinsic component of the holoenzyme,

0.5uL (+4) of fuil-length FCP1 (Mono Q fraction 34 provided € similar in both IgG-depleted and FCFl’l—d.epIeted extracts
by M. Dahmus) §). (data not shown). Therefore, the reduction in Tat-activated

) ] transcription in the FCP1-immunodepleted extracts is not due
obtained by capturing GST-FCE1-e10 (or control GST)on 5 removal of either RAP74 or RNAPII. Since the HIV-1
GSH-Sepharose resin and exchanging into CK2 phospho-promoter of the pHIV-TARG400 template contains binding
rylation buffer. Following the CK2 phosphorylation reaction,  gjtes for Sp1, which are important for activation by T (
the resin was washed (2 to 4 times) in binding buffer PP. 58), we wanted to verify if depletion of FCP1 had any
RESULTS effect on Spl-activated transcription. In the presence of
FCP1-depleted extract there was essentially no change in

FCP1 Is Required for Tat-Actated Transcription in Vitro. pHIV+TARG400 transcription compared to the IgG-depleted
Although previous studies have shown that Tat is capable extract (Figure 1B, lanes 1 and 4), suggesting that FCP1
of inhibiting the phosphatase activity of FCP1 in vitef), depletion did not affect Spl-activated transcription.
it has not yet been determined if FCP1 is required for Tat- FCP1 Interacts with HIV-1 Tat in the Yeast Two-Hybrid
mediated transcriptional activation. To address this question,System.Yeast-two hybrid studies were performed using
in vitro transcription assays using pHMARG400 as a  various fragments of human FCP1 fused to the GAL4
template were performed with nuclear extracts that were activation domain and HIV-1 Tat;, fused to the GAL4
either depleted of FCP1 with anti-FCP1 antibodies, or mock DNA-binding domain (Figure 2). These studies initially
depleted with nonspecific anti-IgG antibodies (Figure 1). As demonstrated that Tat, interacts with a carboxyl-terminal
shown in Figure 1A, HelLa cell nuclear extracts could be fragment of human FCP1 (FCR1 ¢61). Shorter carboxyl-
completely depleted of FCP1 using anti-FCP1 antibodies terminal fragments of FCP1 spanning amino acids-58628,
prior to the transcription assays. In the presence of HeLa 562—788 and 562685 were also capable of interacting with
cell nuclear extract containing FCP1 (IgG-depleted extract) Tat. An even shorter carboxyl-terminal fragment, F&R4s7,
there was an increase in pHNMARG400 transcription with leads to a less robust growth signal that is comparable to
increasing concentration of Tat (Figure 1B, lanes3) the control yeast grown in the absence of 3-aminotriazole
However, in the presence of FCP1-depleted extracts there(AT) (Figure 2). This result is consistent with FGRis37
was no increase in pHWTARG400 transcription with being impaired for Tat binding and indicates that FER3ss
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A 1 562 636 728 961
ACIDIC/Y| BRCT
H.sapiens 636  DVAIIFSGLH PTNFPIEKTR EHYHATALGA KILTRLVLSE :EI . ERWDKVE ! 728
M.musculus 324  DVAVIFSGLH PTNFPVEKTR EHYHATALGA KVLTQLVLSE I ﬁgg 419
X.laevis 641  NVIISFSGLH PTNFPIERTR EFYHARALGA SIHKNLILKP DD I . 733
D.melanogaster 593  GENLVFSGLV PTQMKLEQSR AYFIRKSLGA EVK P NIDKEITHLV AVNAGTY. 679
C.elegans 389  GCVIVFSGIV PMGEKLERTD IYRLCTQFGA VIV...... B DVID GTQ. 474
S.pombe 493  GCRLLFSGVI PLGVDVLSSD IAKWAMSFGA EVVLD.F... ..SVPPTHLI IRTE. 579
L.maculans 524  GAVVVFSGII PLGVDVQSSD FALWIMSFGA EVSTT.V... N’Rl T ANPDRETT 611
S.cerevisiae 506  NCYFVFSGLI BLGTDTQRSD IVIWTSTFGA TST...... P DDYL I TENPSTY 593
D.discoideum 437  @TYIVFSGVY PLGTPIQKQP LRWLAEEFG SVVQ..... N DINNE I AQRKGT.S 522
CONSENSUS FSGh. P a THLI
v
B 1 562 636 728 961
ACIDIC/Y| BRCT

—————

H.sapiens 562 ELSGVIAGES LDQSM..EEEEE EDTDEDD.HLI YLEEILVRVH TDYY. 635
M.musculus 250 BQSGVTAGES LDQSV..GEEEE EDTDDDD.HLI HLEEILVRVH TDYY. 323
X.laevie 565 BQSGITVGES LDQSMEEEDEDS EDTDEDD.HLI mmﬁv TDYY. 640
D.melanogaster 525 ATTSKTP..S LRAPLEGQK.QI EIEDPDD.YLL YLEVILRNIH KRFY.SIYD 592
C.elegans 320 DINDPKN..S KEQ.MPV...QI EDDAHEDKVLE EIERVLTNII DKYY . ERHDLR GSEBV. . -« v v vvvvaeeenn .. 388
5.pombe 428 DEGKPTP..S HTLIH....... .... NRDHELE RLEEKVLEDIH AVYYEEENDIS SRSGNHE 492
L.maculans 428 EAPGDVIANG TPQHADHHKIRH SILNNDDRGLD v:mviv ....DQY VRSKAVPAGGRIAELKGEKSPKKRAMNDVVED 523
S.cerevisiae 463 PLAKL..... .. QFHLHDQK. . .LLVEDDDELY YLMGTLSNI. . 505
D.discoideum 369 TTTDSNNTNE NEK..... EEEE EESDKVDCHLL IILDKLQKT! Fmslmx. JBH. 436
CONSENSUS S PO FURRS TN R - P
I I Y

Ficure 3: The FCP1 central domain is conserved in eukaryotes. The sequences of (A) the BRCT and (B) the acidic/hydrophobic regions
of FCP1 fromHomo sapien§NP_004706.2)Mus musculugAAH53435), Xenopus lagis (AAK27686), Drosophila melanogast€Q9W147),
Caenorhabditis eleganfNP_492423),Schizosaccharomyces pom{@9P376),Leptosphaeria maculanAAM81360), Saccharomyces

cerevisiae (NP_014004) andictyostelium discoideunfAAM33170) were aligned using Pfanb9) and BLAST ©0). The numbers in
parentheses are GenBank accession numbers, excdpt foelanogastés number, which is from the Swiss Protein Database. Residues
conserved in at least four species are highlighted using the following color code; pink, acidic residues (D, E); sky blue, basic residues (H,
K, R); gray, hydrophobic residues (A, I, L, M, V); gold, aromatic residues (F, Y, W); green, threonine and serine residues (T, S); peach,
glycine residues (G); purple, proline residues (P) and beige, cysteine residues (C). A consensus is provided for residues that are conserved
in all species.

is the smallest region that binds to Tat in the yeast two- to human FCP1 within the BRCT domain is very high for
hybrid system. However, one has to be aware that a weakerMus musculug95%) andX. laevis (80%) and lower (27%
signal in the yeast two-hybrid system is not necessarily to 42%) for other eukaryotic sequences (Figure 3A). Interest-
indicative of a decrease in binding affinity; a weaker signal ingly, the region of FCP1 located immediately at the amino-
can be brought about by other factors such as differencesterminus of the BRCT domain (FCR1 635 also showed
in protein expression levels, folding and/or localization. considerable sequence identity among eukaryotic FCP1
Finally, a fragment encompassing the carboxyl-terminal 264 proteins. We defined this region as the acidic/hydrophobic
amino acids of FCP1, FCRBs-9s1, Was unable to bind to  region of FCP1 (FCR}.-635) based on the high occurrence
Tat. It therefore appears that the central domain of FCP1 of acidic and hydrophobic amino acids. The percentage of
(FCPZXs2-685), Which is essential for cell viability and sequence identity to human FCP1 within the acidic/hydro-
phosphatase activity2(), is also sufficient for Tat binding  phobic region is also very high fov. musculug91%) and
in yeast two-hybrid studies (Figure 2). X. laevis (84%) and lower (23% to 38%) for other eukaryotic
Sequence Consstion in the Central Domain of FCP1.  sequences (Figure 3B).
Prior to initiating in vitro binding studies with purified human BRCT and Acidic/Hydrophobic Domains of FCP1 Bind
FCP1 fragments, conserved amino acid regions within the Directly to HIV-1 Tat in Vitro.The yeast two-hybrid results
central domain of FCP1 were identified using Pf&8)@nd revealed that a minimal FCP1 fragment including residues
BLAST (60) searches (Figure 3). The boundaries of the 562 to 685 is sufficient for binding to HIV-1 Tat;,. We
BRCT domain (FCPég&s-72¢) Were initially defined with the attempted to confirm and extend these results in vitro, using
Pfam multiple alignment program (data not showsg)(We purified proteins and protein fragments (Figures 4 and 5) in
found that the BRCT domain of human FCP1 is defined by batch-affinity binding assays. Initial binding experiments
amino acids 636 to 728 (Figure 3A). The BRCT domains of were performed using Higagged FCPil g6 and thioredoxin-
published FCP1 sequences were subsequently aligned wittHiss-FCPXg2-735 to compare the relative binding of these
BLAST (Figure 3A). The percentage of sequence identity proteins to GST-Tatgs immobilized on GSH-Sepharose
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Ficure 4: Identification and characterization of the Tat-binding regions of FCP1 using in vitro binding studies. (A) Recombinant full-
length Hig-FCP1 and thioredoxin-HisFCP ks,-73g interact similarly with GST-Tat ge. GST-Tai_gs was coupled to GSH-Sepharose and
incubated with recombinant HigCP1_gs; or thioredoxin-Hig-FCP kg,-735 (5% Hiss-FCP1 and 10% FCR4,-73ginputs are shown). Bound

FCP1 was detected using a polyhistidine monoclonal antibody. (B) Interaction of purified HI\{-%;Raith various GST-FCP1 fragments

reveals two Tat-binding regions in FCP1. GST-FCP1 fusion proteins were coupled to GSH-Sepharose resin and incubated with purified
HIV-1 Tat;—7> (10% of the Tat-7, input is shown). Bound Tat protein was detected using the Tat monoclonal antibody (15.1). (C) The
HIV-1 Tat activation domain (Tat4g) interacts specifically with two regions of FCP1. Purified HIV-1 Ta$ or purified HIV-1 Tat_4sc226

were incubated with various GST-FCP1 fragments (10% inputs for each Tat fragment are shown). Bound wild-type and C22G mutant
Tat—4g proteins were detected using the Tat monoclonal primary antibody (15.1), which recognizes amino-déd¥ HIV-1 Tat. (D)

The carboxyl-terminal region of the FCP1 BRCT domain is essential for interaction withy,d ®urified HIV-1 Tat_4g protein was added

to various carboxyl-terminal BRCT deletion fragments of GST-F&GR13s (50% Tat-4s input is shown). Bound Tatsg protein was

detected using the Tat monoclonal (15.1) primary antibody. (E) The arginine-rich carboxyl terminus of Hl¥sXkgliateracts with the
acidic/hydrophobic region of the central domain of FCP1. PurifiedsTatwas incubated with various GST-FCP1 fragments (50%sTat

input is shown). Tag-ge protein was detected using the Tat polyclonal primary antibody (705). For all batch-affinity protein-binding assays
(Figures 4A-E, 6B-D, 8A—C and 9B), figures are shown as follows. The vertical labels above each lane indicate the GST or GST-fusion
protein bound to the GSH-Sepharose resin, the horizontal labels above the lanes indicate the free protein added to the resin in the binding
assay, and the labels on the left of the figure indicate the antibody used to detect the free protein retained in the assay. In control lanes, a
given percentage of the free protein input in the reaction was directly loaded on the gel, and this percentage is indicated vertically above
these lanes. For GST-FCP1 fragments, only the numbering defining these fragments are indicated. Equivalent inputs of GST, GST-Tat or
GST-FCP1 fusion proteins were determined by performing a Coomassie blue stain of the membrane and are shown in the boxed region.

beads. In this assay, HiECPL_gs (Figure 4A, lanes 13) which comprises most of the acidic/hydrophobic region, is
and thioredoxin-HisFCPks>-735 (Figure 4A, lanes 46) a minimal Tat binding domain. Since deletions of FCP1
appear to bind similarly to Tatgs. These results confirm  residues 599 to 619 caused a drastic change in binding, we
the yeast two-hybrid finding that the central domain of FCP1 tested the binding of Tat7; to GST-FCPlge-637 (Figure 4B,
is sufficient for interaction with the Tat protein. lane 5). Since no binding was detected with this fragment,
Several carboxyl- and amino-terminal truncated versions we concluded that although residues 5839 are important,
of FCPXs,-733 were then purified as GST-fusion proteins they are not sufficient for binding. Amino-terminal deletion
from E. coli and assayed for Tat; binding using our in fragments of FCPsb2 73, FCPX26-738 and FCPdgg 735 also
vitro batch-affinity binding assay. Carboxyl-terminal deletion bound Tat, although poorly (Figure 4B, lanes™®, indicat-
fragments FCPsk,—s37 and FCPls,-610 retained the same  ing that FCPdys-735 Which contains the BRCT domain, binds
level of binding to Tat 7, as FCPde2-73s (Figure 4B, lanes  independently to Tat7,, but likely with lower affinity than
1-3). However, with FCPsk,_s99less binding to Tat 7, was the central domain of FCP1. Similar results were obtained
observed (Figure 4B, lane 4), indicating that FGR2%1s, using Tat_gs instead of Tat 7, (data not shown). These
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Binding Results
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FicurRe 5: Summary of the interactions of HIV-1 Tat proteins with various GST-FCP1 fragments. Straing)( medium ¢-+), weak ()
and no () binding was detected between Tat proteins and GST-FCP1 fragments. ND means not determined, and * indicates that the results
have been obtained but are not explicitly shown.

binding studies reveal that there are two non-overlapping sibility that a weak binding site for the carboxyl-terminal
Tat binding sites in the central domain of FCP1, one located region of Tat (Tafs-se) might be present within FCBg&-so9.
within the acidic/hydrophobic region (56519), and the To further investigate this possibility, the Tatss fragment
other within the 626-738 fragment that contains the BRCT was purified and used in binding studies with various
domain (636-728). GST-FCP1 fragments (Figure 4E). Binding was not de-
Additional binding studies were performed using iLat tected between Tat gs and the BRCT-containing fragment
or a transactivation-negative C22G mutant ofTat (40, FCPXge-73s (Figure 4E, lane 7). Rather, Tatss only bound
61) and the same GST-FCP1 deletion fragments used withto FCP1 fragments FCBs:-619, FCPXg3-619 and FCPdsz-s599
Tat—7, (Figure 4C). The Tat4g fragment contains only the  that contained the acid-rich portion of the acidic/hydrophobic
activation domain, but not the arginine-rich and glutamine- region (Figure 4E, lanes-35). This is perhaps not surprising
rich regions present in residues 482 of Tat 62). The given that Tafs—gs is positively charged. Unexpectedly, the
binding results with Tat 43 were similar to those obtained binding of Tals-gst0 GST-FCPds,-73s Wwas weaker than the
with Tat-7,, with the exception that Tatys bound more binding to GST-FCP,-s99 (Figure 4E, lanes 3 and 6), a
strongly than Tat 7, to FCPXz6-73sand FCPlge-735 (Figure result consistent with the notion that intramolecular interac-
4C, lanes £8), perhaps because Tat residues 88 prevent tions between the acidic/hydrophobic region and the BRCT
an optimal interaction of Tatss with the BRCT domain domain prevent optimal binding of Tgtss (See Discussion).
(FCPZX3s-729). Indeed, a negative effect of residues—&6 Finally, we also noted that in contrast to Tag, which binds
on the activity of the amino-terminal activation domain has well to GST-FCP4es,-735 (Figure 4B, lane 1) but poorly to
been noted previously §B8) and our own unpublished GST-FCP3s,-s99 (Figure 4B, lane 4), Tat-ss behaved in
studies). Binding was not observed between the transacti-the reverse manner, binding better to GST-F£Rdge
vation-negative C22G mutant of hais (Tat-ssc22d and (Figure 4E, lane 3) than to GST-FGR1 735 (Figure 4E, lane

any of the GST-FCP1 fragments (Figure 4C, lane48), 6). These results are consistent with the notion that the
suggesting that the interactions with wild-type Tat proteins positively charged 4886 region of Tat does not interact
are specific. optimally with the acid-rich FCR},_s99 in the context of

To further explore the interaction of Tajs with the BRCT the full-length Tat protein, and, if so, provides further
domain of FCP1, several deletion fragments of GST- evidence for an antagonistic interplay between the Tat
FCP2s-733 were purified and used for in vitro binding activation and basic domains (see Discussion). A summary
studies with purified Tat 4s (Figure 4D). An amino-terminal  of the in vitro binding results between Tat and GST-FCP1
deletion fragment of the FCP1 BRCT domain (GST- fragments is presented in Figure 5.

FCPX39-739) Was tested for Tatss binding. This shorter The Acidic/Hydrophobic Region within the Central Do-
BRCT fragment binds Tatss as well as GST-FCR1s-73s main of FCP1 Also Binds to the Carboxyl-Terminal Domain
(data not shown). However, we detected little binding with of RAP74 A small conserved acidic/hydrophobic sequence
FCPZX26-723 and FCPgas-712, and no binding with FCR 35693, motif located within the carboxyl-terminal region of FCP1
indicating that the carboxyl-terminal portion of the BRCT (FCPXs-961), has been shown to be important for mediating
domain (698-738) is essential for optimal Taks binding. interactions between FCP1 and the carboxyl-terminal domain
Although truncation of the BRCT domain may destabilize of RAP74 (RAP74ss-517) (45). The consensus sequence of
the overall fold of the protein fragment, the carboxyl-terminal this motif in FCP3},9-96;1 Was derived from vertebrates
deletions used in this study were planned using a predictedand yeast sequences as D/EXD/EDEXXXXLIEXELXDhh
secondary structure alignment to minimize truncations within (45). Interestingly, we found that a similar acidic/hydrophobic
a secondary structure element (data not show4). ( sequence is present in the central domain of human FCP1

We noted another difference in the binding results between (FCPks2-635), from approximately residues 578 to 605
full-length Tat and Tat 45, which is that Tat-7, (Figure 4B, (Figures 3B and 6A), thereby raising the possibility that this
lane 4) and Tatgs (not shown) interact weakly with GST-  second motif might also be involved in RAP74 binding. This
FCPXs2-500, Whereas no such interaction was observed for acidic/hydrophobic motif in the central domain of FCP1
Tati—4s (Figure 4C, lane 5). These results raised the pos- appears to be highly conserved among vertebrakes (
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FiGUrRe 6: RAP74 interacts with a small conserved acidic/hydrophobic motif in the central domain of FCP1. (A) Region of human FCP1
(amino acids 578605), which contains a conserved acidic/hydrophobic motif and consensus sequences from eukaryotes and vertebrates
(See Figure 3B). The location of the Y592A/L593A mutation and the sequencesiiCiddare also shown. (B) Interaction of RAP4 517

with various GST-FCP1 fragments. GST-FCPL1 fragments were coupled to GSH-Sepharose resin and incubated with purifigd RAP74
(10% RAP7436-517 input is shown). (C) A small peptide derived from FCP1 (F&RLoo) interacts with RAP74s-517. GST-FCP3s2-619

(10 uM) and purified RAP74s6-517 (10 uM) proteins were incubated in the presence of increasing amounts ofsiCiad (0, 1, 10 and

100 uM). (D) Alanine substitutions within the conserved hydrophobic motif inhibit RAP74 binding to the central domain of FCP1. We
examined the interaction of RAP#4 5,7 with the GST-FCPds;-599 Y592A/L593A mutant (562599 MU) and compared with the wild-

type FCP1s2-599 (562—599 WT). As a control we repeated the binding experiment of RAR7Z4; with GST-FCP $79-g61 E956A/L957A

mutant (879-961 MU) and the wild-type GST-FCR4-961 (879-961 WT) @5). Figures (B)-(D) are shown as described in the legend of
Figure 4, and for these experiments bound RAR¥4,7 was detected using the RAP74 polyclonal antibody (C-18). (E) Summary of the
RAP74,35 517 interactions with various GST-FCP1 fragments. Strofig-{+), medium ¢-+) and no () binding was detected between
RAP7436-517 and GST-FCP1 fragments.

sapiens M. musculusand X. laevis) (Figure 3), but less so The small peptide FCRL-s00, Which contains the small
among other eukaryotic sequences. Based on the sequencacidic/hydrophobic motif sequence (Figure 6A and 6C) was
conservation (Figure 3B), we defined the consensus DXL- chemically synthesized and used as a competitor in our

XXLAXXXLXXV/IHXXF/YY for eukaryotes and a more  pinding assay. FCR%-e00 Substantially inhibited the interac-
refined consensus, E/DEE/DXEDTDE/DDDHLIXLEEIL- tion between GST-FCR&._g10and RAP 7456517 at concen-

VRVHTDYY, specifically for vertebrates (Figure 6A).

In vitro binding studies were used to define the minimal , . : .
RAP74-binding site within the central domain of FCP1 this assay (Figure 6C). Another small peptide, F&Pdor

(Figure 6B). Purified RAP74s_s:»was used in batch-affinity whigh spans the small aci.dic/hydrophobic motif bu_t contains
binding assays together with various GST-FCP1 frag- additional conseryed re5|dues,_\_/va_s also synthe5|z§d. Hoyv-
ments. FCP1 fragments that contain the small acidic/hy- €Ver: because of its poor solubility in aqueous solution, this
drophobic motif (FCPds> 73, FCP 62637 and FCP sz 619) peptide could not be used reliably in binding studies. There-
interacted with RAP74s 517 (Figure 6B, lanes 36), fore, FCP%79-600 represents the minimal conserved RAP74-
whereas GST-FCR4s_735, Which lacks this motif, did not  binding site that we could define within the central domain
(Figure 6B, lane 7). of FCP1.

trations (10 «M) similar to those of the other proteins in
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The small hydrophobic motifs located within the central A MEREE
and carboxyl-terminal domains of FCP1 resemble the ' .
LXXLL motifs found in members of the steroid hormone & o : 110
receptor superfamily 46). We previously examined the : - '—’.,. S3.8° By
requirement of the first conserved leucine of the LXXLL- ; ee : ﬁ
like motif of the carboxyl-terminus of FCP1 and found that
replacement of this leucine and its preceding residue by = &£
alanines significantly weakened the binding of RAR¢4:7
to FCPX79-961(45). To test if the first leucine of the LXXLL-
like motif within the central domain of FCP1 is required for
RAP74,36 517 binding, we made a double alanine mutant
(Y592A and L593A) version of FCRd,-s99 (Figure 6A).
We observed significantly reduced binding of RAR:84s,7
to this double alanine mutant compared to its wild-type .
counterpart (Figure 6D). These results indicate that the central T T '
region of FCP1, like the carboxyl-terminal domain, binds to 9.0 8.0 7.0
RAP74 through a small conserved acidic/hydrophobic motif. H chemical shift (ppm)

A summary of the in vitro binding results between RAP74
and GST-FCP1 fragments is presented in Figure 6E.

FCPls79-600 Binds to a Shallow Grage between Helices
H2 and H3 on the Surface of the Carboxyl-Terminal Domain
of RAP74. We have previously determined the NMR
structure of the free carboxyl-terminal domain of RAP74
(RAP7435-517) (44) and mapped the FCRb-g61-binding
domain on this structure by computing chemical-shift
changes in RAP 74517 before and after formation of the
FCPX79-96/RAP74436-517 Complex @4) We found that
FCPZX79-961 binds in a shallow groove formed hy helices
H2 and H3 on the surface of RAP744). Detailed views of
the interaction were subsequently obtained from high-
resolution structure determination of the FGRlged/
RAP7435-517 complex by NMR spectroscopy®) and of a
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similar complex by X-ray crystallograph$%). Here we have
also used chemical-shift mapping for studying the RGP F.CP.I‘S?Q—GE)O F(.:P‘|‘879—9;61
binding site on this RAP 74517 domain (Figure 7A) §6, binding site binding site

67). The changes in amide resonance chemical shifts . . .
() between the free RAPZds1 and the FCPs cof i o o im0 stillow rooye betuearelccs
RAP7435-51; complex were calculated from 2BH-'N 1H-15N HSQC spectra of the frééN-labeled RAP 746 517 (black)
HSQC spectragb) using the equationAyy = [(An)?2 + ?g)d gfhthe_lSNl-laﬁ_?tled RAPMW?n{ECPF%égEﬁio Coénpollt_?x (fefz)-
(0.17 x An)? ]Y2 As observed previously with FCB3-g61 emical-shiit mapping ot the socDINdINg  site

. S left) and FCP -binding site (right) 44) on the ribbon dia-
(44), mary Of_ the amide resonances of RAP74 have similar érar% of RAP?Z??% Resid%es fo(r v%hi)cr? v)ve observed a signifi-
chemical shifts between the free and bound forms of cant change in amide chemical shift&, = 0.13 ppm andAuy
RAP7436-517 indicating that the overall structure of RAP74 = [(An)? + (0.17 x Ax)ZY2 upon addition of FCPgg00 are
remains essentially the same in this complex. However, 33 indicated in red.
out of the 82 amide resonances underwent significant
chemical-shift changes\(= 0.13 ppm), and these changes FCPX7s-600 peptide, which inhibits RAP74¢-517 binding to
were mapped on the structure of free RARZ4,7 (Figure ~ FCPXgo-610 (Figure 6C), did not inhibit Tatgs binding to
7B). Interestingly, the RAP74 residues affected by R&Pdo either GST-FCPgk2-735 or GST-FCPis2-610 €vEn when the
binding are for the most part, the same as those affected bypeptide concentration was 200 times higher than that of
FCPX7s g1 binding (Figure 7B). It appears that, similarly Tat-ss (Figure 8A). Therefore, it appears that, unlike
to FCPL7g9-g61 (44, 495, FCPX79-600 interacts with the RAP7436-517, Tat does not specifically recognize the small
shallow groove formed by helices 2 and 3 on the carboxyl- ~ acidic/hydrophobic motif of FCR3,-73s To verify these
terminal domain of RAP74. results, we tested if the binding of Tajs to both GST-

Tat Blocks RAP74 Binding to FCP1 in Vitr®ur in vitro FCP%¢, 73sand GST-FCPsk, see Was affected by the double

binding studies revealed that two regions of FCP1, the acidic/ @lanine substitution Y592A/L593A (Figure 8B). In vitro
hydrophobic region and the BRCT domain, interact with Tat. binding studies revealed that these mutant FCP1 fragments
Since the small acidic/hydrophobic motif, FGRileo, that ~ bound Tai-gs as well as their wild-type counterparts, thereby
is essential for interaction with RAPZ4_s1- lies within one confirming that the small hydrophobic motif is not essential
of these regions, we were interested in determining if it was for the Tat/FCP1 interaction (Figure 8B).
also involved in Tat-binding. GST-FCP1 fragments coupled  Because Tat recognizes sequences in FCP1 that extend
to GSH-Sepharose resin were incubated with purifiedgat ~ on either sides of the RAP74-binding site, we were interested
in the absence or presence of F&RXq (Figure 8A). The in determining if purified Tat could inhibit RAP7%4s-5:7
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Ficure 8: HIV-1 Tat inhibits RAP7435-5:7 binding to the central domain of FCP1. (A) A small peptide derived from FCP1 (5GR&),
which interacts with RAP74-517, does not inhibit the binding of Tatgs to the central domain of FCP1. GST-FGER:l735 (0.5 uM) or
GST-FCP1s2-610 (2 M) were incubated with purified Tatgs (0.5 «M) protein in the presence of increasing amounts of RgPdyo (O,
1, 10 and 10Q«M). (B) Alanine substitutions within the conserved hydrophobic motif do not affegt eginding to the central domain
of FCP1. We examined the interaction of Tat with the GST-FCPZs,-733 Y592A/L593A mutant (562738 MU) and with the GST-
FCPXs;-500 Y592A/L593A mutant (562599 MU) as well as with the corresponding wild-type proteins (5828 WT and 562599
WT). Lane 1 shows 10% Tatgs input and lane 2 the control reaction with the GST protein. In lane$, 2ach binding reaction contained
0.5uM of Tat;—gs and 0.5uM of GST or GST-fusion protein. In lanes 5 and 6, each binding reaction containgdVDd Tat;_gs and 2
uM of GST-fusion protein. (C) Tats; inhibits RAP7436-5,7 binding to FCP1, and the full BRCT domain is required for this inhibition.
Purified RAP7436-517, Tati—7, Or Tat_4g proteins were added to binding reactions withy® GST-FCP1g,-733 or GST-FCPdg2-619 aS
indicated (concentrations pM). Lanes 1, 2, and 3 show 10% input of purified proteins and lanes 4 and 5 represent GST control reactions.
For (A) and (B), bound Tat protein was detected using the Tat monoclonal antibody (15.1). For (C), bound,gAR Btotein was
detected using the RAP74 polyclonal antibody (C-18) and subsequently boungsBaid Tat-7, were detected using the Tat monoclonal
antibody (15.1). Figures (A)(C) are shown as described in the legend of Figure 4.

binding to the central domain of FCP1 (Figure 8C). To do hind both the acidic/hydrophobic and BRCT domains of
this, GST-FCP4s,-73s coupled to GSH-Sepharose resin was FCP1 in order to efficiently prevent RAP%4 5.7 from
incubated with purified RAP74s-517 in the absence or interacting with this region.

presence of purified HIV-1 Tatss or Tak 7. At equimolar Tat Inhibits CK2 Phosphorylation at a el Site within
concentration, Tatz, completely inhibited RAP74s 517 yhe central Domain of FCPn the following paper in this

E’rin?ir_:_g to GST'FCE.*ZH“B (Ffifgqtre ?hc lagig)’ indic?ting issue, we describe the identification within the FCP1 acidic/
GgT-FaéI;7325 as govxl/gev:: 3nldnelrysimﬁlgr condﬁﬁsst?'liaoxr hydrophobic region of a novel threonine CK2 phosphory-
. 3627738 AN 8 lation site (T584 within the motif TDED), which is highly

did not inhibit the interaction of RAP% g7 with conserved among vertebrates (Figures 3 and 88))(
GST-FCP3s,-738 (Figure 8C, lane 9), indicating that residues Interestingly, we found that phosphorylation of T584 by CK2

48—86 of Tat are required for inhibition. ) o
To evaluate if the BRCT domain was required for Tatto 'Mcr€ases the binding of FCR-610 0 RAP7436-517 (68).

inhibit the binding of RAP74 to FCP1, we performed similar We were therefore interested in tes“”g if_phosphorylation
experiments as above but using a shorter FCP1 fragmentf 7984 by CK2 had any effect on Tat binding (Figure 9B).

FCP%4ss 616 Which lacks the BRCT domain and is com- Binding reactions were set up using CK2-phosphorylated and
prised of only a portion of the acidic/hydrophobic region Nonphosphorylated GST-FC&1 610 with purified Tai-ee.
(Figure 8C). When equimolar concentrations of,Tatand ~ Although CK2 phosphorylation of GST-FCRi-e19 en-
RAP7436-517 were allowed to bind GST-FCRB&-616, both hances RAP74s-517 binding (68), it did not affect Taiss
Tat—7, and RAP74s6-517 interacted with FCP1 (Figure 8C, binding under the same conditions (Figure 9B, lanes 4 and
lane 12). Similar concentrations of Tafs also did not 5). Furthermore, we found that a substitution of T584 by a
prevent RAP74ss-517 binding to GST-FCPsk,-738 (Figure glutamic acid (T584E) had little or no effect on interaction
8C, lane 13). These results indicate that the BRCT domainwith Tat,_7;, and this regardless of whether the mutant
is required for Tat -7, to inhibit the binding of RAP 746517 protein was subjected or not to a CK2 phosphorylation
to the central domain of FCP1. This requirement for the reaction (Figure 9B, lanes 4 and 5). These results indicate
BRCT domain presumably reflects the need for,Tatto that T584 does not contribute significantly to Tat binding.
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Ficure 9: Role of a novel CK2 site within the acidic/hydrophobic region of the central domain of FCP1. (A) Sequence gfRi1
showing the location of the conserved CK2 site (TDED; underlined), the phosphorylated amino acid (T584; shaded) and the T584E mutation
studied here. (B) Phosphorylation of T584 does not affect the binding efgkad the central domain of FCP1. Lane 1 shows 10% Fat

input and lanes 2 and 3 represent binding of,Tatto the GST control resin after mock phosphorylation and phosphorylation reactions,
respectively. Each binding reaction contained @\b of GST-FCP%s2-619 Wild-type (562-619 WT) or GST-FCPs,-619 mutant (562

619 T584E) and 0.M Tat;_gs. Proteins were subjected to mock (GST, 5619 WT or 562-619 T584E) or CK2 phosphorylation
(GST-P, 562-619 WT-P or 562619 T584E-P) reactions. Bound Tatgs was detected using the Tat monoclonal antibody (15.1). Figure

(B) is shown as described in the legend of Figure 4. (C) The binding of Tat inhibits phosphorylation at T584 by CK2. Phosphorylation
reactions were performed in the presence)6fR]-ATP. Control phosphorylation reactions with BSA (lane 1), casein (lane 2),gkat

(lane 3), RAP74 (lane 4), casein and iFg¢ (lane 5) and casein and RAR4 517 (lane 6) are shown. CK2 phosphorylation of FGE1s19

(25ug or 161uM) in the absence (lane 7) or the presence of 1Xgg8%r 100uM; lane 8) or 2X (50ug or 200uM; lane 9) Tat_gs. CK2
phosphorylation of FCR3,-610 (25 ug or 161uM) in the absence (lane 10) or the presence of 1X/8%r 114uM; lane 11) or 2X (50

ug or 228uM; lane 12) RAP7436-517. The32P-labeled proteins were detected by Phosphorimager analysis. A Coomassie blue stain of the
gel (C) was performed to verify equivalent protein input (boxed).
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Although the phosphorylation of T584 did not significantly AR
affect Tat binding, we wanted to know if Tat binding could 85 48 )
affect the phosphorylation level of T584. To answer this Tat
question, we tested if CK2 could phosphorylate FCP1 within
a pre-assembled Tatg/FCPXe2-610 cOmplex (Figure 9C). 1,/1

We found that Tat inhibited CK2 phosphorylation of FCP1 gcpq | [acioiciw | BReT | [RAP74]
in a concentration dependent manner (Figure 9C, lan€s,7 562 636 728 879 961
but did not affect CK2 phosphorylation of the control casein
sample (Figure 9C, lanes 2 and 5). By contrast, addition of
RAP74,35 517 did not prevent CK2 phosphorylation of
FCPXe2-610 (Figure 9C, lanes 1612) and of the control
casein sample (Figure 9C, lanes 2 and 6). Our results |nd|cateF'GdUR|§ Algmsumgavl\g Cl)rf1(SI?Cealtre]tel:]at‘gf’I:Qtlso?lstbCePt\}v gVe'Lh E‘I'thl E?etd
that Tat not only prevents RAPZ#.s;7 binding to the central o0 in 1 dashed arrow illustrates the proposed ?nte?actlon
domain of FCP1, but also inhibits phosphorylation at a novel petyeen the activation and carboxyl-terminal domains of Tat.
conserved CK2 site.

74 [ RraPao | | Fcp1 |
1 256 436 517

FCP1 Is Required for Tat-Actated Transcription in Vitro.
DISCUSSION The in vitro transcription results presented herein suggest
With this manuscript, we showed that FCP1 is essential that FCP1 is specifically required for Tat transactivation in
for Tat-mediated transactivation of the HIV-1 LTR in vitro  vivo. Previous transfection studies indicated that FCP1
and that HIV-1 Tat and FCP1 directly interact both in the overexpression inhibits Tat-activated, but not Spl-driven

yeast two-hybrid system and in vitro. We then characterized transcription ¢9). Although these two sets of results may
in details the interactions of the central domain of FCP1 with appear contradictory, one can speculate that high concentra-
Tat and the carboxyl-terminal domain of RAP74 (Figure 10) tions of FCPL1 in vivo have a dominant negative effect on
and investigated the role of CK2 phosphorylation on these Tat-activated transcription not observed in our in vitro
interactions. These findings are discussed below in light of studies. It is indeed possible that overexpression of FCP1 in
the potential functional implications of the FCP1/Tat interac- vivo titrates out (squelch) the amount of Tat, RAP74 or other
tion. cellular factors necessary for Tat-mediated transactivation
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of the HIV LTR. Hence, the results from these transfections (Figure 10). We found that the carboxyl-terminal domain of
studies do not really address if FCP1 is a positive or negative RAP74 interacts with a small fragment of the acidic/
regulator of Tat transactivation. In contrast, our in vitro hydrophobic region of FCP1, which contains a conserved
results with FCP1-depleted extracts, and their complemen-LXXLL-like motif. This motif is similar to the one found in
tation by recombinant FCP1, clearly indicate that FCP1 is the carboxyl-terminal domain of FCP1 (FGRles) and
essential for Tat transactivation. As for the role of FCP1 in involved in the FCPgyg-96/RAP7436-517 interaction ¢5).
Spl-driven basal transcription, both our in vitro studies and We found that, like the H1la helix of FCPX7g g6,
the in vivo transfection studies agree that FCP1 is not FCPX;s-s00 interacts with the shallow groove formed by
required. These last results suggest that FCP1 is not alwayselices H2 and H3 of the carboxyl-terminal domain of
required for transcription. RAP74. Furthermore, secondary structure prediction of the
Tat Binds to Both the Acidic/Hydrophopic Region and the FCPX79 600 indicates that residues 59800 within this
BRCT Domain of FCP1Using our in vitro batch-affinity fragment have a propensity to form anhelix (data not
binding assay, we found that HIV-1 Tat interacts with two shown). FCP4;9-600 likely adopts an amphiphilic helix that
independent domains of FCP1, the amino-terminal portion forms hydrophobic interactions and key polar interactions
of the acidic/hydrophobic region and the BRCT domain as with RAP74, as previously described for the FGRLe/
summarized in Figure 10. In this assay, the binding of HIV-1 RAP7436 517 complex @45). Residue T584, which is phos-
Tat (or Tai-4g) to the central domain of FCP1 (FCR41 739 phorylated by CK2, is part of the minimal RAP74-binding
was comparable to that of Tais to the amino-terminal  domain identified here, FCB4-600, and is likely located at
portion of the acidic/hydrophobic region (FGR4s19) or to the interface of the FCRL-s0d/RAP74 complex §8).
the BRCT domain (FCR3s-739). It is important to realize ~ Favorable interactions between the phosphorylated T584 and
that our binding assay is not quantitative per se and may RAP74 could explain the increased binding of F&R %o
not always reveal small differences in binding affinity. to RAP74 brought about by T584 phosphorylation. In this
Therefore, we cannot conclude at this moment on the relativecontext, the reduced interaction of RAP74 with FCP1 when
affinity of Tat;—4g for the two subdomains of FCBsk-73s T584 is not phosphorylated would explain why RAP74 does
In general, we observed a good correlation between thenot inhibit phosphorylation of FCR&-s00 NMR structural
results obtained with the batch-affinity binding assay in vitro studies are in progress to address the role of T584 in the
and those obtained with the yeast two-hybrid system. In one FCPX79-60d RAP74 interaction. It is interesting to note that
case however, we noticed a difference between the resultshe same domain of RAP74 interacts with both the central
obtained with the in vitro binding assay and those obtained and the carboxyl-terminal domains of FCP1 (Figure 10). The
in yeast. Specifically, we observed reduced Tat binding in functional significance of this observation is not yet under-
the yeast two-hybrid assay of the FGR1s3; fragment, stood. However, it has been previously shown that TFIIF
whereas the comparable FGR1es10 fragment binds as well ~ forms ana,. heterotetramerl(7, 70, where two RAP74
as the larger FCR4,_735in the batch-affinity binding assay. RAP30 dimers assemble via homomeric RAP74 interactions
Further experiments will be needed to address if this (70). Formation of such a tetramer would be consistent with
discrepancy is significant. It may be that FGR1s:9 has simultaneous binding of two RAP74 subunits to the two
indeed a slightly weaker affinity for Tat, which was not interacting domains of FCP1.
revealed in our GST-pull down binding assay. Alternatively,  Tat Prevents the Interaction of RAP74 with FCPQur
the weaker signal observed in the two-hybrid assay may notresults indicate that both Tat and RAP74 bind to the acidic/
be due to a weakened interaction but rather to other factors,hydrophobic region of FCP1 (Figure 10), but in different
such as a decrease in protein stability, impaired folding, ways and in a mutually exclusive manner. Indeed we found
mislocalization, etc. that the HIV-1 Tat protein does not directly interact with
Binding results with various Tat fragments, Tab, Tat_ss the peptide fragment that contains the conserved acidic/
and Tais-gs are indicative of an antagonistic interplay hydrophobic motif and which is essential for the interaction
between the activation domain and the carboxyl-terminal with RAP7436 517 Nevertheless, we have clearly shown that
arginine-rich domain of Tat. Indeed, we found that,Tat binding of the HIV-1 Tat protein to the central domain of
binds better than Tat7, to FCP %6733 and FCPdgg-735, and FCP1 inhibits the binding of RAP%4-s17. The full-length
that Taks-gs does not interact optimally with the acid-rich  HIV-1 Tat and the entire central domain of FCP1 are required
FCPXeo-s90 in the context of the full-length Tat protein  for this inhibition. The inhibition of the RAP74/FCP1
binding (Figure 4). These results are reminiscent of those interaction by Tat is intriguing in light of the fact that Tat
observed with Tat-mediated transcriptional activation experi- and RAP74 do not appear to share a common binding site
ments, where the activation potential of Tag was greatly on the central domain of FCPL1. It is possible that binding of
reduced in the context of longer Tat derivativé3)( In Tat to FCP1 reduces the accessibility of the RAP74 binding
addition, a previous NMR study has shown that the amino- site on FCP1, either by steric hindrance or as a result of a
terminal portion of HIV-1 Tat (residues 4 to 11 and 32 to conformational change in the RAP74-binding site.
47) forms a hydrophobic core that interacts with its glutamine-  Similarity between the Acidic/Hydrophobic Region of
rich region (residues 6076) (62). Intramolecular interactions FCP1 and the Inter-BRCT-Domain Linker of XRCG¥e
between the activation domain and the carboxyl-terminal have defined a conserved acidic/hydrophobic region adjacent
domain of Tat could explain the antagonist interplay between to the BRCT domain, which is important for the Tat and
these two domains detected in our binding studies. RAP74 interactions with FCP1. In proteins with tandem
RAP74 Binds to the Acidic/Hydrophopic Region of FCP1 BRCT repeats, the BRCT domains pack to form a compact
We characterized the interaction of FCP1 with RAP74 using structure, which involves aa helix from the linker region
an in vitro batch-affinity binding assay with purified proteins at the interface of the two repeat3l( 33, 35. The linker
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between the BRCT domains often serves to stabilize therole of FCP1 in transcriptional elongation was also shown
BRCT fold and may participate in ligand interactiorsly, to be independent of its phosphatase acti\@tyl§), pointing
Interestingly, the conserved acidic/hydrophobic region of toward the phosphatase activity being dispensable for the
FCP1 has similarity to the acid-rich linker region located effect of Tat on transcriptional elongation. Furthermore, we
between the BRCT | and BRCT Il domains of XRCC1, and, showed here that addition of FCP1 to an FCP1-depleted
furthermore, there are two CK2 sites located in a conservedextract activates Tat-dependent transcription, indicating that
region of this linker {1). We propose that the conserved Tat transactivation does not only result from inhibition of
acidic/hydrophobic region in FCP1 similarly interacts with an existing phosphatase activity. Clearly, activities other than
the BRCT domain and helps to strengthen its interaction with the phosphatase activity are essential for transactivation by
the Tat protein (se&unctional Implications of the FCP1/  HIV-1 Tat.
Tat Interaction below). Given the importance of BRCT
domains in proteifrprotein interactions, it is likely that
BRCT domains form intramolecular interactions not only
with adjacent BRCT domains, but with other protein domains
as well. BRCT domains have been shown to be phospho-
peptide recognition module8§, 37, 72, therefore it is also
likely that the strength of these intramolecular interactions
could be controlled by phosphorylation. Further studies are
needed to address the role of CK2 phosphorylation in
promoting intramolecular interactions between the acidic/
hydrophobic region and the BRCT domain of FCP1.
Functional Implications of the FCP1/Tat Interaction.
Although Tat inhibits the phosphatase activity of FCRBQ)(
and FCP1 is essential for in vitro transcriptional transacti-
vation by Tat (this study), the molecular details of these
functional interactions have remained unclear. Our binding
studies were aimed at elucidating some of these interactions
We suspect that the direct binding between HIV-1 Tat and
FCP1 that we have characterized in this study is essential
for Tat to inhibit the CTD phosphatase activity of FCP1 and
to promote transactivation of the HIV LTR. In support of
this, we found that the C22G mutation in Tat that impairs

To exert its transactivation effect Tat may require FCP1
for its role as a positive elongation factor. Tat may simply
help recruit FCP1 or stabilize the interaction of FCP1 to the
early elongation complex. Although FCP1 functions in
elongation complexes9( 14, 15, a stable stoichiometric
association with RNAPIIO has not been demonstrafield (
16) and factors may be required to recruit FCP1 to elongating
complexes. Itis also possible that the interaction of Tat with
FCPL1 prevents negative transcription elongation factors from
interacting with FCP1 and/or the elongating transcription
complex. Similarly, it has been previously demonstrated that
the positive transcription elongation effects of TFIIF are
partly due to competition with the negative elongation factor
NELF (74). Another interesting possibility is that FCP1
serves as a molecular switch, and when Tat interacts with
FCP1 a conformational change occurs within FCP1 and/or
the transcription complex that enhances transcriptional elon-
gation. Our results suggest that an intramolecular interaction
between the acidic/hydrophobic region and the BRCT
domain prevent optimal binding of Tgtse. Although further
studies are necessary to confirm this intramolecular interac-
its transactivation potential also affects its interaction with tion in the central domain Qf FCP1, it may h_a"e Important
FCP1. implications for the regulation of FCP1 functions.

We have shown that Tat prevents the interaction of RAP74  Tat Inhibits the Phosphorylation of FCP1 by CKA.the
with FCP1, suggesting that one mechanism by which Tat following paper in this issue, we report on the identification
inhibits the phosphatase activity is by preventing RAP74 of a novel CK2 phosphorylation site (T584) located within
from interacting with FCP1 and from stimulating its enzy- the Tat-binding domain of FCP88§). In this study, we found
matic activity. This may be only one mode of phosphatase that Tat is able to inhibit phosphorylation by CK2 at this
inhibition by Tat, since it has been shown that Tat inhibits Site. This phosphorylation event may therefore be an ad-
the CTD phosphatase activity of FCP1 in the absence of ditional important regulator of the phosphatase activity
RAP74 @0). Tat may also block amino acids or posttrans- and/or the positive transcription elongation effect of FCP1.
lational modifications that are essential for the phosphataselndeed, it was recently established that phosphorylation of
activity of FCP1 or induce a conformational change in FCP1 X. Laevis FCP1 by CK2 enhances the phosphatase activity
that inhibits its phosphatase activity. Indeed, previous reportsof FCP1 and binding to RAP741). We therefore propose
suggest that the Tat-binding domain of FCP1 is essential for that one mechanism by which Tat inhibits FCP1 phosphatase
phosphatase activit@( 39. Studies performed with human  activity is by blocking CK2 phosphorylation of FCP1, which
FCP1 have demonstrated that free RNAPIIO can be dephos-could affect the phosphatase activity directly or indirectly
phorylated by a FCP1 mutant which lacks the carboxyl- by preventing RAP74 binding to the central domain of FCP1
terminal RAP74 binding domain, however further deletions (68). Alternatively, it was recently found that CK2 inhibits
of the central Tat-binding domain was detrimental for activity the positive transcription elongation effect of FCRB)( In
(9). In addition, a recent deletion analysisfpombd=CP1 this view, Tat could also function by preventing the CK2
reveals that the minimal contiguous sequence necessary foinhibition and thereby promoting the positive transcription
phosphatase activity includes the FCP1 homology domain elongation effect of FCP1. Finally, phosphorylation of FCP1
at the amino terminus and the BRCT domain at the carboxyl by CK2 may serve to regulate a function not yet defined for
terminus 88). FCP1 that is regulated by Tat. Further studies will be required

It has been previously demonstrated that Tat inhibits the to test these different possibilities and also to investigate if
FCP1 phosphatase activity and prevents CTD dephospho-this particular CK2 site is involved in Tat-mediated trans-
rylation of early elongation complex initiated from the HIV-1  activation in vivo. It also remains to be shown if other
LTR template 40, 73. These results are consistent with the posttranslational modifications of FCP1 affects its roles as
idea that Tat inhibition of CTD phosphatase activity plays a a phosphatase, as a positive elongation factor and as a
role in transcriptional activation by Ta?8). However, the mediator of Tat transactivation.
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