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logically important  peptides at the cell membrane  sur- 
face. Alternatively, the enzyme may function as a pro- 
cessing enzyme, acting on a putative precursor con- 
taining the Arg-Arg doublet. 
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Abstract. In 1986, Brown and Clemmons (Proc. nat1 Acad. Sci. USA 83 (1986) 3321) showed that platelets contain 
a substance,  platelet-derived growth inhibitor (PDGI),  that  inhibits in vitro endothelial cell replication. Although 
platelets are rich in transforming growth factor/~ (TGF-/3), P D G I  was considered not to be related to TGF-/3, on the 
basis of  its reported properties (extraction from platelets at neutral pH,  binding to heparin-Sepharose). However,  we 
purified P D G I  to near homogeneity and showed that on the basis of  H P L C  retention behavior, in vitro growth 
inhibitory activities with several cell types, receptor binding, and immunoneutral izat ion of growth inhibitory activity 
with specific anti-TGF-/3 type 1 antibodies, P D G I  is most  probab!y  identical with TGF-/~ type 1. 
Key words. Platelet-derived growth inhibitor; t ransforming growth factor-/~ type 1; bovine aortic endothelial cells. 

The growth of  cells in culture and in vivo is modulated by 
various effectors, some of which are growth factors and 
others growth inhibitors. The equilibrium between stim- 
ulatory and inhibitory signals is essential for normal  con- 
trol of  cell proliferation and cell differentiation. The sig- 
nificance of growth factors in these processes is well 
established, but  the role of  growth inhibitors is less clear. 
The regulation of vascular endothelial cell proliferation 
by growth factors and inhibitors is likely to be physiolog- 
ically important  in new capillary blood vessel formation.  
This process, often termed angiogenesis or neovascular- 
ization, is a complex and tightly regulated sequence of 
events involving migration, proliferation and matura t ion 
of endothelial cells a. Endothelial cell proliferation and 
angiogenesis are virtually absent in healthy adult tissue, 
but occur in controlled manner  during tissue growth (em- 
bryogenesis, menstrual  cycle, placenta formation) and 
repair (wound healing). Furthermore,  unregulated neo- 
vascularization is a hal lmark of  pathological states (tu- 
mor  growth, chronic inflammations, retinopathies, 
etc.)2, 3 
Many factors are known which stimulate endothelial cell 
proliferation and/or angiogenesis. They include the fi- 

broblast  growth factors basic and acidic F G F  4's, 
platelet-derived endothelial cell growth factor 6, and vas- 
cular permeabili ty factor/endothelial cell growth factor 
V P F / V E G F  % 8. These mitogens also stimulate angiogen- 
esis, but there are additional angiogenic factors that stim- 
ulate neovascularization without inducing endothelial 
cell proliferation 9. Likewise, a number  of  molecules with 
potent  growth inhibitory activity for endothelial cells 
have been characterized, i.e. TGF-/310-12, tumor  necro- 
sis factor-~ 13-15, interleukin-I 16,1~, interferons 15,18,19 
and heparin 2~ In addition, there are numerous re- 
ports describing less well-characterized endothelial cell 
and angiogenesis inhibitors 22- 34. In view of  the poten- 
tial importance of  negative regulatory factors in the bio- 
logical control of  neovascularization, it would be of  con- 
siderable interest to determine the chemical nature of  
novel endothelial cell growth or angiogenesis inhibitors. 
Brown and Clemmons 22 described an apparently novel 
endothelial cell growth inhibitory factor f rom platelets, 
which they named platelet-derived growth inhibitor 
(PDGI).  The reported properties (extraction at neutral 
pH, binding to heparin) suggested that  this factor was 
not related to the major  endothelial cell growth inhibitor 
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present in platelets, TGF-/~ 35. Here we demonstrate, 
however, that this factor is most probably identical with 
TGF-/~ type 1. 

mobile phase used was 0.1% trifluoroacetic acid (TFA)/ 
acetonitrile. Further details are given in the legends to the 
figures. 

Materials and methods 
Basic FGF (bFGF) and TGF-/~ were isolated from 
bovine brain TM 12 and human platelets 35, respectively, 
as described. Clinically outdated human platelets were 
obtained through the courtesy of the Swiss Red Cross in 
Ziirich. 

Purification of PDGI 
Platelets were extracted as described by Brown and 
Clemmons 22. A hundred outdated 10-unit packs (1 unit 
corresponds to 5 • 109 thrombocytes) of human platelets 
were combined (about 5 1) and centrifuged at 5000 x g for 
30 min to remove residual plasma. The platelets were 
washed once with 0.15 M NaC1/10 mM Na2HPO4/pH 7.4 
and recentrifuged as described above. The washed 
platelets (about 700 ml) were resuspended in 2 volumes 
of 0.9 M NaC1/10mM Na2HPO4/pH 7.4 and frozen/ 
thawed three times. After centrifugation at 20,000 • g for 
30 min, the supernatant was dialyzed overnight at 4 ~ 
against 10 mM Na2HPO4/pH 7.4 (40 1) using a Spec- 
trapore membrane (molecular weight cut off 6-8000 Da, 
diameter 31.8 ram). The retentate was centrifuged again 
at 20,000 • g for 30 min, then shaken overnight with 
16.7 g DEAE Sephadex A 50 (Pharmacia) at 4 ~ The 
DEAE Sephadex A 50 beads were packed into a column 
(5 x 60 cm), and washed with 10 mM Na2HPO4/pH 7.4 
until the absorbance of the eluate at 280 nm reached a 
minimal value. Bound proteins were eluted with 1 M 
NaC1/10 mM NazHPO4/pH 7.4. 
The heparin-Sepharose chromatography was performed 
according to Brown and Clemmons 22, with minor mod- 
ifications. The 1 M salt eluate from the DEAE Sephadex 
A 50 column was diluted about 10 times with 10 mM 
(NH4)zCO3/PH 7.4 and loaded onto a heparin-Sep- 
harose column (1.5 x 5 cm, CL-6B Pharmacia) preequili- 
brated with 0.1 M NaC1/10 mM (NHg)2CO3/pH 7.4. Af- 
ter the sample had been loaded, the column was washed 
with 0.1 M NaC1/10mM (NHg)zCO3/pH 7.4 (rather 
than with 0.1 M and 0.25 M NaC1 as was done by Clem- 
mons) until the absorbance of the eluate at 280 nm 
reached a minimal value. Bound protein was eluted with 
I M NaC1/10 mM (NHg)2CO3/pH 7.4. Fractions of 2 ml 
were collected. 
Reverse-phase high performance liquid chromatography 
(RPLC) was carried out at room temperature using an 
LKB HPLC instrument (model 2152 HPLC controller 
and model 2150 pumps) coupled to a variable wavelength 
Kratos Spectroflow 773 detector. The following chro- 
matography columns were used: a) a semi-preparative 
Vydac C4 column (25 x 1 cm, 5-1am particles, 30 nm pore 
size, The Separation Group, Hesperia, CA) and b) an 
analytical C8 column (RP-300, 22 • 0.46 cm, 10-~tm par- 
ticles, 30-nm pore size, Brownlee, Santa Clara, CA). The 

Determination of protein concentration 
Protein concentrations were estimated by determination 
of RPLC peak areas at 210 nm, using areas of known 
amounts of protein chromatographed under the same 
conditions as standards. Alternatively, protein concen- 
tration was determined by the Biorad protein assay 36. 
BSA was used as a standard for both methods. 

Heat treatment 
Heat-lability was tested by boiling lyophilized PDGI 
samples and appropriate controls dissolved in DMEM/ 
pH 7.4 for 10 min. The inhibitory activities of boiled 
samples were determined by assessing the effects of 10-~tl 
aliquots on the growth of endothelial cells (see below). 

Cell cultures 
Endothelial cells. Adult bovine aorta endothelial (ABAE) 
cells were provided by Dr D. Gospodarowicz, San Fran- 
cisco and were cultured in Dulbecco's modified Eagle's 
medium (DMEM) with 10 % calf serum (Hyclone Sterile 
Systems, Logan, UT) in the presence of bFGF as de- 
scribed previously 37-39. They were plated for basal and 
bFGF-induced growth inhibition assays (see below). 
Chicken embryofibroblasts. Chicken embryo fibroblasts 
(CEF), kindly provided by H. Gehring, Z/irich, were pre- 
pared as described 40. 1,250,000 cells/5 ml were plated in 
Eagle's minimal essential medium (MEM) with 10 % fe- 
tal calf serum in a Coming plastic flask. After incubation 
for 72 h at 37 ~ in humidified 5 % CO z atmosphere the 
cells were trypsinized and plated in MEM with 10 % fetal 
calf serum for basal growth inhibition assays (see below). 
Opossum kidney epithelial cells. Warnock opossum kid- 
ney (WOK) cells (wild type) were provided by Prof. 
H. Murer and J. Forgo, Ziirich and were cultured in 
DMEM-Ham's F 12 (Flow) (1: 1) with 10% fetal calf 
serum as described 41 and plated for basal growth inhibi- 
tion assays (see below). 

Growth inhibition assays 
a) Inhibition of bFGF-induced cell growth. ABAE cells 
were seeded in 24-multiwell plates containing 0.5 ml 
medium per well at a density of 8000 cells per well. 10-1al 
aliquots of appropriately diluted test samples (with 
DMEM/0.5 % BSA) and bFGF[1 ng/ml]were added on 
day 0 and day 2 after plating the cells. The cells were 
incubated for five days, trypsinized and counted in a 
model ZM Coulter particle counter. Further details are 
contained in the figure legends. 
b) Inhibition of basal cell growth. ABAE, WOK cells or 
CEF were seeded in 24-multiwell plates containing 0.5 ml 
medium per well at densities of 16,000 cells per well. 10-txl 
aliquots of appropriately diluted test samples (with 
DMEM/0.5 % BSA) were added on day 0 and day 2 after 
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plating the cells. The cells were incubated for six days and 
counted as described above. 

Radioreceptor binding assay 
The assay was performed by A. B. Roberts, Bethesda, 
MD, USA, as previously described 4z. Briefly, confluent 
human lung carcinoma A549 cells were incubated with 
100 pM[12sI]-TGF-fl and unlabelled aliquots of TGF-fi 
or test samples, respectively, and cell-bound[ 125I].TGF.fl 
was measured. 

Antibody neutralization 
The assay was performed by A. B. Roberts, Bethesda, 
MD, USA, as previously described 43. Briefly, growth of 
mink lung epithelial CCL64 cells was inhibited by 
aliquots of test samples in the presence or absence of 
antibodies specific for TGF-fl type 143 (those antibodies 
do not recognize TGF-fl type 2). Cell growth was mea- 
sured by determination of 5'-[125I]iodo-2'-deoxyuridine 
incorporated into the cells. 
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Figure 1. Purification of heparin-Sepharose purified PDGI by semi- 
preparative RPLC on a C4-column. The PDGI fraction eluted from 
heparin-Sepharose chromatography was pumped directly onto a 
semipreparative Vydac C4 reverse-phase column and eluted with the 
0.1% trifluoroacetic acid (TFA)/acetonitrile mobile phase at a flow rate 
of 1.5 ml/min using a 120-min-gradient of 30% to 60% acetonitrile. 
Fractions of 4.5 ml were collected at room temperature. 150 pl of each 

fraction was lyophilized in the presence of 50 pg BSA in a Speed Vac 
Concentrator, redissolved in 50 IA DMEM and tested for inhibitory activ- 
ity by adding 10-pl aliquots to cells. The % inhibition is expressed relative 
to that of maximally inhibited ABAE cells (inhibited by 10 ng/ml TGF-fl 
type 1). The horizontal bar indicates the fraction used for further purifi- 
cation. 
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Figure 2. Purification of PDGI on an analytical RPLC C8 column. The 
fraction from the sernipreparative C4-column containing the highest bio- 
logical activity (fig. 1, horizontal bar) was diluted five-fo.ld with 0.1% 
TFA, pumped onto an analytical C8-column and eluted with the 0.I % 
'['FA/acetonitrile mobile phase at a flow rate of 0.7 mr/rain using a 120- 
min-gradient of 25 % to 40 % acetonitrile. Fractions of 2.1 ml were col- 

If2~ 
0 

100 

80 

60 

40 

lected at room temperature. 150 pl of each fraction were lyophilized in the 
presence of 50 gg of BSA, redissolved in 50 pl DMEM and assayed for 
inhibitory activity as described (fig. 1). The arrow indicates the retention 
time of authentic TGF-fl type 1 chromatographed under identical condi- 
tions. 
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Results 
Purification of PDGL The purification of PDGI from 
one hundred 10-unit packs of human platelets was 
achieved in 5 steps. The first step, consisting of platelet 
extraction, yielded 5 g of protein. The second step, 
DEAE batch adsorption elution, yielded 2.5 g of protein. 
Heparin-Sepharose chromatography provided signifi- 
cant purification: only 1% (25 rag) of the proteins 
present in the DEAE Sephadex eluate bound to heparin- 
Sepharose. The eluted proteins were further purified in 
two steps with RPLC (figs 1, 2). After chromatography 
on a semi-preparative Vydac C4-column (fig. 1) the 
PDGI fraction (marked by the horizontal bar in fig. 1) 
contained 50 ~tg protein. Further purification on an ana- 
lytical RPLC C8-column yielded approximately 1 ~tg of 
highly purified inhibitory protein (fig. 2). 
Characterization of PDGI. Highly purified PDGI (fig. 2) 
inhibits the basal and the FGF-stimulated growth of 
ABAE cells cultured in serum-containing medium 
(fig. 3). This inhibition is dose-dependent from 0.1 to 
10 ng/ml PDGI for basal growth, and from 0.6 to 
10 ng/ml PDGI when the growth of cells is stimulated by 
bFGF [l ng/ml]. Furthermore, PDGI similarly inhibits 
the basal growth of CEF in a dose-dependent manner 
from 0.16 to 10 ng/ml (data not shown). 
PDGI and TGF-fl type 1 were compared with respect to 
potency in the endothelial cell growth inhibition assay. 
PDGI and TGF-fl produced qualitatively identical (par- 
allel) dose-response curves (fig. 4). Making the assump- 
tion that PDGI and TGF-fl are identical, the specific 
activity of PDGI was calculated from the dose-response 
curve and the protein concentration as 2000-4000 units/ 
~tg protein, depending on the batch of material (one unit 
is defined as the quantity of material needed to elicit 
half-maximal inhibition of endothelial cell growth). The 
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Figure 3. Inh ib i t ion o f  the basal and the FGF-st imulated growth o f  
ABAE-celIs in vitro by PDGI. ABAE cells, seeded at 16,000 cells/well for 
basal and at 8000 cells/well for FGF-stimulated growth, were grown in 
the presence of various doses of PDGI for 6 and 5 days, respectively. 
Points represent means of duplicate determinations (variations less than 
10 %). Symbols: open and closed squares represent FGF-stimulated and 
basal growth, respectively. 
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Figure 4. Comparison of endothelial cell growth inhibitory activities of 
PDGI and TGF-/~ type 1 on basal growth before and after heat inactiva- 
tion. ABAE cells, seeded at t6,000 cells/well, were grown for 6 days in the 
presence of various doses of PDGI, PDGI boiled, TGF-]~ type 1 and 
TGF-/~ type 1 boiled. The protein concentration of the RPLC-fractions 
were determined as described above. Points represent means of duplicate 
determinations (variations less than 10%). Symbols: squares denote 
PDGI, triangles indicate TGF-fl; open and closed symbols represent 
normal and heat-inactivated samples, respectively. 
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Figure 5. Competition of PDGI with human TGF-fl in the radiorecepto r 
binding assay. A549 cells were incubated with [125I]-TGF-fl and various 
doses of unlabeled TGF-fl or PDGI at 40 ~ for 3 h. The total cell-asso- 
ciated radioactivity was determined. Data represent means of triplicate 
determinations (variations less than 10 %). Symbols: open squares denote 
TGF-fl, dosed squares indicate PDGi. 

specific activity of authentic TGF-/~ type 1 is 6400 units/ 
gg protein (half-maximal response at 0.2 ng/ml). Thus, 
the PDGI preparation is estimated to be approximately 
30-60 % pure. PDGI and TGF-/? were also compared in 
a heat-inactivation assay. As shown in figure 4, heating 
inactivated PDGI and TGF-/~ similarly. 
As a further test of comparison, PDGI binding to the 
TGF-// receptor was tested in human lung carcinoma 
cells A549 using a TGF-/~ radioreceptor binding assay, in 
this assay, PDGI competed in a manner identical to that 
of human TGF-fl type 1 standard (fig. 5). Furthermore, 
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Figure 6. Growth inhibition of CCL-64 cells by PDGI and TGF-]~ in 
vitro. CCL-64 cells, seeded at 500,000 cells/well were grown for 22 h in 
the presence of various doses of PDGI or authentic TGF-B in the pres- 
ence or absence of antibodies specific for TGF-fl type 1. Points represent 
means of triplicate determinations (variations less than 10 %). Symbols: 
open squares denote TGF-/~, closed squares indicate PDGI, star repre- 
sents PDGI in the presence of antibodies specific for TGF-fl type 1. 

tion of activity with I 'M NaC1. We have observed in 
some experiments that a minor portion of inhibitory ac- 
tivity was eluted from the heparin column by washing 
with 0.25 M NaC1. However, this material was shown to 
be indistinguishable from that eluted with 1 M NaC1 
when subjected to RPLC (data not shown). This suggests 
that PDGI binds only weakly to heparin-Sepharose (elu- 
tion at or near 0.25 M NaC1) which is in agreement with 
the known weak binding of TGF-/~ to heparin-like sub- 
stances. 
The data presented here suggest that PDGI is identical to 
TGF-fl type 1. Although we cannot entirely rule out the 
possibility that PDGI is a distinct molecular entity that 
is masked by TGF-fl in all chromatography steps, or is 
undetected after RPLC because of inactivation, there 
was no experimental evidence to support such a notion 
and we consider this possibility to be unlikely. In conclu- 
sion, our results appear to invalidate the postulated exis- 
tence of a new inhibitor in human platelets as proposed 
by Brown and Clemmons 22. 

the growth of mink lung epithelial cells CCL64 was in- 
hibited similarly by human TGF-fl type 1 and PDGI 
(fig. 6), and the PDGI activity in this assay was substan- 
tially blocked with antibodies which react specifically 
with TGF-/~ type I but not TGF-/~ type 2 42 (fig. 6). 
Finally, under highly resolutive RPLC conditions PDGI 
and TGF-/~ type 1 show indistinguishable retention be- 
havior (fig. 2). All these data suggest close biological and 
chemical similarity between PDGI and TGF-/L 

Discussion 
Clemmons et al? 2 provided evidence that human 
platelets contain an endothelial cell growth inhibitor with 
characteristics apparently different from those of known 
platelet-derived inhibitors, most notably TGF-fl, which 
occurs in high concentrations in platelets. 
Our data suggest that PDGI is identical to a TGF-fl-like 
protein. The following evidence is presented. Both are 
potent inhibitors for ABAE cells as previously de- 
scribed 4s possessing the same intrinsic biological activi- 
ty. They also inhibit CEF growth but do not affect the 
basal growth of WOK cells (data not shown). Further- 
more, they show the same binding behavior to A549 cells 
(parallel binding curve). Both peptides are acid-stable 
(they retain their bioactivity when boiled under acidic 
conditions 44), are heat-labile at neutral pH, and coelute 
on a reverse-phase C8-column. Finally, the inhibitory 
activity of PDGI was neutralized by a highly specific 
antibody against TGF-fl type 1 which does not cross-re- 
act with TGF-fi type 2. 
Our procedure for purification of PDGI is identical to 
that of Clemmons 22 except that heparin-Sepharose was 
washed with buffer containing 0.1 M NaC1 after sample 
loading, rather than with 0.25 M NaC122, prior to elu- 
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Preferential hydrophobic interactions are responsible for a preference of D-amino acids in the 
aminoacylation of  5"-AMP with hydrophobic amino acids 
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Abstract. We have studied the chemist ry  of  aminoacy l  A M P  to mode l  react ions at the 3' t e rminus  of  aminoacy l  t R N A  
for the purpose  of  u n d e r s t an d i n g  the origin of  p ro te in  synthesis. The present  studies relate to the D, L preference in  
the esterif ication of  Y-AMP.  All  N-acetyl  ami n o  acids we studied showed faster react ion of  the D-isomer ,  with a 

general ly  decreasing preference for D- i somer  as the hydrophobic i ty  of  the am ino  acid decreased. The 3 -b ranched  
a m i n o  acids, Ile and  Val, showed an  extreme preference for D-isomer.  Ac-Leu,  the v-branched a m i n o  acid, showed 
a slightly low D / L  rat io relative to its hydrophobic i ty .  The molecular  basis for these preferences for D- i somer  is 
unde r s t andab le  in  the light o f  our  previous  studies and  seems to be due to preferent ial  hydrophob ic  in te rac t ion  of  
the D- i somer  with adenine.  The preference for hyd rophob ic  D - a m i n o  acids can  be decreased by add i t ion  of  an  organic  
solvent  to the react ion medium.  Conversely,  pep t idy la t ion  with Ac-PhePhe  shows a preference for the LL isomer  over 
the D D  isomer.  
Key words. A m i n o a c y l a t i o n  and  pept idy la t ion  of  Y - A M P ;  stereoselectivity. 

We would  like to u n d e r s t a n d  how the process of  p ro te in  
synthesis came in to  existence. One  of  the mos t  challeng- 
ing aspects o f  tha t  p rob lem is that  o f  chirality. A l t h o u g h  
chemical  syntheses of  ami n o  acids general ly  proceed to 
give equal  a m o u n t s  (racemic mix) of  bo th  optical  isomers 
(D and  L), biological  systems a lmos t  exclusively use L- 
amino  acids in  pro te in  synthesis. This  in  spite o f  the fact 
that  D - a m i n o  acids can  par t ic ipate  in each step of  pro te in  
synthesis ~ - 3. It  is ou r  general  a s sumpt ion  that  the or igin 
o f  a b iochemical  system is based on  the set of  possible 

chemical  react ions and  that  by  s tudying  the re levant  
ones, we can unde r s t and  the origin o f  tha t  b iochemical  
system. In  the case of  p ro te in  synthesis,  the re levant  
chemical  react ions concern  Y-AMP.  
Each am ino  acid is first act ivated by  ATP,  yielding the 
aminoacy l  adenyla te  anhydr ide ,  with the a m i n o  acid co- 
valent ly  a t tached to the phospha te  of  5 ' -AMP.  The  
am ino  acid is then  passed to become an  ester o f  the r ibose 
of  the A M P  residue which is at the 3' t e rminus  of  every 
t R N A .  The am ino  g roup  of  the aminoacy l  t R N A  then  


