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the a5fp1 Integrin Receptor
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The inhibition of integrin function is a major challenge in medici-
nal chemistry. Potent ligands are currently in different stages of
clinical trials for the antiangiogenic therapy of cancer and age-
related macula degeneration (AMD). The subtype a5(1 has re-
cently been drawn into the focus of research because of its genu-
ine role in angiogenesis. In our previous work we could demon-
strate that the lack of structural information about the receptor
could be overcome by a homology model based on the X-ray
structure of the avf33 integrin subtype and the sequence similari-
ties between both receptors. In this work, we describe the rational
design and synthesis of high affinity a5(1 binders, and the opti-

Introduction

Integrins constitute a family of heterodimeric, transmembrane
cell-adhesion receptors, which connect cells to the scaffolding
proteins of the extracellular matrix."™* The pioneering observa-
tions that avp3, avp5 and a5pB1 integrin subtypes are essential
for tumour angiogenesis and can be successfully inhibited by
small-molecule ligands has turned them into attractive targets
for pharmaceutical research.*® Up to now, a large number of
peptidic’®' and nonpeptidic**' ligands have been devel-
oped, which are all related to the common recognition motif
RGD (Arg-Gly-Asp).”® The cyclic, N-methylated peptide cyclo-
(-RGDfNMeVal-), known as Cilengitide,™ has recently entered
phase lll clinical investigation for patients with glioblastoma
multiforme. However, observations that mice that lack av in-
tegrins show extensive angiogenesis, whereas mice that lack
B3 or B5 integrins show no significant effects seriously chal-
lenged the status of avf3 and avp5 as proangiogenic integ-
rins.””-?! In contrast, its unambiguously proangiogenic role
drew a581%%%" into the focus of research and led to an in-
creasing demand for selective a5B31 ligands. However, the
design of a5B1 ligands is hampered by the lack of structural
information about the receptor. The X-ray structure of
avP3t**¥ in complex with Cilengitide and the high sequence
similarity (>50%) between avf33 and a5031 encouraged us to
create a homology model of a581%% and to use this model as
a platform for rational design.?? First results with ligands
based on the tyrosine scaffold proved that the structural infor-
mation provided by the homology model was accurate
enough to design highly active o581 ligands with 300-fold se-
lectivity against avp3 as well as ligands with reverse selectivi-
ty.?*?) Herein, we describe the development of a581 ligands
and the induction of selectivity by means of extensive struc-
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misation of selectivity against av33 by means of extensive SAR
studies and docking experiments. A first series of compounds
based on the tyrosine scaffold resulted in affinities in the low and
even subnanomolar range and selectivities of 400-fold against
avf33. The insights about the structure-activity relationship
gained from tyrosine-based ligands could be successfully trans-
ferred to ligands that bear an aza-glycine scaffold to yield o531
ligands with affinities of ~1 nm and selectivities that exceed 10*-
fold. The ligands have already been successfully employed as
selective a501 ligands in biological research and might serve as
lead structures for antiangiogenic cancer therapy.

ture-activity relationship (SAR) studies and docking experi-
ments based on our homology model. Furthermore, the struc-
ture-activity information provided by the tyrosine-based com-
pound library was used to transform aza-glycine-based ligands,
which were initially developed in our group as avp3 bind-
ers” ¥ into a5p1 ligands with selectivities that exceed 6000-
fold. These ligands, with activities in the low nanomolar or sub-
nanomolar range are by now among the most a5p31 selective
compounds known and could serve as lead structures for anti-
angiogenic therapy of cancer and age-related macular degen-
eration (AMD).*3¢

Ligand design

The tyrosine scaffold has already been successfully employed
to design ligands for the platelet receptor allbp3 (Tirofi-
bane®),*”3¥ and was chosen because of its easy accessibility
and high variability. The essential functionalities of ligands that
target the RGD-binding site are also present in our ligands: the
carboxylate of the tyrosine scaffold acts as mimetic for the as-
partate in RGD, whereas tyrosine provides the scaffold to main-
tain the orientation of the ligand’s basic moiety in the proper
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distance of ~13 A to the carboxylate. Guanidinium groups and
basic heterocycles are common arginine mimetics and thus
widely used in the integrin field."®3? Additionally, hydrophobic
moieties, especially aromatic systems, in the vicinity of the car-
boxyl group are known to enhance binding affinity in av integ-
rins. Figure 1 shows the binding mode of our ligands 34e and
349 docked into the a531 homology model and the most im-
portant mutations that discriminate avp3 from a5f1: the car-
boxylate function of the ligand coordinates a bivalent metal
cation located at the MIDAS (metal-ion dependent adhesion
site) whereas the aminopyridine group is engaged in a biden-
tate salt bridge with the highly conserved (a5)Asp227. Muta-
tion of (av)Asp150 to (a5)Ala159 decreases the acidity of the
a5 subunit, whereas mutation of (av)Thr212 to (a5)GIn221
slightly shortens the a5p1 binding site with respect to avf33. In
the B subunit, (33)Arg214 and (3)Arg216 are mutated in 1 to
the smaller residues Gly and Leu, respectively, where they
open up a hydrophobic cleft that can be addressed by bulky
aromatic residues. A library of
tyrosine-based compounds was
synthesised to probe the effects
of aromatic substitution, ligand
length and different basic moi-
eties on a5p1 affinity and selec-
tivity against avf3. Further-
more, the 2-carboxy-7-hydroxy-
1,2,3,4-tetrahydroisochinoline
was evaluated as a representa-
tive of a class of constrained ty-
rosine ligands.

1(S)
ent1 (R)

Ligand synthesis

Synthesis of tyrosine-based i
gands: The major building block
of tyrosine-based ligands was
the commercially available Boc-
protected tyrosine methyl ester.
The homologue f-amino acid
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was prepared from Boc-Tyr(Bn)-OH by Arndt-Eistert homologi-
sation (Scheme 1).1%”

The tetrahydroisochinoline building block 7 was synthesised
from the commercially available 2,5-diiodotyrosine by a Pictet-
Spengler reaction according to the literature procedure
(Scheme 2).14"

To enable a Mitsunobu-type alkylation of the tyrosine, the
basic moiety has to be synthesised as an aminoalcohol; this
was achieved by nucleophilic aromatic substitution of the cor-
responding 2-bromopyridine, 2-chloropyridazine or chloropyri-
midine (Scheme 3).*? To enhance the yields of the Mitsunobu
reaction, the aminopyridines were further N-Boc protected. As
first attempts to selectively protect the nitrogen failed because
of its reduced nucleophilicity, the alcohol function was first
TBDPS protected.”” Boc protection was achieved by using
Boc-anhydride triethylamine with catalytic amounts of DMAP
in DCM.* Desilylation with TBAF gave the pure pyridinylami-
noalcohols in good yields.

COOH a),b
NHBoc
Bro NHBoc RO
2(R=Bn)
] C)
3(R=H)

Scheme 1. Different building blocks used as scaffold. a) 1. ethyl chloroformiate, N-methylmorpholine, THF, —30°C;
2. CH,N,, Et,0, —30°C-room temperature, 99%; b) Ag*PhCOO~, MeOH, 90%; c) Pd/C, 1 atm H,, MeOH, 71 %.

[ COOH 4
|

COOMe

NBoc

4(R1 OH, R? = H) 7
b [
5(R' = OMe, R? = H)

c) |:
6 (R' = OMe, R? = Boc)

Scheme 2. Constrained tyrosine derivative used as a scaffold. a) HCHO, HCl,,/DME, reflux, 50%; b) SOCI,, MeOH,
room temperature, 70%, c) Boc,0, TEA, THF, 94%; d) Pd/C, 1 atm H,, room temperature, 85 %.

L219(R)  s171(v)

/A'tsg( ) \" \0\ GZ17(R‘)(127(Y)

\-‘\
Q221(T)~ » F187,

Figure 1. Comparison of the binding modes of ligand 34 e (left) and 344 (right). Integrin a5p1 is shown as a ribbon drawing with the a5 subunit in blue and
the B1 subunit in red. The MIDAS metal ion is represented as a magenta sphere and H bonds are shown as dotted lines. Relevant receptor side chains are
highlighted and the corresponding residues in avf33 are shown in yellow and labelled in parentheses.
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12an=1
13
12bn=2 14

Scheme 3. Synthesis of various aminoalcohols as building blocks for the basic moiety of integrin ligands. a) Heter-
oaryl chloride/bromide, neat aminoalcohol, 150°C (71-99%); b) TBDPSCI, imidazole, DCM (66-88 %); c) Boc,0,
TEA, DMAP, THF (77-90%); d) TBAF, THF (63-64 %); e) Cbz-OSu, THF, TEA (76-88 %).

The aromatic carboxylic acids—those not commercially avail-
able—were synthesised by bromine-lithium exchange and
trapping of the organolithium species with carbon dioxide
(Scheme 4). For the synthesis the alkoxybenzoic acids (17),

R? R?

OH
a) b)
 — —_—
R! R R’ R! R R
Br

Br COOH

16a (R' = Me, R% = OMe)
16b (R' = Me, R? = O/Pr)

17a (R' = Me, R? = OMe)
17b (R' = Me, R? = OiPr)

cessful reaction. However, basic
molecules, such as aminopyri-
dines, gave yields of only 15-
20%, Boc-protected aminopyri-
dines yielded 40-50%, whereas

10a (n =1, R' = TBDPS)
10b (n = 2, R = TBDPS) - - s
less basic aminopyrimidines,

pyridazines and benzyl carba-
mates gave excellent yields
from 75-95%. Compound 8b
could not be used for Mitsuno-
bu reaction as it was prone to
cyclisation under formation of
pyridine-2-yl-pyrrol. This prob-
lem could be overcome by N-
Boc protection (11b).

Table 1 shows the products
and yields of the Mitsunobu re-
actions that were employed as
ligand precursors. In the case of precursor molecules 28-30,
the Cbz group was hydrogenolytically cleaved and the guanidi-
nium group introduced by using bis-Boc-thiourea and HgCl, in
dry methanol (Scheme 5).5"

In the next step, the compounds 21-27 were first
Boc deprotected by using aqueous hydrochloric acid
in dioxane, then acylated; before the last step the
methyl ester was cleaved and the crude ligand puri-
fied by using reversed-phase HPLC techniques
(Scheme 6). A summary of the synthesised ligands,
yields and biological activity is given in Tables 2-6.

1a(n=1,R'=H)
11b (n=2,R' = H)

18 (R'=Et, R?=H)

N b
N [N ) | SN
o P P
Br COOH
19 20

Scheme 4. Synthesis of aromatic acids. a) Me,SO,, K,CO;, THF, reflux, 84 % or iPrBr, K,CO;,
DMF, reflux, 70%; b) 1. nBuLi, THF, —78°C; 2. CO,, —78°C-room temperature, 32-65 %;

c) NBS, TFA, H,SO,, room temperature, 93 %.

4-bromo-3,5-dimethylphenole was alkylated either with dime-
thylsulfate or isopropylbromide, whereas in the case of the tri-
methylnicotinic acid (20), bromine was introduced with NBS in
trifluoracetic acid.“®

The key step of the synthesis was the Mitsunobu-type alkyla-
tion of the tyrosine hydroxyl group (Table 1).#* Although
originally published with triphenylphosphine and DEAD as re-
agents, tributylphosphine and
azodicarboxylic dipiperidide
(ADDP) have been found to be
the reagents of choice for the
alkylation of less acidic com-
pounds, such as phenols.*>*" It
turned out that a slow addition
of diluted ADDP solution in THF
at 0°C was important for a suc-

28 n=1
29 n=2
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Synthesis of aza-glycine ligands on solid phase

The first approaches made in our group to design
peptidomimetic avp3 ligands involved the incorpo-
ration of turn mimetics,""*? reduced amide bonds®*
and aza-peptides.’’-*>*>* The rational for the use of
aza-glycine was the structure determination of avf33
that bind RGD peptides, in which the sequence
forms a kink around the glycine.****' The synthesis
of compound libraries afforded a large variety of
peptidomimetic integrin ligands that displayed a variable se-
lectivity profile among the av integrins and a good selectivity
against the platelet receptor allbf3 (Scheme 7).2"%! This
raised the question of whether the insights into the a5p31 re-
ceptor gained from homology modelling and extensive SAR
studies with tyrosine-based ligands could be used to modify
the aza-glycine ligands for a531 selectivity.

M
NBoc COOMe
<.~ NBoc
N/M/\O X
b) H n
31n=1
32n=2

33n=2X=CH,

Scheme 5. Synthesis of guanidinylated ligand precursors. a) Pd/C, 1 atm H,, MeOH; b) (BocNH),CS, HgCl,, MeOH,
TEA, 0°C-room temperature, 25-33 %.
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Table 1. Synthesis of ligand precursors by Mitsunobu reaction of aminoalcohols with tyrosine derivatives.
R’ R?
—~ /©/ PBu, ADDP /©/
1 —_—
REOH * 4o 0°C, THF R o
starting starting products 21-30
material A material B
Compound Structure Starting Starting Yield
material A material B [%]
21 =
N N /\/\O NHBoc 11a 1 40
H
| N /@/\-/COOMG
22 P N 8a ent-1 26
NZONT 0 NHBoc
H
~
23 NI NHBoc 8a 3 30
H
COOMe
Boc Q/\r
24 | N N\/\/\O NHBoc 11b 1 49
=
N COOMe
L L
25 N AN NHBoc 13 1 89
N N [¢]
H
N COOMe
PN ax
26 = NHB 14 1 86
N N /\/\o oC
H
N/j /@/YCOOMe
27 > NHB 15 1 66
N N/\/\O 0C
H
COOMe
28 /©/\r 12a 1 91
NHB
cbzHNT>"0 oc
COOMe
29 CbzHN \/\/\ommoc 12b 1 71
COOMe
30 ChzHN o~~~ omoc 12b 7 %3

hooove 2 M COOMe
—
mo ~_NBoc ’lqo ~_-NH
h ~
o ~ " R ""O ‘/N\R

Scheme 6. General synthesis of acylated integrin ligands. a) HCl,,/dioxane,
0.5 h, room temperature; b) 1.2 equiv Ar-COCI or Alk-COCI, 3 equiv NaHCO,,
dioxane/water; c) 2 equiv Ar-COOH, 2 equiv HATU, 5 equiv DIEA, DMF, room
temperature; d) 1.5 equiv Ar-SO,Cl, 5 equiv TEA, DCM, room temperature;

e) PhNCO, 1 equiv TEA, dioxane; f) 5 equiv LiOH, MeOH/water, HPLC puirifica-
tion.

The synthesis of the novel aza-glycine-based ligands was
carried out by using TCP resin loaded with orthogonally pro-
tected 2-(S),3-diaminopropanoic acid (Scheme 8). This provided
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the essential carboxylic function and the a-amido-substitution
that was found to be crucial for a5p1 selectivity. After Fmoc
deprotection, the amino function was acylated with those 2,6-
disubstituted aromatic acids, which gave the best results
within the tyrosine-based ligand series. After Pd-catalysed
Alloc deprotection, the aza-glycine was introduced via building
block 40, which had been freshly prepared from Fmoc-hydra-
zine and phosgene according to literature procedure.”? The
spacer unit was then coupled to the unprotected hydrazine
and the guanidinium group introduced via N,N'-di-Boc-1H-pyr-
azole-1-carboxamidine. Although used in large excess and
being costly, N,N'-di-Boc-1H-pyrazole-1-carboxamidine was the
reagent of choice for guadinylation as the procedure that in-
volved N,N'-di-Boc-thiourea and HgCl, was unfavourable for
solid-phase synthesis because of the formation of a mercury
sulfide precipitate and a general incompatibility of methanol
with most resins. Most of the excess reagent could be recov-
ered by evaporation of the solvent and recrystallisation from

ChemBioChem 2008, 9, 1397 - 1407
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ethyl acetate/hexane. Cleavage and Boc deprotection afforded
the aza-glycine ligands in satisfying yields.

Results and Discussion
Ligands based on the tyrosine scaffold

The design and synthesis of tyrosine-based ligands afforded a
series of 37 compounds, which was evaluated for binding affin-
ity towards a5p31 and avp3 by using a competitive enzyme-
linked immunosorbent assay (ELISA). Screening of various aro-

matic residues on the scaffolds 21/22 helped to elucidate the
essential features for a5p1 selectivity (Table 2). The activity on
a5p1 and the selectivity against avp3 seems to be strongly
connected to the substitution pattern on the aromatic moiety
as well as its spatial orientation. The orientation provided by
the S configuration was found to be essential for the affinity
on both integrins. The two R enantiomers ent-34a and ent-34e
both displayed a reduced binding affinity as well as a de-
creased selectivity for a5p1 in the case of 34e. The difference
between amides 34a, 34e and the corresponding sulfona-
mides 34 f, 34g was especially striking. The mesitylene sulfona-

Table 2. Comparison of different aryl substituents and their effect on a5p1 selectivity.
N % COOH
| o
N/ H /\/\O HN < R
34
Compound® R Reagent, Yield 1Cs (@5B1) 1Cs, (avB3) Compound® R Reagent, Yield 1Cs, (@5B1) 1Cs, (avfp3)
conditions™ [%] [nm] [nm] conditions™ [%]  [nm] [nm]
~. 0 ~ .0
34a é PhCOCI, b) n 243 190 ent-34a é PhCOCI, b) 25 6700 1030
O ~. 0
34b dmethyl- 28 416 318 34c 26-dimethyl- 31 1624
benzoic acid, c) benzoic acid, c)
<« _0O ~..0
34d 35-dimethyl- 5 544 509  34e 246 trimethyl 25 703
benzoic acid, c) benzoic acid, c)
0 .
S0,
ent-34e 2 4 G-timethyl- g, 14700 34f PhS0,Cl, d) 16 284 19
benzoic acid, c)
g0, “~_0
mesitylsulfonic HN
349 \T[;:]// e onie, 15 46 38 34h \[::j PhNCO, €) 41 1094 37
~..0
~...0
34i L tBuCOCl, b) 45 34 260 34j 174, ¢ 27 1 188
O\
~. .0
~. .0
Cl Cl
34k 17b, ¢) 28 0.7 279 341 C¢H,Cl;COCl, b) 63 28 41
¢]
\( cl
~..0
34m [T 2009 20 8.9 188
. N
[a] Compounds represent the S enantiomers; R enantiomers are marked with the prefix “-ent”. The synthesis was performed from ligand precursors 21/22.
[b] Reagent and procedure refer to Scheme 6.
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ICso(cvfi3) = 0.8 nM
ICso(vp5) = 281nM

ICso(avf3) = 6 nM
ICso(cvf5) = 5700 nM
COOH | (ovp6) = 44 n
B
cl cl

a5p1 selective?

o)
COOH
)I\N/Y
H une_o

Scheme 7. Transformation of avf33-selective compounds, A and B, towards
a5B1 selectivity.

mide moiety, which has already been employed in other highly
a5PB1 active compounds, resulted in a rather biselective ligand,
whereas its replacement by an amide induced a selectivity of
around 300-fold against avf33. The reason for this selectivity
gain lies in the arrangement of the bulky mesitylene ring,
which in 34e is oriented towards a hydrophobic cleft in the
B1 subunit, which in B3 is occupied by (33)Arg216 (Figure 1).
As for 34 g, the aromatic ring is folded back towards the inter-
face between the two subunits, where no sterical repulsion is
present in both integrins. In the case of the phenyl urea 34h,
we observed a dramatic loss of a5p31 affinity (and a slight in-
crease for av33 compared to 34a); this hints at an unfavoura-
ble orientation of the phenyl substituent. Furthermore, 34c
demonstrates that the para-methyl group is redundant where-
as the low affinities of 34b and d point to the importance of a
2,6-disubstitution pattern for a581 selectivity. The 2,6-disubsti-
tution twists the aromatic ring out of the plane of the amide
bond and enables an ideal orientation of the aromatic moiety
inside the hydrophobic pocket of the B1 subunit.”**® In B3,
this binding mode is not allowed, which forces the bulky ring
to point out of the binding pocket. This alternative binding
mode is possible, but exposes a hydrophobic moiety to the
surrounding aqueous environment, which decreases binding
affinity for avp3. Remarkably, substitution of the methyl
groups by chlorine atoms resulted in a substantial loss of se-
lectivity due to more favourable binding to avf33, whereas the
use of the pyridine analogue of mesitylenecarboxylic acid (20)
decreased selectivity by a loss of a5p31 affinity. This supports
the hypothesis that only hydrophobic aryl amides have a
strong positive effect on a5p1 binding. Although we found
that the 4-methyl substitution is not necessary, the methyl
group points in the direction of ($1)-Ser517, which could be
engaged in an additional interaction with a hydrogen-bond ac-
ceptor at this position. This was observed for the 4-methoxy
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and 4-isopropoxy compounds 34j and 34k (Figure 2). They
displayed a very high a5B1 activity of one nanomolar and
below, whereas the selectivity against avf33 was not affected.
To test whether aryl substituents can be replaced by aliphatic
groups, we synthesised the pivalyl amide 34i, which exhibited
decreased a5B31 binding compared to 34c or 34e, but still
showed a substantial amount of selectivity.

Ser517

-
zl\ ” Leu219 Seri& I

S :zf{ / \5:':- Tyr127
)‘ '

<
5P227 er224
Ser221

Figure 2. Superposition of the Connolly surface and the ribbon drawing
(o subunit: blue, 3 subunit: red) of the a5p1 binding pocket with ligand
34k docked into it. Relevant residues are highlighted and major H bonds
are shown as dotted lines. The MIDAS cation is represented as a magenta
sphere.

Analysis of the homology model of the a5p1 receptor re-
vealed a mutation in the o subunit: (av)-Thr was mutated to
(a5)-GIn. This slightly shortens the binding pocket of a531 and
should favour shorter ligands. Hence, the ligands of the 34
series are already short with respect to most ligands published
for avP3 (ten bonds between the carboxylate and the pyridyla-
mine versus 11-12 for other ligands). We synthesised a series
of elongated ligands; the elongation could be achieved either
by B*-homotyrosine scaffolds (35, Table 3) or by the use of
longer spacer molecules (36, Table 4). Elongated spacers were
also used in ligands that carried guanidinium groups as basic
moieties (38, Table 5). Comparison of the B*-homotyrosine li-
gands 35a-e with the corresponding ligands of the 34 series
revealed a striking preference for the avf33 integrin. This is not
surprising as many ovf3 ligands are somehow substituted in
the {3 position to the carboxylate.'®?? The overall affinity to-
wards a5p1 was reduced, which is partly due to the total
length of the ligand but mostly because the bulky, selectivity-
inducing aromatic system is not able to properly address the
hydrophobic pocket in the 31 subunit. Therefore, no selectivity
for a5p1 was observed for the 2,6-disubstituted benzamides
35c and e. In contrast to the a-tyrosine-based ligands, the
elongated a-tyrosines showed a three- to fourfold decrease in
affinity, which is the result of the slightly shorter binding
pocket of o541 (34a, e, k versus 36a, b, c). Comparison be-
tween 34e and k with 36b and c further showed a small in-
crease in selectivity for the elongated ligands of the 36 series.
Additionally, two more 2,6-disubstituted aromatic acids were

ChemBioChem 2008, 9, 1397 - 1407
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Table 3. Comparison of different aryl substituents on elongated ligands
based on the B-homotyrosine scaffold.

“ COOH
\N H/\/\O HN R
35
Compound Reagent, R Yield 1Cs, (a581) 1Cs, (avfB3)
conditions® %] [nm] [nm]

I
<:: ,
@]

-

o

-

[§]

35a PhCOCl, b) 264
~._.0
35D 4—methyl- ' 13 292 22
benzoic acid, ¢)
~._.0
35¢ 2,6—d|rpeth.yl— 1 142 29
benzoic acid, ¢)
~._.0
35d 3,5—d|nf1ethy|— 16 91 5.2
benzoic acid, ¢)
~._.0
s5e 2/4,6-dimethyl- 22 140 20
benzoic acid, ¢)

[a] Synthesis from 23 according to Scheme 6.

coupled to the elongated scaffold 24; the 2-methylnaphthyl-1-
amide 36e had very similar properties to the corresponding
mesitylamide 36 b. However, replacement of the methyl substi-
tution by sterically more demanding ethyl groups resulted in a
small decrease of a581 affinity, but strongly increased selectivi-
ty to 1400-fold. This is the best selectivity that has been ach-
ieved with tyrosine-based ligands to date.

To test how important the impact of the total ligand length
on a5f1 affinity is, two unselective compounds of different
lengths that had a guanidinium group (37 a, b) were synthes-
ised as references (Table 5).

The results showed that there is no length-dependent affini-
ty change for a5p1, and only a slight preference of avp3 for
the elongated ligand. The discrepancy between these results
and the increase in a5B1 selectivity observed for the 36 series
compared with the 34 series can be explained by a close look
at the receptor. The mutation responsible for the shortened
binding pocket of a5p1 is located directly at the binding site
of the basic moiety. The effect of the mutation from
(av)Thr212 to (a5)GIn221 should only affect basic groups with
a higher sterical demand in the direction of (a5)GIn221, such
as aminopyridines. In fact, methyl substitution at the 6-position
of the aminopyridine could substantially decrease a5p1 affinity
and lead to selective avf3 ligands, which have been published
previously.”” Another hotspot where av differs from a5, is the
lack of (av)Asp150, which is mutated into an alanine in a5.
Whereas the guanidinium group of a ligand is able to form salt

ChemBioChem 2008, 9, 1397 — 1407

Table 4. Comparison of different aryl substituents on a tyrosine scaffold
with elongated linker.
COOH
| > \/\/\o ‘R
Z 36
Compound Reagent, R Yield ICs, 1Cs
(a5p1) (avpB3)
conditions® [%] [nm] [nm]
~ .0
36a PhCOCI, b) é 12 996 m
~e 20
36b 246-wimethyl- 18 72 2685
benzoic acid, ¢)
~._.0
36¢ 17b, <) \é/ 34 2 1455
W/O
~..0
36d 18, ¢) /\é/\ 32 13.5 16800
2-methyl- ~~ 20
36e naphthyl- 5 6 1412
carboxylic acid,
o]
[a] Synthesis from 24 according to Scheme 6.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 5. Ligands bearing guanidine groups and spacer units of different

length.
COOH
NH
By i,
HNT N o
H n
37
Compound® n SM®! Yield ICso (@5B1) ICso (vB3)
[%] [nm] [nm]
37a 1 31 21 60 131
37b 2 32 22 66 39

[a] Synthesis from scaffolds 31/32 and PhCOCI according to Scheme 6;
[b] starting material.

bridges to both aspartates (av)Asp218 and (av)Asp150 in
avfp3, a5p1 has only (a5)Asp227 for this essential interaction.
To probe whether this mutation can be utilised to gain selec-
tivity, the aminopyridine moiety of the a5p31 selective ligand
34e was replaced by a number of related basic heterocycles
(Table 6). As a general observation, the affinity towards a5p31
seems to be correlated to the basicity of the heterocycle:
whereas the guanidinium-like tetrahydropyrimidine 38d gave
excellent activities, the tetrahydropyridazine 38 e as well as the

1403
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i ) ; . i . (39¢) or acetic acid anhydride
Table 6. Comparison of different basic moieties on a5p1 affinity and selectivity.
(Scheme 9).
COOH The results in Table 7 indicate
Rom o that constriction by cyclisation
positions the amino function in
an unfavourable location for
a5p1. It can be assumed that
38 s .
an o substitution is generally
Compound®™ Starting R Yield ICs (a5B1) ICso (avf33) " bl h |
material %] (] (] unfavourable as the results are
independent of the nature and
~
38 - @N\ 18 73 e size of the substituent. The sul-
a . n.d. . . . .
N ”/\/ N fonamide, which is normally bi-
Ny selective for a5B1 and avfp3,
38b 26 [ ;L o~ 17 99 n.d.b showed a substantially reduced
NN ’ affinity for avP3; this hints at a
N/i general incompatibility of this
38¢ 27 : NN 10 126 >20000 scaffold with integrin affinity.
H
g
38d 38 < 83 1.8 221 .
@ N ”/\/ - Ligands based on the aza-
H glycine scaffold
N
38e 38b [ l 91 54 11082 The ligands of this series
N N/\/\\\ g
H H showed all the features respon-
sible for a5B1 selectivity, which
38f 34e N | N 86 42 5375 were determined in the SAR
H H study with the tyrosine-based li-
[a] Compounds 38a-c were synthesised from the ligand precursors 25-27 and 2,4,6-trimethylbenzoic acid ac- gands: a S Conﬁgured' 0-amino
cording to Scheme 6, procedure c). Compounds 38d-f were prepared from the assigned starting materials by acid as carrier of the carboxyl
reduction with H, and a Pd/C catalyst; [b] not determined. moiety and an aromatic amide

pyridazin 38b and the two pyrimidines 38a, 38c, each of
which are less basic than an aminopyridine, displayed reduced
activity. Compound 38c¢, the pyrimidin-6-yl-amino moiety of
which can establish an additional interaction with (a.5)-GIn221
did not have a satisfactory a5p1 affinity. It could not be deter-
mined whether this additional interaction is not present or if it
is simply overruled by the drop of basicity that is associated
with the substitution of pyridine by pyrimidine. Overall, it was
not possible to exploit the structural differences in the o subu-
nits to increase selectivity for a531, whereas reverse selectivity
could be induced by modification of the pyridine ring.?*
Flexible ligands are able to adopt a variety of conformations,
which often hampers selectivity. The introduction of con-
straints, for example, the cyclisation of tyrosine to 1,2,3,4-tetra-
hydroisochinolines is a popular
approach to gain selectivity by
conformational restriction.""%¢"
The ligand precursor 33 was
prepared by deprotection and
guanidinylation of 30 33
(Scheme 5). After Boc deprotec-
tion, the amine (39a) was acy-

NBoc

COOMe
H 39a: a), b)
R ——
BocHN \n/ N \/\/\O NBoc 39b: a), c), b)

with an ortho-dimethyl-substitu-
tion pattern. Both mesityl
groups and the slightly more potent 2,6-dimethyl-4-isopropox-
yphenyl group were employed as aromatic groups whereas
the basic moiety was left unchanged compared to the previ-
ously developed avp3 ligands (Scheme 7). Biological evalua-

Table 7. Biological evaluation of constrained tyrosine ligands 39.

Compound Yield 1Cs (5pB1) 1Csp (avf33)
[%] [um] [nm]

39a 65 >10 n.d.®

39b 12 >10 n.d.”

39¢ 22 15.9 330

39d 88 >10 n.d.®

[a] Not determined.

HZ\I\H/\I\/\/\ \ 1

NH

39¢: a), d), b)

39a:R"'=-H

39b: R' =-COPh
39¢c: R' = -SO,Mes
39d: R'=-Ac

e)

Scheme 9. Synthesis of constrained tyrosine ligands 39. a) HCl,q/dioxane; b) LiOH, methanol/water; c) PhCOCI,

NaHCO,, dioxane/water; d) mesitylsulfonyl chloride, TEA, DCM; e) Ac,0, NaHCO,, dioxane/water.

lated with benzoyl chloride
(39b), mesitylsulfonyl chloride
1404 www.chembiochem.org
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tions of the aza-glycine scaffold revealed high a5p1 affinities
together with a dramatic increase in selectivity compared to
the tyrosine scaffold. The selectivities of 6000 and higher are
due to the rigidity of the diacylhydrazone scaffold compared
to the rather flexible tyrosine. The lack of degrees in freedom
strongly disfavours alternative binding modes when the mesi-
tylene moiety is oriented outside the avp3 pocket. Table 8
shows representatives of the class of diacylhydrazones opti-
mised for a5p1 selectivity.

Both arylguanidyl and alkylguanidyl groups (42a, 43a/42b,
43b) showed a comparable selectivity against avf33; this once
again points out that only the C-terminal part of the molecule
is responsible for the selectivity. The additional hydrogen-bond
acceptor (-OiPr) in 43 gave a reduction of the IC;, value com-
parable with the tyrosine ligands 34j, k. The approximately
tenfold loss of a5B1 affinity of 43¢ compared to 43b shows
that the total length of the aza-glycine cannot be reduced. Fur-
thermore, substitution of aza-glycine with glycine (44b) has
little effect on the high affinities. The use of aminopyridines as
guanidine mimetics, which afforded very high affinity in both
a5p1 and avpB3 ligands, resulted in compound 45, which had
subnanomolar affinity for a5p1 and a selectivity of ~10*fold.

Figure 3 demonstrates the fit of compound 43 a into the a5p31
receptor and the main interactions, which are identical to the
results obtained from docking studies with tyrosine-based li-
gands. Compared to the tyrosine ligands, the high selectivities
of the aza-glycine ligands should be the result of an enhanced
rigidity of the scaffold, which strongly disfavours the place-
ment of the aromatic amide outside the receptor in avf33.

Conclusions and Outlook

In the face of the growing importance of selective a5p1 li-
gands, we report herein the synthesis of a series of com-
pounds based on the tyrosine scaffold with activities in the
subnanomolar range and selectivities of ~300-fold. The ligands
were optimised by docking studies with a homology model
that was established in our group. A careful evaluation of
ligand length, basic moieties and differently substituted aro-
matic moieties demonstrated the relevance of the model, and
enabled us to achieve an increase in selectivity to 1200-fold
and still preserve a low nanomolar activity. Furthermore, the in-
formation extracted from the extensive structure-activity rela-
tionship studies allowed the induction of a5p1 selectivity in

Table 8. Biological activities of ligands based on the aza-glycine and glycine scaffolds.
Compound 1Cso 1Cso Compound 1Csp 1Cso
(a5p1)  (avp3) (a5B1)  (avP3)
[nm] [nm] [nm] [nm]
NH O NH (0]
H H
N N_ COOH
HQNJKNQ\’( \N)J\N/YCOOH HNT N NAN/\(
H o H Hu_o o M Hu_o
42a 1.1 6500 42b 6.3 >50000
NH (0] NH (0]
H H
/( ]\ N. COOH NN COOH
HzN)J\N N)kN/\r H,N H/\/\ﬂ/ N N/\r
H 6 H H u__o o H H un_o
43a 0.96 >4750 43b 33 >20000
Oj/ OY
H H ji )N[i hoo
H,N N N COOH N COOH
2 \/\n/ N N/\r H,N HW \*N/\r
NH o H Hu_o 0 H aN_o
43¢ 34 >20000 44a 1.5 >20000
OY Oj/
NH H [¢]
PN N COOH z o
HN" N Hﬁ/ | H e COoH
(0] HN._O \N N NN
44b 0.86 9600 45 0.65 6000
OT/
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different integrin ligands by

which was demonstrated for the
aza-glycine/glycine scaffold. The

Q means of minor modifications,

resulting compounds displayed
affinities in the low nanomolar
range and below. The selectivity

o] 0] o] (0]
b, 1.d) H -
,o _bee) e PN /O against avf3 exceeded 10%fold,
AllocHN 0 AllocHN o : moc™ "X~ N 0
2.e)(X=N) . L .

NHFmoc HN. O f) (X = CHy)

blg)  FmocHN’ T X /\l)\ DLUN
—_—
b). i) i
® N
= N COOH
NN N
N N NTY

45

which is comparable with the
level of the most selective a5p31
ligands reported so far. Integrin
a5Bf1  antagonists  represent
promising lead structures for an-
tiangiogenic therapy of cancer
and age-related macular degen-

)Nj:' eration. The selective a5p1 Ii-
HoN N’ Y /\‘)L gands have already been suc-

R cessfully employed in biological
X =NH: systems and are subject of fur-
42aR’ = Me, R? = mCgH, ther research on integrin func-

42bR' =
43aR'=
43bR' =
43¢ R’

Me, R? = (CHa)s

QiPr, R2 = mCsH4

QiPr, RZ = (CH,);
= OiPr, R? = (CHa),

tion.©?

X = CHy: Experimental Section

44aR' =
44bR'=

OIPr, R% = (CHy)3

Detailed outline of the molecular
OiPr, R? = mCgH,

docking, synthesis and analysis
procedures can be found in the
Supporting Information.

Scheme 8. Synthesis of aza-glycine ligands on TCP resin. a) DCM/NaHCO,,, COCl,/toluene (90%); b) 20 % piperi- Acknowledgement
dine/NMP; ¢) aromatic acid, HATU, DIEA, NMP; d) 0.25 equiv Pd(PPhs),, PhSiH;, DCM; e) 40, DCM; f) Fmoc-glycine,

HOBt, TBTU, DIEA, DMF; g) 3-Fmoc-aminobenzoic acid, HATU, DIEA, NMP or 4-Fmoc-aminobutanoic acid or 3-

Fmoc-aminopropanoic acid, TBTU, DIEA, NMP; h) Bis-Boc-guanidinylpyrazole, CHCl,, 50°C; i) 25% TFA in DCM; j)3-  The authors would like to thank
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Figure 3. Superposition of the Connolly surface of the binding pocket of

a5P1 (grey) and avfp3 (red) with the aza-glycine ligand 43a docked into it.
Important receptor side chains and their corresponding residues in avf3 are
highlighted and labelled in parentheses. The MIDAS metal is represented as

a magenta sphere and H bonds are shown as dotted lines.
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