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ABSTRACT The structure and hydration of reconstituted human topoisomerase I comprising the core and the carboxyl-
terminal domains in covalent complex with 22-basepair DNA duplex has been investigated by molecular dynamics simulation.
The structure and the intermolecular interactions were found to be well maintained over the simulation. The complex displays
a high degree of flexibility of the contact area, confirmed by the presence of numerous water-mediated protein-DNA hydrogen
bonds comparable in quantity and distribution to the direct ones. The interaction between the enzyme and the solvent also
provides the key for interpreting the experimental reduction of activity or affinity observed upon single residue mutation.
Finally, four long lasting water molecules are observed in the proximity of the active site, one of which in the appropriate
position to accept a proton from the active Tyr723.

INTRODUCTION

Topoisomerase enzymes control the level of supercoiled
DNA in cells by transiently breaking one or two DNA
strands. Their role is vital for cellular processes like repli-
cation, transcription, and recombination. Human topoisom-
erase I is a type IB enzyme composed of four major do-
mains (N-terminal, core, linker, and C-terminal domains)
and is involved in the relaxation of both positive and neg-
ative supercoiled DNA, reversibly nicking one DNA strand.
The crystal structures of a reconstituted topoisomerase com-
prising the core and the C-terminal domain, in both covalent
and non-covalent complexes with a 22-basepair duplex
DNA, have been reported (Redinbo et al., 1998; Stewart et
al., 1998). The reconstituted enzyme is active in vitro and in
the crystallographic structure with DNA; the authors de-
scribed a large number of direct protein to DNA interactions
that are unevenly distributed, being more frequent in the
intact and in the upper region of the scissile strand but not
in the lower region (Redinbo et al., 1998). This observation,
together with the presence of a positively charged surface
downstream of the cleavage site that makes minimal contact
with DNA, has led to the proposal of a model which,
without underlining the role of water, describes a mecha-
nism for DNA relaxation called controlled rotation (Stewart
et al., 1998).
Recent surveys of structural data on protein-protein and

protein-DNA recognition sites has indicated that water is
present in abundance at the interface and the analysis of
different high resolution structures allowed the identifica-
tion of at least as many water-mediated interactions as direct
hydrogen bonds or salt bridges (Janin, 1999). In particular,
water can play an important role in mediating protein-DNA

interaction due to the polarity of the surface characterized
by the presence of phosphate groups on the DNA side and
by the frequent abundance of positively charged groups on
the protein side. The major function of water in promoting
macromolecular association was first suggested by the
structure of the trp repressor-DNA complex (Otwinoski et
al., 1988). Since then, many examples have been found,
suggesting that the description of protein-DNA interactions
is incomplete without an atomic description of water mol-
ecules at the interface (Schwabe, 1997; Janin, 1999). The
understanding of macromolecular hydration can be pro-
vided by high resolution x-ray and neutron diffraction stud-
ies of crystals (Kossiakoff et al., 1992; Burling et al., 1996),
which, however, are not able to provide a dynamical de-
scription. Dynamical information on water behavior is pro-
vided by inelastic neutron scattering and NMR spectroscopy
(Otting et al., 1991; Zanotti et al., 1999; Melacini et al.,
2000), or by accurate molecular dynamics (MD) simulation
procedures. The latter approach is a powerful tool for ex-
amining the macromolecule solvation because it can pro-
vide a description at atomic level and at the appropriate time
scale, of the macromolecule-water interaction mechanism
and it has been successfully applied to describe the hydra-
tion properties of proteins (Abseher et al., 1996; Luise et al.,
2000) and DNA (Bonvin et al., 1998; Castrignanò et al.,
2000). In the last years, MD simulation has been used to
investigate the molecular basis of protein-DNA or RNA
recognition (Billeter et al., 1996; Sen and Nilsson, 1999;
Reyes and Kollman, 1999; Tang and Nilsson, 1999; Tsui et
al., 2000).
Here we present a state of the art 1.2 nanosecond MD

simulation of the covalent topoisomerase-DNA complex
carried out in periodic boundary condition, starting from the
crystallographic structure (Redinbo et al., 1998). The sys-
tem, fully solvated and neutralized, consists of nearly
79,000 atoms and was simulated using the Amber force
field (Cornell et al., 1995) and the particle mesh method
(Darden et al., 1993; et al., 1995) on a cluster of Compaq
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ES40. The protein-DNA interface was found to be highly
hydrated and the number of water-mediated hydrogen bonds
is comparable to the direct ones, suggesting that they pro-
vide a comparable contribution to the binding affinity and
specificity. Moreover, the active site region was found to
trap for a long time four water molecules supporting the
recently proposed active site mechanism, in which a water
molecule plays a direct role in the deprotonation process of
the active site residue Tyr723 (Redinbo et al., 2000).

METHODS

System setup and simulation protocol

The starting coordinates of the DNA-topoisomerase complex were ob-
tained from x-ray diffraction (PDB entry 1a31) (Redinbo et al., 1998). The
system topology was built using the AMBER leap module and the
AMBER95 all atom force-field (Cornell et al., 1995), including the pa-
rameter for the 723 phosphotyrosine residue covalently bound to the �1
thymine scissile base. The partial atomic charges and intra-residue force
parameters of the tyrosine residue and the phosphate group forming the
phosphotyrosine residue were let identical to those found in the AMBER95
force field but the partial charge of the phosphorous atom which was
imposed to have a value of 1.2593. This small change permits to have a
charge for the phosphotyrosine residue equal to �0.6921, identical to the
charge of a DNA 3� base in the AMBER95 force field. Crystallographic
water molecules were not retained and the DNA-protein complex was
immersed in a rectangular box (105 � 92 � 99 Å3) filled with TIP3P
(Jorgensen, 1981) water molecules, imposing a minimum solute-wall box
distance of 10 Å. The system was neutralized with Na� cations using the
AMBER leap module. The total system is composed of 7679 protein
atoms, 1401 DNA atoms, 27 Na� counterions and 23216 water molecules,
giving a total of 78755 atoms. The system was simulated in periodic
boundary conditions, using a cutoff radius of 9 Å for the non-bonded
interactions, and updating the neighbor pair list every 10 steps. The
electrostatic interactions were calculated with the Particle Mesh Ewald
method (Darden et al., 1993; Cheatham et al., 1995). The SHAKE algo-
rithm (Ryckaert et al., 1977) was used to constrain all bond lengths
involving hydrogen atoms. Optimization and relaxation of solvent and ions
were initially performed, while keeping the solute atoms constrained to
their initial position with decreasing force constants of 500, 25, 15 and 5
Kcal/(mol Å). Thereafter the system was minimized without any con-
straint, simulated for 1 ps at 100 K and then warmed up to 300 K and
equilibrated over 20 ps. A 1.2-ns simulation was carried out at constant
temperature of 300 K using Berendsen’s method (Berendsen et al., 1984)
and at a constant pressure of one bar with a 2-fs time step, on a cluster of
Compaq ES40. Pressure and temperature coupling constants were 0.5 ps.
The atomic positions of the last nanosecond of trajectory were saved every
250 steps (0.5 ps) for analysis.

Analysis

The analysis reported in this manuscript refers to the last nanosecond of the
trajectory (i.e., from 200 to 1200 ps), because the trend of the root mean
square deviations (RMSD) of the protein-DNA complex indicates that the
system was well stabilised after 200 ps. RMSD were calculated removing
the overall translational and rotational motions upon superimposition to the
initial x-ray structure. The AMBER carnal module was used to calculate
some structural properties (root mean square deviations and fluctuations;
hydrogen bonds). The hydrogen bond criterion was a maximum donor-
acceptor distance of 3.5 Å and a minimum donor-proton-acceptor angle of
120°, the default for the carnal AMBER module. Protein and DNA are
considered to form a stable direct hydrogen bond if the criterion is main-

tained for more than 70% of the simulation time. In the case of water-
mediated hydrogen bonds we do not impose any restriction on the lifetime
of individual water molecules but only on the contact itself. Therefore
protein-DNA are considered to form a water-mediated contact when at
least one water molecule simultaneously bridges through an hydrogen
bonds both the protein and DNA, and when this configuration is present for
more than 70% of simulation time, regardless the lifetime of individual
water hydrogen bonds. Crystallographic water molecules, present in the
PDB structure 1a31, were considered to be in interaction with the protein
or DNA when the water oxygen-macromolecule atom distance was lower
than 3.5 Å. The solvent accessible surface area was evaluated with the
program NACCESS (Hubbard and Thornton, 1993).

RESULTS AND DISCUSSION

Root mean square deviations

Protein and DNA root mean square deviation (RMSD),
calculated after a mass weighted superposition on the start-
ing structure, are shown in Fig. 1 a. The enzyme RMSD
reach a plateau at around 2 Å after about 200 ps, whereas
the DNA RMSD show a fast increment in the first 50 ps,
after which it stabilizes at around 2 Å displaying some
oscillations which are comparable or even lower to those
observed in simulations of isolated DNA strands (Castrig-
nanò et al., 2000; Young et al., 1997). A closer inspection of
the DNA RMSD indicates that its variation is mainly due to
the contribution of the DNA bases at both ends of the
duplex (data not shown) because the RMSD of the central
bases (�4 � 6) oscillate around 1 Å. On the other hand the
central bases shows a relatively high deviation from the
canonical B structure (RMSD, �2.5 Å) suggesting that the

FIGURE 1 Root-mean-square atom positional deviations as a function
of simulation time from the starting x-ray structure. (a) Protein (full line)
and DNA (dotted line); (b) protein core domain (full line) and C-terminal
domain (dotted line).
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deviations observed in the x-ray diffraction study were not
simply due to crystal contacts (Redinbo et al., 1998).
Analysis of topoisomerase core and C-terminal domain

RMSD (Fig. 1 b) indicate that the latter, which contains the
essential catalytic Tyr 723, show an high stability reaching a
plateau of 1.5 � already after 20 ps. The core domain shows a
higher deviation indicating that the overall enzyme deviation
observed in Fig. 1a is mainly due to its contribution.

Direct protein-DNA hydrogen bonds

Fig. 2 a shows a schematic representation of the direct
protein-DNA hydrogen bonds present for more than 70% of

the simulation time. Twenty-two direct hydrogen bonds are
formed between the DNA intact strand and the enzyme; 15
between the DNA scissile strand upstream of the cleavage
site, and only 4 downstream. These results confirm the trend
observed in the x-ray diffraction study showing a tight
interaction between protein and both DNA intact strand and
the upstream portion of the scissile strand, and indicating
the free or controlled rotation hypothesis (Stewart et al.,
1998; Pommier et al., 1998) as the most probable mecha-
nism for the DNA supercoiling relaxation event. The num-
ber of interactions detected by MD simulations is higher
than those observed in the crystal structure and some of
them, absent in the covalent DNA-topoisomerase complex,

FIGURE 2A Schematic representation of the protein-DNA direct (a) and water-mediated (b) interactions present for more than 70% of the simulation
time. Full line, protein side chain- DNA phosphate group; dashed line, protein main chain–DNA phosphate group; dotted line, protein side chain-DNA base
atoms; dash-dotted line, protein main chain-DNA base atoms. The phosphotyrosine bond is represented by a full green line. Different colors refer to
different protein domains. (b) Thick and thin lines represent long life and fast exchanging waters, respectively.
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are present in the non-covalent one, indicating that MD is
sampling configurations that have been observed in similar
but different experimental conditions.
In the upstream strand all of the direct contacts observed in

the covalent crystal structure are conserved in the MD simu-
lation, including the two stable hydrogen bonds connecting
Arg488 and Arg590 with the phosphate group of the catalytic
Tyr723 (named PTR723 in the phosphate derivative of the
covalent complex). Five protein side chain-DNA direct con-
tacts, not detected in the x-ray diffraction study of the covalent
complex, are observed in the MD trajectory. One of them
involves a residue (Lys587) in which the MD simulation is
contacting both the �1 and �2 thymine bases whereas only
the contact with the �2 thymine base was described in the
diffraction study; two have been described to occur in the

crystal structure of the non-covalent complex (Lys436 and
Asn722 with the �2 and �1 thymine bases, respectively)
whereas the remaining two contacts involve a residue (Lys439)
not contacting DNA in the crystal structures.
In the downstream strand, three contacts not observed in

the crystal structure (involving Arg316 and Lys324 of the
sub domain II) are observed in the MD simulation whereas
the contact between His266 and the �4 adenine DNA base,
detected in the crystal, is lost. In actuality, this last residue
is still forming a hydrogen bond with DNA but only for
�60% of the simulation time, i.e., for a time shorter than the
chosen cutoff.
In the intact strand, 10 new contacts were found during

the simulation. Particularly noteworthy are Asn491 and
Thr747, in which the x-ray structures contact the DNA

FIGURE 2B
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through their side chains, and also interact with DNA with
their main chains in the MD simulation. This is opposed to
Lys425, in which the x-ray structure contacts DNA through
a single interaction with the �1 adenine, but interacts with
both the �1 adenine and the �1 adenine bases in the MD.
Arg364, in which the x-ray structure has two DNA contacts
(one of which is base-specific with the �1 adenine base),
displays a third interaction between its lateral chain and the
�1 adenine phosphate group, confirming its crucial role in
mediating the DNA-topoisomerase interaction. The DNA
contacts involving Asn491 main chain and Gln578 side
chain, present in the MD simulation, are observed in the
x-ray diffraction of the non-covalent complex. The remain-
ing five contacts regard the side chains of residues (Lys493,
Gln421, Arg362, Arg749, and Gln318) not contacting DNA
in the crystal structures. On the contrary, four protein resi-
dues contacting DNA in the crystal (Asn745, Asp533,
Ala489, and Ala586) do not form stable hydrogen bonds in
the simulation, although two of them (Asp533 and Ala489)
are still interacting with DNA, but the connecting hydrogen
bonds are present for a low percentage of time (50 and 28%,
respectively).
Many of the contacts observed in the MD simulation

involve positively charged residues in which the crystals are
seen to face, but not to directly interact with, the negatively
charged phosphates. This result, together with the occur-
rence in the MD trajectory of contacts observed in the
crystal structure of the non-covalent complex, suggests that
the MD simulation is sampling different configurations
close in energy to the starting one, indicating that the
DNA-protein contacts are made by a relatively flexible
surface. In line, some of the groups involved in the protein-
DNA contacts maintain rotational freedom, i.e., several
lateral chains rotate quickly, continuously changing their
hydrogen atom involved in a non-covalent interaction with
DNA. The same behavior is shown by the DNA phosphate
oxygen atoms that quickly rotate around their backbone,
giving rise to an alternate interaction between the O1P and
O2P atoms and the protein donor atom. Such a property
contributes to confer to the complex the high degree of
flexibility already inferred by the crystallisation of the com-
plex in multiple non-isomorphous structures (Redinbo et al.,
1999).

Water-mediated protein-DNA hydrogen bonds

Fig. 2 b shows the protein-DNA water-mediated contacts
present for�70% of the simulation time, either mediated by
a single long lasting water molecule (long life waters) or
through many transient water molecules characterised by
short residence times (fast exchanging waters). MD simu-
lation identifies 18 water-mediated hydrogen bonds be-
tween the protein and the DNA intact strand, 10 water-
mediated hydrogen bonds between the DNA scissile strand
upstream of the cleavage site, and only two downstream.

They are nearly as numerous as the direct protein-DNA
bonds, in line with the crucial role attributed to water in
mediating sequence specific recognition or enhancing the
affinity for DNA (Janin, 1999; Jones et al., 1999). Analysis
of PDB structure 1a31 permitted us to identify a number of
water-mediated contacts similar to that obtained by the MD
analysis, being 20, 12, and 1 for the intact strand and the
upstream and downstream portion of the scissile DNA
strand, respectively. The large number of water molecule-
mediated contacts observed in the upstream and intact
strand may contribute to furnish the enzyme with an adapt-
able contact surface, indispensable for the binding of dif-
ferent DNA sequences. Human topoisomerase is, in fact,
known to display only slight preference for particular DNA
sequences (Capranico and Binaschi, 1998), as confirmed by
the presence of only two base-specific direct topoisomerase-
DNA hydrogen bonds observed both in x-ray diffraction
(Redinbo et al., 1998) and in our simulation (Fig. 2 a). In
agreement the MD trajectory indicates the occurrence of
only four water-mediated specific contacts of 30, the re-
maining ones occurring between the enzyme and phosphate
backbone DNA atoms.
In detail, the number of water-mediated hydrogen bonds

(10 contacts) in the upstream portion of the scissile strand is
comparable to the direct bonds (15 contacts) previously
described, and they include both long life and fast exchang-
ing water molecules. In particular, Lys439, Lys436,
Arg590, Asp440, and Asp407 interact with DNA through
fast exchanging water molecules, whereas Arg405, Asp407,
Ser415, and Ile424 interact through long life water mole-
cules. Among these latter contacts, the one between Ile424
and the N4 atom of the �3 cytosine base is base-specific.
This is the only base-specific contact involving a protein
main chain atom. Moreover, some water molecules are
involved in more than one interaction, such as the long
lasting interaction shared by Arg405 and Asp407, bridging
the �4 adenine phosphate group. It is interesting that the
identical base-specific water contact made by Ile424 can be
detected analyzing the 1a31 PDB structure, as it is the
contact mediated by the water shared by Arg405 and
Asp407 that bridges the �4 adenine phosphate group. In
actuality 5 of the 8 residues contacting DNA through water
molecules in the crystal display a contact also in the MD
simulation indicating that this technique provides a clear
and reliable atomic description of the structure and dynam-
ics of water molecules around a macromolecule.
In the intact strand, MD simulation indicates that only

two contacts over the 18 water-mediated contacts are base-
specific and again the interactions include both long life and
fast exchanging water molecules. In details, Asn491,
Glu418, Gln421, Arg362, Lys374, Arg364, Pro357, and
Glu741 display long life water-mediated contacts, whereas
the other amino acid residues represented in Fig. 2 b interact
with DNA through different short living water molecules
which, however, provide an interaction for �700 ps. Some

494 Chillemi et al.

Biophysical Journal 81(1) 490–500



water molecules are involved in more than one interaction.
For example, the side chains of Glu418 and Gln421 share a
long lasting water molecule (�800 ps) interacting with the
�1 adenine phosphate group. The same occurs for the
lateral chain of Lys374 and the main chain of Pro357, both
of which share a water molecule contacting the �1 adenine
phosphate group. An interesting role is played by Arg362,
which shows two water-mediated contacts with the intact
strand and two with the scissile strand. Many of these
water-mediated contacts are also observed in the x-ray
structure. Indeed of the 16 residues identified by x-ray
diffraction to contact DNA through water molecules, only
three are not observed by MD simulation, again confirming
the power of this method in describing the water-macro-
molecule interaction at the atomic level. Moreover, MD
simulation adds a dynamical description to the static view
provided by x-ray diffraction. In fact, crystallographic wa-
ters are observed either in correspondence with the long life
water-mediated contacts made by Asp491, Gln421, Arg362,
Lys374, and Pro357, or for the base-specific contact be-
tween Lys425 and the N7 atom of the �1 guanine base and
the contacts between Arg364, Lys354, Ala351, and the
DNA phosphate groups, which MD simulation describes as
fast exchanging water-mediated contacts. These results in-
dicate that the sites where water molecules are observed by
x-ray diffraction correspond to sites where water molecules
have a high probability to be found but they can be in fast
exchange with the solvent, a property that can be detected
by MD simulation.
The downstream portion of the scissile strand is charac-

terized by only two water-mediated contacts made by
Arg362 (one of which base-specific). In actuality, Arg362 is
able to bridge, through water molecules, either the N3 atom
of the�3 adenine base and the�4 adenine phosphate group
of the downstream scissile strand (this latter interaction
being also present in the crystallographic structure), or the
�1 and �1 adenine phosphate groups of the intact strand
(Fig. 2 b), besides having a direct hydrogen bond with the
�1 adenine phosphate group (Fig. 2 a). An example of
these interactions, taken from a MD frame, is shown in Fig.
3. The contacts between the�3 and�4 adenine bases of the
scissile strand are mediated during the simulation by 13 and
27 different water molecules, respectively, which bridge the
DNA for �800 ps, although each one is fast exchanging
with the bulk. This fast exchange rate confers a potential
flexibility to the DNA-protein surface, suggesting that
Arg362 may participate either in the protein-DNA recogni-
tion or in the modulation of the rotation process. These
findings provide structural evidence of the mutagenesis
experiments that indicate an essential role for Arg362 in the
cleavage/ligation phase (Li et al., 1997). Moreover it has
been shown that mutation of the residues next to Arg362
(Phe361 and Gly363) produce enzymes resistant to the
antitumor drug camptothecin (CPT) (Benedetti et al., 1993;
Rubin et al., 1994; Li et al., 1997; Fiorani et al., 1999; Bailly

et al., 1999). It has been also proposed that the interactions
between Arg362, Arg364, and DNA could play a role in the
correct positioning of the catalytic tyrosine in the active site
(Fiorani et al., 1999). Our simulation indicates that Arg364
(core subdomain I) lies in the center of a complex network
of interactions shown in Fig. 4, composed of three direct
hydrogen bonds with DNA intact strand, two water-medi-
ated hydrogen bonds with the�1 adenine N3 base atom and
the �2 adenine phosphate group, and two stable hydrogen
bonds with the carboxyl lateral chain of Asp533 (core
subdomain III), the mutation of which gives rise to a CPT
resistant enzyme (Tamura et al., 1991). This latter residue is
next to Lys532, which mediates the other specific contact
with the thymine scissile base covalently bound to the active
Tyr723 residue. Moreover, it must be noticed that Arg362
and Arg364 belong to the protein region constituting one of
the two protein lips (lip1, Core subdomain I 361–369; lip2,
core subdomain III 491–501) that close the clamp around
the DNA. The two lips directly interact through a salt
bridge, as in the crystal structure, between Lys369 and
Glu497 present for 89% of the simulation time and a direct
hydrogen bond between Asp366 and Asn500, present for
82% of the simulation time. It is likely that this complex
network of hydrogen bonds, which connects residues be-
longing to different domains, is needed to orient correctly
the DNA-topoisomerase complex and that the modulation

FIGURE 3 Network of direct and water-mediated interactions between
Arg362 and DNA. The direct hydrogen bond with the �1 adenine phos-
phate group is represented by a full line; the water-mediated contacts
occurring with the downstream scissile strand (N3 atom of the �3 adenine
base and the phosphate group of the�4 adenine base) and the intact strand
(phosphate groups of the �1 and �1 adenine bases) are represented by
dash-dotted lines. Water molecules are shown in a ball and stick represen-
tation.
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of the strength of these interactions may play a role in the
correct binding, cleavage, rotation, religation, and release of
the enzyme.

Protein-DNA interface

Analysis of the accessible surface area buried upon complex
formation (interface area) is shown in Fig. 5 a as a function
of time for upstream, downstream and intact DNA strand.
The intact strand has the widest interface area, which is
fairly constant over the trajectory, displaying an average
value of 1129 Å2. The interface area of the upstream portion
of scissile DNA strand is also quite constant over the
trajectory, having an average value of 547 Å2. On the other
hand the interface area of the downstream portion of scissile
DNA strand shows a large variation during the simulation,
going from a minimum of 308 to a maximum of 541 Å2.
This result confirms that the intact strand and the upstream
portion of the scissile strand are tightly bound to the protein
whereas the downstream portion shows a lower and more
variable interface area and displays a higher flexibility
being able to sample a variable number of configurations.
This finding is in agreement with the uneven distribution of
both direct and water-mediated DNA-protein contacts and
with the proposal of a controlled rotation mechanism.
The protein interface area as a function of time is repre-

sented in Fig. 5 b for the three core subdomains and for the
C-terminal domain. The average interface area is 790, 172,

620, and 359 Å2 for subdomain I, II, III, and C-terminal
domains, respectively. These values are all greater than
those obtained from x-ray diffraction (654 Å2 core subdo-
main I; 40 Å2 core subdomain II; 592 Å2 core subdomain
III; 221 Å2 C-terminal domain) in line with the evidence
that during the simulation polar and charged residues, not
directly contacting DNA in the crystal structure, are now
observed to reach a contact distance.

Fluctuations

The RMS fluctuations (RMSF) of each residue belonging to
the core and C-terminal domain are reported in Fig. 6 a and
b, respectively. The core domain displays regions charac-
terized by large differences in fluctuation, their values rang-
ing from 1 to 6 Å. The regions having the lowest fluctua-
tions display a large number of contact with DNA, such as
the two lip regions. Another minimum is found for the �11
region (418–427), which interacts with the major groove of
the DNA through numerous direct and water-mediated hy-
drogen bonds (Fig. 2). On the other hand, residues 434–453
and 455–466 in core subdomain III, belonging to �8 and �9
respectively, which were proposed to play a role in the
mechanism of opening and closure of the enzyme around
DNA, show high fluctuations with average values around
4.5 and 3.5 Å for �8 and �9, respectively. The C-terminal
domain has an average fluctuation higher than the core
domain (Fig. 6 b), but also in this case the minimum

FIGURE 4 Network of direct and water-mediated interactions between
Arg364 and DNA. The three direct hydrogen bonds with the DNA-intact
strand (N3 atom of the �1 adenine base and the phosphate groups of the
�1 and �2 adenine bases) are represented by full lines; the two water-
mediated hydrogen bonds with the DNA-intact strand (N3 atom of the �1
adenine base and phosphate groups of�2 adenine base) are represented by
dash-dotted lines; the two direct hydrogen bonds with Asp533 (OD1 atom)
are represented by dotted lines. In the figure is also represented the direct
hydrogen bond between Lys532 and the �1 thymine base (O2 atom) by a
full line. The three bases of the DNA intact strand and the scissile base are
represented in yellow and cyan, respectively.

FIGURE 5 Time history of the accessible surface area buried upon
complex formation (interface area). (a) Intact DNA strand (dashed line),
DNA upstream strand (full line) and DNA downstream strand (dotted line).
(b) Core subdomain I (full line), core subdomain II (dotted line), core
subdomain III (dashed line), and C-terminal domain (dashed-dotted line).

496 Chillemi et al.

Biophysical Journal 81(1) 490–500



corresponds to the only regions (720–723; 741–751) that
contact DNA.
Fig. 6 c shows the DNA per base average fluctuations.

The region with lower fluctuations lies in the intact strand
between the �1 and the �2 adenine bases, in which nu-
merous direct or water-mediated protein-DNA contacts are
present (Fig. 2). More surprisingly, also the �3 and �4
adenine bases in the scissile strand show low fluctuations
even though they do not have any direct stable protein-DNA
hydrogen bonds. As we have already described, these bases
have water-mediated hydrogen bonds with Arg362, which
has water-mediated hydrogen bonds also with the �1 and
�1 adenine bases of the intact strand. The observation that
the DNA bases having the lowest fluctuations are bridged
by Arg362 confirms that this residue plays a crucial role and
leads us to the hypothesis that it can represent a sensor that
transduces the information between the active site and the
downstream portion of the scissile strand. This hypothesis is
supported by the network of covalent and non-covalent
interactions between Arg362, Arg364, the �1 adenine and
thymine bases, Asp533, Lys532, and Tyr723 (Figs. 3 and 4)
and it explains the strict conservation of Arg362 and
Arg364 over the evolution of this enzyme. Moreover, the
occurrence of CPT-resistant enzymes upon mutation of
Phe361 and Gly363 suggests that Arg362 may play also an
important role in mediating the drug interaction (Benedetti

et al., 1993; Rubin et al., 1994; Li et al., 1997; Fiorani et al.,
1999; Bailly et al., 1999).

Long life water molecules around the active site

Restriction of our analysis to water molecules having a
maximum residence time �800 ps. identifies only 17 long
life water molecules in the topoisomerase-DNA system, and
four of them are localized in the proximity of the active site
indicating that this region behaves as a water attractor. In
this region two water molecules form an hydrogen bond
with Arg488, one with Arg590, and the fourth one is hy-
drogen bonded with the phosphate group belonging to the
Tyr723 derivative (Fig. 7). This last water molecule is in the
appropriate position to accept a proton from the active
Tyr723 residue supporting the hypothesis that a water close
to the active site could function as a catalytic water (Red-
inbo et al., 2000).

Correlation between MD results and site-directed
mutagenesis experiments

Analysis of the interactions observed in the MD trajectory
helps us in interpreting some experimental results observed
upon single residue mutations which cause a reduction of

FIGURE 6 Root-mean-square per residue or per base fluctuations of core domain (a), C-terminal domain (b), and DNA double strand (c). In panel c the
bases of the intact, scissile upstream, and downstream DNA strands are represented by squares, circles and triangles, respectively.
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binding affinity and activity or the production of drug
resistant enzymes.
In the C-terminal domain, besides the catalytic Tyr723

residue, there are other residues that are conserved and
whose mutation is able to alter the enzymatic activity or
sensitivity to different drugs (Pommier et al., 1998). Muta-
tion of yeast Asn726 (corresponding to Asn722 in human
topoisomerase) in Leu results in a decrease of enzyme
activity, whereas its mutation in Ala does not modify topo-
isomerase activity, but strongly enhances its resistance to
CPT and other topoisomerase poisons (Knab et al., 1993,
1995; Hann et al., 1998b). Mutations of this residue in Ser,
Asp or His interfere with both enzyme activity and drug
sensitivity (Leteurtre et al., 1994, Fertala et al., 2000).
Crystallographic data indicate that in the upstream DNA
portion of the covalent complex, Asn722 forms a direct
hydrogen bond with DNA, whereas Lys720 makes a direct
hydrogen bond with DNA in the downstream portion of the
non-covalent complex. In our MD trajectory, we find stable
direct hydrogen bonds between DNA and both Lys720 and
Asn722, confirming that this region has a fundamental role
in the interaction with DNA, most likely in the orientation
of the active site residue Tyr723, thus explaining the mod-
ulation of the drug binding. Mutation of Thr729 to Ile or Ala

gives rise to CPT resistance (Kubota et al., 1992; Wang et
al., 1997) and in the latter case also to reduction of enzyme
activity, however x-ray diffraction does not display any
direct interaction between Thr729 and DNA. MD simula-
tion allows one to hypothesize a structural mechanism for
such an effect because a long life water molecule, present
for �84% of the simulation time, strongly bridges this
residue to Asp725 via three hydrogen bonds with the main
chain (NH group) and the lateral chain of Thr729 and with
the main chain of Asp725 (CO group). In turn, Asp725
makes a direct hydrogen bond with its main chain (NH
group) and the lateral chain of Ser595 for �95% of the
simulation time. The lateral chain of Ser595 also interacts,
via direct hydrogen bond, with the main chain (CO group)
of the catalytic Tyr723 for�960 ps, designating a hydrogen
bond connection between Thr729 and Tyr723.
In core subdomain III, mutation in yeast of Gly369,

corresponding to human topoisomerase Gly437, to Asp
diminishes DNA binding and catalytic activity (Hann et al.,
1998a). Gly437 is located in the upper portion of �8 and is
conserved in this position in 13 of 14 cellular topoisomerase
I’s with known sequences (Redinbo et al., 2000). Analysis
of MD trajectory indicates that Lys436 and Lys439 can
have direct contact with the upstream portion of DNA,
providing a structural explanation for the mutational effect
observed at the level of residue 437. Mutation of Asp533 to
Gly gives rise to a CPT-resistant enzyme (Tamura et al.,
1991). Our trajectory indicates that Asp533 is involved in a
complex hydrogen bond network that includes Arg364,
Arg362, and Lys532 (Fig. 4). In particular, Asp533 makes
two very stable hydrogen bonds through its carboxylic
lateral chain with the lateral chain of Arg364, which, in its
turn, makes direct hydrogen bonds with the DNA intact
strand. Mutation to Gly of Arg590, which constitutes the
catalytic active site with Arg488 and Tyr723, produces a
1000-fold less active enzyme (Megonigal et al., 1997). In
line MD results show that this residue is involved in nu-
merous direct and water-mediated contacts (Figs. 2 and 7).
In core subdomain I the region 361–365 is highly con-

served among eukaryotic species and is homologous to
sequences found in other DNA-binding proteins (Li et al.,
1997). In human topoisomerase, mutation of Phe361 to Ser
gives rise to a CPT and rebeccamycin-derivatives resistant
enzyme (Rubin et al., 1994; Li et al., 1997; Bailly et al.,
1999), whereas mutation of Gly363 to Cys, Ser or Val
directly affects the formation of the CPT binding site and
enzyme catalysis (Benedetti et al., 1993; Fiorani et al.,
1999). Moreover, mutations of Arg362 and Arg364 gave
convincing evidence that the interactions of 361–364 region
with DNA are required for DNA cleavage/ligation (Li et al.,
1997). These results may be explained by our MD simula-
tion which attributes a crucial role to Arg362, involved in
four water-mediated hydrogen bonds, two with the intact
strand and two with the downstream region (Figs. 2 and 3),
and to Arg364, involved in various direct and water-medi-

FIGURE 7 Long life water molecules present in the active site region.
The four water molecules which are making a hydrogen bond with atoms
close to the active site for �80% of the total simulation time are shown in
stick and ball representation. The hydrogen bonds occurring between the
water molecules and the protein atoms are represented by dash-dotted
lines. Full lines represent the direct hydrogen bond between Lys532 and
the�1 thymine base (O2 atom), the direct hydrogen bond between Arg488
and the phosphotyrosine PTR723 (phosphate group) and the two direct
hydrogen bonds between Arg590 and the phosphotyrosine PTR723 (phos-
phate group).
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ated hydrogen bond contacts (Figs. 2 and 4). For this latter
residue a crucial role has also been indicated by x-ray
diffraction (Redinbo et al., 1998).

CONCLUSION

This study makes use of MD simulation to extend the
analysis of the interaction of the DNA-topoisomerase com-
plex obtained through x-ray diffraction to a description
which takes into consideration the pattern of hydration
around the topoisomerase-DNA interface. Water is now
recognized to play a crucial role in mediating protein-DNA
interaction, and MD simulation has been successfully used
to investigate the hydration pattern both in protein-DNA
complexes (Billeter et al., 1996; Tsui et al., 2000) and in
single proteins or DNA sequences (Luise et al., 2000; Cas-
trignanò et al., 2000). This work identifies a number of
water-mediated hydrogen bonds comparable to the direct
ones, as found in many high resolution structures (Schwabe,
1997; Janin, 1999), indicating that water plays a crucial role
in mediating affinity and specificity. The identification of
water-mediated interaction allows us to interpret experi-
mental data from site directed mutagenesis reporting re-
duced protein-DNA affinity or the production of a drug
resistant enzyme. These results can not be easily explained
taking into consideration only the direct interaction de-
scribed in the x-ray diffraction studies (Redinbo et al., 1998;
Stewart et al., 1998; Redinbo et al., 2000). Moreover, the
simulation identifies the presence of four long life water
molecules confined in the proximity of the active site,
indicating that this region acts as a water-attractor. Such a
finding is in agreement with the results of a recent x-ray
diffraction study which identifies a single water molecule
proximal to the active site residue Tyr723 and gives support
to the hypothesis made by the crystallographers that this
water is able to activate the catalytic Tyr723 (Redinbo et al.,
2000).
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