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Viral DNA Polymerases

Donald M. Coen
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Because many viruses are readily amenable to molecular, genetic, and
biochemical analyses, and because the replication of certain viruses has
been the target of antiviral drug development, a wealth of information
has accumulated regarding the structure, functions, properties, and
regulation of eukaryotic viral DNA polymerases. Viral DNA
polymerases have interesting similarities with eukaryotic cellular DNA
polymerases (Wang, this volume) and fascinating differences, both of
which shed light on mechanisms of polymerase function.

With the exoeplion of the pepovaviruses and parvoviruses, which wtil-
ize cellular DNA polymerases for their replication, all known DNA
viruses that infect animal cells encode their own DNA polymerases. In
each case, the DNA polymerase is essential for the replication of the
virus. Why have these viruses evolved to encode and require their own
DNA polymerases? (In this chapter, only DNA polymerases that strictly
utilize DNA templates are considered. Information about the reverse
transcriptases encoded by retroviruses or the polymerases encoded by
hepadnaviruses can be found in Skalka and Goff [1993] and in Seeger
and Mason [this volume].) For poxviruses, which replicate in the
cytoplasm (Traktman, this volume), the answer may be that the viral
genome does not gain access to the cellular polymerases. For other
viruses, the answer may be that their normal life cycles entail the produc-
tive infection of nondividing cells that do not express sufficient cellular
polymerase.

Despite the fact that these viruses have each evolved a unique DNA
polymerase that cannot be replaced by cellular polymerases, the viral en-
zymes share considerable sequence homology with eukaryotic DNA
polymerases a, 8, and € as well as Escherichia coli DNA polymerase 11
and the DNA polymerases of certain bacteriophage such as T4 and ¢29
(Wong et al. 1988; Ito and Brathwaite 1991). Moreover, based on se-
quence alignments among a wide variety of DNA and RNA polymerases
and the crystal structures of the Klenow fragment of E. coli DNA
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polymerase I, rat DNA polymerase 8, human immunodeficiency virus
reverse transcriptase, and T7 RNA polymerase, the case has been made
that all polymerases share common structures and sequence motifs with
specific functions, as discussed by Wang (this volume). Studies of viral
polymerases have been helpful in understanding the functions of these
motifs, as discussed in this chapter.

This chapter summarizes information on the functions, enzymology,
pharmacology, genetics, protein-protein interactions, and regulation
(often posttranscriptional) of selected viral DNA polymerases. The sub-
unit composition and functions of several viral polymerases are present-
ed in Table 1. For each polymerase, the holoenzyme is the form found in
the virus-infected cell. However, the enzymes are often readily prepared
via the use of heterologous expression systems such as recombinant
baculovirus-infected cells, permitting the overexpression, purification,
and analysis of the holoenzyme or each subunit.

For those viral DNA polymerases that have been most intensively
studied, primer-template preferences, relevant inhibitors, and phenotypes
of interesting mutants are presented in additional tables. For different
polymerases, different properties are emphasized. The first group of
polymerases to be discussed are those of herpesviruses. The focus is on
the prototype herpes simplex virus (HSV) enzyme, which has been the
object of more study than other viral polymerases. This is partly due to
its being an excellent target for (profitable) antiviral drugs and to its
being amenable to biochemical and genetic analysis, often with the aid of
mutants isolated for resistance to antiviral drugs. The poxvirus DNA
polymerases are represented by the vaccinia virus enzyme, whose fea-
tures are outlined by Traktman (this volume). Further details, particularly
regarding its genetics, are presented here. The third group of enzymes to
be covered are those of adenoviruses (mainly adenovirus types 2 and 5).
Much of the relevant information about adenovirus DNA polymerases
can be found in Hay (this volume); thus, the presentation here is limited
to aspects of its enzymology, genetics, and functions. Finally, aspects of
the regulation of viral polymerases, in which there are interesting
similarities among diverse systems, are summarized.

HSV DNA POLYMERASE
Herpesviruses

There are a multitude of herpesviruses that infect fish, birds, and mam-
mals. Among the seven or more human herpesviruses are HSV (types 1
and 2), varicella zoster virus (VZV), human cytomegalovirus (CMV),
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and Epstein-Barr virus (EBV). Infections with these viruses are common,
and because of their propensity to establish lifelong latent infections,
these viruses often recur to cause disease. In most immunocompetent
adults, herpesvirus diseases are not life-threatening but can be at least
temporarily debilitating, painful, and/or emotionally troublesome. In im-
munocompromised adults and neonates, herpesviruses can cause severe
disease and death. These clinical properties have encouraged pharma-
ceutical houses to develop drugs active against herpesviruses, especially
HSV.

The features of herpesvirus DNA replication are reviewed by
Challberg (this volume) and Yates (this volume). Germane to this chap-
ter is that all herpesviruses encode a DNA polymerase. In each case ex-
amined thus far, the catalytic activity resides in a large subunit (110-140
kD), and there is a smaller subunit that binds DNA and stimulates
polymerase activity (Table 1).

Enzymology and Pharmacology

HSV DNA polymerase consists of a catalytic subunit (pol) and a smaller
subunit, UL42 (Table 1). Distinctive enzymological features of the
holoenzyme and of the catalytic subunit, which has been overexpressed
by itself using baculovirus expression vectors (Hernandez and Lehman
1990; Marcy et al. 1990b), are presented in Table 2. HSV DNA poly-
merase is able to utilize a variety of primer templates, notably
poly(dC)oligo(dG), and is able to extend RNA primers. It is dis-
tinguished from most cellular polymerases by its stimulation by relative-
ly high concentrations of salt, its relatively low K, values for dNTPs,
and its sensitivity to a variety of inhibitors. This sensitivity contributes to
the success of several antiviral drugs, especially acyclovir. Acyclovir,
which is a guanine base attached to an acyclic sugar moiety, is converted
to the monophosphate mainly via an HSV-encoded thymidine kinase.
The triphosphate, formed from the monophosphate via the action of cel-
lular enzymes, is a much more potent inhibitor of the viral DNA
polymerase than it is of cellular polymerases (Martin et al. 1994). The
mechanism of inhibition entails three steps (Reardon and Spector 1989):
(1) binding, which can be competed by dGTP; (2) incorporation into the
growing DNA chain, leading to chain termination (acyclovir lacks a 3’
hydroxyl); (3) very potent inhibition by triphosphates complementary to
the next position in the template, which prevents dissociation of the en-
zyme from the primer template.
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HSV DNA polymerase contains an intrinsic 3’ —5’ exonuclease ac-
tivity and an intrinsic RNase H activity (Crute and Lehman 1989; Marcy
et al. 1990b; Weisshart et al. 1994). There is controversy regarding
whether the RNase H functions as a 5’ —3’ exonuclease (Crute and
Lehman 1989) or whether it is instead a manifestation of the 3'—5"
exonuclease activity (Knopf and Weisshart 1990; Knopf and Strick
1993).

The catalytic subunit alone is much less active than the holoenzyme
for polymerization on certain primer templates (Table 2), including
poly(dA)oligo(dT) and singly primed M13 DNA (Gottleib et al. 1990;
Hamatake et al. 1993). This is due to the ability of the small subunit,
ULA42, to stimulate processivity (Gottleib et al. 1990; Hernandez and
Lehman 1990), which correlates with increased affinity for DNA in a
primer-template configuration (Gottleib and Challberg 1994; B.D. Song;
D. Herschlag; LR. Lehman; all pers. comm.; K. Weisshart and D.M.
Coen, unpubl.). UL42 is an unusual processivity factor in that it has in-
trinsic affinity for double-stranded DNA, which is required for proces-
sivity (Chow and Coen 1995).

UL42 also binds specifically to the catalytic subunit, and this binding
too is required for processivity (Digard et al. 1993a,b). It is likely that
these properties are shared by other small herpesvirus polymerase sub-
units like EBV BMRF1 and CMV UL44, which also have intrinsic
DNA-binding activity and stimulate their cognate catalytic subunits
(Tables 1 and 2). The current working model then is that UL42 simulta-
neously binds pol and DNA and thereby increases affinity for primer
template. How this can occur without braking elongation (a problem
solved by processivity factors such as proliferating cell nuclear antigen
by wrapping around DNA without binding, thereby creating a "sliding
clamp") is an area of active investigation.

The interaction of HSV pol and UL42 is not only required for proces-
sivity in vitro; it is also required for viral replication in vivo (Digard et
al. 1993a,b). Thus, this interaction could be the target for antiviral drugs.
Residues crucial for the interaction lie at the extreme carboxyl terminus
of pol (Digard et al. 1993a; Stow 1993; Tenney et al. 1993b). According-
ly, certain peptides corresponding to the carboxyl terminus of pol block
ULA42-dependent DNA synthesis catalyzed by pol at concentrations that
had no effect on synthesis by pol alone or by heterologous polymerases
(Table 2) (Marsden et al. 1994; Digard et al. 1995). Thus, these peptides
represent a new class of polymerase inhibitors that act by blocking
accessory-subunit-dependent synthesis. They or their structures may
form the basis for the synthesis of antiviral drugs.
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Genetics: Drug Resistance and Conserved Regions

HSV is an excellent genetic system, and this has been advantageous in
studies of HSV DNA polymerase. Many genetic studies have focused on
mutations in the pol gene that alter the sensitivity of the virus to drugs.
Such mutations alter the catalytic subunit so that it is functional, yet ex-
hibits altered specificity. As the drugs mimic and/or compete for binding
with natural polymerase substrates, the mutations can be expected to
alter amino acids that are within or impinge on the binding site for the
substrate. Clusters of such mutations should identify regions that are
directly or indirectly involved in binding the substrates.

In the HSV system, this approach has mainly identified amino acids
in six regions that are conserved among many viral and cellular
polymerases of the a-like family (also known as family B; see Wang,
this volume). These regions are designated as I, I1, III, V, and VII, which
are found in almost all a-like polymerases, and d-region C (Zhang et al.
1991), which is found in cellular DNA polymerases & and &, but not a
(Fig. 1, Table 3). Thus, these regions are presumably conserved for their
role in polymerase catalysis. Because regions II and III contain the
greatest clustering of such mutations (Table 3), it was proposed that these
segments would be likely to directly interact with substrates and drugs
(Gibbs et al. 1988). As reviewed by Wang (this volume), there is consid-

~690
1~42 N ~1120 1235 aa
N . ,
Conserved 1V SregionC II VIIII IVIIV
Z2 ] Il Bl ! I

Sequences oo =
10 I

Figure 1 Locations of conserved regions and structural domains on viral DNA
polymerases using the HSV DNA polymerase catalytic subunit as an example.
The 1235-amino acid (aa) HSV pol polypeptide is represented as lines, indicat-
ing less-ordered regions susceptible to proteolytic digestion, with the residue
numbers indicating the sites of cleavage (Weisshart et al. 1994) and boxes
representing structural domains. Dashed lines indicate sites of proteolytic diges-
tion that do not separate structural domains. Below are the locations of con-
served regions I-VII shared among o-like polymerases (Wong et al. 1988;
Hwang et al. 1992) and d-region C (Zhang et al. 1991) as filled boxes; Exol, II,
and III (Bernad et al. 1989) as open boxes; and a segment with some homology
to RNase H enzymes and certain a-like polymerases (Reha-Krantz 1990) as a
hatched box.
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erable support for this proposal based on structural studies of other
polymerases that appear to contain homologs of these regions and from
enzymological studies of mutant DNA polymerase-a and other a-like
polymerases. Region I appears to be involved in catalysis, rather than af-
finity for substrates, so its involvement in substrate and drug recognition
may be more indirect. Aside from drug-resistance mutations, certain
mutations in this region can inactivate polymerase activity in vitro
(Dorsky and Crumpacker 1990) and viral replication in vivo (Marcy et
al. 1990a). The precise roles of regions V and VII are poorly understood
at present.

The first mutations in d-region C were suggested to identify a 60-
residue segment (then known as region A) that was specific to viruses
which are sensitive to antiviral drugs (Gibbs et al. 1988). Subsequently,
this region was found to comprise a much longer segment (>100 residues
in HSV) that is also conserved among cellular DNA polymerases & and &
(Zhang et al. 1991). Interestingly, a drug-resistance mutation isolated by
a suppressor approach maps to the amino-terminal portion of this seg-
ment (Wang et al. 1992). The mapping of the mutations suggests that 5-
region C could also form part of the dNTP-binding site, even though it
also contains the Exolll segment, one of three regions (Exol, II, and III,
see Fig. 1) that are conserved among the active sites of 3’—=5’ exo-
nucleases (Bernad et al. 1989). These and other data (see below) argue
for interdependence between portions of the enzyme involved in poly-
merization and exonuclease activities.

Of all the pol mutations that confer altered drug sensitivity to HSV,
only two do not map to regions conserved among many a-like
polymerases. One of these lies adjacent to region III and alters a proline
and, thus, could conceivably act by shifting the orientation of region III
(Gibbs et al. 1988). The other, isolated for suppression of phospho-
noacetic acid (PAA)-hypersensitivity (Wang et al. 1992), lies in a region
of sequence similarity shared among a few a-like polymerases and
certain RNase Hs (Fig. 1) (Reha-Krantz 1990). The significance of this
has not been established.

Several of the drug-resistant mutants exhibit an antimutator
phenotype (Hall et al. 1984, 1985; Wang et al. 1992; Hwang and Chen
1995). For at least one mutant, PAA'S, this appears to result from
decreased misincorporation of incorrect bases during polymerization as-
sociated with higher K, values for dNTPs rather than increased editing
by the 3 —5’ exonuclease (Hall et al. 1985). At the sequence level, the
wild-type polymerase mediates transition and frameshift mutations at
about a 1:1 ratio in an HSV gene. Interestingly, the PAA'S enzyme ex-
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hibits an altered spectrum of mutations, being especially impaired in
mediating transition mutations (Hwang and Chen 1995). The mecha-
nisms underlying the antimutator phenotype for this and other mutants
deserve further study.

Mapping of Activities
Numerous mutations have been constructed in the pol and UL42 genes
and tested for their effects on enzyme function in vitro and virus replica-
tion in vivo. Deletion analysis indicates that the catalytic subunit can suf-
fer deletions as large as 227 residues at the amino terminus and 58
residues at the carboxyl terminus without loss of polymerase activity in
vitro (Dorsky and Crumpacker 1988; Haffey et al. 1990), although the
latter deletion and other mutations at the carboxyl terminus impair asso-
ciation with UL42 and its stimulation of long-chain DNA synthesis as
well as viral replication (Digard et al. 1993a; Stow 1993; Tenney et al.
1993b; Marsden et al. 1994). Current data support the concept of an ap-
proximately 36-residue subdomain at the extreme carboxyl terminus of
HSV pol that interacts with UL42 (Digard et al. 1995). This subdomain
appears to be part of an approximately 12-kD carboxy-terminal structural
domain identified by limited proteolysis (Fig. 1). This domain also has
DNA-binding activity and is required for polymerase activity (Digard et
al. 1993a; Weisshart et al. 1994; W.R. Bebrin et al., unpubl.). Limited
proteolysis has also shown that the amino-terminal half of the pol
molecule is sufficient for its 3 —5' exonuclease and RNase H activities
(Weisshart et al. 1994). However, deletions and single and clustered
point mutations in many locations in the pol gene, including the amino-
terminal half, ablate polymerase activity (Dorsky and Crumpacker 1988,
1990; Haffey et al. 1990; Gibbs et al. 1991; W.R. Bebrin et al., unpubl.).
Interestingly, mutations within conserved region IV in the Exoll segment
inactivate polymerization activity, yet the protein retains certain other ac-
tivities (Gibbs et al. 1991). These data, taken together with the drug-
resistance data cited above, tend not to support a model in which
polymerase activity resides on a structurally and functionally indepen-
dent polymerase domain a la E. coli DNA polymerase I (Derbyshire et al.
1993). Rather, it appears that HSV polymerase activity requires contribu-
tions from other domains and/or active sites. Related results in other viral
systems are discussed below.

Limited proteolysis has also mapped sites of conformational changes
that occur in pol upon DNA binding (Weisshart et al. 1993). One site is
in or near the "hinge" between the 12-kD carboxy-terminal domain and
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the rest of the molecule (Fig. 1). The other is in the vicinity of 8-region C
and region II (Fig. 1).

The UL42 subunit has been studied less extensively than pol. Its most
surprising feature is an approximately 175-residue carboxy-terminal tail
with no apparent function in vitro or in vivo (Digard et al. 1993b; Gao et
al. 1993; Hamatake et al. 1993; Monahan et al. 1993; Tenney et al.
1993a). However, most mutations in the remaining approximately 315
amino acids either inactivate all three UL42 activities identified (DNA
binding, pol binding, processivity) or have little effect on any. The im-
portant exceptions are a linker insertion mutation at codon 160, which in-
activates pol binding without apparent effect on DNA binding, and linker
insertions at codons 203 and 206, which diminish DNA binding without
apparent effect on pol binding. Each of these mutations severely impairs
the ability of UL42 to stimulate pol processivity and to support viral
replication (Digard et al. 1993b; Chow and Coen 1995). Whether these
mutations identify short contiguous pol- or DNA-binding sites, respec-
tively, is not clear.

Interactions with Other Proteins

It would be surprising if there were no interactions of either pol or UL42
with other HSV replication proteins other than with each other (see
Challberg, this volume). However, as yet, little direct evidence has been
published for such interactions.

OTHER HERPESVIRUS DNA POLYMERASES
Enzymology and Pharmacology

The other herpesvirus DNA polymerases have not been studied as ex-
tensively as HSV DNA polymerase, but several have provided interest-
ing insights. There is reason to suspect complications in the
stoichiometries of the subunits of these enzymes. Although the EBV en-
zyme is evidently a 1:1 heterodimer (T. Tsurumi, pers. comm.), the EBV
catalytic subunit is maximally stimulated by its accessory protein,
BMREFI, at a ratio of two BMRF1 molecules to each EBV pol (Tsurumi
et al. 1993a). The murine cytomegalovirus homolog of the CMV acces-
sory protein forms disulfide-linked homodimers and higher-order forms
(Loh et al. 1994). The CMV and EBV holoenzymes exhibit many of the
properties of the HSV enzyme (Table 2). However, the catalytic subunits
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alone differ substantially in their salt optima and preferred primer
templates, and these parameters strongly influence the response of the
catalytic subunits to their cognate accessory proteins (Table 2 and
references therein). Thus, it is not yet clear to what extent these other
herpesvirus accessory proteins function similarly to HSV UL42.

Like its HSV counterpart, the EBV pol contains an intrinsic 3’ —5"
exonuclease activity (Tsurumi et al. 1993b). Ribonucleoside mono-
phosphates inhibit this activity, but not polymerase (Tsurumi 1992;
Tsurumi et al. 1994), unlike the HSV holoenzyme (Frank and Cheng
1986). Interestingly, the BMRF1 accessory subunit enhances the dsDNA
nuclease activity of EBV pol, but not its activity on ssDNA (Tsurumi et
al. 1994).

Genetics: Drug Resistance and Conserved Regions

A number of drug-resistant VZV and CMV mutants with lesions in the
pol gene have been isolated. The five VZV mutations are very similar in
location to those of HSV (Table 3). One mutant contains an alteration in
region II not previously observed, and the others contain residues altered
in regions I, II, and III and in §-region C corresponding to residues
altered in HSV mutants. The five CMV mutants, however, have a rather
unusual spectrum of alterations (Table 3). This may be due to their selec-
tion for resistance to the nucleoside analog, ganciclovir. None of the
mutations is in regions I-III. One is in region V and two are in d-region
C, bolstering the cases that these segments are involved in substrate
recognition. Most surprising, two of the mutations are in highly con-
served residues within the Exol and Exoll segments. The aspartate
altered in the Exol segment is believed to be involved in metal binding
and is required for exonuclease activity in other oa-like polymerases
(Bernad et al. 1989; Morrison et al. 1991; Simon et al. 1991). The
phenylalanine altered in Exoll is adjacent to an aspartate that has similar
properties to that in Exol (Bernad et al. 1989; Simon et al. 1991). One in-
terpretation of these results is that the mutations may affect the dNTP-
binding site of CMV pol (Lurain et al. 1992). A second interpretation is
that ganciclovir resistance is due to increased exonuclease activity to
remove incorporated drug; however, the mutations would be expected to
decrease exonuclease activity. A third possibility is based on the ability
of ganciclovir triphosphate to promote chain termination despite its hav-
ing a 3’ hydroxyl residue (Reid et al. 1988). Perhaps, the polymerase is
less likely to stall and come off the primer template following drug in-
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corporation when the exonuclease is less active, leading to internal incor-
poration of drug and subsequent repair or proper copying. These alterna-
tives can be addressed by biochemical analysis of mutant polymerases.

Aside from these drug-resistant mutants, Ye and Huang (1993) have
engineered point and small deletion mutations into CMV pol and as-
sessed effects following in vitro expression. Mutations in regions I, II,
III, and V severely diminished enzyme activity, as expected. A mutation
in region III abolished DNA binding in a co-sedimentation assay, but
whether this was a specific effect is not clear. Interestingly, mutations in
regions I and II retained DNA-binding activity but did not detectably
bind substrate. Further quantitative studies will be required to relate these
results to the functional roles of the conserved regions.

Mapping of Activities

There have been some mutational analyses of catalytic and accessory
subunits in other herpesvirus systems. Fairly small deletions of the amino
terminus of EBV pol severely diminish activity in vitro (Kiehl and
Dorsky 1991; Lin et al. 1991). In pseudorabies virus (PRV, a pig virus
similar to HSV), deletion of the last 30 residues of the catalytic subunit
results in an active polymerase that, however, is not stirnulated by the
PRV homolog of HSV UL42 (Berthomme et al. 1995). Remarkably,
despite this functional analogy of the carboxyl terminus of PRV pol to
that of HSV pol, there is little or no sequence homology, and the HSV
and PRV catalytic subunits are not stimulated by the noncognate acces-
sory proteins. This provides an interesting example of evolution of
protein-protein interactions.

The accessory subunits, CMV UL44 and EBV BMRF]1, have been
analyzed for effects on DNA binding and pol stimulation. As was the
case for HSV ULA42, fairly large carboxy-terminal deletions had little or
no effect (Weiland et al. 1994; Kiehl and Dorsky 1995). Most deletions
within the remaining approximately 310 residues destroyed pol stimula-
tion and DNA binding, with the exception of small deletions in BMRF1
between residues 194 and 233, which permitted DNA binding, but not
stimulation. This suggests the existence of a bipartite DNA-binding
region for this protein (Kiehl and Dorsky 1995); however, further work
will be required to determine if given deletion mutations specifically af-
fecied DNA binding or more globally affected protein folding. As yet,
mutations that specifically impair binding to the cognate pol have not
been published.
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VACCINIA VIRUS DNA POLYMERASE

Vaccinia virus, the descendant of the virus used by Jenner to vaccinate
against smallpox, is the prototype poxvirus. The poxviruses have a num-
ber of fascinating biological features and are amenable to biochemical
and genetic analysis. The vaccinia virus DNA polymerase was among
the first animal virus DNA polymerases to be purified to near
homogeneity (Challberg and Englund 1979a) and, unlike the other viral
enzymes discussed here, is a monomer (Table 1). The protein has recent-
ly been overexpressed using an engineered vaccinia virus vector
(McDonald and Traktman 1994a). Molecular genetic approaches, which
can be especially rapid in the vaccinia system, have yielded many in-
sights that have reinforced, complemented, and extended related work in
herpesvirus systems.

Enzymology, Pharmacology, and Protein-protein Interactions

Selected enzymological features of the single subunit vaccinia DNA
polymerase are presented in Tables 1 and 4. It contains an intrinsic
3'—5’ exonuclease (Challberg and Englund 1979a) but lacks detectable
5'—3’ exonuclease activity (McDonald and Traktman 1994a). Its
polymerase activity is perhaps most distinguished by a limited repertoire
of preferred primer templates, with best activity on activated DNA and
poly(dC)oligo(dG); less activity on other homopolymeric DNA primer
templates; poor activity on primed single-stranded bacteriophage DNA
where it stalls at areas of secondary structure (Challberg and Englund
1979b); and little or no activity on RNA-primed homopolymers, con-
sistent with the proposed mechanism of viral DNA replication (see
Traktman, this volume). It is sensitive to aphidicolin, but less so than
HSV DNA polymerase or DNA polymerase-a (Pedrali-Noy and Spadari

Table 4 Properties of vaccinia virus DNA polymerases

Form of K, for Selected
enzyme Optima dNTPs Primer templates inhibitors
116-kD 50 mm KPO4 1-4 um  good: activated DNA,  aphidicolin
monomer pH 8-9 poly(dC)oligo(dG) (modest),

S mMm MgCl,, poor: RNA primed arabinosyl CTP

but more DNA, primed ss

processive bacteriophage DNA

at 1 mm

Selected references: Citarella et al. (1972); Challberg and Englund (1979a,b); Pedrali-Noy and
Spadari (1980); McDonald and Traktman (1994a,b).
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1980). It is also sensitive to a number of other inhibitors that are active
against herpesvirus DNA polymerases, such as arabinosylcytosine (araC)
triphosphate.

The enzyme is not processive as a monomer except at low ionic
strength and MgCl, concentrations and lacks the strand-displacement ac-
tivity required by current models for viral DNA replication (Challberg
and Englund 1979b; McDonald and Traktman 1994b; see Traktman, this
volume). The enzyme’s activity on primed M13 DNA can be greatly
stimulated by E. coli single-strand DNA-binding protein, which
presumably is due to destabilization of secondary structure rather than
specific protein-protein interactions (McDonald and Traktman 1994b).
The physiological significance of these observations is not yet certain,
but they have provided a starting point for purification of accessory fac-
tors from virus-infected cells (see Traktman, this volume).

Genetics

A number of studies have examined drug-resistant vaccinia virus mutants
with lesions in the pol gene and correlated phenotype (including
antimutator and mutator behaviors) with amino acid changes in con-
served motifs, much as has been done with herpesviruses (see above).
The results are summarized in Table 3. The mutations analyzed confer
resistance or hypersensitivity to aphidicolin, PAA, and/or araC. As with
CMYV, the mutations have a different spectrum of locations from those
observed with HSV and VZV. None of the mutations is in regions I, II,
or V. One mutation is in region III. Two alter a residue in 8-region C,
and three others are in a nonconserved region in vaccinia virus DNA
polymerase that splits 8-region C into two halves. This further bolsters
the case that d-region C is involved in substrate recognition. Finally, as
was the case with a CMV mutant, one mutant, isolated for araC-
resistance, is in the Exol segment. The three possible interpretations sug-
gested earlier for the CMV ganciclovir-resistance mutations in Exol and
Exoll apply here as well. Taddie and Traktman (1993) tended to favor
the idea that the mutation may improve the ability of the exonuclease to
remove araC residues. Regardless, the mapping of the mutations favors a
model of interdependence between polymerase and exonuclease sites
(Taddie and Traktman 1993).

As yet, there has been little analysis of the effects of mutations on dif-
ferent polymerase activities in vitro. With the overexpression and ready
purification of enzyme (McDonald and Traktman 1994a) and the hunt for
interacting proteins, these studies may develop in the near future.
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ADENOVIRUS DNA POLYMERASE

Adenoviruses infect birds and mammals. In humans, they are a cause of
respiratory disease and molecular biological research. The in vitro
reconstitution of adenovirus DNA replication by Challberg and Kelly
(1979) led to the identification of all the factors required, including a pre-
viously unrecognized DNA polymerase (see Hay, this volume). The
catalytic subunit, which also has 3’ —5' exonuclease activity, is normal-
ly found in a 1:1 heterodimer with the precursor of the terminal protein
(pTP). Mature terminal protein (TP) is bound covalently to both ends of
virion DNA via linkage to the 5’ phosphates. This covalent linkage is
accomplished by the polymerase, which utilizes pTP as a protein primer
and incorporates dCTP into a pTP-dCMP initiation complex. Whereas
with herpesvirus and vaccinia virus DNA polymerases much of the em-
phasis has been on issues of substrate and drug recognition, with
adenovirus DNA polymerase the emphasis has been on the details of its
role in the replication of adenovirus DNA. These are covered thoroughly
by Hay (this volume), so the coverage here is brief and focuses on other
aspects.

Enzymology and Pharmacology

Aside from the origin-dependent elongation reactions using various viral
and cellular proteins (covered by Hay, this volume), adenovirus DNA
polymerase by itself is typically assayed in two ways (Table 5): (1) in-
corporation of dNTPs on conventional primer templates and (2) in-
corporation of dCTP into the pTP-dCMP initiation complex, typically
using viral origin sequences as template. A number of features dis-
tinguish adenovirus DNA polymerase from other viral and cellular en-
zymes (Table 5). The enzyme is rather salt-sensitive and is stimulated by
ATP (Lichy et al. 1981; Field et al. 1984), evidently without hydrolysis
to ADP (Lindenbaum et al. 1986). On its own, the enzyme is resistant to
aphidicolin, unlike most other members of the a-polymerase family
(Enomoto et al. 1981; Lichy et al. 1981).

A remarkable aspect of adenovirus DNA polymerase is how its be-
havior changes depending on the presence of particular proteins and/or
primer templates. Addition of adenovirus DNA-binding protein (DBP)
allows the enzyme to utilize poly(dT)oligo(dA) efficiently (Field et al.
1984). This is reminiscent of the stimulation of herpesvirus catalytic sub-
units on certain primer templates by their accessory subunits; however,
in this case, DBP is not a strongly associating subunit of the polymerase.
(The presence or absence of pTP seems to have little effect on the
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Table 5 Features of adenovirus DNA polymerase

K, for Inhibitor
Assay Optima dNTPs Primer templates responses?
Elongation pH 7.5-8, 1umP good: activated DNA, sensitive to
no added poly(dC)oligo(dG) ddCTP (100 pum)
salt, poor®: poly(dT)oligo(dA), resistant to
3-5 mm poly(dT)oligo(rA) aphidicolin
ATP (100 pm)
pTP-dCMP sameas 4 umd  Ad virion DNA (with TP) resistant to both
formation above ss adenoviral DNA ddCTP and
aphidicolin

Selected references: Lichy et al. (1981); Lichy et al. (1982); Nagata et al. (1982); Field et al.
(1984); Mul and van der Vliet (1993).

“Elongation with all the components required for replication of full-length viral DNA in vitro is
relatively sensitive to aphidicolin (IC,, <10 uMm).

Value is for elongation following formation of an initiation complex on the adenovirus origin and
is in the presence of DBP (Mul and van der Vliet 1993).

‘In the presence of DBP, these primer templates are used fairly efficiently (Field et al. 1984).

9Value shown is in the absence of the adenovirus DBP, With DBP, the K., for formation of pTP-
dCMP drops to 0.5 uM (Mul and van der Vliet 1993).

polymerase’s catalytic properties.) The enzyme’s sensitivity to inhibitors
is highly plastic. The enzyme is sensitive to ddCTP on activated DNA
templates or during elongation on adenoviral DNA, but it is resistant to
the inhibitor during incorporation of dCTP into pTP. Perhaps most sur-
prising is the response to aphidicolin. Despite the enzyme’s inherent
resistance to aphidicolin, DNA synthesis by the polymerase using com-
plete reconstituted systems or crude extracts is relatively sensitive to the
drug (Krokan et al. 1979; Longiaru et al. 1979; Nagata et al. 1983). An
appealing possibility is that the other proteins alter the conformation of
the polymerase to render it sensitive to aphidicolin. This scenario was in-
voked to explain how certain HSV mutations in the HSV-DBP gene con-
ferred hypersensitivity to aphidicolin (Chiou et al. 1985). Alternatively,
the replication activities of one of the other components in the reaction
may be aphidicolin-sensitive.

A fundamental difference between adenovirus DNA polymerase and
the other polymerases discussed in this book is its direct role in origin
recognition. This is covered in some detail by Hay (this volume).

Genetics

Adenovirus DNA polymerase shares conserved sequence motifs I-V,
V1, and the Exol-III segments with other members of the a-polymerase
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family. It does not appear to contain segments such as &-region C found
in cellular polymerases & and & and herpes and poxvirus enzymes (Zhang
et al. 1991). Joung et al. (1991) tested the importance of conserved
region I by site-directed mutagenesis and assays of enzyme activity from
extracts of transfected cells. A variety of substitution mutations had
similar effects—mainly highly deleterious—on initiation and elongation
assays, with the conserved glycine being the most tolerant of alterations.

Extensive linker insertion mutagenesis of both subunits of adenovirus
polymerase has been performed (Freimuth and Ginsberg 1986; Chen and
Horwitz 1989; Fredman et al. 1991; Roovers et al. 1991, 1993). The
major finding from these studies is that mutations at locations throughout
either subunit destroy polymerase activity in both initiation and elonga-
tion assays. Although it is difficult to rule out effects of the mutations on
overall protein folding, the results are in accord with the studies on her-
pesvirus and poxvirus enzymes which suggest that polymerase active
sites require contributions from distant regions of the molecule. These
mutations have also been used to investigate protein-protein interactions,
as summarized by Hay (this volume).

A novel activity—attachment to nuclear matrix—has been ascribed to
the terminal protein, and this is thought to be important as well for tran-
scriptional efficiency of viral DNA, presumably by proper intranuclear
localization (Schaack et al. 1990; Fredman and Engler 1993). pTP also
appears to facilitate the nuclear localization of the catalytic subunit, in a
study that also mapped both subunits’ nuclear localization signals (Zhao
and Padmanabhan 1988). A third novel activity, which remains un-
explained, is the role of the polymerase in oncogenic transformation; a
temperature-sensitive pol mutation confers a temperature-sensitive trans-
formation phenotype on the virus toward rat cells (Miller and Williams
1987).

REGULATION OF VIRAL POLYMERASES

The expression of viral DNA polymerases is regulated during virus in-
fection. Much of this regulation is transcriptional so that the genes are
transcribed at the correct time; most polymerases are "early" gene prod-
ucts, expressed prior to and independent of DNA synthesis. A striking
feature of many viral polymerases is that they are subject to posttran-
scriptional controls that down-regulate their abundance. The con-
sequences of this kind of control are perhaps better understood in RNA
virus and retrovirus (Meier et al. 1987; Felsenstein and Goff 1988; Din-
man and Wickner 1992). There it appears that overexpression of
polymerase can be deleterious due to inappropriate ratios of polymerase
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to the proteins with which it interacts. Mechanisms in these and bac-
teriophage systems to set low polymerase abundance relative to other
proteins include partial transcriptional termination, relatively inefficient
translational frameshifting, nonsense suppression, and autogenous trans-
lational regulation (Iverson and Rose 1981; Andrake et al. 1988; Atkins
et al. 1990; Tuerk et al. 1990). The viruses whose polymerases are de-
scribed in this chapter also utilize posttranscriptional mechanisms to
down-regulate polymerase abundance.

Translational Shutoff of HSV Pol

HSV pol is encoded by a single major mRNA on which the pol gene is
the only known function (a small open reading frame [ORF] upstream of
the pol ORF is not important for regulation) (Yager and Coen 1988;
Yager et al. 1990). At times when the synthesis of most early proteins
peaks, the mRNA is poorly translated, resulting in a shutoff of
polymerase expression (Yager et al. 1990; Wobbe et al. 1993). The
mRNA is poorly associated with polyribosomes at these times, suggest-
ing a block at the level of translational initiation. Neither the cis-acting
sequences nor the trans-acting factors for this shutoff are known. How-
ever, translational shutoff depends on viral DNA synthesis (Wobbe et al.
1993), suggesting that a protein synthesized late in infection is required.
Oddly, when DNA synthesis is inhibited by drugs such as aphidicolin or
by mutation, pol mRNA accumulation declines, leading to no net change
in polymerase accumulation (Wobbe et al. 1993). Whether this effect on
mRNA accumulation is transcriptional or posttranscriptional is unclear.
Similar effects of aphidicolin on the accumulation of baculovirus pol
mRNA have been noted (Tomalski et al. 1988).

Other Herpesvirus Pols

EBV DNA polymerase expression has a number of unusual features
(Furnari et al. 1992). The pol gene lacks a TATA box and contains multi-
ple transcriptional start sites. There is a functional poly(A) signal near
the 5’ end of the gene; this could provide a mechanism for limiting
polymerase expression. In the B95-8 strain, the 3’ end of pol mRNA is
generated in the absence of a poly(A) signal. The mRNAs nevertheless
are polyadenylated but contain a series of inserted nucleotides between
the pol sequences and the poly(A) tail (Furnari et al. 1993). CMV pol
mRNA contains a long 5’ -untranslated region (Kouzarides et al. 1987),
which impairs translation in transfected cells and in vitro (Geballe and
Mocarski 1988; Ye and Huang 1993).
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Vaccinia Virus Pol

The regulation of vaccinia virus polymerase expression is in some ways
the mirror image of HSV regulation. McDonald et al. (1992) found that
under normal circumstances, vaccinia pol mRNA is translated with equal
efficiencies at all stages of infection. However, in the presence of
aphidicolin, the mRNA, rather than declining late in infection, remains at
high levels, but polymerase translation is shut off. The effect of
aphidicolin does not seem to be on DNA synthesis, however, as
aphidicolin-resistant pol mutants manifest the same effects. Whether
polymerase expression is regulated differently from other early genes has
not yet been fully explored.

Splicing Versus Polyadenylation Regulates Adenovirus
Polymerase Synthesis

The mechanisms of posttranscriptional regulation of adenovirus DNA
polymerase are perhaps the best understood. Pol, pTP, and DBP share the
same promoter. The mRNAs for these proteins, however, differ greatly
in abundance, such that the mRNA for DBP is roughly 100 times more
abundant than those for pol and pTP (Stillman et al. 1981). The different
mRNAs are generated by alternative splicing of a common primary tran-
script (Stillman et al. 1981; Shu et al. 1988). The dbp mRNA uses a
poly(A) signal upstream of the ORFs for the two polymerase subunits,
leading to the proposal that preferential use of this signal leads to low
abundance of the pol and pTP mRNAs. Given our current understanding,
this implies a race between splicing to generate the downstream mRNAs
on the one hand, and cleavage, polyadenylation, and perhaps transcrip-
tion termination on the other, with splicing losing the race most of the
time. Thus, the ratio of the mRNAs and, by extension, the two
polymerase subunits to DBP is set, perhaps exclusively, by a balance be-
tween two competing processes. Given the myriad protein-protein inter-
actions of Pol, pTP, and DBP (Hay, this volume), it is presumably impor-
tant to set the correct ratios between pol, pTP, and DBP to ensure proper
stoichiometries. It is very tidy to utilize alternative splicing to set these
ratios rather than setting transcription rates at three different promoters.

SUMMARY

Despite the many differences in replication strategies of the different
virus groups and the numerous differences in enzymatic properties, there
are major similarities that unite the different virus DNA polymerases.
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The different polymerases all share sequence homologies with each other
and with other members of the a-like DNA polymerase family. For each
of the polymerases there is evidence against the idea that the polymerase
activity resides on a single modular structural and functional domain.
Each of the polymerases appears to require another viral protein to
stimulate elongation, but by rather different mechanisms ranging from
tightly associated subunits to utilization of proteins that are not subunits.
In each case, there is evidence for posttranscriptional regulation of ex-
pression. Given the evolutionary relationships, it would be surprising if
some of these unifying features among viral polymerases did not also
apply to cellular enzymes.
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