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Peptidomimetics and Angiogenesis
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Abstract:Angiogenesis is the sprouting of new blood capillaries from surrounding preexisting blood vessels. This
process is fundamental for embryonic development, wound healing and inflammation. In healthy adults angiogenesis
is of minor importance. However, aberrant angiogenesis is essentially involved in disorders as diabetic retinopathy,
rheumatoid arthritis and tumor growth, and blocking angiogenesis has emerged as a promising target for antagonizing
these diseases. Therefore the development of new anti-angiogenic drugs is of great interest in academic and industrial

research.

This review focuses on the employment of peptidomimetics in inhibiting pathologic angiogenesis. It will survey the
individual aspects of angiogenesis where the usage of peptidomimetics is favored and will consider the current

progresses on this field.
1. INTRODUCTION

Angiogenesis, or neovascularization, is the process in
which new blood capillaries are formed from the
surrounding pre-existing blood vessels. This process is of
fundamental importance for embryogenesis, development,
wound healing and inflammation. In healthy adults
angiogenesis occurs normally only in the female
reproductive tract. On the other side, aberrant
neovascularization takes place in diabetic retinopathy,
chronic inflammatory diseases and malignant processes [1].
Due to the observation that an adequate blood supply is
necessary for tumor growth, Folkman postulated in 1971 that
inhibitors of angiogenesis are of potential use in cancer
therapy [2]. Subsequent investigations revealed that not only
tumor growth but also tumor metastasis depends on
angiogenesis [3,4]. In 1999 Richard Klausner, director of the
U.S. National Cancer Institute, designated the development
of antiangiogenic therapies for cancer as an issue of national
priority. In the recent years many endogenous regulators of
angiogenesis have been isolated and identified. Among the
most important positive regulators are growth factors like
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), tumor necrosis factor a (TNF-a) and
transforming growth factor b (TGF-b) [5]. An additional
component controlling the progress of neovascularization on
several stages is a protein derived from endothelial cells,
SPARC (secreted protein, acidic, cystein-rich). The
proteolytic degradation of SPARC generates fragments
containing the sequence Gly-His-Lys which stimulates
angiogenesis both in vitro and in vivo [6-8]. Two of the most
potent negative regulators are endostatin [9] and angiostatin
[10,11].
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Angiogenesis is a complex process which covers the
following steps (scheme 1). First the endothelial cells (EC)
and pericytes are activated by the angiogenic growth factors,
the majority of which binds to receptor tyrosine kinases.
Ligand binding triggers receptor dimerization and
subsequent autophosphorylation of tyrosine residues [12].
The subsequent signalling cascade can be divided in two
major pathways which are illustrated in scheme 2: The
protein kinase b pathway (PKB or Akt) and the Ras-Raf-
kinase pathway. The initial step of the first pathway is the
activation of the PI3(phosphatidylinositol)-kinase, which
yields in higher levels of the second messenger 3,4,5-
phosphatidylinositoltrisphosphate  (PIP3). Activation of
PDK-1 by PIP3 leads to the phosphorylation of PKB which
is a known mediator of cell survival [13]. The stimulation of
endothelial NO-Synthase (eNOS) by PKB induces the
synthesis of the second messenger NO which finally leads to
the cellular response in this branch.

The Ras-Raf-pathway transduces the growth factor
receptor signal via a phosphorylation cascade of certain
kinases as the MAP kinase [14]. The MAP kinase in turn is
responsible for the activation of the transcription factor Ets-1
[15,16]. In endothelial cells Ets-1 is crucial for the activation
of numerous genes involved in cell cycle control and
proliferation. Both pathways result in the expression of
matrixmetalloproteinases ~ (MMPs),  urokinase  type
plasminogen activators (UPA) and integrins on the cellular
surface.

To initiate the formation of new capillaries, endothelial
cells of existing blood vessels have to degrade the
underlying basement membrane and invade into the stroma
of the neighboring tissue [17]. These processes of
endothelial cell invasion require the activity of proteases like
collagenases, plasminogen activator and MMPs. Then the
endothelial cells migrate within the extracellular matrix
towards the angiogenic stimulus. This migration is enabled
by integrins and the continuous action of proteases. After the
formation of a new capillary lumen and the appearance of
pericytes around the new forming vessel, a new basal lamina
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Scheme 1. The complex process of angiogenesis comprises the following steps: A) endothelial cell activation by growth factors and (B)
subsequent degradation of the blood vessels* basement membrane by proteinases (collagenases, plasminogen activator), C) migration and
proliferation of endothelial cells towards the angiogenic stimulus. Matrix metalloproteinases are recruited for extracellular matrix remodeling
also during this step; D) formation of a new basement membrane around the immature blood vessels and merging of the ends of two
outgrowing blood vessels (anastomosis). In general tumor vascularization also stimulates tumor growth.

is developed. Finally, the anastomosis of the proximal ends
from two new forming vessels enables the blood flow [18].

Each of the processes described above represent possible
points of pharmacological intervention. This review will
focus on the application of peptidomimetics [19] that target
at different key players of the angiogenic process.

2.1 Peptidomimetics and Integrins

Integrins are one major class of cell surface glycoproteins
which act as receptors for cell-cell and cell-matrix
interaction [20,21]. These interactions are critical for
important biological phenomena such as cell morphology,
differentiation, organogenesis, angiogenesis and blood
clotting. All integrins are heterodimers consisting of an a-
subunit and a smaller b-subunit. Each of these subunits have
a large extracellular portion, a single transmembrane domain
and a short cytoplasmatic tail [22,23]. The integrin family
includes at least 16 different a- and 8 b-subunits, which
associate with each other to form more than 20 distinct
integrins. The individual integrins are specific for different
cell types, they have their own binding specificity and
signaling properties. One member of this receptor class is the
aybs-integrin  (vitronectin receptor). The a,bs-integrin

mediates the adhesion of endothelial cells to the extracellular
matrix by interaction with the tripeptid motif RGD (Arg-
Gly-Asp). Binding of this ligand occurs in multivalent form
and leads to a clustering of a,bs-integrins [24]. This in turn
initiates an intracellular signaling cascade which supports
both, migration of endothelial cells and protection of the
cells from apoptosis [25]. In contrast interaction of abs-
integrins with monovalent ligands or their analogs induces
apoptosis in migrating endothelial cells and therefore
prevents neovascularization [26]. New insights into integrin
function and regulation have been provided recently by
solving the crystal structure of the extracellular segment of
the abs-integrin [27]

The RGD sequence is a structural element of proteins
belonging to the extracellular matrix, like vitronectin,
fibronectin, osteopontin, thrombospondin and von
Willebrandt factor. It also occurs in the blood protein
fibrinogen, which is essential for blood coagulation. The
RGD group serves not only as a ligand for the abs integrin,
but also as ligand for additional integrins, e.g. asby, aby,
aybs, aybg as well as for the platelet integrin ajpbs
(fibrinogen-receptor). The specificity of the integrin-RGD
interaction is generated by a combination of variations in the
RGD conformation in different proteins and contributions of
sequences near the RGD moiety [21]. Structure-activity
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Scheme 2. Growth factor induced expression of MMPs and integrins. Growth factors bind on specific receptor tyrosine kinases (RTK) which
transduce the signal through the plasma membrane by phosphorylation of distinct tyrosine residues (not shown). The different kinases PI13K
and Ras are in turn activated by individual adaptor proteins leading to a branching of the transduction pathway at this point. PI3K-pathway:
Activated PI3K phosphorylates the PIP2 to the second messenger PIP3. PIP3 stimulates PDK-1 which phosphorylates Akt/PKB. The
phosphorylated pkb induces synthesis of NO by activation of eNOS. The increased levels of NO leading to the cellular response. Ras-Raf
pathway: The signal is transduced by a cascade of kinase activation by phosphorylations (Raf, MEK, MAP). MAP phosphorylates the
transcription factor Ets-1 which is than translocalized to the nucleus, resulting in transcription of certain genes.

relationships revealed that the replacement of glycine by
alanine or aspartate by glutamate within linear RGD-
containing peptides prevent recognition and binding of the
resulting peptides by the integrins [28]. For a long time the
search for RGD analogs was driven by the demand for
potent, selective and orally available apbs-antagonists as
inhibitors of platelet coagulation [29,30]. These
anticoagulants constitute the first clinically valuable anti-
integrins and represent an important contribution for the
treatment of thromboembolic diseases. Encouragement

obtained by the considerably successful results together with
further insights into the importance of angiogenesis for
tumor growth and metastasis prompted several groups in the
pharmaceutical industry and the universities to search
extensively for antagonists of the endothelial cell integrin
a,bs in order to block angiogenesis.

One major problem in the design of a,bs-antagonists is
their selectivity with regard to other integrins. A suitable
antagonist should have high affinity to the vitronectin
receptor as well as favorable pharmacokinetic properties. It



494  Mini Reviews in Medicinal Chemistry, 2002, Vol. 2, No. 5

Giannis et al.

H
N\rrNHz

NH

Fig (1). Cyclopentapeptide c(RGDfV).

is desirable to develop potent, selective and orally available
nonpeptidic ligands. The oral availability is of particular
importance since it will be necessary in cancer therapy to
block angiogenesis for a long period of time.

In order to elucidate the recogition and binding of the
RGD motif by the a,bs-integrin H. Kessler and co-workers
incorporated this tripeptide sequence into different
cyclopentapeptides. The affinities and selectivities of the
individual cyclopeptides towards individual integrins were
investigated, revealing the cyclopentapeptide cyclo(Arg-Gly-
Asp-D-Phe-Val) (c(RGDfV)) 1 as a selective and potent
inhibitor for the vitronectin receptor with an 1C50 value of
50 nM [31,32].

According to NMR-spectroscopic investigations in
solution the cyclic peptide shows a bll”/g-turn arrangement.
As expected for a D-amino acid the Phe occupies the i+1
position of the bll’-turn and therefore determines the
positioning of the remaining amino acids, Resulting in an
antiparallel arrangement of the side chains of arginine and
aspartate and the location of the glycine in the central
position of the gturn. The distance between the b-carbon
atoms of the Asp- and Arg- side chains within peptide 1 was
determined to be 0.69 nm, that is considerably shorter than
the distance that was thought to be optimal for recognition
by the ajpbs-integrin (0.75 - 0.85 nm). To get further
insight, all possible stereoisomers of peptide 1 and of its
retro-sequence were synthesized (32 peptides) [33].
Interestingly the retro-inverso derivative c(-vFdGr-) showed
a drastically reduced affinity towards the abs-integrin. This
is explained by a conformation different from that of peptide
1. More importantly, another peptide, c(-VfdGr-), shows
nearly no affinity to the vitronectin receptor albeit its
identical side chain orientation compared with 1. This
indicates that not only the side chains but also the peptide
backbone contributes to receptor binding by formation of at
least one hydrogen bond. Furthermore assigning appropriate
amino acid residues to the positions flanking the RGD motif
are essential for high affinity. Therefore, a sterically

demanding lipophilic group in position 4 (D-Phe) is required
for the biological activity of cyclopeptide 1. On the other
hand the L-valine can be replaced by virtually any other
amino acid.

Evidence that cyclopeptide 1 is suitable as blocker of
angiogenesis was presented by Brooks et al. [26]. The authors
implanted human melanoma tissue on the chorioallantoic
membrane (CAM) of 10 days old chick embryos. After 24
hours a single dose of peptide 1 (300 mg/100 ml) was
administered intravenously which led to interruption of
tumor neovascularization. A control peptide cyclo-(Arg-Ala-
Asp-D-Phe-Val) had no influence on growth of new blood
vessels. Comparable results were achieved with monoclonal
antibodies against a,bs-integrin. In this case, a regression of
different tumors implanted on CAM was observed. It is
important to note that this treatment had no influence on
already existing vessels of the CAM. These studies showed
for the first time that a,bs-antagonists are potentially
beneficial in the therapy of malignant diseases and other
disorders characterized by excessive angiogenesis. More
importantly, in subsequent studies Hammes et al. [34].
showed that in a mouse model of hypoxia-induced retinal
neovascularization twice daily administration of 1 to 20 mg
peptide 1 per kilogram of body weight reduced capillary
proliferation in a dose-dependent manner without obvious
side-effects.

Following the Kessler approach further a,bs-antagonists
with a RGD-sequence which has been incorporated in a
cyclic peptide backbone have been published by academic
and industrial research groups (Figure 2) [35-39].

Additionally, also the linear peptides or related structures
as aza or azacarba peptides [40] with high affinity and
selectivity for the vitronectin receptor have been rationally
developed [41].
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Table1l.  Activity of RGD Peptidomimetics Against Integrin ay,b3 and Integrin ajjpb3

compound 1C5q aybgz [nM] IC50 a1pbz [NM] Ref.
2 30000 42
4000 - 43
20 > 10000 44
50 4000 45

2,8 1300
46
0.7 - 48

802 CH3
4 9000 49
“—COOH

More recently a number of non-peptide a,bs-antagonists
have been described. These compounds are all composed of
a central scaffold which acts as a spacer bearing the
appendages carrying the carboxylate and the guanidino
group (or mimetics thereof) in an appropriate distance and
orientation. As central scaffolds among others bicyclic and

tricyclic benzodiazepines [42,43], hydantoines [44], purines
[45], substituted benzoic acids [46,47] isoxazolines [48] and
dibenzocycloheptanes [49] have been used successfully with
good to excellent selectivity towards the aybs- over the
apbs-integrin (Table 1).
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Fig. (2). Selected cyclic and linear peptidic antagonists of integrin avbs.
All structures share a common feature. They carry a Fortunately, many of these novel compounds

hydrophobic residue, preferentially a benzyl moiety, which
is located next to the carboxylate or incorporated into the
central scaffold, suggesting the existence of a hydrophobic
pocket. Furthermore, the basic guanidino group has been
substituted by different mimetics which show enhanced
activities and positively influence pharmacokinetic aspects
as increased oral availability [49].

Benzimidazoles, aminopyridines, aminopyrimidines and
the corresponding saturated heterocyles turned out to be
suited for this purpose. The additional spatial requirements
caused by this substitution indicate that the inhibitors (and
the natural ligand) are bound to the vitronectin receptor in a
“side-on” and not in an “end-on” manner.

demonstrate their activity not only in isolated receptor and
cellular assays but also in vivo. For example, SCH221153
inhibited bFGF induced angiogenesis in the CAM assay and
the growth of tumor xenographts in SCID mice [46]. The
RGD analogue SC68448 demonstrated significant activity
against Leydig cell tumor growth [47]. Currently a N-
methylated derivative of c¢(RGDfV) 1 EMD121974 is in
clinical trials (phase I/11) for the treatment of HIV related
Kaposi's sarcoma and for progressive or recurrent anaplastic
gliomas (protocol IDs JHOC-NABTT-9911, NABTT-9911,
AMC-023) [50].
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Batimastat 2
Fig (3). Structures of Batimastat 2 and Marimastat 3.

2.2 Peptidomimetics
(MMPs)

and Matrixmetalloproteinases

The MMPs are a family of zinc-dependent neutral
endopeptidases that are capable of degrading essentially all
components of the extracellular matrix (like fibrillar and
nonfibrillar collagen, gelatin, myelin, laminin, fibronectins
and elastin). The human MMP-family consists of at least 20
members which can be divided into five classes according to
their primary structure and substrate specificity: collagenases
(MMP-1, MMP-8 and MMP-13), gelatinases (MMP-2 and
MMP-9), stromelysins (MMP-3, MMP-7, MMP-10, MMP-
11 and MMP-12), membrane type (MT)-MMPs (MT1-
MMP, MT2-MMP, MT3- MMP and MT4- MMP, Mt5-

S2

Marimastat 3

MMP) and nonclassified MMPs [51,52].

The MMPs are composed of a signal peptide, a
propeptide domain, a catalytic domain with a highly
conserved zinc-binding site and a haemopexin-like domain
(with exception of MMP-7) that is linked to the catalytic
domain by a hinge region [53]. In addition, the MMP-2 and
MMP-9 contain fibronectin type Il inserts within the
catalytic domain which can be bound by the integrin abs
[54].

Like most proteases the MMPs are secreted as
proenzymes that are proteolytically activated in the
extracellular matrix. In the proenzymes the access to the
catalytic pocket is blocked by a covalent interaction between
a cystein residue of the propeptide chain and the zinc atom in
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Scheme 3. Schematic illustration of the MMP-active site.
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Scheme 4. Succinyl hydroxamat - MMP interactions. The residues R and R3 point at the pockets formed by the enzyme. (Numeration

follows that of MMP-1).

the catalytic site. Cleavage of the propeptide chain results in
the activation of the enzyme by unblocking the catalytic
pocket.

In the next step one MMP s activated by another via the
proteolytical cleavage of the propeptide region building up a
complex and only partially deciphered network of proteases.

The proteolytic activity of the MMPs is inhibited by
nonspecific endogenous inhibitors, like a2-macroglobulin
and al-anti-protease, and also by the specific tissue
inhibitors of metalloproteinases (TIMPs) [55]. The TIMP-
family consists of four structurally related proteins (TIMP-1,
-2, -3 and -4). These proteins control the activity of MMPs
by inhibiting both, the active form of the MMPs and their
activation process. The inhibition is achieved by forming a
noncovalent stoichiometric complex with the active zinc-
binding site of MMPs and pro-MMPs [56].

Gelatinase A and B play an important role in
angiogenesis. Latent gelatinase A and B are secreted by
endothelial cells and the recent in vitro and in vivo studies
have implicated gelatinases in angiogenesis. In a Matrigel-
assay the addition of recombinant gelatinase A increased the
formation of tubular networks, whereas it was decreased by
the addition of a neutralising antibody or TIMP-2 [57].

The first peptide derivative MMP-inhibitors were
designed on the basis of the substrate structure and the
sequence of the active site. In the last years X-ray and NMR-
investigations of the MMP inhibitor complexes have opened
up the possibility for the rational design of non-peptide
MMP-inhibitors. Also quite a lot of SAR-studies have been
conducted, so today the requirements of an inhibitor are well
known and there is the possibility to develop new selective
or broad-spectrum MMP-inhibitors [53-59]. The most
prominent and well-studied inhibitors for MMPs are the
peptidomimetic compounds batimastat 2 and marimastat 3.

The active sites of the different MMPs contain a highly
conserved sequence motif ( HEXXHXXGXXH ) which
coordinates the zinc(ll) ion and besides comprises of a
likewise conserved glutamate residue which acts as a proton
acceptor during the proteolysis. Apart from this, four pockets
and four residues can form hydrogen bonds to amide groups
on the right side of the catalytic centre (see scheme 3). Since
the left side of the catalytic centre shows only subtle
differences between the individual MMPs, this region is not
suitable for individual interactions and therefore of minor
interest for the development of selective MMPI.

All inhibitors share a zinc binding group (which can be a
carboxylic acid, a sulfhydryl or a hydroxamic acid),
functional groups which can build hydrogen bonds to the
enzyme backbone and some side chains that are able to
interact effectively with the pockets.

Meanwhile it has been shown, that the hydroxamic acid
is the most potent zinc binding group, due to its bidentate
ligand nature with its oxygen at an optimal distance from the
active site zinc(ll) ion [60,61]. Many carboxylic acid
derivatives have also been tested, since the carboxylate is a
precursor to the hydroxamic acid, and some have revealed to
be effective MMP inhibitors. Compound Bay 12-9566 4 is
the most prominent representative of this inhibitor class and
is in phase Il of the clinical trials for cancer (Figure 4) [62].

Substituents in a-position to the zinc binding group can
be varied in order to increase the activity against MMP-1 and
MMP-3; a simultaneous truncation of the residues at R2 and
R3 leads to a selectivity for MMP-1, MMP-8 and MMP-13
over other MMPs [63]. This position can also be used to
introduce polar groups to enhance the oral availability,
which was realized in the case of marimastat [64].

The major determinant for activity and selectivity is the
substituent R1 (Scheme 4). It has been shown that the pocket
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Fig (4). Structure of synthetic MMP inhibitor Bay 12-9566.

S1 at this position is very small for MMP-1 and MMP-7, so
using long alkyl or phenylalkyl residues for R1 provides
selectivity over these two MMPs. However, this condition is
not absolute, since the obstructing Arg-214 (MMP-1
numbering) can undergo conformational changes in the case
of individual substituents. (As for a phenolic residue in
MMP-1) [65]

Further SAR-studies revealed, that charged or polar
groups are not tolerated at this position [53,61].

For the R2 residue a wide range of substituents are
tolerated, but it was shown, that bulky alkylic groups are
very well suited for the oral bioavailability [66]. The bulky
group shields the adjacent amide bonds, which reduces their
hydration. This results in a lower desolvation barrier which
must be passed by the absorption to a lipophil environment
like cell membranes [67]. The residue can also be cyclised
with Ra or R3.

In the R3 position a wide range of substituents is
accepted, although aromatic residues improved the activity
against MMP-3 [68]

The amide backbone is more sensitive, since N-methyl
derivatives or reverse amides have a significant lower
activity. Only certain amide isosteres are tolerated in the
second amide position [69-71].

In recent years many synthetic peptidomimetic and non-
peptidomimetic inhibitors of the MMPs have been
discovered and evaluated in pre-clinical and clinical studies.
Some of them are in the phase II/1Il of clinical studies as
anticancer drugs.

Batimastat 2 was the first MMPI that was tested
clinically. It is a succinyl hydroxamic acid derivative which
mimics the collagen structure. Due to its extreme poor
solubility in water it was applicated intraperitoneally or
intrapleurally. Batimastat is a potent but nonselective MMPI,
with 1Cgq values in the low nanomolar range. (less than 10
ng/mL for MMP-1, -2, -3, -7, -9). While this agent inhibited
tumor growth and metastasis in animal models, the clinical
trials were stopped due to the lack of orally availability [72-
74].
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Marimastat 3, an succinyl hydroxamic acid derivative
which is in contrast to batimastat orally available, was tested
in several clinical trials [75]. It is also a broadspectrum
MMPI which has ICsq values in the low nanomolar range

for several MMPs (less than 5 ng/mL for MMP-1, -2, -7, -9).
Preclinical studies revealed the reduction of the number and
size of metastases of lung and breast cancer in treated versus
control animals [76]. Preclinical toxicological studies with
high doses (100 to 500 mg/kg/day) of marimastat showed
many side-effects like gastrointestinal toxicity, weight loss
as well as hemorrhage, fibrosis, inflammation and necrosis at
periarticular ankle and knee tissues [77]. Furthermore several
phase I-11 studies of lung, colon, ovaries, prostate, pancreas
and other tumors have shown that marimastat can be
administered in doses of 2-100 mg twice a day, the principal
toxic effect in these studies was the appearance of a dose-
limiting inflammatory polyarthritis, which was reversible.
This side-effect is known as the musculoskeletal syndrome
(MSS). The side-effects of marimastat have been linked to
its nonselective character. So the current view is directed to
the development of selective inhibitors that target only those
enzymes which play a role in the given disease. Some
selective peptidomimetic and non-peptidomimetic MMPI
have been synthesised and evaluated [63-79].

These MMPI are depicted in Table 2. However, only
Bay-129566, a highly selective deep pocket non-
peptidomimetic carboxylic acid based inhibitor for gelatinase
A, has been clinically evaluated so far. Bay-129566 has no
signs of the MSS-sideeffects [80]. Despite of that it was
withdrawn from clinical trials.

Another promising starting point for the inhibition of
angiogenesis is the interaction between MMP-2 and integrin
a,bs which leads to the colocalization on the surface of
stimulated endothelial cells [54] (schemeb).

This interaction is a requisite step in the cellular
utilization of MMP-2 on the surface of invasive endothelial
cells [81]. MMP-2 binds with a short 193 residue C-terminal
fragment called PEX to the integrin. Adding this fragment
leads to the inhibition of the binding of MMP-2 to the
integrin a,bg, resulting in the disruption of angiogenesis and
tumor growth in the chick chorioallantonic membrane assay
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(CAM-assay). Although the exact binding mode remains
unknown, it has been established that the integrin does not
interact via the known RGD-sequence which it normally
binds (e.g. in Vvitronectin). Recently Silletti et al.

Table 2.  Selective MMP-Inhibitors

Giannis et al.

2.3 Peptidomimetics and Urokinase-type Plasminogen
Activators (UPA)

Another protease which is involved in the proteolytic
modulation of the extracellular matrix is plasmin. This
broad-spectrum serine protease of tryptic specificity is
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expressed in an inactive form as plasminogen. The activation
of plasminogen is performed by two serine proteases,
urokinase-type plasminogen activator (UPA) and tissue PA
(tPA), which have a very restricted substrate specificity
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localization

activation

degradation

Scheme 5. Pro-MMP2 is localized to integrin a,bs via its binding domain PEX (a). In turn the MMP2 is activated by cleavage
of the pro domain (b). The active protease degrades extracellular matrix components bound to the vitronectin receptor (c) and

thereby enables cell migration.

(only plasminogen, fibronectin and hepatocyte growth
factor)[83] and are present on a variety of cells including
endothelial cells. uPA is a three-domain protein comprising
an N-terminal epidermal growth factor (EGF)-like domain, a
kringle domain and a C-terminal serine protease domain
[84]. It is located to the cell surface by binding to a specific
glycosylphosphatidyl-inositol (GPI)-anchored receptor, the
uPA-receptor (UPAR), via the EGF-like domain at the N-
terminus. The binding of uPA or pro-uPA to uPAR on the
plasma membrane leads to two separate events which are
independent of each other. First, it accelerates plasminogen
activation and the following proteolytic cascade [85]. The
other event is a transmembrane signal transduction which
leads to the stimulation of cell differentiation and motility of
several cell types, most notably endothelial cells, epithelial
cells and leukocytes [86]. Therefore, it is possible to block
the uPA system in two distinct ways. First, by inhibition of
the protease activity or alternatively by blocking the
translocation to the cell surface via inhibition of the binding
to the uPAR [87].

The serine proteases select their substrates by using

Fig (5). Structure of PEX-binding inhibitor 5.

specific pockets S1-S4 and S1°-S4” formed by the enzyme
which bind the corresponding peptides of the substrate P4-
P1, left to scissible bond, and P1"-P4” on the other side. The
trypsine-like serine proteases bind specifically an arginine or
lysine residue in the subside S1. The other pockets facilitate
the substrate specificity of the protease. So the inhibitor
should have a positively charged moiety that binds to the
conserved Aspl89 in the pocket S1 [88]. As well as for the
MMPs a lot of peptidomimetic and non-peptidomimetic
inhibitors of the protease function have been described
which have 1Cgy values in the low nanomolar range and
show good selectivities for uPA. However, none of them has
reached the clinical trials so far (Table 3) [89-92].

The other possibility to block the uPA activity is by
binding to its receptor. The uPAR has three structural
homologous, independently folded domains which are all
involved in the formation of the uPA binding site [93]. The
N-terminal domain | of uPAR contains the major
determinants for the binding. For uPA a defined continuous
peptide sequence at the N-terminal region has been identified
as the uPAR-binding site. Several experiments have shown,

O

COOH
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Table 3. Inhibitors of Urokinase-type Plasminogen Activators
Kj (nM)
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that the minimal binding region of uPA was located at
UPA19.31 and that Cys19, Lys23, Tyr24, Phe25, 11e28, Trp30
and Cys31 are crucial for the binding affinity [94].
Furthermore, the region between Thrl8 and Asn32 forms a
flexible, seven residue W-Loop which is forced in a ring like
structure [95]. Recently a cyclic peptide (cyclo931[D-
Cys19]-uPA1g.31) with an ICsq value in the nanomolar range
which replaces uPAR-bound uPA and inhibits the uPA-
mediated plasminogen activation and fibrin degradation in
ovarian cancer cells, has been described [96]. Furthermore, a
non-competitive, allosteric antagonist of pro-uPA/uPAR-
interaction (A6-peptide) derived from the non-receptor
binding region of uPA(UPA13s.143) was also recently

identified. It inhibits the breast cancer cell invasion (ICsq 5-
25 uM), endothelial cell migration (ICsg 25-50 uM) and
exhibits any cytotoxic or anti-proliferative activity in vitro. It
was also shown that it blocks growth and metastasis of rat
breast cancer and human breast cancer in vivo [97].

Because of its important role in tumor-associated
processes the uPA-system is an interesting field of
intervention.

2.4 Peptidomimetics and Farnesyltransferase Inhibitors

Inhibitors for farnesyltransferase (Ftase) were originally
developed with respect to the fact that the Ras protein is
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Fig (6). Structure of farnesyltransferase inhibitor A-170634.

mutated in about 20-30% of human tumors. The mechanisms
of action of mutated Ras are beyond the scope of this review.
For detailed information see [98,99].

In order to perform its biological activity Ras must be
localized to the inner surface of the plasma membrane. This
attachment is achieved by lipidation of different amino acid
residues. Nonlipidated Ras is cytosolic and biologically
inactive. In the first step, the cysteine residue of the
carboxyterminal “CAAX” motif is enzymatically farnesy-
lated by farnesyltransferase.

Many peptidomimetics were designed on the basis of the
CAAX recognition motif of farnesyl transferase.
Unfortunately, only a few of these inhibitors were evaluated
with regard to their antiangiogenic potential, since in vivo
antitumor activity against Ras-mutated hyperplasies could
partly be caused by inhibition of tumor angiogenesis.

Ng et al.. investigated the effect of A-170634 on tumor
angiogensis [100,101]. A-170634 turned out to suppress
angiogenesis both, directly by inhibiting growth factor
induced vascularization and indirectly by reducing the
VEGF secretion by the tumor cells.

3. CONCLUSION

Since the publication of the Folkman’s idea that the
inhibition of pathological angiogenesis can contribute
beneficially to the treatment of malign disorders, over 300
inhibitors of angiogenesis have been discovered to date and
some of them have already entered the preclinical and
clinical trials with promising results.

In the post genome era particularly, the inhibition of
protein-protein interactions emerge as a novel promising
strategy to modulate individual biological processes without
affecting the intrinsic activity of the single proteins. Most
proteins fulfill their function in different biological contexts,
but only the temporal and spatial colocalization with other
counterparts results in the specific effect. Therefore, small
molecules blocking these essential interactions are in great
demand. Peptidomimetics are predestinated for this purpose.
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These considerations are reflected in the case of
angiogenesis. Out of the three main classes discussed in this
review the integrins and the localization of the proteases at
the cell surface emerge as the most promising target.
Because MMPs have also been implicated in the generation
of endogenous endostatin, the MMP-inhibition can result in
the stimulation rather than the inhibition of angiogenesis
[84]. Similar considerations are valid for the uPAs. On the
other side, preventing the localization of MMPs and uPA at
the plasma membrane disables the endothelial cells from
migration and therefore blocks neovascularization without
effecting the protease activity, which is necessary for the
maintenance of other important physiological processes.

In this context it is notable that some anti-cancer agents,
which were initially designed to block tumor growth by
direct targeting of tumor cells, “accidentally” turned out to
be the potent inhibitors of angiogenesis [102]. This is valid
for inhibitors of farnesyltransferase (Ftase)(vide supra), or
for many other chemotherapeutica. All these findings
implicate that the development of anti-angiogenic therapies
are of paramount interest for fighting cancer, either alone or
in combination with the established methods.

REFERENCES

[1]  Folkman, J., Brehm, H. In Inflammation: Basic principles
and clinical correlates; 2 ed., Gallin, J. I., Goldstein, 1. M.,
Snyderman, R., Eds., Raven Press: New York, 1992; pp
821-839.

[2] Folkman, J. N. Engl. J. Med., 1971, 285, 1182-1186.

[3] Folkman, J. Nat. Med., 1995, 1, 27-31.

[4] Folkman, J. N. Engl. J. Med., 1995, 333, 1757-1763.

[5] Harris, A. L. Lancet, 1997, 349, SI113-15.

[6] Vajkoczy, P., Menger, M. D., Goldbrunner, R., Ge, S,
Fong, T. A., Vollmar, B., Schilling, L., Ullrich, A, Hirth, K.

P., Tonn, J. C., Schmiedek, P., Rempel, S. A. Int. J. Cancer,
2000, 87, 261-268.



504 Mini Reviews in Medicinal Chemistry, 2002, Vol. 2, No. 5

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]
[20]
[21]

[22]
[23]

[24]

[25]
[26]

[27]

(28]

Kato, Y., Lewalle, J. M., Baba, Y., Tsukuda, M., Sakai, N.,
Baba, M., Kobayashi, K., Koshika, S., Nagashima, Y.,
Frankenne, F., Noel, A., Foidart, J. M., Hata, R. |. Biochem.
Biophys. Res. Commun., 2001, 287, 422-426.

Motamed, K. Int. J. Biochem. Cell Biol.,1999, 31, 1363-
1366.

O'Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G.,
Lane, W. S., Flynn, E., Birkhead, J. R., Olsen, B. R,
Folkman, J. Cell, 1997, 88, 277-285.

O'Reilly, M. S., Holmgren, L., Shing, Y., Chen, C.,
Rosenthal, R. A., Moses, M., Lane, W. S., Cao, Y., Sage, E.
H., Folkman, J. Cell, 1994, 79, 315-328.

O'Reilly, M. S., Holmgren, L., Chen, C., Folkman, J. Nat.
Med., 1996, 2, 689-692.

Schlessinger, J. Cell, 2000, 103, 211-225.
Mochizuki, T., Asai, A., Saito, N., Tanaka, S., Katagiri, H.,
Asano, T., Nakane, M., Tamura, A., Kuchino, Y., Kitanaka,
C., Kirino, T. J. Biol. Chem.,2001, 12, 12.

Wittinghofer, A., Waldmann, H. Angew. Chem. Int. Ed.,
2000, 39, 4192-4214.

Dittmer, J., Nordheim, A. Biochim. Biophys. Acta, 1998,
1377, F1-11.

Sharrocks, A. D. Nat. Rev. Mol. Cell Biol., 2001, 2, 827-
837.

Furness, P. N. J. Pathol., 1997, 183, 1-3.

Wernert, N., Stanjek, A., Kiriakidis, S., Hugel, A., Jha, H.
C., Mazitschek, R., Giannis, A. Angew. Chem. Int. Ed.
Engl., 1999, 38, 3228-3231.

Giannis, A., Rubsam, F. Adv. Drug Res., 1997, 29, 1-78.
Hynes, R. O. Cell, 1992, 69, 11-25.

Ruoslahti, E., Pierschbacher, M. D. Science,1987, 238, 491-
497.

Luscinskas, F. W., Lawler, J. Faseb J., 1994, 8, 929-938.

Aplin, A. E., Howe, A, Alahari, S. K., Juliano, R. L.
Pharmacol. Rev., 1998, 50, 197-263.

Miyamoto, S., Akiyama, K. M.
Science,1995, 267, 883-885.

S. K., Yamada,

Stromblad, S., Cheresh, D. A. Chem. Biol.,1996, 3, 881-885.

Brooks, P. C., Montgomery, A. M., Rosenfeld, M., Reisfeld,
R. A., Hu, T., Klier, G., Cheresh, D. A. Cell, 1994, 79,
1157-1164.

Xiong, J. P., Stehle, T., Diefenbach, B., Zhang, R., Dunker,
R., Scott, D. L., Joachimiak, A., Goodman, S. L., Arnaout,
M. A. Science,2001, 294, 339-345.

Ruoslahti, E., Pierschbacher, M. D., Border, W. A. In The
liver: Biology, and Pathobiology; 3. edition ed., Arias, I. M.,
Boyer, J. L., Fausto, N., Jacoby, W. B., Schachter, D. A.,
Shafritz, D. A., Eds., Raven Press: New York, 1994; pp 889-
906.

[29]

(30]
[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

(40]

[41]

(42]

[43]
[44]

[45]

[46]

[47]

Giannis et al.

Lefkovits, J., Plow, E. F., Topol, E. J. N. Engl. J. Med.,
1995, 332, 1553-1559.

Coller, B. S. J. Clin. Invest., 1997, 99, 1467-1471.

Aumailley, M., Gurrath, M., Muller, G., Calvete, J., Timpl,
R., Kessler, H. FEBS Lett.,1991, 291, 50-54.

Mueller, G., Gurrath, M., Kessler, H., Timpl, R. Angew.
Chem. 1992, 104, 341-343 (See also Angew. Chem. Int. Ed.,
Engl., 1992, 1931(1993), 1358.

Kessler, H., Diefenbach, B., Finsinger, D., Geyer, A,
Gurrath, M., Goodman, S. L., Hoelzemann, G., Haubner, R.,
Jonczyk, A., Miller, G., Graf von Roedern, E., Wermuth, J.
Lett. Pept. Sci., 1995, 2, 155-160.

Hammes, H. P., Brownlee, M., Jonczyk, A., Sutter, A.,
Preissner, K. T. Nat. Med., 1996, 2, 529-533.

Burgess, K., Lim, D., Mousa, S. A. J. Med. Chem.,1996, 39,
4520-4526.

Bach, A. C., Il; Espina, J. R., Jackson, S. A., Stouten, P. F.
W., Duke, J. L., Mousa, S. A., DeGrado, W. F.J. Am. Chem.
Soc., 1996, 118, 293-294.

Srivatsa, S. S., Fitzpatrick, L. A., Tsao, P. W., Reilly, T. M.,
Holmes, D. R., Jr., Schwartz, R. S., Mousa, S. A.
Cardiovasc. Res., 1997, 36, 408-428.

Tran, T.-A., Mattern, R.-H., Zhu, Q., Goodman, M. Bioorg.
Med. Chem. Lett., 1997, 7, 997-1002.

Peishoff, C. E., Ali, F. E., Bean, J. W., Calvo, R.,
D'Ambrosio, C. A,, Eggleston, D. S., Kline, T. P., Koster, P.
F., Hwang, S. M., Nichols, A., Powers, D., Romoff, T.,
Samanen, J. M., Stadel, J., Vasko J. A., Kopple K. D. J.
Med. Chem., 1992, 35, 3962-3969.

Sulyok, G. A., Gibson, C., Goodman, S. L., Holzemann, G.,
Wiesner, M., Kessler, H. J. Med. Chem.,2001, 44, 1938-
1950.

Engleman, V. W., Nickols, G. A., Ross, F. P., Horton, M.
A., Griggs, D. W., Settle, S. L., Ruminski, P. G,
Teitelbaum, S. L. J. Clin. Invest., 1997, 99, 2284-2292,

Keenan, R. M., Miller, W. H., Kwon, C., Ali, F. E.,
Callahan, J. F., Calvo, R. R., Hwang, S. M., Kopple, K. D.,
Peishoff, C. E., Samanen, J. M., Wong, A. S., Yuan, C. K,,
Huffman, W. F. J. Med. Chem.,1997, 40, 2289-2292.

Giannis, A., unpublished results.

Peyman, A., Wehner, V., Knolle, J., Stilz, H. U., Breipohl,
G., Scheunemann, K. H., Carniato, D., Ruxer, J. M.,
Gourvest, J. F., Gadek, T. R., Bodary, S. Bioorg. Med.
Chem. Lett., 2000, 10, 179-182.

Peyman, A., Gourvest, J. F., Gadek, T. R., Knolle, J. Angew.
Chem. Int. Ed. Engl., 2000, 39, 2874-2877.

Kumar, C. C., Malkowski, M., Yin, Z., Tanghetti, E.,
Yaremko, B., Nechuta, T., Varner, J., Liu, M., Smith, E. M.,
Neustadt, B., Presta, M., Armstrong, L. Cancer Res., 2001,
61, 2232-2238.

Carron, C. P., Meyer, D. M., Pegg, J. A,, Engleman, V. W.,
Nickols, M. A., Settle, S. L., Westlin, W. F., Ruminski, P.
G., Nickols, G. A. Cancer Res., 1998, 58, 1930-1935.



Peptidomimetics and Angiogenesis

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Rockwell, A. L., Rafalski, M., Pitts, W. J., Batt, D. G.,
Petraitis, J. J., DeGrado, W. F., Mousa, S., Jadhav, P. K.
Bioorg. Med. Chem. Lett., 1999, 9, 937-942.

Miller, W. H., Bondinell, W. E., Cousins, R. D., Erhard, K.
F., Jakas, D. R., Keenan, R. M., Ku, T. W., Newlander, K.
A., Ross, S. T., Haltiwanger, R. C., Bradbeer, J., Drake, F.
H., Gowen, M., Hoffman, S. J., Hwang, S. M., James, I. E.,
Lark, M. W., Lechowska, B., Rieman, D. J., Stroup, G. B.,
Vasko-Moser, J. A., Zembryki, D. L., Azzarano, L. M,,
Adams P. C., Salyers K. L., Smith B. R., Ward K. W,
Johanson K. O., Huffman, W. F. Bioorg. Med. Chem. Lett.,
1999, 9, 1807-1812.

NIH for actual information see http://cancertrials.nci.nih.
gov.

Llano, E., Pendas, A. M, Freije, J. P., Nakano, A., Knauper,
V., Murphy, G., Lopez-Otin, C. Cancer Res., 1999, 59,
2570-2576.

Velasco, G., Pendas, A. M., Fueyo, A., Knauper, V.,
Murphy, G., Lopez-Otin, C. J. Biol. Chem., 1999, 274,
4570-4576.

Whittaker, M., Floyd, C. D., Brown, P., Gearing, A. J. H.
Chem. Rev. (Washington, D. C.), 1999, 99, 2735-2776.

Brooks, P. C., Stromblad, S., Sanders, L. C., von Schalscha,
T. L., Aimes, R. T., Stetler-Stevenson, W. G., Quigley, J. P.,
Cheresh, D. A. Cell, 1996, 85, 683-693.
Brew, K., Dinakarpandian, D., Nagase, H. Biochim.
Biophys. Acta, 2000, 1477, 267-283.

Fisher, C., Gilbertson-Beadling, S., Powers, E. A., Petzold,
G., Poorman, R., Mitchell, M. A. Dev. Biol., 1994, 162, 499-
510.

Nguyen, M., Arkell, J., Jackson, C. J. Int. J. Biochem. Cell
Biol., 2001, 33, 960-970.

Babine, R. E., Bender, S. L. Chem. Rev. (Washington, D.
C.), 1997, 97, 1359-1472.

Levy, D. E., Lapierre, F., Liang, W., Ye, W., Lange, C. W.,
Li, X., Grobelny, D., Casabonne, M., Tyrrell, D., Holme, K.,
Nadzan, A., Galardy, R. E. J. Med. Chem.,1998, 41, 199-
223.

Castelhano, A. L., Billedeau, R., Dewdney, N., Donnelly, S.,
Horne, S., Kurz, L. J., Liak, T. J., Martin, R., Uppington, R.,
et al.. Bioorg. Med. Chem. Lett., 1995, 5, 1415-1420.

Morphy, J. R., Beelery, N. R. A., Boyce, B. A., Leonard, J.,
Mason, B., Millican, A., Millar, K., O'Connell, J. P., Porter,
J. Bioorg. Med. Chem. Lett., 1994, 4, 2747-2752.

Leff, R. L. Ann. N. Y. Acad. Sci., 1999, 878, 201-207.

Martin, F. M., Beckett, R. P., Bellamy, C. L., Courtney, P.
F., Davies, S. J., Drummond, A. H., Dodd, R., Pratt, L. M.,
Patel, S. R., Ricketts, M. L., Todd, R. S., Tuffnell, A. R,
Ward, J. W., Whittaker, M. Bioorg. Med. Chem. Lett., 1999,
9, 2887-2892.

Crimmin, M. J., Beckett, P. R. In PCT Int. Appl., (British
Biotech Pharmaceuticals Ltd., UK).: Wo, 1995; p 50 pp.

[65]

[66]

[67]

(68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

Mini Reviews in Medicinal Chemistry, 2002, Vol. 2, No. 5 505

Gowravaram, M. R., Tomczuk, B. E., Johnson, J. S.,
Delecki, D., Cook, E. R., Ghose, A. K., Mathiowetz, A. M.,
Spurlino, J. C., Rubin, B., Smith, D. L., et al.. J. Med.
Chem.,1995, 38, 2570-2581.

Beckett, R. P., Davidson, A. H., Drummond, A. H., Huxley,
P., Whittaker, M. Drug Discovery Today, 1996, 1, 16-26.

Conradi, R. A., Hilgers, A. R., Ho, N. F., Burton, P. S.
Pharm. Res., 1992, 9, 435-439.

Miller, A., Askew, M., Beckett, R. P., Bellamy, C. L., Bone,
E. A., Coates, R. E., Davidson, A. H., Drummond, A. H.,
Huxley, P., Martin, F. M., Saroglou, L., Thompson, A. J.,
van Dijk, S. E., Whittaker, M. Bioorg. Med. Chem. Lett.,
1997, 7, 193-198.

Decicco, C. P., Seng, J. L., Kennedy, K. E., Covington, M.
B., Welch, P. K., Arner, E. C., Magolda, R. L., Nelson, D. J.
Bioorg. Med. Chem. Lett., 1997, 7, 2331-2336.

Chen, J. J., Zhang, Y., Hammond, S., Dewdney, N., Ho, T.,
Lin, X., Browner, M. F., Castelhano, A. L. Bioorg. Med.
Chem. Lett., 1996, 6, 1601-1606.

Sheppard, G. S., Florjancic, A. S., Giesler, J. R., Xu, L.,
Guo, Y., Davidsen, S. K., Marcotte, P. A., Elmore, I,
Albert, D. H., Magoc, T. J., Bouska, J. J., Goodfellow, C. L.,
Morgan, D. W., Summers, J. B. Bioorg. Med. Chem. Lett.,
1998, 8, 3251-3256.

Taraboletti, G., Garofalo, A., Belotti, D., Drudis, T.,
Borsotti, P., Scanziani, E., Brown, P. D., Giavazzi, R. J.
Natl. Cancer Inst., 1995, 87, 293-298.

Chirivi, R. G., Garofalo, A., Crimmin, M. J., Bawden, L. J.,
Stoppacciaro, A., Brown, P. D., Giavazzi, R. Int. J. Cancer,
1994, 58, 460-464.

Watson, S. A., Morris, T. M., Robinson, G., Crimmin, M. J.,
Brown, P. D., Hardcastle, J. D. Cancer Res., 1995, 55, 3629-
3633.

Hidalgo, M., Eckhardt, S. G. J. Natl. Cancer Inst., 2001, 93,
178-193.

Wojtowicz-Praga, S., Dickson, R., Hawkins, M. J. Invest.
New Drugs, 1997, 15, 61-75.

Wojtowicz-Praga, S., Torri, J., Johnson, M., Steen, V.,
Marshall, J., Ness, E., Dickson, R., Sale, M., Rasmussen, H.
S., Chiodo, T. A., Hawkins, M. J. J. Clin. Oncol., 1998, 16,
2150-2156.

Natchus, M. G., Bookland, R. G., De, B., Almstead, N. G.,
Pikul, S., Janusz, M. J., Heitmeyer, S. A., Hookfin, E. B.,
Hsieh, L. C., Dowty, M. E., Dietsch, C. R., Patel, V. S,
Garver, S. M., Gu, F., Pokross, M. E., Mieling, G. E., Baker,
T. R, Foltz, D. J., Peng, S. X., Bornes, D. M., Strojnowski,
M. J., Taiwo, Y. O. J. Med. Chem.,2000, 43, 4948-4963.

Baxter, A. D., Bhogal, R., Bird, J., Keily, J. F., Manallack,
D. T., Montana, J. G., Owen, D. A., Pitt, W. R., Watson, R.
J., Wills, R. E. Bioorg. Med. Chem. Lett., 2001, 11, 1465-
1468.

Brown, P. D. Expert Opin. Investig. Drugs,2000, 9, 2167-
2177.



506 Mini Reviews in Medicinal Chemistry, 2002, Vol. 2, No. 5

[81]

(82]

(83]

(84]

(85]

(86]

[87]

(88]

(89]

[90]

[91]

Silletti, S., Cheresh, D. A. Fibrinolysis Proteolysis,1999, 13,
226-238.

Boger, D. L., Goldberg, J., Silletti, S., Kessler, T., Cheresh,
D. A. J. Am. Chem. Soc., 2001, 123, 1280-1288.

Fazioli, F., Blasi, F. Trends Pharmacol. Sci., 1994, 15, 25-
29.

Pepper, M. S. Arterioscler. Thromb. Vasc. Biol.,2001, 21,
1104-1117.

Ellis, V., Behrendt, N., Dano, K. J. Biol. Chem., 1991, 266,
12752-12758.

Fazioli, F., Resnati, M., Sidenius, N., Higashimoto, Y.,
Appella, E., Blasi, F. EMBO J., 1997, 16, 7279-7286.

Ellis, V., Murphy, G. FEBS Lett., 2001, 506, 1-5.

Mackman, R. L., Katz, B. A., Breitenbucher, J. G., Hui, H.
C., Verner, E., Luong, C., Liu, L., Sprengeler, P. A. J. Med.
Chem.,2001, 44, 3856-3871.

Tamura, S. Y., Weinhouse, M. I., Roberts, C. A., Goldman,
E. A., Masukawa, K., Anderson, S. M., Cohen, C. R.,
Bradbury, A. E., Bernardino, V. T., Dixon, S. A., Ma, M.
G., Nolan, T. G., Brunck, T. K. Bioorg. Med. Chem. Lett.,
2000, 10, 983-987.

Subasinghe, N. L., lllig, C., Hoffman, J., Rudolph, M. J.,
Wilson, K. J., Soll, R., Randle, T., Green, D., Lewandowski,
F., Zhang, M., Bone, R., Spurlino, J., DesJarlais, R.,
Deckman, 1., Molloy, C. J., Manthey, C., Zhou, Z., Sharp,
C., Maguire, D., Crysler, C., Grasberger, B. Bioorg. Med.
Chem. Lett., 2001, 11, 1379-1382.

Verner, E., Katz, B. A, Spencer, J. R., Allen, D., Hataye, J.,
Hruzewicz, W., Hui, H. C., Kolesnikov, A., Li, Y., Luong,
C., Martelli, A., Radika, K., Rai, R., She, M., Shrader, W.,
Sprengeler, P. A., Trapp, S., Wang, J., Young, W. B,
Mackman, R. L. J. Med. Chem.,2001, 44, 2753-2771.

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Giannis et al.

Sperl, S., Jacob, U., Arroyo de Prada, N., Sturzebecher, J.,
Wilhelm, O. G., Bode, W., Magdolen, V., Huber, R,
Moroder, L. PNAS, 2000, 97, 5113-5118.

Dear, A. E., Medcalf, R. L. Eur. J. Biochem., 1998, 252,
185-193.

Burgle, M., Koppitz, M., Riemer, C., Kessler, H., Konig, B.,
Weidle, U. H., Kellermann, J., Lottspeich, F., Graeff, H.,
Schmitt, M., Goretzki, L., Reuning, U., Wilhelm, O.,
Magdolen, V. Biol. Chem., 1997, 378, 231-237.

Magdolen, V., Rettenberger, P., Koppitz, M., Goretzki, L.,
Kessler, H., Weidle, U. H., Konig, B., Graeff, H., Schmitt,
M., Wilhelm, O. Eur. J. Biochem., 1996, 237, 743-751.

Magdolen, V., Burgle, M., de Prada, N. A., Schmiedeberg,
N., Riemer, C., Schroeck, F., Kellermann, J., Degitz, K.,
Wilhelm, O. G., Schmitt, M., Kessler, H. Biol. Chem., 2001,
382, 1197-1205.

Guo, Y., Higazi, A. A, Arakelian, A., Sachais, B. S., Cines,
D., Goldfarb, R. H., Jones, T. R., Kwaan, H., Mazar, A. P.,
Rabbani, S. A. FASEB J., 2000, 14, 1400-1410.

Rowinsky, E. K., Windle, J. J., Von Hoff, D. D. J. Clin.
Oncol., 1999, 17, 3631-3652.

Tamanoi, F., Gau, C. L., Jiang, C., Edamatsu, H., Kato-
Stankiewicz, J. Cell Mol. Life Sci., 2001, 58, 1636-1649.

Gu, W. Z., Tahir, S. K., Wang, Y. C., Zhang, H. C., Cherian,
S. P., O'Connor, S, Leal, J. A, Rosenberg, S. H., Ng, S. C.
Eur. J. Cancer, 1999, 35, 1394-1401.

Tahir, S. K., Gu, W. Z., Zhang, H. C., Leal, J,, Lee, J. Y.,
Kovar, P., Saeed, B., Cherian, S. P., Devine, E., Cohen, J.,
Warner, R., Wang, Y. C., Stout, D., Arendsen, D. L.,
Rosenberg, S., Ng, S. C. Eur. J. Cancer, 2000, 36, 1161-
1170.

Kerbel, R. S., Viloria-Petit, A., Klement, G., Rak, J. Eur. J.
Cancer, 2000, 36, 1248-1257.



