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ABSTRACT Many eubacterial DNA polymerases are bi-
functional molecules having both polymerization (P) and 5’
nuclease (N) activities, which are contained in separable
domains. We previously showed that the DNA polymerase I of
Thermus aquaticus (TagNP) endonucleolytically cleaves DNA
substrates, releasing unpaired 5’ arms of bifurcated duplexes.
Here, we compare the substrate specificities of TagNP and the
isolated 5’ nuclease domain of this enzyme, TaqN. Both
enzymes are significantly activated by primer oligonucleotides
that are hybridized to the 3’ arm of the bifurcation; optimal
stimulation requires overlap of the 3’ terminal nucleotide of
the primer with the terminal base pair of the duplex, but the
terminal nucleotide need not hybridize to the complementary
strand in the substrate. In the presence of Mn>* ions, TaqN
can cleave both RNA and circular DNA at structural bifur-
cations. Certain anti-TagNP mAbs block cleavage by one or
both enzymes, whereas others can stimulate cleavage of non-
optimal substrates.

Structure-sensing nucleases are ubiquitous in biology, being
essential for both the synthesis and the repair of DNA (1-12).
Several of these enzymes cleave bifurcated duplex DNAs
endonucleolytically, releasing the single-stranded 5’ arm (13).
The 5’ nuclease activity accounts for the ability of these
enzymes to remove RNA primers or damaged DNA nucleo-
tides (for review, see ref. 15). In eubacteria, 5’ nucleases are
discrete domains in the DNA polymerases, but in Eukarya and
Archaea, they are separate from DNA polymerases and have
been called DNA endonuclease IV (1) or, more recently,
FENI nuclease (16). We refer to the DNA polymerase of 7.
aquaticus as TaqNP, because it contains both the nuclease and
polymerase domains in a single polypeptide; likewise, we refer
to the isolated nuclease domain of this enzyme as TagqN.

We previously showed that the 5" nuclease activity of TagNP
is increased by several orders of magnitude if an oligonucle-
otide (the primer) is hybridized to the 3" arm of the bifurcation
(13). The role of the primer in the activation and location of
cleavage was unclear. We also showed that cleavage required
a free 5’ end of the single-stranded arm, indicating that the
enzyme moved to the site of cleavage by threading the single
strand through a hole or a narrow groove in the enzyme, and
a requirement for a free 5’ end was subsequently observed for
the calf FEN1 nuclease (14). Recent crystal structures have
demonstrated the existence of helical arches or holes in a
similar nuclease, TS5 exonuclease, as well as in TagNP and FEN
nucleases (15-21).

The influence of the polymerase domain on the activity of
the 5" nuclease has not been determined. Structure—function
probing of the nuclease and polymerase domains of TagNP by
using mAbs generated against the intact enzyme (22) demon-
strated some functional overlap between the nuclease and
polymerase domains of the enzyme (23). Here, we compare
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the activities and substrate requirements of TagN, the isolated
5" nuclease of TagNP, and the same functional domain when
it is part of the intact TagNP holoenzyme. We find that the site
of cleavage is fixed not only by the point of duplex bifurcation
but also by the end of the oligonucleotide that is hybridized to
the 3’ arm; this end is recognized directly by the isolated
nuclease domain and is most effective if it overlaps at least one
base pair at the end of duplex. The polymerase domain can
influence the choice of cleavage site and, in most cases,
appears to impose additional stringency on substrate process-
ing.

MATERIALS AND METHODS

Materials. Escherichia coli Klenow fragment, polynucle-
otide kinase, T4 DNA polymerase, and terminal deoxynucle-
otidyltransferase (TdT) were from Promega. Anti-TagNP
mAbs were the gift of J. Daiss (Eastman Kodak, now Ortho
Diagnostics). Oligonucleotides were from Integrated DNA
Technologies (Coralville, IA); unless noted, A, G, C, and T
refer to deoxyribonucleotides.

Cloning of TagNP Gene and Its Deletion Mutants. Cloning
of the TagNP gene was done as described by Engelke ez al. (24).
The TagNP gene was PCR-amplified with 5'-GTGAGATC-
TATCACTCCTTGGCGGAGAGCCAGTC-3' and 5'-CAC-
GAATTCGGGGATGCTGCCCCTCTTTGAGCCCAA-
G-3' as primers, by using as a template DNA from T. aquaticus
strain YT-1. The amplified product was cloned into the
pTTQ18 expression plasmid (25) at EcoRI and BamHI sites,
and the construct pTaq1 carrying the full-size TagNP gene was
identified by restriction analysis and the presence of 5’ nucle-
ase activity in crude cell extracts. A blunt-ended EcoRI/Sall
fragment containing the TagNP I gene was ligated into a
blunt-ended BamHI site of the pET3c expression vector (26).

The TaqN template containing the N-terminal part of
TagqNP gene was amplified from pTaql by using 5'-
TAATACGACTCACTATAGG-3' and 5'-CGGCCAGGGC-
CAGAAGATCG-3'" as PCR primers. The amplified DNA was
ligated into pET21b vector (Novagen) by using Xbal and
blunt-ended BstXI sites of the PCR fragment and Xbal and
blunt-ended NotI of the vector. The resulting construct had the
N-terminal part of the TagNP gene linked at Ala-293 to the His
tag of the pET21b expression vector. Sequence analysis of the
amplified genes for TagN and TaqNP showed that they both
encoded the same protein up to position 293. Other templates
were constructed similarly.

Expression and Purification of TagNP I and Its Deletion
Mutants. TagNP was expressed and purified as described by
Engelke et al. (24), and TagN was expressed and purified by
His tag affinity chromatography from E. coli strain
BL21(DE3) (Novagen). Crude extracts containing soluble
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proteins, TagNP, and TaqN were prepared by lysis of pelleted
cells in 50 ml of 10 mM Tris*HCI, pH 8.3/1 mM EDTA/0.5
mg/ml lysozyme during incubation at room temperature for 15
min; the lysate was mixed with 50 ml of 10 mM Tris-HCI, pH
7.8/50 mM KCI/1 mM EDTA/0.5% Tween 20/0.5% Nonidet
P-40, heated at 72°C for 1 hr, and cell debris was removed by
centrifugation at 12,000 X g for 5 min (24). Enzyme concen-
trations were determined by measuring absorption at 279 nm
(27); when TagqNP from Promega was used, quantities are
noted in units. All enzymes were dialyzed and stored in 50%
(vol/vol) glycerol/20 mM Tris-HCI, pH 8/50 mM KCl/0.5%
Tween 20/0.5% Nonidet P-40/100 ug/ml BSA.

DNA Preparation for 5’ Nuclease Assays. To construct D16
DNA, the Pvull-Aval fragment of pGEMI1 plasmid DNA
(Promega) was ligated into pPGEM2 DNA digested with the
same enzymes, creating a pGEM2 plasmid with a 32-nt
inverted repeat of the polylinker region. D16 DNA was
generated by PCR amplification across this repeat, with the
Stoffel fragment of TagNP (Perkin-Elmer) with 32P-labeled
5'-TAATACGACTCACTATAGGG-3" and 5-GAATTC-
GATTTAGGTGACACTATAGAA-3' as primers. The
shorter D9 and D6 DNA fragments were derived from D16 by
digesting it with Sacl or Tagql, respectively, to remove internal
portions of the 36-nt inverted repeat, and the flanking frag-
ments were joined by ligation before use as templates for PCR
amplification as described above. D16-AA DNA was con-
structed essentially as described above for D16 DNA except
that one of the primers was 5'-TCACTATAGGGAGCCG-
GAATTCG-3', which deleted one A from the D16 sequence
and shortened the 5’ arm by 9 nt. The 3?P-labeled 206-bp
fragment and oligonucleotides 30-12 and 30-0 were prepared
as described (13). On occasion (Fig. 2), primer oligonucleo-
tides were elongated by one dideoxynucleotide, by using TdT.
U1 RNA was made by SP-6 transcription as described (28), by
using as template a gene encoding a variant of Ul RNA (29).

5’ Nuclease Assays. PCR products D16, D16-AA, D9, and
D6 labeled at their 5’ ends with P32 were gel-purified, diffu-
sion-eluted, ethanol-precipitated, and resuspended in TE
buffer (10 mM Tris'HCL, pH 8/1 mM EDTA) to make a 10 nM
solution. To prepare substrates for 5’ nuclease assays, the DNA
stock solutions were heated at 95°C for 15 sec to denature the
DNA and cooled on ice to form hairpin substrates. Cleavage
reactions were carried out in 10 ul of 10 mM TrissHCl, pH
8.5/50 mM KCI/1 mM MgCl,/10 pg/ml tRNA (Sigma) con-
taining 1 nM hairpin substrate and primer oligonucleotide as
appropriate. The gap 0 primer was 5'-ATTTAGGTGACAC-
TATAGAATACA-3" and the gap 4 primer was 5'-GAATTC-
GATTTAGGTGACACTATAGAA-3'. Primers with inter-
mediate gaps were progressively shorter at their 3’ ends and
contained at least 24 nt complementary to the 3’ arm of the
template strand. Reactions were started by addition of enzyme
at 55°C, as described in the figure legends, and stopped by
addition of 4 ul of buffer containing 90% formamide/20 mM
EDTA. Unless otherwise indicated, the products were sepa-
rated by electrophoresis in 12% (19:1) polyacrylamide gels.

RESULTS

Several eubacterial DNA polymerases can both synthesize and
degrade DNA. Although the enzymes are single polypeptides,
they have several functionally distinct domains. The 5’ nucle-
ase cleaves bifurcated DNAs in a structure-specific manner
during removal of primers or damaged DNA, so its activity is
likely to be coordinated with the polymerizing activity of the
enzyme. We asked whether the specificity and cleavage activ-
ities of the 5’ nuclease of the eubacterial enzyme TaqNP is
affected by separation of the polymerase and nuclease activ-
ities.

Functional Domains of TagNP and the Cleavage Substrate.
An N-terminal fragment of TagNP containing the first 293 aa
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of TagNP had 5’ nuclease activity; however, fragments with
only the first 249 or 207 aa did not (data not shown).
Conversely, a fragment containing only the carboxyl two thirds
of TaqNP is capable of polymerization but not cleavage (30).
Moreover, mutants of TagNP with amino acid changes in the
C-terminal domain (E465G and Q754R, as predicted from the
gene sequence) had nuclease activity but lacked significant
polymerase activity; in E. coli DNA polymerase I, Q849, which
is comparable to Q754, is important in making contact with the
DNA substrate (31). Thus, like E. coli DNA polymerase I,
the 5’ nuclease domain of TagNP is in the N-terminal third
of the protein (32). It is likely that the nuclease and poly-
merase domains are joined in a hinge region at amino acids
290-293 (17).

Individual features of cleavage substrates are structurally
similar to regions that function in DNA synthesis (13), and we
refer to them by an analogous nomenclature. The template
strand is paired with two other strands, the substrate and the
primer strands, and aligns them relative to each other, as
illustrated in Fig. 14. For convenience and duplex stability, in
many of the experiments described here, the substrate and
template strands were linked in a hairpin structure such as that
shown in Fig. 1.

Effects of the Primer on Cleavage. Previously, we reported
that efficient cleavage by TagNP at high ionic strength re-
quired a primer (13), and the same appears to be true for TaqN
nuclease (Fig. 1B, lanes -P). In the absence of primer, cleavage
by either enzyme, although inefficient, occurred between the
last two base-paired nucleotides of the substrate duplex (ref.13
and data not shown).

Surprisingly, primers both increased the efficiency of cleav-
age by TagN and influenced the site of cleavage; these effects
were unexpected because TaqN lacks a polymerization do-
main, which would contribute a primer binding site. The
structure with no gapped nucleotide (gap 0) was a relatively
poor substrate for TagN, whereas the structure with a gap of
—1 (a single nucleotide of overlap between the 3’ end of the
primer and the end of the substrate duplex) was cleaved very
efficiently. The sites of cleavage, determined from mapping of
the ends of the products, are indicated on the right side of Fig.
1B. The presence of 2', 3’-dideoxy- or 2’'-deoxynucleotides at
the 3’ end of the primer did not affect the site of cleavage (data
not shown).

The ability of TaqN to cleave the substrate with a gap of —1
specifically and efficiently led us to ask whether a single
mechanism could account for all of the products generated
from the various substrates. Structures with single nucleotide
overlaps could be drawn for the other complexes that had gaps
of various lengths, if small bulges in the substrate duplex were
allowed (Fig. 1C). In all of these cases, the site of cleavage by
TagN nuclease was between the first two base-paired nucle-
otides of the redrawn structure. Fig. 1C shows how substrates
with gaps of +2 and +4 could be folded to generate overlap-
ping structures, and how cleavage in the 5’ arm of such
structures could be described as occurring at the alternative —1
cleavage site.

If most or all cleavage by TagN occurs at a site correspond-
ing to the 3’ end of a gap —1 primer, mutations that would alter
the alternative structures should affect the site of cleavage in
a predictable way. We generated variants of the gapped
substrates (called AA), in which an A residue next to the
bifurcation junction was deleted from the 5’ arm; this deletion
would destroy the ability of the oligonucleotides to form
several of the bulged structures proposed in Fig. 1C but would
allow formation of a set of alternative structures. Digestion of
the set of AA gapped substrates produced a different set of
products that could be explained by the new set of alternative
structures (data not shown); for example, a possible structure
using the gap +2 primer is shown at the bottom of Fig. 1C, in
which the observed site of cleavage by TagN is indicated.
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Analysis of the products generated by digestion of the
gapped substrates with TagNP (Fig. 1B, Center) revealed a
more complex pattern of products, which included those
produced by TagN. In contrast to TagN, TagNP cleaved the
gap 0 substrate efficiently, at the bifurcation and 1 nt into the
single stranded arm (Fig. 1B). Substrates with gaps of between
1 and 4 nt were also cleaved in the 5’ arm at sites 1 and 3 nt
from the bifurcation. These other cleavage sites may result
from additional alternative structures on the substrate, stabi-
lized by interactions with the primer-binding site of the
polymerase domain.

Lack of Base Pairing at the 3’ End of the Primer. The
increased cleavage efficiency when the substrate has a gap of
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FiG. 1. Cleavage of bifurcated DNA helices by TagNP and TagN
in the presence of various upstream primers. (4) Proposed secondary
structure of the D16 substrate indicating the nomenclature used to
describe particular regions. (B) Products of cleavage of substrates
containing gaps of various lengths. Standard cleavage reactions con-
tained 1 nM hairpin substrate labeled at the 5" end with 32P and 10 nM
primer incubated at 55°C for 30 min with 0.5 units of TagNP
(Promega) or 20 ng of TaqN in 10 pl of 20 mM Tris-HCI, pH 8/10 mM
KCl/1 mM MgCl>/10 pg/ml tRNA. The products were separated by
electrophoresis in 10% polyacrylamide gel. —E, no enzyme; —P, no
primer. Locations of the 3’ ends of the cleavage products are indicated
to the right. (C) Proposed secondary structures of the DNA substrates
formed in the presence of primers that leave 0, 2, or 4 unpaired
nucleotides in the template strand making gap 0, gap 2, and gap 4
substrates, respectively. The gap —1 substrate has an overlap of 1 nt
at the 3’ end of the primer and the bifurcation of the substrate duplex.
The gap2AA substrate has a deletion in the 5" arm to alter its ability
to form the alternative structures shown. Arrows indicate the major
sites of cleavage by TagqN.
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—1 indicates that in the preferred substrate, the primer and 5’
arm overlap at the site of cleavage. Assuming that both
nucleotides do not hybridize to the template strand simulta-
neously, one of the overlapping nucleotides must be unpaired.
The inefficient cleavage by TaqN of a substrate with a com-
pletely paired primer (gap 0) indicates that an unpaired
nucleotide at the 3’ end of the primer promotes cleavage. To
test whether the 3’ end of the primer is unpaired in overlapping
structures, we generated a series of gap —1 primers that were
identical except for their 3’ bases, only one of which had the
ability to pair with the nucleotide opposite it in the template.
Structures with all four primers were cleaved at the same point,
and with equal efficiency, either by TagNP (Fig. 2) or by TagN
nuclease (data not shown), showing that the substrate strand,
but not the 3" end of the primer, is base-paired to the template
at the site of cleavage. We propose that the 3’ end of the primer
interacts with the nuclease domain to position it at the optimal
point for cleavage, between the last two base pairs of the
substrate and template strands.

Other Substrate Requirements. The length of the duplex
region affects cleavage by TagNP (Fig. 34). In the presence of
primers, TagNP efficiently cleaved a hairpin substrate with 9
(D9) but not 6 (D6) bp of template duplex. The hairpin end
stabilized the short duplexes at the assay temperature (data not
shown). In the presence of a gap 4 primer, a low amount of
cleavage product was produced from D6, presumably as a
result of extended duplex formation by using nucleotides in the
two single-stranded arms (as illustrated in Figs. 1C and 34).
Similar results were obtained with the TagN nuclease (data not
shown).

The need for a 3’ arm was studied using two substrates
generated by combining a 5’-labeled substrate strand with
partially complementary template strands, one of which lacked
a 3’ arm and primer (Fig. 3B). TagN nuclease cleaved both
DNAs efficiently, releasing a fragment whose size indicated
cleavage at the bifurcation of the substrate duplex. In contrast,
TagNP did not efficiently cleave the substrate lacking a 3’
extension; this low efficiency of cleavage probably results from
binding of the polymerase domain of this enzyme to the end
of the duplex, which resembles a template—primer complex.

To test whether the 5’ arm must be free, we incubated
circular M13 mp19 DNA with TagN or TagNP in the presence
of MnCl, or MgCl,. In MnCl, TagN, but not TagNP, converted
the circular DNA into a linear form, but in MgCl,, neither
enzyme cleaved the circular DNA (Fig. 3C). The major site of
cleavage was mapped by primer extension to the bifurcation of
a potential 13-bp hairpin formed in the lac operator region
(position 6175 of M13 sequence) (data not shown). On lin-
earization, M13 mp19 DNA was cleaved by both enzymes at
this position, as has been reported by Tombline et al. (33).
Cleavage of circular DNA by TaqN required an internal
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FiG. 2. Efficient cleavage of gap —1 substrates with unpaired 3’
ends. The digestion products were generated by TagNP on incubation
with the gap 0 substrate shown in Fig. 1B or with the same substrate
but with the 3’ end of the primer elongated with terminal deoxytrans-
ferase and the appropriate dideoxynucleoside triphosphate to produce
a the 3’ terminal nucleotides indicated. Digestion conditions were 1
nM D16 hairpin substrate, 0.2 uM gap primers, and 0.5 unit of TagNP
(Promega) in 10 pl of 10 mM Tris-HCI, pH 8/50 mM KCI/1 mM
MgCl»/10 ug/ml tRNA incubated at 55°C for 2 min.

products
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hairpin and did not occur in unstructured regions or at sites
created by addition of oligonucleotides complementary to
other regions of the DNA (data not shown). Therefore, a free
5" end is required for almost all conditions, the only exception
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F1G.3. Structural requirements of substrates for cleavage by TaqN
and TagqNP. (4) Effect of the substrate duplex length. Upper shows
suggested secondary structures of representative substrates complexed
with various primers, in which the substrate duplexes contain either 9
(D9) or 6 (D6) base pairs. Incubation of these substrates TagNP was
as in Fig. 2 (but for 4 min), and the products are shown Lower. Arrows
in the structures indicate deduced cleavage sites. (B) Requirement for
a3’ arm of the substrate duplex. The top of the figure shows suggested
secondary structures of substrates made from a 5’ 3?P-labeled 206-nt
fragment and oligonucleotides 30 or 42 nt long, which differ by the
presence of a 12-nt self-complementary 3’ end. These substrates,
formed by annealing of 2 nM 206-nt fragment and 100 nM 30-0 or
30-12 oligonucleotides, were incubated for 30 min at 55°C with either
50 ng of TagNP or 300 ng of TagN in 10 ul of 10 mM Tris-HCIl, pH
8/100 mM KCI/1 mM MgCl,/10 ug/ml tRNA. —, no enzyme. Arrows
in the structures indicate deduced cleavage sites. (C) Requirement for
a5’ end of the substrate strand. Circular ssM13 mp19 DNA (50 ng) was
incubated with 2.5 ng of TaqNP or 1 ng of TagN in 10 mM Tris-HCl,
pH 8/50 mM KCl buffer in the presence of 1 mM MgCl, (lanes 2 and
4) or 1 mM MnCl; (lanes 1, 3, and 5) at 55°C for 4 hours. The products
were separated by electrophoresis in 1% agarose gel in 45 mM
Tris-borate, pH 8.3/1 mM EDTA buffer.—, no enzyme.
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being TaqN-catalyzed cleavage at the base of a hairpin, in the
presence of MnCl,.

TagNP can cleave RNA that is hybridized to a DNA
template strand (13), but is unable to cleave duplexes com-
posed entirely of RNA, in the presence of either MgCl, or
MnCl,. However, TagN cleaved the structured Ul small
nuclear RNA in a specific and reproducible way, in the
presence of MnCl, (Fig. 4). The sizes of the 5’ labeled
fragments generated indicated that most cleavages were be-
tween the first 2 bp of duplexed regions of the proposed
secondary structure of wild-type UIRNA (ref. 29 and data not
shown), although additional cleavages occurred at sites that
could reflect alternative structures of the RNA.

Effects of mAbs on Cleavage by TagNP and TaqN. We
probed interactions between the polymerase and nuclease
domains and the cleavage structure by using anti-TagNP mAbs
(22) that had previously been characterized with respect to
their epitope specificities and their abilities to inhibit poly-
merization and primer-template binding (23). Examples of
assays to test the effects on cleavage activities are shown in Fig.
5 and summarized in Table 1. Five of the antibodies (~1/4)
had no effect on nuclease activity, regardless of the domain to
which they bound.

Five mAbs, which recognized epitopes in the polymerase
domain (23), inhibited cleavage by TagNP but not by TagN.
Among mAbs specific for epitopes in the nuclease domain,
three inhibited the nuclease activities of both TagNP and
TagN, whereas two mAbs, which have been reported to block
polymerization activity of TaqNP, inhibited cleavage by TaqN
but not TagNP. It is unclear how these latter two mAbs can
inhibit cleavage by TagN but only polymerization by TaqNP.

Unexpectedly, seven of the mAbs stimulated cleavage by
TagNP of D6, the substrate that has a duplex only 6 bp long.
Such a substrate is normally cleaved very inefficiently (Fig.
34), but addition of these seven mAbs stimulated cleavage

- TagN T1 OH

F
=110

-

F1G.4. Endonucleolytic cleavage of U1 snRNA by TagN. A variant
of Ul RNA (29) labeled in its 5" end cap with 32P was incubated for
15 min at 55°C with 50 ng of TaqN in 10 ul of 10 mM Mes, pH 6/100
mM NaCl/50 mg/ml tRNA buffer/1 mM MnCl, (lanes 1 and 3). Size
markers were generated from the RNA by digestion with 0.1 unit of
RNase T1 in 10 mM Tris'HCI, pH 8/1 mM EDTA buffer at 37°C for
10 min (T1, lane 4) or 25 mM Tris-base, pH 9.4/9.5 for 3 min (OH ™,
lane 5).
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.. - n D16 gap 4

® D6 gap 4

TaqNP
TagNP

Fic. 5. Inhibition and stimulation of cleavage activity by mAbs
generated against TagNP. (Top) D16 substrate (5 nM) and gap 4
primer (0.1 uM) were incubated at 55°C for 15 min with 0.8 ng of
TagNP in 10 pl of 10 mM TrissHCI, pH 7.8/50 mM KCl/1 mM
MgCl»/0.2% Tween 20/100 pg/ml BSA in the presence of 150 ng of
TagNP-specific mAb. The products, separated from uncleaved sub-
strate by PAGE, are shown. (Middle) The D16 substrate, gap 4
primers, and antibodies were incubated with 10 ng of TagN nuclease
as described above at 55°C for 40 min. (Bottom) The D6 substrate, gap
4 primers, and antibodies were incubated at 55°C for 15 min with 0.8
ng of TagNP, as above. In all of these experiments, reaction samples
containing all components except MgCl, were preincubated at room
temperature for 10 min, heated to 55°C, and reactions were started by
addition of MgCl,. A total of 22 different mAbs were assayed and
representative products of cleavage are shown; the results are sum-
marized in Table 1.

significantly. Perhaps these antibodies, all of which recognize
epitopes in the polymerase domain, prevent binding of this
domain to the 3" end of the primer, thereby allowing formation
of an extended substrate duplex, such as is shown in Fig. 34.
This extended substrate duplex would have the requisite 10 bp

Table 1. Inhibition of TagNP and TagqN nucleases by
anti-TagNP antibodies

Inhibition
DNA DNA
Antibody polymerization binding Subunit

No effect

4-4 - - N

4-1 - ++ N

4-5 - - P

4-11 - - N

4-14 - - P
Inhibit TagNP

4-9 + ++ P

4-3 + * P

TP-2 + + P

TP-7 + ++ P

TP-9 + * P
Inhibit TagNP and TagN

TP-8 + - N

4-15 - ++ N

4-17 - ++ N
Inhibit TagN

3-1 + + N

TP-5 + - N
Stimulate TagNP*

4-8 - - P

4-13 - - P

TP-3 + * P

TP-4 + - P

TP-6 * - P

3-5 - + P

3-7 - - P

Nuclease assays were as described in Fig. 5, using D16 substrate with
gap 4 primer (see Fig. 1) except for stimulation of TagNP, which used
D6 substrate with gap 4 primer. Data on inhibition of DNA polymer-
ization and DNA-binding and subunit recognition are from ref. 23.
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needed for binding to the nuclease, and the size of the cleavage
product is consistent with this structure. The small amount of
product seen in Fig. 34, which is not apparent in Fig. 5, could
result from the longer incubation and greater amount of
enzyme use in the first experiment.

DISCUSSION

The experiments described here demonstrate that the nuclease
domain of TagNP retains many characteristics but also is
changed in several significant ways, when separated from the
polymerase domain. In both cases, TagqN is strongly influenced
by the structure of the substrate DNA, cleaving the substrate
at the end of a bifurcated duplex and releasing a free 5" arm;
generally, the site of cleavage is 1 nt into the duplex. As we
observed previously for TaqNP, the efficiency of cleavage by
the isolated nuclease, TaqN, is increased significantly by a
strand of DNA (the primer) that is base-paired to the 3’ arm
of the bifurcation.

Here we mapped the site of cleavage by TaqN to the
phosphodiester bond between the first 2 bp of the bifurcated
duplex. This site is adjacent to the 3’ end of the primer, which
need not be base paired with the template strand of the
bifurcated duplex (Fig. 2). We propose that the preferred
cleavage substrate is composed of the last 2 bp of a duplex and
the 3’ end of an overlapping primer.

When the primer is too short to overlap with the substrate
duplex, we propose that the nuclease can stabilize alternative
structures containing bulged nucleotides, which allow for
extension of the duplex up to the site of primer overlap.
Although we have no direct evidence for the existence of the
structures illustrated in Fig. 1C, the change in cleavage pattern
on deletion of on A residue in the substrate arm argues in favor
of such structures. Similar alternative structures could be
stabilized by the polymerase domain, accounting for the ability
of TagNP to cleave at additional sites; for example, bulging of
one C in the center of the substrate strand would allow for
cleavage of the gap 0 substrate by TagNP. Other structures that
could account for additional sites for cleavage by TagNP seem
likely because a direct correspondence between gap size and
position of cleavage in the 5" arm is lacking.

When the hairpin substrate duplex was 6 bp (D6), cleavage
was very inefficient, setting a lower limit for the length of
duplex that could be recognized. However, cleavage of this
substrate was observed when a gap downstream of the primer
supported formation of an extended substrate duplex (as
illustrated in Fig. 34); in this case, cleavage was in the 5" arm,
reflecting the preferences for cleavage site choice described
above. Thus, the apparent ability of TagN and TagqNP to
stabilize structures that promote cleavage indicates that care
must be exercised in making predictions about the resistance
of particular structures to cleavage by these enzymes and could
account for apparently contradictory results on the role of
primers in fixing the site of cleavage.

It was somewhat surprising that TagN was able to cleave a
circular DNA molecule in the presence of MnCl,. We and
others have proposed that a free end of the 5’ arm must feed
through a hole or channel in the nuclease of TagNP and FEN-1
(13, 14), and such an arch is near the active site in bacterio-
phage T5 5’ exo/endonuclease (18). We propose that in the
presence of MnCl,, the circular DNA may access the active site
of TagN by feeding a hairpin through a comparable arch
toward the active site, in contrast to threading the 5’ arm
through the arch, away from the active site. The Mn?" may
allow for passage of the duplex through an arch that normally
accommodates only a single strand of DNA. T5 exonuclease
can cleave single stranded circular M13 DNA even in the
presence of Mg?* (34) and can digest double-stranded circluar
plasmid DNA in the presence of Mn?* (S. J. Garforth and J. R.
Sayers, personal communication).
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TagN, TagNP, and probably other 5’ nucleases, use at least
two points of reference in orienting themselves on the sub-
strate for optimal cleavage; these are the bifurcation of the
duplex and the 3" end of the primer. Two features of the end
of the primer were unexpected; its overlap with the end of the
substrate duplex and the apparent lack of base pairing with the
template. During DNA synthesis, the newly incorporated 3’
nucleotide is paired with the template, when the structure is in
the polymerase domain of TagNP. Recent crystal structures of
various forms of TaqNP (17, 35) indicate the possibility of
conformational changes and reorientation of the two domains
relative to each other, on binding substrates. These movements
could facilitate displacement of the end of the primer strand
by the nucleotide at the 5’ end of the bifurcated substrate
duplex. Cleavage of the 5’ arm occurs immediately opposite
the unpaired nucleotide at the 3’ end of the primer. Thus, this
3’ nucleotide, through interactions with the nuclease, serves as
a point of reference for placement of the scissile bond in the
active site of the enzyme. The resulting cleavage creates a nick
rather than a gap in the cleaved strand (36, 37).

Our results show that the nuclease of TaqNP, although able
to function independently of the polymerase domain, is influ-
enced by it. Under some conditions, the polymerase domain
increases the range of substrates that can be cleaved, such as
when alternative structures must be stabilized, while in others,
such as in cleavage of RNA, circular DNA, or a substrate
lacking a 3’ arm, the polymerase domain interferes with
cleavage. Although some of these effects can be explained, in
many cases the explanation requires a better understanding of
the interactions of the nuclease and its substrates, as could be
obtained from structures of TagNP and TagN cocrystalized
with DNA substrates in the active sites of their nuclease
domains.
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