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ABSTRACT Linker-insertion mutations were introduced
into the cloned adenovirus DNA polymerase gene and the
functional effects on the initiation and elongation of DNA in
vitro were measured. Essential regions of the polymerase
appear to be scattered in patches across the entire molecule and
are not limited to the five regions of homology shared with a
variety of other replicating polymerases. Thus, the adenovirus
DNA polymerase presumably contains active sites that must be
formed by distant interactions across the polymerase molecule.

Adenovirus (Ad) type 2 contains a linear, duplex, 36-
kilobase-pair (kb) DNA with inverted terminal repeats and a
55-kDa terminal protein (TP) covalently bound to each 5' end
(1, 2). Initiation of DNA replication occurs by a protein-
priming mechanism in which the first deoxynucleotide,
dCMP, is covalently attached to an 80-kDa precursor of the
TP (pTP) (2, 3). The replication ofAd DNA in vitro requires
six proteins of which three, the 80-kDa pTP, the 140-kDa Ad
DNA polymerase (Ad Pol), and the 59-kDa Ad DNA-binding
protein (DBP), are virus-encoded (4-7). Three host proteins,
nuclear factors (NF) I-III, have been purified from unin-
fected HeLa cells. NFI and NFIII specifically recognize the
Ad origin of replication at each end of the template and
stimulate replication (8-10). NFII is a type I DNA topoisom-
erase (11).
Ad Pol is an essential enzyme for both the initiation and

elongation steps of DNA replication; it has been character-
ized biochemically and genetically by using the AdS temper-
ature-sensitive, DNA-negative mutants ts149 and ts36 (7, 12,
13). Ad Pol is isolated as an equimolar complex with pTP
from Ad-infected cytoplasmic extracts but can be separated
from pTP by glycerol gradient sedimentation in the presence
of 1.7 M urea (14). Ad Pol is resistant to aphidicolin, a specific
inhibitor of the eukaryotic DNA polymerases a and 8, and is
a multifunctional enzyme for which the following activities
have been characterized: (i) an aphidicolin-resistant DNA
polymerase reaction that adds deoxynucleosides to 3' ends of
gapped DNA (14, 15); (ii) a de novo chain-initiation activity
measured as covalent complex formation between the first
deoxynucleotide and pTP (pTP-dCMP) (3, 16); (iii) an Ad
DBP-dependent elongation reaction on poly(dT)-oligo(dA)
template primers (17, 18); (iv) a DNA chain-elongation ac-
tivity on double-stranded Ad DNA (19); and (v) a 3'-*5'
exonuclease activity (18). In addition, Ad Pol binds to pTP
and has been postulated to have a binding site for DNA,
deoxynucleoside triphosphates (dNTPs), pyrophosphate,
and TP during initiation. Ad Pol may also have a binding site
for the Ad DBP.
Comparison of the deduced primary structure of the rep-

licating polymerases Ad Pol, human DNA polymerase a, and
the viral DNA polymerases from herpes simplex and vaccinia

as well as bacteriophages T4 and 4)29 has identified as many
as six regions that are highly conserved and in the same linear
array (20, 21). These observations have led to speculation
that homologous regions represent important functional do-
mains of the polymerase polypeptides and that they may be
derived from a common origin. Despite the importance ofAd
Pol for DNA synthesis in vivo and in vitro, only small
amounts of the enzyme can be purified from large quantities
of infected tissue culture cells. This has hampered detailed
studies ofthe structural aspects and functional domains ofthe
protein. Very little is known about the interaction of Ad Pol
with its various substrates, its DNA template, or other
proteins involved in the DNA replication complex. Informa-
tion of this nature would not only be of fundamental interest
for Ad replication but also be useful in understanding the
mechanism of action of other DNA polymerases. Ad Pol has
been successfully cloned, expressed in COS-1 cells from an
expression vector (p91023), and shown to specify an enzy-
matically active DNA polymerase in a cell-free replication
system (22). With the production of an active Ad Pol in vitro,
it has become possible to systematically explore the func-
tional domains of this polypeptide and investigate the signif-
icance of evolutionarily conserved amino acid sequences by
rapid and selective in vitro mutagenesis of the cloned gene.
We have constructed a series of 16 linker-insertion muta-

tions within the coding region of the Ad Pol gene and
determined the effect of each mutation in three independent
in vitro reactions. The results indicate that essential regions
for the individual Ad Pol enzymatic reactions map in patches
across its entire coding region. Therefore, the linear two-
domain models that exist for Escherichia coli DNA polymer-
ase I or the murine reverse transcriptase probably do not
apply to Ad Pol (23-25).

MATERIALS AND METHODS
Cells and Plasmids. The plasmid pJj-pol, which contains

the coding region for Ad2 Pol, has been described (22). All
plasmid DNAs were grown in E. coli DH1 and isolated by
alkaline lysis (26) followed by banding in CsCl/ethidium
bromide equilibrium density gradients. The CMT4 cell line,
originally isolated by Gerard and Gluzman (27), contains the
gene for the simian virus 40 (SV40) large tumor (T) antigen
behind a metallothionein promoter.

Construction of Linker-Insertion Mutations in the Ad Pol
Gene. The strategy used to construct a series of in-phase
linker-insertion mutations was based on the method of Stone
et al. (28). A 20-,ug sample of pJj-pol DNA was partially
digested with HincII, Sca I, Rsa I or Alu I restriction enzyme
in the presence of 0.8-1.2 gg of ethidium bromide per ,ug of
DNA. The amount of ethidium bromide was titrated to limit

Abbreviations: Ad, adenovirus; Ad Pol, Ad DNA polymerase; TP,
terminal protein; pTP, precursor to TP; Ad35 DNA-pro, Ad type 35
DNA covalently linked to TP at each 5' end; DBP, DNA-binding
protein; NF, nuclear factor; wt, wild type.
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DNA digestion to circularly permuted, full-length, linearized
DNA molecules. The linearized molecules were separated
from nicked circles by preparative gel electrophoresis in
low-melting-temperature agarose, and the DNA band corre-
sponding to full-length linear DNA (14.5 kb) was identified by
comigration with pJ1-pol DNA linearized at a single EcoRI
site. Nonphosphorylated BamHI linkers [d(5'-CCGCGGAT-
TCCCGCG-3')] were ligated onto the linearized DNA by
linker tailing (29). Excess linkers were removed by precipi-
tation with spermine (30) and the linker-tailed DNAs were
rehybridized. A sample of this DNA was used to transform
competent E. coli DH1 and the tetracycline-resistant bacte-
rial colonies were screened for the presence of plasmids
containing a new BamHI site. Digestion of pJ1-pol DNA with
Bgl II and BamHI produced fragments of 5.5, 4, and 3 kb and
a 1-kb doublet. Insertion of the linker within the main coding
region of the Ad Pol gene (Bgl II fragment) resulted in the
cleavage of the 5.5-kb fragment and the sizes of the resulting
fragments indicated the site of the inserted linker. For some
linker-insertion mutants, digestion with BamHI alone was
used to map the insertion site in addition to the Bgl II/BamHI
double digestion. Comparison of the sizes of the generated
fragments with those predicted from the published DNA
sequence of Ad2 Pol allowed us to identify the restriction
sites containing the inserted BamHI linker (31).

Preparation of Crude Extracts of Each Ad Pol Linker-
Insertion Mutant from Transfected CMT4 Cells. Transfection
experiments using 60 Atg of purified plasmid DNA in each
150-mm dish of CMT4 cells were performed essentially as
described (32). Five hours after the addition of DNA, the
transfected cells were washed with phosphate-buffered saline
(PBS) and incubated with medium containing 1 ILM CdSO4
and 100 ,uM ZnC12. Forty-eight to 52 hr after transfection, the
cells were washed with PBS, scraped from the plates, and
collected by centrifugation. A crude cytoplasmic extract was
prepared by Dounce homogenization (4).
Immunoblot Analysis. Crude cytoplasmic extracts from

CMT4 cells were resolved by SDS/7.5% PAGE, transferred
to a nitrocellulose filter, and probed with antibody to Ad Pol
(33), which was detected 'with alkaline phosphatase-con-
jugated anti-rabbit IgG as the second antibody (see Fig. 6).
The amounts of the Ad Pol proteins were quantitated by
scanning densitometry of the immunoblots.

Synthesis of Poly(dA) by Ad Pol. The DBP-dependent syn-
thesis of poly(dA) by Ad Pol on poly(dT) templates has been
described (18). Reaction mixtures (50 ,ul) contained 50 mM
Tris/HCI buffer (pH 7.5), 4 mM dithiothreitol, 1 ,ug of bovine
serum albumin, 9 mM MgCl2, 5 mM ATP, 8 ,M [a-32P]dATP
(2000 cpm/pmol), 0.33 ,ug of poly(dT), and 0.33 ,ug of oli-
go(dA). Reaction mixtures were prepared by annealing primer
and template for 10 min at 65°C, followed by the addition ofthe
other components and incubation for 15 min at 37°C. The DNA
synthesis reaction was started by the addition ofDBP (0.2 ,g)
and Ad Pol-containing cytoplasmic extract. The mixtures were
incubated at 37°C for 60 min and acid-insoluble radioactivity
was measured.

Initiation ofAd DNA Replication. The initiation reaction for
DNA synthesis was performed essentially as described (3,
22). Reaction mixtures (50 ,ul) contained various extracts of
Ad Pol mutants, Ad type 35 DNA covalently linked to TP at
each 5' end (Ad35 DNA-pro, 0.15 ,ug), the DEAE-cellulose
fraction of nuclear extract from uninfected HeLa cells,
wild-type (wt) pTP extract from transfected CMT4 cells
(J-pTP), 10%o (vol/vol) glycerol, 20 mM NaCl, 15 ,Ci of
[a-32P]dCTP (3000 Ci/mmol; 1 Ci = 37 GBq), 5 mM MgCl2,
25 mM Hepes (pH 7.4), 3 mM ATP, 0.5 mM dithiothreitol,
and 0.1 mM aphidicolin. After a 1-hr incubation at 30°C, the
reaction was terminated by the addition of 50 1g of 1%
SDS/10mM Tris-HCI, pH 8/1 mM EDTA. After 5 min at 40C,
400 ,ul of 10 mM Tris-HCl, pH 8/1 mM EDTA/0.1% oval-

bumin and 3 ,Al of anti-TP antibody were added and the
mixture was incubated overnight at 40C. The immunocom-
plexes were precipitated with formalin-fixed Staphylococcus
aureus, processed, and washed prior to SDS/10% PAGE.

Ad-Specific DNA Replication. The end-fragment, origin-
specific assay for Ad DNA replication in vitro has been
described (19). Ad35 DNA-pro (0.15 ,ug) was first cleaved
with restriction endonuclease Sma I (5 units) for 2 hr at 30'C
before the replication reaction was initiated by the addition of
cytoplasmic extracts of the various Ad Pol mutants; the
DEAE-cellulose fraction of nuclear extract from uninfected
HeLa cells; 0.8 gg of Ad2 DBP; J-pTP cytoplasmic extract
from transfected CMT4 cells; 3 mM ATP; 5 mM MgCl2; 50
,M dATP, dGTP, and dCTP; 62.5 pmol of [a-32P]dTTP (1.25
QCi); and 25 mM Hepes (pH 7.5) in a total volume of 50 Al.

The mixture was incubated at 37°C for 60 min, and the
reaction was stopped by incubation with 0.2% SDS and 100
,ug of Pronase per ml for 45 min at 37°C. After precipitation
of the DNA in ethanol and subsequent solubilization in 25 ,ul
of 80 mM Tris/80 mM phosphate/8 mM EDTA, pH 8 (TPE
buffer), the DNA was analyzed by 0.7% agarose gel electro-
phoresis in TPE buffer, followed by autoradiography. In this
assay, the Ad35 DNA-pro terminal fragments are Sma I B
and G (34), which are preferentially labeled because each
contains an origin for DNA replication. The amount of
specific synthesis was quantitated by scanning the autorad-
iograms and measuring incorporation into the G band cor-
rected for the nonspecific incorporation into the F band.

RESULTS

Construction of Ad Pol Linker-Insertion Mutations. Muta-
genesis was conducted on the pJ1-pol plasmid, which con-
tains the p91023 expression vector, the main coding region of
Ad Pol in a long open reading frame, and the short upstream
region at 39 map units that encodes the N-terminal 3 amino
acids in a HindIII DNA fragment. Structural features of this
Ad Pol gene and the sites oflinker insertions are shown in Fig.
1. The enzymes Alu I, Rsa I, Sca I, and HinclI were used
independently to cut pJ1-pol to ensure a good distribution of
linkers inserted throughout the Ad Pol gene. Sixteen of the
linkers were within the Ad Pol gene, but one, 37A, was
positioned after the termination codon. We were able to
isolate all of the potential insertions at HincII and Sca I sites,
but we isolated insertions at only 5 of 8 Rsa I sites in 110
clones screened and 15 of 34 Alu I sites in 250 clones
screened. The use of the 12-nucleotide BamHI linker does
not specify a stop codon in any of the three reading frames.
The nucleotide sequence of the Ad2 Pol gene was used to
predict the amino acid sequence of each mutant protein that
resulted from linker insertion (31). At 12 restriction sites,
insertion occurred between two amino acid codons, whereas
at four sites insertion was within a codon (Fig. 1).

Effect of Ad Pol Linker-Insertion Mutations on Poly(dA)
Synthesis. With poly(dT) as template and oligo(dA) as primer,
DNA synthesis by Ad Pol is stimulated 10- to 100-fold by the
59-kDa Ad DBP (18). This enhancement is specific for the
cognate Ad DBP on this template and is a much more specific
assay for Ad Pol than the reaction on activated DNA in the
presence of aphidicolin. The poly(dT)-oligo(dA) assay prob-
ably involves the specific interaction between Ad Pol and Ad
DBP but does not require pTP or any of the nuclear factors
from uninfected cells. The activity of Ad Pol linker-insertion
mutants on poly(dA) DNA synthesis is shown in Fig. 2. Four
mutants (6R, 69A, 9A, and 14S) were fully active; two of the
mutations (6R and 69A) are upstream of the first methionine
codon in the long open reading frame (see ATG, 8358 in Fig.
1), in a region that by deletion mutagenesis was shown to be
essential for Ad Pol function (22, 35). The activity of eight
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FIG. 1. (Upper) A schematic of pJj-pol, the p91023-derived expression plasmid containing the two Ad Pol inserts (22). (Lower) Sites within
the Ad Pol gene that were mutagenized by insertion of a dodecameric BamHI linker. Numbers in parentheses indicate positions of restriction
sites. Letter R, H, S, or A appended to the number of each mutant represents Rsa I, HincHI, Sca I, or Alu I restriction endonuclease sites,
respectively. Regions ofhomology between Ad Pol and a variety ofother DNA polymerases are shown as solid rectangles, designated by roman
numerals. Two consensus sequences for potential metal-binding sites are indicated (Zn), and the Ad Pol domain to which we had made antibody
used for immunoblot analysis is bracketed. Mutations designated by asterisks represent a Tyr-+Ser change and insertion of Arg-Ile-Arg-Asp
in the mutant protein; mutations at all other sites resulted in insertion of Arg-Gly-Ser-Ala without a change in the existing sequence. The initiating
ATG is shown in the upstream HinduI fragment and the first ATG in the long open reading frame is shown between mutations 69A and 72A.

mutants (72A, 12H, 16A, 13H, 8A, 3H, 21A, and 1OA) was
<15% of wt activity; two of the mutations (16A and 1OA) are
located in conserved regions IV and V, respectively, which
share homology with a variety of other DNA polymerases
(20, 21). The other four mutants (7S, 22R, 20S, and 5A)
retained 35-70o of wt Ad Pol activity. Mutant 7S, which
retained 70% ofthe wt activity, mapped within one ofthe two
putative DNA-binding domains of Ad Pol. In the 7S mutant,
the amino acid sequence motif CX2C is changed to CX6C.

Effect of Ad Pol Mutations on Initiation of Ad DNA Repli-
cation. The initiation reaction, which is determined by the
covalent addition of [a-32P]dCMP to the 80-kDa pTP as
detected by SDS/PAGE, requires Ad DNA-pro as template,
Ad Pol, and pTP as well as the NFI and -III from uninfected
cells. This assay does not require Ad DBP. The effect of
various Ad Pol linker-insertion mutations on the formation of
the 80-kDa initiation complex is shown in Fig. 3. When
corrected for the amount of Ad Pol in each reaction mixture,
four mutants (6R, 69A, 9A, and 22R) were approximately as
active as wt; three mutants (5A, 20S, and 14S) had partial
activity. The rest of the mutants were essentially inactive;
among them, two (16A and 1OA) have mutations in conserved
regions IV and V, respectively; one mutation (7S) is in the
potential metal-binding domain described above. In addition
to the 80-kDa product, 62-kDa and 55-kDa proteins were
produced, presumably by proteolysis of the 80-kDa polypep-
tide. This proteolysis may be similar to the conversion of the
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FIG. 2. Poly(dA) synthesis by Ad Pol linker-insertion mutants.
The designation of mutants is shown in Fig. 1. All reaction mixtures
contained Ad2 DBP (0.2 ,ug) isolated from infected HeLa cells, as
well as 3,ul of cytoplasmic extract from CMT4 cells transfected with
the wt (J1-pol) or a mutant Ad Pol expression plasmid. Con, negative
control, the p91023 plasmid lacking the Ad Pol gene is shown in the
first lane. All other results are normalized to the amount of Ad Pol
in the wt extract.

80-kDa pTP to the 55-kDa TP, which is mediated by a virally
coded protease in permissively infected cells (36).

Effect of Ad Pol Mutations on Ad-Specific DNA Elongation.
Specific DNA replication on Ad DNA-pro, which maintains
the fidelity of intracellular Ad DNA replication (5, 6), re-
quires the three viral gene products (Ad Pol, pTP, and DBP)
and at least three factors purified from uninfected nuclear
extracts. The assay measures the incorporation of [a-
32P]dTMP into the end fragments (Sma I fragments B and G)
of Sma I-digested Ad35 DNA-pro, (Fig. 4, lane 1). Any non-
specific radioactive incorporation, such as repair reactions on
the internal DNA fragments, can be distinguished by the
labeling of all of the restriction fragments with an amount of
radioactivity that corresponds directly to their molecular sizes
(lanes 11 and 12). The functional activity of various Ad Pol
linker-insertion mutants on specific Ad DNA replication is
shown in Fig. 4. Because the B fragment can be labeled with
a significant amount of radioactivity, either by specific incor-
poration or, because of its large size, by nonspecific incorpo-
ration, only the G fragment was used for quantitation of
elongation activity (Fig. 5). Two linker-insertion mutants (6R
and 69A) retained 85-100o of wt activity; three others (9A,
22R and 14S) were 15-65% as active as wt. The rest of the
insertion mutations completely abolished the Ad Pol activity
in specificDNA replication. The results ofthe three functional
assays are summarized in Fig. 5.
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FIG. 3. Initiation of Ad-specific DNA replication with Ad Pol
linker-insertion mutants. The initiation reaction was performed with
equal volumes ofAd Pol-transfected CMT4 cytoplasmic extracts. In
addition, all reaction mixtures contained an equal amount of cyto-
plasmic extract ofwt pTP from transfected cells and a nuclear extract
from uninfected HeLa cells. Control, cytoplasmic extract of CMT4
cells transfected with the p91023 plasmid without the Ad Pol insert;
pJ1-pol, plasmid containing the wt Ad Pol gene. After incubation for
1 hr at 37°C, the reactions were terminated and the samples were
processed.
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FIG. 4. Ad-specific DNA elongation with Ad Pol mutants. The
assay for specific synthesis of viral DNA on the terminal fragments
of Ad35 DNA-pro (B and G), each of which contains an origin for
replication, was performed. Each reaction mixture contained Ad2
DBP purified from infected HeLa cells, pTP from transfected CMT4
cells, nuclear extract of uninfected HeLa cells, and an equal amount
of Ad Pol protein (based on immunoblot analysis of an extract
prepared from transfected cells). pJj-Pol, wt; control, p91023 plas-
mid without Ad Pol insert.

DISCUSSION

Linker-insertion mutagenesis has proven to be a useful way
to begin the examination of functional regions within Ad Pol.
This approach has been successfully used to study functional
domains within v-fms and v-erbB oncogene products as well
as the human glucocorticoid receptor (37-39). The procedure
is applicable to any cloned sequence and in the present study
yielded a sizable collection of mutations with predetermined
structural properties. Depending on the reading frame and
surrounding nucleotides, different amino acids were inserted
at the various sites (Fig. 1). All the insertion mutations
reported here introduced similar changes in the hydropho-
bicity of the amino acids. Therefore, the different functional
phenotypes are due most likely to the site rather than to the
nature of insertion.
The results of any form of mutagenesis must be interpreted

with some caution in the absence of specific knowledge ofthe
effect of primary structure changes on the overall conforma-
tion of the polypeptide. However, most examples of site-
specific mutagenesis recently reported suggest that the global
conformation of the polypeptide is not affected. Even when
increased susceptibility to proteolysis suggested a general
structural change of the Ad Pol, we have found that the
specific activity of some of these mutants measured in the
enzymatic reactions described above have not been concom-
itantly decreased (data not shown). Such results can be
obtained with considerable accuracy in the in vitro system, in
which quantities of proteins and their enzymatic activity can
be measured in reactions that maintain the fidelity of intra-
cellular viral DNA replication. Some of these mutants would
be difficult or impossible to propagate in virus for assay.
However, it is premature to conclude that regions of Ad Pol
that are sensitive to mutational inactivation are directly
responsible for essential Ad Pol functions.

HIndM HindE 891Sq

Init. ATG 6R 69A 72A 12H 7S
Splicing

The 16 linker-insertion Ad Pol mutants can be separated
into groups on the basis of activities, ranging from mutants
that were unaffected in any of these reactions to those that
were completely inactive in all assays. Two N-terminal
mutations, 6R and 69A, are located upstream of the first
methionine (ATG, 8358 in Fig. 1) of the main open reading
frame, in a region whose deletion resulted in elimination of all
Ad Pol activity (22, 35). However, neither of these two
insertion mutations had any adverse effect on Ad Pol activity
in any ofthe assays, presumably because they are in portions
of the N-terminal region that are not required for any of the
Ad Pol functions. Eight mutants mapping throughout Ad Pol
were inactive in all assays. This may be due primarily to an
alteration in an active site necessary for all the reactions or
to effects onthe tertiary structure ofthe macromolecule. Two
of these eight mutations are located in the conserved regions
IV and V, shared with other DNA polymerases, confirming
the importance of some homology regions for DNA poly-
merase function. Previous results have shown that a 4-amino
acid change in region I also inactivates all Ad Pol function (I.
Joung, S. Hsu, J. Engler, and M.S.H., unpublished data).
The 16A mutant (region IV) at base 7612 maps near the site
previously identified for the AdS ts36 mutant (base 7623),
which is defective for DNA replication at the nonpermissive
temperature (40, 41). However, we have not been able to
detect a temperature-sensitive phenotype by analyzing the
activity of 16A at lowered temperature.

Five insertion mutants had dissociated activities in the
various assays. The enzymatic reaction requiring the inter-
action of the most proteins, elongation activity on the end
fiagments of Ad DNA-pro, was inhibited most frequently,
followed by decreased activity either in the initiation reaction
or in the poly(dT)-oligo(dA) elongation assay. However, in
most cases of partial or full activity in the poly(dT)-oligo(dA)
assay, the mutants also retained some activity in the initiation
reaction. The result can be explained by the difference in the
complexity and requirements of each reaction. The end-
fragment elongation reaction requires the integrity and ac-
tivity of Ad Pol in multiple protein and DNA interactions,
whereas for poly(dA) synthesis, Ad Pol must interact only
with Ad DBP or the homopolymer. Therefore, changes in Ad
Pol structure might alter its interaction with some proteins or
the DNA-pro template but maintain other sites required for
function on the homopolymer. Mutants in this group could
aid in the identification of the domain that is needed for one
reaction but not for another; however, additional mutants will
be necessary to fully explore this issue.

In Ad Pol there are two consensus sequences that could
fold into a "fingered" structure centered on a zinc ion (42,
43). The first sequence, at 8083, is CQYCARFYKSQHEC-
SARRRDFYFHHINSH, which could fold into a loop struc-
ture coordinated by Zn2+. This sequence contains the essen-
tial cysteines and histidines that are conserved in the four Ad
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FIG. 5. Summary of structure-function studies of Ad Pol linker-insertion mutants. Ad-specific and host proteins required for each of the
three reactions are shown together with the results of each assay. All quantities are normalized for the amount of the 140-kDa Ad Pol protein,
determined in each extract by immunoblots with specific Ad Pol antibody (Fig. 6), and are expressed as quartiles. Activities: 4+, 75-100% of
wt; 3+, 50-74%; 2+, 25-49%; 1+, 10-24%; 0, sl10%o.
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FIG. 6. Immunoblot analysis of Ad Pol linker-insertion mutants.
Equal volumes of wt and various mutant Ad Pol cytoplasmic extracts
from transfected CMT4 cells were analyzed by using antiserum to a
LacZ-Ad Pol-chloramphenicol acetyltransferase fusion protein.
Control, cytoplasmic extract of CMT4 cells transfected with p91023
plasmid without Ad Pol insert; pJj-pol, plasmid containingwt Ad Pol;
POL, purified Ad2 Pol isolated from infected HeLa cells. The
140-kDa polypeptide is indicated and was quantitated in each lane by
densitometry.

Pol serotypes already sequenced. The second sequence,
which is encoded beginning at base 5615, is CX2CX23CX3C.
The 7S (8093) mutation carries an amino acid insertion in the
first sequence and changes CX2C to CX6C, destroying the
putative metal binding site. This mutant, which is totally
inactive in the end-fragment and initiation reactions but
retains 70o activity on the poly(dT) template, is the only one
in which the poly(dA) synthesis activity has been dissociated
extensively from the initiation reaction function. However,
there is currently no direct evidence that Ad Pol is a zinc-
binding enzyme or that the zinc-finger sequence is involved
in DNA binding or polymerase function.

It appears from our initial linker-insertion mutagenesis that
Ad Pol does not segregate its polymerase functions into
definable subdomains of the entire polypeptide as occurs for
the Klenow fragment of E. coli DNA polymerase I or for the
murine reverse transcriptase (23-25). The evidence against
segregated polymerase functions exclusively in either C- or
N-terminal domains may be concluded from the inactive
enzyme produced either by N-terminal deletion of 142 amino
acids (22, 35) or by two inactive linker-insertion mutants (21A
and 1OA) with mutations located at the C terminus. In this
respect, the Ad Pol resembles the herpes simplex virus DNA
polymerase, for which mutants with altered reactivity to
dNTP analogues map throughout the regions A, II, III, or V
(44). Similar conclusions have been reached for the phage T4
DNA polymerase. T4 mutator-phenotype mutations have
been mapped at sites far apart on the linear structure, but it
has been proposed that these mutant sites may be close
together on the folded, three-dimensional molecule (45).
Recent evidence for the human immunodeficiency virus
reverse transcriptase also indicates that the domains for
polymerase and ribonuclease H activities are not completely
distinct as they are for the murine retroviruses (46). There-
fore, we favor a model in which some of the separate regions
on the linear Ad Pol molecule interact to produce an active
site for DNA binding, for dNTP binding, or for complex
formation with other replication proteins. Because of these
intramolecular interactions, such a model predicts that one
should be able to isolate mutations in one Ad Pol region that
can suppress mutations in other regions.
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