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Human topoisomerase 1B, the unique target of the natural anticancer compound camptothecin, catalyzes the
unwinding of supercoiled DNA by introducing transient single strand nicks and providing covalent protein–DNA
adducts. The functional properties and the drug reactivity of the single Arg634Ala mutant have been investigated
in comparison to the wild type enzyme. The mutant is characterized by an identical relaxation and cleavage rate
but it displays resistance to camptothecin as indicated by a viability assay of the yeast cells transformed with
the mutated protein. The mutant also displays a very fast religation rate that is only partially reduced by the pres-
ence of the drug, suggesting that this is themain reason for its resistance. A comparative analysis of the structural–
dynamical properties of the native andmutant proteins bymolecular dynamics simulation indicates thatmutation
of Arg634 brings to a loss ofmotion correlation between the different domains and in particular between the linker
and the C-terminal domain, containing the catalytic tyrosine residue. These results indicate that the loss of motion
correlation and the drug resistance are two strongly correlated events.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Human topoisomerase 1B (hTop1B) is a monomeric 765 residue
enzyme whose role is to maintain the topological state of DNA during
the progression of cellular processes such as transcription and duplica-
tion [1–3]. The enzyme relaxes positive and negative supercoils by cre-
ating a nick on one strand of the DNA duplex and forming a transient
phospho-tyrosine bond. The catalytic cycle is composed by five steps:
1) DNA binding and formation of a non-covalent complex; 2) nucleo-
philic attack operated by a tyrosine residue (Tyr723) on oneDNA strand
with the formation of 3′-phosphotyrosine bond; 3) strand rotation of
the intact strand around the nicked strand to resolve the supercoil;
4) religation of the DNA strand; and 5) enzyme release [4]. hTop1B
is the unique molecular target of a class of anticancer compounds be-
longing to the camptothecin family (CPTs) [5],which are able to interact
with the protein–DNA covalent complex only once the cleavage has
occurred, slowing down the religation step [6,7]. The parental com-
pound, extracted from the plant Camptotheca acuminata, is poorly
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soluble and toxic for the organisms. A series of derivatives have been de-
veloped and two of them, topotecan (TPT) and irinotecan, are in clinical
use for the cure of ovarian, breast, lung and colorectal cancers [7,8].

The 3D structure of the protein has been solved both in covalent and
non-covalent complex with a 22 bp DNA substrate [9]. The enzyme is
composed of 1) a N-terminal domain (residues 1–214) that, due to its
high degree of flexibility, has never been crystallized, dispensable for
the catalytic activity and deputed to the nuclear localization and inter-
actionwith other proteins; 2) a core domain (residues 215–635) further
divided in subdomains I, II and III (Fig. S1A, yellow, blue and red
respectively); 3) a C-terminal domain (residues 713–765) containing
the catalytic residue Tyr723 (Fig. S1A, cyan) and 4) a linker domain (res-
idues 636–712) connecting subdomain III with the C-terminal (Fig. S1A,
green) [9,10]. The linker domain, formed by two long helices, protrudes
out of the globular shape of the protein and it is directly involved in the
relaxationmechanism since, due to its shape and its positive charge, it in-
teracts with the DNA substrate downstream the cleavage site driving the
relaxation through a “controlled rotation” mechanism [4]. The impor-
tance of the domain in modulating the activity and the reactivity to the
drug has been demonstrated by its deletion that gives rise to a still active
enzyme, characterized by an increased religation rate and a partial CPT
resistance [11]. The linker deleted enzyme loses the motion correlation
between the various protein domains, that is likely needed for the cor-
rect functioning of the enzyme, as demonstrated by MD simulations
[12,13]. Biochemical and MD studies, carried out on single and double
mutants, have confirmed that modulation of the linker flexibility also
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perturbs the inter-domain correlation and the reactivity of the enzyme
toward anticancer drugs [14–19]. The correlation between the linker
and the drug reactivity is confirmed by the fact that the linker and part
of the 629–640 loop connecting the linker to subdomain III are not
always observed in the X-ray structure of the protein–DNA binary com-
plex, while are always detectable in the structures of the protein–DNA–
drug ternary complexes [6,9,20,21]. In the case of the 629–640 residues,
two amino acids, His632 and Arg634, form stable hydrogen bonds with
DNA, as observed in the X-ray structures and in all the investigated MD
simulations [6,9,15,16,18,20–23]. His632, that belongs to the catalytic
pentad (Arg488, Lys532, Arg590, His632, and Tyr723), interacts with
both the −1 and with the +2 bases of the scissile strand, while
Arg634, that is a residue well conserved among the different organisms
(Supplementary Fig. S1B), interacts with the +2 base of the scissile
strand. The occurrence of such hydrogen bonds likely influences the
linker flexibility and so the enzyme function and CPT reactivity. This
hypothesis can be tested upon their mutation that however cannot be
done on His632 that, belonging to the catalytic pentad, has a direct
role on the enzyme activity.

In this work the role of Arg634 in affecting the linkermobility, via its
interaction with DNA, has been investigated through an arginine to ala-
ninemutation, analyzing the activity and drug sensitivity of themutant
using in vitro biochemical assays. A comparative molecular dynamics
simulation of the wild type and mutant proteins has been carried out
in order to detect the structural and dynamical effects of the mutation.
The results confirm a strategic role of Arg634 in modulating the linker
flexibility and the protein function and the concomitant experimental
and simulative approaches provide an explanation for this behavior.

2. Materials and methods

2.1. Chemicals, yeast strains and plasmids

DMSO and CPT were purchased from Sigma-Aldrich. CPT was
dissolved in 99.9% DMSO to a final concentration of 4 mg/ml (11.5 mM)
and stored at−20 °C.

ANTI-FLAGM2monoclonal affinity gel, FLAGpeptide andANTI-FLAG
M2 monoclonal antibody were purchased from Sigma-Aldrich.

Saccharomyces cerevisiae top1 null strain EKY3 (ura3-52, his3Δ200,
leu2Δ1, trp1Δ63, top1::TRP1, MATα) was used to express the hTop1B
gene. YCpGAL1-e-hTop1B single copy plasmidwas described previously
[24]. Arg634Ala was generated by oligonucleotide-directedmutagenesis
of the YCpGAL1-hTop1B inwhich the hTop1B is expressed under the ga-
lactose inducible promoter in a single-copy plasmid. The epitope-tagged
construct YCpGAL1-e-hTop1B contains the N-terminal sequence FLAG:
DYKDDDDY (indicated with ‘e’), recognized by the M2monoclonal anti-
body. The epitope-tag was subcloned into YCpGAL1-hTop1BArg634Ala
to produce the YCpGAL1-e-hTop1BArg634Ala. The cloning reactions
were transformed into XL10-Gold E. coli cells (Agilent Technologies)
and positive clones were identified by sequencing the extracted plasmid
DNA.

2.2. Drug sensitivity assay

Yeast EKY3 strains were transformed with YCp50, YCpGAL1-e-
hTop1B and YCpGAL1-e-hTop1BArg634Ala vectors by LiOAc treatment
[25] and selected on synthetic complete (SC)-uracilmediumsupplement-
ed with 2% dextrose. Transformants were grown to an A595 = 0.3 and
5 μl aliquots of serial 10-fold dilutions were spotted onto SC-uracil plates
plus 2%dextrose or 2%galactose,with orwithout the indicated concentra-
tions of CPT.

2.3. hTop1B and hTop1BArg634Ala purification

EKY3 yeast cells, transformed with the YCpGAL1-e-hTop1B and
YCpGAL1-e-hTop1BArg634Ala, were grown overnight on SC-uracil
plus 2% dextrose, at an optical density of A595 = 1.0 and they were
diluted 1:100 in SC-uracil plus 2% raffinose. Cells were induced with
2% galactose for 6 h at an optical density of A595 = 1.0. Cells were
then centrifuged, washed with cold water and resuspended in 2 ml
buffer/g cells [50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 10%
glycerol and protease inhibitors cocktail from Roche, supplemented
with 0.1 mg/ml sodium bisulfate, 0.8 mg/ml sodium fluoride, 1 mM
Phenylmethanesulfonylfluoride (PMSF) and 1 mM DTT]. After addition
of 0.5 volumes of 425–600 μm diameter glass beads, the cells were
disrupted by vortexing for 30 s alternating with 30 s on ice and then
centrifuged at 15,000 g for 30 min. For homogenous protein prepara-
tions, the whole extracts were applied to an ANTIFLAG M2 affinity gel
(Sigma-Aldrich) already equilibrated according to the manufacturer
protocol. Columns were then washed with 20 volumes of TBS
(50 mM Tris–HCl pH 7.4 and 150 mM KCl) supplemented with the
protease inhibitors, prior to load the lysate. Elution of e-hTop1B or
e-hTop1BArg634Ala, was performed by competition with five column
volumes of a solution containing 1 mg of FLAG peptide (DYKDDDDK) in
TBS. Fractions of 500 μl were collected and 80% glycerol was added in
all preparations, which were stored at −20 °C [15]. Protein levels and
integrity were assessed by immunoblot with the monoclonal anti M2
antibody (Sigma-Aldrich). The hTop1B and hTop1BArg634Ala similar
concentrated fractions were also compared to the purified hTop1B
with a known concentration (provided from Topogen) by immunoblot
using the ab58313 Anti-hTop1B antibody (Abcam) and ab97240 goat
polyclonal secondary antibody (Abcam). The relative concentrations of
the two chosen fractionswere estimated by adensitometry quantification
using ImageJ software. The in vitro experiments have been performed
using equal amount of purified hTop1B and hTop1BArg634Ala.

2.4. DNA relaxation assays

The activity of 1 μl of hTop1B (24 ng/μl) or hTop1BArg634Ala
(24 ng/μl) was assayed in 30 μl of reaction volume containing 0.5 μg
of negatively supercoiled pBlue-Script KSII(+) DNA, that is present in
both dimeric and monomeric forms, and reaction buffer (20 mM Tris–
HCl pH 7.5, 0.1 mMNa2EDTA, 10 mMMgCl2, 5 μg/ml acetylated bovine
serum albumin and 150 mM KCl). The effect of CPT on enzyme activity
was measured by adding DMSO or 100 μM of the drug to the reactions
that were stopped with 0.5% SDS after each time-course point
at 37 °C. The samples were resolved in a 1% (w/v) agarose gel in
48 mM Tris, 45.5 mM boric acid, 1 mM EDTA at 10 V/cm. The gels
were stained with ethidium bromide (0.5 μg/ml), destained with
water and photographed using a UV transilluminator. To quantify
the disappearance of the bands due to the supercoiled DNA, the stained
gels were first exposed to UV light for 30 min, to induce photo-nicking
of the DNA, then restained with ethidium bromide (0.5 μg/ml) for
20 min [17]. Bands corresponding to supercoiled DNA were quantified
using the ImageJ software (http://rsbweb.nih.gov/ij/), normalized to
the total amount of DNA present in each lane and plotted as function
of time.

2.5. Cleavage kinetics

Oligonucleotide CL14-U (5′-GAAAAAAGACTUAG-3′) containing an
hTop1B high affinity cleavage site, was 5′ end labeled with [γ 32P]
ATP. The CP25 complementary strand (5′-TAAAAATTTTTCTAAGTC
TTTTTTC-3′) was 5′-end phosphorylated with unlabeled ATP. The two
strands were annealed with a 2-fold molar excess of CP25 over CL14U.
20 nM substrate has been incubated with an excess of hTop1B or
hTop1BArg634Ala enzymes in 20 mMTris–HCl pH 7.5, 0.1 mMNa2EDTA,
10 mM MgCl2, 5 μg/ml acetylated BSA, 150 mM KCl, at 25 °C in a final
volume of 50 μl. At various time points 5 μl aliquots were removed and
the reaction stopped with 0.5% (w/v) SDS and directly loaded without
ethanol precipitation and trypsin digestion. Samples have been analyzed
by denaturing 7 M urea/20% polyacrylamide gel electrophoresis in TBE
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(48 mM Tris, 45.5 mM Boric Acid, 1 mM EDTA). The percentage
of cleaved substrate (Cl1) was determined by PhosphorImager
and ImageQuant software and normalized on the total amount of
radioactivity in each lane.
2.6. Religation kinetics

OligonucleotideCL14 (5′-GAAAAAAGACTTAG-3′) containing ahTop1B
high affinity cleavage site was 5′-end labeled with [γ 32P] ATP. The
CP25 complementary strand (5′-TAAAAATTTTTCTAAGTCTTTTTTC-3′)
was 5′-end phosphorylated with unlabeled ATP. The two strands were
annealed with a 2-fold molar excess of CP25 over CL14 [26].

20 nM of CL14/CP25 (suicide substrate) was incubated with an
excess of hTop1B or hTop1BArg634Ala for 60 min at 25 °C followed
by 30 min at 37 °C in 20 mM Tris–HCl pH 7.5, 0.1 mM Na2EDTA,
10 mM MgCl2, 50 μg/ml acetylated BSA, and 150 mM KCl [11]. After
the formation of the cleavage complex (Cl1p) a 5 μl aliquotwas removed
and used as time 0 point, then DMSO or 100 μM CPT were added and
religation reaction was started by adding a 200-fold molar excess
of R11 oligonucleotide (5′-AGAAAAATTTT-3′) over the CL14/CP25 [11].
5 μl aliquots were removed at various time points, and the reaction
stopped with 0.5% SDS. After ethanol precipitation, samples were resus-
pended in 5 μl of 1 mg/ml trypsin and incubated at 37 °C for 60 min.
Trypsin doesn't digest hTop1B completely so a trypsin resistant peptide
remains attached to the substrate causing the 12 nt (Cl1p) oligo to run
slower than the uncleaved in the gel. Sampleswere analyzed by denatur-
ing 7 M urea/20% polyacrylamide gel electrophoresis in 48 mM Tris,
45.5 mM Boric Acid, 1 mM EDTA. The percentage of remaining cleavage
complexwas quantifiedby ImageQuant software, normalized to the total
radioactivity for each lane and to the value at t = 0 and finally plotted as
a function of time.
2.7. Molecular dynamics

Molecular dynamics simulation of the hTop1B-DNA covalent
complex has been carried out. The starting coordinates of the protein
residues 201–765 and of the 22 bp DNA molecules have been obtained
as described inMancini et al. 2012 [22]. Themutation of residue Arg634
to alanine has been directly introduced with the tleap module of
Amber 12 [27] during the building of the topology. The wild type and
mutant complexes have been immersed in a triclinic box filled with
TIP3P water molecules [28] and rendered neutral by the addiction
of 22 and 21 Na+ counterions. The topologies have been created
using tleap with the ff99bsc0 Amber force field [29]. The Amber topolo-
gies have been then converted in the Gromacs v. 4.5 format using
Acpype [30,31]. The simulations have been then carried out using
Gromacs. Electrostatic interactions have been taken into account by
means of the Particle Mesh Ewald method [32] and the SHAKE algo-
rithm [33] has been used to apply a constraint on all hydrogen bond
length. Optimization and relaxation of solvent and ions were
initially performed keeping the protein–DNA atoms constrained
to their initial position with decreasing force constants of 1000
and 500 kJ/(mol·nm), for 500 ps. The system has then been simu-
lated for 75 ns at a constant temperature of 300 K using the
Berendsen's method [34] and at a constant pressure of 1 bar; the
pressure was kept constant (1 bar) using the Rahman–Parrinello
barostat [35] with a 2.0 fs time step. All the analyses have been
performed with the GROMACS MD package v. 4.5 [30], images
were obtained with the VMD program [36] and graphs with the Grace
program.

The analyses have been performed considering the last 72 ns of
simulation, once eliminated the equilibration time, and have been
compared to a previously performed simulation of the human wild
type enzyme [22].
3. Results

3.1. The Arg634Ala mutant is active and resistant to CPT when expressed in
yeast cells

In Saccharomyces cerevisiae, where the Top1 gene isn't essential,
camptothecin sensitivity of ΔTop1 yeast cells can be introduced ex-
pressing human Top1 gene [37]. The effect of the Arg634Ala mutation
has been tested in a viability assay on a Top1Δ yeast strain (EKY3),
transformedwith GAL1-e-hTop1B constructs (Fig. 1). At least five inde-
pendent cloneswere selected from each transformation. Serial dilutions
of yeast cells, transformed with the indicated plasmids, have been
spotted on plates containing dextrose, to assess the general growth,
or galactose, to monitor the effect of the inducible expression of the
enzymes. Yeast cells are fully viable in dextrose while galactose slightly
affects the viability (top of Fig. 1).

The same yeast cells have been spotted on galactose plates supple-
mented with CPT concentration from 5 to 500 ng/mL (bottom of Fig. 1),
to test the CPT sensitivity when the expression of hTop1B is induced.
Yeast cells, expressing wild type hTop1B, show growth deficiency in the
presence of 10 ng/mL of CPT, while yeasts containing the Arg634Ala mu-
tant produce viable colonies up to a concentration of 100 ng/mL, indicat-
ing that the mutation confers resistance to the drug. Yeasts transformed
with the “empty” vector, used as control, show no response to CPT as
expected.

3.2. The mutant Arg634Ala is resistant to CPT in vitro

The ability of wild type and Arg634Ala enzymes to relax a super-
coiled plasmid has been investigated in the absence and presence of
100 μM CPT at physiological condition of 150 mM KCl. Equal amounts
of purified proteins have been incubated with 0.5 μg of a negative
supercoiled plasmid in a time course experiment from 0.16 to 30 min
(Fig. 2A). The assay in the absence of CPT has been carried out in the
presence of DMSO to control that the CPT solvent doesn't affect the
relaxation activity of the two enzymes. The products have been resolved
by agarose gel electrophoresis (Fig. 2A). The amount of supercoiledDNA
has been quantified, normalized to the total amount of DNA for each
lane and plotted as a function of time (Fig. 2B).

The supercoiled DNA is completely relaxed by the wild type after
4 min (Fig. 2A lane 7) while the mutant is slightly faster, completely
relaxing the supercoiled DNA after 2 min (Fig. 2A lane 6). In the
presence of CPT the relaxation rate decreases. In detail, CPT inhibits
the relaxation rate of wild type up to 30 min (Fig. 2A lane 19), while
in the case of the Arg634Ala mutant the inhibition is present only up
to 8 min (Fig. 2A lane 17). Quantification of the disappearance of the
bands, corresponding to supercoiled DNA, evidences that the two
proteins have almost the same relaxation rate in the absence of the
drug (Fig. 2B, compare black and gray full lines in the graph) while
the mutant displays a faster relaxation rate in the presence of CPT
(Fig. 2B, compare black and gray dashed lines in the graph). This result
indicates that the mutant is also resistant to CPT when it is purified.

3.3. Kinetics of cleavage of the wild type and Arg634Ala mutant

The time course of the cleavage of the wild type and Arg634Ala mu-
tant has been followed using a suicide cleavage substrate made by a 5′-
end radiolabeled oligonucleotide CL14-U (5′-GAAAAAAGACTUAG-3′)
having a ribo-Uracil (rU) in position 12 (top of Fig. 3A), annealed to a
CP25 (5′-TAAAAATTTTTCTAAGTCTTTTTTC-3′) complementary strand,
to produce a duplexwith an 11-base 5′-single-strand extension. The en-
zyme cuts the substrate at the preferred site close to the uracil, indicated
by an arrow in Fig. 3A. After the cutting, the 2′-OH of the ribose can
attack the 3′-phosphotyrosyl linkage between the enzyme and ribonu-
cleotide, permitting the release of hTop1B leaving a 2′,3′-cyclic phos-
phate end [38].



Fig. 1. Yeast cell viability assay. Exponentially growingyeast cells transformedwith a single copyplasmid expressing vector, wild type andArg634Ala have been serially 10-fold diluted and
spotted onto selective media in the presence of dextrose, galactose, or galactose plus the indicated CPT concentrations.

Fig. 2. Relaxation of supercoiled DNA. (A) Relaxation of negative supercoiled plasmid in a time course experiment for the wild type and the Arg634Ala mutant in presence of DMSO
(lanes 2–9) and 100 μM CPT (lanes 10–19); lane 1 represents the control (C) where no protein is added. The reaction products are resolved in agarose gel and visualized with ethidium
bromide. The two forms of theplasmidDNA are indicated as “monomer” and “relaxed”. (B) Percentage of supercoiledDNA, relative to the total amount ofDNA for each lane, plotted against
time in absence or in presence of CPT for the wild type (squares, full and dashed black lines, respectively) and the Arg634Ala mutant (diamonds, full and dashed gray lines, respectively).
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Fig. 3.Cleavage kinetics using ribo-modified substrate. (A) Time course (0.25–60 min) of the cleavage reaction of purifiedwild type (lanes 2–9), and Arg634Alamutant (lanes 10–19)with
the CL14-U/CP25 substrate (shown at the top of the figure). In lane 1 the protein has not been added. CL1 represents the DNA strand cleaved by the enzymes at the preferred cleavage site,
indicated by an arrow at the top of the figure. (B) Percentage of cleaved substrate, normalized to themaximum value of the wild type, plotted against time for the reaction with wild type
(black squares) and with Arg634Ala mutant (gray diamonds). Data shown are means ± SD from at least 3 independent experiments.
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An excess of wild type and mutant enzymes have been incubated
with the substrate to obtain the cleaved DNA fragments that have
been resolved in a denaturing polyacrylamide gel, shown in Fig. 3A.
The amount of cleaved fragment, normalized to the plateau value
of the wild type protein and plotted as a function of time, shows that
the wild type protein and the Arg634Ala mutant have the same rate of
cleavage and reach the same plateau value (Fig. 3B).

3.4. Kinetics of religation of the wild type and Arg634Ala mutant

A directmeasure of the religation rate has been carried out using the
oligonucleotide substrate CL14 (5′-GAAAAAAGACTTAG-3′), containing
a preferred cleavage site for hTop1B, radiolabeled at its 5′ end and
annealed to the CP25 complementary strand (5′-TAAAAATTTTTCTAA
GTCTTTTTTC-3′) to generate a suicide cleavage substrate [11]. HTop1B
cut this substrate at the preferred site, indicate by an arrow in Fig. 4A,
but the religation step is excluded because the generated AG-3′ dinucle-
otide is too short to be religated and the enzyme remains covalently
attached to the 12 oligonucleotide 3′ end.

The suicide cleavage substrate has been incubated with an excess
of wild type and mutant enzymes to allow the cleavage to proceed
to completion. A 200-fold molar excess of complementary R11 oligonu-
cleotide (5′-AGAAAAATTTT-3′) has been then added in absence and
presence of CPT and aliquots have been removed and analyzed at differ-
ent times on urea-polyacrylamide gel, as described in materials and
methods. The percentage of the remaining covalent complex (Cl1p)
has been determined, normalized to the time 0 and plotted in Fig. 4B,
as routinely quantified in religation experiments [39]. The data show
that the Arg634Ala mutant has a religation rate higher than the wild
type enzyme (Fig. 4A, compare lanes 2–6 with lanes 11–15; Fig. 4B
compare full black with full gray line). The presence of CPT strongly de-
creases the religation rate of the wild type protein (Fig. 4A lanes 7–10;
Fig. 4B dashed black line). A decrease is also observed for the Arg634Ala
mutant (Fig. 4A lanes 16–19; Fig. 4B dashed gray line), but in this case
the presence of CPT brings the religation rate of the mutant to a value
comparable to the one observed in the wild type in the absence of the
drug, indicating that the mutant undergoes an efficient religation also
in the presence of the drug.

3.5. Local effect of the Arg634Ala mutation and influence on
protein flexibility

The structural and dynamical effect of the mutation, leading to an
increase in the religation rate, have been investigated by molecular
dynamics simulation of the wild type and mutant enzymes in covalent
complex with a 22 bp DNA substrate.

Analysis of the trajectories indicates that the local effect of themuta-
tion is detectable at the level of the hydrogen bonds network between
residues 632–712 and the DNA bases as shown in Table 1, where the
H-bonds present for at least 50% of total length in one of the two
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Fig. 4. Religation kinetics. (A) Gel analysis of the religation kinetics observedwhen incubating thewild type or the Arg634Alamutant-suicide cleavage complexwith the R11 complementary
ligator oligonucleotide (shown at the top of the figure) in absence (lanes 3–6 and lanes 12–15 forwild type and Arg634Alamutant respectively) or in presence of 100 μMCPT (lanes 7–10 for
thewild type and lanes 16–19 for theArg634Alamutant). In lane 1noproteinwas added. The lanes 2 and11 represent the time 0 for thewild type and theArg634Alamutant reactions, before
the addition of the complementary R11 strand. “Cl1p” represents the protein–DNA complex formed at the preferred enzyme site; “religation” is the restored fully duplex oligonucleotide
representing the final product of the religation reaction. (B) Plot of the percentage of disappearance of the cleavage complex relative to time 0, in absence or in presence of CPT for the
wild type (squares, full anddashed black lines, respectively) and theArg634Alamutant (diamonds, full anddashed gray lines, respectively). Data shown aremeans ± SD from3 independent
experiments.
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simulations are reported. The lack of the Arg634-Gua +2 interaction
in the mutant causes a rearrangement of the surrounding residues,
so that the interaction of His632 with the +2 base is also lost, while
Table 1
Percentage of occurrence of protein–DNA hydrogen bonds involving residues close to the
mutation site.

Wild type R634A

His632-Gua +2(s) 75% –

Gln633-Gua +2(s) – 93%
Arg634-Gua +2(s) 81% –

Ala635-Ade +3(s) – 92%
Asn646-Ade +8(i) 47% 61%
Gln704-Thy +7(i) 10% 71%
Arg708-Thy +7(i) 57% 54%

Hydrogen bonds between the DNA and residues 629–712 found for at least 50% of total
simulation time in one of the two trajectories are reported. s = scissile, i = intact.
new interactions between Gln633 and Ala635 with the +2
and +3 bases appear (Table 1). An additional hydrogen bond be-
tween the linker and the DNA involving the Asn646 and Gln704
residues and the +7 thymine of the intact strand also appears
(Table 1).

Themutation has also aneffect on thewhole proteinflexibility. Over-
all, the two proteins show a similar profile of fluctuation, as evidenced
by the plot of the per-residue Root Mean Square Fluctuation (RMSF)
reported in Fig. 5, although the linker domain, the C-terminal domain
and the final portion of subdomain III display a lower flexibility degree
in the mutant (Fig. 5). The decreased mobility of the C-terminal domain
is coupled to an increased fluctuation of the 718–723 residues, contain-
ing the catalytic Tyr723 and Asn722, involved in the stabilization
of the drug through a water mediated hydrogen bond, as evidenced
by the X-ray diffraction and MD simulation of the protein–DNA–drug
ternary complex [6,21–23].
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Fig. 5.Proteinmobility. Per-residueRootMean Square Fluctuation (RMSF) of thewild type
(black line) and Arg634Ala mutant (red line). The domain subdivision is reported.
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3.6. The mutation destabilizes the CPT binding site

The three-dimensional structure of the hTop1B–DNA–CPT terna-
ry complex has shown that the drug, besides being stacked with the
−1/+1 nucleotides, is maintained in its position by direct or water
mediated hydrogen bonds established with residues Arg364, Asp533
and Asn722 [6] (Fig. 6A). The importance of these interactions is con-
firmed by the fact that point mutation of these residues is associated
to drug resistance [40–42]. These residues are also involved in the
stabilization of other drugs such as topotecan, indenoisoquinolines
and indolocarbazoles, and the importance of their interaction with the
drug has also been highlighted by MD simulation [22,23]. The three-
dimensional arrangement of these three residues is identical both
in the hTop1B–DNA binary and the hTop1B–DNA–drug ternary com-
plexes, as evidenced by X-ray diffraction (Fig. 6A and B) [6,9,20,21],
Fig. 6. CPT binding site analysis. (A) hTop1B–DNA–CPT X-ray structure (PDB ID 1T8I),
(B) hTop1B–DNA X-ray structure (PDB ID 1A31) and representative snapshot for (C) the
wild type and (D) the Arg634Ala mutant simulation, of the CPT binding site residues
and of the DNA substrate. In (A) the CPT is also present.
suggesting that the drug binding site is pre-formed and ready to accom-
modate it. In line, the orientation of the three residues is maintained
along the entire trajectory in the simulation of the wild type enzyme
(Fig. 6C). On the other hand, in the simulation of the Arg634Ala mutant
the orientation of the lateral chains of the CPT binding residues is differ-
ent (Fig. 6D), due to a rearrangement in the hydrogen bonds, reported
in Table. 2, established by Arg364, Asp533 and Asn722 with the sur-
rounding residues and with the DNA bases, that have been shown to
play an important role in stabilizing the drug [43]. In detail, the hydro-
gen bond network detected in the wild type is disrupted in the mutant,
indicating that the mutation of Arg634 has an effect on the protein–
DNA interaction not only in proximity of the mutation, but also on the
orientation of the lateral chains of Arg364, Asp533 andAsn722, bringing
to the disruption of the pre-formed drug binding site observed in
the wild type, so in part explaining the partial CPT resistance observed
in the mutant.

3.7. Residue correlation map

The effect of the mutation on the protein domains motion has been
analyzed calculating the Dynamic Cross Correlation (DCC) map of the
Cα atoms of the whole protein (Fig. 7). For each couple of residues,
the map defines whether their motion is positively correlated (same
direction and orientation), negatively correlated (same direction and
opposite orientation) or completely uncorrelated. In the map reported
in Fig. 7 the cyan to magenta points indicate the occurrence of an
increasing negative correlation, the green to red points an increasing
positive correlation and the gray and white points small or absent cor-
relation. The mutant enzyme (bottom right area of Fig. 7) is character-
ized by a degree of correlation much lower than the wild type (top
left area of Fig. 7). In detail, in the wild type a strong correlated motion
between subdomain I and subdomains II and III is observed (Fig. 7,
top left, A and B rectangles). In the mutant the correlation between
subdomains I and II is partially maintained (Fig. 7, bottom right, C
rectangle), while the one with subdomain III is completely lost. More
importantly, in the wild type the linker domain is strongly correlated
with the terminal region of subdomain III and with the C-terminal
domain (Fig. 7, top left, D and E rectangles). In the mutant enzyme
there is a complete lack of correlation between these regions (Fig. 7,
bottom right). It is interesting that a similar loss of the correlation
has been also observed in the Thr729Lys and Glu710Gly CPT resistant
mutant [16,44].

The confinement of the motion of the linker, and of the whole
mutated protein, in a reduced space is also evidenced by the analysis
of the principal components of the motion (PCA). In the wild type
enzyme 60% of total motion is represented by the first 6 eigenvectors
while in the mutant the same percentage is already covered by the
first 3 eigenvectors. Projection of the motion along the plane formed
Table 2
Percentage of occurrence of the hydrogen bonds involving residues composing the CPT
binding site in the wild type.

Wild type R634A

Arg364-Asp533 98% 57%
Arg364-Cyt +1(i) 35% 68%
Arg364-Ade−1(i) 92% 53%
Arg364-Ade−2(i) 100% 83%
Arg364-Gua +1(s) 70% –

Arg364-Gua +2(s) 80% –

Lys532-Asp533 86% –

Asp533-Gua−3(i) 82% –

Thr591-Asn722 – 60%
Tyr723-Asn722 – 65%
Asn722-Thy−1(s) 96% –

The interactions found for at least 50% of total simulation time in one of the two
trajectories are reported. s = scissile, i = intact. Residues forming the CPT binding site
in the wild type are evidenced in bold.
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Fig. 7. Correlated motions. Dynamic Cross Correlation (DCC) map of the wild type (top left area) and of the Arg634Ala mutant (bottom right area). The color scale is also reported.
The rectangles highlight the regions with the highest degree of correlation in each simulation.
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by the first 2 eigenvectors highlights the different protein mobility.
The amplitude of themotion along the first and the second eigenvectors
for thewild type is 170 and 116 Å, respectively, while in themutant the
amplitude along the same eigenvectors is 109 and 93 Å, respectively
(Fig. S2, black vs red points).

4. Discussion

The viability assay carried out on yeast cells lacking the endogenous
Top1B and transformed with the hTop1B indicates that the cells
expressing the Arg634Ala mutant display CPT resistance, being able to
grow also in presence of 100 ng/ml of CPT (Fig. 1). Characterization of
the different steps of the catalytic cycle of the Arg634Ala mutant per-
mits to understand the basis for its resistance. The mutant has a relaxa-
tion rate comparable to thewild type in the absence of the drug (Fig. 2B,
full gray and black lines, respectively) but addition of CPT only partially
affects its relaxation (Fig. 2B, dashed gray and black lines, respectively).
The mutant and the wild type also have an identical cleavage rate, as
shown by the experiments reported in Fig. 3, but the mutation has a
direct effect on the religation rate that it is at least two times faster
in the mutant than in the wild type (Fig. 4). Addition of CPT strongly
reduces the native enzyme religation rate giving rise to the already
reported poisoning effect. CPT also reduces the mutant religation rate
but in this case the observed rate is almost identical to the one observed
in the native enzyme in the absence of the drug, thus explaining the
drug resistance displayed by the mutant (Fig. 4).

In order to understand at atomic level which are the structural–
dynamical effects of the mutation leading to drug resistance a compar-
ative molecular dynamics simulation of the wild type and Arg634Ala
mutant in covalent complex with a 22 bp DNA substrate have been car-
ried out. The analysis shows local effects of the mutation detectable at
the level of the hydrogen bonds established by the loop containing the
634 residue (residues 629–640), that connects subdomain III with the
linker domain, and by the linker with DNA (Table 1). This rearrange-
ment is correlated to a different protein flexibility, the mutant in fact
shows a lower degree of flexibility at the level of the linker, C-terminal
domain and of the terminal region of subdomain III (Fig. 5) with a
consequent loss of motion correlation between the different protein
domains when compared to the wild type (Fig. 7). In detail, the linker
domain loses the correlated motion with subdomain III and with the
C-terminal domain when compared to the wild type (Fig. 7, compare
top left with bottom right areas), likely impairing the correct motion
of the protein domains during the controlled rotation and further
religation reaction (Fig. 4).

The loss of correlatedmotionsmay explain the increased relaxation/
religation rate of the mutant either in absence or in presence of
camptothecin (Figs. 2 and 4), confirming the crucial role of the linker
in controlling the rotation/religation process [4]. The importance of
this domain has been stated by several works carried out on a linker-
deleted enzyme or on protein carrying point mutations at the level of
the domain [11,13–15,18,19]. In a pioneering work Champoux and
colleagues have demonstrated that a linker-deleted protein displays
an increased religation rate and partial CPT resistance [11]. A correlation
between large linker conformational variability, increased religation
rate and CPT insensitivity has been reported for the single Ala653Pro
mutation and more recently for a chimeric enzyme where the human
linker has been substituted with plasmodial one [14,45]. CPT resistance
has been also reported for the Thr729Lys mutant, characterized by
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comparable linker flexibility with the wild type, but where the linker
domain loses motion correlation with the other protein domains
and in particular with the C-terminal domain containing the catalytic
Tyr723 residue [16,17]. In the here studied Arg634Ala mutant the sub-
stitution brings to a reduction of the linker flexibility and to a complete
loss of motion correlation between the linker and the C-terminal do-
main (Figs. 5 and 7) and from the functional point of view to an in-
creased relaxation and religation rate and to CPT resistance. This study
then confirms that perturbation of the linker has a direct effect on
the catalytic function and on the drug reactivity and we propose
that the occurrence of the motion correlation of the linker domain
with the C-terminal domain is a necessary requisite to have the “con-
trolled rotation” and a CPT sensitive enzyme. The increased religation
rate of the mutant (Fig. 4) coupled to an identical cleavage rate (Fig. 3)
explains the in vivo CPT resistance since the number of hTop1–DNA
cleavage complexes is lower in the yeast hosting the mutated than the
wild type enzyme.

Finally, the presence of an alanine in position 634 also affects the
three-dimensional orientation of the Arg364, Asp533 and Asn722
residues forming the CPT binding site in the wild type protein (Fig. 6).
The different orientation of the lateral chains of these three residues
can be considered as an additional cause for a lowered stabilization of
the CPT between the −1 and +1 bases, leading to partial resistance.

5. Conclusions

In conclusion, using a combined experimental and computational
approach we have shown that mutation of arginine 634 to alanine of
hTop1B impairs the flexibility of the linker domain, affecting themotion
correlation between the linker and the other protein domains present
in the wild type enzyme. The loss of interdomain communications is
correlated to a faster religation rate and to partial drug resistance.

The combined biochemical and simulative approaches permits to
demonstrate that mutation far from the active site affects the function
of the protein and its reactivity to the drug and disrupts protein domain
motion correlation, highlighting the importance of concerted domains
motion for the correct function of the enzyme.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2013.09.017.
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