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Abstract

The Rta (R transactivator) protein plays an essential role in the Epstein–Barr viral (EBV) lytic 

cascade. Rta activates viral gene expression by several mechanisms including direct and indirect 

binding to target viral promoters, synergy with EBV ZEBRA protein, and stimulation of cellular 

signaling pathways. We previously found that Rta proteins with C-terminal truncations of 30 aa 

were markedly enhanced in their capacity to bind DNA (Chen, L.W., Chang, P.J., Delecluse, H.J., 

and Miller, G., (2005). Marked variation in response of consensus binding elements for the Rta 

protein of Epstein–Barr virus. J. Virol. 79(15), 9635–9650.). Here we show that two 

phenylalanines (F600 and F605) in the C-terminus of Rta play a crucial role in mediating this 

DNA binding inhibitory function. Amino acids 555 to 605 of Rta constitute a functional DNA 

binding inhibitory sequence (DBIS) that markedly decreased DNA binding when transferred to a 

minimal DNA binding domain of Rta (aa 1–350). Alanine substitution mutants, F600A/F605A, 

abolished activity of the DBIS. F600 and F605 are located in the transcriptional activation domain 

of Rta. Alanine substitutions, F600A/F605A, decreased transcriptional activation by Rta protein, 

whereas aromatic substitutions, such as F600Y/F605Y or F600W/F605W, partially restored 

transcriptional activation. Full-length Rta protein with F600A/F605A mutations were enhanced in 

DNA binding compared to wild-type, whereas Rta proteins with F600Y/F605Y or F600W/F605W 

substitutions were, like wild-type Rta, relatively poor DNA binders. GAL4 (1–147)/Rta (416–605) 

fusion proteins with F600A/F605A mutations were diminished in transcriptional activation, 

relative to GAL4/Rta chimeras without such mutations. The results suggest that, in the context of a 
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larger DBIS, F600 and F605 play a role in the reciprocal regulation of DNA binding and 

transcriptional activation by Rta. Regulation of DNA binding by Rta is likely to be important in 

controlling its different modes of action.
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Introduction

Epstein–Barr virus (EBV), the first identified human tumor virus, is involved in the 

pathogenesis of several malignancies of lymphoid and epithelial cell origin. These include 

Burkitt’s lymphoma (Komano et al., 1998), nasopharyngeal carcinoma (Klein, 1979), 

Hodgkin’s lymphoma (Andersson, 2006), gastric cancer (Hoshikawa et al., 2002) as well as 

lymphoid and non-lymphoid cancers in immunocompromised hosts (Thompson and 

Kurzrock, 2004). Reactivation of EBV from latency into the lytic cycle is likely to play a 

role in the pathogenesis of some of these malignancies. For example, patients with Burkitt’s 

lymphoma and nasopharyngeal carcinoma have markedly elevated serum antibodies to viral 

lytic products for years prior to diagnosis (Geser et al., 1982; Zeng et al., 1985). The switch 

from latency to the lytic cycle of EBV is mediated by the products of two EB viral genes, 

BZLF1 and BRLF1 (Countryman et al., 1987; Countryman and Miller, 1985; Hardwick et 

al., 1988). These protein products, ZEBRA and Rta, are potent transcriptional activators that 

drive the lytic cascade of the virus (Carey et al., 1992; Ragoczy et al., 1998; Zalani et al., 

1996). Mutational analysis of the EBV genome cloned in bacmids has confirmed that both 

proteins are required for lytic EBV reactivation and production of mature virions (Feederle 

et al., 2000). ZEBRA is sufficient to activate the EBV lytic cycle in all cell backgrounds 

(Countryman and Miller, 1985; Rooney et al., 1988; Takada et al., 1986). The capacity of 

Rta to induce the lytic cycle appears to be associated with its ability to activate expression of 

ZEBRA and to stimulate its own synthesis (Ragoczy and Miller, 2001). These activities may 

vary among cells (Ragoczy et al., 1998; Zalani et al., 1996).

EBV Rta protein does not share obvious homology with cellular proteins. However, 

homologues of Rta are found among all gamma-herpesviruses (DeWire et al., 2002; 

Hardwick et al., 1988; Lukac et al., 1998; Sun et al.,1998; Whitehouse et al.,1997). In all 

these viruses, the Rta-homologous proteins play crucial roles to activate lytic-cycle viral 

gene expression and to stimulate DNA replication (Ragoczy et al., 1998; Sun et al., 1998; 

Whitehouse et al., 1997; Wu et al., 2000). EBV Rta protein stimulates expression of early 

lytic-cycle genes; it can also activate some late lytic-cycle genes, such as gp350 and BLRF2 

in the absence of DNA replication (Feederle et al., 2000; Ragoczy and Miller, 1999). The 

role of Rta in the EBV lytic cycle is not limited to transcriptional activation; Rta also 

enhances lytic viral DNA replication. Unlike ZEBRA, Rta is not known to bind to the lytic 

origin of DNA replication (Fixman et al., 1992, 1995). However, both ZEBRA and Rta are 

recruited to replication compartments at late stages of viral DNA replication (Daikoku et al., 

2005; Park et al., 2008).
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Rta protein activates lytic genes by at least three distinct mechanisms. Activation of one 

class of genes, including BMLF1 (a protein involved in mRNA transport and processing) 

and BLRF2 (a tegument protein), operates through direct binding of Rta to Rta responsive 

elements (RREs) in their promoters (Chen et al., 2005; Gruffat et al., 1992; Ragoczy and 

Miller, 1999). Another class of viral genes, activated synergistically by Rta and ZEBRA, 

include BMRF1 (DNA polymerase accessory protein), BHRF1 (bcl2 homologue) and 

BHLF1 (function unknown) (Holley-Guthrie et al., 1990; Lieberman et al., 1989). 

Synergistic activation of the BMRF1 promoter requires that both ZEBRA and Rta bind 

directly to the promoter DNA (Quinlivan et al., 1993). Direct and synergistic target genes 

share consensus Rta response elements (RREs) in their upstream promoter sequences (Chen 

et al., 2005; Gruffat et al., 1990, 1992; Hammerschmidt and Sugden,1988; Quinlivan et al.,

1993). Activation of a third class of genes that lack RREs in their promoters involves 

indirect mechanisms. For example, Rta can activate Zp, the promoter of BZLF1, through 

activation of PI3 kinase (Darr et al., 2001) and the stress mitogen-activation protein (MAP) 

kinases (Adamson et al., 2000). Rta can autostimulate its own promoter Rp, through an 

Sp1/Sp3 binding site (Ragoczy and Miller, 2001). Interaction of Rta with MBD-1 containing 

chromatin-associated factor (MCAF1) leads to formation of an Sp1–MCAF1–Rta complex 

and promotes Sp1-mediated transcription (Chang et al., 2005). Rta also can activate the 

promoter of BALF5 (EBV DNA polymerase) through upstream stimulating factor (USF) 

and E2F (Liu et al., 1996). The existence of these different modes of action suggest that the 

DNA binding activity of the protein must be regulated.

Rta is a 605 aa protein. The N-terminus of Rta contains a DNA binding domain (aa 1–280) 

and a dimerization domain (aa 1–232). The transactivation domain is found in the C-

terminal half of the protein (aa 416–605) (Manetet al.,1991). The activation domain of Rta 

contacts the TATA binding protein and TFIID in vitro (Manet et al., 1993). Rta interacts with 

CREB binding protein at multiple sites to enhance its transactivation function (Swenson et 

al., 2001). Rta is post-translationally modified by SUMO-1 at several lysine residues. 

Modification by SUMO-1 minimally enhances the transactivation function of Rta (Chang et 

al., 2004, 2008a). Rta is also modified by SUMO2/3 under the influence of the EBV BI’LF4 

gene (Calderwood et al., 2008). Rta also binds to retinoblastoma protein (Rb), resulting in 

displacement of E2F, and stimulation of cells to enter the S phase of the cell cycle (Swenson 

et al., 1999; Zacny et al., 1998). This interaction may also activate the promoter of BALF5, 

the viral DNA polymerase (Liu et al., 1996). Interaction of Rta with the transcription factor 

TSG101 enhances binding of Rta to promoters of late viral genes (Chua et al., 2007).

In previous studies, we demonstrated that deletion of the C-terminal 30 aa of Rta strongly 

promoted the capacity of Rta protein to bind DNA in vitro. Elimination of this inhibitory 

region allowed us to develop the first system to study the DNA binding activity of Rta 

protein that was expressed in human cells and to precisely characterize the Rta response 

elements (Chen et al., 2005). Here, using smaller deletions, we show that the C-terminal 10 

aa of Rta plays an essential role in this DNA binding inhibitory activity. Further point 

mutational analysis showed that two phenylalanines, F600 and F605, in this C-terminal 

region were essential for inhibiting the DNA binding function of Rta. We identified a DNA 

binding inhibitory sequence (DBIS), encompassing the C-terminal 51 aa of Rta, that was 

able to suppress the minimal DNA binding domain of Rta, located in aa 1–350. F600A/

Chen et al. Page 3

Virology. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



F605A mutations overcame the action of the DBIS. The F600A/ F605A mutations not only 

enhanced binding by Rta they significantly decreased the transactivation function of Rta in 

several different biologic assays for activation of EBV lytic gene expression. F600A/ F605A 

mutations not only weakened the transactivation activity of intact Rta protein, they also 

decreased the transactivation function of GAL4–Rta fusion proteins. These results suggest 

that the DNA binding and transactivation function of Rta may be reciprocally regulated by 

these two amino acids in context of a larger DNA binding inhibitory domain.

Results

Delineation of a DNA binding inhibitory region of Rta using C-terminal deletion mutants

Our previous study of deletion mutants showed that elimination of 30 amino acids (aa 576 to 

605) from the C-terminal region of Rta protein markedly enhanced the DNA binding activity 

of Rta in vitro to the RRE from the BMLF1 promoter (Chen et al., 2005). To further 

demarcate the region involved in the inhibition of DNA binding, and to learn whether the 

deletions equally affected binding to the BHLF1 promoter, which also contains a high 

affinity RRE, we compared the DNA binding activity of wild-type and C-terminal truncated 

Rta proteins expressed in a human cell line. When extracts of HKB5/B5 cells that had been 

transfected with a plasmid containing a wild-type BRLF1 gene (pRTS/R) were used in 

EMSA experiments, the association between full-length Rta protein and RREs from either 

BMLF1 or BHLF1 promoter was very weak or not detectable (Fig. 1A and Fig. 1B, lane 3). 

However, four Rta mutants with progressive deletions in the C-terminus displayed stronger 

DNA binding activity than wild-type Rta protein (Figs. 1A and B, lanes 4 to 7). The full-

length and truncated Rta proteins were expressed equally in transfected cells (Fig. 1C); 

therefore, lack of DNA binding activity by the full-length construct was not due to 

insufficient levels of protein expression. The specific interaction between the truncated Rta 

proteins and the RRE DNA was confirmed by supershift with antibody to Rta (aa 1–320) 

(Figs. 1A and B, lanes 9–13). All the deletion mutants bound more strongly than wild-type 

to both probes. Even, R595 (aa 1–595), with only a 10 amino acid deletion in the C-

terminus, bound DNA more avidly than WT Rta (Figs. 1A and B, lane 4). This data 

indicated that a component of the DNA binding inhibitory sequence (DBIS) was present in 

the C-terminal 10 amino acids of Rta, although the entire signal might extend beyond this 

region.

Rta (F600A/F605A) is enhanced in binding DNA in vitro

To analyze which amino acids in the C-terminus might contribute to inhibition of DNA 

binding, we initially explored the hypothesis that DNA binding could be regulated by post-

translational modification in a manner similar to cellular transcription factors such as p53 

(Jayaraman and Prives, 1995) and viral transcription factors such as ZEBRA (El-Guindy et 

al., 2007). Therefore, we first mutated S598, a potential phosphorylation site in the DBIS of 

Rta. However, the S598A mutant protein behaved like wild-type Rta; the interaction between 

S598A and a duplex oligonucleotide containing the RRE from the BMLF1 promoter was 

very weak (Fig. 2B, lane 4). The expression level of S598A mutant was similar to full-length 

Rta (Fig. 2D, lane 3). Next, we examined the role of phenylalanine or histidine residues in 

the inhibitory region. These amino acids play important roles in certain protein–protein 
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interactions (Ahmed et al., 2001; Clark et al., 1996; Dowd et al., 2002; Ehlers et al., 1996; 

Lin et al., 2006). The mutant F600A/F605A was markedly enhanced in DNA binding (Fig. 

2B, lane 5); however, the mutant H589A/H592A did not bind to BMLF1 RRE (lane 6). 

R550 (aa 1–550), a C-terminal truncated mutant that eliminated the inhibitory region, served 

as an example of a form of Rta that was competent to bind DNA (lane 7). All mutant Rta 

proteins were equally expressed in transfected cells; thus differences in DNA binding 

activity of these point mutants were not due to their expression levels (Fig. 2D).

Two single point mutants, F600A and F605A, each enhanced DNA binding by Rta (Fig. 2C, 

lanes 5 and 6). The double point mutant F600A/F605A manifested stronger DNA binding 

activity than either single point mutant, F600A or F605A (Fig. 2C, lane 4). This data 

suggested that both F600 and F605 contributed to inhibition of DNA binding by Rta. The 

restoration of DNA binding ability in the mutants F600A/F605A, F600A and F605A was 

unrelated to their protein expression level; all Rta mutants were expressed similarly in cell 

extracts used for EMSA (Fig. 2E).

A DNA binding inhibitory function of Rta, encoded in the C-terminal 50 aa, can be 
transferred to a minimal DNA binding domain of Rta

The results shown in Fig. 1 demonstrated that the C-terminal 10 aa were essential for 

inhibiting binding of Rta protein to DNA. To define a minimal region that was sufficient to 

inhibit binding of Rta to DNA, two different portions of the C-terminus of Rta protein were 

fused to a truncated Rta protein, containing only the DNA binding domain of Rta (aa 1–350) 

(Fig. 3A). A FLAG-tagged version of the DNA binding domain of Rta, F350, manifested 

strong DNA binding activity in EMSA (Fig. 3B, lane 5). Fusion with the C-terminal 13 aa of 

Rta (aa 593–605), containing the two essential phenylalanines, failed to inhibit the DNA 

binding of F350 (Fig. 3B, lane 8). By contrast, fusion of F350 with the C-terminal 51 aa of 

Rta (aa 555–605) was sufficient to block binding to DNA (Fig. 3B, lane 6). Installing the 

F600A/F605A mutation in Rta (aa 555–605) restored DNA binding by the F350+ (550–605) 

Rta deletion mutant protein (Fig. 3B lane 7). Since the expression level of the mutant 

proteins F350+ (555–605) without or with the FA mutation was similar (Fig. 3C, lanes 5, 6), 

their capacity to bind DNA was independent of their protein expression. These results 

indicated that a functional DNA binding inhibitory sequence is located in the C-terminal 51 

aa. The C-terminal 13 amino acids, although a component of the DBIS, was not sufficient to 

inhibit DNA binding.

The F600A/F605A mutation enhances binding of Rta to DNA in vivo

Since EMSA demonstrated enhanced DNA binding activity by Rta (F600A/F605A) in vitro, 

we carried out chromatin immunoprecipitation (ChIP) experiments to determine whether 

enhanced DNA binding activity of this mutant was also detected in EBV-infected cells. 

HKB5/Cl8 cells were transfected with plasmids expressing wild-type FLAG-Rta, FLAG-Rta 

(F600A/F605A) and FLAG-Rta (R162A), a mutant of Rta that was deficient in binding to 

DNA by EMSA (data not shown). Chromatin extracts were immunoprecipitated with pre-

immune serum or with antibodies to FLAG. The association between proteins and DNA was 

detected by PCR with primers specific for the promoter region of BHLF1 that is known to 

contain two high affinity RREs (Gruffat et al., 1990; Manet et al., 1991). As observed in 
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vitro, Rta (F600A/ F605A) showed stronger DNA binding in vivo on the BHLF1 promoter 

than wild-type Rta (Fig. 4, compare lanes 6 and 7). The R162A mutant did not detectably 

bind the BHLF1 promoter in this ChIP assay.

Mutants of Rta that are competent to bind DNA, when expressed in mammalian cells, are 
markedly diminished in their capacity to synergize with ZEBRA

In an initial attempt to characterize the biologic phenotype of Rta mutants with enhanced 

DNA binding activity two deletion mutants, R (1–595) and R (1–550), and the F600A/

F605A double point mutant were evaluated for their capacity to activate expression of EA-D 

(early antigen-diffuse), the product of the EBV BMRF1 gene, encoding the DNA 

polymerase processivity factor. EA-D is activated co-operatively by direct binding of EBV 

Rta and EBV ZEBRA to the BMRF1 promoter (Quinlivan et al., 1993). The ZEBRA mutant 

Z(S186A) does not by itself activate BMRF1, but can synergize with Rta to activate 

expression of this gene, both the transcript and the protein (Adamson and Kenney, 1998; 

Francis et al., 1999). Figs. 5A (lane 3) and 5B (lane 3) show that two deletion mutants of Rta 

which were enhanced in DNA binding did not detectably activate EA-D protein when they 

were introduced into BZKO cells together with Z(S186A). Wild-type Rta was always active 

in this assay. The F600A/F605A mutant had weak activity in the assay of synergy with 

Z(S186A), approximately 19% of the activity of wild-type Rta protein (Fig. 5C, compare 

lanes 1 and 2). These experiments demonstrated that those mutants of Rta with enhanced 

DNA binding were significantly diminished in transcriptional activity in an assay for 

synergy with ZEBRA.

Rta (F600A/F605A) is a weaker transactivator than wild-type Rta

The next series of experiments (Fig. 6) compared transcriptional activation by the Rta 

(F600A/F605A) (FA) mutant with wild-type Rta in a broader range of biologic assays than 

synergy with Z (S186A). These included reporter assays for activation of viral promoters 

and assays for activation of expression of EB viral lytic cycle genes that are direct and 

indirect targets of Rta action. In reporter assays (Fig. 6A) the FA mutant was approximately 

70% as active as wild-type in its capacity to auto-activate Rp, which is an indirect target of 

Rta action (Ragoczy and Miller, 2001). The BMLF1p, which is a direct target of Rta, by 

virtue of its high affinity RRE, (Gruffat et al., 1992), was activated by the FA mutant at 60% 

of wild-type level (Fig. 6B).

The capacity of the FA mutant to activate expression of the same two target genes from 

latent EBV genomes was also assessed. EBV Rta auto-stimulates the BRLF1 gene in some 

EBV-positive cells, such as HH514–16 (Ragoczy et al., 1998; Ragoczy and Miller, 2001). 

Using RT-PCR, with primers that span a 940 nt intron in the BRLF1 gene (Manet et al., 

1989), we found that wild-type Rta activated BRLF1 to approximately the same level at 4 

time points 12 to 48 h after transfection into HH514–16 cells. A weak signal of the 550 bp 

RT-PCR product was detected only once, 24 h after transfection of the FA mutant (Fig. 6C). 

The level of internal control GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA 

was the same in cells transfected with wild-type or F600A/F605A (Fig. 6B, compare lanes 

2–5 and lanes 6–9).
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Activation of BMLF1 expression was analyzed by Northern blotting in Raji cells where this 

gene is dominantly controlled by Rta (Chen et al., 2005). At 4 time points between 12 and 

48 h after transfection, the abundance of the BMLF1 mRNA was approximately 2.8-fold 

greater after transfection of wild-type Rta than after transfection of the FA mutant (Fig. 6D, 

compare lanes 2–5 and lanes 6–9).

The effect of the F600A/F605A mutations on the capacity of Rta to activate its target genes 

and to synergize with Z(S186A) was also examined by immunoblotting in Raji cells (Fig. 

6E). In this cell background wild-type Rta weakly activated EA-D (Fig. 6E; lanes 2–4); the 

addition of the ZEBRA mutant Z(S186A), which by itself manifests no activity (lane 5), 

leads to strong synergistic activation of EA-D by Rta and ZEBRA (Fig. 6E, lanes 6–8). In 

Raji cells the Rta (F600A/F605A) mutant was slightly reduced in its ability to activate EA-D 

(Fig. 6E, lane 3); it could synergize with Z(S186A), but the signal of EA-D in the presence 

of Z(S186A) was also slightly reduced by comparison to wild-type (Fig. 6E, lanes 3 and 7). 

The deleterious effects of the FA point mutants on synergy of Rta with Z(S186A) were not 

as pronounced in Raji cells as in BZKO cells (compare Fig. 5C with Fig. 6E).

Despite the absence of lytic DNA synthesis in Raji cells, Rta activates a late gene, BLRF2, 

encoding a component of the viral tegument in this cell background (Ragoczy and Miller, 

1999). Unlike the synergistic activation of the BMRF1 promoter, the activation of BLRF2 

was not enhanced by co-transfection of the Z(S186A) mutant (Fig. 6E, compare lanes 2 and 

6) indicating that BLRF2 is a direct target of Rta. The Rta (F600A/F605A) mutant was 

markedly impaired at activating BLRF2, both in the absence and presence of Z(S186A) 

(lane 3 and lane 7). The Rta (F600A/F605A) mutant was also markedly defective in 

activating BLRF2 in BZKO cells (data not shown). The mutant Rta (H589A/H592A) (Fig. 2) 

behaved like wild-type in activating EA-D, alone and in synergy with Z(S186A), and in 

activation of BLRF2 (Fig. 6E, lanes 4 and 8). The mutant Rta (F600A/F605A) protein was 

more abundantly expressed than wild-type Rta or the mutant of Rta (H589A/H592A). Thus, 

whether assessed by reporter assays or assays for EBV lytic gene expression, at the level of 

viral transcripts or viral polypeptide expression, Rta (F600A/F605A), which manifests 

stronger DNA binding activity than wild-type Rta, was consistently defective as a 

transactivator.

Importance of aromatic amino acids at positions 600 and 605 on transcriptional activity of 
Rta

Previous detailed studies of the Herpes Simplex Virus VP16 protein have emphasized the 

importance of aromatic residues in mediating its transcriptional activation function (Cress 

and Triezenberg, 1991; Regier et al., 1993). To explore the significance of aromatic residues 

at positions 600 and 605 in the C-terminal activation domain of Rta, the activity of mutants 

with substitutions of aromatic residues, tyrosine (Y) and tryptophan (W), was compared 

with mutants that exchanged alanine (A), glycine (G) and valine (V) at these positions (Fig. 

7A). Substitutions of A or V at these positions markedly weakened or eliminated the ability 

of Rta to activate a direct target, the BMLF1 gene, in BZKO cells, whereas the aromatic 

substitutions, W and Y, decreased, but did not abolish, this function (Fig. 7B).
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Aromatic amino acid substitutions at positions 600 and 605 weaken the DNA binding 
activity of Rta

The capacity of Rta mutants with aromatic or non-aromatic substitutions at positions F600 

and F605 to bind DNA was compared by EMSA with a probe of the Rta response element 

from the BMLF1 promoter (Fig. 7C). The two mutants with aromatic substitutions, F600W/

F605W and F600Y/F605Y, both bound DNA weakly. Substitutions of A, G or V resulted in 

the acquisition of the ability to bind the probe in vitro. Substitution of alanine conferred 

more DNA binding activity than substitution of valine or glycine. All the protein mutants 

were expressed to comparable level (Fig. 7D). Thus, inhibition of DNA binding appears to 

be mediated by aromatic residues and not by the non-aromatic amino acids that were tested. 

Furthermore, these experiments showed that a substitution of a non-aromatic residue other 

than alanine, namely valine, that increased DNA binding also weakened the capacity of Rta 

to activate a direct target, BMLF1, in BZKO cells.

Effect of fusion of the DNA binding inhibitory sequence (DBIS) of EBV Rta to the DNA 
binding domain of GAL4

The next experiment asked whether the DBIS of Rta inhibited the function of a heterologous 

DNA binding domain. For these experiments aa 416–605 of Rta, containing the 

transcriptional activation domain and DBIS, were fused to GAL4 (1–147). The construct 

contained an N-terminal FLAG tag to facilitate detection of the proteins. The capacity of the 

chimeric proteins to bind a GAL4 site in vitro was evaluated by EMSA (Fig. 8A). Although 

equal amounts of the GAL4/Rta fusion proteins were present in cell extracts used for 

EMSA, none of the GAL4–Rta fusion proteins was as abundant as GAL4 alone (Fig. 8B, 

lane1). Addition of Rta (416–605) to GAL4 (1–147) did not eliminate binding to a GAL4 

site; GAL4/Rta bound the GAL4 site about 65% as efficiently as GAL4. This could be the 

result of lower protein levels. Of the five GAL4/Rta fusion constructs tested, GAL4/Rta and 

GAL4/Rta (FY) bound less avidly than GAL4/Rta with FA or FG substitutions. Similar 

results were obtained by two of us (L-W.C and V.R) in replicate experiments performed in 

two different laboratories. In general, the results showed that the DBIS of Rta was much less 

inhibitory on the GAL4 DNA binding domain than on the Rta–DNA binding domain (Fig. 

3). However, relative to wild-type Rta, mutants with amino acid substitutions such as FA and 

FG that favored DNA binding on an RRE (Fig. 7) also demonstrated stronger DNA binding 

on a GAL4 site (Fig. 8).

F600A/F605A mutations weaken the transactivation domain of Rta fused to the DNA 
binding domain of GAL4

The DNA binding inhibitory sequence of Rta is co-linear with a portion of the 

transactivation domain of Rta protein. Since experiments illustrated in Figs. 5 through 7 

demonstrated that the Rta (F600A/F605A) mutant was a relatively deficient activator of 

EBV lytic genes, we explored the possibility that Rta (F600A/F605A) mutations impinge on 

the transcriptional activation function of Rta when fused to a heterologous DNA binding 

domain. GAL4–Rta chimeras containing the GAL4 DNA binding domain (aa 1–147) fused 

to the Rta transactivation domain (aa 416–605), and similar chimeras containing the Rta 

(F600A/F605A) mutations, were examined in parallel for their capacity to activate a reporter 
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consisting of five GAL4 binding sites upstream of the adenovirus E1B minimal promoter 

fused to CAT. In BJAB cells, as has been previously described in other cells, GAL4–Rta was 

a stronger activator than GAL4 fused to the activation domain of Herpes simplex virus VP16 

protein (Hardwick et al.,1992). The activity of the GAL4–Rta (F600A/F605A) mutant was 

similar to that of GAL4–VP16; it retained only 30% of the activity of GAL4–Rta (Fig. 9A). 

Since transcriptional activation of the GAL4–Rta fusion proteins was mediated through the 

DNA binding domain of GAL4 and the transactivation domain of Rta, these experiments 

suggested that the F600A/F605A mutations directly decreased the transcription activation 

function of Rta.

The transactivation ability of GAL4 (1–147)–Rta (416–605) fusions with aromatic or non-

aromatic substitutions at positions F600/F605 was compared in BJAB cells. All substitutions 

at these positions weakened the activity of GAL4/Rta. However, substitutions with the 

aromatic amino acids, tyrosine and tryptophan, displayed higher transcriptional activity (60 

to 70% wild-type level) than did GAL4–Rta chimeras with substitutions of non-aromatic 

amino acids, alanine, glycine or valine (25 to 30% of wild-type) (Fig. 9B). These 

experiments indicated that the two phenylalanines are intrinsic components of the 

transactivation domain of Rta. Substitution of aromatic amino acids was more effective at 

maintaining transcriptional activity of GAL4/Rta than was substitution of non-aromatic 

amino acids.

Discussion

In this paper we report novel findings that may help to explain the strategy used by EBV Rta 

to activate different classes of target genes. We identify a regulatory sequence, located at the 

C-terminus of Rta and distinct from the DNA binding domain of Rta, that is likely to play a 

role in modulating the direct versus the indirect modes of action of Rta protein. An 

important portion of this DNA binding inhibitory sequence (DBIS) is found in the C-

terminal 10 aa of Rta (Fig. 1). The C-terminal 51 aa, encompassing the DBIS, can be 

transferred to, and functionally inactivate, a minimal DNA binding domain of Rta (Fig. 3). 

Mutations of two phenylalanines in this sequence, F600 and F605, markedly enhance DNA 

binding in vitro and in vivo (Figs. 2–4). However, Rta (F600A/F605A) mutants which were 

enhanced in DNA binding were defective in activating direct targets, such as the BMLF1 

promoter (Figs. 6B and D) and BLRF2 promoter (Fig. 6E), indirect downstream target 

promoters, such as the BRLF1 promoter (Figs. 6A, C) and targets, such as the BMRF1 

promoter, that are activated in synergy by Rta and Z(S186A) (Fig. 5C). At amino acid 

positions 600 and 605 non-aromatic substitutions were found to weaken the transactivation 

function of Rta and GAL4–Rta (Figs. 7, 9) but enhance the DNA binding activity of Rta. 

Conversely aromatic substitutions of tyrosine and tryptophan for phenylalanine preserved 

more transactivation, but, like wild-type, these substitution mutants were impaired in binding 

DNA, as detected by EMSA. Thus, inhibition of DNA binding appears to be strongly 

influenced by aromatic amino acids at F600 and F605 in the Rta protein.
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Biological function of the DNA binding inhibitory sequence (DBIS)

The finding that deletion of the C-terminal 10 aa of Rta that has been expressed in human 

cells markedly enhances its capacity to bind DNA (Fig. 1) led to the identification of a 

transferable DBIS in the C-terminus of EBV Rta protein far removed from the DNA binding 

domain which is located in aa 1–320 (Manet et al., 1991). In several cellular transcription 

factors a DBIS that lies outside a functionally defined DNA binding motif can alter the 

affinity or specificity of DNA binding. Deletion mutants of these transcription factors, 

including TATA-binding protein (TBP), p53, nuclear factor κB (NF-κB) and Ets-1 show 

enhanced DNA binding activity relative to that of full-length proteins (Grimm and Baeuerle, 

1993; Hupp et al., 1992; Lieberman et al., 1991; Sanchez-Garcia et al., 1993).

Recently, our laboratory identified a DBIS located between aa 520 and 535 in ORF50, the 

homolog of EBV Rta in Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) (Chang et al., 

2008b; Chang and Miller, 2004). The amino acid sequence that is crucial for the DNA 

binding inhibitory function of ORF50 include basic amino acids, such as K527, K528, R529 

and K530. The DNA binding inhibitory sequences of KSHV ORF 50 and EBV Rta proteins 

differ in at least two respects, namely, the nature of the crucial amino acids and their location 

within the protein. In KSHV ORF50 protein, basic amino acids are crucial for the inhibitory 

function (Chang et al., 2008b). As we show here, in EBV Rta aromatic amino acids are 

important. In KSHV ORF50 the DBIS is internal, whereas in EBV Rta it is located at the C-

terminus. It will ultimately be important to understand the location of the two DBIS in the 

folded proteins.

Point mutants in EBV Rta and KSHV ORF50 protein that are enhanced in DNA binding 

share the property of being defective in transactivation function. The ORF50 (K527E/

K528E) mutant is defective at activating direct targets, such as the promoter of PAN RNA, 

and indirect targets, such as the promoter of ORF 57 (Chang et al., 2005). Similarly, Rta 

(F600A/F605A) is defective in activating both direct targets, such as the BMLF1 and 

BHLF1 promoters, and indirect targets, such as the BRLF1 promoter. The region of KSHV 

ORF50 that regulates DNA binding overlaps a protein abundance regulatory sequence 

(PARS). The mutants K527E/K528E enhance DNA binding and promote over-expression of 

an electrophoretic mobility variant, ORF 50B (Chang and Miller, 2004). The DBIS and 

PARS signals of ORF50 can be distinguished by point mutagenesis (Chang et al., 2008b). 

These two regulatory functions are not co-linear in EBV Rta. The (F600A/ F605A) 

mutations that enhance DNA binding do not invariably increase levels of expression of EBV 

Rta protein (Figs. 2, 3, 7).

EBV Rta activates many essential genes by an indirect mechanism. Rta may not contact 

DNA directly on these promoters; instead, it is likely that Rta interacts with cellular proteins 

which do bind the promoter. For example, Rta activation of indirect targets appears to be 

mediated by Sp1/Sp3 on the BRLF1 promoter, ATF2 protein on the BZLF1 promoter, USF 

and E2F on the BALF5 promoter (Adamson et al., 2000; Liu et al., 1996; Ragoczy and 

Miller, 2001). Nonetheless, Rta still can activate some direct target genes, such as BMLF1 

and BLRF2, through a direct DNA binding mechanism (Chen et al., 2005; Gruffat et al., 

1992; Ragoczy and Miller, 1999). The switch between an indirect and a direct mechanism is 

likely to be tightly controlled. It appears that the default conformation of full-length Rta 
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protein in eukaryotic cells is a form that has weak DNA binding activity as detected by 

EMSA and ChIP (Figs. 1 and 4). Perhaps this form favors BRLF1 auto-stimulation, which 

operates via an indirect mechanism and is likely to be a very early action of Rta (Ragoczy, 

Heston, and Miller, 1998).

The DNA binding activity of Rta may be influenced by post-translational modification or 
protein–protein interaction or both

A surprising finding from our preliminary unpublished experiments is that both wild-type 

Rta and Rta mutants in which the DBIS has been deleted or inactivated by point mutation 

that were produced in E. coli bound DNA very weakly or undetectably in an EMSA assay 

(not shown). This finding suggests that the DNA binding activity of Rta, even in the absence 

of the DBIS, requires interaction with another protein or modification. Rta is modified by 

SUMO 1 at three lysine residues, K19, K213, and K517 (Chang et al., 2004). SUMOylation 

at these sites modestly enhanced the capacity of Rta to transactivate reporter plasmids. Other 

recent studies demonstrate that the product of an EBV early gene, BI’LF4, a viral tegument 

component, enhanced SUMOylation of Rta, but repressed the ability of Rta to transactivate 

via Rta responsive elements (Calderwood et al., 2008). Rta becomes phosphorylated after 

induction of the EBV lytic cycle in Akata cells treated with anti-IgG (Zacny et al., 1998). 

Modifications by SUMO or phosphorylation or other uncharacterized modifications may by 

themselves alter the conformation of Rta allowing it to bind DNA or promote interactions 

which facilitate DNA binding. It seems likely that both positive and negative regulation of 

DNA binding by Rta is mediated by modifications and protein–protein interactions.

A number of potentially functionally important interactions between Rta and cellular 

proteins have been described. Rta interacts with Rb, releasing E2F1, which plays a role in 

activating BALF5, the viral DNA polymerase gene (Furnari et al., 1992; Zacny et al., 1998). 

TSG101, a transcriptional co-regulator of nuclear hormone receptors, enhances binding of 

Rta to the promoters of several late genes encoding capsid and tegument proteins (Chua et 

al., 2007). Interaction of Rta with MCAF1 promotes transcriptional activation by Rta via 

Sp1 (Chang et al., 2005). Rta interacts with the histone acetylase, CREB-binding protein 

(CBP) promoting Rta transcriptional activation (Swenson et al., 2001). Of the protein–

protein interactions that have been investigated only EBV BI’LF4 and CBP interact directly 

with the C-terminus of Rta. All the interactions described could potentially be influenced by 

modifications or conformational changes resulting from mutation at F600 and F605.

The two C-terminal phenylalanines play an important role in EBV lytic cycle activation

F600 and F605 in the C-terminus of Rta are critical for the capacity of Rta to activate full 

expression of two direct target EBV lytic cycle genes, BMLF1 and BLRF2, in Raji cells 

(Fig. 6D, E). The two phenylalanines can only be substituted by two other aromatic amino 

acids, tyrosine (Y) and tryptophan (W), to preserve partial activation of BMLF1 mRNA by 

Rta in cells lacking EBV BZLF1 (Fig. 7B). Substitution of two non-aromatic amino acids, 

alanine(A) and valine (V), abolished the capacity of Rta to activate BMLF1 (Fig. 7B). The Y 

and W aromatic substitutions also preserve more transcriptional activation function of 

GAL4/Rta fusions in BJAB cells than do the A and V substitutions, although none of the 

substitutions is as active as wild-type Rta (Fig. 9).
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These results are consistent with other findings about the importance of phenylalanines in 

transcriptional activation domains. Aromatic residues of the EBV BZLF1 protein (ZEBRA, 

Zta) are important components of the activation domain and play a role in the interactions 

with TFIIA/TFIID and CBP (Deng et al., 2001). A phenylalanine residue at position 442 of 

the Herpes Simplex virion protein VP16 has been found to be critical for its transactivation 

function (Cress and Triezenberg, 1991). In findings similar to our results, substitution of 

F442 with other aromatic residues, such as Y and W, decreased but did not abolish 

transactivation function. Substitutions of VP16 F442 with non-aromatic residues such as 

alanine were markedly detrimental to activation of transcription (Regier et al., 1993). The 

activation of transcription by VP16 appears to depend on its association with P-TEFb. A 

F442A mutant fusion protein did not bind to P-TEFb and was 80% reduced in activity when 

compared to wild-type VP16 fusion protein (Kurosu and Peterlin, 2004). Therefore, F442 

was thought to be essential for protein–protein interaction. Moreover, conserved 

hydrophobic residues flanking F442 of VP16 also contributed to its transcription activity 

(Regier et al., 1993). We have also studied the significance of several hydrophobic residues 

nearby the F600/F605 residues, namely L597, I599 and L604 in the C-terminus of Rta. 

Three alanine substitution point mutants, L597A, I599A and I604A, did not significantly 

change the transcriptional activity or DNA binding activity of Rta (data not shown).

Several other studies have documented the important role of phenylalanines in protein–

protein interactions. For example, F43 in CD4 makes a significant contribution to the high 

affinity interaction between CD4 and HIV env (Dowd et al., 2002). F17 of gastrin was 

shown to be important for binding to the human CCK2 receptor (Ahmed et al., 2001). The 

aromatic ring of F30 also plays a major role in binding of the homopentameric B subunit of 

verotoxin (VT1) to the glycosphingolipid receptor globotriaosylceramide (Gb3) (Clark et al., 

1996). The role of specific phenylalanines in these proteins may be necessary for 

maintaining domain structure or may be directly involved in contacts with target proteins.

Why is enhanced DNA binding by Rta (F600A/F605A) associated with a defect in activating 
viral target genes in vivo?

Mutants of EBV Rta and KSHV ORF50 which are enhanced in DNA binding are reduced in 

transactivation potency. Because enhanced DNA binding activity of these mutants was 

detected with EMSA in vitro and with ChIP in vivo, and, in the case of ORF50, with specific 

DNA oligonucleotide affinity chromatography, it seems unlikely that the phenotypes are 

artifacts of the conditions of the DNA binding assays. While mutations in the terminal 

phenylalanines of Rta may affect protein–protein interactions required for indirect 

mechanisms of gene activation, it was unexpected that the Rta (F600A/F605A) mutant was 

also defective in activating direct target genes, such as BMLF1 and BRLF2. On direct 

targets enhanced DNA binding might be expected to facilitate the encounter between the 

activator and the target DNA. We have considered several hypotheses which might explain 

the loss of biological activity by mutants which are more proficient in binding DNA. 

Enhanced DNA binding may decrease the likelihood of a required protein–protein 

interaction with a co-activator or a component of basal transcriptional machinery. In effect, 

enhanced DNA binding competes for association with the transcription machinery, 

independent of any effect the mutation might produce on a specific protein–protein 
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interaction. The gain-of-function mutation may change the on/off rate of Rta protein on the 

promoter. Enhanced binding to DNA might promote protein degradation (Muratani and 

Tansey, 2003). Activation of a direct target may require transcription factors with both DNA 

binding and non-DNA binding mechanisms. Enhanced DNA binding by one transcription 

factor may decrease the efficiency of activation by reducing the opportunities for 

interactions with other transcription factors bound on the same promoter.

Reciprocal relationship between DNA binding and transcriptional activity

When the DNA binding activity of an Rta mutant is stronger, as the result of A or G 

substitutions, the transactivation function of that mutant is weaker. When the transcriptional 

activation is stronger, as in wild-type, W and Y substitutions, DNA binding activity is 

weaker (Figs. 7–9). We propose that the DNA binding and transactivation function of EBV 

Rta must be balanced. Enhancing the DNA binding of Rta will decrease its transactivation 

function. We believe that this is the first report identifying specific amino acid residues in a 

regulatory sequence of a transcription factor simultaneously controlling both DNA binding 

and transactivation function. A key to this reciprocal regulation is the localization of the 

DBIS in an essential region of the transactivation domain of Rta. Because the two 

phenylalanines in this regulatory region seem to be critical, we favor the idea that protein–

protein interactions are involved in the reciprocal regulation. Identification of the proteins 

that interact with the DBIS, and whose interaction is influenced by residues at position F600 

and F605 will be required to understand the mechanisms for this reciprocal regulation.

In conclusion, we have described an essential feature of the regulation of Rta protein that 

simultaneously affects its DNA binding and transactivation functions. This regulation may 

help to advance understanding of the strategy used by Rta to selectively activate expression 

of different classes of target genes and to participate in EBV lytic DNA replication.

Materials and methods

Cell cultures and transfections

HKB5/B5 is an EBV-negative cell line and HKB5/Cl8 is an EBV-positive cell line formed 

by fusion of HH514–16 cells with 293T cells (Chang and Miller, 2004). HH514–16 (Cl16) 

is a clonal derivative of the P3J-HR1 Burkitt’s lymphoma cell line that is efficiently 

activated into the viral lytic cycle (Heston et al., 1982). BJAB cells are derived from an 

EBV-negative B cell lymphoma (Menezes et al., 1975). Raji, a human B-cell line derived 

from a Burkitt’s lymphoma, contains an EBV strain that is defective for DNA replication 

and late gene expression (Decaussin et al., 1995). BZKO (BZLF1 Knock Out) cells are 293 

cells carrying a bacmid containing the EBV genome with an inactivated BZLF1 gene 

(Feederle et al., 2000). Lymphoid cells were grown in RPM11640 medium plus fetal calf 

serum; BZKO cells were cultured in DMEM plus fetal calf serum in the presence of 100 

μg/ml hygromycin. HKB5/B5, HKB5/Cl8 and BZKO cells were transfected using the 

DMRIE-C Reagent (Invitrogen) (Chang et al., 2002). HH514–16, BJAB and Raji cells were 

transfected by electroporation.
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Plasmid construction

pRTS, pRTS/Rta, RpCAT (−299/+58), BMLF1(RRE)/CAT and CMV/Z(S186A) have been 

described (Chen et al., 2005; Ragoczy et al., 1998; Ragoczy and Miller, 2001; Sun et al., 

1998). pGAL4 (pM), pG5E1BCAT and pGAL4-VP16 plasmids were obtained from CLON-

TECH. To make vectors with C-terminal deletion mutants of the Rta gene that were 

expressed in mammalian cells, various regions of the Rta gene were amplified by PCR and 

cloned into pRTS at the XbaI and BglII sites. pCMV-FLAG-Rta contains DNA sequences 

encoding FLAG peptide upstream of full-length Rta gene. F350 contains DNA sequence 

encoding FLAG peptide upstream of Rta (aa 1–350) gene. F350+ (555–605) or F350+ (593–

605) were constructed by PCR amplification and self-ligation to make internal deletion 

mutants from aa 35 to aa 554 or from aa 351 to aa 592. Single or double amino acid point 

mutations were introduced into the Rta gene in pRTS/Rta, pCMV-FLAG-Rta or pGAL4–Rta 

using the Quickchange site-directed mutagenesis kit. pCMV-FLAG-GAL4–Rta was 

constructed by PCR amplification of the GAL4–Rta fragment with or without F600/F605 

mutations and transferred to the HindIII and XbaI sites of pCMV-FLAG vector. All 

mutations were confirmed by sequencing.

Cell extracts for EMSA and Western blot analysis

Extracts of total cell proteins for use in DNA binding reactions were prepared by the method 

of Mosser et al. (1988). Briefly, 107 transfected cells were suspended in 120 μl of lysis 

buffer (0.42 M NaCl, 20 mM HEPES [pH 7.5], 25% glycerol, 1.5 mM MgCl2, 0.2 mM 

EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2 μg aprotinin per ml). 

Lysates were spun at 90,000 rpm at 4 °C for 15 min in a benchtop ultracentrifuge 

(Beckmann Optima TLX), and the supernatants were aliquoted, flash-frozen, and stored at 

−70 °C. Protein concentrations were determined by the Bradford method.

EMSAs

Annealed double-stranded oligonucleotides derived from the BMLF1 promoter (nucleotide 

−390 to −374) or from the BHLF1 promoter (nucleotide −776 to −760) were end-labeled 

with 32P using T4 polynucleotide kinase (Boehringer Mannheim). The primers for making 

the GAL4 probe were 5′AGCGGAGTACTGTCCTCCGAG and 

5′CTCGGAGGACAGTACTCCGCT. Binding reactions contained 15 μg of cell protein in a 

solution containing 10 mM HEPES (pH 7.5), 50 mM NaCl, 2 mM MgCl2, 2.5 μM ZnSO4, 

0.5 mM EDTA, 1 mM dithiothreitol, 15% glycerol and 0.5 μg poly(dI–dC) in a total volume 

of 20 μl. After incubation for 5 min at room temperature, 30,000 to 50,000 cpm of labeled 

oligonucleotide was added in each reaction. For supershift reactions, IgG antibodies were 

added 10 min following the addition of the probe, and incubation at room temperature 

continued for 10 min. The reaction mixtures were loaded onto a 4% native polyacrylamide 

gel in 0.5× Tris–Borate–EDTA buffer and electrophoresed at 200 V. Gels were dried on 

Whatmann 3MM paper under vacuum and exposed to autoradiography film.

Western blot analysis

Cell extracts were mixed with sodium dodecyl sulfate (SDS) sample buffer and heated to 

100 °C for 5 min before separation by electrophoresis in a 10% polyacrylamide SDS gel. 
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Following electrophoresis, the proteins were transferred to nitrocellulose membranes by 

electroblotting and blocked in 5% nonfat dry milk overnight at 4 °C. The blots were 

incubated with antiserum at 25 °C for 2 h, washed twice for 20 min in 10 mM Tris–HCl (pH 

7.5)–200 mM NaCl–5% Tween 20, incubated with 125I-labeled protein A for 1 h, and 

washed again. The membranes were exposed overnight with intensifying screens to KODAK 

XAR-5 film at −70 °C.

Antisera

Anti-Rta is a polyclonal rabbit antiserum raised to an N-terminal fragment of Rta (Ragoczy 

et al., 1998). Anti-EA-D (R3) is a mouse monoclonal antibody to BMRF1 (Pearson et al., 

1983). Anti-ZEBRA and anti-LR2 are polyclonal rabbit antisera raised to TrpE-BZLF1 and 

TrpE-BLRF2 fusion proteins (Katz et al., 1992; Serio et al., 1996). Antibody to FLAG (M2; 

Sigma), GAL4 (sc-577; Santa Cruz) and β actin (Sigma A5316) were obtained 

commercially.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed as described (Chang and Miller, 2004). HKB5/B5 cells (107) 

were transfected with 4 μg of plasmids expressing Rta protein or Rta mutants by DMRIE-C 

reagent. Twenty hours after transfection, cultured cells were incubated with 1% 

formaldehyde for 10 min at 37 °C. The cells were harvested, washed once with phosphate-

buffered saline containing 1 mM phenylmethylsulfonyl fluoride, 1 μg of aprotinin per ml and 

1 μg of pepstatin A per ml, and resuspended in 1.5 ml of lysis buffer (1% SDS, 10 mM 

EDTA, 50 mM Tris–Cl [pH 8.1]). Cell lysates were immunoprecipitated with 10 μg of anti-

FLAG antibody or 50 μl of pre-immune serum and incubated at 4 °C overnight. The immune 

complexes were then precipitated by 60 μl of 50% protein G-agarose and washed five times 

with buffers of different stringency (Chang and Miller, 2004). The pelleted protein G 

complex was eluted twice with 200 μl of elution buffer (1% SDS, 0.1 M NaHCO3) for 15 

min at room temperature. The eluted chromatin complexes were treated with 20 μl of 5 M 

NaCl at 65 °C for 4 h to reverse protein–DNA cross-links. DNA was recovered by phenol-

chloroform extraction and ethanol precipitation and used as a template in PCR. The primers 

for amplification of the BHLF1 promoter region were BH-a (5′ 

CACCTTTGCACATTTGGTCAGC) and BH-b (5′ TTAGTGTGTCATGGTGAGGC).

CAT assays

BJAB or HH514–16 cells (107) were transfected with 5 μg of reporter DNA plus 5 μg of 

activator (Rta derivatives) or vector DNA. Chloramphenicol acetyltransferase (CAT) assays 

were performed 48 h after transfection as described previously (Serio et al., 1996). 

Activation was calculated as percent acetylation of chloramphenicol in the presence of 

activator divided by percent acetylation in the presence of vector. Results represent the 

average of at least two separate transfections.

RT-PCR

Total RNA was isolated from 1.5×107 HH514–16 cells by using RNeasy Mini kit (Qiagen). 

Each RNA sample was treated with 30 U of DNase I by using the RNase-free DNase set 
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(Qiagen). Total RNA (0.5 μg) was used as a template for reverse transcription (RT)-PCR to 

amplify a 550 bp fragment from Rta mRNA by using the SuperScript one-step RT-PCR 

system (Invitrogen). The primer pair (forward, 5′AGGTGT-TCCACTACCTGCTTGCC; 

reverse, 5′ACAACACCTCACTACACAAACAGA) spans a 940 bp intron upstream of the 

Rta gene to differentiate the PCR product from amplification of genomic DNA (1.5 kb). 

PCR products were separated by 2% agarose gel electrophoresis. A multi-intron-spanning 

primer pair (forward, 5′TGAAGGTCGGAGTCAACG-GATTTGG; reverse, 

5′GACTGTGGTCATGAGTCCTTCCACG) was used to amplify a 520 bp fragment from 

the human glyceraldehyde3-phosphate dehydrogenase (GAPDH) mRNA.

Northern blot analysis

Total cellular RNA, prepared using an RNeasy Mini kit (Qiagen), was electrophoresed 

through a 1% agarose formaldehyde gel, and transferred to nylon membranes (Hybond-N+; 

Amersham Pharmacia Biotec). All probes were labeled by the random-primed method 

(Ragoczy and Miller, 1999). A 1.3-kb EcoRI/BamHI fragment from BamHI-M was used to 

detect BMLF1 mRNA, and a 600-bp XbaI/XhoI fragment from pRTS/R was used to detect 

BRLF1 mRNA. A radiolabeled 370-bp NcoI/PstI fragment of H1 component of RNase P 

was used as a probe to control for RNA loading (Bartkiewicz et al., 1989). Hybridization 

was carried out in 6× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–5× 

Denhardt’s–0.5% SDS-100 μg of salmon sperm DNA per ml at 60 °C overnight. Membranes 

were washed in 2× SSC–0.5% SDS once for 20 min and in 0.1× SSC–0.5% SDS three times 

for 20 min at 60 °C.
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Fig. 1. 
Deletion of the C-terminal 10 amino acids of Rta enhances its capacity to bind to DNA. (A, 

B) EMSAs. HKB5/B5 cells were transfected with plasmids expressing empty vector (pRTS), 

full-length Rta protein (pRTS/R) and C-terminal truncated mutants R595 (aa 1–595), R585 

(aa 1–585), R575 (aa 1–575) and R550 (aa 1–550). Cells were collected 48 h after 

transfection. Extracts of transfected cells were incubated with 37 bp 32P-labeled probes 

containing the BMLF1 RRE (A) or the BHLF1 RRE (B). Purified IgG polyclonal antibody 

to Rta (aa 1–320) was used to supershift the Rta–DNA complexes. (C) Expression of full-

length and C-terminal deletion mutant Rta proteins in HKB5/B5 cells. The transfected cell 

extracts were analyzed by immunoblotting with polyclonal antibody to Rta.

Chen et al. Page 21

Virology. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Phenylalanine to alanine point mutants, Rta F600A and F605A, are enhanced in binding to 

DNA in vitro. (A) Summary of point mutagenesis in the C-terminal region of Rta. Numbers 

represent amino acid residues. The effect of three single point mutants (S598A, F600A and 

F605A) and two double point mutants (F600A/F605A and H589A/ H592A) on DNA 

binding are shown. (+): DNA binding enhanced. (B) and (C) EMSAs. HKB5/B5 cells 

transfected with the indicated plasmids were harvested 48 h after transfection, and cell 

extracts were prepared. EMSAs were conducted with BMLF1 RRE as a probe. Purified IgG 

antibody to Rta was used for supershift. FA mutant: F600A/ F605A; HA mutant: H589A/

H592A (D) and (E) expression of wild-type and mutant Rta proteins in cell extracts used for 

EMSA was detected by immunoblotting with antibody to Rta. pRTS is an empty vector 

control.
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Fig. 3. 
The DNA binding inhibitory activity can be transferred to a C-terminal truncated form of 

Rta protein (aa 1–350) that is competent to bind DNA. (A) Summary of DNA binding 

activity of wild-type (WT) and deletion mutant Rta proteins without or with the F600A/

F605A (FA) point mutations. F-Rta: CMV-Flag-Rta. F350: CMV-Flag-Rta (aa 1–350). NA: 

not applicable. (B) An EMSA performed using extracts prepared from HKB5/B5 cells 

transfected with the indicated plasmids. The BMLF1 RRE was used as a probe. (C) 

Expression of wild-type and deletion mutant Rta proteins with or without the FA mutation in 

cell extracts used for EMSA. Proteins were detected by immunoblotting with antibody to 

FLAG.
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Fig. 4. 
The mutant Rta (F600A/F605A) is enhanced in binding to DNA in vivo. ChIP assays were 

performed with extracts of HKB5/Cl8 cells transfected with empty vector pCMV-Flag (lanes 

1, 5 and 9), pCMV-Flag-Rta (lanes 2, 6 and 10), pCMV-Flag-Rta (F600A/F605A) (lanes 3, 7 

and 11) and pCMV-Flag-Rta (R162A) (lanes 4, 8 and 12). Twenty hours after transfection 

cell extracts were precipitated with pre-immune antiserum (lanes 1–4) or antibody to FLAG 

(lanes 5–8). Association between proteins and DNA was detected by PCR using primers 

specific for the promoter region of BHLF1. Lanes: 9 to 12, input material; 13, negative-

control (NC): PCR without added DNA template; 14, positive-control (PC): PCR with 

plasmid containing BHLF1 promoter as template.
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Fig. 5. 
Mutants of Rta that are enhanced in binding to DNA are deficient in synergy with ZEBRA. 

(A, B). BZKO cells were transfected with Z(S186A) (lanes 1–3) or CMV vector (lanes 4–6) 

together with pRTS (lanes 1,4), Rta (lane 2,5) or deletion mutants of Rta (lane 3, 6). The 

deletion mutants were R(1–595) (A) or R(1–550) (B). (C) BZKO cells were transfected with 

Z(S186A) (lanes 1–3) or CMV vector (lanes 4–6) together with wild-type Rta (lanes 1,4), 

the FA mutant (F600A/F605A) (lanes 2,5) or pRTS (lanes 3,6). Cell lysates were analyzed 

for expression of Rta, EA-D, ZEBRA and β actin by immunoblotting with monospecific 

antisera. In panel C, X denotes a cross-reactive cellular protein that serves as a loading 

control.
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Fig. 6. 
Compared to wild-type Rta, the Rta (F600A/F605A) mutant is diminished in its capacity to 

activate target genes. (A) Response of a CAT reporter containing the EBV BRLF1 promoter 

[RpCAT(−299/+59)] to Rta or Rta (F600A/F605A) proteins in HH514–16 cells. (B) 

Response of BMLF1/E4CAT promoter to Rta or Rta (F600A/F605A) proteins in BJAB cells. 

(C) Autostimulation of BRLF1 mRNA by Rta and Rta (F600A/F605A). Total RNA was 

prepared from HH514–16 cells at 12 h intervals after transfection. Expression of BRLF1 

mRNA was analyzed by RT-PCR. GAPDH mRNA served as an internal loading control. (D) 

Activation of BMLF1 mRNA by Rta and Rta (F600A/F605A). Total RNA was prepared 

from Raji cells at different times after transfection. Expression of BMLF1 RNA was 

analyzed by Northern blot hybridization. Hybridization with H1RNA of RNaseP served as a 

loading control. (E) Activation of EBV lytic cycle proteins in Raji cells by wild-type Rta or 

F600A/F605A mutant Rta acting alone or together with Z(S186A). Cells were transfected 

with a total of 10 μg of plasmid DNA. In lanes 2–4, cells received 5 μg of WT or mutant Rta 

and 5 μg of empty vector (pRTS). In lanes 6–8, cells received 5 μg of WT or mutant Rta and 

5 μg of Z(S186A). An immunoblot prepared 48 h after transfection was probed sequentially 

with antisera to Rta, EA-D, ZEBRA (Z), and BLRF2 (LR2). NS: a non-specific band which 

controlled for protein loading.
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Fig. 7. 
Effects of different amino acid substitutions of F600 and F605 on the DNA binding and 

transcriptional activation functions of full-length Rta protein. (A) Summary of effect of 

amino acid substitutions on DNA binding. Numbers represent amino acid residues. (B) 

Northern blot analysis of the capacity of Rta and the F600/F605 substitution mutants to 

activate BMLF1 mRNA in BZKO cells. The indicated plasmids were transfected into BZKO 

cells. 48 h after transfection total RNA was isolated, electrophoresed and transferred to a 

nylon membrane. The blots were probed for BRLF1 mRNA, to detect expression from the 

plasmids, and for an Rta target gene, BMLF1 mRNA. Hybridization with a probe to H1 

RNA of RNaseP served as a loading control. (C) Extracts of HKB5/B5 cells harvested 48 h 

after transfection were used in EMSA with BMLF1 RRE as a probe. Antibody to Rta (aa 1–

320) was used for supershift in EMSAs. (D) Expression of Rta and mutant proteins in the 

same cell lysate prepared for EMSA was detected by polyclonal antibody to Rta (1–320).
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Fig. 8. 
DNA binding by GAL4/Rta fusion proteins. FLAG-tagged constructs contained the DNA 

binding domain of GAL4 (aa 1–147) fused to Rta (aa 416–605) encompassing the 

transactivation domain. The Rta portion of the constructs were wild-type or contained the 

indicated amino acid substitutions at positions F600 and F605. (A) EMSA showing binding 

of GAL4/Rta fusion proteins to a GAL4 probe (lanes 1–8). A supershift was carried out with 

antibody to FLAG (lanes 9–16). (B) Immunoblot of extracts used for the EMSA probed with 

antibody to FLAG.
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Fig. 9. 
Amino acid substitutions at F600 and F605 diminish the potency of the transactivation 

domain of Rta (aa 416–605) fused to the GAL4 DNA binding domain. pM plasmids 

encoding GAL4, GAL4–Rta, GAL4–Rta with amino acid substitutions, or GAL4–VP16 

fusion proteins were co-transfected with G5E1BCAT reporter plasmid containing 5 GAL4 

binding elements upstream of the adenovirus E1B minimal promoter fused to CAT into 

BJAB cells. The transcription stimulation data was expressed relative to wild-type GAL4–

Rta as 100%. The data in panels (A) and (B) was compiled from three experiments. Error 

bars represent standard errors of the means.
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