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Abstract Recently mouse DNA topoisomerase I (topo) was 
shown to possess high affinity for a single-stranded AAGACT-
TAG nonanucleotide {K = 2.0 uM) corresponding to the scissile 
strand of the minimal DNA duplex, which is necessary for 
cleavage of supercoiled DNA. In order to determine the most 
important part of the above sequence for the DNA recognition by 
topo, the interactions of the enzyme with a set of extremely short 
(2-5 nucleotides in length) oligonucleotides corresponding to 
different parts of the nonanucleotide have been investigated. The 
affinities of different oligonucleotides corresponding to the 
CTTAG part of the sequence (Ä"; =0.13-0.92 mM) were shown 
to be significantly lower than that for the AAGA tetranucleotide 
(K = 9.0 uM). Topo effectively recognized even short oligonu-
cleotides containing only two or three bases (AGA and pAG, 
K - 20 and 50 uM). We suppose that oligonucleotides having a 
high affinity to the enzyme can offer a unique opportunity for the 
rational design of topoisomerase-targeting drugs. 
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1. Introduction 

DNA topoisomerases are enzymes that change the topolog-
ical state of DNA by transient breakage and rejoining of the 
sugar-phosphate backbone [1-5]. Topos have been shown to 
be involved in various biological processes such as DNA rep-
lication, transcription, recombination and chromosome dy-
namics [1-9], and are the pharmacological targets of a number 
of antitumor drugs [10-12]. This holds for topo I [13-17] and 
thus a better understanding of the molecular mechanisms of 
functioning of this enzyme is important from fundamental 
and applied points of view. 

Topo is a sequence dependent enzyme. It protects both 
strands of the binding sequence over a 20 bp region in which 
the cleavage site is centrally located [18]. Minimal DNA du-
plex requirements for DNA cleavage in the recognition se-
quence have been delimited to nine nucleotides on the scissile 
strand and five nucleotides on the non-cleaved strand as illus-
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Abbreviations : IC50, the concentration giving 50% inhibition of the 
activity; topo, DNA topoisomerase I; ODN, oligodeoxynucleotide; ss 
and ds, single- and double-stranded, respectively; sc DNA, supercoiled 
DNA 

trated below [19]: 

point of cleavage 

5' - TAA AAGACTT 4AG AAAAATT - 3' 

3' - ATT TT CTGAA TC TTT TT AA - 5' 

It is a general belief that ds DNA dependent enzymes can-
not interact with short ss ODNs (for review see [20]). Since 
cleavage in DNA occurs only at sites situated in regions with 
the potential for intrastrand base-pairing due to distal com-
plementary sequences [21], topo has been considered to be a 
ds specific enzyme. Nevertheless, we have shown recently [22] 
that mouse topo can recognize and effectively bind specific 
and non-specific sequence ODNs containing 9-27 nucleotide 
units. All ss and ds specific and non-specific ODNs have been 
shown to inhibit competitively the sc DNA relaxation reac-
tion, catalyzed by mammalian topo. The enzyme affinity for 
specific sequence ODNs of the scissile chain was higher than 
that for oligonucleotides of the non-cleaved chain ; both types 
of specific ODNs had affinities about 2-A orders of magnitude 
higher than that for non-specific ODNs. This specific sequence 
affinity increases in several cases: lengthening of ss ODNs, 
formation of stable duplexes between complementary ODNs 
and preincubation of the enzyme with ligands before addition 
of sc DNA. 

To elucidate the factors governing the sequence specificity 
of eukaryotic topo, the enzyme binding to various defined 
DNA (depurinated, depyrimidinated and methylated DNA) 
and substrate properties of such DNA were analyzed [18]: 
ACTT and AAGACT minimal consensus sequences were 
found to be the most essential for recognition and cleavage 
of sc DNA by the enzyme. 

Taking into account the high affinity of the ss nonanucleo-
tide for topo and the correct interaction of ss oligonucleotides 
with the enzyme [22], we examined whether topo can bind 
very short ss ODNs, containing 2-5 mononucleotide units, 
in order to determine the minimal consensus sequence that 
contributes significantly to the overall sc DNA affinity. The 
results obtained favor the possibility of the location of the 
high affinity region (2-4 bases) at a distance of 3 bases from 
the cleavage point. 

2. Materials and methods 

Sc colEl DNA was purchased from Wakojunyaku Co., Ltd. (Ja-
pan). All ODNs were synthesized as in [23]. Concentrations of ODNs 
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were determined according to [24]. Topo was obtained from mouse 
Ehrlich ascites tumor cells as before [25]. 

Topo I activity was measured by assessing relaxation of sc colEl 
DNA at 30°C. The reaction mixture (20 ul) contained: 50 mM Tris-
HC1 (pH 8.0), 70 ng/ml BSA, 0.5 mM DTT, 0.5 mM EDTA, 15% 
glycerol, 130 mM NaCl, 10 |xg/ml colEl sc DNA and 1 unit of topo. 
ODNs were used at different concentrations. Samples were incubated 
for 15 min and the results for ODN inhibition of topo dependent 
relaxation of sc DNA were estimated with two methods: agarose 
gel electrophoresis as in [25] and the pH 12 ethidium fluorescence 
assay according to [26]. The IC50 and K\ values for ODNs were esti-
mated from fluorescence assay (ATL values using dependencies 1/V ver-
sus 1/S) according to [27]. 

3. Results and discussion 

According to Christiansen et al. [28] topo mediated cleavage 
requires two separate regions of topo for interaction with a 
duplex DNA, one encompassing the cleavage site, region A, 
and the other holding the 5'-OH end generated by cleavage, 
region B. Corresponding domains on the enzyme have been 
hypothesized [28] for the bipartite interaction with DNA. As 
we showed previously [22], specific sequence ODNs possess 
significantly higher affinity to the A-region of topo than for 
the B-region: the specific nonanucleotide interacts with A-
and B-regions of the enzyme according to the scheme: 

point of cleavage 
7 6 5 4 3 2 1 ^ - 1 - 2 

■ A -A-G-A-C-T -T - A - G -
A-region B-region 

In order to determine the most important parts of the spe-
cific sequence of the scissile DNA chain for its recognition by 
topo, we have analyzed interaction of the enzyme with ex-
tremely short ODNs. Results for ODN inhibition of topo 
dependent relaxation of sc DNA may be estimated with two 
methods: standard agarose gel electrophoresis and pH 12 

Table 1 
Concentration of orthophosphate and oligonucleotides inhibiting the 
DNA relaxation activity of DNA topoisomerase I by 50% (IC50) 

oligonucleotide 
( 5 ' 3') 

TAG 
CTTAG 

AAGACTTAG (C9) 
GACTT (C5) 

ACTT 
pACTT 

CTT 
GACT 

pGACT 
ACT 

AGAC 
pAGAC 

GAC 
AAGA 

AGA 
pGA 

AAG 
pAG 
pGG 
PO43-

CI50 (nM)* 

360 
130 
2.0 
2.0 
90 
1.2 
920 
170 
160 
720 
25 
20 
80 
9 

20 
80 
130 
SO 
90 

150000 

0 "«-
0 

|5'-AAGA-3*| - 1 0 , M 

"Errors in ICsn were within 20-30%. 

Fig. 1. Topoisomerase relaxation activity inhibition by oligonucleoti-
des determined by agarose gel electrophoresis (A) and by the ethidi-
um fluorescence assay (B). The concentrations of oligonucleotide 
used were: 0.15 (lane 2), 1.5 (93), 3.0 (4), 4.5 (5), and 6.0X10"5 M 
(6). Standard reaction mixtures incubated without inhibitor (line 1) 
or without topo I (line 7) were used as controls. 

ethidium fluorescence. As was shown earlier [22] and is appar-
ent from Fig. 1, the results from both approaches coincide 
very well. However, only the ethidium fluorescence assay al-
lowed an accurate quantitation of the enzyme inhibition. All 
ODNs were shown to be competitive inhibitors towards sc 
DNA in the relaxation reaction, catalyzed by topo, and their 
affinity may be characterized by K\ values. But here we have 
used IC50 values (Table 1) since in our conditions Ki values 
were only 1.5-2.0 times lower than IC50 [22]. 

The ODNs containing 5 (5'-GACTT-3') and 9 (5'-AA-
GACTTAG-3') nucleotide units of the cleaved chain were 
marked as C5 and C9 respectively. 

As one can see from Table 1, transition from C9 to ODNs, 
corresponding to the specific sequence directly before the site 
of the cleavage (bases from +3 to +1) and two bases after the 
site of cleavage leads to a decrease of the affinity by a factor 
of 65-180. In contrast, the affinity of C5, which does not have 
an AG dinucleotide interacting with the B-region, is compar-
able with that of C9. These data show that the specific se-
quence before the point of cleavage is more important for 
DNA recognition. 

The affinity of the ODNs CTT, ACT, ACTT and GACT, 
without nucleotide units with numbers from +5 to +7, is also 
lower by a factor of 45^160 than that for C5 or C9. The 
affinity enhancement of short specific ODNs takes place 
when they contain an AGA trinucleotide or at least a GA 
and/or AG dinucleotide sequence corresponding to bases 
+4-+6 of the specific sequence. Among very short ODNs, 
the trinucleotide AGA (IC50 = 20 uM) has an affinity only 
10 times lower than that for C9. 

It is well known that enzyme recognition of small ligands 
may be the result of strong contact formation like electrostatic 
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or hydrogen bonds [29,30]. The recognition of pyrophosphate 
[31,32], nucleotides [29,30,32], amino acids and various other 
small substrates [33] takes place usually due to the formation 
of strong contacts. The particular role of the phosphate group 
in recognition and conversion of mono-, oligo- and polynu-
cleotides has been recorded in many works [29,30,34—37]. The 
contribution of the electrostatic contact of mono-triphosphate 
groups to the total affinity of small ligands (NMP-NTP) cor-
relates with the Kci range (0.1-1 X10 - 4 M) estimated in 
various model experiments [38^10]. According to the data of 
studies of replication and repair enzymes, Kà. values, char-
acterizing the formation of one strong electrostatic contact 
between the enzymes and the internucleoside phosphate group 
of DNA, are usually within the range of 0.08-0.16 M [20]. 

We have shown that the orthophosphate inhibits the topo 
dependent relaxation of sc DNA by 50% at concentrations of 
0.14-0.15 M. Thus, it is reasonable to suppose that topo (like 
other enzymes investigated [20]) forms one electrostatic con-
tact with orthophosphate as well as with one internucleoside 
group of any ss ODNs. To determine the position of the 
internucleoside phosphate group involved in ODN-topo inter-
action, different ODNs with and without 5'-phosphate have 
been tested for the inhibition of the reaction. Table 1 demon-
strates that the affinity of pGACT and pAGAC ODNs is 
practically the same as that for corresponding ODNs without 
the 5'-end phosphate group. At the same time the affinity of 
pACTT turns out to be about two orders of magnitude higher 
than that for ACTT. These findings speak in favor of direct 
involvement of an internucleoside phosphate group located 
between bases +4 and +5 in the interaction with the enzyme 
recognition center. 

Thus, it is evident that different subsites of the topo active 
center, which can interact with different nucleotide units of 
the specific sequence of sc DNA, contribute differently to the 
total efficiency of sc DNA recognition. An AAGA sequence 
located upstream of the cleavage site forms strong specific 
contacts with topo, while the contacts with nucleotide units 
around the cleavage site are significantly lower. This high 
affinity of the tetranucleotide is most probably provided 
partly by strong specific contact with the negatively charged 
internucleoside phosphate group situated between bases +4 
and +5 of the specific sequence. 

It has been shown recently that topo can induce significant 
structural changes of ODNs [22] as a result of the adaptation 
of the ligand structure to the optimal one. We suppose that 
the relatively weak interaction of topo with the cleavage site 
region of sc DNA may be crucial for substrate catalytic cleav-
age, since rigid fixation of the CTTAG part of sc DNA on the 
enzyme should lead to a decrease of the maximal reaction 
rate. In contrast, a low affinity of this specific sequence may 
provide enhancement of flexibility of the cleaved sequence, 
which may be very important for the adaptation of the struc-
ture of sc DNA to the optimal for the catalysis. 
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