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Biology of Integrins

extracellular ligand celi adhesion

signaling

a-subunit J3-subunit
- inside-out
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The Integrin Receptor Family

Leukocyte-specific
receptors

Laminin receptors



Integrines and Their Ligands (blue: RGD binding)
a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 aE al aM aX aD allb av
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Flexible Molecules in Solution Receptor

not active active

The more the structure ot the tree ligand in solution resembles the
structure ot the ligand in the complex, the stronger the binding, i.e.

the more active is the ligand
F- t- t th t t- - I- t - complexIxa lon o e con orma lon via cyc Iza lon

inactive

mismatched case
super-active

matched case



The Conformational Space for Flexible and "Rigid" Ligands

inactiv

biselective and very
active for A and B

selective for C, but low activity

receptor A
receptor B



A Cyclic Peptide of Five Identical Amino Acids Exhibits a
Fast Equilibrium of Five Degenerated Identical Structures

(Effektive Cs Symmetry)
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Search for Preferred Conformations

(often incorrectly called "rigid" conformation)

the chiralty of the amino acids
controls the backbone conformation~ V t-

penta- and hexapeptides

. = D-Ala, Gly, D-Pro, L-
Pro

ali corners = L-Ala

H. Kessler, R. Gratias, G. Hessler, M. Gurrath, G. Muller; Conformation of cyclic peptides. Principle concepts and
the design of selectivity and superactivity in bioactive sequences by 'spatial screening'; Pure & Appl. Chem. 1996,
68,1201-1205



D-Amino Acid Scan of cyclo(RGDFV)

linear reference GRGDSPK: 1.2 Jlmol

I 0.002 ~moll

0, @
H-"~"II.o

0t
N'=o-~~H-r

F H--Q
\ .,

ICso(avp3) against
vitronectin

1'0.011 p,moll

l>to>.~rnQII

r 0.15 p-mol I

l>tO;~"Qf .1

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



Selectivity of Peptide Integrin Antagonists

Jinea!r: flexible = nonselective

I streched: allbji3-selective ikinked:av~3~selective I

~Iç: ~~. I
M. Gurrath, G. MUller,H. Kessler, M. Aumailley, R. Timpl; Eur. J. Biochem. 1992, 210, 911-921.



Conformation can differentiate
between different exintegrin subunits

M. Ptaff, K. Tangemann, B. MOller, M. Gurrath, G. Muller, H.

Kessler, R. Timpl, J. Engel; J. Bio/. Chem. 1994, 269, 20233-20238

G. Muller, M. Gurrath, H. Kessler; J. Comp-Aided Ma/. Design 1994, 8, 709-730.



Inhibition of Neoangiogenesis of Human Tumours on
Chicken Chorioalantioc Membranes
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cyclD(RfiADfV) cyclo(RODtY) -_u .
.

.

C4JI
llAfcyclo(R.GDfV)

Brooks et al. Celi 79, 1157 - 1164 (1994)



Derivatization of the RGD-Cyclopentapeptide

stereoisomers and
i;nversoipeptides IIiPid atl~hor I

IN~m_fttyratioA . i

lp~()ids I

0.. co-
H-fD JJlf

:O H-

lfl-turn mimetics I

sugar amino
acids

peptide bOAd
isosters

r thiopeptides I

reduced amide
bonds

R. Haubner, D. Finsinger, H. Kessler; Angew. Chem. Int. Ed. Engl. 1997,36, 1374-1389
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Effect of N-Methylation of the Peptide Bonds in cyclo{RGDfV)

Icyoto(RGDfV) I

cyclo(-[NMe]R-GDfV)

cyclo(R-[NMe]G-DfV)

ICso [nM] (av~3)

5.5

45

cyclo(RG-[NMe]D-fV)

cyclo(RGD-[NMe]f-V)

560

1400

cyclo(RGDf-[NMe]V-)

( Cilengitide, EMD 121974)

clinical phase Il for treatment of different cancers
in 2004: orphan drug status for treatment of glioma

0.58

Dechantsreiter E. Planker, B. Matha, E. Lohof, G. H6lzemann, A. Jonczyk,
s. L. Goodman, H. Kessler et aL, J. Med. Chem. 1999,42,3033-3040
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Applications of Integrin Ligands

A

Extrazellulare Matrix

c surface anchored peptides

)-- ,~._~1-~

. natural RGD sequence

, integrin

small peptides

B .
.

.". .
-~

radiolabelled peptides

D 1-

}J-.~ ~

RGD peptide

multimeric RGD peptide
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Glycosylated RGD-Containing Peptides: Tracer for Tumor
Targeting and Angiogenesis Imaging with Improved

Biokinetics

O OHH

~ OH ~AcHN O

O ~ ......

OH . NH "' sugars /~
1125 / I

#

H

~
O OH H

y;
18F-

HO N
O O

O
NH

{Fprop )SAA

D-Tyr ~~/.~

;-CON H

O HN~ FO Hj=°
HO~ H

Asp NH O ~N y NH2

\ ÌArg
O.r---NH NHGly

D-Phe :-.~~
iCONH

O HN~ FO Hj=°
HO~ ~H

Asp NH °Ì. Arg NyNH2
Oh---NH NHGly

Cancer Res. 2001, 61,1781 J. Nucl. Med. 2001, 42, 326

RGD peptide without a sugar residues exhibited low contrast because ot rapid
clearance also trom the tumor tissue



[18F]Galacto-RGD
Axillary Lymph Note Metastasis I Melanoma

CT

PET

Galacto-RGD

220 MBq; 2h p.i.

PET/CT -Fusion

Galacto-RGD

Beer, Haubner et al. (unpublished)



Monomeric and Dimeric 18F-c(RGDfE)-Peptides

((
/ H
/". C-N/

HN O )=0

JLt° H> ~ )yNH2
HO NH O~ ~ ~ NH

~NH
O

18

~ f\(F [18F]FBA:
AOE: Aminooxy-essigsaure l)J 4-[18F]FluorbenzaldehydO~ , O/N:

..' :.' .
, NH :

(" 18
"'... ~ Dpr: Diaminopropionsaure

Jj " F°
J...'.N.H COOH ,

~'.
, N-

O 010/

)(
]

H
H

eg
t
as:

th I I k I , ,[NH5 ep ae Yeng Y O-! O NH! COOH

HN aminocarbonsaure O ~ ~~ ~

,n..."''' y N~O

O )(1:':""""""'''''''''':'t\~
HN NH

c(RGDfE)

((
/ H
//'. C-N/

HN O )=0

JLt° HN H
N NH2

HO NH O ~/ ì(
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Thumshirn G et al. Chemistry 2003, 9, 2717-25
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IC50 [nM] 25
avp3

20
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Multimeric RGD Peptides

~
Ahx

"

n
10 21 0.3 (I: 0.35)

iodine

l
~

Hegas

~

20 25

fluorine

!

0.41 (I: 0.2)
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Tumor to Organ Rations
nude mice, M21-(avB3+)-melanoma,2 h p.i. (n=3-5)

c Monomer
. Dimer
c Tetramer

Blut Herz leber Nebenn. Darm Knochen
Serum lunga Nieren Milz Muskel M21l

Poethko T et al. J Nucl Med. 2004, 45, 892-902. .--INH



Surface Coating of Biomaterials
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PMMA

Ca3(P04)2

Ti / Ti02

gold
SiH

-NH2 (BSA)

Design of Coating Molecules

Anchor

acrylate
thiolate

phosphonate

isonipecotic
acid

Spacer

aminohexanoic (RGDfK)-NH2
acid (Ahx)n (RADfK)-NH2
HEGAS

(RGDfE)-COOH
(RADfE)-COOH



Applications of av Selective Inhibitors

Biomaterials
o surface anchoring

(biocompatibility)

..

.
. "

. 4

.A'
1/ "

.."

not coated RGD coated

M. Kantlehner et al., Angew. Chem. Int. Ed. 1999,38,4,560-562.



Modeling of Non-Peptidic Ligands for Coating of Surfaces

X-ray structure automated docking

Jt o ~ OH

H2N ~~('g ÙH

~N O HN ~
N,<'--o /;/ O

H O H H

H2Nì(N~~'Nì(Ny 'COOH
NH Y O r(~

R2 ~~

Cilengitide (I)

L.Marinelli,A. Lavecchia, K.E. Gottschalk, E. Novellino,H. Kessler,J.Med. Chem.

2003, 46, 4393-4404.



Stimulated Celi Adhesion on Titanium

o H HH

tt ~N~Ny "COOH
H2N N ~ N Ilì( I H °

ç
~

NH.& I

2 .&R

R1

2/ '3

_empty_2_3 4
50 -I- eye/o(-RGDfK[3-mercaptopropionyl]-)

l
4

~o-
>-
g 30
Q)

"(3
!E
Q)

O> 20t:
:.;::.
co
C.

40

H o H H

H2Nì(N~~_Nì(Ny 'COOH
NH Y o r(~

R2 ~~
10

o
o 0.1 10 100

mimetica concentration in coating solution / /lM

C. Dahmen, J. Auernheimer, A. Meyer, A. Enderle, S.L. Goodman, H. Kessler,
Angew.Chem. 2004, in press



Aza Peptide Mimic

f v f v

D H O.

N/ ..N

"CHz 'HO

G

R D H a
N/

ÀN/~
O I H

H

R

lead

ICso= 2.5 nM av~3

1700 nM allb~3

Aza-GIy-derivative

ICso= 3.5 nM av~3

5800 nM allb~3



Structure of cyclo(RazaGDf[NMe]V)

HN-(NH
NH2

0-\ ,H3

r-CO-N
HN

HN

HO

cyclo( -Arg-azaG Iy-Asp-D-Phe-[N Me]- Val-)

ICso6 nM (av~3)



Design of Modularly Assembled RGD Mimetics

Arg Gly Asp

NH a H a

H2N)lN~N'lrNJN~
H ~NH H a :- H

~ 'ca2H

D

I ~I H

~O~N
aMa a

~ J
Y

Photolinker (PL)

.)

D C B A



Design of an RGD Mimetic Library: Building Blocks A-D

N-I

H2N~
ç~

011 R1
I

""N
N
I
R2 O

H
N

H2N
a-i

~~ O
~jJ D

CI H>N C
H2N O

~" OH B A

,,~~
O

O
CH3

HN O d
i

\ l"""'\ H H>No N""OH
~OH OH Il

O H2N O
O

O H2N~ O H
H2N~ OH H:>N 'cf'

H2N,N)(OH

L~( .

cJ
N OH I ~ OH O

O HN~P'~, H

~ ;, OH. . ~ HNoN

)(
OH

H2N~ .a-i 0-13 O

O

o

H2N{NH2
C02H

N
H

O

O H2N

'(H2N0 NH2

l- -NH2
803- C02H

J, NH:> Or HN~
co,H ~ U NH2

H O CO:2H

H:>NPOH
O H O

H~NH2
O

C.Gibson G. A. G. Sulyok, D. Hahn, S. L. Goodman, G. H6lzemann, H. Kessler .
Angew. Chem. Int. Ed. Engl. 2001, 40,165-169.
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S. L. Goodman, G. Holzemann, G. A. G. Sulyok, H. Kessler,J. Med. Chem. 2002,45,1045-1051

Some Selected avx Inhibitors

Compound ICso (nM) on integrin

avJ33 avJ35 avJ36 aIIbJ33

cyclo(RGDf(NMe)V) 4 70 550 600

cyclo(RazaGDfV) 4 500 6000 6000

o
1 H H

'" "NYEyOH

64 2500 2 > 10000o "" o
I

CI ./- CI

o

'aÌ(6(°H
45 7 0.2 > 10000/ON o "" o

I
OCF3

QTIg-OO

o "" o
0.45 2670 0.6 4050l/:,

/1



Evolution of a Lead Structure:The RGD Sequence

GRGDSPK
Identification of

binding sequence ~ N ft ~
I ~N/

~ ~ H 6
c(RGDfV)

Cyclisation and
,spatial screening'

II

COOH

c(RGDf[NMe]V)
Optim isation

c(RazaGDf[NMe]V)
Peptidom imetics

o
~~ H ~

H,Ny :/ I ~/Ng '~COOH
NH ~ O~NH2

I
RGD mimetics

(combinatoriallibrary)

I II
Optimisation

(Pfizer' 5 'Rule of 5')
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Integrin Structure - the Complex (2002)

cilengitide

X-ray in complex
NMR in solution

Xiong et al. Science 2002, 296, 151 - 155



Structural Basis of SAR

Experimental activities

D-Phe

D-Trp

2.5 nM

0.2 nM

Vai 2.5 nM
NMeVal 0.6 nM

higher selectivity

0.

NMeVal

Vai v
a



Docking of Non-Peptidic Ligands

-

o H H

N N~
N/ ì( I COOH
H O X

L.Marinelli, A. Lavecchia, K.E. Gottschalk, E. Novellino, H. Kessler,
J. Med. Chem. 2003, 46, 4393-4404.



Homology Models of Ps

- Secundary structure of av~3(yellow) with RDG-ligand (grey)

-Homology models of ~5 subunit (different colors) show great
similarity except SDL (Lys159 - Phe189)

L.Marinelli, K.E. Gottschalk, A. Meier, E. Novellino, H. Kessler,
J. Med. Chem. 2004,47,4166-4177.
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Glycophorin A and Integrins Have a Common Dimerization
Motif

GXXXG motif

75111 79GV 83GV 87T
l

VL
VG
MG

VG
l,L

1091 Y

1107 P
1103

P
1107

P
1115 W

1133 G

993 W
985 Hv

1000 W

1016 W

1039 W

975 W

981W

11~4 W

998 W

995 W

11:5 p

730 I

70: A
720 L
7"'1- M
709 P
7"5- Q

688 I

IG

L'\'

SS
IL
LV

LL
IL

AI
IG

LV
IL
IK

I
VA

VG

LL

LL

ML

VL

IV

LL ILLIF
LLb jALIT

LL ,b fLIT
LL IAL1T
LL j,. ]t'U.L1
LL ..1>ILALV

LL 3i.IGLII
IV ILL1S
LL

.

.~
.

.. iGLLI
1M .~. iALLV

LV ...b LLV

LV' 1L.L

LIFi LLLA

LL 11;. LLV

LL.t IL V

LI- VLV

LV L 1V1L

F1'i'WI.J PLI,I.I.LLPI.T.ALI.I.LLCW

K. Gottschalk, P.D. Adams, A.T. Brunger, H.
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Open and Closed Conformation
Comparison with Experimental Results

Intracellular \'
\"

\'
\'

\"
\',..

tIfI/III' High-affinity

closed
Extracellular

~~~~

UUUU~

open closed Similarity of the open
form and GpA

~~~~

UUUU

ex,

GpA: red

Integrin: green

Haas et al. J.Biol.Chem.1996, 271, 6017-26

Vallar et aI.J.Biol.Chem.1999, 274,17257-66

Hughes et al. J.Biol.Chem. 1996,271,6571-4 MacKenzie et al. Science

Lu et al J.Biol.Chem.2001, 276,14642-8 1997,276,131-133



Transition Between High-Affinity and Low-Affinity State:
Three States?

High temperature molecular dynamics simulations starting
trom open and closed contormations (150 calculations per
starting structure)

150, (~ subunit)
Hi gh -affini ty

The high affinity state has
a 1200 twisted ~ helix

100

CO 50

o

-50 .
-50

... 8..
.' ..

..
. .

.
~
iIltennediate

(ex subunit)

o 50

e

100 150



Oligomerization ot Integrin Subunits trom allb~3
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The Trimer of the ~ Subunite allows Dimers of Clto Associate
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