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Introduction
Based on statistical data it is known that cancer is the second most
common cause of death. It is predicted that in the next decade, the
number of diagnosed patients will rise to 22 million, and so it is
extremely important to find effective treatment for this illness.
However, there is no common therapy for cancer, due to different
tumour types, origins and stages.
Nowadays, there are many possibilities for the treatment of cancer
patients, such as surgical intervention or radiotherapy and
immunotherapy. However, the use of chemotherapy (treatment with
medications) still remains of great importance, although, the vast
majority of chemotherapeutic drugs today can cause serious side
effects. Targeted tumour therapy may offer an opportunity to
overcome this problem by conjugation of chemotherapeutic drugs to
tumour specific carriers. These carrier molecules can selectively
deliver drugs to tumour cells, therefore, serious side-effects can be
avoided. Such tumor-specific carriers might be peptide antagonists,
which can selectively inhibit receptors that play key roles in tumour
angiogenesis or in the migration of metastatic tumour cells.

The topic of my research is based on a special type of targeted
tumour therapy, the so called "dual-targeting" tumour therapy.
According to this, I have worked with NGR sequence (Asn-Gly-Arg)
containing peptides known that can specifically bind to CD13
receptors which are overexpressed on tumour cells and on tumour
neovasculature. This motive is prone to succinimide-ring formation,
which results in aspartyl and isoaspartyl (DGR and isoDGR)
derivatives. The isoaspartyl derivatives are recognized by RGDintegrins, which are also essential for tumour cell invasion and
metastasis. Therefore, the use of NGR-peptides might provide
simultaneous and selective targeting both of CD13 and RGD-integrin
receptors.
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Figure 1. NGR-peptides as dual targeting molecules

Aims
The aim of my thesis was to develop new small, cyclic NGRpeptides that can be used in "dual-targeting" conjugates. For this
purpose, my research work is divided into two main parts:
In the first step, new, thioether linked cyclic NGR-peptides with
different ring-size were aimed to develop. With these model
molecules, the susceptibility of succinimide-ring formation could be
studied. These peptides may provide the targeting moiety of
conjugates suitable for targeted tumour therapy through both
receptors by their APN/integrin "switch" property. Therefore, I
wanted to investigate the deamidation rates of the cyclic NGRpeptides, and to establish structure - stability relationships, that can
be used to predict the stability of cyclo-NGR peptides as carrier
molecules in conjugates.
In the second step, based on the structure-stability results, I wanted to
select some cyclic NGR peptides with different deamidation
propensity as targeting unit for the development of peptide – drug
conjugates. For this purpose cyclic NGR-peptides were intended to
be elongated with two types of enzyme-labile spacer (GFLGreleased within the cell, GPLGVRG - released on the cell surface)
and conjugated through oxime-bond to a chemotherapeutic drug,
daunomycin. The study of the stability of the conjugates as well as
their metabolism in the presence of digestive enzymes lysosomal
homogenate and MMP2 enzyme) was also planned. Our goal was to

test the cytotoxicity and cytostatic effect of the conjugates in vitro on
CD13 receptor positive and negative cells. From these results I
wanted to establish structure-antitumour activity relationships,
focusing on the selectivity and on structural elements which are
responsible for the dual-acting property.

Methods
Peptide synthesis: The cyclic NGR-peptides and their conjugates
were synthesised manually by solid phase peptide synthesis using
Fmoc/tBu strategy on Fmoc-Rink Amid MBHA and Rink-Amid 2CT
resins. Through the peptide synthesis, a modified, less basic Fmoccleaveage mixture containing HOBt was used, to avoid the
succinimide-ring formation/opening. Cyclisation of the peptides (
forming amide-, disulphide-, thioether-bond) was followed by
conjugation of daunomycin via oxime-bond formation, in solution.
Purification and characterization of peptides and conjugates: The
peptides and conjugates were purified on reverse phase HPLC
followed by characterization with analytical HPLC and mass
spectrometry (ESI-MS).
Determination of the structure with electronic circular dichroism
(ECD) and nuclear magnetic resonance (NMR):
The structure of the small cyclic NGR peptides were studied by using
ECD and NMR spectroscopy, in order to investigate stabilitystructure relationships.

Studies on stability: The chemical stability of the cyclic NGRpeptides and conjugates were tested in different solutions and
followed by off line analytical HPLC and mass spectrometry. To
examine the behaviour of conjugates to enzymatic degradation, LCMS technique was applied.
In vitro cytostatic, cytotoxic and cell-uptake measurements: The
cyclic NGR-peptide-daunomycin conjugates were tested on CD13
receptor positive and negative cell lines (HT180 fibrosarcoma and
HT-29 human adenocarcinoma) with PrestoBlue viability reagent and
flow cytometry.

Results and discussion
During my PhD work I aimed to develop dual-targeting cyclic NGRpeptides and peptide conjugates to target two receptor families (RGD
integrins and CD-13) that play an important role in tumor growth and
metastasis. The novel developed cyclic NGR-peptides were based on
two NGR molecules (cyclo[CNGRC] and cyclo[KNGRE]) known
from the literature, but they have not been studied yet from this point
of view. In my research new thioether bond containing cyclo-NGR
peptides were prepared, instead of the disulphide bridge and amide
bonds. This cyclisation method is much simpler compared to amide
bond-formation, and more stable compared to disulfide-bridge in
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these experiments, four cyclic NGR-peptides were selected as
targeting moieties for the development of peptide – drug conjugates.
The conjugates contained daunomycin via two different enzyme
labile spacers. We determined the cytostatic and cytotoxic effects of
the conjugates in vitro on CD13 receptor negative and positive cells.
In the following, the results of the synthesis, structure and stabilitybiologial studies of cyclic NGR-peptides and their conjugates will be
summerized.
I. Cyclic NGR-peptides
- Based on the cyclic NGR peptides mentioned in the literature (cyclo
[CNGRC]-NH2 and cyclo[KNGRE]-NH2), five new 15-, 16- and 18membered thioether-linked cyclic NGR-motif containing peptides
were designed and synthesised.
- Important observations regarding the effective synthesis of
cyclopeptides have been made.
- The stability of cyclo-NGR peptides in various media (acidic,
neutral, basic solutions and cell culture medium) was investigated
and the resulted products were identified using model peptides.
Based on the obtained results, I established a stability hierarchy,
where
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rearrangement is the cyclo[CH2CO-NGRC]-NH2 with the smallest
ring (15-membered).

II. Stability-Structure relationships of cyclic NGR-peptides
- The data on structure of the cyclic NGR-peptides, aquired by ECD
and NMR spectroscopy, revealed that the peptides have significant
internal dynamics and only in a few cases can a dominant conformer
be observed. In addition, the structures contain many, mostly
distorted, turn-conformers.
- From the comparison of structure-, and stability studies we found
that basically two factors influence the stability of cyclic NGRpeptides: the ring flexibility and the distance (d(N-C)) of the
functional groups creating the succinimide-ring (NGly and COAsn

side-

chain

).

- The flexibility of the ring is influenced by the H-bridges formed
within the peptide-backbone and between the peptide-backbone and
side-chains. The higher number of H-bridges in the cyclo-NGRpeptide correlates to the higher resistance against deamination.
- The distance between the functional groups took part in the
succinimide ring formation is logically related to stability: their
closer distance lead to a greater likelihood of the deamidation step.
The effect of d(N-C) on succinimide-ring closure in Tris buffer,
under basic conditions after 48 hours, is the most dominant. At this
point, a linear proportionality can be observed between the
deamidation rates and the d(N-C) values (Figure 2).
- It has been found that the high stability of the cyclo[KNGRE]-NH2
peptide can be explained by the fact that the HNGly is involved in the

formation of a H-bridge, so that the release of the proton is not
beneficiary.
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Figure 2: The relationship between d(N-C) and stability

III. Ciklikus NGR-peptid-daunomicin konjugátumok
- Based on the stability of the formed cyclic NGR peptides, four (the
two most stable and the least stable ones) were chosen, which could
be suitable as targeting molecules in conjugates.
-

The

conjugates

contained

daunomycin,

a

well

known

chemotherapeutic drug, as drug molecule. Daunomycin was
conjugated via oxime-bond through two enzymes labile spacers.

These enzyme labile spacers allow intracellular (GFLG spacer,
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B)

or

extracellular

(GPGVRG spacer, digestive enzymes on cell surface MMP-2)
release of a daunomycin containing metabolites from the conjugates.
- The drug-spacer moieties were built in into the conjugates by
elongation the C-terminal of cyclic NGR peptides, or to the lysine
side chain, where it was possible (sequence contained lysine in the
cycle). Altogether 12 conjugates were prepared.
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Figure 3: Structure of cyclic NGR-peptide-daunomycin conjugates

IV. Stability of cyclic NGR-peptide-daunomycin conjugates and
behaviour against digestive enzymes
- The stability of the conjugates was investigated in serum containing
cell culture medium to aquire a more clear picture about the ratio of
NGR/isoDGR/DGR conjugates in in vitro system. The results
showed that the stability of the conjugates could not be deduced from
the stability of unconjugated cyclic NGR-peptides, because it was
influenced by a number of other factors (conjugated drug, enzyme
labile spacer sequence, etc.).
- The behaviour of the conjugates was also studied against the
digestive enzyme corresponding to the two different spacers (rat liver
lysosomal homogenate or isolated MMP-2 enzyme) after 6 and 72
hours incubation.
- Among the conjugates containing the GFLG spacer, two groups can
be distinguished: a "fast" degradable, which metabolised totally
during 6 hours, and a "slowly" degradable compounds. The
differences are probably due to sterical reasons. In accordance to the
literature, there was no free drug release observed, but the Dau=AoaGly-OH as the smallest active metabolite was detected under the
these conditions.
- For conjugates containing the GPLGVRG spacer, however, two
extremes can be found: a conjugate which is fully metabolised after
72 hours and an undegradable conjugate.

V. In vitro measurements of cyclic NGR-peptide-daunomycin
conjugates
- The in vitro biological measurements on CD13 positive and
negative cells showed, that the conjugates containing the GFLG
spacer, elongated through the C-terminal had dual-targeting (CD13
and RGD-integrin) properties. However, branched conjugates (GFLG
spacer built through the lysine side-chain) might be ideal for
selective CD13 receptor targeting. To better understand the
antitumour effect of the conjugates cell-uptake measurements were
performed. Taking into accont the lysosomal degradation data,
correlation between cell uptake and antitumor activity was identified.
- Based on the results, it can be concluded that those two conjugates
containing the GPLGVRG spacers had in vitro antitumor activity,
that was extremely degradable or completely resistant against MMP2 enzyme. Both active compounds were almost equally effective on
both cell types, so they can be regarded as dual-acting conjugates.
However, it should be pointed out that the minimally metabolised,
amide-linked, branched conjugate, had an effect similar to the free
drug.

Summary
Accordingly, to my aims, dual-targeting cyclic NGR-peptides and
peptide-conjugates have been developed that can target two receptors

(families) (RGD integrins and CD-13) that play an important role in
tumor growth and metastasis.
For the cyclisation of the new NGR-peptides, I have introduced
thioether-bond formation, which is a much simpler method and
results in more stable bond compared to disulphide-bridge and
amide-bond. The chemical characteristics and structural studies of
the new cyclo-NGR peptides was investigated. Taking into account
the information gained from these experiments, four cyclic NGRpeptides were selected as targeting moieties for drug conjugation.
Daunomycin was introduced to the conjugates through two kinds of
enzyme labile spacers. The in vitro cytostatic and cytotoxic effects of
the conjugates were tested on CD13 receptor negative and positive
cells. Antitumour activity was interpreted by the results of cell uptake
and metabolic stability studies.
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