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An optimized polyamine moiety boosts potency of human type II 

topoisomerase poisons as quantified by comparative analysis 

centered on the clinical candidate F14512 

Giulia Palermo,a Elirosa Minniti,a Maria Laura Greco,b Laura Riccardi,a Elena Simoni,c              
Marino Convertino,a Chiara Marchetti,c Michela Rosini,c Claudia Sissi,b Anna Minarini c and                   
Marco De Vivoa,d 

Combined computational-experimental analyses explain and 

quantify the spermine-vectorized  F14512’s boosted potency as a 

topoII poison. We found that an optimized polyamine moiety 

boosts drug binding to the topoII/DNA cleavage complex, rather 

than to the DNA alone. These results provide new structual bases 

and key reference data for designing new human topoII poisons. 

     Topoisomerase-targeted drugs are considered poisons when 
they act by trapping the covalent enzyme/DNA cleavage complex, 
which is formed during the catalytic cycle required for DNA 
topology modification.1-6 The spermine-vectorized F14512 is one of 
the most promising anticancer agents currently in clinical trials for 
the treatment of refractory/relapsing acute myeloid leukemia 
(AML).7, 8 Gentry et al.9 recently reported that it acts as a poison of 
human type II topoisomerase (topoII), much like its parent 
anticancer drug etoposide, which bears a glycosidic moiety at C4 in 
place of the spermine (Fig. 1).9-11 Remarkably, F14512 is reported to 
be ~10-fold more potent than etoposide in inhibiting cell 
proliferation.11 This is partly attributed to the spermine-mediated 
F14512 uptake by the polyamine transport system (PTS), which is 
overactive in many tumor cells.7, 11 However, the conserved 
epipodophyllotoxin core and mechanism of action suggest that the 
enhanced efficacy of F14512 in comparison to etoposide might also 
come from favourable interactions of its spermine moiety within 
the topoII/DNA cleavage complex.9 This is still uncertain, since 
nobody has yet reported an atomic-level description and evaluation 
of the interaction between the spermine-conjugate F14512 and the 
topoII/DNA cleavage complex.  

Here, we used molecular modeling and extensive simulations to 
identify the most probable configurations of the ternary 
F14512/topoII/DNA cleavage complex (F14cc), which best 
correspond to existing structural and NMR spectroscopy data.9, 12 

F14512 was initially docked to the binary topoII/DNA cleavage 
complex using a positional restraint grounded on the underlying 
assumption of an etoposide-like binding mode for the conserved 
epipodophyllotoxin core.13 For comparison, we simulated a model 
system of the ternary etoposide/topoII/DNA complex (ETOcc), 
based on the recent crystal structure of Wu et al.12 Then, we 
performed a comparative molecular dynamics (MD) analysis of 
F14cc and ETOcc, on a total of ~350-400 ns of classical MD per 
system.14 

We identified system-dependent properties and key interactions 
between the topoII/DNA receptor and the drug, either F14512 or 
etoposide. The conserved E-ring of the two drugs is equally stable in 
the two systems (RMSD ~0.35/0.41 ± 0.02 Å, Fig. 2 and S2), due to a 
highly conserved H-bond with Asp479 – preserved for 82.6% and 
78.7% of the simulation time in ETOcc and F14cc, respectively (Fig. 
S3, Movies S1-S2). In this position, the E-ring likely favours a large 
perturbation of the catalytic two-metal-ion coordination sphere in 
topoII, blocking the topoII-mediated DNA religation step.1, 12, 15-22 

The aglycone core is also very stable in both systems (RMSD of 
~0.16 ± 0.02 Å and ~0.23 ± 0.02 Å in F14cc and ETOcc, respectively). 
F14512 maintains a firm interaction, conserved for ~96.6% of the 
simulation time (Fig. S3), between its amide nitrogen (N1, Fig. 3) and 
the DNA base G+5. Although the aglycone core remains in between 
the T+1/A+4 and C−1/G+5 DNA bases in both F14cc and ETOcc systems, 
it does not form typical stacking interactions with the T+1/A+4 and 
C−1/G+5 base pairs. This is due to its conserved tilted orientation 
relative to the DNA backbones and the local widening of the 
cleaved DNA strand. This non-intercalative mode for drug binding to 
DNA (Movie S2) agrees with previous findings from structural and 
biophysical studies.9, 12 

Interestingly, during our MD simulations, we observed a key 
conformational mobility for the F14512 spermine tail, which shows 
an RMSD of ~1.88 ± 0.36 Å (Fig. 2 and S2). The long polyamine chain 
extends toward the major groove and interacts with the backbone 
phosphates of both DNA strands (Fig. 3). In detail, the amine 
nitrogen atoms in position 13’’ and 17’’ (N13’’ and N17’’) of the 
spermine tail act as key anchors for binding. The N13’’ atom interacts 
mainly with the DNA phosphates of C+6 and C-6, while N17’’ interacts 
mainly with C+6 and G-7. The spermine nitrogen N17’’ alternatively H-
bonds the protein residues Glu953 and Glu519, which are located 
close to the substrate DNA. 
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    These transient interactions occur at both DNA strands with 
comparable statistical distributions (Fig. S3). The amine nitrogen in 
position 8’’ (N8’’) of the spermine chain provides additional DNA 
anchoring, establishing interactions for ~36% of the simulation time 
with G+5. Lastly, the amine nitrogen in position 4’’ (N4’’) contributes 
only marginally to stabilizing the drug to the cleavage complex, 
being mostly oriented toward the solvent during the simulations. 
This complex H-bond network reflects a favourable 
complementarity of F14512 and the topoII/DNA cleavage complex. 
Etoposide, in contrast, cannot form such an H-bond network. Its 
glycosidic moiety at C4 is highly stable (RMSD of ~0.21 ± 0.05 Å) and 
interacts with the G+5 carbonyl for ~71.4% of the simulation time 
(Fig. S3), protruding toward the DNA major groove and remaining 
stably located near Gln778 and Met782. Finally, there are similar 
hydrophobic contacts of the drug with the protein in both ETOcc 
and F14cc (Fig. S4). 

    Thus, the tighter drug binding of F14512 seems mainly due to the 
spermine chain, which forms, through the major groove, extensive 
favourable drug-target interactions with both DNA and topoII. The 
stronger interaction of F14512 with the targeted cleavage complex 
is also confirmed through steered MD simulations (Fig. 4, full details 
in ESI).23 Although only qualitative, the calculated unbinding force 
profiles and the external work for the undocking of the two 
compounds from the target display a tighter binding for F14512 
(~80 kcal/mol more work needed for the unbinding of F14512 from 
the cleavage complex, compared to etoposide). Again, this is due to 
the numerous H-bond interactions, formed between the spermine 
tail and the cleavage complex, that need to be disrupted during the 
undocking dynamics (Movie S3).23 

To validate this computational evidence for a key role of the 
polyamine chain in boosting the binding of F14512 to the cleavage 
complex, we designed and synthesized five new polyamine-
conjugates 3-7 (see ESI for chemical synthesis). These are the 
spermidine derivative 3, the methyl spermine derivative 4 and 
compounds 5 and 6, which bear a spermine analogue chain with a 
shorter methylene spacer (two and three methylene, respectively) 
between the two inner nitrogen atoms. In 7, the inner nitrogen 
atoms of the spermine portion of F14512 were replaced with 
oxygens to explore the importance of the polycationic chain in 
increasing topoII inhibition (Fig. 1). Compounds 1-7 were tested 
against human topoII. The IC50 values obtained in a relaxation 

inhibition assay, summarized in Table 1, confirm F14512 as the 
most potent derivative in the series, with an IC50 of ~30 µM, which 
is ~4-fold better than etoposide in the same experimental assay.  

Additionally, all the tested derivatives stabilized the topoII/DNA 
cleavage complex (Table 1) thus indicating that all of them are 
topoII poisons. The amount of cleaved DNA produced by the 
enzyme in the presence of each polyamine derivative was 
quantified and compared to the one produced in the presence of 
etoposide at the same concentration (5-50 µM concentration 
range). The ratio of these values provided the “relative efficiency” 
reported in Table 1. Although only indicative, an excellent linear 
correlation (R2 = 0.81, Fig. 4) was found between the observed 
relaxation activity of topoII and the extent of cleavage complex 
formation. This result indicates that the impairment of the 
enzymatic activity generated by all the examined compounds 
occurs according to an overall shared mechanism of action. 
Interestingly, the relative potency of these inhibitors strictly 
depends on the structural features of the polyamine chain. The 
activity is reduced by ~2-fold by the replacement of the tetramine 
spermine with the triamine spermidine (3) or the transformation of 
the terminal primary amine into a secondary amine (4).  
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The low inhibition can be explained by the fact that a shorter 
polyamine chain as in 3 and 6, does not allow engagement of 
distant topoII residues such as Glu519 and Glu953. Compound 4, 
with a methyl spermine tail, is unable to form an optimal 
interaction between its terminal secondary amine and the 
carboxylate groups of Glu519 and Glu953, due to the steric 
hindrance of the methyl group (Fig. S10). These drug-topoII 
interactions are instead observed with F14512 in MD simulations 
(Fig. 3). Finally, 7 was the weakest and least efficient inhibitor of 
topoII (~170 µM, Table 1) of the series, proving the key role of the 
polycationic character of the chain for drug activity.  

As evidenced by previous structural data of etoposide in complex 
with the binary topoII/DNA complex,12 a few contacts are formed 
between the C4- substituent and topoII. In fact, in the absence of 
DNA, the drug shows negligible interactions with topoII, alone.9, 24 
These results demonstrated that the drug has limited, if any, 
interaction with topoII, alone, while it binds tightly to the 
topoII/DNA cleavage complex. Here, we also quantified the 
efficiency of our ligands to bind the DNA, alone (i.e., in the absence 
of topoII), via UV measurements. In Table 1 we report the variation 
of the absorbance signal induced by DNA, which reflects the extent 
of bound ligand to the DNA. Results indicate that all polyamine 
conjugates were able to bind DNA, as previously reported for 
F14512,11 which here emerges as the strongest DNA binder. 
Notably, 7 is also a good DNA binder, which suggests that the 
central amines of the polyamine chain are critical for drug binding 
to the topoII/DNA cleavage complex, rather than to the DNA alone. 

Docking calculations further support the evidence that the most 
active topoII poisons are those that, through the polyamine chain, 
form an extended network of H-bonds within the topoII/DNA 
cleavage complex. In fact, the score distribution of the obtained 
poses for F14512 and compounds 3-7 docked to the topoII/DNA 
cleavage complex reproduces well the IC50 and relative efficiency 
trend values (full details in ESI and Fig. S5-S7). The docking 
ensemble of F14512 shows the spermine, which extends into the 

 

Fig. 3 Top: Key interactions between F14512 and the topoII/DNA 

cleavage complex are schematically shown (top). The statistical 

distribution over the production runs of the H-bond interactions 

is reported in Figure S3. Three representative binding modes of 

F14512 from MD simulations are shown with different colours of 

the spermine moiety (bottom). 
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major groove, interacting with both DNA strands, as in MD, 
whereas the tail of 7, although the same length, is mostly located 
far from the DNA backbone, assuming curved conformations that 
cannot form stable and favourable interactions with the targeted 
complex (Fig. S5-S7). This underlines that the polyamine moiety’s 
favourable contribution is not simply connected to the efficiency of 
DNA recognition but is due to the stabilization of the topoII/DNA 
cleavage complex.  

In summary, our study unravels crucial drug-target configurations 
of the still structurally uncharacterized F14512/topoII/DNA complex 
that best correspond to experimental results.9, 11, 25, 26 Extensive MD 
simulations suggest key drug-target interactions that explain 
F14512’s boosted potency as a topoII poison. Our computational 
evidence is then validated through experiments that, importantly, 
also demonstrate that an optimized polyamine moiety boosts drug 
binding to the topoII/DNA cleavage complex, rather than to the 
DNA alone. This is shown here for the spermine-vectorized F14512, 
currently in clinical trials, and other similar polyamine-conjugated 
derivatives of epipodophyllotoxin. Taken together, these results 
offer an additional structural basis and key reference data for 
designing and assessing novel human topoII poisons for anticancer 
drug discovery.5, 27-30 
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