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ABSTRACT
HIV-1 gene transcription is controlled by the cooperation of viral and host factors which bind to specific DNA sequences within the viral

promoter spanning the long terminal repeat (LTR). Previously we showed that the St. John’s Wort DING phosphatase, p27SJ, suppresses HIV-1

gene transcription by binding to the viral protein Tat and preventing its nuclear import. Here, we describe the inhibitory effect of p27SJ on the

phosphorylation of the C-terminal domain (CTD) of RNA polymerase II (RNAPII). This inhibition leads to the suppression of the association of

RNAPII with the LTR. Inhibition of binding of RNAPII to LTR by p27SJ resulted in the suppression of LTR transcription elongation and a

decrease in LTR transcriptional activity. Another form of the St. John’s Wort DING phosphatase, p38SJ, also suppressed binding of RNAPII to

the LTR, reduced transcription elongation and was even more powerful than p27SJ in inhibiting the transcriptional activity of the LTR. Our

data suggest a possible mechanism by which the p27SJ/p38SJ DING phosphatase can regulate HIV-1 LTR expression by inhibiting phos-

phorylation of the CTD of RNAPII and suppressing LTR transcription elongation. J. Cell. Biochem. 112: 225–232, 2011. � 2010Wiley-Liss, Inc.
KEY WORDS: p27SJ; DING PROTEINS; RNA POLYMERASE II CTD; HIV-1
T The transcription of the integrated HIV-1 proviral genome is

controlled by the cooperation of viral and host regulatory

trans-acting protein factors that bind to specific cis-acting DNA

sequences within the viral promoter spanning the long terminal

repeat (LTR) [Nabel and Baltimore, 1987]. A major player in this

regulation is the HIV-1 transactivator protein Tat, which is a

powerful stimulator of viral gene expression. HIV-1 mRNAs contain

a sequence in their 50 untranslated region known as TAR that is

responsible for trans-activation by Tat and cooperates with

promoter-binding proteins that interact with RNA polymerase II

(RNAPII) to activate its processivity and thus enhance transcription

elongation. The mechanism for this involves the binding of Tat to

the positive transcription elongation factor b (pTEFb) and activation

of its kinase activity resulting in the phosphorylation of the

C-terminal domain (CTD) of RNAPII and an induction of HIV-1

transcription [Barboric et al., 2001, 2007; Zhou et al., 2003; Barboric

and Peterlin, 2005; Peterlin and Price, 2006; Zhou and Yik, 2006].

Human RNAPII contains 52 repeats in the CTD [Peterlin and Price,

2006] and is phosphorylated from initiation to termination during

transcription at serine 2, serine 5, and serine 7 of the repeat sequence
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(Tyr-Ser-Pro-Thr-Ser-Pro-Ser). Proteins that bind to the CTD can

stimulate the polymerase activity of RNAPII and the phosphoryla-

tion of the CTD is necessary for the productive elongation and 3’ end

processing of transcripts [McCracken et al., 1997; Phatnani and

Greenleaf, 2006]. It has also been shown that dephosphorylation of

RNA polymerase II CTD leads to the inhibition of its association with

the LTR [Marshall and Dahmus, 2000]. Thus the inhibition or

reversal of RNAPII phosphorylation would be expected to lead to its

inhibition resulting in a suppression of HIV-1 transcription. Since

we had previously found that the protein p27SJ inhibits HIV-1

transcription [Darbinian-Sarkissian et al., 2006] and possesses

phosphatase activity [Darbinian et al., 2009], we were interested in

examining a role for this mechanism.

p27SJ was cloned from a cDNA library prepared from the plant

Hypericum perforatum, commonly known as St. John’s Wort

[Darbinian-Sarkissian et al., 2006]. This protein suppresses

transcription of the HIV-1 genome in several human cell types

including primary culture of microglia and astrocytes. p2SJ

associates with the C/EBPb transcription factor and HIV-1 Tat

suggesting a potential for the development of a therapeutic advance
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based on p27SJ protein to control HIV-1 transcription and

replication in cells associated with HIV-1 infection in the brain.

To this end, p27SJ protein fused to secretion/uptake signals has

allowed us to create a bi-directional protein transduction system

that produces an ‘‘armed’’ p27SJ derivative that inhibits Tat-induced

activation of the LTR and decreases the level of viral replication in

promonocytic cells including U-937 and T-lymphocytic cells

[Darbinian et al., 2008]. p27SJ belongs to a group of DING proteins,

which are characterized by their conserved N-terminus that starts

with the amino acid sequence DINGG, are widely distributed in

prokaryotes, animals and plants and include phosphate-binding

proteins and phosphatases [Berna et al., 2008; Perera et al., 2008].

Interestingly, an anti-viral factor named HIV-1 resistance factor

(HRF) secreted by HIV-1 resistant cells [Simm et al., 2002; Lesner

et al., 2005; Simm, 2007] was recently identified as a DINGG protein

and designated X-DING-C [Lesner et al., 2009]. Additionally, p27SJ

is homologous to the recently discovered human phosphate-binding

apolipoprotein (HPBP) [Diemer et al., 2008; Alam et al., 2009],

human synovial fluid protein p205 [Hain et al., 1996; Adams et al.,

2002], and prokaryotic phosphate-binding proteins including

alkaline phosphatases from Pseudomonas species [Berna et al.,

2008]. Recently, we found that recombinant p27SJ has phosphatase

activity in vitro [Darbinian et al., 2009].

Since p27SJ is associated with the suppression of HIV-1 gene

transcription by binding to HIV-1 Tat [Darbinian-Sarkissian et al.,

2006; Darbinian et al., 2008] and exhibits phosphatase activity

[Darbinian et al., 2009], we examined the possibility that p27SJ

may function through the dephosphorylation of the CTD of RNAPII.

MATERIALS AND METHODS

CELL CULTURE

U-87 MG, a cell line derived from a human glioblastoma, was

obtained from American Type Culture Collection (ATCC, Manassas,

VA). Cells were maintained in Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% fetal bovine serum (Life

Technologies, Inc.) and antibiotics (100U/ml penicillin and

10mg/ml streptomycin) at 378C in a humidified atmosphere

containing 7% CO2. A p27SJ inducible cell line was established

from U-87 MG cells based on the pTetOn Gene Expression System

(BD Biosciences Clontech, Palo Alto, CA) as we have previously

described [Darbinian-Sarkissian et al., 2006]. Expression of p27SJ

was induced by treatment of cells with 1mg/ml doxycycline (Dox)

for 48 h.

PLASMIDS

CFP-Tat was created by cloning a BamHI-EcoRI Tat fragment

from CMV-Tat into BglII-EcoRI-digested pECFP-C1 expression

vector [Darbinian-Sarkissian et al., 2006]. HIV-LTR (�476/þ66)

was generated by PCR amplification of the LTR and cloned into

HindIII–KpnI site of pGL3-basic vector (Promega Corp., Madison,

WI) as previously described [Darbinian-Sarkissian et al., 2006].

The sequence of all plasmids was verified by DNA sequencing.

Oligonucleotides were prepared commercially by Oligos Etc, Inc.

(Wilsonville OR).
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Luciferase primers for RT-PCR were: 1932(Reverse)-tta cac ggc

gat ctt tcc gcc ctt; 1380(Reverse)-tgg aac aac ttt acc gac cgc

gcc; 430(Reverse)-gga gct ttt ttt gca cgt tca aaa. The HIV-LTR primer

for RT-PCR was: þ18/þ43(Forward) aga tct gag cct ggg agc tct

cgg. HIV-LTR primers for chromatin immunoprecipitation (ChIP)

were: �453(Forward)-tgg aag ggc taa ttc act ccc aac; þ43(Reverse)

ccg aga gct ccc agg ctc aga tct.

TRANSFECTIONS

U-87 MG cells were transfected using FuGENE 6 transfection

reagent (Roche, Inc., Indianapolis, IN). In brief, 2� 105 cells were

plated on a 60mm plate and grown overnight. Transfection was

carried out with 0.5mg of HIV-LTR-luciferase reporter construct,

in the presence and absence of 1mg of YFP-p65 or CFP-Tat. Vector

plasmid was added to equalize the total amount of DNA in

each transfection mixture. At 36 h post-transfection and Dox

treatment, cell extracts were prepared and equal amounts of proteins

were assayed for luciferase activity. Each transfection was repeated

a minimum of three times with different plasmid preparations.

RNA PREPARATION

Total RNA was extracted from callus tissue or human cells using the

RNAqueous1 total RNA Isolation Kit (Ambion, Austin, TX)

according to the manufacturer’s directions. Approximately 1mg

of RNA was used for cDNA synthesis using reverse transcriptase

(Roche Molecular Biochemicals, Indianapolis, IN). The cDNA was

amplified by 28 cycles of PCR with Taq DNA polymerase. The

amplified DNAwas analyzed by DNA gel electrophoresis using 1.5%

agarose gel.

RT-PCR

The SuperScript III One-Step RT-PCR System with Platinum Taq

(Invitrogen, Carlsbad, CA) was used. One microgram of plant or

human total RNA and primers specific to p27SJ or prokaryotic DING

genes were used to amplify eukaryotic full-length DING cDNAs.

Cycling conditions were optimized for DING primers. To achieve

efficient cDNA synthesis, three-step cycling with separate annealing

and extension steps were performed: (1) cDNA synthesis and

pre-denaturation at 558C for 30min; (2) 40 cycles of PCR

amplification with 15-second denaturing at 948C, 30-s annealing

at 608C and 1min extension at 688C; and (3) final extension at 688C
for 5min. The amplified DNA was gel purified and cloned into

the TA cloning vector (Invitrogen, Carlsbad, CA). Recombinant

clones were identified by blue/white screening in the presence

of isopropyl-1-thio-b-D-galactopyrasine (IPTG) and 5-bromo-4-

chloro-3-indolyl-b-D-galactopyranoside (XGal) and were screened

for the presence of inserts by using appropriate restriction enzymes.

ChIP ASSAY

For ChIP assays, cells were transfected with 1mg of pGL3-Luc LTR

plasmid, CFP-Tat and YFP-p65 expression plasmids using FuGENE 6

transfection reagent (Roche, Inc.). After 48 h of Dox treatment, cells

were subjected to crosslinking with 1% formaldehyde and

immunoprecipitated using anti-pCTD antibody, followed by PCR
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amplification with primers flanking the TAR region (Upstate Cell

Signaling Solutions, Charlottesville, VA).

PREPARATION OF PROTEIN EXTRACTS AND IMMUNOBLOT

ANALYSIS

For preparation of whole-cell extract, cells were washed with ice-

cold phosphate-buffered saline (PBS) and solubilized in lysis buffer

(50mM Tris–HCl, pH 7.4, 150mM NaCl, 0.1% Nonidet P-40 and 1%

protease inhibitors cocktail, Sigma). Cell debris was removed by

centrifugation for 5min at 48C. Fifty micrograms of proteins were

eluted with Laemmli sample buffer, heated at 958C for 10min, and

separated by 10% sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (SDS–PAGE). For Western blot analysis, protein

samples were resolved by SDS–PAGE and transferred to supported

nitrocellulose membranes as described previously [Darbinian-

Sarkissian et al., 2006]. Proteins were visualized with the enhanced

chemiluminescence detection system, ECLþ according to the

manufacturer’s instructions (Amersham Pharmacia), and exposed

to X-ray film.

ANTIBODIES

Antibody specific for p27SJ (anti-p27SJ rabbit polyclonal antibody)

was obtained from Lampire Biological Laboratories, Inc., Pipersville,

PA. Anti-p-CTD, RNAPII, Grb2, and Lamin A antibodies were from

Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA). Antibody specific

for CFP-Tat (Living Colors) was purchased from BD Biosciences

Clontech. Anti-p65 (F-6) antibody was purchased from Santa Cruz.

Anti-Myc-tag antibody was purchased from Invitrogen. Expression

of the YFP-fusion proteins was examined by Western blot analysis,

using Living Colors full-length monoclonal antibody (BD Bios-

ciences Clontech).

IMMUNOPRECIPITATION/WESTERN BLOT ANALYSIS

Approximately 300mg of extracts (from cells producing p27SJ

induced by Dox treatment) were incubated with 2ml of anti-p-CTD

RNAPII, anti-Myc antibody (Invitrogen) or polyclonal anti-p27SJ

antibody overnight at 48C. In all, 30ml of Protein A-Sepharose were

added, the samples were incubated at 48C for 1 h, and resins were

pelleted, washed, and immunoprecipitated bound complexes were

resolved by SDS–PAGE and analyzed byWestern blot utilizing anti-

p27SJ antibody.

CLONING OF cDNA ENCODING FULL-LENGTH p38SJ

Since p27SJ is an incomplete form of p38SJ lacking the C-terminus,

we adopted an RT-PCR approach using forward primers designed

from the known p27SJ sequence and reverse primers designed from

the sequence of a Pseudomonas DING protein. After generating

partial clones by RT-PCR from total RNA isolated from

H. perforatum, two fragments (1–788 and 788–1179) were ligated

to generate cDNA clone predicted to encode full-length 364 amino-

acid, 38 kDa p38SJ (GenBank: AAW57408.2). For expression in

human cells, the cDNA was cloned into pcDNA6 (Invitrogen).
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This study was aimed to investigate several aspects of HIV-1

regulation and the mechanism of action of p27SJ: phosphorylation

and activation of RNAPII, binding of RNAPII to the HIV-1 LTR and

regulation of transcription elongation. First, we investigated if

phosphorylation of the CTD of RNAPII is affected by p27SJ.

p27SJ INHIBITS RNAPII CTD PHOSPHORYLATION

To investigate whether the phosphatase activity of p27SJ affects the

phosphorylation of the CTD of RNAPII, we used a p27SJ-inducible

cell line derived from human U-87 MG glioblastoma cells. Western

blot analysis was performedwith extracts from cells treated with and

without doxycycline, which induces expression of p27SJ (Fig. 1A).

Doxycycline decreased the phosphorylation of the CTD of RNAPII as

detected by Western blot with a phospho-specific antibody but did

not alter the overall level of RNAPII expression. The expression of

p27SJ also inhibited the phosphorylation of the CTD of RNAPII that

is induced by HIV-1 Tat (Fig. 1B). The NF-kB subunit p65 induced

CTD phosphorylation and this was especially pronounced in the

presence of Tat (Fig. 1C, lanes 1–4). However, the induction of CTD

phosphorylation was reversed by the expression of p27SJ

(Fig. 1C, lanes 5–8). Thus, phosphorylation of the RNAPII CTD is

inhibited by p27SJ and this is not affected by the presence of Tat

and/or p65.

PHYSICAL INTERACTION OF p27SJ AND RNAPII

Since the level of CTD RPII phosphorylation is reduced by p27SJ,

this suggests that the two proteins may physically interact. To

determine if the dephosphorylation of the CTD of RNAPII occurs via

direct interaction of p27SJ and RNAPII CTD, we carried out

reciprocal immunoprecipitation/Western blot experiments (Fig. 2A

and B). As shown in Figure 2A, immunoprecipitation with antibody

to phospho-CTD co-precipitated a band of p27SJ (molecular weight

27,000 in lane 4) that is slightly heavier than the IgG light chain and

which was not seen with non-immune rabbit serum or in the absence

of doxycycline. Similarly, immunoprecipitation with antibody to

p27SJ co-precipitated a band of phospho-CTD, which has a

molecular weight of about 200,000 (Fig. 2B, lane 6) and is heavier

than the IgG heavy chain. Again, this was not seen with non-

immune rabbit serum or in the absence of doxycycline. These data

provide evidence that RNAPII physically associates with p27SJ

suggesting that the dephosphorylation of RNAPII occurs through

direct binding of RNAPII and p27SJ.

p27SJ INHIBITS BINDING OF RNAPII TO THE HIV-1 LTR

To investigate if p27SJ-mediated dephosphorylation of CTD can

affect its biological activity, we employed a ChIP assay. Proteins are

cross-linked to DNA followed by immunoprecipitation and the DNA

associated with the immunoprecipitated protein analyzed by PCR.

Normally, active RNAPII will bind to the HIV-1 LTR. However, if the

CTD is dephosphorylated, this would be expected to result in the

suppression of the binding of RNAPII to the LTR. Control cells and

cells that were transfected with p65 and/or Tat and treated with and

without doxycycline were treated with formaldehyde as cross-
p27SJ INHIBITS RNA POLYMERASE II 227



Fig. 2. Reciprocal IP/Western analysis for the association of phosphorylated

RNAPII in p27SJ-expressing cells. A: Results from IP/Western-blot analysis of

extracts from the cells expressing p27SJ. Lysates were immunoprecipitated

with anti-p-CTD RNAPII and analyzed by Western blot assay using anti-p27SJ

antibody. The negative control was non-immune rabbit serum. B: Results from

IP/Western-blot analysis of extracts from the cells expressing p27SJ. Lysates

were immunoprecipitated with anti-p27SJ antibody and analyzed by Western

blot assay using anti-p-CTD RNAPII. The negative control was non-immune

rabbit serum.

Fig. 1. Effect of p27SJ on CTD RPII phosphorylation. A: Western-blot analysis of extracts from the cells expressing p27SJ (Doxþ, lane 2) or without p27SJ (Dox�, lane 1).

Levels of phosphorylated CTD RPII were analyzed by densitometry and shown in at the right. Grb2 served as a loading control. B: Western blot analysis of the phosphorylation of

the CTD RNAPII in cells expressing Tat and/or p27SJ. C: Western blot analysis of extracts from cells expressing Tat and/or the p65 subunit of NF-kB p65 and treated or untreated

with Dox to induce p27SJ.

228 p27SJ INHIBITS RNA POLYMERASE II
linking agent and immunoprecipitated using anti-phospho-CTD

antibody. After decross-linking, the DNA in the immune complex

was analyzed by PCR using primers specific for the HIV-1 LTR

to determine whether the CTD was physically associated LTR in

complex. In doxycycline-treated cells, the induction of p27SJ results

in a dramatic reduction in phosphorylated RNAPII bound to the

LTR in vivo (Fig. 3, compare lanes 1–4 and 5–8).

p27SJ INHIBITS TRANSCRIPTION ELONGATION FROM THE

HIV-1 LTR

The results from the previous experiments indicate that the

phosphorylation of the CTD of RNAPII is suppressed in the presence

of p27SJ causing an inhibition of binding to the HIV-1 LTR. Thus, we

expected that this would result in the suppression of HIV-1 LTR

transcription. In order to directly examine this, an elongation study

was performed by purifying RNA and employing an reverse-

transcriptase/PCR (RT/PCR). Different primers were designed with

the forward primer located at the TAR region of the HIV-1 LTR and

reverse primers situated at different distances along the luciferase

gene (Fig. 4A). The three amplicons that were examined were

designated LUC1, LUC2, and LUC3 and the respective cDNAs were

analyzed by agarose gel electrophoresis, ethidium bromide staining

followed by image inversion in Adobe Photoshop to allow the bands

to be seen clearly (Fig. 4B). The total RNA samples from the control

and doxycycline-treated cells were also analyzed by agarose gel to

verify RNA integrity and equivalent RNA inputs (Fig. 4C). When the

gel shown in Figure 4B was quantitated, it was found that the
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Effect of p27SJ expression on the association of phospho-CTD RPII

with the HIV-1 LTR. A ChIP assay was performed to measure the level of binding

of immunoprecipitated phosphorylated RNAPII CTD to the LTR in cells expres-

sing p27SJ in the presence and absence of Tat and/or p65. Immunoprecipita-

tion using non-immune mouse serum was the negative control (middle panel).

Input DNA was the positive control (lower panel). The images of each of the

ethidium bromide-stained gels were inverted using Adobe Photoshop for

clarity of presentation.
inhibitory effect of p27SJ was dependent on the position of the

reverse primer with closest (LUC1) showing only slight inhibition

(0.5%) and the farther primers showing greater inhibition (35–40%)

as indicated in the right hand side of Figure 4A. No product was

detected in the experiments without reverse transcriptase enzyme
Fig. 4. Analysis of the effect of p27SJ expression on LTR transcription elongation. A:

luciferase gene under the control of LTR that was used in the transcription elongation stu

the positions of the three amplicons. B: Effect of p27SJ on LTR transcription elongati

performed without reverse transcriptase. The image of the ethidium bromide-stained ge

loading of each of the RNA samples from cells with or without p27SJ was examined by

inverted using Adobe Photoshop for clarity of presentation.
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(Fig. 4B, lanes 7 and 8). We conclude that p27SJ inhibits

transcription elongation from the HIV-1 LTR.

p38SJ ALSO INHIBITS HIV-1 TRANSCRIPTION AND BINDING OF

RNAPII TO THE HIV-1 LTR

The original clone of p27SJ derived from cDNA from H. perforatum,

also known as St. John’s Wort, [Darbinian-Sarkissian et al., 2006]

consisted of the N-terminal 263 amino acids of the full-length

protein p38SJ (GenBank: AAW57408.1). Recently, we have cloned

a cDNA encoding all 364 amino acids of the full-length protein

p38SJ (GenBank: AAW57408.2) as described in Materials and

Methods. To examine the effect of p38SJ, we performed another

RT-PCR analysis of the LUC2 amplicon (Fig. 4A) with the p27SJ-

inducible cell line and transfection of a p38SJ expression plasmid

(Fig. 5A). As expected, the strongest signal was observed for cells

expressing p65 and Tat (lane 4) and low levels were observed in

cells transfected with p38SJ expression plasmid (lanes 5–8) even

when p65 and Tat were present (lane 8). In cells expressing both

p38SJ plus p27SJ, no reverse transcript was detectable in all cases

(lanes 9–12). Ethidium staining of the ribosomal RNAs was used to

verify RNA integrity and equivalent loading (Fig. 5A, lower panel).

Next, we examined the effect of p38SJ on the binding of RNAPII

to the LTR using a ChIP assay as described for Figure 3. In general

the effect of p38SJ was negative, especially in the presence of

p65 and Tat (Fig. 5B, compare lanes 4 and 8) and when p38SJ

and p27SJ were expressed together (lanes 9–12). The middle panel

of Figure 5B shows the non-immune rabbit serum control and
Schematic representation of the HIV-LTR-Luciferase reporter plasmid containing the

dies. The sites of the primers used in the RT-PCR elongation assays are specified as are

on was analyzed in RT-PCR assays for the three amplicons. The negative control was

l was inverted using Adobe Photoshop for clarity of presentation. C: The integrity and

agarose gel electrophoresis and ethidium bromide staining. The image of the gel was
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Fig. 5. Analysis of the effect of p38SJ expression on LTR transcription

elongation and the association of phospho-CTD RPII with the LTR. A: The

effect of p38SJ on LTR transcription elongation in the presence and absence of

Tat and/or p65 and/or p27SJ (Dox-treated) was analyzed in RT-PCR assays for

the LUC2 amplicon. Symbol « indicates the PCR product. The negative control

was performed without reverse transcriptase. Symbol � indicates a non-specific

band. The image of the ethidium bromide-stained gel was inverted using Adobe

Photoshop for clarity of presentation. The integrity and loading of each of the

RNA samples from cells with or without p27SJ was examined by agarose gel

electrophoresis and ethidium bromide staining (lower panel). The image of the

gel was inverted using Adobe Photoshop for clarity of presentation. B: A ChIP

assay was performed to measure the level of binding of immunoprecipitated

phosphorylated RNAPII CTD to the LTR in cells expressing p38SJ in the presence

and absence of Tat and/or p65 and/or p27SJ (Dox-treated). Immunoprecipita-

tion using non-immune mouse serum was the negative control (middle panel).

Input DNA was the positive control (lower panel). The images of each of the

ethidium bromide-stained gels were inverted using Adobe Photoshop for

clarity of presentation.
bottom panel shows the input. Taken together these data indicate

a negative effect of p38SJ on RNAPII binding to the HIV-1 LTR.

p27SJ AND p38SJ INHIBIT THE PROMOTER ACTIVITY OF THE

HIV-1 LTR

The effects of p27SJ and p38SJ on the promoter activity of the HIV-1

LTR were examined using the HIV-1 LTR-luciferase reporter

construct in the p27SJ-inducible cell line (Fig. 6). In this experiment,

Tat, p65 and both together stimulated promoter activity 6-, 1.6-, and

8-fold, respectively (columns 1–4). In the presence of p27SJ, i.e.,

the addition of Dox, there was about a 40–50% inhibition in each

respective case (columns 5–8). For p38SJ, the inhibition was about

98% inhibition in each respective case (columns 9–12) and when

both p27SJ and p38SJ were present, there was about 99.8%

inhibition in each respective case (columns 12–16). We conclude

that both p27SJ and p38SJ strongly inhibit the promoter activity

of the HIV-1 LTR, even in the presence of the HIV-1 transcriptional
230 p27SJ INHIBITS RNA POLYMERASE II
activators NF-kB p65 and/or HIV-1 Tat. Of note, the full-length

p38SJ has a significantly stronger suppressive effect than its

foreshortened form, p27SJ.

DISCUSSION

The cDNA for p27SJ was first isolated and cloned in 2006 and

encodes a novel protein from St. John’s Wort, H. perforatum

(Genbank: AAW57408.1; Darbinian-Sarkissian et al., 2006]. p27SJ

protein belongs to the DINGG family of proteins, a recently

discovered protein family named for their four conserved

N-terminal amino-acid sequences, DINGG. Some of the DING

proteins with phosphate-binding domain, are related to alkaline

phosphatases, and play key roles in various human diseases,

including viral infections [Berna et al., 2009a,b]. Although the DING

protein family is ubiquitous in eukaryotes, their genes are lacking

from genomic databases, which has considerably limited functional

studies.

Here, we demonstrated the inhibitory effect of p27SJ on HIV-1

LTR transcriptional elongation. The mechanism for this appears to

be dephosphorylation of the CTD of RNAPII and to involve the direct

interaction of p27SJ with RNAPII. Since p27SJ can also bind to

Tat, this suggests that p27SJ interferes with the formation of

transcriptionally active complexes of RNAPII mediated by Tat

activation of pTEFb. Likely as a consequence of this, occupancy of

the HIV-1 LTR and transcriptional elongation are inhibited in cells

that express p27SJ. Importantly, the inhibitory effect of p27SJ

was dominant even in the presence of powerful transactivators of

HIV-1 LTR transcription, HIV-1 Tat and the p65 subunit of NF-kB.

While the action of p27SJ occurs at least in part through its action on

the CTD of RNAPII, it is possible that other mechanisms are also

involved since it has been found that p27SJ can inhibit the

phosphorylation of other important cellular regulatory proteins

suck as Erk1/2 [Darbinian et al., 2009].

In the present study, we also report the cloning and sequencing

of p38SJ, a full length version of the St. John’s Wort DINGG protein,

of which p27SJ represents a C-truncated version. This is also active

in the suppression of HIV-1 transcription. Indeed, in the HIV-1 LTR

transcription reporter assay presented in Figure 6, p38SJ gave 97%

inhibition while p27SJ gave 45%. Hence p38SJ is a more potent

suppressor of HIV-1 gene expression than p27SJ. Before we had

cloned the cDNA for p38SJ, we already had evidence for its

biological activity in human cells. We purified p38SJ directly from

a callus culture of H. perforatum and showed that treatment of

neuronal cells with p38SJ protects cells against injury induced by

exposure to ethanol [Amini et al., 2009]. Further, pre-treatment

of neuronal cells with p38SJ diminished the level of Bax and caspase

3 cleavage and increased the activity of superoxide dismutase.

In the case of p27SJ, we have investigated the potential for the

development of a therapeutic approach to control HIV-1 transcrip-

tion and replication in cells by creating a derivative of the

p27SJ protein fused to secretion/uptake signals. This represents a

bi-directional protein transduction system producing an ‘‘armed’’

p27SJ derivative that inhibits Tat-induced activation of the LTR

and decreases the level of viral replication in promonocytic cells
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 6. Effect of p27SJ and p38SJ on the promoter activity of the HIV-1 LTR. The effects of p27SJ and p38SJ on the promoter activity of the HIV-1 LTR were examined using

the HIV-1 LTR-luciferase reporter construct in the p27SJ-inducible cell line. In this experiment, the effect of Tat, p65 and both together were measured with and without

doxycycline to induce p27SJ. Each column was normalized to the control in column 1 (100%), i.e., in the absence of Tat, p65, p27SJ (-Dox), and p38SJ.
including U-937 and T-lymphocytic cells [Darbinian et al., 2008].

Since p38SJ is more effective than p27SJ in suppressing HIV-1 gene

expression, the cloning of p38SJ may facilitate its development as a

potent anti-HIV therapeutic.
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