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Summary 

T e t r a p e p t i d e  Arg-Gly-Asp-Ser  (RGDS), an amino ac id  sequence e x i s t i n g  in 
the c e l l - a t t a c h m e n t  domain of  f i b r o n e c t i n ,  was s y n t h e s i z e d  us ing  improved 
s o l i d - p h a s e  p rocedure .  C e l l - a t t a c h m e n t  a c t i v i t y  of the RGDS toward L-929 
f i b r o b l a s t  c e l l s  o r i g i n a t i n g  in mouse e p i t h e l i a  was examined by measur ing (a) 
the number of c e l l s  a t t a c h e d  onto RGDS-immobilized p o l y v i n y l  alcohol(PVA) 
f i l m ,  and (b) the ~ i n h i b i t i o n  of c e l l - a t t a c h m e n t  onto p o l y s t y r e n e  s u b s t r a t e  
from suspens ion  of  the c e l l s  in the presence  of RGDS molecu les .  I t  was found 
t h a t  (a) a number of  c e l l s  a t t a c h e d  to the RGDS-immobilized PYA f i l m s ,  and 
(b) RGDS molecules  remarkably a t t a ched  to the c e l l s ,  and, as a r e s u l t ,  RGDS 
i n h i b i t e d  the  c e l l s  to  adhere onto the s u b s t r a t e .  

Introduction 
Non-collagenous glycoproteins existing in extracellular matrix have not 

attracted attention until recently, because of the lack of structural eluci- 
dation. Along with the progress of molecular biology and gene engineering in 
recent years, the primary structures of cell-adhesive proteins(i), such as 
fihronectin(2), vitronectin(3), and laminin(4), have been examined, and 
biological functionalities of the proteins now became capable to be pursued 
in terms of their molecular structures. 

In particular, fibronectin, f i r s t  discovered in blood plasma by 
Morrison(5) (1948) has extensively been investigated(6-13) in these i0 years. 
Fib ronectin is known as a cell-adhesive glycoprotein, and causes adhesion, 
spreading, and multiplication of most cells.  Pierschbacher and co-workers 
(9-13) have promoted detailed researches on the functionalities of domain IV, 
which contains the cell-binding site,  of fihronectin molecule, and suggested 
that amino acid sequence Arg-Gly-Asp-Ser (RGDS) locating at near the 
C-terminal of the domain IV may play an important role as the cel l  
recognition determinant. Recently, Humphries(14) reported that a penta- 
peptide Gly-Arg-Gly-Asp-Ser (GRGDS) inhibits cancer metastasis to lung. 

The aim of this paper is to synthesize the tetrapeptide RGDS using 
improved solid-phase procedure, and to elucidate the cell-attachment 
activity of the synthetic peptide by means of two methods: (a) cel l -  
attachment to RGDS-immobilized polyvinyl alcohol (PVA) film, and (b) 
inhibition of cell-attachment to substrate (culture dish) from the 
suspension of cells in the presence of RGDS molecules. The cel l  tested is 
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L-929 fibroblast cell originating in mouse epithelia. 

Experimental  

N a t e r i a l s  
t -Bu toxyca rbony l -g lyc ine  (Boc-Gly), t - b u t o x y c a r b o n y l - L - a s p a r t i c  ac id -  ~ - 

benzyl  e s t e r  (Boc-Asp(OBzl)), and t -bu toxyca rbony l -O-benzy l -L- se r ine  
(Boc-Ser(Bzl))  were purchased from Pept ide I n s t i t u t e ,  I n c . ,  and t -bu toxy-  
ca rbony l -L -a rg in ine  hydrochlor ide  (Boc-Arg-OH.HC1.H~O) was purchased from 
Kokusan Chemical Works, Ltd. Dicyclohexylcarbodi imide  (DCC) used as a 
dehydra t ion  agent was purchased from Pept ide  I n s t i t u t e ,  I n c . ,  and N,N'- 
d i i s o p r o p y l c a r b o d i i m i d e  (DIC) was purchased from Aldr ich .  N , N ' - d i i s o p r o p y l -  
ethylamine (DIEA) used as a n e u t r a l i z a t i o n  agent,  t r i e t h y l a m i n e  (TEA), and 
hydroxybenzo t r i azo le  (HOBt) were purchased from Aldr ich ,  Katayama Chemicals, 
and Kokusan Chemical Works, r e s p e c t i v e l y .  Amino me thy la t ed -po lys ty rene  r e s i n  
ahd 4-(bromomethyl) pheny lace t i c  ac id  pheny les te r  (BrCH2-~-CH2COOCfl2- 
CO-~  ), both used for  Pam r e s i n  p r epa ra t i on ,  were purchased from Pept ide  
I n s t i t u t e ,  I n c . ,  and Applied Biosystems, r e s p e c t i v e l y .  Tr i f luoromethane-  
s u l f o n i c  ac id  (TFNSA) (Kanto Chemica l s )and  t r i f l u o r o a c e t i c  ac id  (TFA) 
(Pept ide  I n s t i t u t e ,  Inc . )  were used as deblocking agents .  Ninhydrin (Kishida 
Chemicals) was used as a co lo r ing  agent .  

Procedure o f  R6DS s y n t h e s i s  
Scheme of syn thes i s  i s  shown in Figure 1. F i r s t ,  t -bu toxycarbonyl  

-O-benzy l - se r ine -4- (oxymethy l )pheny lace toaminomethy l - res in  (Boc-Ser(Bzl) -  
COOCH2-Pam-Resin) was prepared by the procedure proposed by Michel l (15) .  To 
which, s e r i ne ,  a s p a r t i c  ac id ,  g lyc ine ,  and a rg in ine  u n i t s ,  each c a r r y i n g  
b lock ing  r e s idues ,  were succe s s ive ly  bonded to r e s p e c t i v e  p recur so r .  

Boc-Ser(Bzl)-~-OCH2-Pam-~ ;o 
DIC, TFA/DCM 

Boe-Asp(OBzI-Ser(Bzl)-C-OCH2-Pam-(~ 

DIC, TFA/DCN 

Boc-Gly-Asp(OBzl-!er(Bzl)-e-OCH~-Pam-~ 

DIC, TFA/DCM 

Boc-Arg(Mts)-Gly-Asp(OBzl-Ser(Bzl)-~-OCH2-Pam-~ 

TFMSA/TFA 

H-Arg-Gly-Asp-Ser-OH -'1-. HO-CH~-Pam-(~) 

Figure i Scheme of syn thes i s  of H-Arg-Gly-hsp-Ser-OH by so i i d -phase  
procedure.  
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Regarding the Arg u n i t ,  by t a k i n g  i n t o  c o n s i d e r a t i o n  the  deb lock ing  
r e a c t i o n ,  t - b u t o x y c a r b o n y l - N G - m e s i t y l e n e - 2 - s u l f o n y l - L - a r g i n i n e  
(Boc-hrg(Mts)-OH) was s y n t h e s i z e d  a f t e r  Yajima(16) by the f o l l o w i n g  
p rocedures :  Under reduced t empera tu re ,  coo led  down with  i c e  and NaC1, 
m e s i t y l e n e - 2 - s u l f o n y l  c h l o r i d e  (67.9g, 0.3mol) d i s s o l v e d  in ace tone  (300ml) 
was added dropwise to a s t i r r e d  s o l u t i o n  of Boc-Arg-OH.HC1.HzO (50.Og, 
O.15mol) d i s s o l v e d  in a mixture  of 4N NaOH (175ml, 0.7mol) and ace tone  
(750m1), f o r  40 min. A f t e r  s t i r r i n g  f o r  30 min in the i c e - b a t h  fo l lowed  by 
s t i r r i n g  at  room t empera tu re ,  the so lven t  was evapora ted ,  and the r e s i d u e  
was d i s s o l v e d  in water .  The aqueous phase was washed with  e t h y l  a c e t a t e ,  and 
then a c i d i f i e d  with  c i t r i c  ac id .  The r e s u l t i n g  p r e c i p i t a t e  was e x t r a c t e d  
with  e t h y l  a c e t a t e ,  and the  e x t r a c t  was washed with  i c e - c h i l l e d  0.2N HU1 and 
N a C l - s a t u r a t e d  water ,  d r i e d  over Na2S04 and then evapora ted .  An o i l y  r e s i d u e  
ob t a ined  was d i s s o l v e d  in methanol ,  and cyc lohexylamine  (CHA: 17.3ml, 
0.15mol) was added. The r e s u l t i n g  s o l i d  was r e c r y s t a l l i z e d  from a c e t o n i t r i l e .  
Boc-Arg(Mts)-OH.CHA s a l t  thus ob ta ined  was d i s s o l v e d  in methanol ,  and then 
O.1N HC1 was added. The s o l v e n t  was evapora ted ,  and the  r e s i d u e  was 
e x t r a c t e d  with  e t h y l  a c e t a t e .  The o rgan ic  phase was washed with  10~ c i t r i c  
a c i d  and N a C l - s a t u r a t e d  water ,  d r i e d  over  Na~S04, and evapora ted .  In t h i s  
manner, Boc-Arg(Mts)-OH was ob ta ined .  

Boc-Ser(Bzl)-COOCH~-Pam-Resin was s y n t h e s i z e d  by r e a c t i n g  amino- 
m e t h y l a t e d - p o l y s t y r e n e  r e s i n  ( N H 2 - C H 2 ~ - ~ )  with B o c - O - b e n z y l - s e r y l -  
4 - ( o x y m e t h y l ) p h e n y l a c e t i c  ac id  (Boc-Ser(Bzl)-COOCH2-~-CH2COOH), which was 
s y n t h e s i z e d  from Boc-Ser(Bzl) -CO0-  and BrCH2-~-CHuCOOCH2-CO~ . 

In the  course  of s y n t h e t i c  rou te  of  H-Arg-Gly-Asp-Ser-OH, shown in 
F igure  1, deb lock ing  of Boc group from Boc-Ser(Bzl)-COOCH2:Pam-Resin was 
performed by 60~ TFA in CH2CI~(DCM). The product  was washed with  DCM and DMF, 
n e u t r a l i z e d  with  10% DIEA in DCM, and again washed with DCM and DNF. The 
deblocked produc t ,  NH2-Ser(Bzl)-COOCH~-Pam-Resin, was coupled with  
Boc-Asp(OBzl) by us ing  DIC with  HOBt, d e h y d r a t i o n - c o u p l i n g  agent .  In t h i s  
s t ep ,  the Kaiser  t e s t  was c a r r i e d  out by means of n inhydr in  to conf i rm 
complete  coup l ing  of  amino ac id .  The ob ta ined  Boc-Asp(OBzl)-Ser(Bzl)-COOCH~- 
Pam-res in  was washed with  DCM and DMF. In a s i m i l a r  manner, Boc-Gly and 
Boc-Arg(Mts) were s u c c e s s i v e l y  coupled to amino-peptidyl-OCH~-Pam-Resin.  At 
each c o u p l i n g  s t ep ,  deb lock ing  and p u r i f i c a t i o n  procedures  were c a r e f u l l y  
performed.  

F i n a l l y ,  Boc-tetrapeptidyl-COOCH2-Pam-Resin (1.0g) ob ta ined  was s t i r r e d  
in a mix ture  of  t h i o a n i s o l e  (1.76ml) ,  1 , 2 - e t h a n e d i t h i o l  (0 .88ml) ,  m-c re so l  
(0 .2ml) ,  and TFA ( l l . 9 m l )  a t  room tempera tu re ,  and then deblocked and 
c l eaved  from the  r e s i n  by TFMSA (1.33ml) in an i c e - b a t h  fo r  2 hr .  D i e t h y l -  
e t h e r  was added to the r e a c t i o n  system, and then the p r e c i p i t a t e  and r e s i n  
were f i l t e r e d  and washed with  d i e t h y l e t h e r .  The deblocked H-Arg-Gly-Asp- 
Set-OH p e p t i d e  was d i s s o l v e d  in a small  amount of water  and t r e a t e d  with  
CM-Sephadex C-25 ion-exchange chromatography (ammonium s o l u t i o n  form, 
Pharmacia Fine Chemicals}.  The e l u a t e s  were l y p o p h i l i z e d  and d r i e d  over  P205 
in vacuum. The sample ob ta ined  was t e s t e d  by amino ac id  a n a l y s i s .  

I m m o b i l i z a t i o n  o f  t e t r a p e p t i d e  RGDS to  p o l y v i n y l  a l c o h o l  f i l m  
The scheme of su r f ace  a c t i v a t i o n  of p o l y v i n y l  a l c o h o l  (PVA) f i l m  i s  
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shown below. 

Ion Io NH(cH )  co 
flMDI 

o. /[-OC, Nn(CH ) CO 
. ~  0 

PVA PVA-HMDI 

PVA films were purified in a methanol Soxhlet extraction system, and then 

placed in i0~ hexamethylene diisocyanate (HMDI) solution in toluene, to 
which 0.07voi% di-n-butyl tin dilaurate was added. The solution was stirred 

for 1 hr in N2 atmosphere. After the reaction was over, films were rinsed 

with toluene and acetone. 

The activated films were dipped in img/ml RODS buffer solution and 

stirred for 3 hr at pH 3. The RODS-immobilized PVA films were washed with 
pure water, phosphate buffer solution (PBS), and again with pure water by 

using ultrasonic cleaner for i0 min. 

~ Ow (CH~) 6NCO 

HmN-RGDS 

~O~NH(CH2)~NCNH~-~ 
> o o 

O~NH(CH2)~NHe 

PVA-HMDI PVA-HMDI-RGDS 

The surface composition of the immobilized PVA film was tested by means 

of Cls and Nls spectra measured with a Shimadzu 750 ESCA spectrometer using 
Mgg a i.~ exciting radiation. 

C e l l - a t t a c h m e n t  a c t i v i t y  t e s t  f o r  RODS 
L-929 f i b r o b l a s t  c e l l  was c u l t u r e d  i n  E a g l e  MEM c o n t a i n i n g  a n t i b i o t i c s  

( g a n a m y c i n ,  60mg/1)  and  10% f e t a l  c a l f  serum (FCS: M. A. B i o p r o d u c t s ,  
M a r y l a n d ,  USA}. P r i m a r y - c u l t u r e d  mouse f i b r o b l a s t  was t a k e n  f rom s k i n  o f  
f e t a l  mouse u s i n g  t r y p s i n  and  e t h y l e n e d i a m i n e  t e t r a a c e t i c  a c i d  d i s o d i u m  s a l t  
(EDTA). L-929 c e l l s  were  t r y p s i n i z e d  f rom c u l t u r e  d i s h ,  washed  once  i n  a 
medium c o n t a i n i n g  10% FCS, and  once  s e r u m - f r e e  medium. The c e l l  d e n s i t y  was 
a d j u s t e d  t o  1 . 7 6 •  105 c e l l s / m l  f o r  c e l l - a t t a c h m e n t  t e s t  i n  b o t h  se rum medium 
and  s e r u m - f r e e  medium. The RGDS- immobi l i zed  PVA f i l m s  were  s t i r r e d  i n  70% 
e t h a n o l  f o r  o v e r n i g h t ,  and  e t h a n o l  was d i s p l a c e d  w i t h  PBS f o r  1 day .  The 
t e s t  f i l m s  were  p l a c e d  i n  2 4 - w e l l  c e l l  c u l t u r e  d i s h  ( C o r n i n g ,  N . Y . ) .  1 ml 
c e l l  s u s p e n s i o n s  were  added  t o  e a c h  of  t h e  p o l y m e r  f i l m s  p l a c e d  i n  t h e  w e l l s ,  
and  k e p t  f o r  p r e d e t e r m i n e d  p e r i o d s  i n  h u m i d i f i e d  i n c u b a t o r  c o n d i t i o n e d  t o  37 
~ ,  5% C02 and  95% a i r  a t m o s p h e r e .  A f t e r  i n c u b a t i o n ,  t h e  u n a t t a c h e d  c e l l s  
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were removed from the f i l m  su r f ace  by washing with  PBS. Adhered c e l l s  were 
f i x e d  by u s ing  g l u t a l a l d e h y d e ,  s t a i n e d  by Giemsa, and by g l y c e r i n .  The 
number of  c e l l s  a t t a c h e d  to  the f i lms  was counted.  

For c e l l  i n h i b i t i o n  t e s t ,  the s t a r t i n g  c e l l  d e n s i t y  was a d j u s t e d  to  
1.76 x 10 ~ c e l l s / m l  in  se rum-f ree  medium. 1 ml of  c e l l  suspens ion  c o n t a i n i n g  
2mg of RGDS p e p t i d e  was p laced  in a 24-we l l s  c e l l  c u l t u r e  d i sh ,  and kept  f o r  
p rede te rmined  p e r i ods  in a humid i f i ed  incuba to r  c o n d i t i o n e d  to  3 7 ~ ,  5% CO~ 
and 95% a i r  a tmosphere.  The number of  c e l l s  a t t a c h e d  to  the c u l t u r e  d ish  was 
counted as a f u n c t i o n  of i ncuba t i on  t ime.  

R e s u l t s  and Discussion 

S y n t h e s i s  o f  RGDS and i m m o b i l i z a t i o n  o f  RGDS to  PVA 
Boc-Ser(Bzl)-COOCH~-Pam-Resin ob ta ined  was hydro lyzed  wi th  6N-tiC1/ 

p r o p i o n i c  a c i d  f o r  24 hr ,  the product  was assayed by amino a c i d  a n a l y s i s  to 
de te rmine  the  degree  of i n t r o d u c t i o n  of  Boc-Ser(Bzl )  to the r e s i n .  I t  was 
found t h a t  Boc-Ser (Bzl )  r e s i d u e s  were i n t roduced  to 82% of amino r e s i d u e s  on 
the  NHm-CH2-~)-Resin. 

The r e s u l t s  of  amino ac id  a n a l y s i s  and of  e l emen ta l  a n a l y s i s  on 
H-Arg-Gly-Asp-Ser-OH (RGDS) s y n t h e s i z e d  by s o l i d - p h a s e  p rocedure  were g iven  
in Table 1. 

Table 1. Resu l t s  of ana lyses  on RGDS (C15H~TNv08) 

Amino acid analysis 
Count (nmol) Ratio 

Chemical analysis 
Calc Expr 

Ser 11.6 1.00 C 41.6% 41.4% 
Asp 12.3 1.06 N 6.2% 6.6% 

GIy ll.l 0.96 H 22.6% 22.7% 
Arg 12.7 1.09 

The r e s u l t s  ob ta ined  from both ana lyses  i n d i c a t e  t h a t  the RGDS p e p t i d e  was 
r e a l l y  s y n t h e s i z e d .  

F igure  2 and 3, r e s p e c t i v e l y ,  i l l u s t r a t e  Cls and Nls ESCA s p e c t r a  f o r  
PVA, PVA-HMDI, and PVA-HMDI-RGDS. The Cls spectrum of the RGDS-immobilized 
PVA e x h i b i t s  a shou lder  a t  289-291 eY, which i s  c h a r a c t e r i s t i c  to  carbon 
atom of the  amide bond. The t h e o r e t i c a l  % r a t i o  of oxygen to  carbon atom 
(O/C r a t i o )  of  the  bulk PVA i s  50%. However, as r e p o r t e d  in our p r ev ious  
pape r (17) ,  expe r imen ta l  va lue  fo r  the PVA was 35.2%. This f a c t  may sugges t  
t h a t  about 70% of OH r e s i d u e s  l o c a t e s  on the f i l m  s u r f a c e ,  and remainders  
are  b u r i e d  in the f i l m  i n t e r i o r .  O/C r a t i o  of  RGDS-immobilized eVA was 
r e p o r t e d  as ca .362.  Regarding N/C r a t i o ,  r e p o r t e d  va lues (17 )  fo r  PVA and 
RGDS-immobilized eVA were 0 and 10.28%, r e s p e c t i v e l y .  N/C va lue  fo r  PVA-HMDI 
ob t a ined  in t h i s  work i s  4.58%. These da ta  c l e a r l y  suppor t  t h a t  RGDS 
t e t r a p e p t i d e  molecu les  are  r e a l l y  immobil ized to  the PVA f i l m  v i a  HMDI as a 
space r .  
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PVA-HMDI-RGDS 

PVA-HMDI 

I PVA 

tt. 
7 

295 290 285 280 275 

Binding Energy / eV 

Figure 2 Cls ESCA spectra of PVA, 
PVA-HMDI, and PVA-HMDI-RGDS 
surface. 

PVA-HMDI-RGDS 

. PVA-HMDI 

410 405 400 595 590 

Binding Energy / eV 

Figure 3 Nls ESCA s p e c t r a  of PVA, 
PVA-HMDI, and PVA-H~DI-RGDS 
s u r f a c e .  

C e l l - a t t a c h m e n t  a c t i v i t y  o f  RGDS f o r  L-929 c e l l  
In F igure  4, l o g a r i t h m i c  number of  L-929 c e l l s  a t t a c h e d  to  RGDS- 

immobi l ized  PVA f i l m  was p l o t t e d  a g a i n s t  the i n c u b a t i o n  t ime.  In s e rum- f r ee  
medium, the number of attached cells onto RGDS-immobilized PVA film was 
about 15 times and i0 times as many as control(PVA-H•DI), at 1 hr and 5 hr 

incubation, respectively. In the medium with serum, a similar behavior was 

observed as shown in Figure 4. 

J 

J 
7 f  f j  

3 

4 

Z 
g, 3 

/I 2 

Figure 4 

0 I 2 5 4 5 

Time (hr) 

Logarithmic number of L-929 cells attached onto RGDS-immobilized 

PVA film plotted against time. 

i. PVA(serum-free), 2. PVA-HMDI(serum-free), 

3. PVA-HMDI(with serum), 4. PVA-HHDI-RGDS(serum-free), 

5. PVA-HMDI-RGDS(with serum). 
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The % cell-attachment onto polystyrene dish from cell suspension 

including RGDS molecules was plotted against the incubation time in Figure 5. 

Obviously, cell-attachment is inhibited about 80% at the initial stage of 
the incubation time. This fact indicates that RGDS molecules bind to the 

fibronectin receptor of the L-929 cell, the receptor is being inhibited by 
the RGDS molecules, and thus the cell-attachment onto the cell culture dish 
is largely reduced. It was found that RGDS peptide interacts strongly with 
fibronectin receptor of the cell. Some specific site of protein distributing 

on the c e l l  s u r f a c e  of L-929 i s  cons ide r ed  to ac t  as a r e c e p t o r  toward the  
RGDS pep t i de  as l i g a n d .  

100 

E 
0 

50 

0 

0 I I I 
o 1 2 3 (h~ 

Time 

Figure 5 Inhibition effect of RGDS molecules on attachment of L-929 cell 

to substrate dish. 
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