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Abstract

Several human polyomaviruses including JCV, BKV and TSV are associated with diseases, 

particularly in immunosuppressed patients. While the large T antigen (LT) encoded by the monkey 

polyomavirus SV40 is well studied, and possesses intrinsic ATPase and DNA helicase activities, 

the LTs of the human polyomaviruses are relatively uncharacterized. In order to evaluate whether 

these enzymatic activities, which are required for viral DNA replication, are conserved between 

polyomaviruses, we performed a comparative study using the LTs from JCV, TSV and SV40. The 

ATPase and DNA helicase activities and the interaction with the cellular tumor suppressor p53 

were assayed for the purified Zn-ATPase domains of the three LTs. We found that all Zn-ATPases 

were active ATPases. The Zn-ATPase domains also functioned as DNA helicases, although the 

measured kinetic constants differed among the three proteins. In addition, when tested against four 

small molecule ATPase inhibitors, the Zn-ATPase domains of TSV was more resistant than that of 

SV40 and JCV. Our results show that, while LTs from JCV and TSV share the core ATPase and 

DNA helicase activities, they possess important functional differences that might translate into 

their respective abilities to infect and replicate in hosts.
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Introduction

The polyomaviruses are double stranded DNA viruses with a genome size of about 5 kb. 

Recent efforts in virus discovery have resulted in a rapid expansion of the number of known 

polyomaviruses. There are currently over 90 species of polyomaviruses and 65 complete 

reference polyomavirus genomes in the NCBI database. Polyomaviruses infect a wide range 

of vertebrate hosts from birds and rodents to humans. The polyomaviruses depend on the 

host machinery for replication. To this end, all polyomaviruses encode a major regulatory 

protein, the large tumor antigen (LT)1, which establishes complicated interactions with 

various host proteins to coordinate the production of viral progeny.

*Corresponding author: pipas@pitt.edu (J.M. Pipas). 
1Abbreviations used: SV40, Simian virus 40; JCV, John Cunningham Virus; BKV, BK virus; SA12, Simian agent 12; LT, large tumor 
antigen; pRb, Retinoblastoma protein; p53, tumor protein p53.
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Simian virus 40, i.e. SV40, is the founding member of the Polyomaviridae. The LT of SV40 

has been studied extensively using structural biology, biochemistry, cell culture and animal 

models [1,2]. During a productive life cycle the LT is expressed from the early region of the 

SV40 genome. By releasing activator E2Fs from the Rb repressor complexes and activating 

E2F dependent gene transcription the LT drives the infected cell into S phase in order to 

hijack the cellular DNA replication/repair machinery for synthesis of progeny viral 

genomes. Moreover, LT is the master protein that directs the replication of the viral genome 

by recognizing and binding the replication origin within the viral genome, recruiting cellular 

DNA replication factors, assembling into homododecamers, and unwinding the viral DNA 

genome.

SV40 LT consists of four folded domains (Fig. 1A). The DnaJ domain has a co-chaperone 

activity required to stimulate ATP hydrolysis by cellular Hsc70 and to subsequently disrupt 

Rb–E2F complexes [3–8]. The origin-binding domain (OBD) of the SV40 LT specifically 

recognizes and makes contacts with the GAGGC pentanucleotides within the replication 

origin [9,10]. Both the Zn-binding and ATPase domains contribute to hexamerization of the 

LT. The ATPase domain of SV40 LT contains functional motifs characteristic of the AAA+ 

superfamily (ATPases Associated with various cellular Activities) [11], which include the 

Walker A box (Gly-Pro-Ile-Asp-Ser-Gly-Lys-Thr, GPIDSGKT) [12], the Walker B box 

(Leu-Val-Val-Phe-Glu-Asp, LVVFED) [13], and the Arg finger that are essential for ATP 

binding and hydrolysis. Using the energy produced by ATP hydrolysis, SV40 LT functions 

as an SF3 DNA helicase and unwinds the entire viral genome to provide templates for DNA 

replication [14–16].

The functions of SV40 LT are facilitated and modulated in a highly sophisticated fashion 

through interactions with various cellular targets and/or post-translational modifications. The 

His-Pro-Asp (HPD) motif in the DnaJ domain and the LXCXE (Leu-X-Cys-X-Glu) motif in 

the flexible linker downstream of the DnaJ domain interact with the cellular components 

Hsc70 and pRb proteins respectively [17]. These interactions are required to disrupt the Rb–

E2F complexes noted above. Residues in the ATPase domain mediate LT binding to the 

cellular tumor suppressor protein p53 [18]. This interaction stabilizes p53 protein, but at the 

same time masks its DNA binding motif, thus inactivating p53 target gene transcription and 

blocking p53 dependent apoptosis [19,20]. Various motifs in the OBD and the Zn-ATPase 

domains of SV40 LT coordinate interactions with cellular replicative factors, including RPA, 

alpha-primase and Topoisomerase I, and facilitate DNA replication [21–24].

Although the LT of SV40 has been well characterized, the biochemical activities of human 

polyomaviruses LTs are less understood. JCV (John Cunningham Virus) and TSV 

(Trichodysplasia Spinulosa associated virus) have been shown to cause progressive 

multifocal leukoencephalopathy and trichodysplasia spinulosa, respectively, in immune-

compromised patients [25,26]. To address whether LTs from human polyomaviruses share 

the core enzymatic activities, we decided to characterize the ATPase and DNA helicase 

activities of JCV and TSV LTs in direct comparison with SV40 LT.
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Experimental procedures

Cloning

The domain boundaries for the Zn-ATPase domains of JCV and TSV LTs were determined 

by ClustalW alignment of JCV or TSV LT against SV40 LT (Figs. 1A and 2). The coding 

sequences (CDS) of Zn-ATPase domains were amplified by PCR from the following 

constructs: pWZL-SV40 early region [27], pLenti6.3-JCV early region [28] and pUC19-

TSV [26]. The PCR products were cloned into pET151 using the Champion pET Directional 

TOPO Expression Kit (Life Technologies, Carlsbad CA). All constructs were verified by 

DNA sequencing to contain the matching corresponding reference sequences (SV40 

NC001669, JCV NC_001699, pUC19-TSV NC_014361) in the NCBI database. The final 

constructs allow expression of each recombinant Zn-ATPase fused to a 6X-His tag at the 

amino-terminus. The construct containing the GST-p53 DNA binding domain (DBD, aa. 

92-292) was described previously [29].

Protein expression and purification

Plasmids containing the CDS for Zn-ATPases and p53 DBD were transformed into 

Escherichia coli BL21 star cells (Life Technologies, Carlsbad CA). Expression of 

recombinant protein was induced with 0.4 mM IPTG for 24 h at room temperature.

For purification of the Zn-ATPases, bacterial pellets containing the recombinant proteins 

were resuspended and lysed in non-denaturing buffer (20 mM HEPES, pH 7.2, 400 mM 

NaCl, 0.1% NP40, 5 mM imidazole, 10 mM beta-mercaptoethanol, 5% glycerol and 

protease inhibitors). All following steps were carried out at 4 °C. The lysate was clarified by 

centrifugation at 15,000g for 30 min and the supernatant was incubated with ProBond™ 

Nickel-chelating resin (Life Technologies, Carlsbad CA) for batch purification. After 

washing the resin with the non-denaturing lysis buffer containing increasing amounts of 

imidazole (20 mM twice and 30 mM once), the recombinant protein was eluted with 200 

mMimidazole in the same buffer. The 6X-His tag was removed through cleavage with a 

6xHis-tagged TEV protease at room temperature followed by a second round of incubation 

with Nickel chelating resin, which removed the uncleaved His-tagged recombinant proteins, 

TEV protease and the free 6X-His tag. For the helicase assay, the proteins were dialyzed into 

binding buffer (25 mMTris HCl, pH 7.5, 125 mMNaCl, 1 mMDTT and 5% glycerol), and 

then further purified using a S6 ion exchange column. The Zn-ATPases were present in the 

unbound fractions.

Bacterial pellets containing GST-human p53 DNA binding domain (DBD, amino acid 92–

292) were lysed in GST purification buffer (25 mM Tris HCl, pH 8.0, 250 mM NaCl, 1 mM 

DTT and 5% Glycerol) and batch purified using glutathione beads (Pierce, Thermo 

Scientific). The beads were washed extensively with the lysis buffer and then used for pull-

down assays as described below. The full-length SV40 LT was purified from SF9 cells 

infected with recombinant baculovirus containing the early region of SV40 as described 

previously [30].
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ATPase assay

ATPase assays were performed as previously described [30]. Briefly, 1.2 μM of the purified 

Zn-ATPases were mixed with 10 μM of unlabeled ATP and 1 μCi of γ-32P-ATP (3000 Ci/

mmol, 10 mCi/ml, PerkinElmer, Waltham, MA) in a reaction buffer (25 mM HEPES, pH 

7.3, 10 mM MgCl2, 20 mM KCl, 0.05% NP40, 0.1 mM EDTA, 1 mM DTT). When ssDNA 

stimulation of ATPase activity was assessed, 60-mer poly-dT oligos (IDT DNA, Coralville, 

IA) were added to the reaction to a final concentration of 0.37 μM, and the reactions were 

incubated at room temperature. Aliquots of 2 μl were removed at specific time points and the 

reaction was stopped by immediately mixing with 4 μl of 0.75 M KH2PO4 buffer. A total of 

1 μl aliquots of these samples was spotted on TLC plates (Thermo Fisher Scientific, 

Waltham, MA), which were then developed in a chamber using 0.75 M KH2PO4 buffer as 

the solvent. The results were visualized using FLA5100 fluorescent image analyzer and 

quantified using Multigauge software.

For enzyme turnover measurement, the amount of unlabeled ATP was increased to 50 μM 

and the amounts of the Zn-ATPases were lowered to 0.6 μM. When the effects of the 

inhibitor compounds were tested in the ATPase assays, the inhibitors were pre-incubated 

with the purified Zn-ATPases in the reaction buffer for 30 min at 4 °C before ATP and γ-32P-

ATP were added to the system. DMSO, the solvent for the inhibitors, was used as a negative 

control. The complete reaction was incubated at room temperature for 1 h, and the reaction 

was stopped and resolved by TLC as described above.

DNA helicase assay

The DNA helicase assay was carried out based on a previously published protocol with 

modifications [30]. The purified Zn-ATPases were tested by their abilities to unwind a 

partially double-stranded DNA substrate. To generate the substrate, the −40 M13 primer 

(GTTTTCCCAGTCACGACGTTGTAAAA) was annealed to M13mp18 (+) DNA (NEB, 

Ipswich, MA), and then labeled with α-32P-dATP by primer extension using Klenow DNA 

polymerase (NEB, Ipswich, MA). For a 20 μl annealing reaction, 0.6 pmole of M13mp18 

single stranded DNA was mixed with the −40 M13 primer at a 1–5 molar ratio in annealing 

buffer (70 mM Tris–HCl, pH 7.6, 50 mM NaCl, 10 mM MgCl2, 5 mM DTT). The reaction 

was heated to 90 °C for 90 sec, followed by an incubation at 65 °C for 5 min, and then 

slowly cooled to room temperature. Primer extension was carried out by combining the 20 μl 

annealed DNA with the labeling mixture (1X NEB buffer 2, 0.4 mM dGTP, 0.4 mM dTTP, 

50 μCi of α-32P-dATP and 10 units of Klenow enzyme) to a final volume of 50 μl. The 

reaction was incubated at 30 °C for 30 min followed by addition of 0.2 mM dATP and 

another incubation at 30 °C for 30 min. The labeled substrate was purified through ethanol 

precipitation and 3 rounds of Centri-Spin 20 columns.

For the helicase assay, various amounts of purified Zn-ATPases were mixed with the 

substrate (1 μl of purified substrate/20 μl reaction) in helicase buffer (20 mM Tris–HCl, pH 

7.5, 10 mM MgCl2, 50 mM NaCl, 0.1 mg/ml bovine serum albumin, 1 mM DTT and 5% 

glycerol) freshly supplemented with an ATP regeneration system containing 2 mM ATP, 40 

mM creatine phosphate (Roche Applied Science, Indianapolis, IN) and 82 μg/ml creatine 

kinase (Roche Applied Science, Indianapolis, IN). All reactions were set up on ice, and then 
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incubated at 37 °C for 1 h. The reactions were terminated by adding 4 μl of 5X stop buffer 

(10 mM EDTA pH 8.0, 0.5% SDS, 0.1% bromophenol blue and 50% glycerol). The 

quenched reactions were resolved on a 12% polyacrylamide gel in TBE. The gel was dried 

and images were captured with an FLA5100 fluorescent image analyzer.

Pull-down assays

To measure the interaction between the Zn-ATPases and p53, 400 μg of purified SV40, JCV 

or TSV Zn-ATPases were mixed with purified GST-p53 DBD immobilized on glutathione 

beads at a 1–2 molar ratio in 1.5 ml of binding buffer (25 mM HEPES, pH7.2, 150 mM 

NaCl, 8% glycerol and 1 mM DTT). The mixture was incubated at 4 °C and kept in 

suspension through constant rotation for 2 h. The supernatant was then removed and the 

beads were washed three times using PBS. Bound proteins were eluted with 10 mM reduced 

glutathione in PBS and the eluate was resolved by SDS–PAGE. The gel was stained with 

Coomassie blue and the identities of the bound proteins were determined based on their 

molecular weights.

Results

Differential ATPase activities of the purified Zn-ATPase domains from SV40, JCV and TSV

The domain structures of SV40, JCV and TSV LTs are very similar with respect to both 

length and sequence identity. The Zn-ATPase domains of all three LTs are highly conserved 

(Figs. 1 and 2). Taking advantage of the solved structure of the SV40 Zn-ATPase domain 

[31,32], models of high confidence for the domains from JCV and TSV were generated 

through homology modeling by BioSerf v2.0 [33]. The overall architecture and the 

secondary structure components of both models are in good agreement with the solved SV40 

Zn-ATPase domain structure. To further determine sequence conservation among LTs, we 

manually selected 76 reference sequences of LTs from the Uniprot database. Using ConSurf 

server, position specific amino acid conservation scores were calculated based on the 

multiple sequence alignment of the above LTs [34,35]. The conservation scores were then 

mapped onto the solved SV40 LT structure and visualized using Chimera (Fig. 1B). 

Examples shown in Fig. 1B reveal the variations in surface conservation across LTs. 

Whereas the p53 binding interface of SV40 LT (Fig. 1B, left) is less conserved, both Walker 

A and B boxes, as well as the hexamerization interface residues are highly conserved among 

LTs (Fig. 1B middle and right), indicating the ATPase and DNA helicase activities of all LTs 

are likely to be common.

Two independent preparations of the Zn-ATPase domains were verified by SDS–PAGE and 

Coomassie staining (Fig. 1C). Based on results from a steady-state ATPase assay (Fig. 3), 

the JCV Zn-ATPase showed the highest basal level ATPase activity, i.e., roughly 35% of 

input ATP was hydrolyzed at the 60-min time point while SV40 helicase converted about 

25% of the ATP substrate at the same time point. The TSV helicase was the slowest ATPase, 

which only hydrolyzed 15% of ATP after 60 min. It was previously shown that ssDNA 

stimulates the ATPase activity of SV40 LT [30]. Our results show that, similar to the SV40 

Zn-ATPase domain, the ATPase activities of the Zn-ATPase domains from both JCV and 

TSV are stimulated by poly-dT ssDNA.
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A more accurate comparison of the ATPase activities was obtained by measuring the enzyme 

turnover numbers (kcat) for these proteins. The turnover numbers of basal and poly-dT 

stimulated ATPase activities for each Zn-ATPase domains are summarized in Table 1. The 

basal level turnover numbers of the three Zn-ATPases correlated with the ATP hydrolysis 

results across several time points (Fig. 3), i.e., the JCV Zn-ATPase domain had the highest 

kcat of 0.63 s−1, followed by SV40 Zn-ATPase (kcat = 0.54 s−1). The TSV Zn-ATPase 

domain was the least efficient in catalyzing ATP hydrolysis with a kcat of 0.22 s−1. 

However, both TSV and SV40 Zn-ATPase domains responded similarly to poly-dT 

stimulation. The fold stimulations (ratio of stimulated over basal ATP hydrolysis) for the 

SV40 and TSV enzymes are 6.6 and 6.8, respectively. The JCV Zn-ATPase domain only 

showed stimulation of 3.7-fold. Overall, the JCV Zn-ATPase domain exhibited the highest 

basal level ATPase activity but the lowest response to poly-dT stimulation. On the other 

hand, the same protein from TSV was the least efficient ATP hydrolyzing enzyme at the 

basal level but responded to poly-dT stimulation as well as the SV40 counterpart.

Small molecule inhibitors of LT ATPase activity also differentially affect the SV40, JCV and 

TSV Zn-ATPase domain activities (Fig. 4). Four inhibitors were tested: MAL2-11B, 

hexachlorophene, bithionol and MAL2-11B tetrazole. Hexachlorophene and bithionol were 

identified as SV40 LT ATPase inhibitors in a high throughput screen that sought small 

molecule inhibitors of SV40 LT using a colorimetric reporter assay [36,37]. In contrast, 

MAL2-11B is a derivative of a chaperone modulator that similarly inhibited SV40 LT 

ATPase activity but also abrogated the propagation of SV40 as well as BKV in infected 

mammalian cells [38]. The MAL-211B tetrazole is an analog of MAL2-11B, which showed 

more potent inhibition of the ATPase activity of SV40 LT and also inhibited SV40 and BKV 

replication in cell culture [39].

For each purified Zn-ATPase domain, the effects of the four compounds were tested 

individually at three concentrations. DMSO was used as a negative control. To compare the 

inhibitory effects among the different compounds, ATP hydrolysis activities in the presence 

of the inhibitors were normalized against the DMSO control. Therefore, the ATPase 

activities of the no compound controls are “1”. In general bithionol showed the strongest 

inhibition of all three Zn-ATPase domains and MAL2-11B was the least effective inhibitor 

(Fig. 4). Moreover, both the SV40 and JCV Zn-ATPase domains reacted to the compounds 

in a similar manner. In contrast, although the basal level ATPase activity of TSV Zn-ATPase 

domain was the lowest, the protein showed higher resistance to all tested inhibitors. Indeed, 

none of the inhibitors was able to completely abolish the TSV ATPase activity. On the other 

hand 300 μM of MAL2-11B tetrazole, hexachlorophene and bithionol completely abolished 

the ATPase activities of the purified SV40 and JCV Zn-ATPase domains. The combined data 

suggest that the homologous domains possess subtle yet conformational differences that 

result in distinguishable biochemical properties.

The DNA unwinding activities of the SV40, JCV and TSV Zn-ATPase domains

To further examine the distinguishing features between the different Zn-ATPase domains we 

performed DNA helicase assays. The concentration of substrate was held constant while the 

amount of the purified Zn-ATPase domains was altered. Active unwinding of the substrate is 
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shown by accumulation of radiolabeled oligonucleotide at the bottom of the gels. Full-length 

SV40 LT purified from a baculovirus expression system was used as a positive control and 

as expected increased unwinding corresponded to a rise in protein concentration (Fig. 5, 

lanes 1–5). The purified SV40 Zn-ATPase domain also showed increased helicase activity at 

higher concentrations (lanes 6–10). However, the helicase activity of JCV Zn-ATPase 

domain was lower overall, and peaked at a concentration of 120 nM (lane 13). In contrast, 

the TSV Zn-ATPase domains displayed the most potent DNA helicase activity at lower 

concentrations (lanes 16–18). The robust DNA unwinding of TSV Zn-ATPase was 

maintained as a plateau over a wide range of protein concentrations, from 30 to 120 nM, but 

decreased at higher concentrations (Fig. 5, lanes 19 and 20). Similar trends of the helicase 

activities of the SV40, JCV and TSV were reproduced using a second independent 

preparation for each enzyme (data not shown).

The Zn-ATPase domains of SV40 and JCV but not TSV interact directly with the DNA 
binding domain of p53

SV40 LT binds to p53 in order to block activation of p53 target gene transcription and the 

subsequent apoptosis. Data from both structural and mutational analyses indicate a complex 

LT–p53 interaction interface that involves multiple residues within the ATPase domain of 

SV40 LT and p53 DBD [40,29]. Sequence conservation analysis suggests residues involved 

in the p53 binding as determined in SV40 LT are less conserved among LTs (Fig. 1B, left). 

To determine whether the Zn-ATPase domains interact with p53 we performed an in vitro 
pull-down assay using the purified Zn-ATPases and a GST fusion containing the DBD of 

p53. In these experiments, the purified GST-p53 DBD immobilized on glutathione beads 

served as the bait, and the SV40 Zn-ATPase domain was used as a positive control. The 

amount of input protein and the molar ratio between the bait (GST-p53) and the prey (i.e., 

the purified Zn-ATPase domains) were consistent for all three reactions (Fig. 6A, input, 

lanes 1–3). Binding to GST-p53 was observed for the SV40 and JCV Zn-ATPase domains 

but binding between the same domain from TSV and the p53 DBD was absent (lanes 4–6). 

As anticipated, a greater amount of the TSV Zn-ATPase domain was instead present in the 

supernatant (lane 9). These data suggest that the TSV Zn-ATPase domain is unable to form a 

stable complex with p53.

The p53 binding residues in SV40 as well as their counterparts (candidate p53 binding 

residues) in JCV and TSV are highlighted in the sequence alignment in Fig. 2 and 

summarized in Table 2 for comparison. We then compared the candidate p53 binding 

residues in the JCV and TSV Zn-ATPase domains with the known p53 binding residues in 

SV40 LT. Only three of the residues are identical among all three proteins (Fig. 2, Table 2): 

D402, W581 and P584 (SV40 LT amino acid numbers). Eight of the JCV LT candidate p53 

binding residues are the same as the aligned SV40 residues. Two of the five variations are of 

similar chemical properties, i.e. M610 in JCV versus L609 in SV40 (both hydrophobic), and 

S614 in JCV versus Q613 in SV40 (both polar). In contrast, only four residues from the 

candidate p53-binding surface of TSV match the aligned SV40 residues. Seven of the nine 

variations between TSV and SV40 involve amino acids with dramatic differences in 

chemical properties.
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To compare the candidate p53 binding interfaces in JCV and TSV against the known p53 

interface of SV40 LT, we generated the surface electrostatic potential of the interface 

residues in SV40 LT and p53 using PyMOL to visualize the surface charges (Fig. 6B). The 

candidate interface residues in the JCV and TSV Zn-ATPase domains were also represented 

in a similar fashion (Fig. 6C) using their modeled structures. The positions of SV40 residues 

D402, V585, D604 are indicated on the binding surfaces. Patch 1 was previously described 

as a cluster of conserved charged residues (E598/601/606, D604 and K605) located on the 

surface of SV40 LT [40]. It has been shown mutations targeting residues within Patch 1 

abolished p53 binding. Homologous residues between the JCV and TSV LTs are also 

highlighted in Fig. 6C. Overall, the predicted JCV interface closely resembles the actual 

p53-binding surface in SV40 LT: both the electrostatic properties and the positions of critical 

residues are highly consistent between the SV40 and JCV proteins. On the contrary, the 

candidate p53 binding surface in TSV differs dramatically from the p53 interface of SV40 

LT. Compared to Patch 1 in SV40 LT, the homologous region in TSV LT shows a significant 

reduction in negative charge, likely due to the dissimilarity between C649 in TSV and D604 

in SV40. The positively charged area in TSV LT is also expanded and the intensity of the 

positive charge is increased. TSV LT K638 and K642 are located within this area and most 

likely contribute to the electrostatic surface properties. Together, the candidate p53 

interacting residues in TSV are distinct from those found in JCV and SV40. Moreover, 

although the size and the shape of the candidate p53-interacting interfaces in both JCV and 

TSV LTs are similar to the p53 binding surface of SV40 LT, the electrostatic potentials of 

the TSV, but not JCV candidate interface shows dramatic dissimilarity when compared with 

the p53 binding interface in SV40 LT. This dissimilarity is likely responsible for its failure to 

interact with the p53 DBD.

Discussion

The LT of SV40 functions as a replicative helicase [16,41], and the ATPase and DNA 

helicase activities of SV40 LT are essential for viral DNA replication. Although these 

activities have only been extensively studied for SV40 LT, it has been assumed that all LTs 

possess these same core enzymatic activities based on sequence conservation. Despite the 

high level conservation, sequence variations do exist across the LTs, and may underlie 

distinct functional properties. In this study, we have compared the ATPase and DNA helicase 

activities of LTs from JCV and TSV with the well-characterized LT of SV40.

We expected both LTs of JCV and TSV to function as an ATPase and DNA helicase because 

of the presence of the conserved Walker A and B boxes, as well as the Lys finger. 

Interactions between these motifs and ATP/ADP have been confirmed by crystal structures 

of SV40 LT – ATP/ADP co-complexes [31]. Their functional importance was also verified 

in mutagenesis studies of SV40 LT [42,43]. Our results confirmed that the purified Zn-

ATPase domains are active ATPases and DNA helicases as expected. Interestingly, the three 

Zn-ATPase domains differed kinetically and displayed unique functional properties in 

several tests, including their basal and ssDNA (poly-dT)-stimulated ATPase activities, 

effects of inhibitors on basal ATP hydrolysis, and DNA unwinding. Since these differences 

in activities are consistent between two independent preparations of the proteins, they are 

An et al. Page 8

Arch Biochem Biophys. Author manuscript; available in PMC 2016 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most likely to be intrinsic instead of random variations produced by suboptimal protein 

isolates.

Previous biochemical studies showed that SV40 LT has an intrinsically weak ATPase 

activity that can be stimulated upon addition of ssDNA [43,30]. Our study showed similar 

results for all three tested Zn-ATPase domains. In contrast to the purified Zn-ATPase 

proteins from SV40 and JCV, the TSV Zn-ATPase domain was a slower ATP hydrolyzing 

enzyme at the basal level and formed ADP with less than 50% efficiency compared to the 

JCV and SV40 Zn-ATPase domains (Fig. 3, Table. 1). However, the Zn-ATPase domain 

from TSV was activated by ssDNA as efficiently as when the same region from SV40 was 

examined, while the JCV Zn-ATPase domain was less stimulated under the same conditions 

(Fig. 3, Table 1). These results suggest that SV40, JCV and TSV LTs may differ in their 

abilities to bind ssDNA.

All three Zn-ATPase domains were active DNA helicases but their unwinding kinetics was 

different. TSV showed the most robust unwinding activities at the lower protein 

concentrations tested (Fig. 5); the JCV Zn-ATPase domain only showed trace amounts of 

unwinding at the 30 and 60 nM concentration and SV40 Zn-ATPase domain tested in 

parallel displayed no unwinding at 30 nM. The lower basal ATPase activity of TSV Zn-

ATPase seems to contradict these results. Even with the addition of ssDNA, the stimulated 

ATPase activity of the TSV Zn-ATPase domain never reached the same levels as that of the 

SV40 enzyme. It is possible that the robust DNA helicase activity of the TSV Zn-ATPase 

domain may be achieved by a higher affinity to the dsDNA substrate and/or more efficient 

assembly of hexamers on the substrate DNA.

We suggest that sequence variations in the functional motifs within the Zn-ATPase domains 

from SV40, JCV and TSV are responsible for their distinct kinetics in ATPase and DNA 

helicase activities. The sequence alignment in Fig. 2 shows that JCV and SV40 LTs have an 

identical Walker A motif, whereas the Walker A motif of TSV LT varies from that of SV40 

and JCV by only one residue, an Asp, that is changed to an Asn. However, each LT has a 

unique Walker B motif: although the Glu and the following Asp within the Walker B box 

(consensus in polyomavirus LTs as hhhh(Glu/Asp)Asp, h stands for any hydrophobic 

residue) are conserved in all three LTs, the first and the third hydrophobic residues do vary. 

All additional motifs except the Arg and Lys fingers contain variations. For example, sensor 

2 and a surface loop with unknown function show higher level of variations among the three 

proteins.

Efforts have been made to identify inhibitors with therapeutic potential in treating diseases 

caused by polyomavirus infection. Several inhibitors, including MAL2-11B, bithionol, 

hexachlorophene and MAL2-11B tetrazole were identified by our ongoing analyses of 

structure–activity relationships and via a high throughput screen using SV40 LT 

[36,37,39,44]. MAL2-11B and the tetrazole inhibited the ATPase activity of SV40 LT and 

inhibited SV40 and BKV DNA replication in cell culture. Hexachlorophene and bithionol 

also inhibited SV40 LT ATPase activity and inhibited the replication of SV40 but a 

continued analysis of these FDA-approved compounds was thwarted by their relatively high 

toxicity. Based on sequence conservation among LTs we predicted that inhibitors targeting 
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SV40 LT might have similar effects on the Zn-ATPase domains from the closely related 

polyomaviruses such as JCV and BKV. Therefore, we compared the effects of these 

inhibitors on basal ATPase activities of the SV40, JCV and TSV Zn-ATPase domains. While 

the SV40 and JCV enzymes responded very similarly to the inhibitors, the TSV Zn-ATPase 

domain was more resistant to all four compounds (Fig. 4). These results suggest that the 

inhibitors may be most effective on LTs that are closely related, i.e., SV40 and JCV, but not 

TSV LT. Therefore, attempts to identify specific inhibitors for TSV or other polyomavirus 

that differ most from SV40 in similar screens should be carried out using the corresponding 

LT.

LTs from several polyomaviruses including SV40, JCV and BKV are found in complex with 

cellular p53 [28,45,46]. However, a direct interaction with p53 has only been confirmed for 

SV40 LT [29]. Our in vitro pull-down assay confirmed the direct interaction between SV40 

Zn-ATPase and p53. Moreover, the purified p53 DBD also precipitated the JCV Zn-ATPase 

domain, suggesting that the two proteins directly interact and form a stable complex. The 

TSV Zn-ATPase domain, on the other hand, failed to precipitate p53 (Fig. 6A). Besides the 

conservation in most of the critical p53 binding residues, the surface electrostatic map of the 

potential p53-binding interface of JCV LT agrees well with the actual binding surface of 

SV40 LT. In contrast, the TSV LT contains more variations in its candidate p53 binding 

residues. The surface electrostatic map of TSV LT candidate p53 binding interface also 

suggests major differences from that of SV40 LT. We suggest that these variations in TSV 

LT fail to establish proper contact with p53, and are therefore responsible for its lack of p53 

interaction. Furthermore, we expect LTs from other polyomaviruses closely related to SV40, 

such as BKV and SA12 [47,48], to directly interact with p53 in a similar fashion, whereas 

LTs more distant from SV40 LT should be less likely to bind p53 directly.

Our comparative study using purified versions of the Zn-ATPase domains of SV40, JCV and 

TSV LTs shows that these proteins vary in both enzymatic activities and protein–protein 

interactions with p53. LTs are highly sophisticated molecular machines capable of 

coordinating activities at multiple levels, including binding of ATP/ADP and a dsDNA 

substrate, the formation of hexamers and dodecamers, the hydrolysis of ATP and release of 

ADP, and the coupling of energy from ATP hydrolysis with conformational changes to 

power unwinding of duplex DNA. Each of these steps can be subjected to regulation during 

infection to achieve a productive viral life cycle. Understanding the regulatory mechanisms 

exerted by different LTs will not only advance our knowledge in polyomavirus biology, but 

also provide broad insight on the functions of ATPases and helicases and augment our ability 

to better inhibit the replication of these disease-causing viruses.
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Fig. 1. 
Structure, modeling and purification of the Zn-ATPase domains of SV40, JCV and TSV. (A) 

Diagrams of the domain structure of LTs. The fourfolded domains in LTs [DnaJ (J), origin 

binding (OBD), Zn-binding (Zn) and AAA+ ATPase (AAA+)] are represented by boxes, the 

linkers between domains are shown as lines. Amino acid numbers are listed for each 

domain. (B) Sequence conservation of the Zn-ATPase domains of LTs mapped onto the 

solved SV40 LT structure (PDB identifier_ 1SVM). The level of conservation is shown in 

colors. Three views are shown. Left_ the least conserved side of LTs. The oval indicates the 

p53-binding surface of SV40 LT. Middle_ the highly conserved Walker boxes (within the 

oval). Right_ the residues (within the oval) involved in interaction with neighboring LT 

monomer. The direction and degree of rotation are indicated. The bar at the bottom indicates 

the levels of conservation from low (left) to high (right). (C) Evaluation of two independent 

purified preparations of Zn-ATPases. The purified proteins were visualized by coomassie 

staining after SDS-PAGE and are indicated by arrows. SV40, lanes 1 and 4; JCV, lanes 2 and 

5; TSV, lanes 3 and 6; and M, protein ladder.
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Fig. 2. 
Sequence alignment of SV40, JCV and TSV Zn-ATPase domains. The alignment was 

performed using ClustalW. The α-helices are indicated by cylinders and the β-strands are 

indicated by arrows based on the solved SV40 structure (PDB identifier_ 1SVM). Known 

functional motifs (Walker A box and Walker B box) and subdomain components (surface 

loop, box VII, box VII′ box VII″ and box VIII sensor 2) are highlighted in labeled boxes. 

The SV40 lysine finger (K Fin) and arginine finger (R Fin) are indicated. Several groups of 

critical residues are highlighted on their tops: ATP/ADP binding residues, open circles; 

DNA binding residues in the central channel, inverted triangles; and p53 binding residues, 

filled circles. Global percent identity compared to SV40 Zn-ATPase domains is shown in 

parentheses.
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Fig. 3. 
Basal and ssDNA-stimulated ATPase activities of Zn-ATPase domains. Percentage of ATP 

hydrolysis (Y-axis) at various time points (X-axis) were plotted for the basal hydrolysis rate 

and the rate after addition of poly-dT ssDNA. Each data point was the average of three 

measurements. The error bars represent standard deviation. Similar results were produced 

using two independent preparations of each Zn-ATPase. (A) SV40 Zn-ATPase; (B) JCV Zn-

ATPase; (C) TSV Zn-ATPase.
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Fig. 4. 
Effects of inhibitors on the basal ATPase activities. Inhibitors were tested across three 

concentrations: 30, 100 and 300 μM. ATP hydrolysis with inhibitors was normalized against 

the DMSO control and plotted against the corresponding concentrations. Y-axis, normalized 

ATP hydrolysis; X-axis, concentrations of the inhibitors. The point “0” indicates the DMSO 

control (no inhibitor) with 100% ATPase activities of the Zn-ATPases. Each data point was 

the average of three measurements. The error bars represent standard deviation. Similar 

results were produced using two independent preparations of each Zn-ATPase. (A) SV40 

Zn-ATPase; (B) JCV Zn-ATPase; (C) TSV Zn-ATPase.
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Fig. 5. 
DNA helicase activities of SV40, JCV and TSV Zn-ATPase domains. Full length SV40 LT 

(lanes 1–5) was used as a positive control. DNA helicase activities of purified SV40 (lanes 

6–10), JCV (lanes 11–15) and TSV (lanes 16–20) Zn-ATPases are shown. Bands 

corresponding to the substrate (upper band) and the displaced radiolabeled oligo product 

(lower band) are indicated with schematics on the right. Lane CTL, control without protein. 

Increasing concentrations of the proteins are indicated at the bottom of the gel panel. The 

boxes highlight the results for the same concentration range. (A) 30 nM; (B) 60 nM; (C) 120 

nM; (D) 240 nM; (E) 480 nM; and (F) 960 nM.
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Fig. 6. 
The LT–p53 interaction. (A) Results of in vitro pull-down assay between Zn-ATPase 

domains and GST-p53. Protein inputs (lanes 1–3), bound proteins eluted from the pellets 

(lanes 4–6) and supernatants after binding (lanes 7–9) were resolved on SDS–PAGE and 

visualized by Coomassie staining. Bands corresponding to GST-p53 DBD and Zn-ATPases 

are indicated on the right of the gel panel. Lane M, protein ladder. (B) The binding interfaces 

of SV40 LT (PDB identifier_ 2H1L, chain A) and p53 (PDB identifier_ 2H1L, chain M) 

based on solved co-complex. In this representation, regions consist of acidic side chains are 

colored red, whereas basic regions are colored in blue. The intensity of the colors correlates 

with the degree of electropositivity (blue) and electronegativity (red). (C) Candidate p53 

binding interfaces of JCV and TSV on their structure models. For B and C, critical binding 

residues and regions are highlighted in green ovals.
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Table 1

The ATPase turnover numbers of Zn-ATPases. The enzyme turnover numbers of both basal level and ssDNA 

stimulated ATPase activities were measured as the number of ATP molecules hydrolized per LT hexamer per 

second for the Zn-ATPases of SV40, JCV and TSV LTs and the results are summarized in the table. Fold 

stimulation by ssDNA was calculated for each Zn-ATPase.

kcat s−1_ Basal kcat s−1_ Poly-dT Fold stimulation

SV40 0.54 ± 0.04 3.6 ± 0.28 6.6

JCV 0.63 ± 0.06 2.3 ± 0.27 3.7

TSV 0.22 ± 0.04 1.5 ± 0.3 6.8
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Table 2

The LT–p53 interface residues. The amino acids involved in direct interaction between SV40 LT (left, 

column_ SV40) and p53 (right, column_ p53) are summarized. The corresponding homologous residues in 

JCV (column_ JCV) and TSV (column_ TSV) are also listed. Sequence variations among the three LTs are 

represented as following: no filling_ same as SV40 LT; light gray filled_ different amino acid with similar 

chemical properties; dark gray filled_ amino acid with different chemical properties.

SV40 JCV TSV p53

D402 D403 D447 R248, R280

W581 W582 W626 M246

P584 P585 P629 M243

Y582 F583 Y627 M246

V585 V586 I630 M246

A586 A587 T631 P177

Q593 H594 K638 R181

V597 V598 K642 H178

E601 E602 D646 N239

D604 D605 C649 R273

L609 M610 H654 M246

Y612 F613 F657 M246

Q613 S614 A658 N288
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