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Previous structural studies on native T5 5’ nuclease, a member of
the flap endonuclease family of structure-specific nucleases, dem-
onstrated that this enzyme possesses an unusual helical arch
mounted on the enzyme's active site. Based on this structure, the
protein’s surface charge distribution, and biochemical analyses, a
model of DNA binding was proposed in which single-stranded DNA
threads through the archway. We investigated the kinetic and
substrate-binding characteristics of wild-type and mutant nucle-
ases in relation to the proposed model. Five basic residues R33,
K215, K241, R172, and R216, are all implicated in binding branched
DNA substrates. All these residues except R172 are involved in
binding to duplex DNA carrying a 5’ overhang. Replacement of
either K215 or R216 with a neutral amino acid did not alter kcat
appreciably. However, these mutant nucleases displayed signifi-
cantly increased values for K4 and Kn. A comparison of flap
endonuclease binding to pseudoY substrates and duplexes with a
single-stranded 5’ overhang suggests a better model for 5’ nucle-
ase-DNA binding. We propose a major revision to the binding
model consistent with these biophysical data.

he flap endonucleases, or 5’ nucleases, are structure-specific

endonucleases that also possess 5'-3" exonucleolytic activity.
They are involved in processing substrates with 5’ single-
stranded tails such as those that arise during nick translation and
replication and in some DNA damage-repair pathways (1, 2).
These enzymes bind substrates containing a single-stranded 5’
end and a duplex region such as 5’ overhangs (SOVHs), 5' flaps,
and pseudoY (Ps-Y) substrates (Fig. 1; refs. 3-5). It has been
suggested that the single-stranded 5’ tail of such substrates
threads through the 5’ nuclease (4). Several prokaryotic and
archaeal flap endonuclease structures have been solved (6-10).
Because none of the reported structures contained bound DNA
substrates, the precise mode of nucleic acid binding is unclear.
These nucleases share significant primary sequence conserva-
tion as well as extensive structural similarities (11-14). A central
B-sheet carrying many of the core metal-binding ligands is a
striking feature of all 5'-nuclease structures reported to date.
This core region contains acidic residues responsible for binding
the two divalent metal ions required for nuclease activity in vitro.
A series of helices and loops comprise the enzyme’s core. The
most variable region seems to be that comprising a helical arch
in T5 5’ nuclease, the observation of which led us to develop a
model of substrate binding (ref. 8; Fig. 2). In T5 5’ nuclease, the
archway delineates a hole able to accommodate a threaded
single-stranded nucleic acid. Although a similar hole is present
in the Methanococcus jannaschii homologue (9), this region often
appears disordered (6, 7) or as a folded loop in the structure of
the Pyrococcus furiosus homologue (10). The conceptual model
for flap endonuclease-DNA binding has been widely accepted
(1, 7, 9, 10, 15, 16). Nevertheless, this model suffers from
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uncertainty with regard to the orientation of the flap substrate
duplex because of a lack of experimental data identifying key
protein—-DNA interactions.

Binding studies with Ps-Y or flap substrates have been per-
formed on mutant 5’ nucleases lacking conserved basic residues
near their active sites (15, 17). Mutagenesis of the K83 in the TS
nuclease, a conserved residue at the base of the helical arch,
severely compromises both exonuclease activity and the DNA-
binding ability of the enzyme. However, the K83A substitution
retained reduced but significant flap endonuclease activity.
These observations support a role for K83 in catalysis and
substrate binding and are compatible with the threading model
proposed previously (4). However, the threading model does not
readily account for some reactions catalyzed by the 5’ nucleases.
Single-stranded circular DNA (18, 19) and double-stranded
plasmid DNA can be cleaved under forcing conditions (20),
implying that a 5 end is not an absolute requirement for activity.
Bambara and coworkers (21) showed that flap endonuclease I
(FEN1, a eukaryotic 5’ nuclease) can effect endonucleolytic
cleavage of substrates with 5’ tails containing 2’5’ branch points
(see Fig. 6, which is published as supporting information on the
PNAS web site, www.pnas.org). The same group also produced
evidence to support a threading model, showing that a short
duplex region at the extreme 5’ end of single-stranded tail
inhibits the nuclease (see Fig. 6; ref. 22).

In this study we turned our attention to the roles of basic
residues found near the C-terminal region of the TS 5’ nuclease
on a helix-loop-helix/helix-3-turn-helix motif (10, 13) and
those predicted to contact the DNA substrate in the model
initially proposed. In this model, lysine and arginine residues
(R33, R172, K215, R216, and K241) contact duplex regions of
the DNA substrate (Fig. 2). Site-directed mutagenesis was used
to modify the T5 5'-nuclease gene so as to substitute these basic
amino acids with neutral residues, and their involvement in
substrate binding was determined. Comparison of the results
obtained with Ps-Y and 5SOVH substrates sheds light on the
likely structure of the protein-DNA complex. The original
DNA-binding model presented for TS5 5’ nuclease (8) is not fully
compatible with the results of the quantitative binding assays
presented herein. We propose a model for flap endonuclease—
DNA interaction.

Materials and Methods

Site-Directed Mutagenesis and Enzyme Preparation. Mutagenesis
was carried out on an M13 derivative carrying the TS D15

Abbreviations: 50VH, 5’ overhang; Ps-Y, pseudoY; FEN1, flap endonuclease I.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.rcsb.org (PDB ID code 1J5F).
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Fig. 1. Diagrammatic representation of the flap, Ps-Y, 50VH, and HP1
oligonucleotide substrates referred to in this study. For each substrate the
5'-32p end-labeled oligonucleotide is shown as 5'-P. Exonucleolytic and struc-
ture-specific endonucleolytic cleavage sites are identified by filled and open
triangles, respectively. | and Il indicate duplex regions | and Il, respectively.

exonuclease gene (23) as described (24) in conjunction with the
following oligonucleotides: R33A, d(TTACTATTGTTAT-
GTTTGAAGGCAAAGCCTAAGTTAGTTCCAT); R172A,
d(TATCACGAAGATGATACTCACGAGCTGTTGTGA-
AAGAAAAACG); K215A/R216S, d(AATATTATATCC-
GCTTGCTGCTCCTATTCC); K215R/R216K, d(CGAATA-
ATATTATATCCTTTTCGTGCTCCTATTCC); R216A, d(C-
GAATAATATTATATCCGGCTTTTGCTCCTAT); and
K241A, d(ATTCAGGTTCTGTATATATGCCTGCTTT-
CCAGGCAGTGGAA). Mutations resulting in codon changes
are underlined. Dideoxy sequencing determined that only the
desired sequence changes had been introduced. Mutated genes
were subcloned into the expression vector pJONEX4 as de-
scribed for the wild-type exonuclease gene (18). Mutant proteins
were expressed and purified by ion-exchange chromatography
until free of any detectable contaminating 3'-5" exonuclease or
endonuclease activity as described (23) except that heparin
chromatography of the DNA-binding mutants required a pH of
6.5 (instead of pH 7.5) for efficient binding. TS 5’ nuclease
carrying the K215A substitution was prepared as described (17).

Structure-Specific DNA-Cleavage Profiles. The Ps-Y was prepared
by annealing the 5'-32P end-labeled F1 oligonucleotide (Fig. 1),
3 nM, with the B1 oligonucleotide, 100 nM, heating to 80°C for
5 min, and then leaving at room temperature for 1 h in 25 mM

/

Fig. 2.

potassium glycinate (pH 9.3)/100 mM KCI (3). Assays were
diluted to contain 4.5 nM unlabeled oligonucleotide, 150 pM
labeled oligonucleotide in 25 mM potassium glycinate (pH 9.3),
100 mM KCl, 10 mM MgCl,, 5% glycerol, 1 mM DTT, and 0.1
mg/ml acetylated BSA. The 5OVH substrate was prepared
similarly by using 5'-*?P end-labeled B1 annealed to an excess of
unlabeled oligonucleotide In1, which produced a substrate with
a duplex region of 16 bp and a 5’ end-labeled 14-nt single-
stranded SOVH. Reactions were terminated by the addition of
an equal volume of 95% formamide/15 mM EDTA stop mix.
Products were separated on a denaturing 7 M urea/15% poly-
acrylamide gel (50 cm), run in 1X TBE [90 mM Tris/64.6 mM
boric acid/2.5 mM EDTA (pH 8.3)] at 50 W for 2 h, and
visualized on a BioRad Molecular Imager phosphorimager.
Quantification of the image was carried out by using Molecular
Dynamics software.

Determination of Dissociation Constants. Electrophoretic mobility-
shift assays were carried out on 3P end-labeled flap, Ps-Y, and
SOVH substrates in the absence of divalent metal ions as
described (17). Reactions contained 150 pM labeled oligonu-
cleotide in 25 mM potassium glycinate/100 mM KCl/1 mM
EDTA/5% glycerol/1 mM DTT/0.1 mg/ml acetylated BSA and
enzyme at the appropriate concentration. Reactions (10 ul) were
incubated on ice for 10 min and analyzed on a 17% native
acrylamide gel in 50 mM Tris-Bicine (pH 8.3)/1 mM EDTA/1
mM DTT at 4°C for 2 h at 15 V/cm. The gel was analyzed by
using a Molecular Imager (BioRad) and Molecular Dynamics
software.

Kinetic Analysis. Comparative specific activities were determined
by measuring the rate of release of acid-soluble nucleotides from
high molecular weight DNA (herring sperm type XIV, Sigma) in
a UV spectrophotometric assay essentially as described (23).
Assays (600 ul) contained 2 mM substrate DNA (in nucleotides),
25 mM potassium glycinate (pH 9.3), 1 ug of enzyme, and 10 mM
MgCl,. Curves were plotted from the data obtained (from at
least duplicate experiments), and estimates of the initial velocity
were calculated.

Catalytic parameters of wild-type and R216A mutant proteins
were determined by using HP1 substrate (Fig. 1) as described
(25). HP1 concentrations were 0.005-1 uM for wild type and
0.1-20 uM for R216A with enzyme concentrations in the ranges
of 5-30 pM for wild type and 0.12-1.8 nM for R216A.

Results

Structure-Specific Cleavage of DNA. Cleavage specificity of mutant
proteins was characterized by using Ps-Y and 5SOVH substrates

(A) The structure (PDB ID code 1EXN) determined for T5 5’ nuclease showing the helical arch (red backbone), divalent metal ions (gray spheres), and

space-filling representations of selected lysine (blue) and arginine (cyan) residues. (B) Original DNA-binding model proposed by Ceska et al. (8). The duplex parts
(I and 1) of the substrate lie across a slightly concave and positively charged region of the protein. In this model residues K241, K215, and R216 contact duplex

1, and R172 contacts duplex II.
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Structure-specific cleavage of Ps-Y (A) and 50VH substrates (B) by wild-type (WT) and mutant enzymes. Enzymes, at ~1 nM wild-type and 10 nM for

the mutants, were incubated at 37°C with substrate DNA [strand F1 labeled in Ps-Y (A) or B1in 50VH (B), 150 pM] in the presence of 10 mM MgCl; for 0.5, 2,
5, 10, and 20 min (indicated by the filled triangles). Reaction products were separated by denaturing PAGE and visualized by autoradiography. Controls (0) that
lacked enzyme but contained all other reactants were incubated for 30 min. Single nucleotide ladders (M) were produced by digestion of labeled F1 (A) or B1
(B) oligonucleotide with snake venom phosphodiesterase. Mutant exonucleases R33A, R172A, K241A, and K215A gave very similar results to those above (data

not shown).

(Fig. 3). All mutant enzymes tested (R172A, K215A, R216A,
K215R/R216K, K2151/R216S, and K241A) gave qualitatively
similar patterns of hydrolysis by using either the Ps-Y (repre-
sentative results presented in Fig. 34) or flap (data not shown)
substrates. However, some differences in the ratios of products
generated by the wild type and mutants were observed, e.g.,
more of the 22-nt-long product is produced by the mutant
nucleases when compared with the wild-type enzyme. In the
latter case most of the radiolabeled products run as trimers or
pentamers, whereas reactions catalyzed by the modified proteins
produce predominantly endonucleolytic products (19, 21, and 22
mers). The major cleavage product obtained with the 5’ end-
labeled SOVH substrate arose from hydrolysis of the second
base-paired nucleotide in the duplex region yielding a product 16
nt in length. Both wild-type and mutant enzymes gave very
similar patterns of SOVH digestion (Fig. 3B).

Quantitative Electrophoretic Mobility-Shift Assays. The ability of the
mutant proteins to bind Ps-Y and SOVH DNA substrates was
assayed by using an electrophoretic mobility-shift assay. All the
modified nucleases bound the Ps-Y substrate less tightly than did
the parent enzyme. Substitutions R216A and K241A produced
the most dramatic impact on binding for single mutations,
increasing the dissociation constant from 5-10 nM to over 500
and 850 nM, respectively. Binding of the double substitution
K215A/R216S to DNA could not be detected (Kq > 10 uM).
Exchanging two adjacent residues K215R/R216K with one
another had less impact on Ps-Y DNA-binding affinity, resulting
in a K4 of 61 nM.

The SOVH substrate was bound more weakly than Ps-Y by all
the enzymes. The dissociation constant for wild-type enzyme
binding to the SOVH substrate (Kq = 85 nM, range of 6693 nM)
increases 10-20-fold relative to the K4 for Ps-Y, implying that the
3" arm (present in the Ps-Y substrate) makes substantial contacts
with the protein. The R172A mutant bound the SOVH substrate
with the same affinity as wild type within the limits of experi-
mental error (Kg = 93 nM). The R33A substitution caused only
amodest increase in dissociation constant (230 nM). In contrast,
the K241A mutant bound SOVH weakly (Kq = 852 nM), and all
the other mutant enzymes tested had vastly decreased affinity
(K4 > 10,000 nM) for this substrate, which implies that residues
R33, K215, R216, and K241 are involved in binding to the SOVH
substrate and R172 is not. These results are presented in Fig. 4
and Table 1. The wild-type protein bound the full flap structure
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and Ps-Y substrate with similar affinity, 10 vs. 4 nM, respectively
(data not shown).

Rates of Reaction and Specific Activity of Mutant Enzymes. All the
enzymes showed levels of specific activity approaching that of
the wild-type enzyme under the conditions of high substrate
concentrations used to determine specific activity on high mo-
lecular weight DNA. The K215A/R216S protein was the worst
affected, but even it retained 40% of wild-type specific activity,
followed by R33A (50%), R216A (66%), and K215A (78%)
relative to that obtained for the wild-type protein (54-58 nmol
per minute per ug of protein). The lysine/arginine swap
(K215R/R216K) and the R172A and K241A substitutions
showed no significant reduction in specific activity within the
limits of experimental error (Table 1).

Steady-state kinetic analysis was performed by using the
5'-overhanging hairpin substrate HP1 (results shown in Table 2).
This substrate undergoes a single endonucleolytic cleavage
reaction to generate products of 8 and 21 nt in length (25). The
catalytic parameters reported here for wild-type protein (kcar =
101 min~!, K, = 70 nM) agree with those reported earlier (25).
Replacement of R216 with alanine resulted in no detectable
decrease in kqor. However, K, was increased over 30-fold by this
substitution (K, = 1.8 uM). As reported previously, the K215A
substitution resulted in a modest decrease in k¢, (38 min~1!), and
K., increased to 0.8 uM (25). These results suggest that the
residues K215 and R216 play major roles in DNA binding but are
not crucial for catalysis.

Discussion

Our analysis of substrate binding using a SOVH substrate allows
us to interrogate the original model of flap endonuclease-DNA
binding (Fig. 2B). In this model the 5" end of the single-stranded
substrate is threaded through a hole in the protein. In the present
study, while developing simplified substrates to study flap en-
donuclease—-DNA interactions, we found that substrates with a
5OVH were bound and processed efficiently by the wild-type
enzyme. By extension of the original model proposed for binding
to a flap structure, an analogous model can be proposed for
binding of a SOVH (i.e., a substrate lacking duplex region I),
which is presented in Fig. 54. In this model, there is no
interaction of the substrate with the basic residues K241, K215,
or R216. We tested this model by comparing the interaction of
Ps-Y and 5SOVH substrates (Fig. 1) with wild-type and mutant TS
5" nucleases lacking one or more positively charged residue. The

Dervan et al.
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Fig.4. Substrate binding by T5 5’ nucleases in the absence of cofactor. (A) Enzymes were incubated with Ps-Y substrate on ice, and then the enzyme-substrate
complex was separated from unbound substrate by electrophoresis on a native gel. The enzyme concentrations were varied while the substrate concentration
was kept at 150 pM for each experiment. Lanes marked "'+ contained labeled 3 uM wild-type enzyme as a positive control. (B) Data from each experiment (n =
3 or more) were plotted as the percentage of unbound substrate against log[enzyme]. The error bars represent maximum and minimum values obtained at each
protein concentration, and regression coefficients were >0.96. Dissociation constants (K4) were determined for each enzyme as the enzyme concentration
required to bind 50% of the substrate. Filled squares, filled triangles, filled circles, and open triangles denote wild type, R172A, K241A, and R216A, respectively.
(C and D) As described for A and B but with labeled 50VH substrate. Binding curves are shown for wild-type, K241A, and R172A enzymes. Table 1 summarizes
these data.

five positively charged residues span the length of a slightly
concave surface, which is the only region of the protein with
overall positive electrostatic potential (8) and thus is the most
likely surface to interact with a polyanionic substrate.

Choice of Substrates. The Ps-Y substrate was used in preference
to the flap structure for these comparisons, because both are
bound by wild-type enzyme with similar affinities. This result
implies that, at least in the case of the TS enzyme, duplex I plays
no great role in substrate binding. Similarly, the enzyme cleaves
flap and Ps-Y substrates to produce the same distribution of

Table 1. Relative activity and substrate binding

Dissociation constant, nM

products at similar rates (17). The SOVH structure is also a good
substrate for the enzyme. We previously determined a kc,¢ of 100
min~! by using the same hairpin 5SOVH substrate (25), which
compares favorably with kinetic analysis of full flap structures,
€.g., keay values of 47 min~! for Escherichia coli DNA polymerase
I and 6 min~! for human FENI1 (16, 26).

DNA-Binding and Kinetic Studies. The SOVH substrate was bound
more weakly than the Ps-Y substrate (85 vs. 4 nM). This
interaction with SOVH is significant when compared with
reported dissociation constants for flap structures that range
from 9 to 4,700 nM for bacterial 5’ nucleases (16, 27).
Substitution of basic residues K215, R216, or K241 with a
neutral amino acid affected SOVH binding profoundly, increas-
ing the K4 above practical assay limits (i.e., Kq > 10 uM). Not

Relative even the K215R/R216K double mutation was able to restore
Nuclease activity* Ps-Y 50VH detectable binding to a SOVH substrate. This result strongly
- suggests that the original model for flap (and 5OVH) binding is
Wild type 1.00 4= 856 incorrect, because it predicts no contact between such a sub-
R33A 0.5 5120 230 = 31
R172A 1.12 42 = 14 93+5
K215A 0.78 48t >10,000 Table 2. Kinetics of mutant and wild-type nucleases
R216A 0.66 504 = 150 >10,000 Catalytic parameters
215R/216K 0.93 62+ 6 >10,000
215A/216S 0.40 >10,000 >10,000 keat/Km, AAGapp,
K241A 1.13 56 £5 852 = 83 Nuclease Kcat, min~! Km, pM pM~tmin~? kJ-mol-1
*Relative activity is defined as the specific activity of each enzyme determined Wild type 101 =10 0.07 = 0.01 1,400 —_
by using a spectrophotometric assay divided by the specific activity of the R216A 97 + 4 1.8+ 0.3 54 8.4
wild-type enzyme. The apparent increase in specific activity observed for K215A* 38 0.8 48 10

R172A and K241A is insignificant within the limits of experimental error.
TReported previously (17).
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Fig. 5.

DNA-binding models. (A) The original model predicts no interaction of a 50VH DNA substrate with residues K241, K215, or R216 but does suggest close

contact with R172. (B) Such interactions are predicted in the revised model. (C) Stereoview of revised conceptual binding model (PDB ID code 1J5F). The model
was energy-minimized by using x-pLor and obvious steric clashes are absent (32). The position of the single-stranded tail (red) behind the nuclease is depicted

arbitrarily.

strate and residues 215, 216, or 241. Furthermore, this model
predicts that R172 should contact the duplex region of a SOVH
substrate. However, the R172A substitution’s binding affinity for
this substrate was similar to that of wild type.

Kinetic studies were performed on the R216A nuclease,
because this substitution had the biggest impact on binding of any
of the single mutations studied here as measured by the Ps-Y
electrophoretic mobility-shift assay. The single-turnover sub-
strate HP1, a hairpin duplex oligonucleotide possessing a single-
stranded 7-nt SOVH (Fig. 1), was used in this reaction. Both
K215A and R216A produce minimal effects on kg, but impair
substrate binding as evidenced by increased Ky, values. Thus,
these basic residues play no role in chemical catalysis but are
important for binding even for a SOVH substrate such as HP1.
The energetic penalties paid on substitution of R216 (AAGapp,
Table 2) or K215 (25) are consistent with the loss of either a
strong hydrogen bonding interaction with an uncharged partner
or a weak hydrogen bond to a charged partner (28). We
previously reported ko and Ky, values of 38 min~! and 0.8 uM,
respectively, for K215A with AAG,p, = 10 kJ-mol ! by using the
HP1 substrate (25). All the mutant nucleases displayed appre-
ciable levels of activity in the spectrophotometric assay confirm-
ing that none of the residues is crucial for catalysis. All the
proteins tested gave qualitatively indistinguishable patterns of
digestion with either Ps-Y or SOVH substrates, further providing
confirmation that these residues are not crucial for catalysis.

New Binding Model. Our results lead us to propose a revised model
that is consistent with the results of these quantitative studies.
They show that all residues interact with the Ps-Y, a result that
would be expected from the original model. In contrast, results
obtained by using the SOVH substrate are not consistent with
the original model, i.e., residues K215, R216, and K241 are
important for binding to the SOVH substrate. The observation
that substitution of R172 with alanine results in a protein with
essentially wild-type affinity for the SOVH substrate further
undermines the validity of the model originally proposed in
which duplex I interacts with residues 215, 216, and 241. A new
conceptual model for binding to the SOVH substrate is pre-

8546 | www.pnas.org/cgi/doi/10.1073/pnas.082241699

sented (Fig. 5 B and C). In this revised model the duplex region
of the SOVH substrate (II) is in close contact with residues K215,
R216, and K241, shown here to be required for substrate binding.

Joyce and coworkers (16) provided evidence to support the
original model, suggesting that residue R20 in DNA polymerase
I (R33 in T5 5" nuclease) contacts the cleavable strand to the 3’
side of the cleavage site. They also showed that phosphodiesters
in duplex region II on the uncleaved strand (B1 in the Ps-Y and
flap structures, strand In1 on the SOVH substrate) are protected
from alkylation after binding to a flap endonuclease. Our
conceptual model is consistent with these observations. The
relevant phosphodiesters would be in intimate contact with the
protein surface, thus blocking the approach of an alkylating
agent. In the native TS 5'-nuclease structure, R33 points away
from the active site but could rotate so as to come into close
contact with a phosphodiester 3’ of the cleavage site. This theory
is supported by the observation that in 7ag polymerase, the
equivalent arginine residue (R25) is nearer to the active site than
in the TS nuclease structure (6). The equivalent residue in our
model (R33) is positioned so as to contact a phosphodiester
residue 3’ to the cleavage site (assuming that hydrolysis must
occur at one or the other of the bound metal ions), consistent
with the observations of Xu et al. (16). Loss of this residue in the
TS nuclease R33A mutant resulted in only a 2-fold increase in
dissociation constant for the 5'-overhanging substrate compared
with the wild-type protein.

Broadly similar crystal structures of several 5’ nucleases have
been solved in the last few years. The charge distribution around
the surface of TS 5’ nuclease precludes binding of negatively
charged DNA to most of the enzyme’s surface apart from the
active site and a patch of basic residues including all those
substitutions studied here. Most conserved residues in the flap
endonucleases reside within the active site (Fig. 24). Recent
studies have reinforced the notion that basic residues within the
helical arch region (residues K83 and R86 in TS5 5’ nuclease) are
involved in DNA binding (15, 16). Positioned further away from
the active site, residues K215 and R216 form part of a helix—
loop-helix feature in the TS5 nuclease. They form part of a
conserved hexapeptide motif, GIGAKR. These residues also are

Dervan et al.



well conserved in the 5" nucleases, being present in those of the
archaebacteria and eukaryotes (11). This helix-loop-helix fea-
ture in TS5 nuclease was predicted to be a helix-hairpin—helix
(HhH) on the basis of earlier work (29). The HhH motif consists
of two antiparallel « helices connected by a single four-residue
hairpin turn (30). However, the experimentally determined
structures of TS5 nuclease and Taq polymerase revealed two
helices separated by a longer loop (6, 8, 13) than that in the HhH
motif. Tainer and coworkers (10) identified a very similar H3TH
motif in the Pyrococcus homologue. The distribution of positively
charged residues on the surfaces of the 5" nucleases from phage
T5 and an archaeal homologue from M. jannaschii (PDB ID code
1A76) is remarkably similar despite the relatively low primary
sequence homology shared by these two polypeptides. This
charge distribution and the obvious structural similarities be-
tween these enzymes (14) suggest that the mode of DNA binding
is likely to be similar in all 5’ nucleases (see Fig. 7, which is
published as supporting information on the PNAS web site).
Our current study was designed to look at the complex and not
to examine how such a complex might come to form. Lyamichev
et al. (4) proposed a threading model to explain the action of 5’
nucleases on bifurcated DNA substrates. Essentially, they sug-
gested that the free 5’ arm of a flap structure becomes threaded
through the enzyme, which then tracks along the DNA until
halted by the duplex region. This hypothesis was supported by
observations from Bambara and coworkers (22) on the action of
mammalian FEN1 on various oligonucleotide substrates. The
presence of a hole in the structure of TS5 5’ nuclease suggested
a possible physical explanation of the threading models that had
been proposed on the basis of biochemical studies (8).
However, recent studies are hard to reconcile with a threading
model. Bambara and coworkers (21) found that FEN1 is able to
process substrates containing bulky adducts (even branched
DNA structures) in the 5' tail. Our laboratory reported that TS
5" nuclease is able to digest double-stranded closed-circular
DNA under conditions that promote duplex melting (20). Ly-
amichev et al. (19) showed that the Thermus aquaticus 5'-
nuclease homologue was able to process single-stranded circles.
However, these purely endonucleolytic reactions seem to require
forcing conditions such as high enzyme concentrations or the use
of unusual cofactors. It is possible that such activity on closed-
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circular substrates is the result of low levels of contaminating
endonucleases, but this explanation seems unlikely given that
such activity is absent in catalytically inactive mutants and
SDS/PAGE-purified protein (20).

Joyce and coworkers (16) suggested that the enzyme first
might bind to the junction between duplex and single-stranded
DNA followed by threading of the single-stranded region
through the hole defined by the arch in T5 5’ nuclease. This
“bind-then-thread” mechanism was likened to the process of
threading a needle. It would explain the observations of Bam-
bara and coworkers (22) that even a short oligonucleotide
targeted to the 5’ end of the single-stranded arm is able to
suppress the structure-specific endonuclease action of FEN1. A
threading mechanism could even operate on circular substrates
(19, 20) if extensive uncoiling of the helical arch were to occur,
which could yield a loop able to thread large branched or fully
circular substrates. A relatively large loop is visible in the M.
jannaschii flap endonuclease structure, supporting such a hy-
pothesis (9). However, it has been shown that an increase in
helical content occurs after the binding of FEN1 to DNA (31),
suggesting that the loop is likely to become more rather than less
ordered. However, it may be that alternative mechanisms are
used by different 5’ nucleases when faced with varying sub-
strates. We proposed that the arch could fold backwards (or
become disordered), allowing duplex DNA direct access to the
active site (20). This region is disordered in the Tag and T4 flap
endonuclease structures and also in the T5 K83A 5'-nuclease
mutant (6, 7, 17), suggesting that it is far from rigid and could
adopt alternative conformations.

Although the proposed model is consistent with the biochem-
ical and biophysical properties displayed by these enzymes, the
fine details of the mechanisms by which flap endonucleases
interact with their substrates remain unclear. A DNA-protein
cocrystal structure may shed light on these intriguing enzymes.
In the meantime, we propose a revised model of protein-DNA
interaction for the 5’ nucleases.
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