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Metal ions and inter-domains interactions as functional
networks in E. coli Topoisomerase I

Claudia Sissi1,*, Bokun Cheng2, Valentina Lombardo1, Yuk-Ching Tse-Dinh2,#, and Manlio
Palumbo1

1 Dept. of Pharmaceutical and Pharmacological Sciences, v. Marzolo 5, 35131 Padova, Italy
2 Dept. of Biochemistry and Molecular Biology, New York Medical College, Valhalla, NY 10595,
USA

Abstract
Escherichia coli Topoisomerase I (EcTopoI) is a type IA bacterial topoisomerase which is
receiving large attention due to its potential application as novel target for antibacterial
therapeutics. Nevertheless, a detailed knowledge of its mechanism of action at molecular level is
to some extent lacking. This is partly due to the requirement of several factors (metal ions, nucleic
acid) to the proper progress of the enzyme catalytic cycle. Additionally, each of them can
differently affect the protein structure.

Here we assess the role of the different components (DNA, metal ions, protein domains) in a
dynamic environment as in solution by monitoring the catalytic as well as the structural properties
of EcTopoI.

Our results clearly indicated the interaction among these components as functionally relevant and
underlined their mutual involvement. Some similarities with other enzymes of the same family
emerged (for example DNA prevents divalent metal ions coordination at non selective binding
sites). Interestingly, same interactions (C- and N- terminal domains interaction) appear to be
peculiar of this bacterial topoisomerase which suggest they could be favorable exploited to the
design of selective inhibitors for this class of enzyme.
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INTRODUCTION
Topoisomerases constitute a family of enzymes fundamental for the proper processing of
nucleic acids in all organisms1; 2. Indeed, they are required to finely control the supercoiling
degree of DNA, a process which is fundamental to grant the stability of the nucleic acids as
well as their proper replication, transcription and segregation. The topoisomerase
mechanism of action is based on a controlled sequential cleavage-resealing reaction on the
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DNA chain. According to the number of DNA strands which are cleaved during the catalytic
cycle, topoisomerases are divided into type I or II. Additionally, based on their amino acid
sequence, three dimensional structure and mechanistic properties, they are further classified
into subclasses (A, B and C for type I; A and B for type II). Common features of the type IA
and type IIA topoisomerases are the formation of a 5’ DNA-protein phospho-tyrosine bond
and the presence of a conserved metal ion binding domain called TOPRIM3; 4. This domain
is characterized by a combination of β-strand and α-helix which is required to bring close
together a glutamate residue and an aspartate-x-aspartate (DxD) motif. This acidic triad is
then located in the proximity of the protein catalytic core where it can efficiently coordinate
divalent metal ions such as Mg2+.

The conserved presence of this domain reflects the importance of divalent metal ions in
modulating the DNA cleavage as well as the religation activity characterizing the
mechanism of action of these enzymes5. Metal ions can assist these chemical reactions
according to several mechanisms such as working as a general base, stabilizer of the
negatively charged tyrosinate, stabilizer of the transition state, activator of attacking
nucleophile or assistant of the leaving group6. Solution studies on mutant enzymes
suggested that, in analogy to data acquired with several nucleases and polymerases, two
metal ions actively participate in the topoisomerase cleavage reaction/rejoining
reaction7; 8; 9; 10; 11. Nevertheless, structural studies indicate a peculiar two metal ions
mechanism for type IA and type IIA topoisomerases. In this model only one metal ion is
involved in stabilizing a pentavalent transition state thus in regulating the cleavage/religation
chemistry, whereas the second ion is mainly responsible for proper anchoring of the DNA
strand not covalently linked to the protein12.

This picture clearly underlines how several functional groups work in a concerted way to
modulate the protein properties along the catalytic pathway.

Escherichia coli Topoisomerase I (EcTopoI) is a type IA bacterial topoisomerase which is
receiving large attention due to its potential application as novel target for antibacterial
therapeutics13. This topoisomerase is a 97 kDa protein: the 67 kDa N-terminal domain
(Top67) contains the active site as well as the Toprim domain where binding of two Mg2+

can occur; the remaining 30 kDa C-terminal portion (ZD) is formed by a Zn2+ binding
domain comprising three repeated tetracysteine motifs and a 14 kDa C-terminal single
stranded DNA binding domain14; 15; 16; 17.

The biochemical properties of Topo I A have been extensively studied in the last years,
providing several evidence to support relevant metal ion implications in its mechanism of
action18; 19; 20. Additionally, a crystal structure of its covalent complex with a DNA
fragment has been recently made available and support a concerted action of protein, nucleic
acid and metal ions21. As a result, we considered it a good model to assess the role of the
different components (DNA, metal ions, protein domain) in a dynamic environment as in
solution. Previous studies have examined the effect of different divalent ions on cleavage of
the small dT8 oligonucleotide19. This DNA substrate may be too small to interact with all
functional domains in EcTopoI and to provide a sufficient model on its own for steps
involved in relaxation of supercoiled DNA. Thus we further examined the role of divalent
ions in EcTopoI activity trying to correlate the effect on DNA cleavage and religation with
the overall relaxation activity.
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RESULTS
Addition of DNA prior to divalent ions results in higher catalytic efficiency for EcTopoI

It is well documented that divalent metal ions are crucial for the catalytic activity of
topoisomerases11. This effect can result from their direct involvement in the catalytic
process as well as from protein structural modifications upon binding. Additionally, it has
been proven that, in order to properly coordinate these cofactors, topoisomerase-DNA
binding can be required10; 21. To gain further insight into the role of metal ions on this
prokaryotic enzyme, we monitored the effect of divalent metal ions on plasmid relaxation by
EcTopoI under different conditions. In particular, to asses whether DNA binding can
modulate the recruitment of divalent metal ions needed for the cleavage/rejoining processes,
all activity assays were performed according to two different protocols: in a set (protocol A)
we pre-equilibrated the protein with the divalent metal ion and then let it react with DNA, in
another set (protocol B) we first mixed the protein with the nucleic acid and only
subsequently introduced the required ions in the reaction mixture. Results are summarized in
Fig. 1.

According to protocol A, upon addition of metal ions we observed a progressive increment
in the amount of relaxed plasmid. In agreement with the behavior reported for other
Topoisomerases10, further increments of the metal ion concentrations resulted in an
impairment of the enzyme relaxation activity. The concentration of metal ion required to
grant optimal enzymatic activity is a function of the metal ion nature. Clearly, EcTopoI
performed better when the second protocol was applied and showed optimal protein activity
in a wide metal ion concentration range. This behavior was confirmed in the presence of
Mg2+ as well as of Ca2+ and Mn2+ although with some interesting peculiarities (Fig. 1B).
Indeed, only modest differences were observed when comparing relaxation promotion by
Mg2+ and Ca2+, whereas remarkable modulation of the enzyme efficiency occurred in the
presence of Mn2+. In particular, Mn2+ showed the highest activity at concentrations lower in
comparison to the other tested metal ions. This behavior has been previously observed with
DNA-gyrase and may represent a common feature for the TOPRIM containing
topoisomerases of type A22. Increase of Mn2+ concentration to > 1mM resulted in more
rapid decrease in relaxation activity when compared to Mg2+ and Ca2+. This narrow range
of effective concentration for Mn2+ probably accounted for relaxation activity not seen in
the presence of Mn2+ in previous study with different buffer and incubation conditions19.
Interestingly, no modulation of EcTopoI relaxation activity was observed by changing KCl
concentration, thus supporting the relevance of divalent metal ion in the process.

EcTopoI can cleave DNA in the absence of divalent metal ions. Thus, according to protocol
B, the equilibration step involving the protein and DNA could cause a partial plasmid
relaxation. To avoid systematic errors due to the different time of contact between the
protein and the nucleic acid, kinetic measurements were performed by monitoring the
formation of relaxed plasmid as a function of incubation time (Fig. 2A). By subtracting the
relaxation activity promoted by the protein in the absence of divalent ion added to the
reaction mixture, we can directly compare the specific metalion dependent rates. These
results are graphically reported in Fig. 2B and again confirm that the enzyme performs better
according to protocol B.

Effect of different divalent metal ions on DNA cleavage intermediate
The efficiency of any topoisomerase in relaxing supercoiled plasmid results from the
combination of at least two distinct catalytic steps: cleavage and resealing. To dissect the
effect of divalent ions during these two events, we monitored the DNA cleavage pattern of
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the full length protein as well as of its 67 kDa N-terminal domain (Top67) on different
nucleic acid substrates.

First, supercoiled plasmid DNA was incubated with high enzyme concentrations and the
cleavage products were trapped by SDS. In the absence of divalent ions, the nicked DNA
cleavage intermediate formed by EcTopoI can be observed readily (Fig. 3), confirming that
divalent ions are not required for the formation of the covalent cleavage intermediate. Ca2+

and Mg2+ ions were found to reverse accumulation of the nicked DNA formed in the
absence of metal ions. However, the level of nicked DNA was not decreased by the addition
of Mn2+. This might account for the narrow range of Mn2+ concentration that can support
the overall catalytic activity. Similar results were obtained for Top67 (Supplementary
Material, Fig. S1) which would not remove negative supercoils from plasmid DNA due to
the absence of the C-terminal domain.

DNA cleavage by EcTopoI and Top67 was examined further by using a 5’-end labelled 219
base single-stranded DNA substrate (Fig. 4). The cleavage products with faster
electrophoretic mobility could be observed in the presence of 1 mM EDTA. The absence of
the C-terminal Zn domain in Top67 resulted in more sites being cleaved. The cleavage
products were not observed in the presence of 4 mM Mg2+, likely due to DNA religation
being favoured over DNA cleavage. For full length EcTopoI, Mn2+ and Ca2+ changed the
DNA cleavage pattern, and did not shift the DNA cleavage-religation equilibrium strongly
towards DNA religation as observed for Mg2+. We can summarise the above results by
attributing to Mn2+ a poor ability to reverse the cleavage reaction. Not the same for Ca2+.
Indeed, for Top67, its effect was similar to that of Mg2+. This suggests that Ca2+ interacts
with the enzyme-DNA complex and affects DNA cleavage differently when the C-terminal
Zn domain is present.

In order to better monitor the effect of divalent ions on selectivity among potential cleavage
sites, we used a shorter single stranded DNA oligonucleotide (32 residues long) that has
three potential cleavage sites for E. coli topoisomerase I.

In the absence of metal ions Top67 was confirmed to cleave DNA more efficiently than the
full length protein in a fast process that reaches saturation in about 10 min and that is not
affected by the KCl concentration in the reaction mixture (Supplementary Material, Figs. S2
and S3). Three main cleavage sites were identified which confirmed the previously reported
requirement for a cytosine at position -423.

Addition of divalent metal ions to the DNA-protein reaction mixture generally enhanced
DNA cleavage by the two tested proteins (Fig. 5).

Not all sites were equally cleaved as it can be appreciated in Fig. 5. In particular, the
preferential increments occurred at sites 1 - 2 and 2 - 3 with the full length and the truncated
enzyme, respectively. This results further sustains that the C-terminal ZD domain (deleted in
the Top67) can direct the enzyme activity to specific sites. It is important to underline how
the metal ions cause differential levels of cleavage enhancement which is not always
preserved on the two tested proteins (Supplementary Material, Fig. S4). As an example Ca2+

promotes DNA cleavage by Top67 but it does not in the presence of the full length enzyme.

The different behavior observed using the 219- vs. 32- residue ssDNA substrates suggests
that proper anchoring of the protein requires a long DNA template. Indeed, only in this latter
system reversal of cleavage can be monitored by metal ion addition. Additionally, removal
of EcTopoI C-terminal domain further reduces the efficiency of DNA resealing on short
DNA fragments at least in the presence of Ca2+. This justifies why a clear cleavage pattern
was observed only when this metal ion was added to the Top67-32-mer mixture. This result
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combined with the more pronounced DNA cleavage reversal observed on the longer DNA
fragment when the metal ion was added to truncated enzyme, apparently indicated that Ca2+

performs better on Top67.

Finally, we followed both proteins cleavage activity according to the A and B protocols
(different order of component addition) previously used for monitoring metal ions effect on
DNA relaxation activity. A kinetic analysis of the cleavage products formation fails to show
any effect of incubation order (data not shown). Possibly, the reaction is too fast to allow
monitoring clear-cut differences within the applied time scale. Alternatively, the interaction
with metals is likely to be more significant for other steps of the catalytic cycle.

Spectroscopic characterization of EcTopoI in solution
The data above indicated an altered DNA processing according to the presence of metal ions
and protein domain compositions. This can be the result of protein modification in terms of
overall protein structure or flexibility: to asses this point we applied CD spectroscopy which
can allow monitoring both parameters.

To avoid systematic errors related to protein structural rearrangements upon mixing, all our
data were acquired after one single addition of concentrated protein solution to the required
buffer. According to these experimental protocols, we performed CD scans to monitor the
overall protein conformation whereas the protein thermal stability was monitored by
recording the proteins CD signal at 220 nm while incrementing the temperature at a constant
rate (Fig. 6).

In Tris buffer at low ionic strength (20 mM KCl) the CD spectrum showed a main band at
222 nm with a shoulder at 208 nm, in line with the presence of relevant content in α-helix
secondary structure. In these experimental conditions, upon increasing the temperature, one
single transition at 50.8°C is detected. By incrementing KCl concentration up to 150 mM no
changes in the overall CD spectrum were observed (data not shown) at 25°C but a
progressive change in melting profile occurred. This ultimately leads to identify two thermal
transitions at 48.3 and 56.7°C. Interestingly, their resolution was even more pronounced in
other buffers (for ex. in phosphate buffer they occur at 45.5 and 59.6°C, in acetate buffer at
42.4 and 54.4°C) in which the protein retains catalytic activity.

Thus, this behavior does not reflect a loss of protein active form driven by the ionic strength.
It can be easily attributed to a two steps unfolding process which occurs at the level of two
distinct structural domains. To asses if these correspond to the two C- and N- terminal
functional domains contained in the full length protein, we took advantage of the availability
of the truncated form of EcTopoI, Top67 as well as of its ZD domain.

A direct comparison of the CD spectra (Fig. 7A) in 50 mM Tris, 150 mM KCl, pH 7.7
relative to the tested proteins confirmed that in our experimental conditions the ZD domain
is poorly folded (random coil features of the dichroic spectrum). In turn, the N-terminal 67
kDa domain showed a slightly higher α-helix content in comparison to the full-length
protein. The algebraic sum of the ZD and Top67 components (math in Fig. 7) indicates a
lower content in ordered structure when compared to the full-length Topo I, whereas an
equimolar mixture of the ZD and Top67 protein domains provides an experimental dichroic
spectrum that is comparable to the one corresponding to the full-length protein. This
indicates that the two domains likely interact with each other, leading to a more ordered
global structure.

The melting profiles of the tested proteins (Fig. 7B) evidenced that the ZD domain, poorly
folded, does not present a clear structural transition. An increment in signal intensity
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occurred at high temperature (Tm ≈68.8 °C) which reflects a modest increment in β-sheet
content. A comparison of the melting profile of the two folded proteins showed always two
distinct thermal transitions, thus supporting that Top67 is already organized into two
structural domains. Interestingly, the structural transition occurring at higher temperature
matches for the two proteins whereas, in Top67, the first transition (39.7 °C) is clearly
shifted to a lower temperature in comparison to the full length enzyme (48.3 °C). We might
attribute this change to the interaction between the C- and N-terminal domains. However, in
our conditions, combination of equimolar amounts of the two separated domains did not
significantly affect Top67 thermal transition (see Table I). Conceivably, when the subunits
are not covalently linked, only easily reversible interactions occur which can make the
complex to fall apart even at low temperature, thus preventing us from monitoring Tm shift
of the T67 domain.

A comparable analysis was performed in the presence of a constant concentration of metal
ions (Fig. 8). By using protein concentration and buffer composition (absence of BSA,
glycerol) suitable for spectroscopic analysis, upon stirring, Mn2+ induced protein
precipitation, hence, we did not include data relative to this ion in our spectroscopic
evaluation.

The presence of tested metal ions did not alter significantly the CD spectra of the proteins
suggesting modest rearrangements of the secondary structure content as a function of ion
nature/concentration (data not shown).

Addition of 4 mM Mg2+ did not modify EcTopoI melting profile. However, in the presence
of 4 mM Ca2+ a remarkable variation was observed as the two structural rearrangement
events recorded in the absence of the metal ion are turned into a single melting transition
occurring at 52.4 °C (Fig. 8A). This behavior was not shared by the truncated protein
Top67: indeed, irrespectively of the presence/absence of divalent metal ion, its melting
profile did not change (Fig. 8B).

It is worth to remind that Ca2+ allowed preserving the relaxation enzymatic activity;
however, only the truncated form was not affected by this metal ion in terms of DNA
cleavage/cleavage reversal. This point is in agreement with the above reported apparent
better linear DNA processing by Top67 in the presence of Ca2+ in comparison to the full
length enzyme.

To fully correlate the activity profile with the solution structural information, we finally
investigated the role of DNA on protein folding. As the nucleic acid we choose the 32-base
oligonucleotide previously used for cleavage experiments, which is efficiently processed by
both the full length and the Top67 proteins. Divalent metal ions were not included to avoid
significant DNA processing during the analysis.

On all tested proteins, addition of equimolar amounts of DNA did not significantly alter
protein folding as shown by CD at room temperature (data not shown). However, the
melting profile of the full length protein is remarkably affected by the polynucleotide, as it
produces a ≈10 C increase in Tm (Fig. 9A). This supports an effective interaction of the
protein with DNA which can actually work as a template to preserve the protein folding. On
the other hand, the melting profiles of Top67 and ZD domains are not significantly affected
by the nucleic acid (Fig. 9B and 9C). Indeed, only a slight increment of the higher Tm
relative to Top67 was detected. These results point to the need for the full length protein to
grant effective DNA recognition and highlight a role for the ZD domain in stabilizing the
protein-DNA complex when bound to the Top67 fragment.
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DISCUSSION
The catalytic cycle of topoisomerases is quite complex. It is made up by several steps where
distinct DNA processing reactions (DNA binding, cleavage and resealing) actually occur in
conjunction with several DNA and protein structural rearrangements. To accomplish the
change in DNA topology, DNA, protein domains and metal ions must properly interact to
work in a finely concerted fashion. The experimental data herein presented were collected to
better define the role played by each single component in EcTopoI to better understand this
complex mechanism.

The already assessed requirement of divalent metal ions to promote EcTopoI activity has
been clearly evidenced in all tested activity assays (relaxation and cleavage)7; 18; 19; 24. In
addition, the relaxation reaction, which offers the possibility of monitoring the reaction
products at the end of several catalytic cycles, allowed us to experimentally confirm a
precise role of DNA as coordination site for metal ions likely holding them in the proper
position to grant enzymatic activity. Indeed, in order to obtain a catalytically active enzyme,
the DNA-protein complex turned out to be a better metal ion coordination system than the
protein alone. Additionally, the wider range of metal ion concentrations that is accepted by
the DNA-enzyme complex in comparison to the protein alone likely indicates that DNA
prevents divalent metal ions coordination at non selective binding sites which could impair
protein activity.

In line with the chemical similarities between the two metal ions, the effect of Ca2+ closely
resembles the one of Mg2+ during plasmid relaxation. In the presence of Mn2+ we showed
good activity but in a narrower concentration range in comparison to Mg2+. This behavior
was previously reported for example for DNA-gyrase and can reflect the composition of the
conserved Toprim domain10. Indeed, these two divalent metal ions have different
coordination properties (Mn2+ well accepts nitrogen to fill its coordination sphere and it
does not share the same coordination geometry with Mg2+) which can result in a differential
binding affinity in proximity of the catalytic site.

It is relevant that protein interaction with DNA or divalent metal ions does not lead to
significant changes in the protein CD signal although literature data reported variations in
the EcTopoI fluorescence response upon Mg2+ or DNA binding7; 25; 26. However, a
comparison of the currently available X-ray data indicated relative domain interactions as
the main difference between the DNA-free and DNA-bound topoisomerase21. Thus, since
the chiroptical signal of the protein is related to the overall secondary structure content, it is
not surprising that it is not significantly affected by tested protein ligands (DNA and ions).

According to the nature of the metal ion we should expect different results in the cleavage
assay if the cleavage and resealing reactions were differently assisted by the metal ions.
Generally this was not the case but in the presence of Ca2+ that, unexpectedly, does not
favor the formation of DNA cleavage sites by the full length enzyme. This is not related to
its inability to provide a catalytically active enzyme (Ca2+ promotes relaxation) thus it
should be the results of an altered balance between the rate of cleavage (kc) and the one of
resealing (kr) in comparison to Mg2+ and Mn2+. To justify this behavior, we must assume
that Ca2+ comparably produce a situation corresponding to kr > kc by increasing kr or
reducing kc. Our results can help dissecting this point.

First, we must consider that the truncated enzyme Top67 cleaves efficiently DNA in the
presence of Ca2+, thus lack of cleavage must be somehow related to the ZD domain. Second,
it must be underlined that Ca2+ reduces the thermal stability only of the full length enzyme
thus sustaining its involvement within the ZD domain. Since ZD is required to increase the
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DNA affinity, it is feasible that the lack of cleavage is due to a reduction in kc which should
be the only rate constant sensitive to the amount of reversible protein-DNA complex.
Similar conclusions were drawn directly monitoring the cleavage rate of short poly(dT)
oligonucleotides19.

The above discussion is related mainly to the role of metal ion in promoting at least one
enzymatic activity. However, cleavage data can be discussed also in terms of location of
cleavage sites.

Conversely from cut promotion, trapping of the protein at different DNA sites is not
significantly linked to the metal ion nature but is clearly affected by the presence/absence of
the protein ZD domain. It is already known that Top67 has a reduced affinity for DNA when
compared to EcTopoI27 and, indeed, by CD melting we showed that only the full length
protein is able to form a DNA complex which is conserved at temperatures well above the
physiological one, thus sustaining the relevance of C-and N-terminal domains interactions to
fully account for DNA recognition. Indeed, we confirmed that effective interactions actually
occur between the two domains, a no trivial result taking into account the poor folding of the
ZD domain. The biological relevance of such a DNA binding requirement emerged clearly
from the cleavage site distribution pattern. Indeed, an impaired DNA holding after the
cleavage step can cause subsequent resealing to take place at reduced rate. This can occur on
DNA sites more or less preferential for EcTopoI giving rise to an altered cleavage pattern by
Top67 in comparison to the full length enzyme.

In conclusion, our results bring new insight into the multiple functional interactions
occurring in EcTopoI which appear to be only partly shared with other enzymes of the
topoisomerase family. Due to the significant impact they play on the enzyme activity they
can be favorably exploited to design Top IA selective inhibitors/poisons as conceptually
new antimicrobial agents.

MATERIALS AND METHODS
Materials

E. coli topoisomerase I (EcTopoI) was produced and purified as previously reported28. Its
activity was checked by DNA relaxation assay in the required reaction buffer. Stock
solutions of Mn(ClO4)2, CaCl2 and MgCl2 were prepared freshly in milliQ water.

Relaxation Activity Assay
Supercoiled plasmid pBR322 (Fermentas, 0.125 μg) was incubated with EcTopoI (0.7 nM)
in 20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM DTT
pH 7.9 for 1 h at 37°C. Reaction products were resolved on 1% agarose gels in TBE 0.5X
(45 mM Tris, 45 mM boric acid, 1 mM Na2EDTA) and the DNA bands were visualized by
ethidium bromide staining and photographed. The relative amounts of different DNA
topoisomers were quantified using a Geliance 2000 apparatus.

DNA Cleavage Assay
Plasmid DNA—Supercoiled plasmid DNA (300ng) was incubated with 200 ng of enzyme
in buffer of 10 mM Tris-HCl, pH 7.5, 0.4 mM EDTA at 37°C for 10 min. Metal ions were
added at the indicated concentrations and incubation was continued for 5 min. SDS at 1%
was added to denature the enzyme and proteinase K (0.1 mg/ml) was added to digest the
protein for 30 min before analysis by agarose gel electrophoresis in the presence of 0.5 μg/
ml ethidium bromide in TAE buffer.
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5’-end labeled single-stranded DNA—Single-stranded DNA substrate, labeled at the
5’-end with 32P, was generated by PCR and denaturation as previously described (219 base
long) 29 or by [γ-32P]ATP and T4 polynucleotide kinase labeling of the synthetic
oligonucleotides used in previous studies. 27

Cleavage reactions using the 219 base long single-stranded DNA substrate were carried out
as described.29 Labeled 32 base long oligonucleotide (30000 cpm) was incubated with
protein (1 μg) in 20 mM Tris, 0.5 mM EDTA, 100 μg/ml BSA, 12 % glycerol, pH 8.0 in the
presence of variable concentration of KCl or divalent metal ions for 20 min at 37°C. The
reaction was stopped by incubation with SDS and proteinase K.

After ethanol precipitation the DNA fragments were analyzed by electrophoresis in a 7-20%
sequencing gel.

Circular Dichroism Measurements—Circular dichroism measurements were
performed using 1-10 mm path length cells on a Jasco J810 spectropolarimeter in 50 mM
TRIS, pH 7.7, added of 20, 100 or 150 mM KCl. Selected control experiment were
performed also in phosphate buffer (20 mM K2PO4, 100 mM KCl, pH 7.7) and acetate
buffer (20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM
DTT pH 7.9). When required, 4 mM divalent metal ions were included in the buffer. CD
spectra were recorded using proteins concentrations ranging from 0.2 up to 0.4 μM. For each
measurement 3 scans were run and recorded with 1-nm step resolution. Observed ellipticity
was converted to mean residue ellipticity [θ] = deg × cm2 × dmol−1. For thermal
denaturation experiments, protein solutions were equilibrated at 25°C. Then the signal at
220 nm was recorded while increasing the temperature at 0.8°C/min. Tm was determined by
locating the maxima/minima of the first derivative of the curve describing the melting
profile (CD vs. T). Melting experiments were performed in triplicate and the corresponding
curves were practically superimposable.
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Highlights

• A network of interactions among DNA, metal ions, protein domains assessed in
EcTopoI

• DNA prevents divalent metal ions coordination at non selective binding sites

• Protein C- and N- terminal domains functionally interact

• Localization of DNA-protein trapping sites is affected by the protein ZD
domain.

• The EcTopoI functional interactions network is not fully shared among
topoisomerases
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Fig. 1.
pBR 322 (0.15 μg) relaxation promoted by EcTopoI (0.7 nM) in the presence of variable
metal ion concentration. In PANEL A, effect of increasing Mg2+ concentrations, according
to two different protocols (see text). In PANEL B the percentage of relaxed DNA obtained
after incubation of the nucleic acid with EcTopoI in the presence of increasing
concentrations of metal ions according to two different protocols.
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Fig. 2.
pBR 322 (0.15 μg) relaxation promoted by EcTopoI (0.7 nM) in the presence/absence of 10
mM Mg2+ after increasing incubation time, according to two different protocols (see text).
In Panel A, resolution of reaction products by agarose gel is reported, in Panel B the
percentage of relaxed DNA obtained in the presence of Mg2+ subtracted for the relaxation
induced in the absence of metal ion are plotted as a function of incubation time.
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Fig. 3.
Effect of divalent ions on the level of nicked plasmid DNA resulting from cleavage of
supercoiled plasmid DNA (0.3 μg) by EcTopoI (200 ng). The nicked DNA from the
covalent cleavage intermediate was separated from the closed DNA by agarose gel
electrophoresis in the presence of ethidium bromide.
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Fig. 4.
Effect of divalent ions on cleavage of single-stranded DNA by topoisomerase I. 5’-32P
labelled single-stranded DNA 216 base in length (S) was incubated with 200 ng of EcTopoI
or Top67 in the presence of 1 mM EDTA (E) or different divalent ions at 4 mM
concentration.
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Fig. 5.
Main cleavage sites identified along a 32-residue sequence. The cleavage products produced
on the same sequence after 30 min incubation at room temperature with EcTopoI and Top67
(1 μM), in the presence of increasing divalent metal ions concentrations (0-50 mM) in 20
mM Tris, pH 8.0, 100 μg/ml BSA, 12 % glycerol were resolved by DNA sequencing PAGE.
Panel B, C and D refer to addition of Mg2+, Ca2+ and Mn2+, respectively. Lanes marked M
and C refer to purine marker and DNA treated in the absence of the protein, respectively.
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Fig. 6.
CD spectrum of EcTopoI (0.35 μM) recorded in 50 mM Tris, 20 mM KCl, pH 7.7 (PANEL
A) and melting profiles acquired by reading the protein CD signal at 220 nm (PANEL B) in
the reported buffers.
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Fig. 7.
Dichroic spectra (PANEL A) and melting profiles (PANEL B) of EcTopoI and its N- and C-
terminal domains (Top67 and ZD, respectively) recorded in 50 mM Tris, 150 mM KCl, pH
7.7. Protein concentration: 0.3 μM. Math refers to the algebraic combination of the Top67
and ZD domain.
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Fig. 8.
Melting profiles of 0.3 μM EcTopoI or Top67 (PANEL A and B, respectively) acquired by
reading the protein CD signal at 220 nm in 50 mM Tris-HCl, 150 mM KCl, pH 7.7, in the
presence/absence of 4 mM divalent metal ions. Protein concentration was 0.3 μM.
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Fig. 9.
Melting profiles of EcTopoI (Panel A) and its N- and C-terminal domains (Panel B and C,
respectively) acquired by reading the protein CD signal at 220 nm in the presence (dotted
line) or absence (solid line) of oligo32 in 50 mM Tris, 150 mM KCl, pH 7.7. The relative
Molar Ellipticity variation (Δ Molar Ellipticity /(Δ Molar Ellipticity)max) is reported. Protein
concentration: 0.3 μM, DNA concentration: 0.3 μM.
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Table I

Melting temperatures (Tm °C) for EcTopoI and its C- and N-terminal domains determined by recording the
variation of the protein CD signal at 220 nm in 50 mM Tris, 150 mM KCl, pH 7.7. Data obtained in the
presence or absence of stoichiometric amounts of oligo32 are included. Errors were ± 0.1 °C

EcTopoI Top67 ZD Top67+ZD

50 mM Tris, 150 mM KCl, pH 7.7 48.3 and 56.7 39.7 and 56.7 68.8 40.6 and 58.1

+ 0.3 μM oligo32 63.7 42.0 and 58.0 68.7 nd

+ 4 mM Mg2+ 48.2 and 56.7 39.6 and 56.5 nd nd

+ 4 mM Ca2+ 52.4 39.9 and 56.7 nd nd
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