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A current mode of action for antitumor drugs is the non-
covalent binding of drugs to the minor groove of DNA in order
to deregulate the replication of the cell. The principal compounds
that are used for this pathway are Distamycin and Netropsin.
The traits of these structures which are thought to be useful are
the amount of hydrogen bond donors and acceptors present as
well as their positions. The main limitation of these compounds
is their lack of anti-tumour activity. This has resulted in the
development of many hybrid derivatives to optimise binding and
specificity as well as to introduce anti-tumour activity. Drugs
that bind to the minor groove often target cancer and have
been proposed to be useful in disrupting the DNA of Protozoal
diseases like Human African trypanosomiasis (HAT) and
plasmodium diseases. The compounds that are useful for this
pathway, as well as possibly cancer chemotherapy, are guanidine
2-aminoimidazoline diaromatic derivatives, which are related
in structure to furamidine. This review focuses on some of
the general compounds whose mode of action is to bind to the
minor groove of DNA in a non-covalent manner and attempts
to discuss optimum design by looking at the interactions of these
ligands with the aim of increasing activity against protozoic
diseases and cancer.
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Introduction

DNA is often the target of drugs trying to interfere with basic cellular
mechanisms, such as cell division, and for years DNA has been the
target for chemotherapeutic action. (Henderson, D. et al. 1995). Often
diseases such as cancer or HAT interfere with cellular processes at
the DNA level and therefore treatment of such diseases employs the
use of minor groove binding drugs. There are three main modes of
action for drugs to bind to DNA - electrostatic interactions, van der
Waal forces and hydrogen bonding. They mainly target the minor
groove of DNA to cause cytotoxic effects (Khan G.S. et al. 2012).
Small crescent shaped molecules are often the basic framework that
is used in the design of these drugs (Khan, G.S. et al. 2012). This is
because the concave shape of the ligand fits into the convex shape of
the groove (Neidle, S. 2001). Hunt, R. et al. (2011) showed that linear
ligands also bind in the minor groove, using analogues of DB921.

Schematic view of hydrogen bond donors and acceptors in the A:T base pair, adapted
from Neidle S. (2001)

The minor groove is regarded as being devoid of many
molecules compared to the major groove and is therefore a great
target for these drugs (Khan G.S. et al. 2012). Drugs which target
the minor groove bond favourably in this position because of an
entropic increase due to the displacement of water bound in the
minor groove. (Neidle, S 2001). Distamycin and Netropsin are
often the primary compounds used and they have been shown to
preferentially bond to the adenine and thymine base pairs of DNA
(Wartell, R.M. et al. 1974). Their mode of action is to bind to the minor

groove temporarily and alter the structure of DNA, thus changing
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its function. This has an advantage over covalent bonding as the
binding is temporary and minimizes risk of damage to the DNA
(Khan, G.S. et al. 2012).

Main Body

When a compound binds to the minor groove it displaces the spine
of hydration in the groove. This is driven by hydrophobic forces
and results in an increase in entropy. In response to this DNA
counter-ions are released to maintain electric neutrality and the
compound is incorporated into the minor groove. The counter-ion
release manifests as a large entropic increase that favours binding.
Once this occurs van der Waal forces and hydrogen bonding are
exhibited between the compound and A-T sequences. Netropsin is
unable to bind to G-C pairs because of the amino group at position
two on guanine and binds exclusively to double stranded DNA.
This demonstrates the specificity and shape optimisation of such
compounds. (Wartell, R M. et al. 1974).
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Netropsin is a molecule which consists of two
pyrrolecarbamoyl units with an amidino group at each end of the
molecule (Khan, G.S. et al. 2012).

To synthesise new compounds which were better in their
affinity for minor groove binding, the number of pyrrole units
were increased up to six frames. This provided larger specificity for
longer chains which are high in amounts of A-T sequences and thus
increased a drug’s potency (D’Allessio, R. et al. 1994, Bailly, C. et al.
1998, Baraldi, P.G et al. 2007). An increase by six units appears to be
the limit as in an experiment by Bailly, C. et al. (1998) the twisting
of the DNA helix didn’t allow a seventh unit to be attached to the
compound in the hopes of increasing binding. To overcome the
amino group on guanine - which acts as a hydrogen bond donor
(HBD) - a solution was to incorporate a hydrogen bond acceptor
(HBA) in place of one of the pyrrole units. The most effective
functional group was an imidazole where the nitrogen that was not
bound to the methyl unit would function as the HBA (Lown, J.W.
1988).

Distamycin is distinguished by the presence of only one
cationic guanidinium group in its structure - which has at least
one more pyrrolecarbamoyl unit - and by having a longer binding
site in DNA (Neidle, S. 2001). In Distamycin A, the compound is
characterized by three oligopeptidic pyrrolecarbamoyl units ending
with an amidino group. It has a lack of antitumour activity but
specifically binds to AATT segments.
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Adapted from Baraldi P.G. et al (2007)
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Baraldi, P.G et al. (2007) used Distamycin A and a homologue
with four pyrrole units as a vector. They attached various alkylating
agents to improve its chemotherapeutic action. These include a
pyrrolo[2,1-c][1,4] benzodiazepines (PBD) group attached at the
formyl end of a variable pyrrole chain unit of Distamycin (Baraldi,
P.G et al. 1999).
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pyrrolo[2,1-c][1,4] benzodiazepines (PBD) group. Adapted from Baraldi P.G. et al 1999
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(PBD) group attached at the formyl end of a variable pyrrole chain unit
of Distamycin. Adapted from Baraldi P.G. at al (1999)
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These compounds were shown to have a much lower IC,
(uM) in vitro against T-lymphoblastoid Jurkat cells and human
chronic myeloid leukaemia K562 cells than Distamycin A itself. The
substituent chains showed a lower IC,; when they were longer. This
meant that there were extra possibilities for hydrogen bond donation
(Baraldi, P.G et al. 1999).

This minor groove binding property of compounds has
been considered not only for drugs looking to treat cancer but
also for those aiming to treat parasitic diseases such as HAT. Little
investment has been made into new clinical drugs that combat
HAT and other tropical diseases. In 2003, less than 1% of all new
chemical substances distributed treated tropical parasitic diseases,
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with some minor exceptions (Fairlamb, A.H 2003). HAT is thought
to be one of the most neglected diseases in terms of distribution,
according to the WHO. Plasmodium derived species, which cause
diseases such as malaria, are one of the exceptions to the distribution
problem but there has been development of resistant strains of these
diseases. In both of these cases new drugs need to be developed to
respond to the problem. Pentamidine has historically been used to
treat HAT but has been seen to have levels of toxicity that proved it
largely unsatisfactory for treatment (Fairlamb, A.H 2003). Even the
arsenic based drug melanosporol, which treats late stage HAT when
it breaches the CNS, is toxic (Tabernero, L. et al. 1996). 2,5-Bis(4-
guanylphenyl)furans were seen to have antiprotozoal activity
against the acute form of HAT, Trypanosoma brucei rhodesiense
(T.b.rhodesiense), much like Pentamidine but with higher levels of
activity (Das, B.P et al. 1977) and also lower levels of toxicity (Neidle,
S.2001)
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Adapted from Rozas et al 2013
The 2,5-Bis(4-guanylphenyl)furans” main mode of action is
to bind to A-T rich sequences, which causes an inhibition of key
DNA-dependant enzymes. The principle enzyme to be inhibited
is topoisomerase which replicates the kDNA within the Protozoan
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mitochondria. The specific mode of inhibition is reported to be at
the first stage of topoisomerase action - site recognition - and it has
been hypothesised by Dykstra, C.C et al. (1994) and Shapiro, T.A. et
al. (1990) that the drugs that cause this inhibition linearize the DNA.

Bis guanidine and bis 2-aminoimidazolinediphenyl
compounds have been shown to be analogous to 2,5-Bis(4-
guanylphenyl)furans structurally and, as a result, are similar
to Distamycin and Netropsin in the function of groove binding
(Rodriguez, F. et al. 2008). Both the guanidine and 2-aminoimidazoline
groups function as cations. The ligands tested in a study by
Rodriguez, F. et al. exhibited activity against T.b.rhodesiense as well
as Plasmodium Falciparum (P.Falciparum). The pathway taken was
through the P2 transporter into the protozoan, a new vector, which
has previously been resistant to most of this class of compounds,
and minimizes the development of cross resistance. The importance
of some binding interactions of parts of the ligands tested were
demonstrated by testing the activity of different scaffolds which
differed by the presence of single parts (Rodriguez, F. et al. 2008).
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guanidine (GUA)
Adapted from (Rodriguez, F. et al 2008)

2-aminoimidazoline (IMI)
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Table 1
Com- |Scaf- |Cation |X Y IC, (uM)
pound | fold | (R) T.b.rh- | P.Fal- |Cyto-
ode- ci- toxici-
siense | parum |ty L6-
cells
6a A GUA |NH - 0.022 |0.018 |[0.65
6b B GUA |NH - 4.8 1.6 49.5
6¢ C GUA |NH, |H 311.2 |>26 131.8
7a A GUA |CH, |- 0.161 [0.032 |28
7b B GUA |CH, |- 15.9 3.8 43.9
7c C GUA |CH, |H 163.7 |>27 >484
8a A IMI CH, |- 0.897 [0.0157 |63.6
8b B IMI CH, |- 49 1.7 73
8c C IMI CH, |H 2624 |>23 >425

Adapted from (Rodriguez, F. et al. 2008)

Molecules with scaffold A had IC, values that were
nanomolar in range but the other scaffolds (B and C) had values
that were only micromolar, even when the same atom was used
for (X), which indicated reduced activity. The bridging groups (X)
that produced the lower IC, values were amine, amide and ethane
bridges, which were all similar in IC, value. This was postulated
to be due to their ability to function as similar HBDs, although the
ethane bridging group is afforded more rotation and therefore has
less ability as a HBD (Rodriguez, F. et al. 2008). Compounds with the
2-aminoimidazolinium cations showed higher selectivity based on the
activity against T.b.rhodesiense than the corresponding guanidinium
ones by having higher selective indexes for DNA consisting of A-T
oligonucleotides. The 2-aminoimidazolinium derivatives had higher
DNA denaturation temperature (AT ) values and a relationship was
elucidated between this and their DNA affinity (Rodriguez, F. et al.
2008). Many sources agree that higher AT _ values are characteristic
of a molecule showing an increased affinity for binding to DNA.
This is characteristic of stronger attractive forces (Dardonville, C. et
al. 2006, Rodriguez, F. et al. 2008, Nagle, P.S et al. 2009, Nagle, P.S et
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al. 2010)

Along this line of research new groups were later tested
for their DNA binding affinity. These groups included a series
of asymmetric diaromatic guanidinium/2-aminoimidazolinium
dications. They all follow the basic shape of furamidine with
synthetic changes made to the cationic arms of the molecule and
bridging atom (X) (Nagle, P.S et al. 2009).

X
NH, HN
.
jJ\ )\
H N N N N
2 H H

Adapted from (Nagle, P.S et al. 2009)

Again, the highest changes recorded for AT_ for diaromatic
guanidinium/2-aminoimidazolinium dications were ones that had
nitrogenatomsas thebridging group (X), along with a carbonyl group.
The specificity was tested ina UV titration with separate carbonyl and
nitrogen bridges. With a mixed amount of sequences both samples
had UV shifts as the DNA was added, indicating the disappearance
of the free substance. Addition of A-T oligonucleotides produced
a stronger shift with the nitrogen bridging group representing
the complex, implying a stronger binding (Nagle, P.S et al. 2010).
Nitrogen is capable of forming strong hydrogen bonds by acting
as a HBD. Oxygen and sulphur atoms function as HBAs. Therefore
addition of more hydrogen bond donor groups could have helped
increase affinity of these molecules (Nagle, P.S et al. 2009). SPR
(Surface Plasmon Resonance) of these compounds with a methylene
and nitrogen link confirmed the nitrogen atom as having a stronger
binding constant for AATT oligonucleotides, which is what showed
the best agreement with changes in denaturation temperature. The
carbonyl linker also showed a lower binding constant for AATT but
a higher one for CG sequences (Nagle, P.S et al. 2010).

A comparative experiment was performed on Netropsin
which showed a two-fold increase in affinity compared to the tested

compounds. The large number of donor groups as well as acceptors
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is thought to be responsible for Netropsin’s performance. Repeated
experiments in comparative conditions with increased amounts
of A-T composition showed even bigger increases in temperature,
revealing the increased affinity for these nucleotides (Nagle, P.S et
al. 2009). In the case of methylene and ethylene, ethylene showed
greater affinity from a higher temperature increase. The rotation
afforded by the extra CH, could have been a contributing factor in
increasing affinity (Nagle, P.S et al. 2009).

Based off this work of asymmetric diaromatic guanidinium/2-
aminoimidazolinium derivatives, aminoalkyl derivatives of
diaromatic guanidines were measured for their strength as DNA
binders (McKeever, C. et al. 2013). The idea was to introduce an
aliphatic chain on one of the aromatic groups which would help
binding by displacing water molecules present in the minor groove.
These hydrophobic interactions improve binding which could
increase the antiprotozoal activity of the compounds (McKeever, C.
et al. 2013).

X
HCI ? nH HCI
HZNM )J\
N N NH;
n H H

n=1 X=CH2, CH2CH2, O, CO, NH 9a-e

n=2 X=CH2, CH2CH2, O, CO, NH 10a-e
n=5 X=CH2, CH2CH2, O, CO, NH 11a-e
n=8 X=CH2, CH2CH2, O, CO,NH 12a-e
n=9 X=CH2, CH2CH2, O, CO, NH 13a-e

X
- )NJH\ /©/ \©\ )'\IH\ -
HoN N N NH
> N N 2

X=CH2,CH2CH2,0,CO, NH 14a-e

X
/@/ \©\ )"J‘H\ HCI1
HoN N NH,

X=CH2,CH2CH2, 0, CO, NH 15a-e

Adapted from McKeever, C. et al 2013
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Data presented by Nagle, P.S et al. (2009) agree that while
most compounds had an increase in the AT when tested in arandom
assortment of nucleotides, the figures reported for these derivatives
were generally lower than those reported for the asymmetric
diaromatic =~ guanidinium/2-aminoimidazolinium  derivatives.
(McKeever, C. et al. 2013). Iwould suggest the aminoalkyl chain is not
a suitable replacement for the aminoimidazole group if the objective
is to bind to DNA. McKeever, C. et al. (2013) tested compounds
without the amino alkyl side chain instead using guanidine group
(14a-e). Some of this class reported the highest levels of binding in
all the tested compounds. Compounds 15a-e, monoguanidinium-
like derivatives in which an amino group replaces the aliphatic side
chain showed very poor affinity toward DNA, probably due to their
monocationic nature. This could imply the chain as the causative
agent of this increased DNA binding in some cases. McKeever, C. et
al. (2013) used wild type salmon sperm DNA so the specificity of these
compounds for certain nucleotides wasn’t tested. The highest value
(AT_=6) had oxygen and NH as their bridging groups and a chain of
four methylene units (McKeever, C. et al. 2013). The optimum length
of chain used is thought to be ones of four methylene units with n=2.
These reported the best results for chained compounds and adding
more units appeared to interfere with binding (McKeever, C. et al.
2013).

Conclusions

Considering the relationship between structural differences and
DNA binding, one can see that the parts of the ligand that attach
to DNA are important in determining the binding strength of the
ligand and its therapeutic action. It is still a matter of discussion as
to what interactions are the most important between electrostatic
interactions, hydrogen bonding and van der Waal forces. Looking at
the difference in IC, based on the scaffolds, it would imply that the
absence of a cation is more important than an aromatic ring capable
of van der Waal interactions. 6b reported 218 times less activity
than 6a whereas 6c was only 64 times less active (Rodriguez, F. et
al. 2008). Looking at figures provided by McKeever, C. et al. (2013)
and comparing the strength of binding between hydrogen bond
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donor rich ligands (14a-e) and ones that have more van der Waal
opportunities instead (9-13, a-e), it appears that maximising the
number of hydrogen bonds present in a ligand is more important
than the van der Waal forces supplied by an aliphatic chain
(Tabernero, L. et al. 1996). While Rodriguez, F. et al. (2008) see ligand
cationic groups as an important factor for binding, Tabernero, L. et al.
(1996) say that the ligand cationic groups did not show a preference
for hydrogen bonding. In this case the electrostatic interactions in
the groove could be a compromise between both observations. In
this review I mainly focused on compounds that bind specifically
to A-T nucleotides. However they are not the only type that should
be investigated. As discussed above, Lown, J.W. (1988) developed
a range of compounds, termed lexitropsins, which allow binding
to G-C pairs. Knowledge of how to optimise the right type of
interaction is going to be important to elucidate ligands that may
one day function as antitrypanosomal and antitumor drugs.

173



TriNITY STUDENT SCIENTIFIC REVIEW VoOL. I

References
BAILLY, C., & CHAIRES, ]. B. (1998). Sequence-specific DNA minor

groove binders. Design and synthesis of netropsin and distamycin
analogues.Bioconjugate chemistry, 9(5), 513-538.

BAILLY, C., & CHAIRES, J. B. (1998). Sequence-specific DNA minor groove binders.
Design and synthesis of netropsin and distamycin analogues.Bioconjugate
chemistry, 9(5), 513-538.

BARALDI, P. G, BALBONI, G., Cacciari, B., Guiotto, A., Manfredini, S., Romagnoli,
R., G. Spalluto G., Howard P.H., Thurston D.E., Bianchi N., Rutigliano
C., Mischiati C. & Gambari, R. (1999). Synthesis, in vitro antiproliferative
activity, and DNA-binding properties of hybrid molecules containing
pyrrolo [2, 1-c] [1, 4] benzodiazepine and minor-groove-binding
oligopyrrole carriers. Journal of medicinal chemistry, 42(25), 5131-5141.

BARALDI, P. G., PRETL D., FRUTTAROLO, F., TABRIZI, M. A., & ROMAGNOLI,

R. (2007). Hybrid molecules between distamycin A and active moieties of
antitumor agents. Bioorganic & medicinal chemistry, 15(1), 17-35.

D’ALLESSIO, R, GERONI, C. BIASOLI, G., PESENTI, E., GRANDI, M. &
MONGELLI, N. (1994). Structure-activity relationship of novel distamycin
A derivatives: synthesis and antitumor activity. Bioorganic & Medicinal
Chemistry Letters, 4(12), 1467-1472.

DARDONVILLE, C., BARRETT, M. P.,, BRUN, R, KAISER, M., TANIOUS, F.,,
& WILSON, W. D. (2006). DNA binding affinity of bisguanidine and

bis (2-aminoimidazoline) derivatives with in vivo antitrypanosomal
activity. Journal of medicinal chemistry, 49(12), 3748-3752.

DAS, B.P., & BOYKIN, D. W. (1977). Synthesis and antiprotozoal activity of 2, 5-bis
(4-guanylphenyl) furans. Journal of medicinal chemistry, 20(4), 531-536.

DYKSTRA, C. C,, MCCLERNON, D. R,, ELWELL, L. P., & TIDWELL, R. R. (1994).
Selective inhibition of topoisomerases from Pneumocystis carinii compared

with that of topoisomerases from mammalian cells. Antimicrobial agents
and chemotherapy, 38(9), 1890-1898.

FAIRLAMB, A. H. (2003). Chemotherapy of human African trypanosomiasis:
current and future prospects. Trends in parasitology, 19(11), 488-494.

HENDERSON, D., & HURLEY, L. H. (1995). Molecular struggle for transcriptional
control. Nature Medicine, 1(6), 525-527.

HUNT, R. A, MUNDE, M., KUMAR, A, ISMAIL, M. A,, FARAHAT, A. A., ARAFA,
R. K., SAY, M., BATISTA-PARRA, A., TEVIS, D., BOYKIN, D. W. &
WILSON, W. D. (2011). Induced topological changes in DNA complexes:
influence of DNA sequences and small molecule structures. Nucleic acids
research, 39(10), 4265-4274

KHAN, G. S,, SHAH, A., & BARKER, D. (2012). Chemistry of DNA minor groove
binding agents. Journal of Photochemistry and Photobiology B: Biology, 115,

174



CHEMISTRY

105-118.

LOWN, J.W (1988). Lexitropsins: rational design of DNA sequence reading agents
as novel anti-cancer agents and potential cellular probes. Anti-Cancer Drug
Des. 3, 25

MCKEEVER, C. KAISER, M., & ROZAS, 1. (2013). Aminoalkyl derivatives
of guanidine diaromatic minor groove binders with antiprotozoal
activity. Journal of medicinal chemistry, 56(3), 700-711.

NAGLE, P. S, QUINN, S. J, KELLY, J. M., ODONOVAN, D. H., KHAN,
A. R, RODRIGUEZ, F., BINH, N. W.,, WILSON D., & ROZAS, I
(2010). Understanding the DNA binding of novel non-symmetrical
guanidinium/2-aminoimidazolinium derivatives. Organic & biomolecular
chemistry, 8(24), 5558-5567.

NAGLE, P. S, RODRIGUEZ, F., KAHVEDZIC, A., QUINN, S. J., & ROZAS, I
(2009). Asymmetrical diaromatic guanidinium/2-aminoimidazolinium
derivatives: synthesisand DNA affinity. Journal of medicinal chemistry, 52(22),
7113-7121.

NEIDLE, S. (2001). DNA minor-groove recognition by small molecules. Natural
product reports, 18(3), 291-309.

RODRIGUEZ, F., ROZAS, 1, KAISER, M., BRUN, R., NGUYEN, B., WILSON,
W. D, GARCIA, RN, & DARDONVILLE, C. (2008). New bis
(2-aminoimidazoline) and bisguanidine DNA minor groove binders with
potent in vivo antitrypanosomal and antiplasmodial activity. Journal of
medicinal chemistry, 51(4), 909-923.

SHAPIRO, T. A., & ENGLUND, P. T. (1990). Selective cleavage of kinetoplast
DNA minicircles promoted by antitrypanosomal drugs. Proceedings
of the National Academy of Sciences, 87(3), 950-954. Linearize kDNA with
pentamidine.

TABERNERO, L., BELLA, J., & ALEMAN, C. (1996). Hydrogen bond geometry in
DNA-minor groove binding drug complexes. Nucleic acids research, 24(17),
3458-3466.

WARTELL, R. M., LARSON, J. E.,, & WELLS, R. D. (1974). Netropsin a specific
probe for at regions of duplex deoxyribonucleic acid.journal of Biological
Chemistry, 249(21), 6719-6731.

175



	_GoBack
	_Ref408655546

