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ABSTRACT

Topoisomerase IB (Top1) inhibitors, such as
camptothecin (CPT), stabilize the Top1-DNA
cleavage complex in a DNA sequence-dependent
manner. The sequence selectivity of Top1 inhibitors
is important for targeting specific genomic
sequences of therapeutic value. However, the mo-
lecular mechanisms underlying this selectivity
remain largely unknown. We performed molecular
dynamics simulations to delineate structural,
dynamic and energetic features that contribute to
the differential sequence selectivity of the Top1 in-
hibitors. We found the sequence selectivity of CPT
to be highly correlated with the drug binding
energies, dynamic and structural properties of the
linker domain. Chemical insights, gained by per-
residue binding energy analysis revealed that the
non-polar interaction between CPT and nucleotide
at the+1 position of the cleavage site was the major
(favorable) contributor to the total binding energy.
Mechanistic insights gained by a potential of mean
force analysis implicated that the drug dissociation
step was associated with the sequence selectivity.
Pharmaceutical insights gained by our molecular
dynamics analyses explained why LMP-776, an
indenoisoquinoline derivative under clinical develop-
ment at the National Institutes of Health, displays
different sequence selectivity when compared with
camptothecin and its clinical derivatives.

INTRODUCTION

Topoisomerase IB (Top1) is an essential enzyme required
for DNA replication and RNA transcription. Top1 is
composed of 765 amino acids and has four distinct
domains: the NH2-terminal domain (1-214), the core
domain (215-635), the linker (636-712) and the COOH-
terminal domain (713-765). The Top1 enzyme catalyzes
the relaxation of DNA superhelicity by reversibly
nicking one strand of DNA to generate a Top1-DNA
cleavage complex that allows controlled DNA swiveling.
Top1 inhibitors act as interfacial inhibitors (1). They inter-
calate into the DNA base pairs at the cleavage site and
form specific hydrogen bonds with Top1 to stabilize the
Top1-DNA-inhibitor ternary complex (Figure 1A). The
stabilized ternary complex produces collisions with repli-
cation and transcription forks leading to DNA double
strand breaks and cell death (Supplementary Scheme S1)
(2). The discovery and development of Top1 inhibitors as
anticancer drugs is one of the significant achievements in
cancer chemotherapy (3,4). Topotecan and irinotecan,
analogs of the natural alkaloid camptothecin (CPTs,
Supplementary Chart S1), have been approved by the
US Food and Drug Administration for the treatment of
ovarian and colon cancers, respectively. The CPT class of
anticancer drugs targets only Top1 and the poisoning of
Top1-DNA cleavage complexes occurs only at specific
cleavage sites along the DNA chain. This sequence select-
ivity is a key step in preferentially directing the action of
drugs onto specific genomic sequences of therapeutic
interest (5–8). The sequence selectivity exhibited by Top1
inhibitors is ‘intrinsically’ dependent on the base
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sequences immediately preceding (�1) and following (+1)
the cleavage site. CPT binding has a strict requirement for
T at the �1 site and G at the +1 site (9). Analysis of
sequence selectivity around Top1 cleavage sites in SV40
DNA and 30mer duplex oligonucleotides indicated that
CPT action is strongly dependent on the base pair at the
+1 position (9–12). Recent reports showed that CPT
interfered with transcription regulation in a sequence-
selective manner, leading to alterations in gene expression
that may be relevant for cancer therapy (13,14). However,
the biochemical and biophysical determinants underlying
the sequence selectivity remains unclear.

In the present study, we investigated the impact of
various local DNA sequences on the energetic, dynamic
and structural properties of Top1-DNA-drug ternary
complexes. This is the first molecular dynamics (MD)
study on the sequence selectivity of Top1 inhibitors. We
first examined four ternary complexes namely, CPT_TG,
CPT_TA, CPT_TC and CPT_TT (Figure 1B).
Experimental base frequencies (9–12) revealed that base
frequencies at DNA cleavage sites was significantly
(99.9% confidence interval) enhanced at the TG cleavage
site in the presence of CPT, but no significant preference
was seen for the TA and TC cleavage sites. The action of
CPT was almost abolished at the TT cleavage site; its base
frequency was significantly (99.9% confidence interval)
reduced in the presence of CPT. In other words,
sequence selectivity of CPT is in the following order of
preference (Figure 1B): CPT_TG (frequency enhanced,
compared with the frequency of the cleavage site in the
absence of CPT)>CPT_TA (no change)�CPT_TC (no
change)>CPT_TT (frequency reduced). Potential of
mean force (PMF) is defined as the free-energy changes
along an arbitrarily defined path (15). In the present study,
PMF study is performed to mimic the drug dissociation
process. This is the first PMF studies on Top1-DNA-drug
ternary complexes. We further demonstrate that MD
approach could be used to study the sequence selectivity
of an indenoisoquinoline derivative NSC725776

(LMP-776, Supplementary Chart S1). LMP-776
produces Top1 cleavage at unique genomic position
compared with those resulting from CPT treatment,
causes cell cycle arrest in both S and G2/M, exerts part
of their anti-tumor effect through antiangiogenesis. In
contrast to CPT, overexpression of ABCG2 and ABCB1
pumps do not induce resistance for LMP-776. These
favorable pharmaceutical properties render LMP-776 a
promising anticancer drug candidate (2,3). LMP-776 is
currently under clinical development at the National
Institutes of Health (NIH).

MATERIALS AND METHODS

MD simulations

The initial geometries of the Top1-DNA-drug ternary
complexes were modeled from the crystallographic struc-
tures of ternary complexes (PDB 1K4T, 1SC7) (16,17).
The CPT-bound and LMP-776-bound ternary complexes
were modeled using atomic positions from the 1K4T and
1SC7 structures, respectively (18–22). The topotecan and
MJ-III-65 were changed to CPT and LMP-776, respect-
ively; the 50-sulfhydryl group was replaced by a
50-hydroxyl group at the cleavage site in the ternary
complexes using the Accelrys DS Visualizer. The lactone
form of CPT was assumed (23–25). All MD simulations
were carried out with the Particle Mesh Ewald molecular
dynamics (PMEMD) module in AMBER12 using the ff10
variant and general AMBER force field (GAFF) force
fields (26,27). Although MD simulations are known to
be limited by force field approximations, AMBER-based
force fields have been successfully used to reflect key
features of the structural dynamics of DNA and protein
molecules (28–30). Counter ions (20 Na+) were added to
keep the whole simulated system neutral. The whole
system was immersed in the rectangular box of TIP3P
water molecules. The water box extended 8 Å away from
any solute atom. This resulted in �28 270 water molecules
used for solvation. Electrostatic interactions were taken

Figure 1. (A) Schematic diagram of a Top1-DNA-inhibitor ternary complex. Top1, DNA and CPT are shown in kidney-, helix- and rectangle-shape,
respectively. (B) Schematic diagram of the CPT at the cleavage site, with its flanking base pairs. The frequencies of base sequences observed in
CPT-induced DNA cleavage in SV40 DNA are given in parenthesis. Experimental base frequencies revealed that base frequencies at DNA cleavage
sites was significantly (99.9% confidence interval) enhanced at the TG cleavage site in the presence of CPT, but no significant preference was seen for
the TA and TC cleavage sites. The action of CPT was almost abolished at the TT cleavage site. Its base frequency was significantly (99.9%
confidence interval) reduced in the presence of CPT.
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into account using the Particle Mesh Ewald method with a
cutoff distance of 10 Å (31). We used SHAKE to constrain
all bonds involving hydrogen atoms (32). Energy-mini-
mization was executed by the steepest descent method
for the first 1000 steps and by the conjugated gradient
method for the subsequent 2500 steps. Relaxation of
solvent molecules and Na+ ions was initially performed
keeping solute atoms restrained to their initial positions
for 200ps. The temperature was controlled by Langevin
dynamics and was kept constant at 300K. Each model
was simulated for 100 ns. Over 100 000 frames were uni-
formly extracted over the 100 ns of simulations (33), unless
otherwise specified.

Analysis of trajectories

The trajectories were analyzed using the AMBER12
packages (26), the VMD program (34) and the
GROMACS MD package v4.5.5 (35).

Root-mean-square deviations

The cpptraj module in AMBER12 (26) was used to
calculate the root-mean-square deviations (RMSD).
RMSD is defined as the root-mean-square-average
distance between protein Ca atoms of two optimally
superimposed macromolecules, i.e. superimposed macro-
molecules at each frame (Si) and the starting geometry
(S0). After a mass-weighted least square fitting to the
starting geometry, the RMSD were calculated using
Equation (1):

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

Xi¼N
i¼1

�2i

vuut ð1Þ

where N is the number of equivalent protein Ca atoms in
each macromolecules, d is the distance between N pairs of
equivalent atoms (i.e. protein Ca atoms). The RMSD
values reach an average value of �3 Å (Supplementary
Figure S1A). Excluding the linker domain from the
analysis, the RMSD values reduce to �2 Å
(Supplementary Figure S1B). Stable plateaus were
reached in all the systems well before 30 ns of the simula-
tion time.

Cosine content (ci)

Based on the production MD trajectories (the last 70 ns),
non-weighted covariance matrix of Ca atoms of the
models were calculated to obtain cosine content (ci)
using the GROMACS MD package v4.5.5 (35). The
cosine content (ci) of a principal component is used as
an negative indicator for bad sampling (36). It ranges
between 0 (no cosine) and 1 (perfect cosine), when the
first of three principal components is similar to a cosine
with half a period; the sampling is far from converged.
The cosine contents of the first three principal components
are far from a perfect cosine (ci< 0.1), indicating that our
systems are not bad sampling. Thus, all the analyses listed
later in the text were calculated over the production MD
trajectories (i.e. the last 70 ns).

Dynamic cross-correlation coefficients (Ci,j)

The dynamic cross-correlation coefficients were done with
cpptraj module in the AMBER package (26), taking into
account only the coordinates of the protein Ca, nucleotide
N1, N1@CPT, N1@LMP-776 atom (Supplementary
Chart S1), as they contain enough information to
describe the largest system motions (37). The dynamic
cross-correlation coefficients were computed based on
Equation (2):

Ci,j ¼
� r i �� rj
� �
ffiffiffiffiffiffiffiffiffiffiffiffi
� r2

i

D Er
�

ffiffiffiffiffiffiffiffiffiffiffiffi
� r2

j

D Er� � ð2Þ

where �ri is the displacement from the mean position of
the ith atom and <>represents the time average over the
whole trajectory. Positive Ci,j values represent a correlated
motion between residues i and j (i.e. the residues move in
the same direction). Negative values of Ci,j represent an
anti-correlated motion between residues i and j (i.e. they
move in opposite directions).

Root-mean-square fluctuations

The per-residue root-mean-square fluctuations (RMSF) is
defined as a root-mean-square-average distance between a
protein Ca atom (xi) and its time-averaged position of the
equivalent atom ( ~xi) in a set of S structures that were
extracted from the frames of the production MD
trajectories. RMSF were computed using Equation (3):

RMSF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

S

XS
i¼1

ðxi � ~xiÞ
2

vuut ð3Þ

Clustering

The clustering was calculated using the cpptraj module in
AMBER12 (26). Structures from the frames of the pro-
duction trajectories were used to perform average-linkage
hierarchical clustering, based on their mass-weighted
RMSD distance matrix.

DNA-linker angle

The DNA-linker angle is defined as the angle between
N1@A+12�N1@X+1�Ca@ASP677 (Supplementary
Scheme S2). X+1 and A+12 are the nucleotides at the +1
and+12 positions of the intact DNA strand.

Hydrogen bond

Hydrogen bonds were defined as the default setting at the
cpptraj program. Hydrogen bonds are determined via the
distance between the heavy atoms using a cutoff of 3.5 Å
and the angle between the acceptor, hydrogen, and donor
atoms using a cutoff of 135 degrees, unless otherwise
specified.

Molecular mechanics-generalized born surface area

The drug binding energies were calculated using the
mmGBSA.py module (igb=2) in AMBER12 (26). The
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per-residue decomposition energies reflect the relative
strength of each specific residue, i.e. its importance to
the binding. The post-processing molecular mechanics-
generalized born surface area (MM-GBSA) method,
using the modified generalized Born model (38), is
known to be good at qualitative accuracy (39–43). We
herein focused our discussions on qualitative comparison.
The total binding energy (�Gtot) was decomposed into
contributions from electrostatic energies (�Eelec), van
der Waals interaction energies (�Evdw), electrostatic solv-
ation (�GGB) and non-polar solvation (�Gnon-polar) free
energies as shown in Equation (4):

�Gtot ¼ �Eelec+�Evdw+�GGB+�Gnon�polar ð4Þ

The entropy was not considered because of its high
computational demand and relatively low accuracy of pre-
diction (44). The per-residue decomposition with 1–4
VDW and 1–4 EEL terms were added to internal potential
terms.

PMF

PMF was calculated to study the free-energy profiles for
drug dissociation. The PMF is a function of the distance
between the CPT and the ternary complex (�), which
can be used to monitor the drug dissociation process
(Supplementary Scheme S3). The distance (�) is defined
as the distance between P@A�1 and N1@CPT
(Supplementary Chart S1).

Umbrella sampling was performed by calculating a
series of dynamic simulations with biased potential in a
format of K(���i)

2, where K=5 or 10 or 20 kcal mol�1

and �i ranged from 0 to 50 Å. Umbrella sampling windows
were separated by 1 Å. Simulations with K=5 were
carried out for at least 0.2 ns; the rest of the simulations
were carried out with K=10 and 20 for at least 0.4 ns
each, until convergence is reached. All the simulations
were combined to construct the final PMF. Multiple
starting structures were extracted from the all-atom
simulations. Each simulation was started from the end
point of the previous one. Adjacent histograms were
found to show significant overlaps, indicating that all
values of a distance within the desired range had been
appropriately sampled. The unbiased free energy was ob-
tained using the weight histogram analysis method (http://
membrane.urmc.rochester.edu/content/wham) with con-
vergence criterion of 10�4 and a bin width of 0.2 Å (45).
The convergence of final PMF was tested by
comparing the free energy change calculated using
the full sampling to that calculated using shorter
sampling time. For each PMF models, at least 50 ns of
simulations were carried out until the PMF profile
converged.

RESULTS AND DISCUSSION

Binding energies of CPT to the Top1-DNA complex

The total binding energies of CPT to the Top1-DNA
complex ranged from �54.9 kcal mol�1 for CPT_TG to
�49.9 kcal mol�1 for CPT_TT (Table 1), which were

considered to be reasonable for two reasons. First, in
the previous studies by Cushman et al. (46) (�32 kcal
mol�1) and Siu et al. (47) (�26 to �31 kcal mol�1), the
reported binding energies of a Top1 inhibitor to its
flanking base pairs were in the same order of magnitude.
The more favorable binding energies obtained in the
present study could be attributed to contributions from
protein residues and other DNA bases, which were not
considered in the two previous studies (46,47). Second,
the experimental frequencies of cleavage sites correlate
strongly with the total binding energies (R2=0.8, Table
1). To probe properties that underpin the sequence select-
ivity, we identified their correlations with various per-
residue decomposition energies (Table 1). A strong correl-
ation between the experimental frequencies and the
binding energy between CPT and the nucleotide at the
+1 position of the scissile strand (X+1) was observed
(R2=0.9, Table 1). The non-polar interaction (�Evdw

+�Gnon-polar, Table 2) was the major favorable contribu-
tor to the total binding energy. Taken together, our results
indicate that the non-polar interaction between CPT and
the X+1 is a predominant, if not exclusive, factor govern-
ing the sequence selectivity of CPT. We would like to
emphasize that given there are only four data points for
the correlation analyses, no quantitative analysis were
discussed.

Table 1. The per-residue decomposition energies (kcal mol�1)a

Decomp. En.a CPT_TG CPT_TA CPT_TC CPT_TT

T�1 �4.8 �5.0 �5.0 �5.0
X+1 �9.1 �6.6 �5.8 �6.4
Y+1 �2.4 �3.2 �5.0 �3.3
A�1 �5.4 �4.5 �5.6 �5.2
Arg364 �2.5 �2.5 �2.2 �2.4
Lys532 �1.8 �1.7 �1.1 �0.9
CPT �27.2 �26.0 �25.4 �24.5
Others �1.7 �2.0 �2.2 �2.2
Total �54.9 �51.5 �52.3 �49.9

aThe total binding energies are highlighted in bold. The per-residue
decomposition energies reflect the relative importance of each specific
residue, including flanking base pairs at the cleavage site, Arg364,
Lys532, CPT and other residues, to the total drug binding energies.

Table 2. The MM-GBSA per residue decomposition energies (kcal

mol�1)a for the interaction between CPT and the X+1 base at the

cleavage site

Decomp. En. CPT_TG CPT_TA CPT_TC CPT_TT

�Eelec �2.9 �1.5 �0.9 �1.8
�Evdw �7.8 �6.9 �5.6 �5.7
�GGB 2.2 2.4 1.2 1.5
�Gnon-polar �0.6 �0.6 �0.5 �0.4
Electrostb �0.7 0.9 0.3 �0.3
Non-polar

c
�8.4 �7.5 �6.1 �6.1

�Gtot �9.1 �6.6 �5.8 �6.4

aThe major favorable contributor is highlighted in bold.
bElectrost=�Eelec+�GGB.
cNon-polar=�Evdw+�Gnon-polar.
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Flexibility of the linker domain and its orientation with
respect to the DNA

The per-residue RMSF calculated from the production
trajectories showed that the four complexes underwent
similar fluctuations (Figure 2). As observed in previous
studies (24,48), the linker domain (residues 636–712) was
the most flexible region. Moreover, the flexibility of the
linker domain is qualitatively correlated with the experi-
mental frequencies of the sequence selectivity. First, for
the linker domain, the RMSF maximum value for the
preferred CPT_TG complex (2.1 Å) is lower than those
of the unfavorable CPT_TA/TC/TT complexes
(2.4–4.7 Å, Figure 2). The linker and core domains are
connected by residues 633–643, whose overall mobility in-
creases as the number of orientations of the linker domain
increases (24). Consistently, our analysis revealed that the
RMSF maximum value of residues 633–643 is the lowest
for the preferred CPT_TG complex (1.2 Å) when
compared with those of the unfavorable CPT_TA/TC/
TT complexes (1.5–2.1 Å, Figure 2). Cluster analysis
further confirmed that the conformational space visited
by the preferred CPT_TG complex (nine clusters) is less
than that of the unfavorable complexes (CPT_TA/TC/TT
complexes, 11–27 clusters). Collectively, our study
revealed that the sequence selectivity increases as the flexi-
bility of the linker domain decreases.
Comparing the average structures of the CPT-bound

ternary complexes (Figure 3), a notable difference was
observed in the linker domain. The angles formed
between the DNA and the linker domain (y) in these
complexes were determined (Supplementary Scheme S2).
The linker domain of the preferred CPT_TG complex
adopts a position that is closer to the DNA when
compared with that of the unfavorable CPT_TA/TC/TT
complexes (Figure 3). The experimental frequencies of
cleavage sites correlate strongly with the DNA-linker
angle (R2=0.9). We postulate that interaction(s)
between the linker domain and the DNA duplex is
needed to stabilize the ternary complexes, which leads to
the higher observed frequencies.

Long-range interactions between CPT and protein residues

To examine why the orientation of the linker domain
changed dramatically, we studied the hydrogen bonds

(Supplementary Figure S2) and the correlative motion of
the CPT-bound ternary complexes. The correlative
motion of CPT with protein residues (Figure 4) were
investigated by means of the dynamic cross-correlation
coefficients (CCPT,j), with positive and negative CCPT,j

values signify correlated and anti-correlated motions,
respectively (37).

The CCPT,j (Figure 4) values are highly positive for the
Arg364 and Lys532 residues. Single amino acid mutations
at these residues are known to confer CPT resistance (49).
The highly positive CCPT,Arg364 values for the four CPT-
bound ternary complexes revealed that CPT moves along
the same direction with the Arg364 residue. A hydrogen
bond is observed between N1 of CPT and the side-chain of
Arg364 (Supplementary Figure S2). This hydrogen bond
was also observed in the X-ray crystallographic structure
of a Top1-DNA-CPT complex (17). The highly positive
CCPT,Lys532 values also revealed that motion of CPT
correlate with that of the Lys532 residue (Figure 4). The
side-chain of Lys532 forms hydrogen bond with the
lactone ring of CPT (O21@CPT, Supplementary Chart
S1) for >80% of the simulation time (Supplementary
Figure S2). Lys532 is a known catalytic residue making
a hydrogen bond with carboxylate O21 of topotecan in the
toptoecan-Top1-DNA ternary X-ray crystallographic
structure (16).

In contrast, CPT moves in an anti-correlated way with
the linker domain (residues 636–712). The CCPT,linker

values (Figure 4) indicates that the strength of the anti-
correlated motion is in the order of CPT_TT
(most negative)>CPT_TA�CPT_TC>CPT_TG (least
negative). As there is no direct hydrogen bond between
CPT and the linker domain, the anti-correlated motion
is expected to be mediated through DNA-linker inter-
actions. Hydrogen bonds are observed between the
backbone nitrogen of the Arg634 and Gly717 residues
(linker domain) and the phosphodiester groups of G+2

and A+3 bases at the scissile strand, respectively. In
addition, the free 50-OH group of the +1 base at the
scissile strand (X+1) forms intermolecular hydrogen bond
with the lateral chain of the Asn722 residue. This
hydrogen bond presents for >80% of the simulation
time for all the complexes. The Arg634 forms a loop
(residues 634–640) connecting the linker to the core
domain. This loop is known to have a direct impact on
the flexibility of the linker domain (24), as the loop and the
linker domain are also absent in the X-ray crystallo-
graphic structure of the Top1-DNA binary complex
(PDB: 1A31), but observable in the drug-bound ternary
complexes (PDB: 1K4T) (Supplementary Figure S3) (50).
Gly717Val mutated Top1 was isolated in a CPT-resistant
cell line (51). In Top1, the Asn722 amino acid residue is
immediately NH2-terminal to the catalytic Tyr723. The
mutation Asn722Ser in Top1 leads to CPT resistance
(52,53). Collectively, these findings indicate that there
are long-range interactions between the cleavage site and
the linker domain.

The linker flexibility has been shown to affect enzyme
catalytic activity, Top1 sensitivity to CPT and long-range
effects on the flexibility of the linker domain. In the
absence of CPT, Lys681Ala and Thr718Ala mutations

Figure 2. RMSF of CPT-bound ternary complexes. The solid lines
represent the ternary complex with highest observed frequency
(CPT_TG) and lowest observed frequency (CPT_TT).
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render the flexibility of the linker domain reduces. The
Lys681Ala mutant has a CPT-like behavior: the stability
of the cleavage complex is enhanced and the distance
between Lys532 and the 50OH of the+1 base phosphates
is increased (54). The Thr718Ala mutant shows a
decreased efficiency in DNA relaxation (55). We note
with interest that although the Ala653Pro mutation in
the linker domain confers CPT resistance and renders
the linker domain more flexible (56), the mutations in
Asp677Gly, Val703Ile and Ile728Thr renders the mutant
more sensitive to CPT and higher binding affinity to DNA
(57). It is also well-known that the reconstituted top1
lacking the linker domain has a reduced affinity for
DNA (58). X-ray crystallographic (50) and MD studies
(24) revealed that the linker domain is highly flexible in
the drug-free binary Top1-DNA complexes, when
compared with that of the CPTs-bound ternary complexes
(Supplementary Figure S3). Collectively, the CPT-induced
or mutation-mediated inhibitory effects on Top1 increase
as the mobility of the linker domain decreases.
Accordingly, we found the sequence selectivity of CPT is
correlated with the flexibility of the linker domains. We
conceive that both the inhibitory and sequence selectivity
effects are associated with the stability of the cleavage
complexes, which has long-range effects on the flexibility
of the linker domain.

Drug development prospective

Having established the driving force for the site selectivity
of CPT, we extended our study to non-CPTs, with an aim
to evaluate the potential application of MD approach for
studying the site selectivity of non-CPT Top1 poisons (59).
CPTs have several undesirable properties, including
E-ring inactivation by lactone ring opening, affinity for
cellular efflux transporters and relatively high toxicity,
which limits their therapeutic index. Non-CPT Top1 in-
hibitors could have distinct pharmacological activities
because they target distinct genomic sites due to their
different sequence selectivity; they also overcome the
chemical instability of CPT and lead to distinct pharma-
cological activity (59–62). An indenoisoquinoline
NSC725776 (LMP-776, Supplementary Chart S1) is cur-
rently in clinical trial at the National Institutes of Health
(USA). The DNA cleavage pattern induced by LMP-776
is different from that of CPT. Notably, LMP-776 prefers
a cleavage site at the CG site [site 44 in the original
article (3,63)], rather than the TG site (the preferred site
of CPT).
In the present study, we compared the ternary

complexes of LMP-776 bound with Top1-DNA
complexes with CG versus TG as the cleavage sites
(referred to as LMP_CG and LMP_TG, Figure 5). In
agreement with the trend observed in CPT, the drug
binding energy of the LMP_CG complex (�60.6 kcal
mol�1) was more favorable than the binding energy of
the LMP_TG complex (�54.3 kcal mol�1). The flexibility
of the linker domain of LMP_CG (2.7 Å) was also lower
than that of LMP_TG (2.9 Å, Figure 5B). In addition, the
DNA-linker angle (y) of the LMP_CG (14�) complex was
significantly smaller (t-test: P< 1E-5) than that of the
LMP_TG complex (29�, Figure 5C). Collectively, LMP-
776 is consistent with CPT that sequence selectivity was
governed by drug binding energies, flexibility of the linker
domain and the DNA-linker angle. To target specific
genomic sequences of therapeutic value, developing top1
inhibitors with different preference on the cleavage site is
of high importance. Determining the base frequencies of
various top1 inhibitors experimentally is time-consuming
and tremendous. We have illustrated that the MD
approach reported in the present study can be used to
study the sequence selectivity of CPT and non-CPTs.

Figure 3. Average structures of (A) CPT_TG, (B) CPT_TA, (C) CPT_TC and (D) CPT_TT complexes. The DNA and CPT are not shown, and the
ARG364, PTR723 and MET675 residues are labeled.

Figure 4. Dynamic cross-correlation coefficients (CCPT,j) between CPT
and protein residues in Top1.
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We envision MD approach can be used to in silico screen
compounds that target specific genomic sequences.

Mechanistic perspective

The perturbed mobility of the linker domain has been
reported to be associated with alteration in religation
rate and drug resistance (56,64–67). Drug dissociation is
the rate determining step when compared with DNA
religation. To investigate the underlying mechanism for
the sequence selectivity of the drugs, we modeled the
drug dissociation process using the PMF approach.
PMF is defined as the free energy changes along the
drug dissociation distance (�) (Supplementary Scheme
S3). Using multiple starting geometries, we calculated
the PMFs and found that CPT dissociates towards to
the NH2-terminal domain (Figure 6A). The residues
190–210 at the NH2-terminal domain are known to be
important for Top1 activity (68–72): The physical
contact of Trp203 with His346 and of Trp205, Trp206
with the hinge region of the core domain controls the
DNA rotation process (73). Site mutations at these tryp-
tophan residues are known to confer CPT resistance (68).
Using MD approach, Chillemi et al. (71) found that the
residues 203–207 at the NH2-terminal domain and the
linker domain participate in a network of correlated
movements, involved in the Top1 catalytic cycle and
associated with the DNA relaxation activity. Our results
shed light on the potential role of the NH2-terminal

domain in the drug dissociation process that may
warrant further study.

A closer inspection of the PMFs of the CPT_TG and
CPT_TT complexes revealed that the DNA-linker angle in
the CPT_TG complex is smaller than that of the CPT_TT
complex (Figure 6B), and the drug dissociation energy
barrier for CPT_TG is significantly higher than that
of the CPT_TT complex (Figure 6C). The smaller
DNA-linker angle in the CPT_TG complexes, when
compared with that of CPT_TT, implied that the linker
domain and DNA remain in close contact during the drug
dissociation process in the former complex. The linker
domain is known to play important roles in stabilizing
the cleavage complex. The stabilized CPT_TG complex
renders drug dissociation more difficult, as represented
by a higher drug dissociation barrier. We therefore
conclude that the DNA-linker interaction also play a
role in impeding drug dissociation process. In the
absence of CPT, the DNA sequence does not affect the
dissociation rate constants or the rate of association
between DNA and Top1 (74), as the four sequences
were similarly cleaved (9). DNA sequence does not
appear to play a dominating role in the rate of drug-
mediated DNA uncoiling (75). Top1-mediated DNA
breakage is enhanced the greatest at those sites where
closure of the break is the slowest and that the
CPT-mediated religation rate is sequence dependent
(76–78). Collectively, previous experiments together with
our findings imply that the drug dissociation step plays

Figure 5. Data for LMP-776 (NSC725776). (A) RMSD with and without the linker domain; (B) RMSF; (C) Average Structures for the LMP-bound
ternary complex.
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a critical role in the sequence selectivity of Top1
inhibitors.

Final remarks

Our study provides novel insights into the mechanistic
determinants for the sequence selectivity of Top1 inhibi-
tors. The sequence selectivity of CPT was revealed to be
correlated with energetic (drug binding energy), dynamic
(flexibility of the linker domain) and structural (angle
formed between the linker domain and DNA) properties
of the drug-bound ternary complexes. Our structural
analysis and PMF study further reveal that the
hydrogen bonding network between DNA and the linker
domain and the drug dissociation step plays a role in the
sequence selectivity induced by CPT. We also
demonstrated the use of MD approaches to study the
sequence selectivity of non-CPTs Top1 inhibitor. The
same approach can be envisioned to aid the development
of additional Top1 inhibitors.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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