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Structure-specific 50 nucleases play an important role in DNA replication
and repair uniquely recognizing an overlap flap DNA substrate and processing it into a DNA nick. However, in the absence of a high-resolution
structure of the enzyme/DNA complex, the mechanism underlying this
recognition and substrate specificity, which is key to the enzyme’s function, remains unclear. Here, we propose a three-dimensional model of
the structure-specific 50 flap endonuclease from Pyrococcus furiosus in its
complex with DNA. The model is based on the known X-ray structure of
the enzyme and a variety of biochemical and molecular dynamics (MD)
data utilized in the form of distance restraints between the enzyme and
the DNA. Contacts between the 50 flap endonuclease and the sugar – phosphate backbone of the overlap flap substrate were identified using
enzyme activity assays on substrates with methylphosphonate or 20 -Omethyl substitutions. The enzyme footprint extends two to four basepairs upstream and eight to nine base-pairs downstream of the cleavage
site, thus covering 10 – 13 base-pairs of duplex DNA. The footprint data
are consistent with a model in which the substrate is bound in the DNAbinding groove such that the downstream duplex interacts with the
helix-hairpin-helix motif of the enzyme. MD simulations to identify
the substrate orientation in this model are consistent with the results of
the enzyme activity assays on the methylphosphonate and 20 -O-methylmodified substrates. To further refine the model, 50 flap endonuclease
variants with alanine point substitutions at amino acid residues expected
to contact phosphates in the substrate and one deletion mutant were
tested in enzyme activity assays on the methylphosphonate-modified substrates. Changes in the enzyme footprint observed for two point mutants,
R64A and R94A, and for the deletion mutant in the enzyme’s bA/bB
region, were interpreted as being the result of specific interactions in the
enzyme/DNA complex and were used as distance restraints in MD simulations. The final structure suggests that the substrate’s 50 flap interacts
with the enzyme’s helical arch and that the helix-hairpin-helix motif interacts with the template strand in the downstream duplex eight base-pairs
from the cleavage site. This model suggests specific interactions between
the 30 end of the upstream oligonucleotide and the enzyme. The proposed
structure presents the first detailed description of substrate recognition by
structure-specific 50 nucleases.
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Structure-specific 50 nucleases have been isolated
from different organisms including bacteriophages,1,2 eubacteria,3 – 5 archaea,6 – 8 yeast9,10 and

0022-2836/03/$ - see front matter q 2003 Elsevier Science Ltd. All rights reserved

538

Flap Endonuclease Substrate Complex

Figure 1. Ribbon diagram of the crystal structure of PfuFEN1.23 The helix-hairpin-helix motif, the helical arch, the
magnesium ions, and the bA/bB loop referred to in this work are shown in red, yellow, pink, and orange, respectively.
Arginine 64 and 94 are labeled and shown in green.

mammals.11 – 14 The ubiquitous presence of these
enzymes is explained by their essential role in
Okazaki fragment processing15 – 17 and repair of
DNA damage caused by alkylating agents or UV
radiation.9,18,19 In Okazaki fragment processing, displacement synthesis by DNA polymerases generates branched DNA structures in which the
upstream and downstream strands overlap and
compete for the same sequence of the template
strand. The branched structure can exist in
multiple conformations depending on the position
of the branch point between the upstream and
downstream strands on the shared template
sequence.15,20 The structure-specific 50 nucleases
known as flap endonucleases (FEN1)12 specifically
recognize a conformation called the overlap flap
or 30 one-nucleotide double-flap structure in
which the upstream strand, excluding the 30 end
nucleotide, is annealed to the template strand, displacing the 50 portion of the downstream
strand.8,21,22 FEN1 cleaves the downstream strand
of the overlap flap structure precisely after the
first base-paired nucleotide, creating a ligatable
nick.8,22
The conclusion that the 30 end nucleotide of the
upstream strand is not base-paired with the tem-

plate has been put forth from the observation that
any of the four natural bases at this position can
support efficient cleavage.21 It was suggested that
the 30 end nucleotide of the upstream strand interacts with the enzyme to position the substrate in
an optimal orientation for cleavage. The demonstration that sugar modifications of the 30 end
nucleotide inhibit activity of FEN1 enzymes has
further supported this hypothesis.8,22 The importance of the overlapping 30 end nucleotide of the
upstream strand was not originally recognized,
and many laboratories characterized FEN1
enzymes using a flap structure that included adjacent upstream and downstream strands annealed
to a template, but lacking a gap or overlap.10 FEN1
enzymes cleave such a flap substrate inefficiently,
producing a majority of products that are not
ligatable. The existence of these products can be
explained by the formation of alternative structures with bulged nucleotides stabilized by the 50
nuclease in an effort to force the overlap flap
structure.8,21,22
X-ray crystal structures have been determined
for six structure-specific 50 nucleases: the archaeal
FEN1
enzymes
from
Pyrococcus
furiosus
(PfuFEN1)23 (Figure 1), Methanococcus jannaschii
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(MjaFEN1)7 and Pyrococcus horikoshii (PhoFEN1);24
the 50 nuclease domain of eubacterial DNA
polymerase from Thermus aquaticus (TaqExo);25 the
50 –30 exonuclease from bacteriophage T5,26 and
the RNase H enzyme from bacteriophage T4.27
These structures reveal a common a/b topology
and similar structural motifs despite a low amino
acid sequence identity and similarity between the
archaeal, eubacterial and bacteriophage FEN1
groups (see, for example, Hosfield et al.23). All of
these enzymes have been shown to bind two
divalent metal ions which form a complex network
of interactions with highly conserved acidic amino
acids lying at the bottom of a positively charged
cleft. One metal ion is presumably involved in
catalysis and the other in the DNA binding.28 In
the PfuFEN1 structure, the magnesium ion M-1,
involved in catalysis, is located in close proximity
to the cluster of amino acid residues Asp27,
Asp80, Glu152, and Glu154; and the magnesium
ion M-2 involved in substrate binding interacts
with the cluster of amino acid residues Asp173,
Asp175, and Asp236 approximately 5 Å from
M-1.
The helical arch is a common structural motif
shared by the FEN1 enzymes and was originally
identified in the T5 50 –30 exonuclease structure.26
The arch is located close to the enzyme’s active
site and forms a flexible loop that can accommodate single-stranded but not double-stranded
DNA. The motif provides structural support for
the hypothesis that the 50 flap of DNA substrate
threads through a hole to translocate DNA to the
enzyme’s active site. The threading mechanism
was originally proposed to explain biochemical
data that blocking the free 50 end of the flap with a
bulky modification or rendering it double-stranded
using a complementary oligonucleotide suppresses
the cleavage efficiency and can even trap FEN1 on
the 50 flap.5,29 While most studies agree on the
threading mechanism, Bambara and his group
have shown that a variety of bulky flap modifications can be tolerated by human FEN1
endonuclease.30
Another common fold shared by the FEN1
enzymes is the helix-hairpin-helix (HhH) motif
found in many enzyme families.31,32 This type of
fold is involved in non-sequence-specific binding
of duplex DNA via interactions with the sugar –
phosphate backbone of one of the strands.33,34
Together with the helical arch and network of
amino acids interacting with the M-1 and M-2
ions, the HhH motif defines a positively charged
active-site DNA-binding groove in FEN1. In PfuFEN1, the DNA-binding groove is 32 Å wide and
44 Å long, suggesting that it can accommodate a
12 base-pair double-stranded DNA.23 Biochemical
analysis of point mutations at the DNA-binding
groove of the FEN1 enzymes revealed conserved
amino acid residues on the surface of the groove
involved in catalysis and substrate binding.24,28,35 – 39
Structural and functional similarity between the
50 nucleases suggests a common mechanism for
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substrate binding and catalysis for all enzymes in
this family. In the absence of co-crystal or NMR
structures for a 50 nuclease/DNA complex, several
models of the complex have been proposed to
elucidate
the
mechanism
of
substrate
binding.7,23,26,40 These models suggest that the substrate binds at the active-site DNA-binding groove
with the cleavable phosphodiester linkage close to
the metal ion involved in catalysis and with the 50
flap threading through the helical arch.
Methylphosphonate and 20 -O-methyl substitutions have proven to be powerful methods for
identifying contacts between nucleic acids and
proteins.41 – 46 Methylphosphonate substitutions are
almost isosteric with phosphodiester linkages, but
unlike phosphodiester linkages are neutral and
therefore can be used to identify ionic interactions
in protein/substrate complexes without introducing steric clashes with the proteins.41 Methylphosphonate linkages have been shown to induce
local bending in the double-helical DNA axis by
the mechanism of asymmetric phosphate charge
neutralization. However, the bending angle
estimated as 3.58 per methylphosphonate
substitution47 is comparable to the intrinsic
sequence-specific DNA bending48 and thermal
flexibility of duplex DNA of , 78 per base-pair
estimated from its persistence length.49 Substitution of a methyl group in place of a non-bridging
oxygen in the phosphodiester linkage at a point of
electrostatic contact with a protein usually
decreases the affinity of substrate binding.41 This
property of methylphosphonate modifications
makes unnecessary, in most cases, the separation
of Rp and Sp stereoisomers of chemically introduced methylphosphonate linkages and justifies
the use of their racemic mixtures. 20 -O-Methyl substitutions replace the 20 proton in the deoxyribose
ring with a bulky O-methyl group with two major
outcomes for duplex DNA structure. First, 20 -Omethyl groups change the conformational preference of ribose from C20 -endo to C30 -endo sugar
puckering, forcing a local transition from B-form
to A-form DNA. Second, they introduce steric
clashes at sites of contacts with the proteins.45
Here, we introduced a single methylphosphonate substitution into each phosphodiester linkage
of the overlap flap DNA substrate to map phosphates interacting with PfuFEN1. Similarly, we
introduced 20 -O-methyl substitutions to identify
steric contacts in the PfuFEN1/DNA complex.
Using the three-dimensional structure of
PfuFEN123 and a modeled structure of the overlap
flap substrate, we performed energy minimization
(EM) and molecular dynamics (MD) simulations
to test two alternative structures of the PfuFEN1/
DNA complex. The model consistent with the
methylphosphonate data was used to identify candidate amino acid residues contacting phosphates
in the substrate. To confirm the predicted interactions, PfuFEN1 variants mutated at these
amino acid residues were tested on the methylphosphonate
substrates.
The
confirmed
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Figure 2. (A) Proposed structure of the overlap flap substrate used in FEN1 enzymatic assays. The substrate includes
19-nt upstream and 17-nt downstream oligonucleotides annealed to a 40-nt template oligonucleotide. Base-pairing is
shown by vertical bars. The 50 flap is the single-stranded part of the downstream oligonucleotide. Nucleosides are
numbered from the 50 end of the oligonucleotides and phosphates are assigned the same number as the adjacent 30
nucleoside. The specific FEN1 cleavage site is shown by the arrow. Boxed nucleosides and phosphates show positions
of 20 -O-methyl and methylphosphonate modifications, respectively, which affect the PfuFEN1 cleavage rate. TET is tetracholorofluorecsein dye. (B) Structure of the overlap flap substrate used in MD simulations. The structure was
designed using the PfuFEN1 footprint identified in (A). Nucleoside and phosphate residues have the same notation
as the corresponding residues in (A).

interactions were used as restraints in MD
simulations to develop a detailed model of the
PfuFEN1/DNA complex.

Results
Substrate for enzyme activity assays
Figure 2(A) shows the overlap flap substrate
designed for PfuFEN1 activity assays. The substrate consists of upstream and downstream
oligonucleotides annealed to a template oligonucleotide. The 30 end nucleotide of the upstream
oligonucleotide, a thymine in this substrate, overlaps with the first base-pair, G-C, of the downstream duplex, thus creating the optimal substrate
for the structure-specific 50 nucleases.8 Although
the overlapping nucleotide is important for
enzyme activity, it does not need to be complementary to the template and can be mismatched.21 The
downstream oligonucleotide consists of two
regions: a 50 flap region that is non-complementary
to the template, and a complementary templatespecific region. The substrate is cleaved by the
structure-specific 50 nucleases after the first basepair of the downstream oligonucleotide, releasing
the 50 flap with one nucleotide of the templatespecific region.
The following nomenclature was used to
describe the positions of sugar and phosphate residues in the substrate. Each nucleoside is denoted
by the corresponding base; a t, u or d subscript is
used to indicate template, upstream, or down-

stream oligonucleotide, respectively; and a number
is used to designate the position of this nucleoside
relative to the 50 end of the corresponding oligonucleotide. The phosphates are referred to as P and
carry the same subscript and number as the adjacent 30 nucleoside. For example, the first basepaired nucleoside C at the 50 end of the downstream oligonucleotide is referred to as Cd5 and
the cleavable phosphodiester linkage as Pd6 (see
Figure 2(A) for reference).
Enzyme activity assay on modified substrates
Methylphosphonate walking experiments
Methylphosphonate substitutions were used to
probe ionic interactions between the PfuFEN1
enzyme and phosphates in the overlap flap substrate. The non-modified (natural) substrate and
substrates modified with a single methylphosphonate at each position of the template, upstream, or
downstream oligonucleotide were cleaved with
PfuFEN1, and the cleavage products were analyzed by gel electrophoresis to determine the initial
cleavage rates as described in Materials and
Methods (Figure 3). The 50 nM substrate concentration used in these experiments was at least fourfold lower than the PfuFEN1 KM value of 200 nM
for the natural substrate (Table 1). Since the KM for
the natural substrate is expected to have the lowest
value among all the substrates, the kcat =KM values
for all substrates were determined from the initial
cleavage rates assuming that the substrate concentration is much lower than KM : The kcat =KM values
normalized for the natural substrate are shown in
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Figure 3. Analysis of PfuFEN1
cleavage products of the natural
overlap flap substrate (N) and substrates with methylphosphonate
substitutions at the template strand
(A), upstream strand (B), or downstream strand (C) by gel electrophoresis.
The
uncleaved
downstream oligonucleotide (17-nt)
and cleaved 50 flap (5-nt) are indicated. Positions of methylphosphonate modification are shown at the
top of each panel. Reactions were
carried with 0.1 nM PfuFEN1 and
50 nM substrate at 51 8C for five
minutes. For brevity, modifications
distant from the overlap site that
have no effect on cleavage activity
are not shown.

Figure 4. Because of , 25% variability of kcat =KM ;
only methylphosphonate substitutions that
decreased the relative kcat =KM values by 25% or
more were considered to affect the enzyme/
substrate interactions. Using these criteria, we
hypothesized that positions Pd5 – Pd8 and Pu19 in
the downstream and upstream oligonucleotides,
respectively, were involved in ionic interactions
with PfuFEN1. In the template strand, positions
Pt12– Pt13, Pt17– Pt18 and Pt21 were identified as
three areas of interaction with PfuFEN1. Similar
methylphosphonate modification results were
obtained with the overlap flap substrate for
AfuFEN1 and MjaFEN1 (data not shown).
20 -O-Methyl walking experiments
The substitution of 20 -O-methyl at the 20 position
of deoxyribose should introduce steric clashes at
sites of close contact with PfuFEN1. Similar to the

methylphosphonate walking experiments, we
used PfuFEN1 to cleave substrates in which the
template, upstream or downstream oligonucleotide
contained a single 20 -O-methyl substitution at each
deoxyribose to determine the initial cleavage rates
and calculate kcat =KM values (Figure 5). Significant
decreases in kcat =KM were demonstrated for 20 -Omethyl substitutions at positions Td4 and Cd5 in
the downstream oligonucleotide, at the first and
second nucleosides from the 30 end of the upstream
oligonucleotide, Tu19 and Cu18, and at two regions,
Ct11– Ct12 and Gt19 –Gt20, in the template oligonucleotide. Overall, the 20 -O-methyl substitutions
identified the same regions of interaction with
PfuFEN1 as did the methylphosphonate walking
experiments (compare Figures 4 and 5). Particularly, both 20 -O-methyl substitutions at Ct11 –Ct12
and methylphosphonate substitutions at Pt12 –Pt13
inhibited cleavage by PfuFEN1, thus supporting
the conclusion that the template strand in

Table 1. Kinetic parameters of the wild-type and mutant PfuFEN1 proteins on the methylphosphonate-modified
substrates
DNA substratea
Enzyme
PfuFEN1
R64A
R94A
PfuM3

KM (mM)
kcat (min21)
KM (mM)
kcat (min21)
KM (mM)
kcat (min21)
KM (mM)
kcat (min21)

Natural DNA

Pt12

Pt21

Pd 5

Pu19

0.20 ^ 0.07
62.1 ^ 22.3
0.43 ^ 0.06
21.8 ^ 2.3
0.21 ^ 0.03
12.0 ^ 1.0 £ 1023
0.90 ^ 0.35
5.1 ^ 1.9

1.02 ^ 0.49
1.8 ^ 0.8
1.04 ^ 0.90
2.7 ^ 2.3 £ 1023
0.69 ^ 0.38
1.1 ^ 0.6 £ 1023
7.65 ^ 2.60
0.1 ^ 0.1

3.59 ^ 1.09
7.6 ^ 2.1
0.38 ^ 0.05
7.4 ^ 0.9
2.80 ^ 0.32
3.4 ^ 0.4 x 1023
2.89 ^ 1.44
1.0 ^ 0.5

1.61 ^ 0.18
7.1 ^ 0.8
1.89 ^ 0.73
0.5 ^ 0.2
0.25 ^ 0.09
24.0 ^ 7.0 £ 1023
12.95 ^ 7.29
5.5 ^ 3.0 £ 1023

1.49 ^ 0.22
18.3 ^ 1.6
1.48 ^ 0.50
10.5 ^ 3.0 £ 1023
1.46 ^ 0.58
9.5 ^ 3.7 £ 1023
8.21 ^ 1.27
2.1 ^ 0.3

KM and kcat parameters were determined in 50 mM KCl, 7.5 mM MgCl2, 10 mM Mops at 51 8C.
a
Position of the methylphosphonate modified phosphodiester linkages.
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Figure 4. kcat =KM for PfuFEN1 on substrates with methylphosphonate substitutions at the template strand (A),
upstream strand (B), or downstream strand (C) normalized to kcat =KM of the natural substrate. Results are shown
only for modifications closest to the overlap site. The kcat =KM values were determined from a single point measurement
and the coefficient of variation of 25% for the relative kcat =KM values was estimated from four independent
experiments for the natural substrate.

downstream duplex contacts PfuFEN1 eight to
nine base-pairs from the overlap.
Orientation of the DNA substrate in PfuFEN1/
DNA complex
The first goal of MD simulations was to test two
possible orientations of the substrate in the DNAbinding groove of PfuFEN1 and to select the
orientation consistent with the methylphosphonate
and 20 -O-methyl walking experiments. In
orientation I, the downstream duplex was placed

in the DNA-binding groove close to the HhH
motif of PfuFEN1 (residues 223 –256) as originally
suggested by Kaiser et al.8 In orientation II, the substrate was rotated 1808 and placed in the opposite
direction relative to the downstream and upstream
duplexes, similar to the model proposed for 50 – 30
exonuclease from bacteriophage T5.26 For both
orientations, the minimal restraints imposed on
the enzyme – DNA interactions defined the distances between the magnesium ion M-1 and the
cleavable phosphodiester bond Pd6 and between
the metal ions and the active site of the enzyme.
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Figure 5. kcat =KM values for PfuFEN1 on substrates with 20 -O-methyl substitutions at the template strand (A),
upstream strand (B), or downstream strand (C) normalized to kcat =KM of the natural substrate. Results are shown
only for modifications closest to the overlap site. The kcat =KM values were determined from a single point measurement
and the coefficient of variation of 25% for the relative kcat =KM values was estimated from four independent
experiments for the natural substrate.

Table 2 summarizes the minimal restraints used in
the MD calculations.
MD simulations predict different structures for
orientations I and II (Figure 6). In particular, in
orientation I, the template strand (green) in the
downstream duplex interacts with the HhH motif
(red) in the Ct11 –Ct14 region six to nine base-pairs
from the overlap. On the other hand, in orientation
II, PfuFEN1 enzyme contacts with the template
strand in the downstream duplex are confined to
the Gt16 – Gt19 region. The interactions predicted
in orientation I, but not those in orientation II, are

consistent with the results of enzyme activity
assays on the methylphosphonate and 20 -Omethyl-modified substrates, which suggest that
the Pt12– Pt13 phosphates and Ct11 –Ct12 deoxyribose residues are involved in contacts with
PfuFEN1.
Mutational analysis of interactions in the
PfuFEN1/DNA complex
I

To provide additional support for orientation
and to identify specific PfuFEN1/DNA
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Table 2. Distance restraints used in MD calculations of PfuFEN1/DNA complex
Distance
restraint (Å)

Interactiona

Reference
b

I Minimal restraints
M-1
M-1
M-1
M-1
M-1
M-2
M-2
M-2
M-1
Watson– Crick hydrogen
bonding restraints

Pd6
Asp27
Asp80
Glu152
Glu154
Asp173
Asp175
Asp236
M-2

3.5 ^ 1.5
5.0 ^ 2.5

Cleaved phosphodiester bond and active site restraint
23

5.0 ^ 2.5

23

5.5 ^ 2.0
2.2 ^ 0.5

23
This work

II Residue-specific restraintsb
Arg94
Arg94
Arg64
Pt12
Pt12
Pt12
Pt13

Pd5
Pd6
Pt21
Gly246
Gly247
Gly248
Gly244

5.5 ^ 2.5
5.5 ^ 2.5
5.5 ^ 2.5
3.5 ^ 1.0

This work

3.5 ^ 1.0

50,51

This work
50,51

a

The center of mass of the carboxy groups of Asp and Glu or the amino groups of Arg side-chains were used to define distance
restraints involving those residues. For G246, G247, G248, or G244, restraints were defined between the backbone nitrogen atoms of
those residues and the center of mass of the phosphorous groups of Pt12 or Pt13 and were based on the crystal structure of the
human polymerase b50 and E. coli DNA glycosylase II.51
b
Minimal restraints were initially used for both orientations I and II of the PfuFEN1/DNA complex. Residue-specific restraints
were used in combination with minimal restraints to refine the structure of orientation I (see Materials and Methods).

Figure 6. Modeled 1 ns structures of PfuFEN1/DNA complexes in orientations I (A) and II (B). For both orientations,
the cleaved phosphodiester bond Pd6 of the DNA was restrained at distance of 2.5 Å to 4.5 Å from the M-1 magnesium
ion. The template, upstream and downstream oligonucleotides are shown in green, magenta, and blue, respectively. In
orientation I, the DNA is located in the DNA-binding groove with the downstream duplex (green– blue) facing the
HhH motif (red) of the enzyme. In orientation II, the DNA was rotated 1808 relative to the position of the downstream
and upstream duplexes in the DNA-binding groove.
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interactions, amino acids from four different
regions in the DNA-binding groove were selected
for mutational analysis. Group 1 includes the Y33,
Q34, R40, and R64 amino acid residues located in
the a2 and a3 helixes of PfuFEN123 that presumably interact with the upstream duplex in the
orientation I model. Group 2 includes the R94,
R95, and R98 amino acid residues from the C
terminus of the helical arch region, which are
predicted to interact with Pd5 of the probe strand.
Group 3 includes all positively charged amino
acids K193, R194, K195, K199, and K206 in the PfuFEN1 bA/bB hairpin23 and the Q172 and R186
amino acids, which are predicted to interact with
the Gu15 –Cu18 region of the upstream strand.
Also, this group included the PfuM3 mutant in
which the bA/bB hairpin was replaced with a
shorter loop of amino acids Lys-Glu-Met from MjaFEN1 (residues 192– 194). This loop was identified
as a counterpart of the bA/bB hairpin in a structural alignment of PfuFEN1 and MjaFEN1. Group
4 includes the K243, K248, and K249 amino acids
of the HhH motif and amino acids K266 and Q267
of the a12/a13 hairpin (261 –280) predicted to
interact with Pt11 –Pt13 of the template strand.
Individual amino acid residues from all four
groups were substituted with alanine to produce
PfuFEN1 point mutants. We assumed that a
methylphosphonate substitution at a phosphate
forming an ionic contact with a positively charged
amino acid would have a smaller effect on the
relative activity of the PfuFEN1 variant if this
amino acid was changed to an uncharged amino
acid, e.g. alanine. Therefore, the PfuFEN1 point
mutants were tested in the activity assay on
methylphosphonate-modified
substrates,
and
relative kcat =KM values obtained for each mutant
were compared to those obtained using the wildtype PfuFEN1 on the methylphosphonatemodified substrates.
Among group 1 mutants, the Y33A mutation
produced an inactive enzyme, and both the Q34A
and R40A mutations showed no significant effect
on relative kcat =KM for all methylphosphonatemodified substrates (data not shown). However,
the R64A mutant produced a kcat =KM profile on
the template strand that was different from that of
wild-type PfuFEN1 (compare Figures 7(A) and
4(A)). A significant increase in relative kcat =KM
was observed for the R64A mutant on the Pt21
methylphosphonate substrate. Interestingly, the
R64A mutation decreased relative kcat =KM values
for the Pt11, Pt23 and Pt24 methylphosphonate
substrates.
In group 2, the R95A mutant showed no activity,
and the R98A mutant showed no effect on the
kcat =KM profiles on all methylphosphonate DNA
substrates (data not shown). The R94A mutation
had no effect on the kcat =KM profiles on the
template and upstream strands. However, in the
downstream strand, a significant increase in
relative kcat =KM was observed on the Pd5 and Pd6
methylphosphonate
substrates
(compare

Figures 7(B) and 4(C)). The increase in kcat =KM of
the R94A mutant on the Pd6 methylphosphonate
substrate is surprising since Pd6 is the phosphodiester linkage cleaved by PfuFEN1, and its
modification with a methylphosphonate is
expected to have a strong inhibitory effect on
enzyme activity. The Pd6 methylphosphonate
substrate cleaved by the R94A mutant produced a
50 end labeled product of the same size as the
unmodified substrate, demonstrating that the
cleavage took place at the Pd6 methylphosphonate
linkage. However, prolonged treatment of the Pd6
methylphosphonate substrate with the R94A
mutant showed only approximately 50% substrate
cleavage, suggesting that only one of two stereoisomers was cleaved by the mutant.
None of the Q172A, R186A, K193A, R194A,
K195A, K199A, or K206A point mutants included
in group 3 showed a significant effect on the
kcat =KM profile of any of the methylphosphonate
substrates (data not shown). The PfuM3 mutant
demonstrated an increase in relative kcat =KM on
the Pt17, Pt18, Pt21, and Pt22 methylphosphonate
substrates compared to the wild-type PfuFEN1
(Figure 7(C)). Finally, no differences in the kcat =KM
profiles on any of the methylphosphonate substrates were observed for the group 4 point
mutants K243A, K248A, K249A, K266A, Q267A
and the K248A/K249A double mutant.
To confirm the kcat =KM results, individual KM
and kcat values for the R64A, R94A, PfuM3
mutants, and wild-type PfuFEN1 on the Pt12, Pt21,
Pd5, and P 19 methylphosphonate substrates and
the natural substrate were determined as described
in Materials and Methods (Table 1). Comparison of
the wild-type PfuFEN1 and the R64A mutant
shows that the Pt21 methylphosphonate substitution increases the KM value of PfuFEN1 approximately 18-fold but has virtually no effect on the
KM of the R64A mutant. The Pd5 methylphosphonate substitution does not practically affect the
kinetic parameters for the R94A mutant; however,
it increases the wild-type PfuFEN1 KM value
approximately eightfold and decreases the Kcat
value ninefold. Finally, the Pt21 modification
increases the KM value for PfuM3 threefold
compared to an approximately 18-fold increase for
PfuFEN1. A similar decrease in kcat is observed for
both enzymes. Overall, the individual KM and kcat
values shown in Table 1 agree with the kcat =KM
results obtained in the enzyme activity assays.
In conclusion, the mutational analysis supports
orientation I of the PfuFEN1/DNA complex and
suggests that R94 and R64 contact Pd5 and Pt21,
respectively, and that the bA/bB loop contacts the
Pt17– Pt18 and Pt21– Pt22 regions in the template
strand.
u

MD simulations of the PfuFEN1/DNA complex
with residue-specific restraints
The interactions revealed by the mutational
analysis were used to improve the structural
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Figure 7. Relative kcat =KM values for R64A (A), R94A (B) and PfuM3 (C) mutants on the substrates with methylphosphonate substitutions. The kcat =KM values were normalized for that of the natural substrate. Results are shown
only for regions where changes in kcat =KM profile for each of the mutants occurred. Reactions were performed with
50 nM substrate using 0.5 nM enzyme at 51 8C for ten minutes. The coefficient of variation of the relative kcat =KM
values determined from four independent experiments with the natural substrate was 25%.

model of the PfuFEN1/DNA complex by introducing distance restraints between specific
residues of the enzyme and the DNA into MD
simulations. In the minimal restraints model
(Figure 6(A)), the distance between the center of
mass the amino group of R64 and the phosphorous
in Pt21 is 17.6 Å and those for the R94 – Pd5 and
R94 – Pd6 interactions are 11.7 Å and 14.9 Å,
respectively. Based on the proposed R64A – Pt21
and R94A – Pd5 contacts, we introduced a distance
restraint of , 8 Å between the center of mass of
the amino groups of the side-chain of R64 and R94

and the phosphorous atom of Pt21 and Pd5,
respectively.
Although the mutational analysis did not predict
interactions between the positively charged amino
acid residues of the PfuFEN1 HhH motif and the
DNA, it was assumed that the HhH motif contacts
the Pt13 and Pt12 phosphates in the template
strand based on the methylphosphonate walking
experiments (Figure 4(A)). To define restraints for
the HhH motif, we used co-crystal structures for
human polymerase b (PDB accession 1BPY)50 and
Escherichia coli 3-methyladenine DNA glycosylase
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II (1DIZ)51 that demonstrate interactions of the
cognate HhH motifs with double-stranded DNA
substrates. The HhH interactions in these structures occur through hydrogen bonds of , 3.3 Å
between oxygen atoms of two adjacent DNA phosphates and the backbone nitrogen atoms of the
G105, G107, 109, and A110 residues in polymerase
b and the G214, G216, and T219 residues in
glycosylase. The corresponding residues in the
PfuFEN1 HhH motif, G244, G246, K248, and K249,
were identified by structure-based sequence
alignment.32 In the minimal restraints model, the
distances between the backbone nitrogen atoms of
G244, G246, K248, and K249 and the nearest
oxygen of Pt13 or Pt12 are 10.9, 15.6, 18.2, and
18.2 Å, respectively. To introduce hydrogen bond
interactions observed in the co-crystals, the
distances between the G244, G246, K248, and K249
backbone nitrogen atoms and a center of mass of
phosphorus and two non-bridging oxygen atoms
of Pt13 and Pt12 were restrained to 3.5(^ 1.0) Å.
Table 2 summarizes the residue-specific restraints
used in the MD calculations.
Figure 8 shows a 5 ns MD structure of the PfuFEN1/DNA complex using residue-specific
restraints. In the residue-specific model, the substrate moved deeper in the active-site DNA-binding groove compared with the minimal restraints
model. For instance, the distance between the
center of mass of the arginine amino groups and
phosphorous in R64 – Pt21, R94 –Pd5, and R94 – Pd6
pairs is decreased to 3.8, 3.8, and 4.3 Å,
respectively. The DNA also moved closer to the
HhH motif to form hydrogen bonds O2 –Pt13 –
O1 – Pt12– K248,
and
G244,
O2 –Pt12 –G246,
O1 – Pt12 – K249 of 2.77, 3.7, 3.3, and 3.0 Å, respectively. In addition, positively charged residues of
the HhH motif demonstrate interactions with Pd8
in the downstream strand and with the major
groove of the downstream duplex in the Ct11 –
Ct13 region. The upstream and downstream
duplexes are in the B-form conformation and form
an angle of approximately 408 between duplex
axes at the overlap. The M-1 magnesium ion interacts with the cleavable phosphodiester bond Pd6
and the M-2 ion, which is not bound by any
restraints, interacts with the Pd6 and Pd7 phosphates. Interactions predicted by the final structure
are summarized in Figure 9.

Discussion
Here, we have modeled a three-dimensional
structure of the PfuFEN1 structure-specific 50
nuclease in its complex with DNA using MD simulations guided by enzyme –DNA distance
restraints derived from experimental data. Regions
of the overlap flap substrate involved in specific
contacts with PfuFEN1 were identified using
methylphosphonate and 20 -O-methyl walking
experiments. Most contacts were observed close to
the cleavage site, however, an additional region of
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both electrostatic and steric interactions was identified on the template oligonucleotide at positions
Pt12, Pt13, Ct11, and Ct12 (Figure 2(A)). The asymmetry of the footprint, which extends nine basepairs into the downstream duplex and only two
base-pairs into the upstream duplex, agrees well
with analyses of enzyme activity on overlap flap
substrates of different length8 and phosphate ethylation interference experiments with a flap substrate
and the 50 nuclease domain of DNA polymerase I
from E. coli.52
The PfuFEN1 footprint was used to determine
the orientation of the substrate in the DNA-binding
groove. Originally proposed models for the 50
nuclease/DNA complex suggested that the
upstream duplex of the flap substrate interacts
with the HhH motif of the 50 nuclease
enzymes.7,26,53 However, based on the minimal substrate length requirements, Kaiser et al.8 proposed
that the HhH motif interacts with the downstream
duplex of the overlap flap substrate. A similar
model was also proposed by Dervan et al.40 from
kinetic and binding characteristics of T5 50 nuclease
mutants using hairpin-like substrates containing
only a downstream duplex. MD simulations using
only minimal restraints specifying distance
between the cleavable linkage Pd6 and M-1 magnesium ion showed that only orientation I, in
which the downstream duplex interacts with the
HhH motif, was consistent with the asymmetric
pattern of the PfuFEN1 footprint and was
proposed as a minimal restraints model of the
PfuFEN1/DNA complex (Figure 6(A)).
Binding of DNA substrates often induces significant conformational changes in protein structure.
For example, comparison of the apo and DNA
complex structures of the Klenow fragment of
E. coli DNA polymerase I demonstrates that the
thumb region of the protein moves as much as
12 Å to accommodate the DNA.54 There is no indication of induced conformational changes in the
minimal restraints model, and it is unlikely that
such changes, which may occur at a microsecond
or even millisecond time range,55 would be
observed in nanosecond-long MD models. The
importance of these considerations can be illustrated by the nature of the interactions between
the HhH motif and the downstream duplex predicted by the minimal restraints model to occur
through ionic contacts between the side-chains of
K248 and K249 and the Pt12– Pt13 phosphates.
These interactions contradict the co-crystal structures of human polymerase b50 and E. coli 3methyladenine DNA glycosylase II,51 demonstrating that the HhH motif interacts with doublestranded DNA by forming hydrogen bonds
between the backbone nitrogen atoms of
conserved HhH residues and oxygen atoms of
two adjacent DNA phosphates. The contacts
suggested from the co-crystal structures would
require that the downstream duplex in the minimal
restraints model move closer to the PfuFEN1 HhH
motif and form specific hydrogen bonds with

Figure 8 (legend opposite)
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backbone nitrogen atoms of G244, G246, K248, and
K249.
To experimentally determine specific interactions in the PfuFEN1/DNA complex, we used
enzyme activity assays with mutant PfuFEN1
enzymes on methylphosphonate-containing substrates. The basis for this approach has been
previously proven for specific steric interactions
between the MS2 bacteriophage coat protein and
its cognate RNA hairpin.56 The methylphosphonate
profiling of the PfuFEN1 mutants identified
specific ionic contacts between R94 and Pd5 and
between R64 and Pt21. A similar approach was
previously used to identify specific contacts
between the 50 nuclease domain of DNA polymerase I from E. coli and a flap substrate52 with methylphosphonate substitutions studied in the
downstream strand at positions corresponding to
Pd3, Pd4, Pd5 and Pd7. The authors observed a
similar inhibitory effect on the cleavage rate of substrate modified at positions analogous to Pd5 and
Pd7 and, based on mutational analysis, suggested
that these phosphates interact with Y77, K78, and
R81 and R20 of the E. coli 50 nuclease domain,
respectively. Alignment of the E. coli 50 nuclease
domains and TaqExo sequences followed by threedimensional structure alignment of TaqExo and
PfuFEN1 suggests that Y77, K78, R81, and R20 of
the E. coli 50 nuclease domain correspond to R94,
R95, R98, and Q34 of PfuFEN1, respectively. Here
we show that R94 contacts Pd5, but the R95A
mutation results in an inactive enzyme and both
the Q34A and R98A mutations have no significant
effect on the methylphosphonate profiling. These
differences can be explained by a misalignment of
the E. coli 50 nuclease domain and PfuFEN1 due to
low sequence similarity and differences in the
binding characteristics of the overlap flap and flap
substrates.
Introduction of the residue-specific restraints
moved the substrate deeper in the DNA-binding
groove compared to the minimal restraints model.
Superposition of enzyme structures in the minimal
and final models shows that the Pt13 and Pt12
phosphates in the downstream duplex move by
, 20 Å and the upstream duplex moves by 17 Å
on average. The tighter contacts between the DNA
and enzyme became possible because of conformational changes in the enzyme structure: the Ca
atoms of the bA/bB loop (192 –206) moved by 11 Å
on average with a maximum distance of 16.5 Å
observed for P197. The final PfuFEN1/DNA

549

model was challenged to explain differences
between the methylphosphonate and 20 -O-methyl
PfuFEN1 footprints. The latter identifies steric
interactions that have not been used to specify the
distance restraints in MD simulations. In the
downstream strand, these differences are manifested by an effect of the Pd6, Pd7, and Pd8 methylphosphonate substitutions on kcat =KM and the lack
of such an effect for the Ad6 and Ad7 20 -O-methyl
substitutions (Figure 2(A)). The modeled structure
explains this pattern by the existence of contacts
between Pd6– Pd8 and the magnesium ions and
K248 whereas the Ad6 and Ad7 nucleosides are
exposed in solution outside the DNA-binding
groove and do not contact PfuFEN1. Conversely,
the Gt20 and Gt19 20 -O-methyl modifications, but
not the Pt20 and Pt19 methylphosphonate modifications, affect kcat =KM : Again, the model predicts
that the Gt20 and Gt19 nucleosides face the DNAbinding groove, and the 20 -O-methyl substitutions
at these positions are likely to cause a steric clash
with PfuFEN1. To the contrary, no specific interactions are predicted for Pt20 and Pt19.
There are several interactions suggested from the
PfuFEN1 footprints that cannot be explained by the
final model. For example, methylphosphonate
substitutions at Pt17 and Pt18 decrease kcat =KM
(Figure 4(A)); however, no contacts involving
these phosphates are predicted in the model.
Potential candidates for these contacts include a
group of positively charged lysine residues 87, 89,
93 and arginine residues 94, 95, 98, 106 in the
helical arch region; however, the methylphosphonate profiling does not support this hypothesis for
the tested amino acid residues, R94 and R98, and
the R95A mutation has produced an inactive
enzyme. Interaction between the helical arch and
the Pt17 and Pt18 phosphates might be only
possible as a result of large substrate-induced conformational changes in the helical arch, such as
previously suggested for human FEN1 from
Fourier transform infrared spectroscopy demonstrating an increase in helicity of the helical arch
region upon DNA binding.57 Some interactions
suggested in the model and supported by PfuFEN1
footprint data still need to be confirmed by mutational analysis. For example, according to the
model, Pu19 forms ion pairs of 2.9 Å, 3.0 Å, and
3.9 Å with K104, K111, and R40, respectively, and
the methylphosphonate substitution at Pu19
decreases kcat =KM value of PfuFEN1 (Figure 4(B)).
Only one of these amino acid residues, R40, was

Figure 8. 5 ns MD model of the PfuFEN1/DNA complex with residue-specific restraints. (A) A view showing the
overlap flap substrate bound in the DNA-binding groove of PfuFEN1. The HhH motif, bA/bB hairpin, helical arch
and magnesium ions are shown in red, orange, yellow and pink, respectively. Arginine residues 94 and 64 are displayed with a space-filled model. The template, upstream and downstream oligonucleotides are shown in green,
magenta, and blue, respectively. (B) 90 degree rotated view of the model shown in (A). (C) A cartoon description of
the substrate structure in the model (adopted from the view (A)). The 30 end overlapping base of the upstream oligonucleotide is shown by arrows. The phosphodiester linkages Pd5, Pd6, Pt12, Pt13, Pt17, Pt18, Pt21, and Pu19 are shown with
asterisks.
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Figure 9. Schematic representation of interactions proposed in the PfuFEN1/DNA complex. Hydrogen bonds and
ion pairs are shown by continuous and broken lines, respectively. Backbone nitrogen atoms of the G244, G246, K248,
and K249 amino acid residues in the HhH motif form hydrogen bonds with Pt12 and Pt13 in the template oligonucleotide. Amino acid R94 forms ion pairs with Pd5 and Pd6 in the downstream oligonucleotide and amino acid R64 contacts
Pt21 in the template oligonucleotide. The bA/bB loop interacts with the upstream duplex between residues Pt21 and
Pt22.

tested in the methylphosphonate profiling experiments, but showed no interaction with Pu19.
The 30 terminal nucleotide of the upstream
strand is an important element in substrate recog-

nition by FEN1 enzymes. The final model predicts
that distance between centers of the 30 nucleotide
and the Y33 amino acid aromatic rings measured
over 100 snapshots taken from the last 1 ns of 5 ns
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MD simulation is , 6(^ 2) Å. This distance corresponds to a maximum of distance distribution for
aromatic amino acid pairs in X-ray crystal structures of non-homologous proteins58 suggesting
stacking interactions between the 30 nucleotide
and the Y33 residue. In support of this conclusion,
Y33 is highly conserved in the FEN1 family, and
substitution of this amino acid with alanine or glutamic acid inactivates PfuFEN1, but its substitution
with another aromatic amino acid, phenylalanine,
reduces PfuFEN1 activity only by 50% (data not
shown). The exact position of the 50 flap, which
according to the threading model should be within
the helical arch of PfuFEN1,5,29 is not defined in the
final model. During the dynamics the flap moves
in and out of the helical arch due to the high flexibility of both the helical arch and the 50 flap, thus
making it difficult to interpret its specific contacts.
It is possible that conformational changes
suggested for the helical arch should be included
in the model to determine specific interactions of
the 50 flap and the 30 terminal nucleotide of the
upstream strand.
Significant progress in understanding the mechanism of lagging strand synthesis in eukaryotes
led to a model describing the synthesis as a series
of highly coordinated steps performed by the
Okazaki fragment processing complex, which
includes FEN1.59,60 It is thought that the synchronized product release in one step and its binding
as a substrate in the next step is governed by substrate specificity of the proteins constituting the
complex. FEN1 plays a critical role in the transition
from the strand displacement step performed by
eukaryotic polymerase d to the 50 flap removal
step and in the passing of the nick substrate to
DNA ligase I. The first detailed model of
PfuFEN1/DNA complex proposed here is an
important step in understanding the organization
of Okazaki fragment processing complex and
dynamics of complex rearrangement during the
lagging strand maturation. Given the consistency
of our model with methylphosphonate and 20 -Omethyl walking results, we believe that it provides
a correct general orientation of the overlap flap
substrate in the active-site DNA-binding groove of
PfuFEN1 and defines likely contacts in the PfuFEN1/DNA complex. The modeled PfuFEN1/
DNA structure may be further improved by incorporating new experimental data.

Materials and Methods
DNA synthesis and purification
DNA oligonucleotides were synthesized with an
Expedite 8909 synthesizer (PerSeptive Biosystems) using
standard phosphoramidite chemistry. All phosphoramidites including tetracholorofluorecsein (TET) dye, 20 -Omethyl, and methylphosphonate phosphoramidites
were purchased from Glen Research, Sterling, VA. Synthesis and deprotection were performed according to

the vendor’s recommended procedures and further
purification was performed by electrophoresis on a 20%
(w/v) denaturing acrylamide gel as described.8 Methylphosphonate oligonucleotides were used without
separation of Rp and Sp isomers. The purity of all oligonucleotides used in enzyme activity assays was analyzed
by capillary electrophoresis on a P/ACE MDQ CE system (Beckman) with mPAGE-5 capillaries (Agilent Technologies, Palo Alto, CA). Oligonucleotide concentrations
were determined from the absorption at 260 nm using
extinction coefficients for nucleosides and dinucleotide
monophosphates.61
Mutagenesis
The Y33A, Q34A, R40A, R64A, R94A, R95A, R98A,
Q172A, R186A, K193A, R194A, K195A, K199A, K206A,
K243A, K248A, K249A, K266A, and Q267A mutants
were prepared by site-directed mutagenesis with a Quikchange kit (Stratagene) using 30 cycles of PCR amplification on the pTrc99a-PfuFEN1 plasmid DNA8 with
200 nM mutagenic primers. After Dpn I digestion the
amplified DNA was transformed into E. coli DH5a by
electroporation. The presence of desired mutations was
verified by sequencing. The PfuM3 deletion variant was
prepared by replacing amino acid residues GKRKLPGK
NVYVEIK of PfuFEN1 at position 192– 206 with amino
acids KEM of MjaFEN1 (192 – 194) using recombinant
PCR. The 50 half of the PfuM3 gene was amplified with
50 -TGTGGAATTGTGAGCGG (pTrcFwd) and 50 -CTCTG
GCATCTCCTTTGTTATTGTTAAGTTTCTAAC primers
and the 30 half was amplified with 50 -ACAAAGGAGAT
GCCAGAGTTGATAATTTTGGAGGAAG and 50 -TAAT
CTGTATCAGGCTG (pTrcRev) primers. The DNA products were purified from a 1% (w/v) agarose gel using
a Qiaquick kit (Qiagen) and used in PCR reaction with
the pTrcFwd and pTrcRev primers. The amplified DNA
was gel-purified and cloned into pTrc99a vector as
described.8
Enzyme expression and purification
The plasmids carrying PfuFEN1 variants were transformed into E. coli BL21 (Novagen) for expression and
purification of the proteins was performed as described.8
At the final step of purification the proteins were
dialyzed and diluted in a buffer containing 50% (v/v)
glycerol, 20 mM Tris – HCl (pH 8), 50 mM KCl, 0.5%
Tween 20, 0.5% Nonidet P40, 100 mg/mL BSA.
Kinetic parameter measurement and enzyme
activity assays
Kinetic parameters, KM and kcat ; for the wild-type and
mutant PfuFEN1 enzymes were determined with the
substrate shown in Figure 2(A). Reactions were prepared
by mixing the downstream, upstream and template
oligonucleotides at 5 mM concentration each in a buffer
containing 100 mM Mops, 75 mM MgCl2 and heating
the sample to 95 8C for one minute and slow cooling to
room temperature. The annealed substrate was stored at
220 8C. The kinetics experiments were performed at
different substrate concentrations from 10 nM to 800 nM
and constant enzyme concentration between 0.1 nM and
100 nM, depending on the specific activity of a particular
enzyme. Enzyme/substrate mixtures were prepared in
100 ml 10 mM Mops (pH 7.5), 50 mM KCl, 7.5 mM
MgCl2, 10 ng/ml tRNA on ice, and the reactions were
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started by incubation at 51 8C. Aliquots (10 ml) of each
reaction were then transferred into pre-chilled tubes containing 15 ml 95% formamide, 10 mM EDTA, and 0.02%
(w/v) methyl violet blue (Sigma-Aldrich) at time points
of 5, 10, 15, 30, and 60 minutes. Aliquots (5 ml) of the
stopped reactions were then analyzed by gel electrophoresis to obtain initial rates of the cleavage reactions
as described.8 The KM and kcat values were calculated
from the initial rates using the Michaelis – Menten
equation. The enzyme activity assay used for fast
measurement of kcat =KM values for wild-type and mutant
PfuFEN1 enzymes was performed in 10 ml 10 mM Mops
(pH 7.5), 50 mM KCl, 7.5 mM MgCl2, 10 ng/ml tRNA
including 0.1– 5 nM enzyme and 50 nM natural or modified substrate. The reactions were assembled on ice and
then incubated at 51 8C for periods of time sufficient to
reach 5 – 20% substrate cleavage. The kcat =KM values
were calculated as the initial cleavage rate divided by
the enzyme and initial substrate concentrations under
the assumption that the initial substrate concentration
was much lower than KM :
Molecular modeling
PfuFEN1 structure coordinates used in MD simulations were obtained from the PDB database, accession
number 1B4323 and coordinates for the magnesium ions
were provided by J. A. Tainer (personal communications). To reduce computation time, the C terminus
residues 290– 340 of PfuFEN1 were omitted. MD simulations were preformed with AMBER 6.0 software.62,63
A 2 fs time-step was employed and SHAKE was used
for bonds involving hydrogen atoms. The generalized
Born (GB) solvation model was used with a non-bonded
interactions cut-off distance of either 8 Å or 12 Å and
0.2 M monovalent salt concentration.64 – 66 A 1 ns MD
required , six days of computation on a cluster of four
computers with dual 1.5 GHz Athlon (AMD) processors
and Linux Mandrake 8.1 operating system. A B-form
DNA duplex of the overlap flap substrate (Figure 2(B))
was generated using the Biopolymer software (Insight
II-Accelrys, Inc.) subjected to 100 steps of gradient EM
followed by 250 ps of dynamics. To assemble the initial
complex, the substrate was manually placed in the
active-site DNA-binding groove of PfuFEN1 with an
average distance of 3 – 15 Å from the enzyme with the
cleavable phosphodiester linkage facing the M-1 and
M-2 metal ions. The MD protocol used here included
EM, simulated annealing (SA), and production stages.
During the EM stage, the initial PfuFEN1/DNA complex
assembly was subjected to 200 steps of conjugate gradient EM to relax energetically unfavorable interactions.
Following the EM stage, an SA stage was performed
during which the system was gradually heated from 0 K
to 500 K for 6 ps using a heat bath time coupling constant
of 2 ps, then the system was slowly cooled to 300 K over
a period of 14 ps while gradually decreasing the heat
bath constant to 0.5 ps. During the SA stage, all enzyme
residues except the two magnesium ions, the helical
arch (residues 75 – 127), the bA/bB loop (184– 210), and
the HhH motif (223 – 256) were constrained to their
crystallographic positions using a harmonic potential
force constant kc of 5 kcal/mol/Å2. Additionally, DNA
residues except Au17 – Tu19, Td1– Ad7, and Tt17 –Tt21
were restrained using a flat-well harmonic potential of
2.25(^ 0.50) Å for Watson– Crick hydrogen bonds and
a ¼ 2 65(^ 60)8,
b ¼ 2150(^ 45)8,
g ¼ 40(^45)8,
d ¼ 120(^90)8, e ¼ 170(^ 60)8, z ¼ 270(^ 90)8, and
x ¼ 2 125(^90)8 for dihedral angels. Finally, flat-well
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harmonic minimal restraints were used to define a distance of 3.50(^1.50) Å between the M-1 ion and the
cleavable phosphodiester linkage Pd6 and a distance of
5.0(^ 2.50) Å between the magnesium ions, M-1 and
M-2, and the active site residues (Table 2). During the
SA stage, the restraint penalties were gradually introduced by increasing their harmonic potential force constant kr from 0 to 15 kcal/mol per Å2 over the 6 ps
heating steps and then to 20 kcal/mol per Å2 over the
14 ps cooling steps to allow for slow relaxation and prevent abnormal changes in the enzyme or DNA structure.
The production stage with minimal restraints was performed using a temperature coupling constant of 1.0 ps,
kc of 1 kcal/mol per Å2 and kr of 20 kcal/mol per Å2 at
300 K for 1 ns. “Residue-specific” restraints included the
minimal restraints and an additional set of distance
restraints defining specific contacts between the substrate and the enzyme (see Results). Using the final structure of the 1 ns minimal restraints trajectory as starting
coordinates, MD simulations with residue-specific
restraints were performed with 20 ps SA followed by
1 ns production stage (see above) and 4 ns of additional
simulation during which the enzyme constraints were
removed for all residues. The final structure was subjected to 500 steps of conjugate gradient EM. Cutoff distances of either 8 Å or 12 Å for non-bonded interactions
were used for two initial 1 ns production dynamics with
residue-specific restraints. Both cut-off distances produced similar structures with RMSD for heavy atoms of
,1.2 Å. To speed up computation, the 8 Å cut-off distance was used for the 4 ns production dynamics with
residue-specific restraints. The average heavy atoms
RMSD between consecutive 1 ps structures of 1 ns MD
simulations converged to ,1.5 Å RMSD after 400–
500 ps.
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