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ABSTACr
Adenovirus 5 WA-protein complex is isolated from virions as a duplex WRA

molecule covalently attached by the 5' termini of each strand to virion
protein of imknawn function. The WA-protein complex can be digested with
E. coli exrnuclease III to generate nolecules analogous to WA replication
intermediates in that they contain long single stranded regions ending in 5'
tenmini bound to teiminal protein. The infectivity of pronase digested
Adenovirus 5 WNA is greatly diminished by exDnuclease III digestion. Hawever,
the infectivity of the KA-protein complex is not significantly altered when
up to at least 2400 nucleotides are renved fram the 3' ends of each strand.
This indicates that the terminal protein protects 5' terminated single
stranded regicxs fran digestion by a cellular exonuclease. DNA-protein
coplex prepared from a host range mutant with a mutation mapping in the left
4% of the gename was digested with exonuclease III, hybridized to a wild type
restriction fragment coiprising the left 8% of the genane, and transfected
into HeLa cells. Virus with wild type phenotype was recovered at high
frequency.

Ihe Adenovirus genone exists within the virion (1,2) and in infected cell

nuclei (3) as a WA-protein complex: a 35 kb duplex WKA mrlecule covalently

attached via the 5' termini of each strand to terminal proteins. In the

virion, these terminal proteins have a molecular weight of 55 K daltons (2).
The genmes of 029, a duplex WKA bactericphage of B. subtilis (4,5,6) and of

picornaviruses (7,8), also have terminal proteins covalently bound to the 5'

ends of polynucleotide chains. Ihe function of these terminal proteins is not

well understood. It is established that in f29 the terminal protein is

required for DWA replication (9,10) and in an in vitro Adenovirus replication

system, the terminal protein is required for template activity of the DWA-
protein cooplex (11).

Adenovirus WA replication starts at either WNA end and proceeds by a

strand displacement mechanism (12,13). Daughter strands are initiated at or

near the termini and synthesized in a 5' to 3' direction with concomitant dis-
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placement of the parental strand of the same polarity. The second daughter
mnlecule is generated by conplementa.ry strand synthesis from the 3' end of

the displaced parental strand. Replicative intermediates are generated which
have long single stranded regions having 5' tennini covalently bound to

terminal protein (E.L. Winnacker, personal cominication).
In this work we show that Adenovirus 5 DNA-protein coWlex isolated from

virions can be digested with E. coli exonuclease III (Exo III) to generate

melecules analogous to replicative intermediates. ExD III digested DNA-

protein conplex contains long single stranded regions with 5' tennini bound
to terminal protein. We find that the infectivity of the DNA-protein conplex
is not dinmnished lay Exo III digestion. This is in marked contrast to the
infectivity of Adenovirus DNA in which terminal protein has been remDved by

pronase digestion. The infectivity of pronase digested DNA is greatly
diminished by Exo III digestion. Ihese results indicate that ternminal
protein protects 5' tenninated single stranded regions of viral ENA from

digestion by a cellular 5' exDnuclease.

Exo III digested DNA-protein cosplex should be useful for methods of

mutagenesis which require single strand regions of DNA (14,15,16) and for

marker rescue of mutations mpping at the end of the genome by hybridization

of wild type DNA restriction fragments to the single stranded regions prior

to transfection (17).

MIIAERIAL~S AND METIIDIS

Enzymes. E. coli exonuclease III was purified by the method of Rogers
and Weiss (18) fran E. coli harboring the plasmid pSGR. Ihis plasmid carries
the structural gene for EXD III as well as bacteriophage A replication
functions, and after thenral induction the cellular concentration of Exo III

increases 125 fold conpared to wild type E. coli (19). Ihe preparation was

>95% pure as judged by SDS-polyacrylanide gel electrophoresis. Restriction
endonuclease &a I was a gift from Constance Cepko. Nuclease Sl was

purchased from Boehringer Mannheim Biochemicals. E. coli DNA polymerase I

Klenow fragment was purchased from Biolabs, Beverly, Mass.
Preparation of AdS Arotein conplex and Ad5 DNA. DNA-protein cosplex

was prepared from CsCl gradient purified Ad5 virions (20) by lysis with an

equal xolume of 8 M guanidine-HCl (Schwartz-Mann ultra pure) followed by
equilibriun density centrifugation in 4 M guanidine-HCl, 3.03 M CsCl, 10 rM

Tris, pH 8.0, 1 nM EDTA in polyalomar tubes in the type 65 rotor at 40,000
rpm for 40 hr at 40 (1). Peak fractions were pooled and stored at 40 in the
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density gradient solution. Aliquots were removed and dialyzed exhaustively

against 10 nM Tris, pH 8.0, 1 M MMA at 4° prior to enzyme digestion or

transfection. The transfecting activity of Adenovirus DNA-protein complex is

somewhat variable from experiment to experiment (21). Iwever, we estimate

that on average the infectivity of preparations stored in this way fell with

a half-life of approximately one mamth. Ad5 DNA was prepared by phenol
extraction of StB-lysed pronase digested virions as described (20).

Transfections. Transfection of Ad5 DNA and DNA-protein complex was by

the method of Graham and van der Eb (22) using HeLa DNA as carrier. Four

hQurs following transfection of HBeLa cells in 60 m plates, the media was

remDved and 1 ml of 25% glycerol in phosphate buffered saline (PBS) was added

to the plate. After 1 min it was renmved, the plates were washed two times

with 5 ml PBS and overlayed with agar overlay mediun (23). Four hours after

transfection into 293 cells, plates were simply overlayed with agar medium.

Enzyme digestion of DNA. For Em III digestion, DNA or DNA-protein
ccmplex in 50 rM Tris, pH 8.0, 3 mM MgCl2, 1 mM EDTA was warmd to 37f prior
to addition of enzyme to 10 units or 50 units per pg DNA. At 50 units per pg
digestion proceeded at a rate of approximately 500 nucleotides per min, and

at 10 units per pg at approximately 300 nucleotides per min. In experiments
where Ea III digested DNA or DNA-protein caoplex was used in transfections,

digestion was terminated by addition of EDTA to 5 nM and incubation on ice.

In the experiment in which EmD III digested DNA and DNA-protein cooplex were

further digested with Sma I endnuclease, EMo III digestion was terminated by
incubation at 680 for 10 min prior to digestion with Sma I.

Hybridization of Hind III G of wild type Ad5 to Exo III digested
DNA-protein coplex prepared from AdS hrl. Ad5 hrl (24) was grown on 293

cells (25), virions were purified, and ocuplex prepared as described above.

The Hind III G fragment was purified by electrophoresis in Sea Plaque

agarose (FMC Oorporation, Rockland, Maine) follawed by phenol extraction of

the melted slice containing the Hind III G fragment, butanol extraction, and

ethanol precipitation of the DNA (Russell Higuchi, manuscript in preparation).
The nular equivalent of 5 jig of Ad5 DNA was ethanol precipitated with 20 jig
E. coli tRNA carrier. The pellet was dissolved in 10 jil 0.1 N NaC(I and

incubated at room tenperature for 10 min. Following chilling in an ice bath,
10 pl 1 M Tris, pH 7.4, was added, and subsequently 2.5 jig of Ad5 hrl
DNA-protein coiplex digested with 10 units/jig Exo III for 5 win at 370 was

added. NaCl was added to 0.5 M and the solution was incubated at 680 for

10 min (>20 Coti).
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REULrS

DNA-protein couplex is a substrate for Exo III. The terminal protein of

the Adenovirus DNA-protein conplex is covalently bound to the 5' phoshate of
each strand. It has a molecular weight of 55,000 daltons (2), and its hydro-
phobicity results in the formation of multimeric conplexes and circular

structures due to protein-protein interactions when the cxiplex is removed.
fran protein denaturing solvents (21). The size of the terminal protein and
its tendency to aggregate in non-denaturing solutions suggested that the

ccrplex might be resistant to Exo III digestion fram the ends of the genorre

because of steric hindrance of Exo III attack at the termini. test this

possibility, 32p labeled Ad2 DNA-protein complex and pronase digested DNA were

treated with EmD III in parallel reactions and the rate of digestion was

determined (Figure 1).

At 50 units Exo III per ug DNA, digestion follcawed essentially similar

kinetics for DNA-protein cxWlex and DNA, with an initial rate of %500

nucleotides digested (1.5% of the genomre) per minute at each end. After 120

min of digestion, an additional 50 units Exo III/ig was added to the reaction,
and following an additional 30 nmn of digestion -45% of the DNA of both
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Figure 1. Kinetics of ,gestion of Ad2 DNA-protein complex and Ad2 DNA
by Exo III. Uniformly P labeled Ad2 DNA-protein complex and Ad2 DNA were
treated with 50 units/jg Exo III at 370. Aliquots of the reaction were

withdrawn at the times shown and the fraction of cpn soluble in cold 5%
trichloroacetic acid were determined. An additional 50 units/jg DNA were

added to the reaction after 120 min (arrow). *-*, Ad2 DNA-protein
ccmplex; 0-O, Ad2 DNA.
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pronase digested DNA and DNA-protein coaplex was digested to acid solubility,
close to the theoretical limit of 50% (26).

To determine whether or not digesticn had occurred from the ends of the

genome in the DNA-protein cooplex, aliquDts of the two reactions were reoved
during the course of digestion, Er III was thermally inactivated, and the
DNA was further digested by the restriction enzyme Sma I. Sna I does not

digest single stranded DNA. Thus, if E,D III digestion proceeds past the
terminal Sna I sites at each end of the genome, digestion will yield the

internal Sma I fragments, but the terminal and penultimate fragments at each

end of the genoe will not be produced. Rather, a partially duplex fragment

will be produced conposed of one strand (the strand with its 5' end at the

end of the genone) equal in length to the sun of the terninal plus penultimate
fragments and the other, Exo III digested strand, shorter than the length of

the penultimate restriction fragment and terminating at the internal

restriction site.

The Er III, Sna I digested DNA and DNA-protein cooplex were analyzed by

electrophoresis on an alkaline agarose gel followed by autoradiography of the

gel (Figure 2). Denaturation of the strands in the alkaline gel allows the

unique length undigested strands of the fused terminal fragments to migrate
independently of the Ex III digested strands which are heterogeneous in

length. After 10 mLn of Exo III digestion, the left terminal fragments J and

E are not observed. Instead, new fragments equal in length to J + E and

J + E + L are observed in both the DNA and DNA-protein cooplex samples.
Similarly, the right termnal fragments C, G and K are absent from the 10 mmn
Exo III digested saples and a new fragment equal in length to C + G + K is

observed. Additional high mrlecular weight bands are also observed at lower

intensity and result frm molecules in which ExD III digestion has proceeded
into Sma I F at the left and hma I A at the right. Quantitation of counts
in the J + E and J + E + L band and the C + G + K band by densitometry of the

autoradiogram indicate that the 5' terminal strands at each end of the genome
remain intact in >80% of the Exo III digested nulecules.

After longer periods of Exo III digestion, still higher molecular weight
bands are observed on the alkaline gel (Figure 2). Ihis indicates that even

after extensive Ex III digestion with this enzyme preparation the long
single stranded regions that are generated from the ends of the genoe remain
intact in a substantial fracticn of nolecules. However, even after long
periods of digestion, sme counts remain in &a I fragments near the termini,
indicating that in both the DNA and DNA-protein coplex preparations, a sall
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Figure 2. Autoradiogram of an alkaline agarose gel of Exo III and So I
digested Ad2 DNA-protein couplex and Ad2 DNA. IVA is shown in D lanes, DNA-
protein complex in C lanes. Minutes of digestion are shown. The Smn I map
of Ad2 ENA is shown at the top.
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fraction of ends are resistant to Emo III digestion.

Ihese results demonstrate that pronase digested DNA and the DKA-protein
cooplex are equally good substrates for Ex III digestion. T[% other

experiments were performed to further substantiate that the DNA-protein

coeplex is a substrate for ESo III. DNA-protein cmplex was digested for

5 mn with 10 units Exo III/ig and, following thermal inactivation of Exo III,

to ecipletion with &a I. Ihe products were electrophoresed in 1.4% agarose

in neutral buffer containing 0.1% sarkosyl along with a sanple of the same

preparation of DNA-protein corplex digested with Sma I and with marker Sma I

digested Ad5 DNA. Covalent linkage of the end protein to the terminal

fragments of the Sna I digested DNA-protein coxplex causes these fragnents to

electrophorese with decreased mobility campared to the terminal fragments of

&na I digested DNA (E. Winnacker, personal counication). This was observed

with our DNA-protein cooplex preparation, and, following Exo III digestion,

the terminal and penultimate Sma I fragments were lost (data not shown).
Ihus we demDnstrated that terminal protein was present on the DNA innediately

before Exo III digestion, and that ExD III attacked the termini of the

DNA-protein covplex.
In the second experiment, DN and DNA-protein ecmplex were digested in

parallel for 5 min with 10 uits ExD III/-Pg DNA. The two sanples were then

pronase digested, phenol extracted and used as substrates for repair synthesis

using a-3P ¶I and the Klenow fragment of E. coli polymerase I. After

ooplete repair, the labeled DNAs were digested with Sna I and electrophoresed
through a neutral agarose gel. The two Exo III digested sanples incorporated
the same mass of TIP (equivalent to -1500 nucleotides at each end of the

genome), and autoradiography of the gel revealed that >90% of the label was

incorporated into the twe terminal and twe penultimate &ma I fragmets (data
not shown). These results again dennstrate that the rate of Exo III

digestion of DNA and of DNA-prtein conplex is equivalent and that the 5'

ends of each strand which are rendered single stranded by Exo III digestion
are not nicked during digestion with this preparation of Exo III.

Exo III digestion cdes not diminish the infectivity of DNA-protein

ccrplex. DNA-protein corplex was digested with Exo III at a concentration of

10 units/i'g for time periods from 30 sec to 8 mn, digesting 150 to 2400

nucleotides from the 3' ends of each strand. The treated conplex was then

used to infect HeLa cells by the Ca2(PO4)3 transfection method of Graham and

Van der Eb (22). The specific infectivity of Exo III digested DNA-protein

coWlex did not vary significantly from that of untreated conplex, even after
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digestion of 2400 nucleotides from the 3' ends of each strand (Figure 3).
These results for DNA-protein couplex contrasted with findings for

pronase digested DN. The specific infectivity of untreated pronase digested

DNA is 102 - 103 fold lower than that of the DNA-protein complex (21). Exo

III digestion of 600 to 2400 nucleotides from the 3' ends of each strand of

pronase digested Ad5 DNA decreased its infectivity an additional factor of

102 - 103 (Fig. 2).

Ib be certain that the infectious activity of Exo III treated corplex was

indeed due to partially single stranded molecules, we tested the sensitivity

of this infectivity to Si nuclease. Simply subjecting fully duplex DNA-

protein coaplex to the low pH and high salt conditions required for single

strand specific Si digestion, without addition of Si, decreased the infecti-

vity of the conplex to 25% that of untreated conplex (Table 1, experiment 1).
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Figure 3. Specific infectivity of Ad5 DNA-protein coraplexand Ad. DNA
following Em III digestion. The 0 time sarple was withdrawn imnediately
before addition of enzyme. Circles and squares show the specific infectivity
as percentage of the 0 time sanple for Ad5 DNA-protein conplex and for Ad5
DNA, respectively. Open and closed symrbols refer to results for experiments
1 and 2, respectively. The specific infectivities of 0 time sanples in
experiments 1 and 2 were 5600 plaques/iig and 4800 plaques/)ig for DNA-protein
oonplex, and 51 plaques/rg and 24 plaques/rig for DNA, respectively.
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Table 1. Sensitivity of infectivity to Si digestion

Peroeit infectivity of untreated DNA-protein coplex
Si digestion condi- S1 digestion condi-

Experiment Untreated tions without Sla tions with Slb

1 Duplex 100 25 22
Exo III, 5 mn 100 25 1.4

2 Duplex 100 not dDne 30
Exo III, 5 mn 100 not dDne 1.1

a: 5 jg DNA-protein conplex were incubated at 200 in 1 ml 0.25 M NaCl,
0.03 M NaCH3COO, pH 4.5, 1 nrM ZnCl2, 5% glycerol. After 30 nm EDTA
was added to 5 rM.

b: 5 jig DNA-protein caoplex were incubated as in (a) except that 1000
units Si were added to the 200 incubation.

Addition of Si to the incubation mixture did not lead to a significant further

decrease in the infectivity of duplex DNA-protein conplex. The infectivity of

ExD III digested aoDplex was also decreased about four fold simply by
incubation in Si digestion buffer. However, unlike duplex DNA-protein conplex,
addition of Si to the incubation mixture resulted in a substantial further

decrease in the infectivity of Exo III-digested complex (Table 1, experiments
1 and 2). Ihe Si-resistant infectivity of this preparation may be due to the

small fraction of mlecules which are resistant to ExD III digestion (Fig. 1).
Hybridization of wild type Ad5 Hind III G to Exo III-digested Ad5 hrl

DNA-protein carplex results in recovery of wild type virus at high frequency.

As a test of the utility of ExD III digested cacplex, we examined the

frequency of marker rescue of a mltation mapping at the left end of the Ad5

genome following hybridization to a left end restriction fragment prepared

from wild type virus.

The host range mutant Ad5 hrl plaques efficiently on 293 cells, a line of

Ad5 transformed humn embryonic kidney cells, but not on HeLa cells (24). Ihe

mutation responsible for this phenotype has been mapped to within the left

4.5% of the genome (23). We prepared DNA-protein coeplex from Ad hrl virions

and digested the mutant complex with 10 units/hg ExD III for 5 min, digesting

approximately 1500 nucleotides (4.3% map units) from the 3' end of each

strand. Hind III G fragment (mapping from 0 - 8.0%) equinular to 5 ig of Ad5
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DNA was denatured, mixed with 2.5 jig of Exo III digested AdS hrl DNA-protein

complex and hybridized to "~20 x Coti. The products of the hybridization were

then transfected into Hela and 293 cells.

Sharp et al. (21) found that the specific infectivity of AdS DNA-protein
complex varied over a range of n100 fold from experiment to experiment. We

have found this also, particularly following hybridization of restriction

fragments to Exo III digested oDnplex (see Table 2, plaques/jig of Ad5 hrl

conplex on 293 cells). For this reason, in order to best measure the

relative infectivity of a DNA-protein complex preparation on HeLa and 293

cells, the same Ca2(P04)3 precipitate was transfected into 293 and HeLa cells

at approximately the same time, and the ratio of infectivity in HeLa and 293

cells was determined.
In two successive experiments, the ratio of infectivity of HeLa to 293

cells of Ad5 hrl conplex hybridized to Hind III G increased at least 100 fold

compared to the HeLa/293 specific infectivity of ExD III digested carplex
taken through the same procedure but without addition of Hind III G to the

hybridization reaction (Table 2). Furthenre, in experimnt 1, 3 out of 3

plaques picked from HeLa cells following transfection of the unhybridized Ad5

hrl ENA-protein complex were still host range in phenotype, whereas 3 out of 3

plaques picked fran HeLa cells transfected with the hybridized carplex had

wild type phenotype. Ihus, hybridization of wild type sequence to mutant

sequence rendered single stranded by ExD III digestion resulted in rescue of

the wild type phenotype at high frequency.

DISCUSSION
In this work we show that Adenovirus DKA-protein complex prepared by

guanidine HCl lysis of virions (1) is a substrate for exnuclease III of E.

coli. That is, the 55 K dalton hydrophobic protein covalently bound to the 5'

end of each strand in the DNA-protein cauplex (2) does not inhibit the attack

Table 2. Marker rescue of hrl with Hind III G

Hybridize to Plaques/ig
Experiment Hind III G HeLa 293 HeLa/293

1 - 87 35,000 0.0025
+ 460 1,680 0.27

2 - <1 2,000 <0.0005
+ 510 6,200 0.082
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of Exo III on the 3' ends of each strand. Furthersre, we defnstrate that

Exo III digestion of the DNA-protein complex does not significantly diminish
its specific infectivity even after digestion of 2400 nucleotides from the 3'

end of each strand. In contrast to this finding, Exo III digestion of pronase

digested DNA markedly diminishes its infectivity.
The DNA-protein coplex is 102 _ 103 fold msre infectious than Adenovirus

DNA isolated fran pronase digested virions (21). Sharp et al. (21) derrn-
strated that in vitro the DNA-protein complex is resistant to the ATP

dependent exonuclease of H. influenzae (equivalent to rec BC exonuclease V of

E. coli) whereas pronase digested Adenovirus DNA, like other linear DNAs, is

sensitive to this nuclease. These authors suggested that the resistance of

the DNA-protein conplex to an equivalent enzyme in animal cells might account

in part for the increased infectivity of the DNA-protein cosplex conpared to

DNA.

The failure of Exo III digestion to diminish the infectivity of DNA-

protein complex contrasts with the marked effect of Exo III digestion on the

infectivity of pronase digested DNA. This result suggests that the terminal

protein protects the single stranded termini of the gencome fomm digestion by a

cellular exDnuclease. Exo III digested DNA-protein coxplex is analogous to

Adenovirus DNA replicative intenrediates in that it contains single stranded
regions which end in 5' termini attached to terninal protein. In particular

it is very similar to type II replicative intenrediates (12). Thus, the

findings here suggest that one function of the terminal protein is to protect
the displaced parental single strands generated during MA replication from

digestion by cellular exonuclease.

Exo III digestion resects the r-strand at the left end of the Adenovirus

genome and the 1-strand at the right end of the genome. Transcription of the

r-strand between approximately 500 and 1500 nucleotides from the left end of
the genome (early region IA) is necessary for production of a pre-early
function required for expression of early regions IB, II, III, and IV in HeLa

cells (27,28,29). Thus it is very likely that repair synthesis performed by

cellular enzymes follows transfection of Exo III digested cooplex regenerating
the left end of the r-strand and allowing transcription of early region IA.

Exo III digested coirplex should be useful for the generation of mutations
in the termini of the genome using single strand specific mntagens such as
NaHS03 (14,30), and for marker rescue of mutations mapping near the termini
following hybridization to terminal restriction fragments. We have demonstra-

ted the feasibility of the latter procedure by showing efficient marker rescue
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of the Ad5 hrl mutation which mps between 0 and 4.5 mp units (23) with the

AdS Hind III G restricticn frant (0 - 8.0 mp units).

Ihis investigation was supported by Grant Number CA 25235-01, awarded by
the National Cancer Institute, DHEW, the California Institute for Cancer
Research, NIH Cancer Center Support Grant USPES CA 16042-05, and ISPBS
Bicnedical Research Support Grant RRO)-7009.
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