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Abstract 
Using a reconstituted system for adenovirus DNA replication we tested the requirements for ATP and divalent cations. At the standard M$ 

concentration ATP stimulated initiation 5 to lo-fold. However, this effect was caused by complexing Mg2’. At the optimal Mg2’ concentration ATP 
was not required for initiation or elongation. Besides Mg’+ also Mn”, Ca2+ and Ba*’ were shown to support initiation whereas for elongation only 
Mg2’ was accepted. Since Mn2+ could efficiently be used for DNA chain elongation on synthetic templates we hypothesize that M$ is essential for 
the transition of initiation to elongation. 
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1. Introduction 

Replication of adenovirus DNA requires three virus 
encoded proteins, the precursor terminal protein (pTP), 
DNA polymerase (pal) and DNA binding protein 
(DBP). Two cellular transcription factors, Ott-1 and 
NFI, enhance initiation of DNA replication up to 200- 
fold by binding the auxiliary origin, and for enhance- 
ment their DNA binding domains (POU domain and 
NFI-BD, respectively), suffice [l-3]. These five replica- 
tion proteins have been overproduced and purified to 
homogeneity. This enabled reconstitution both of the 
protein-primed initiation reaction (pTP-dCMP complex 
formation) and DNA chain elongation, using either na- 
tive adenovirus DNA containing the terminal protein 
(TP-DNA) or origin containing plasmids as templates. 

In such a reconstituted system, full replication activity 
requires, in addition to the five replication proteins, 
dNTPs and M$’ whereas ATP has been reported to 
stimulate the reaction under standard conditions. The 
stimulatory effect on complete DNA replication equals 
the stimulation of pTPclCMP complex formation [4-61 
suggesting that initiation is the ATP-dependent step. 
However, using subviral particles as template it was ob- 
served that especially elongation is stimulated by ATP 
[7], and using synthetic templates is was found that ATP 
stimulates the purified DNA polymerase [8]. The mecha- 
nism by which ATP stimulates initiation or elongation 
is not known. Employing templates in which the origin 
is partially or completely single stranded no stimulation 
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by ATP was observed suggesting that ATP might be 
required for origin opening [5,9,10]. Furthermore, none 
of the proteins involved in replication has ATPase activ- 
ity, moreover, non-hydrolysable ATP analogues such as 
ATPyS, AMP-PNP and AMP-PCP also stimulate the 
reaction [lo]. This shows that ATP hydrolysis is not 
required. 

We have investigated the role of ATP during adeno- 
virus DNA replication in more detail. Surprisingly, we 
find that the stimulatory effect of ATP is only due to 
complexing of Me and that with optimal, low Mg2+ 
concentrations ATP is not required. Related to this we 
investigated the requirements for divalent cations both 
during initiation and elongation and found significant 
differences. 

2. Materials and methods 

2.1. Isolation of replication components 
The pTP-pol complex was isolated as described previously [ 111. The 

protein complex was more than 80% pure as determined by silver 
staining. One unit (U) of pTP-pol equals 1.2 pg. NFI-BD and the Ott- 1 
POU domain were purified as described [12] and were more than 95% 
pure. One binding unit (bu) corresponds to 1.4 ng for NFI-BD and 1 
ng for the Ott-1 POU domain. Unit definitions are described elsewhere 
[12]. DBP was purified to homogeneity as described [13]. Adenovirus 
type 5 DNA-TP complex was purified from virions using guanidinium 
hydrochloride as described previously [14,15]. When indicated the 
DNA-TP complex was digested with XhoI, generating fragments 
of different lengths with TP containing fragments of 5,788 bp and 
6,144 bp. 

2.2. In vitro pTPKMP formation, partial and complete elongation 
Formation of the pTPdCMP initiation complex was performed in 

a reaction volume of 15 ,ul containing 25 mM HEPEYKOH (pH 7.5), 
1 mM dithiothreitol, 0.2 PM [a-‘*P]dCTP (3,000 Cilmmol), 0.5 bu 
NFI-BD, 0.5 bu Octl-POU, 6 mU pTP-pol, and as templates either 

0014-5793/94/$7.00 0 1994 Federation of European Biochemical Societies. All rights reserved. 
SSDZ 0014-5793(93)E1412-F 



34 

25 ng undigested TP-DNA, or 50 ng EcoRIIAvaII digested pHR1 plas- 
mid DNA, generating an adenovirus origin containing fragment of 
1,530 bp with the origin at one extreme [16]. Me and ATP concen- 
trations were as indicated. Incubation was for 1 h at 37 “C. NaCl 
concentrations were 50 mM and 40 mM for TP-DNA and plasmid 
DNA, respectively. For partial elongation of the pTP-dCMP complex 
with 25 nucleotides the reaction conditions were identical but dATP, 
dTTP and ddGTP were present at a concentration of 10pM. Reactions 
were stopped by addition of 15 ~1 stopmix giving final concentrations 
of 75 mM sodium pyrophosphate, 10 mM EDTA and 100 &ml BSA. 
When plasmid DNA was used as template, Car+ was added to a final 
concentration of 2 mM, 10 units micrococca 1 nuclease were added and 
samples were incubated for another 15 min at 37 “C. Samples were 
processed further as described [17]. 

For complete DNA replication, nucleotide concentrations were 40 
PM for dATP, dGTP and dTTP, and 2.5 PM for [c+32P]dCTP (5.5 
Ci/mmol) and 3 mU pTP-pol were used. The amount of template used 
was 18 ng for XhoI-digested TP-DNA and 30 ng for plasmid DNA. 
Incubation was at 37°C for 30 min in the case of TP-DNA or 60 min 
with plasmid DNA. Products were electrophoresed through a 1% aga- 
rose/O.l% SDS gel in 0.5 x TBFYO.l% SDS for 16 h at 2 V/cm or for 2 h 
at 20 V/cm. Gels were dried and autoradiographed and the results were 
quantified by scanning of the autoradiographs using an LKB ultrascan 
XL. 

2.3. Assay of DNA polymerase activity with poly(dT) oligo(dA) and 
primed Ml3 DNA 

In the single stranded Ml3 template used (ssMXE-2) the first 1,338 
nt of the adenovirus top strand have been inserted [18]. An oligonucle- 
otide containing the first 55 bases of the adenovirus bottom strand was 
annealed as a primer. DNA synthesis on primed single stranded MXE-2 
DNA was performed in 15 ~1 reaction volumes for 60 min at 37°C. 
Reaction mixtures contained 25 mM HEPEWKOH (pH 7.5), 1 mM 
dithiothreitol, 200 mU pTP-pol, 2.5pM [cc-‘2P]dCTP (5.5 Wmmol), 40 
,uM of dGTP, dATP and dTTP and 0.35 pg single-stranded MXE-2 
DNA. Reactions were stopped by adding 3 ~1 stopmix (20% sucrose, 
5% SDS, 0.05% bromophenol blue) and products were resolved on a 
8% polyacrylamide/O.l%SDS gel. Gels were dried and autoradiogra- 
phed and the results were quantified by scanning of the autoradiogra- 
phs using an LKB ultrascan XL. DNA synthesis on poly(dT)-oligo(dA) 
was performed in 15 ~1 reaction volumes for 30 min at 37’C containing 
25 mM HEPEVKOH (pH 7.5), 1 mM dithiothreitol, 30 mU pTP-pol, 
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2.5 PM [a-3ZP]dATP (25 CYmmol) and 250 ng poly(dT) + 250 ng 
oligo(dA). Reactions were stopped by adding 75 ~1 stopmix (20 mM 
EDTA, 0.1 mg/ml BSA) and 40 ~150% TCA. After 15 min on ice DNA 
was precipitated by Eppendorf centrifugation for 30 min. Precipitates 
were washed with 1% TCA and [cc-‘~P]~AMP incorporation was meas- 
ured by Cerenkov counting. 

3. Results 

3.1. Adenovirus DNA replication is ATP-independent 
Using a reconstituted system consisting of purified 

proteins we studied viral DNA replication as a function 
of the Mg*+ concentration, at different ATP concentra- 
tions. Employing the natural viral TP-DNA complex, 
digested with XhoI, as a template a high level of replica- 
tion was observed, indicating several initiation rounds as 
shown by the appearance of single-stranded origin-con- 
taining B and C fragments (Fig. 1A). At a standard ATP 
concentration of 2 mM used in many previous experi- 
ments an optimum MgZ’ concentration of 2-4 mM was 
obtained in agreement with earlier data [4,6,9,19,20-l 
(Fig. lA, lanes 16 and 17, see also Fig. 1B). Without 
Me no replication was observed. The Mg*+ optimum 
was highly dependent of the ATP concentration, how- 
ever, and shifted to lower values at lower ATP concen- 
trations. Without ATP, an optimum of 0.5-l mM Mg2 
was obtained. Remarkably, the absolute level of replica- 
tion was identical indicating that with appropriate Mg*+ 
concentrations replication is independent of ATP. Qual- 
itatively similar results were obtained when a TP-free 
linearized origin containing plasmid was used as tem- 
plate (Fig. lC,D), albeit that the absolute replication 

C 
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Fig. 1. Optimal M$concentrations for replication depend on ATP. (A) In vitro DNA replication using TP-DNA as a template leading to replication 
of origin containing fragments B and C. (B) Histogram of the data in (A). The value in lane 3 was arbitrarily set at 100%. (C) In vitro DNA replication 
using plasmid pHR1 as a template leading to a 1,530 bp product coupled to pTP (pTP-1530). The exposure time of the film shown here was at least 
50 times longer than the film shown in 1A. (D) Histogram of the data in (C). ATP concentrations are as indicated in the figure. M$ concentrations 
are 0 mM (lanes 1, 7, 13, 19), 0.5 mM (lanes 2, 8, 14, 20), 1.0 mM (lanes 3, 9, 15, 21), 2 mM (lanes 4, 10, 16, 22) 4 mM (lanes 5, 11, 17, 23) and 
8 mM (lanes 6, 12, 18, 24) 
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levels are much lower than with the natural template. 
This agrees with the template-stimulating effect of the 
terminal protein [14,21-251. Thus, although ATP ap- 
pears to stimulate 5-lo-fold at 4 mM Mg*+, this effect 
is apparently caused by a reduction of the free M$ 
concentration due to Me-ATP complex formation. 

Since DNA chain elongation is responsible for the 
majority of incorporation of the radioactive precursor 
and since this process does not require ATP hydrolysis 
we tested initiation, as this step is presumed to be ATP- 
dependent. Initiation was measured by the formation of 
a pTP--dCMP complex (Fig. 2). Interestingly, results 
were similar as for the complete replication system, albeit 
that the MgZ’ optimum was slightly higher (l-2 mM). 
Initiation levels were never higher with ATP than with- 
out ATP at the optimal Mg2’ concentration (Fig. 2, com- 
pare lanes 3, 10, 17 and 23; see also Fig. 2B). In agree- 
ment with this, non-hydrolysable ATP analogues 
(ATPyS, AMP-PCP, AMP-PNP) and ADP influenced 
DNA replication in an identical fashion as ATP, namely 
by reducing the effective Mg2’ concentration leading to 
higher incorporation (results not shown). 

3.2. iW$+ is essential for DNA chain elongation but not 
for initiation 

In the absence of ATP, we tested various divalent 
cations (Ba*+, Ca*+, Co*+, Cu*+, Fe*‘, Fe3+, Ni*+, Mn*‘) 
as possible substituents for Mg2’ during initiation. Em- 
ploying TP-DNA as a template, Mg*+ could only be 
replaced by Ca*’ and Mn*+. At optimal concentrations 
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the relative efficiencies were 27% (Ca”) and 102% 
(Mn*+) (Fig. 3A). Initiation with plasmid DNA was even 
less selective, as Ba*’ could also substitute for Mg*+. 
Mn*+ was even more efficient than Mg*+. Values ob- 
tained were 48% (Ba*‘), 14% (Ca*‘) and 330% (Mn*‘) 
(Fig. 3C). This indicates that the presence of the terminal 
protein restricts the use of cations thus contributing to 
selectivity. To study initiation and elongation in the same 
experiment we added, in addition to dCTP, also dATP, 
dTTP and ddGTP. This leads to a partial elongation 
product of 26 nucleotides, stopping after the first G- 
residue (pTP-26N). Due to the low dCTP concentration 
(0.2 ,uM) employed here, still some initiation products 
can be seen [ 171 which enables a direct comparison of 
initiation and elongation in one experiment. Remarka- 
bly, neither Ca*’ nor Ba*’ or Mn*+ could support the 
elongation reaction to any extent. Thus, partial elonga- 
tion can only be sustained by MgZ’. The different re- 
quirements for cations during initiation and elongation 
may indicate structural changes in the metal or dNTP 
binding sites of the DNA polymerase occurring during 
the shift from initiation to elongation. Mg*+ was also 
essential using the intact replication system. Replication 
levels were undetectable (C 0.1%) using any other cation 
(not shown). 

To study whether the restriction to Mg*+ as divalent 
cation during elongation is an intrinsic property of the 
DNA polymerase we used oligonucleotide-primed tem- 
plates rather than the protein-priming system. Employ- 
ing oligo(dA)-poly(dT) as a template and in the absence 

1 ATP=OmY Ii ATP=lmM II ATP=ZmM II ATP=4mM 1 
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Fig. 2. ATP is not required for initiation. (A) In vitro pTP4CMP formation using TP-DNA as a template. (B) Histogram of the data in (A). 
M$ concentrations are as in Fig. 1. 
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Fig. 3. In vitro pTP_dCMP formation and partial elongation using various cations. (A) pTPKMP complex formation using TP-DNA as template. 
Lanes l-7 contain 0.15, 0.6, 1.5, 3, 6, 12 and 24 mM Me, lanes 8-13 contain 0.6, 1.5, 3, 6, 12 and 24 mM Ca”, and lanes 14-18 contain 0.15,0.6, 
1.5,3 and 6 mM Mn*+. (B) Partial elongation using MC, Ca2+ and Mr?’ as cations. Lanes 14 contain 1.5 mM Mg2’, lanes 5-8 contain 3 mM Ca2’, 
and lanes 9-12 contain 0.6 mM Mn”. (C) pTP-dCMP complex formation using plasmid pHR1 as template. Lanes l-7 contain 0, 0.2, 0.5, 1, 2, 4 
and 8 mM MgZ’, lanes 8-13 contain 0.2, 0.5, 1, 2, 4 and 8 mM Ba 2+ lanes 1419 contain 0.5, 1, 2, 4, 8 and 12 mM Ca*+, and lanes 20-24 contain , 
0.1, 0.2, 0.5, 1 and 2 mM Mn”. (D) Partial elongation using plasmid pHR1 as template. Lanes 14 contain 0, 0.5, 1, and 2 mM Mg2’, lanes 5-7 
contain 0.5, 1 and 2 mM Ba”, lanes 8-10 contain 0.5, 1 and 2 mM Ca2+, and lanes 11-13 contain 0.5, 1 and 2 mM Mn”. 

of ATP and DBP an optimum of approximately 0.5 mM 
Mg2’ was obtained whereas at high Mg2’ concentrations 
(2 5 mM) DNA synthesis was blocked completely, simi- 
lar to viral DNA replication (Fig. 4A). However, in con- 
trast to viral replication, Mn2’ could be used very effi- 
ciently as a co-factor and even 5-fold higher maxima 
were obtained. Thus, using this template elongation is 
not restricted to Mg2+, a property which is shared with 
other DNA polymerases [26,27]. 

In the natural viral system, the adenovirus DBP is 
essential for DNA chain elongation. Since DBP is known 
to change some properties of the DNA polymerase, such 
as the K, for dNTP [17] and drug sensitivity [l 11, we 
investigated whether the requirement for divalent cations 
might also be changed by DBP, possibly leading to a 
selective use of Mg *+ Therefore we included DBP in the . 
DNA synthesis reactions using poly(dA) . oligo(dT) as 
template. However, as shown in Fig. 4B this did not 
change the cation sensitivity and again Mn*’ could be 
used efficiently. Since with this template DBP hardly 
stimulated DNA synthesis we also used primed Ml3 
DNA. Here DBP stimulated polymerization up to lOO- 
fold (Fig. 4C) but again, Mn2+ could be used efficiently. 

4. Discussion 

We show here that, under optimal Mg2+ concentra- 
tions, ATP is not required for adenovirus DNA replica- 
tion when assayed in a reconstituted system. Previously 

reported stimulation by ATP most likely was caused by 
complexing MgZ’. Whether this reflects the situation in 
vivo is difficult to establish. We cannot exclude that the 
concentrations of the various replication proteins used 
in vitro bypass the need for an ATP-dependent function 
in vivo. Such a situation has been reported for T4 DNA 
replication, where excess gp45 in vitro overrules the need 
for the 41/61 gene products, which contain ATPase activ- 
ity and are required for the assembly of a functional 
initiation complex [28]. However, as estimated for the 
most abundant adenovirus replication protein, DBP, in- 
tracellular concentrations are even higher than those em- 
ployed in vitro in this study [29]. Moreover, a search for 
additional stimulatory factors for adenovirus DNA rep- 
lication that might have ATPase activity have been neg- 
ative so far. This makes the presence of an ATP-depend- 
ent function in vivo less likely. 

In many DNA replication systems unwinding of DNA 
in front of a replication fork is performed by helicases 
that require ATP-hydrolysis [30]. However, no helicase 
is needed in the elongation phase of adenovirus replica- 
tion. Recently we have shown that DBP by itself stimu- 
lates DNA unwinding when the duplex has a single- 
stranded extension [31], which suggests that DBP is the 
unwinding protein during chain elongation. Thus un- 
winding occurs independent of ATP and is optimal at 
low M$ concentrations, similar to the conditions re- 
quired for in vitro adenovirus DNA replication [31]. 

In many systems origin unwinding during initiation 
requires ATP hydrolysis. For instance, the helicase activ- 
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Fig. 4. DNA chain elongation by the Ad DNA polymerase can occur in the presence of Mn2+ independent of DBP. (A) DNA polymerase assay with 
poly(dT) . oligo(dA) as template in the absence of DBP. Cation concentrations are as indicated. The result shown is the average of at least 3 
independent observations. Standard deviations are indicated. (B) The same experiment as in (A), but in the presence of 1 pg DBP. (C) DNA polymerase 
assay with Mg2’ and Mr?’ using primed single-stranded Ml3 DNA as template in the absence and presence of 1 .ug DBP. 

ity of SV40 T-Ag is responsible for origin opening as is 
dnaB helicase activity in oriC. Why does initiation in 
adenovirus occur so efficiently in the absence of ATP? 
Although we do not yet know how adenovirus origin 
unwinding occurs, it is clear that initiation only takes 
place if the origin sequences are at, or close to, a molec- 
ular end [14,21]. Possibly the location of the origin at the 
molecular end facilitates origin opening, whereby the 
combined action of NFI, Ott-1, DBP, and pTP-pol suf- 
fices for origin unwinding. Alternatively, the energy re- 
leased during formation of the initiation complex may be 
used somehow for further origin opening and progres- 
sion to the elongation steps. 

We show that Mn2’ as well as Ba” and Ca2+ can 
replace MgZ’ during initiation, whereas elongation oc- 
curs only in the presence of Mg*+. Several explanations 
are possible for this observation. One is, that only M$ 
can be used by the DNA polymerase for elongation. 
However, using synthetic templates we observed that 
Mn2+ can be used efficiently by adenovirus DNA polym- 
erase, similar to other DNA polymerases including those 
that are capable of protein-priming. Another possibility 
is that only M$ can support the displacement reaction. 
We have tried to test this using a partially double- 
stranded template containing a primer followed by a 
single-stranded gap and a second double-stranded re- 
gion, which would be displaced upon displacement syn- 
thesis. Unfortunately, due to the limited length of the 
duplex region, DBP displaced the double-stranded re- 
gions already without DNA synthesis which made it im- 
possible to test this hypothesis. Yet other possibilities are 
that Mg*+ is necessary for the transition from initiation 
to elongation, or that a conformational change occurs in 
the pTP-pol complex when going from an initiation to 
an elongation mode. This conformational change could 
lead to a change in the Me*+ binding site and the dNTP 
binding site and might be accompanied by dissociation 
of pTP, which inhibits elongation on synthetic templates 
[8]. Such a change was already suggested by the differ- 
ence in K, for dCTP during initiation (0.5 PM) and 
elongation (1.4 ,LM) [17]. There are precedents for such 

a change in metal requirement in other systems as well. 
For instance, EcoRV binds Mn2+ better than Me when 
bound non-specifically on DNA, but when bound at its 
specific binding site the affinity for Mf is many-fold 
higher and Mg*+ is therefore the preferred cation for 
nuclease activity [32,33]. A binding site for Mg2+ requires 
the correct juxtaposition of the functional groups that 
coordinate the metal, from both the protein and the 
DNA [34,35]. Such a mechanism may also apply to the 
presumed change in Ad DNA polymerase. Thus, assum- 
ing that the same dNTP and Me*’ binding sites are used 
during initiation and elongation, as has been demon- 
strated for bacteriophage 429 [36], we hypothesize that 
the Me” binding site changes such that after the first 
initiation step only Me can be accepted, explaining that 
the synthesis of the first 26 nucleotides is completely 
M$+ dependent. 
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