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ABSTRACT

In vitro bypass of damaged DNA by replicative DNA
polymerases is usually blocked by helix-distorting
or bulky DNA lesions. In this study, we report that
substitution of the divalent metal ion Mg?* with Mn2*
promotes quantitative replication of model DNA
substrates containing the major cisplatin or N-2-
acetylaminofluorene adducts by the catalytic sub-
unit (UL30) of the replicative DNA polymerase of
herpes simplex virus. The ability of Mn2* ions to
confer bypass of bulky lesions was not observed
with other replicative DNA polymerases of the B
family, such as bacteriophage T4 or § polymerases.
However, for these enzymes, manganese induced
the incorporation of one nucleotide opposite the
first (3’) guanine of the d(GpG) intrastrand cisplatin
lesion. Translesion replication of the cisplatin
adduct by UL30 led to the incorporation of mis-
matched bases, with the preferential incorporation
of dAMP opposite the 3' guanine of the lesion.
Furthermore, substitution of MgCl, with MnCl,
greatly inhibited the 3’ to 5’ exonuclease of UL30 but
had a far lesser effect on that of T4 DNA polymerase.
Finally, manganese induced a conformational
change in the structure of UL30 bound to the plati-
nated substrate. Taken together, the latter findings
suggest a mechanism by which manganese might
allow UL30 to efficiently promote translesion DNA
synthesis in vitro.

INTRODUCTION

The survival and evolution of organisms depend critically on
their ability to faithfully replicate their DNA. However, DNA
is continually subjected to damaging agents and a variety of
DNA repair pathways have evolved to repair DNA lesions.

Despite this, some lesions can escape repair and thus impede
the progress of a growing replication fork (1).

DNA polymerases can be classified into six main families
based upon phylogenetic relationships with Escherichia coli
pol I (Class A), E.coli pol II (Class B), E.coli pol III (Class C),
euryarchaeotic pol II (Class D), human pol B (Class X), and
E.coli pol UmuC/Din B and eukaryotic RAD 30/XP-V (Class
Y) (2). The B family includes replicative DNA polymerases
such as herpes simplex virus type-1 (HSV-1) polymerase,
bacteriophage T4 polymerase and eukaryotic pol o, & and €
polymerases. In vitro elongation catalyzed by replicative DNA
polymerases appears to be blocked by helix-distorting or
bulky DNA lesions (1). Examples of such lesions are the
intrastrand adduct between two adjacent guanines produced
by the antitumor compound cisplatin [Pt-d(GpG)] or the
modification at the C-8 position of a guanine produced by the
rat liver carcinogen N-2-acetylaminofluorene (AAF). On the
other hand, some polymerases of the X family, like pol 3, or
the recently discovered DNA polymerases belonging to the Y
family, can replicate through at least some DNA structure
distorting lesions (3). Translesion synthesis proficient DNA
polymerases of the X or Y families share some common
properties including very limited processivity and lack of
associated 3’ to 5" exonuclease ‘proofreading’ activity. In
addition, the crystal structures of three DNA polymerases of
the Y family indicate that, compared with replicative
polymerases, they possess both a more ‘open’ active site and
the capacity to establish limited, non-specific contacts with the
base pair at the primer terminus (4-6). Taken together, these
characteristics provide possible mechanisms whereby Y
family polymerases can bypass bulky DNA lesions.

Structural and mutagenesis studies have revealed the
existence of two crucial acidic amino acid residues in the
polymerase active site. These residues chelate a pair of
divalent metal ions to promote catalysis. Their proposed role is
to enable nucleophilic attack by the 3’-OH on the c-phosphate
of the incoming ANTP (7). In vivo, it is probably Mg?* that is
used for catalysis (8). Previous experiments with Mg+ have
shown that replicative DNA polymerases are largely incapable

*To whom correspondence should be addressed. Tel: +33 5 61 17 59 55; Fax: +33 5 61 17 59 94; Email: giuseppe.villani @ipbs.fr



3324

Nucleic Acids Research, 2002, Vol. 30 No. 15

A > TACAACCAAGAGCATAC 3
ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTGGCGGCCGCGGGTGGTGGTGG

3’ 5’
Pt

’ 14
B ° TACAACCAAGAGCATACGACGGCCAGTGCCGAATTCACA3

ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTGGCGGCCGCGGGTGGTGGTGG

37

C 3

GATTGGTATGATGGT

57
Pt

CTAACCATACTACCACTAACCAACTACCACGACAACTTACTACC
4 5 4

D *

AAF

37

TACAACCAAGAGCATACGACGGCCAGTGCCGAATTCACAC
ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTGGCGGCCGCGGGTGGTGGTGG

37

57

57
Pt

37

TACAACCAAGAGCATACGACGGCCAGTGCCGAATTCACAG
ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTGGCGGCCGCGGGTGGTGGTGG

37

57
Pt

Figure 1. DNA substrates used in this study. Positions of the Pt-d(GpG) and AAF adducts are as indicated. (A) 60/17mer substrate, (B) 60/39mer substrate,

(C) 44/15mer substrate, (D) 60/40mer cytosine and (E) 60/40mer guanine.

of performing translesion DNA synthesis. In general, these
studies revealed that replicative polymerases stopped at the
base immediately 3’ to the lesion (9-11). Other studies have
revealed that substitution of Mg?* with Mn?* induces DNA
polymerases to make errors during in vitro DNA replication of
undamaged DNA (12) and to insert one additional nucleotide
opposite a bulky DNA Iesion (13). However, at the concen-
trations of Mn?* used in those studies, no significant extension
beyond the lesions was detected.

In this study, we have examined the effect of MnCl, on the
capacity of the catalytic subunit (UL30) of the HSV-1 DNA
polymerase, together with other polymerases belonging to the
same family, to elongate templates containing two unique,
well defined DNA lesions. We also investigated the effect of
manganese on both the proofreading activity associated with
UL30 and T4 DNA polymerases and on eventual conforma-
tional changes in the structure of UL30 bound to a platinated
substrate.

MATERIALS AND METHODS
Proteins and chemicals

Recombinant HSV-1 UL30 was purified to near homogeneity
as described (14). Calf thymus DNA polymerases & and &,
purified as described (15), were a generous gift from
Drs G. Maga and U. Hubscher (University of Zurich). For
both enzymes, one unit of activity incorporates 1 nmol of
dTMP into acid-precipitable material in 60 min at 37°C
in a standard assay containing 0.5 pg (nucleotides) of

poly(dA)/oligo(dT) and 20 uM dTTP. T4 DNA polymerase,
T4 polynucleotide kinase and Acil restriction endonuclease
were from New England Biolabs. [y->2P]ATP (4500 Ci/mmol)
was from Du Pont/NEN. Unlabeled deoxyribonucleotide-
triphosphates were from Amersham Life Science. Sequencing
grade, TPCK-treated, trypsin was obtained from Promega.

DNA substrates

DNA substrates used in this study are depicted in Figure 1.
60/17mer substrate (Fig. 1A), 60/39mer substrate (Fig. 1B),
60/40mer cytosine (Fig. 1D) and 60/40mer guanine (Fig. 1E),
either unmodified or containing a single Pt-d(GpG) intrastrand
adduct, were constructed as described (10). 44/15mer sub-
strate (Fig. 1C), either unmodified or containing a single AAF
adduct, was prepared as described (16).

Primer extension assays

Reactions were performed for the times indicated at 37°C
in 25 mM HEPES-NaOH pH 7.5, 1 mM dithiothreitol,
200 pg/ml bovine serum albumin, 500 uM dNTPs, 5%
glycerol, 3 mM ATP and 80 mM NaCl with the indicated
concentrations of enzymes and substrates. Divalent cations
(Mg?* or Mn2*) were present as indicated. Reactions were
terminated by the addition of stop buffer (90% formamide,
0.1% xylene cyanol, 0.1% bromophenol blue, | mM EDTA).
Samples were heated for 5 min at 90°C and analyzed on 15%
polyacrylamide-7 M urea-30% formamide gels followed
by autoradiography. Reactions were quantified by storage
phosphor analysis with a Molecular Dynamics Storm 840



using the ImageQuant software. Full-length synthesis (60 and
44mers) is expressed as a percentage of all primer extension
products. Bona fide replication of platinated template was
determined based on the resistance of reaction products to
digestion with Acil which is inhibited by the lesion
(10,17).

Exonuclease assays

Reaction conditions were identical to those of the primer
extension reactions except that deoxyribonucleotide triphos-
phates were omitted. Reactions were terminated and analyzed
as described for the primer extension reactions.

Partial proteolysis assays

Reactions were performed in 25 mM HEPES-NaOH pH 7.5,
5% glycerol, 0.1 M NaCl and 1 mM dithiothreitol containing
90 nM UL30 and 250 nM platinated substrate B with either
10 mM MgCl, or 4 mM MnCl,, as indicated. Reactions were
assembled on ice and incubated at 30°C. Where indicated,
trypsin was added to 7.5 pug/ml and incubation continued for
2 min. The reactions were terminated by the addition of
200 uM N-a-tosyl-L-lysine chloromethyl ketone, 0.5 pg/ml
leupeptin, 0.7 pg/ml pepstatin A, 1 mM phenylmethylsulfonyl
fluoride and 20 mM EDTA. Samples were denatured in SDS
sample buffer and resolved by 12% polyacrylamide—0.1%
SDS gel electrophoresis. Proteins were visualized either by
silver staining or by immuno-blotting using an anti-UL30
rabbit serum.

RESULTS

Substitution of MgCl, with MnCl, leads to quantitative
bypass of Pt-d(GpG) and AAF adducts by the HSV-1
DNA polymerase

The UL30 gene encodes the catalytic subunit of the HSV-1
DNA polymerase and possesses 3° to 5’ proofreading
exonuclease and RNase H activities in addition to its DNA
polymerase activity (18). In order to assess the translesion
replication capacity of UL30, we investigated its capacity to
elongate a 5" 3?P-labeled 17mer primer annealed to untreated
or cisplatin damaged 60mer template A depicted in Figure 1 A.
The newly synthesized DNA products were resolved by
denaturing polyacrylamide gel electrophoresis and visualized
by autoradiography. Figure 2A shows that UL30 efficiently
replicated the untreated template in the presence of MgCl,
ranging from 5 to 40 mM. When the replication of the
cisplatin-modified template was examined, we found that the
vast majority (>90%) of the reaction products migrated as a
39mer, indicating arrest opposite the base immediately
preceding the Pt-d(GpG) adduct. Quantification of the data
shows that the extent of blockage was constant at all
concentrations of MgCl, examined (Fig. 2B). The faint band
corresponding to full-length product detectable with the
platinated template was sensitive to digestion with Acil (data
not shown), indicating the presence of a small percentage
(7-10%) of unplatinated DNA in our template preparation (see
Materials and Methods). Substitution of MgCl, with MnCl,
allowed efficient bypass replication of the Pt-d(GpG) lesion by
UL30 (Fig. 2C). The data show that quantitative translesion
synthesis was achieved with increasing concentrations of
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MnCl,, concomitant with the disappearance of the band at the
arrest site. It should be noted that at a MnCl, concentration of
0.5 mM, which does not yet enable UL30 to extend beyond the
lesion, UL30 inserted one nucleotide opposite the first G of the
Pt-d(GpG) adduct, in contrast to that observed with MgCl,.
Significant full-length translesion synthesis products were
obtained at 1 mM MnCl,, while at 4 mM up to 80% of the
platinated substrate was replicated (Fig. 2D). This is in
striking contrast to the products obtained following replication
of the same substrate in the presence of comparable or higher
concentrations of MgCl, (compare lanes 12 and 13 of Fig. 2C).
Full-length products obtained in the presence of MnCl, were
resistant to Acil digestion, indicating that the cisplatin lesion
was still present in the final product following DNA synthesis
by UL30 (data not shown).

In subsequent experiments, we found that MnCl, allowed
UL30 to efficiently bypass the cisplatin lesion after only 5 min
of incubation both at high polymerase/substrate ratios (10:1,
Fig. 2C) and at an equimolar protein/DNA ratio (data not
shown). Next, we investigated whether the capacity of Mn2* to
allow Pt-d(GpG) translesion synthesis by UL30 could be
translated to another bulky DNA lesion. For this purpose we
chose a template containing an AAF modification at the C8
position of a specific guanine (template C, Fig. 1C). This
modification induces a severe conformational change in the
vicinity of the adduct (19). As can be seen in Figure 3A, DNA
synthesis by UL30 in the presence of Mg?* arrests pre-
dominantly at the base preceding the lesion, albeit some low
level incorporation was observed opposite the modified
guanine. This pattern did not change for concentrations of
MgCl, up to 40 mM (data not shown). However, similar to the
results obtained with the cisplatin lesion, substituting 10 mM
MgCl, with 4 mM MnCl, led to quantitative bypass of the
adduct (Fig. 3B).

Taken together, these data show that Mn?* induces UL30 to
promote translesion synthesis which is not restricted to a
specific DNA lesion.

Mn?*+ does not enable T4 or calf thymus 8 DNA
polymerases to elongate past the Pt-d(GpG) adduct, but
allows incorporation of one nucleotide opposite the
lesion

In addition to the HSV-1 polymerase, bacteriophage T4 and
eukaryotic 8 and € polymerases belong to the class B family of
DNA polymerases. Therefore, we asked whether Mn?* could
also influence the capacity of these enzymes to promote
translesion synthesis. Cisplatin lesions have been found to
block elongation in vitro by T4 polymerase with MgCl, as
catalytic cation (9). We have confirmed this finding and show
that at a concentration of 4 mM MnCl,, which induces robust
translesion synthesis by UL30, T4 polymerase could not
elongate past the cisplatin (Fig. 4A) or AAF (data not shown)
adducts. Quantification of the small fraction of full-length
products (7%) indicates that these are likely to be a result of
extension of undamaged DNA present in the template
preparation. However, in contrast to what was observed with
MgCl,, MnCl, allowed T4 polymerase to incorporate one
nucleotide opposite the 3’ guanine of the Pt-d(GpG) adduct
(Fig. 4A, compare lanes 5 and 6 with 7 and 8).

We previously reported that, using the same platinated
DNA as in this study, DNA synthesis catalyzed by calf thymus
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Figure 2. Replication of unplatinated and platinated substrate A by UL30 DNA polymerase in the presence of MgCl, or MnCl,. (A) Autoradiogram of the
reaction products. Reactions were performed as described in Materials and Methods with 10 nM substrate A and 100 nM UL30 for 60 min at the indicated
concentrations of MgCl,. Lane 1, no enzyme. Lanes 2—6, replication of unplatinated substrate. Lanes 7—11, replication of platinated substrate. The positions
of the 17mer (primer) and 60mer (full-length product) are indicated by arrows. The printed sequence on the right side corresponds to the part of the substrate
containing the Pt-d(GpG) adduct (>Pt). (B) Quantification of the data shown in (A). Open circles, unplatinated substrate. Closed circles, platinated substrate.
(C) Autoradiogram of the reaction products. Reactions were performed as described in Materials and Methods with 10 nM substrate A and 100 nM UL30 for
60 min at the indicated concentrations of MnCl, or MgCl,. Lane 1, no enzyme. Lanes 27, replication of unplatinated substrate. Lanes 813, replication of
platinated substrate. The positions of the 17mer (primer) and 60mer (full-length product) are indicated by arrows. The printed sequence on the right side
corresponds to the part of the substrate containing the Pt-d(GpG) adduct (>Pt). (D) Quantification of the data shown in (C). Open circles, unmodified

substrate. Closed circles, platinated substrate.

DNA polymerases 8 and € in the presence of MgCl, arrested at
the base preceding the Pt-d(GpG) lesion (10). Here, we found
that 4 mM MnCl, was also unable to promote translesion
synthesis by these polymerases (Fig. 4B and data not shown).
However, as for T4 polymerase, we found that Mn?* allowed &
polymerase to incorporate one nucleotide opposite the 3’
guanine of the Pt-d(GpG) adduct (Fig. 4B, compare lanes 5
and 6 with 7 and 8).

Taken together, these data indicate that among the B class
replicative DNA polymerases tested, the capacity of MnCl, to

induce synthesis past bulky lesions is restricted to UL30.
However, Mn?* allowed the insertion of one nucleotide
opposite the 3" guanine of the Pt-d(GpG) adduct by T4 and
& polymerases.

Translesion synthesis by the HSV-1 DNA polymerase is
error prone

Translesion synthesis of the Pt-d(GpG) adduct by UL30 in the
presence of manganese could be mutagenic or non-mutagenic
depending on whether the correct or incorrect nucleotide is
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Figure 3. Replication of AAF-modified substrate C by UL30 DNA polymerase in the presence of MgCl, or MnCl,. (A) Autoradiogram of the reaction
products. Reactions were performed as described in Materials and Methods with 10 nM substrate C and 25 nM UL30 for the times indicated. Lanes 1-3,
replication of AAF-modified substrate with MgCl,. Lanes 4-6, replication of AAF-modified substrate with MnCl,. The position of the 15mer (primer) and
44mer (full-length product) are indicated by arrows on the left. The printed sequence on the right side corresponds to the part of the substrate containing the
AAF adduct (-AAF). (B) Quantification of the data shown in (A). Open triangles, AAF-modified substrate with MgCl,. Closed triangles, AAF-modified

substrate with MnCl,.

incorporated opposite the lesion. To obtain qualitative
information about possible mis-incorporation opposite the
cisplatin adduct, primer extension assays were performed
with individual deoxynucleotides. These experiments were
performed with platinated template B (Fig. 1B) annealed to a
5" 32P-labeled 39mer to prime DNA synthesis immediately
3’ to the Pt-d(GpG) lesion. As expected, in the presence of
MgCl, no incorporation was detected opposite the lesion,
with the exception of marginal incorporation of dCMP due
to the presence of low amounts of unplatinated template
(Fig. 5). With MnCl,, in addition to the incorporation of
dCMP as the correct base, incorporation of all three other
dNMPs was observed opposite the 3° guanine of the Pt-
d(GpG) adduct, indicating that significant misincorporation
had occurred (Fig. 5). Quantification of the data indicates
that MnCl, directed the incorporation of deoxynucleotides in
the following order: dCMP = dAMP > dTMP > dGMP.
These data indicate that translesion synthesis of the Pt-
d(GpG) adduct by the HSV-1 polymerase is error prone.

MnCl, inhibits the 3’ to 5’ exonuclease of the HSV-1
DNA polymerase on platinated DNA

An early model (20) suggested that proofreading exonuclease
activity might play a role in preventing chain elongation

caused by bulky lesions and that successful translesion
synthesis might require suppression of the proofreading
activity during lesion bypass.

Consequently, we examined whether MnCl, has an
effect on the proofreading exonuclease associated with the
HSV-1 DNA polymerase. To test this possibility we used
platinated substrates D and E depicted in Figure 1D and E,
in which either a cytosine or guanine was inserted opposite
the 3’ guanine of the Pt-d(GpG) adduct. We found that 3’
to 5" exonuclease digestion by UL30 was significantly lower
with MnCl, than with MgCl, (Fig. 6A, compare lanes 1-5
and 11-15 with lanes 6-10 and 16-20). Quantification of the
data indicates that upon completion of the reaction <5% of
the labeled primer remained with MgCl,, while up to 26%
of the primers resisted exonuclease degradation with
MHCIQ.

Since translesion synthesis by the T4 DNA polymerase was
not induced by MnCl,, we examined whether substitution of
magnesium with manganese also affected the 3’ to 5’
exonuclease associated with this enzyme. Figure 6B shows
that, in contrast to UL30, the 3’ to 5" exonuclease of T4 DNA
polymerase on substrate D was barely affected by substituting
magnesium with manganese (compare lanes 2—4 with lanes
5-7).
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Figure 4. Replication of unplatinated and platinated substrate A by T4 and & DNA polymerases in the presence of MgCl, or MnCl,. (A) Autoradiogram of
the reaction products. Reactions were performed as described in Materials and Methods with 10 nM substrate A, 45 nM T4 polymerase and either MgCl, or
MnCl, for the times indicated. Lanes 1—4, replication of unplatinated substrate. Lanes 5-8, replication of platinated substrate. (B) Autoradiogram of the reac-
tion products. Reactions were performed as described in Materials and Methods except that NaCl was omitted, with 10 nM substrate A, 0.4 U 3 polymerase
and either MgCl, or MnCl, for the times indicated. Lanes 1-4, replication of unplatinated substrate. Lanes 5-8, replication of platinated substrate. The
positions of the 17mer (primer) and 60mer (full-length product) are indicated by arrows. The printed sequences on the right side of (A) and (B) correspond to
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Figure 5. Single nucleotide incorporation by UL30 DNA polymerase on
platinated substrate B in the presence of MgCl, or MnCl,. Autoradiogram
of the reaction products. Reactions were performed as described in
Materials and Methods with 20 nM platinated substrate B, 10 nM UL30 and
either 10 mM MgCl, or 4 mM MnCl, for 15 min. Single nucleotides were
present at 500 uM as indicated. First and last lanes are with no enzyme.
The sequence of the first four nucleotides of the template following the
primer is indicated on the left (PR, primer).

These data provide evidence for differential inhibition of
the proofreading exonuclease activities of the HSV-1 and T4
DNA polymerases by manganese.

MnCl, induces a conformational change in the HSV-1
DNA polymerase

Structural alterations imposed by helix-distorting DNA
adducts are likely to influence the interaction of such DNA
with a DNA polymerase. Substituting manganese for magne-
sium at the polymerase active site may affect the conforma-
tional transition required for the insertion of a base opposite
the adduct. To test this idea, we used limited proteolysis to
investigate conformational changes upon binding of UL30 to a
Pt-d(GpG)-containing primer template in the presence of
either MgCl, or MnCl,. The substrate for this experiment was
platinated substrate B (Fig. 1B), such that the polymerase is
positioned to incorporate the next nucleotide opposite the
lesion. Figure 7 shows the results of partial proteolysis of
UL30 with trypsin analyzed by silver staining and immuno-
blotting. The tryptic cleavage pattern is similar to what has
previously been reported for UL30 (21). There was no
difference in the cleavage pattern of UL30 with MgCl, or
MnCl, in the absence of DNA substrate (compare Fig. 7A,
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Figure 6. Effect of MnCl, on the 3’ to 5" exonuclease activities of UL30
and T4 DNA polymerases. (A) Autoradiogram of the reaction products with
UL30 DNA polymerase. Reactions were performed as described in
Materials and Methods with 20 nM platinated substrates D or E and 20 nM
UL30 and either 10 mM MgCl, or 4 mM MnCl, for the times indicated.
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the reaction products with T4 and UL30 DNA polymerases. Reactions were
performed as described in Materials and Methods with 20 nM platinated
substrate D and 20 nM UL30 or T4 polymerase and either 10 mM MgCl, or
4 mM MnCl, for the times indicated.

lanes 1 and 2 and Fig. 7B, lanes 2 and 3). Likewise, addition of
DNA substrate did not significantly affect the cleavage pattern
in the presence of MgCl, (Fig. 7A, lane 3 and Fig. 7B, lane 4).
However, the cleavage pattern with DNA substrate in the
presence of MnCl, showed significantly diminished levels of
the species at ~66 kDa and elevated levels of the species at
~100 kDa (Fig. 7A, lane 4 and Fig. 7B, lane 5).

These data indicate that MnCl, induces a conformational
change upon interaction of UL30 with a primer template
which parallels the inhibition of its 3’ to 5’ exonuclease
activity.

DISCUSSION

Recent studies indicate that specialized, low fidelity DNA
polymerases are recruited to replicate across DNA lesions,
where they temporarily substitute for the high fidelity and
processive replicative polymerases (3,22-24). In agreement
with this picture, replicative DNA polymerases appear to be
far more selective than specialized lesion bypass enzymes and
they are unable to transit many types of chemical modifica-
tions that severely distort the structure of DNA (1,25). Very
likely, the fact that replicative enzymes possess both an
associated proofreading exonuclease activity and an active site
that can accommodate only the correct nucleotide matching
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the template (25,26) is instrumental in their inability to
replicate damaged DNA.

All known DNA polymerases possess two crucial amino
acid residues in their active site, which bind a pair of divalent
metal ions and promote catalysis. Mg?* is probably the
divalent metal ion utilized by most polymerases for catalysis
in vivo (8). Mn?* can substitute for Mg?* as a required cofactor
but it is clear that its presence at millimolar concentrations
influences both the fidelity and lesion bypass capacity of a
number of DNA polymerases (12,13).

In this study, we have compared the ability of a number of
replicative DNA polymerases of the B family to replicate
model templates containing two unique and well defined DNA
lesions as a function of increasing concentrations of MgCl, or
MnCl,. We found that only increasing concentrations of
MnCl, induced quantitative translesion replication of the Pt-
d(GpG) and AAF adducts by the catalytic subunit of the
HSV-1 DNA polymerase (Figs 2 and 3). For two other
polymerases of the B family, eukaryotic pol & and T4 DNA
polymerases, MnCl, did not permit elongation past the
platinum and AAF lesions, but allowed incorporation of a
single nucleotide opposite the 3’ guanine of the Pt-d(GpG)
adduct (Fig. 4). A similar observation has been reported
following replication by E.coli polymerase I of a template
containing a pyrimidine dimer, where incorporation was
detected opposite the 3" thymine of the lesion only in the
presence of MnCl, (27).

Translesion replication of the Pt-d(GpG) adduct by UL30 in
the presence of manganese was mutagenic, as shown by the
detectable incorporation of all three mismatched bases
opposite the 3’ guanine of the lesion, dAMP being the
preferred one (Fig. 5). This finding is in agreement with the
known mutagenic properties of manganese ions (12).

Early experiments suggested that inhibition of the proof-
reading activity may enable bypass replication by a DNA
polymerase (20). According to this model, insertion of any
nucleotide opposite the damaged site triggers the proofreading
function because the lesion does not allow correct base pair
formation, thus leading to a continuous cycle of nucleotide
insertion and excision, which would prevent chain elongation.
Recent data demonstrating that proofreading-deficient
mutants of E.coli DNA polymerase III were able to replicate
past pyrimidine dimers and AAF adducts have strengthened
this possibility (28,29). Therefore, we decided to test if the
MnCl,-induced capacity of UL30 to replicate across bulky
DNA lesions was accompanied by a reduction in its proof-
reading activity. Our data indicate that MnCl,, at a concen-
tration which allows quantitative bypass of cisplatin and AAF
adducts, inhibited the enzyme’s 3’ to 5" exonuclease activity
on a platinated substrate bearing two different nucleotide
residues opposite the 3’ guanine of the Pt-d(GpG) adduct
(Fig. 6A). Interestingly, such inhibition is barely detectable on
the 3’ to 5’ exonuclease activity associated with the T4
polymerase (Fig. 6B). These data suggest a correlation
between the extent of exonuclease inhibition and the capacity
of UL30 and T4 polymerase to elongate past the cisplatin
lesion. The crystal structure of the NH,-terminal 388-residue
fragment of T4 polymerase, which contains the 3" to 5
exonuclease active site, revealed the presence of two aspartate
residues that serve as ligands for two metal ions (30).
Similarly, a survey of the region containing the 3’ to 5’
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Figure 7. Partial proteolysis of UL30 DNA polymerase in the presence of MgCl, or MnCl,. Reactions were performed as described in Materials and
Methods. The positions of UL30, trypsin and molecular weight markers are as indicated. The asterisks indicate the proteolytic species affected by substitution
of MgCl, (10 mM) with MnCl, (4 mM). (A) Silver stain of reaction products. Lane 1, trypsin digest of UL30 with MgCl,. Lane 2, trypsin digest of UL30
with MnCl,. Lane 3, as lane 1 with platinated substrate B. Lane 4, as lane 2 with platinated substrate B. Lane 5, untreated UL30. Lane 6, trypsin.
(B) Immuno-blotting using an anti-UL30 rabbit serum followed by chemiluminescent analysis. Lane 1, untreated UL30. Lane 2, trypsin digest of UL30 with
MgCl,. Lane 3, trypsin digest of UL30 with MnCl,. Lane 4, as lane 2 with platinated substrate B. Lane 5, as lane 3 with platinated substrate B.

exonuclease activity of UL30, which is located in the
N-terminal half of the polypeptide, revealed the presence of
three aspartate residues which are critical to 3’ to 5’
exonuclease activity (31). It is possible that, to account for
the differences between the two enzymes, Mn2* ions interact
differently with these residues and cause differential inhibition
of exonuclease activity.

However, early studies on polymerase termination indi-
cated that even enzymes with no exonuclease activity were
unable to efficiently catalyze in vitro synthesis past bulky
lesions, suggesting that the mere inhibition of the proofreading
activity might not be sufficient per se for increased translesion
replication (32). Furthermore, because DNA lesions are
expected to disturb the structure of the active site of a given
polymerase, it is reasonable to expect that they may interfere
with conformational rearrangements of the enzyme.
Therefore, we envisaged the possibility that binding of Mn?*
instead of Mg2* ions to the catalytic diad of UL30 may affect
the conformational transition which occurs prior to the
chemical step. To test this idea, we used limited proteolysis
which has previously been used to study conformational
changes in response to DNA damage in the Klenow fragment
of E.coli DNA polymerase I (33). Our data (Fig. 7) indicate
that Mn?* induces a conformational change in UL30 in
response to binding the damaged template primer. It should be
noted that the Mn?*-induced conformational changes were
also observed with undamaged template primer (data not
shown). Therefore, our data support the notion that Mn?* ions

affect a conformational transition that might be required,
together with the inhibition of the 3" to 5" exonuclease activity,
for replication across a bulky DNA adduct. Interestingly,
DNA polymerases of the B family exhibit functional coupling
between their 3’ to 5" exonuclease and polymerase activities.
The crystal structures of two members of this family (34,35)
suggest that this coupling may be due to the concerted
movement of the exonuclease and finger domains relative to
the catalytic region of the palm domain. This model raises the
possibility that the inhibition of the 3’ to 5" exonuclease
activity by Mn?* ions is directly related to the alteration in the
conformation of UL30 (Fig. 7).

In conclusion, we have presented data showing that
substituting MnCl, for MgCl, as catalytic cofactor led to
quantitative translesion replication of bulky DNA adducts
in vitro by the catalytic subunit (UL30) of the replicative
HSV-1 polymerase. In contrast, in reactions catalyzed by other
replicative polymerases of the B family, such as eukaryotic pol
6 and T4 phage polymerases, MnCl, only led to the insertion
of an extra base opposite the first guanine of the Pt-d(GpG)
adduct and did not permit further extension. We also found
that MnCl, inhibited to a greater extent the 3" to 5
exonuclease activity associated with UL30 than that of T4
polymerase. Finally, we detected some specific, MnCl, driven
conformational changes in the structure of UL30 upon binding
to both unmodified and damaged (platinated) substrate.

Several mechanisms for Mn?>* mutagenesis have been
proposed. It has been suggested, based on results obtained



with T4 DNA polymerase, that the mutagenic effects of Mn2+
are caused by increasing the binding of a mispaired nucleotide
(36). Recently, the effect of metal ion substitution on the
dynamics of translesion DNA synthesis catalyzed by an
exonuclease deficient form of T4 polymerase opposite an
abasic site was quantitatively evaluated by steady-state and
transient kinetics techniques (37). The Mn2*-dependent
enhancement in translesion DNA synthesis was attributed to
a substantial increase in the rate of conformational change
preceding phosphoryl transfer. In the case of DNA polymerase
B, it has been shown that Mn2* increases catalysis compared
with Mg?*, thereby allowing nucleotidyl transfer to take place
with little or no regard to instructions from the template (38).

We would like to propose that Mn?* can influence the
translesion capacity of the HSV-1 replicative polymerase both
by reducing its proofreading activity and by inducing
conformational changes in its structure when bound to DNA.
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