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Abstract—We designed and synthesized the antiangiogenic arginine-rich dendrimers, TX-1943 and TX-1944, which mimic the sur-
face structure of endostatin. TX-1944 containing 16 arginine residues is more similar in surface structure to endostatin than TX-
1943 with eight arginine residues, and has stronger in vivo antiangiogenic activity at 10 pg/CAM in the chicken embryo chorio-
allantoic membrane (CAM) assay. TX-1944 also has stronger activity to bind heparin and to inhibit the growth of rat lung endo-
thelial (RLE) cells than TX-1943. © 2002 Elsevier Science Ltd. All rights reserved.

Angiogenesis, which is the formation of new blood ves-
sels from established vessels, is essential for the growth
and metastasis of solid tumors.! Therefore, tumor
angiogenesis is a potential molecular target of chemo-
therapy.?? Tumor angiogenesis is induced by hypoxia.*
Recently, we designed and synthesized bifunctional
hypoxic cell radiosensitizers with antiangiogenic and
antimetastatic activities.>’

Angiogenesis is stimulated by various cytokines, such as
vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (FGF-2). The interaction of
these cytokines with their receptors on the endothelial
cell surface depends on the presence of heparin or
heparan sulfate proteoglycan (HSPG) which is an
extracellular macromolecule.®'9 On the other hand,
angiogenesis is suppressed by endogenous inhibitors
such as angiostatin'! and endostatin.'> X-ray analysis of
the structure of mouse endostatin demonstrated a com-
pact globular fold with one exposed positive-charge-rich
face composed of 15 arginine residues.'3> Some sites of
the clustered arginines in endostatin participate in
binding to heparin or HSPG. The interaction may play
a role in its antiangiogenic activity.'* A possible
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mechanism for its inhibition of angiogenesis is competi-
tion for the heparin or HSPG binding sites, which act as
co-receptors for several cytokines. Thus, for most anti-
angiogenic molecules it is important to interact with
heparin and HSPG.

These suggest that heparin and HSPG are potential
molecular targets for antiangiogenic drugs. Previously,
Fromm et al. reported the importance of arginine
peptide for interaction with heparin and heparan sul-
fate.!> Furthermore, arginine-rich hexapeptides that
interfered the interaction of VEGF with its receptor
inhibited tumor growth and metastasis by blocking
angiogenesis.'® The basic hexapeptide regions of hepa-
tocyte growth factor, which is one of the heparin-bind-
ing angiogenic cytokines, exhibited antiangiogenic
activity.!”

Our attempts to design antiangiogenic drugs have
focused on the characteristic positive-charge-rich sur-
face of endostatin and the interaction between its argi-
nine residues and either heparin or HSPG. To model on
the surface structure of a globular protein, we tried to
use dendrimers that are synthetic three-dimensional den-
dritic macromolecules. It is known that dendrimers are
prepared in a step-wise manner from simple branched
monomer units, the nature and functionality of which
can be easily controlled.'® The later the generation of
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Figure 1. Structure of arginine and citrulline dendrimers.
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dendrimer, the more the sterically-crowded and bran-
ched surface takes on a globular conformation. This
unique architecture significantly improves the physical
and chemical properties of traditional linear polymers.
Then, we designed an arginine dendrimer having a
similar globular structure to endostatin. We report here
for the first time the design and synthesis of new anti-
angiogenic/heparin-binding inhibitors having a den-
dritic peptidyl core structure mimicking the surface
structure of endostatin. We evaluated their in vitro and in
vivo antiangiogenic activities, heparin-binding activities,
and the correlation between them.

In the synthesis of protein-like dendritic macro-
molecules, L-lysine is a good building block, acting as a
branching unit in the solid-phase peptide synthesis.
Dendrimers composed of L-lysine as a branching unit
were originally used as the core of the multiple antigen
peptide system (MAP).!° We have designed two den-
drimers, TX-1943 (RgK4K,KG-OH) with a coarse sur-
face consisting of eight arginine residues and TX-1944
(RgRgK4K>KG-OH), which has a tightly packed sur-
face consisting of 16 arginine residues. The radius of a
branching unit in these dendrimers as estimated by
molecular modeling is about 20A. Both dendrimers
were synthesized from L-glycine connected to Wang
resin by Fmoc-solid-phase peptide synthesis using L-
lysine (branching unit) and L-arginine (surface group) in the
presence of condensation agents such as diisopropylcarbo-
diimide (DIC) and N-hydroxybenzotriazole (HOBt).%
Deprotection and cleavage from the resin were achieved
by treatment with trifluoroacetic acid (TFA) in the presence
of thioanisole and m-cresol at room temperature for
10 h. The crude dendrimer was first purified by gel-filtration
and reversed-phase HPLC to obtain the powdered
product, which was further purified by reversed-phase

Table 1. Yields and physical data of arginine and citrulline
dendrimers

Dendrimer Total MS HPLC?
yield (%)(MALDI-TOF)retention time
(min)

TX-1944 (RgRsK4K,KG-OH) 154 34709 (MH™) 13.4

3469.3 (calcd)

2221.9 (MH™) 8.2

2220.5 (caled)

TX-1993 (CitgK4K,KG-OH) 234 22287 (M) 15.8®
2228.4 (caled)

TX-1943 (RgK,K,KG-OH)  28.5

“HPLC condition: ODS-80Ts column (4.6 mmx 15 cm), elution con-
dition was a linear gradient of 0 to 70% acetonitrile in 0.1% TFA for
15 min at a flow rate of 1.0 mL/min with UV detection at 210 nm.
b0ODS-80Ts column (4.6 mmx25 cm), elution condition was a linear
gradient of 0 to 90% acetonitrile in 0.1% TFA for 20 min at a flow
rate of 1.0 mL/min with UV detection at 210 nm.

Table 2. Antiangiogenic activity of the arginine dendrimer, TX-1943
and TX-1944, and citrulline dendrimer TX-1993 in CAM assay

HPLC to afford the pure product. The chemical
structures, synthetic yields and the physical data of
arginine dendrimers and citrulline dendrimer (TX-1993:
CitgK4,K,KG-OH), a negative control of arginine
dendrimer, are shown in Figure 1 and Table 1.

Table 2 shows the in vivo antiangiogenic activity of
these dendrimers in the CAM assay.?! Both TX-1944
(RgRgK4K-KG-OH) and TX-1943 (RgK4K,KG-OH)
inhibited angiogenesis dose-dependently. TX-1944, with
its arginine-rich and closely-packed surface, had the
more potent activity. In antiangiogenic activity, the two
were comparable to angiostatin (100% inhibition at
approximately 100 pg/disc)'! and endostatin (potent
inhibition at 10-20 pg/disc, n=5/group).!? A citrulline
dendrimer (CitgK4K>,KG-OH) (TX-1993) showed weak
antiangiogenic activity at 10 pg/CAM. These results
suggested that the basicity of arginine (pK,=12.48) and
the closely packed surface of the dendrimer play an
important role in determining the potency of the anti-
angiogenic activity. Nevertheless, TX-1993 having neu-
tral citrulline residues in its side chain was also an
antiangiogenic inhibitor (its inhibitory activity was 53.4
+18.9% at 100 ng/CAM). It seems that its alpha-amino
group (pKa=9.41) also contributes to its anti-
angiogenic activity at a higher concentration. On the
other hand, TX-1944 moderately inhibited the RLE cell
growth, and TX-1943 did not inhibit serum-stimulated
RLE cell growth as shown in Figure 2.2

To elucidate the relation between heparin-binding
activity and antiangiogenic activity, we next determined
the activity of these dendrimers to bind heparin using
heparin-agarose affinity column.!> Table 3 shows that
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Figure 2. Effects of the arginine dendrimer TX-1943 and TX-1944 on
the growth of RLE cells.

Table 3. Heparin-binding activity of the arginine dendrimers TX-
1943 and TX-1944, and citrulline dendrimer TX-1993

Dendrimer 100 pg/CAM 10 pg/CAM Dendrimer NaCl M)*
TX-1944 (RgRgK4K,KG-OH) 70.0+15.12 454+17.5 TX-1944 (RgRgK4K>,KG-OH) 1.2
TX-1943 (RgK4K,KG-OH) 69.2+16.8 25.3+10.7 TX-1943 (RgK4K,KG-OH) 0.9
TX-1993 (CitgK4K,KG-OH) 53.4+18.9 16.74+0.0 TX-1993 (CitgK4K,KG-OH) 0.3

2% inhibition of angiogenesis (mean=+SD).

4Salt concentration required for release from the heparin—agarose column.
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arginine dendrimers have stronger heparin-binding
activity than citrulline dendrimer. TX-1944, containing
16 arginine residues, has the strongest heparin-binding
activity of the three dendrimers tested. This result sug-
gests that dendritic arginine residues are important for
heparin-binding activity the same as the linear peptidic
structure.’> The citrulline dendrimer TX-1993 showed
weaker heparin-binding activity than the arginine den-
drimers. We calculated the molecular orbitals of the
protonated delta-guanidino group and the ureido group
to reduce the difference between their LUMOs or HOMOs
(protonated delta-guanidino group, LUMO: 1.0274 eV,
HOMO: —9.9381 eV; ureido group, LUMO: 1.0299 eV,
HOMO: -9.8114 eV). Therefore, the weak heparin-
binding activity of TX-1993 is probably caused by the
weaker hydrogen bonding of its ureido group than tonic
bond of the protonated delta-guanidino group in the
arginine dendrimer. The positive relationship between
the heparin-binding activity and antiangiogenic activity
of arginine dendrimers suggests that the former is in
part responsible for the antiangiogenic activity of TX-
1943 and TX-1944.

Although the antiangiogenic mechanism is not clear,
these arginine dendrimers as endostatin-mimics would
interact with heparin and HSPG to exhibit their anti-
angiogenic activity. Now, we are studying further the
antiangiogenic mechanism of arginine dendrimers
and have plans to design more hopeful antiangiogenic
dendrimers.
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