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Summary: Hepar in  inhibi ts  proteolyt ic  digest ion of hepar in-b ind ing  growth 
fac tor - I  (HBGF-I)  by t rypsin,  plasmin and other proteases. This proper ty  is lost 
a f te r  thermal  dena tura t ion  of HBGF-I,  suggesting that  a hepar in :HBGF-I  
s t ructura l  in terac t ion  ra ther  than a hepar in : t rypsin  in teract ion is responsible for  
the resistance of HBGF-I  to digest ion with trypsin.  Hepar in  is also able to 
pa r t i a l ly  protect  HBGF-I  f rom thermal  dena tura t ion  as demonstra ted by the 
ab i l i ty  of hepar in  to protect  HBGF-I  f rom trypsin digestion. The protect ive 
e f fec t  of hepar in  is dependent  upon the concentra t ion of hepar in  as well as 
tempera ture  and dura t ion  of denatura t ion.  Au to rad iography  of 125I-HBGF-I 
incubated  with human umbil ical  vein endothel ia l  cells demonstrates near  
complete protect ion of HBGF-I  f rom proteolyt ic  modi f ica t ion  when the 
incubat ion  is per formed in the presence of heparin.  These data  suggest that  (i) 
the mechanism of the hepar in- induced  increase in human endothel ia l  cell number 
at conf luence involves the protect ion of HBGF-I  by hepar in  against  proteolyt ic  
inac t iva t ion  and (ii) hepar in  provides conformat ional  s tabi l i ty  to the polypept ide  
growth fac tor  which reduces the suscept ibi l i ty  of HBGF-I  to denatura t ion .  
© 1988 Academic Press, Inc. 

In t roduct ion:  Endothel ia l  cells are highly specialized,  mul t i func t iona l  cells 

which p lay  a s igni f icant  role in such processes as angiogenesis,  thrombosis,  

wound repai r  and atherogenesis (1). Endothel ia l  cell p ro l i fe ra t ion  is induced by 
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a fami ly  of acidic and basic polypept ide  mitogens collect ively termed the 

hepar in-b ind ing  growth factor  Class I (HBGF-I) and hepar in-b ind ing  growth 

factor  Class II (2). The HBGF-I  (ac idic- f ibroblas t  growth factor)  and HBGF-II  

(bas ic-f ibroblas t  growth factor)  famil ies  are related s t ructura l ly  with a 55% 

homology between the classes (3). 

The glyeosaminoglycan,  heparin,  enhances but does not promote angio- 

genesis in vivo (5,6), and hepar in  derived from mast cells s t imulates migrat ion 

of cap i l la ry  endothel ia l  cells in vitro (1,7). In addi t ion,  hepar in  interacts  

s t ruc tura l ly  with HBGF-I (8) and HBGF-II  (9). Although hepar in  modulates the 

biological  ac t iv i ty  of HBGF-I (10,11,12), the glycosaminoglycan inhibi ts  the 

biological  ac t iv i ty  of HBGF-II  (13). Fur ther ,  hepar in  enhances the binding of 

HBGF-I  to its receptor  present on several d i f fe ren t  cell types (11) and induces 

the format ion  of a more compact human endothel ia l  cell monolayer  in vitro (10). 

Al though the biochemical  basis for the potent ia t ion of HBGF-I ac t iv i ty  by 

hepar in  is not known, it is thought to involve a s t ructural  in teract ion between 

the polypept ide  growth factor  and the glyeosaminoglyean (8,11). This has been 

suggested to a f fec t  the s tabi l i ty  of HBGF-I (11), and has been reported to 

prevent  inac t iva t ion  of Class I and II HBGF's (13). We present evidence that  

suggests the ab i l i ty  of hepar in  to increase the cell number of HUVEC at 

confluence is due to the abi l i ty  of hepar in  to protect  the HBGF-I from 

proteolyt ic  modif icat ion.  

MATERIALS AND METHODS 

Cells and Reagents: Human umbil ical  vein (HUVEC) and murine lung capi l la ry  
(LE II) endothel ia l  cells were cul tured in vitro as previously described (8,11). 
HBGF-I  was pur i f i ed  as previously described (14) and growth assays per formed 
using 10 ng per ml pur i f ied  HBGF-I. The polypept ide  used for  the iodina t ion  is 
ident ica l  to the s tructure reported for a lpha-endothel ia l  cell growth fac tor  (14). 
The polypept ide  was labelled with 1251 (New England Nuclear)  using immobil ized 
lactoperoxidase-glucose oxidase Enzymo-Beads (Bio-Rad) as previously described 
(15) and was collected in 0.1% bovine serum albumin. The specif ic  ac t iv i ty  of 
12SI-HBGF-I was approximate ly  60 to 90 mCi per ug. The DNA synthesis assays 
were per formed as previously described (8). Trypsin was purchased from 
Worthington, immobil ized TPCK-t ryps in  from Pierce, and subti l isin,  thermolysin  
and papain  f rom Boehringer Mannheim. Plasmin was a generous gi f t  of Dr. 
Dudley St r ickland (American Red Cross). 

Trypsin Digestion: In all experiments,  50ul of hepar in  in varying concentrat ions 
was added to Eppendorf  tubes as indicated,  fol lowed by the addi t ion  of 10ul 
12SI-HBGF-I (approximate ly  2rig). Solutions were heated in a water  bath at 
specif ied temperatures  for varying periods of time as indicated.  Af te r  
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equilibration at room temperature, trypsin was added to the solution in a 1:1 
ratio (w/w) to the BSA present in the 12SI-HBGF-I _solution (10ug). All 
dilutions and digestions were carried out in 0,1M ammonium bicarbonate buffer, 
pH 8.0 except for the papain digestion for which the buffer was adjusted to pH 
6.9 with 0A N HCI, In separate experiments various other glycosamiaoglycans 
were substitut,ed for heparin, Sodium dodEeyl sulfate polyacrylamide gel 
eleetrophoresis ($D~-PAG~) was perfor_m_~l ess,enti~!!y as described by Laemmli 
(!6). All samples were !yophilized, resuspende~ ~n :SDS-sample buffer, and 
subjected to eleEtroph0resi..s .on 8 to 18% a¢rylami..d~ slab gradient gels using the 
Mighty-Small g,e! apparatus (H._oe£,er S,ei~ntifj.c), Th,e g¢!s were stained as 
previously des,erib~d (!4), dried ~nd subjected to autoradiography.at -70°C using 
Kodak XAR film and Dupon,t Lightning F!t!s ~ntensifying screens, 

Conditioned Media" HUV~C and LE-!! .eg!!s. were densely seeded in 12 well 
cluster dishes and grown_ to confluence jn the presence of purified HBGF-I 
without hepari:n, After 24 hrs~ .media was collected and incubated with 12sI- 
HBGF-I C!0ul) overnight at 37°C. In separate experiments, (10ul) 12SI,HBGF-I 
was added dir.e~t!y to the cell e,ulture for overnight incubation at 37°C, One 
half of all samples were incubated in the prE.sence .of 5 units per ml of heparin, 
and one-half without heparin. Media sampl,es (500ul) were loaded onto C18 
Sep-Pak columns (Waters), washed with 2mt of HPLC grade water, followed by 
15% acetonitrile, and finally eluted with lm! of 50% acetonitrile. The 50% 
,elution was ..collect,ed, lyophi!ized, resuspendEd in sample buffer, and subjected 
tO SDS-PAGE and autoradiography as described above, In separate experiments, 
lz6I-HBGF-I was incubated with medium ~99 .Or fetal bovine serum in varying 
concentrations for varying t:ime~ and subjected to purification as described 
above. Some incubations were carried .o-.ut in the presence of various protease 
inhibitors as indicated. 

RESULTS .AND DISCUSSION 

Heparin induces an incre.a,se in the in vitro monolayer number of HUVEC 

at confluence (Figure IA). Th`e- increase in HUVEC density at confluence 

occurred within three days after heparin addition at heparin concentrations 

b.etween 0.1 and 2ug per ml. An identieal response was observed with bovine 

lug heparin, porcine int.estinal mucosa heparJn or a low molecular weight 

heparin preparation obtained from Hepar (data not shown), 

Higher HUVEC densities could also be achieved in the absence of heparin 

by the frequent addition of HBGF-I (Figure 1A). The addition of HBGF-I to 

the culture m,edia every 24 hours resulted in an increase in cell number at 

confluence that was approximately 75% of the increase observed with a single 

feeding of HBGF-I and heparin (Figure 1A), Addition of heparin alone caused a 

decrease in viable cell number and subsequent e.ell dctaqhment from the 

mo,notayer surface. This ceil loss was increased with more frequent heparin 

additions. Since these data suggested t:h.at the increase in HUVEC density at 

confluence was 4ependent upon the presence of HBGF-I; we ex.am~inEd the 
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Figure 1. (A) The Heoarin-Dependent Increase in HUVEC Density at Confluence 
Requires HBGF-I and Can Also be Induced by Frequent Additions of HBGF-I. 
Dishes of HUVEC were obtained as described in Materials and Methods and 
seeded into 24 well plates at confluent densities. Additions of heparin (5 Units) 
and purif ied HBGF-I (10rig) were made every 24 hours as indicated. After  three 
days, viable cells were counted. (B) .Delayed Addition of Heparin Diminishes 
the De.nsity of HUVEC at Confluence. Confluent dishes of HUVEC were grown 
as described above and seeded into 24 well plates. At the indicate delay time, 
heparin was added to the cell culture to give a f inal  heparin concentration of 5 
units per ml. After  three days, viable cells were counted. 

| 4 ~  .# 

i m p o r t a n c e  of  t he  t ime  in  w h i c h  h e p a r i n  was a d d e d  to the  H U V E C  c u l t u r e  

m e d i u m .  We o b s e r v e d  t h a t  the  d e l a y e d  a d d i t i o n  of  h e p a r i n  r e su l t ed  in  a 

dec rease  in the  f i n a l  cell  n u m b e r  of  the  H U V E C  m o n o l a y e r  a t  c o n f l u e n c e  

( F i g u r e  1B). F u r t h e r m o r e ,  h e p a r i n  does no t  cause  an  i nc r ea se  in  cell  n u m b e r  i f  

a d d e d  15 h o u r s  a f t e r  the  i n t r o d u c t i o n  of  H B G F - I  to c o n f l u e n t  H U V E C  c o m p a r e d  

w i t h  the  r e sponse  w i t h  H B G F - I  a d d i t i o n  alone.  Since the  f r e q u e n t  a d d i t i o n  of  

H B G F - I  r e s u l t e d  in  an  i nc r ea se  in H U V E C  n u m b e r  at  c o n f l u e n c e  a n d  the  d e l a y e d  

a d d i t i o n  of  h e p a r i n  to H B G F - I - s u p p l e m e n t e d  c u l t u r e s  y i e lded  a d i m i n i s h e d  

response ,  we r e a s o n e d  t h a t  h e p a r i n  m ay  i n d e e d  be s t a b i l i z i n g  H B G F - I  f r o m  

i n a c t i v a t i o n  in the  H U V E C  c u l t u r e  e n v i r o n m e n t .  

A u t o r a d i o g r a p h y  of  12SI-HBGF-I s u b j e c t e d  to o v e r n i g h t  i n c u b a t i o n  w i t h  

H U V E C  a n d  LE- I I  cells  in vitro, sho,wed m a j o r  H B G F - I  d i g e s t i o n  f r a g m e n t s  

( F i g u r e  2). In  con t r a s t ,  a s ingle  b a n d  e~orresportding to i n t a c t  125I-HBGF-I was 

o b s e r v e d  w h e n  i n c u b a t i o n  was p e r f o r m e d  w i t h  H U V E C  a n d  LE-I I  cells in  the  

p r e sence  of  h e p a r i n ,  S i m i l a r  resttlts; were  a l so  o b s e r v e d  a f t e r  the  i n c u b a t i o n  of  

125[-HBGF-I w i t h  f e t a l  b o v i n e  serttm~ b.ut d id  n,ot occur  w i t h  D M E M  or M e d i u m  

199 ( d a t a  no t  shown) ,  These  d a t a  suggest  the  p r e sence  of  s e r u m - d e r i v e d  
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Figure 2. Serum-Derived Proteolytic Activity is Inhibi ted by Heparin. 125I- 
HBGF-I, with or without 5 units per ml heparin,  was added to confluent  
cultures of HUVEC and LE-II cells containing Medium 199 and 10% (v/v) FBS. 
After  18 hours incubat ion in the presence of cells, the media was aspirated, 25% 
of total volume was run over a C-18 Sep-Pak column, eluted with acetonitri le 
(14), lyophilized and subjected to SDS-PAGE and autoradiography as described 
in Materials and Methods. Heparin (5 units per ml) was added to the sample 
prior to chromotography to avoid art ifacts  in purif ication.  Lane A: HUVEC 
incubated with HBGF-I and heparin. Lane B: HUVEC incubated with HBGF-I 
without  heparin. Lanes C and D: LE-II cells treated respectively with HBGF-I 
and heparin,  and HBGF-I alone. Similar data were obtained af ter  the incubation 
of 126I-HBGF-I in Medium 199 with 10% FBS in the absence of endothelial  cells. 
In this regard, 5 units per ml of heparin protected 125I-HBGF-I from 
proteolytie modificat ion by serum-derived proteases and incubation with Medium 
199 in the absence of FBS and endothelial  cells did not result in t h e  proteolytic 
modif icat ion of I~SI-HBGF-I. 

p ro t eases  w h i c h  a re  c a p a b l e  of  se l ec t ive  c o v a l e n t  m o d i f i c a t i o n  of  125I-HBGF-I 

a n d  are  c o n s i s t e n t  w i t h  the  o b s e r v a t i o n  t h a t  h e p a r i n  m a y  be s t a b i l i z i n g  H B G F - I  

f r o m  i n a c t i v a t i o n  by  the  cel l  c u l t u r e  e n v i r o n m e n t .  F u r t h e r  s tud ies  u s ing  FBS 

w i t h  v a r i o u s  i n h i b i t o r s  d e m o n s t r a t e  p ro t ease  i n h i b i t i o n  w i t h  2 5 m M  E D T A ,  b u t  

no t  w i t h  E G T A ,  a s p e c i f i c  c a l c i u m  che l a to r ,  sugges t i ng  a n  e n z y m e  of  the  

m e t a l l o - p r o t e a s e  class. I n c u b a t i o n s  w i t h  2 m e r c a p t o e t h a n o l ,  s o y b e a n  t r y p s i n  

i n h i b i t o r ,  T L C K  or i o d o a c e t a m i d e  p r o d u c e d  no  s i g n i f i c a n t  i n h i b i t i o n  of  

pro teo lys i s .  T h i s  p r o t e c t i v e  e f f e c t  cou ld  e x p l a i n  w h y  h e p a r i n  has  l i t t l e  

m i t o g e n i c  p o t e n t i a l  of  i ts  own  (10), b u t  m a r k e d l y  p o t e n t i a t e s  the  b io log i ca l  

e f f e c t s  i n d u c e d  by  H B G F - I  (10,11,12). 

Because  h e p a r i n  p r o t e c t e d  H B G F - I  f r o m  p r o t e o l y t i c  m o d i f i c a t i o n  in  

c u l t u r e ,  we e x a m i n e d  the  s u s c e p t i b i l i t y  of  H B G F - I  to d i g e s t i o n  w i t h  t r y p s i n  in 

the  p r e s e n c e  a n d  absence  of  h e p a r i n .  As d e m o n s t r a t e d  in  F i g u r e  3, the  a d d i t i o n  

o f  h e p a r i n  to the  r e a c t i o n  m i x t u r e  p r o t e c t e d  H B G F - I  f r o m  t r y p s i n  d iges t i on ,  as 

d e m o n s t r a t e d  by  the  r e t e n t i o n  of  n e a r l y  al l  r a d i o a c t i v i t y  at  the  p o s i t i o n  of  

i n t a c t  HB GF- I .  T h i s  he ld  t r u e  even  a t  t r y p s i n  to H B G F - I  r a t i o s  as h i g h  as 
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Fioure 3. HeDarin Protects Native HBGF-I but not Denatured HBGF-I from 
Digestion by Trypsin. 125I-HBGF-I in 0.1% BSA (2ng HBGF-I) in the presence 
and absence of heparin (5 units) was treated with 5ug trypsin in 0.1M 
ammonium bicarbonate buffer, pH 8.0, incubated for 3 hours at 37°C and an 
additional 5ug trypsin added in order to replenish auto-digested trypsin. The 
heparin was added prior to trypsin digestion of HBGF-I. After 24 hours 
incubation, 25% of total volume was removed, lyophilized, electrophoresed and 
autoradiographed performed as described in Materials and Methods. The 
independent denaturation of HBGF-I and heparin was performed in water bath 
for 2 minutes at 90°C. Lane 1: HBGF-I control. Lane 2: HBGF-I plus 
trypsin. Lane 3: HBGF-I denatured at 90°C prior to the addition of trypsin. 
Lane 4: HBGF-I treated with trypsin in the presence of heparin (5 units). 
Lane 5: HBGF-I denatured at 90°C and subsequently treated with heparin and 
trypsin. Lane 6: Heparin heated at 90°C for 2 min followed by the addition of 
HBGF-I and trypsin. Lane 7: HBGF-I denatured at 90°C for 2 rain in the 
presence of heparin (5 units) followed by the addition of trypsin. 

5x103:1 (w /w)  in the presence of  0.25 units hepar in  per ng HBGF- I  and a 

s imi la r  e f f e c t  was demons t ra t ed  by dex t ran  su l fa te  but  not  by hya lu ron i c  acid 

or chonclroi t in  su l fa te  (data not  shown). In addi t ion ,  the b io logica l  a c t i v i t y  of  

HBGF- I  was re ta ined  when  HBGF-I  was t rea ted  wi th  immobi l i zed  T P C K - t r y p s i n  

fo r  30 minutes  at 37°C in the presence of  hepar in  (data  not  shown). In 

contras t ,  al l  mi togen ie  ac t i v i t y  was lost when  the p ro teo ly t i c  d iges t ion  was 

p e r f o r m e d  in the absence of  hepar in .  Subti l is in,  the rmolys in  and papa in  were  

also e x a m i n e d  in order  to de t e rmine  the spec i f i c i ty  of  the hepa r in  p ro tec t ive  

e f fec t .  Hepa r in  p ro tec ted  HBGF-I  f rom diges t ion  by the rmolys in  nea r ly  as 

comple te ly  as agains t  t ryps in  (F igure  5). Some pro tec t ion  was also ex tended  

agains t  HBGF- I  d iges t ion  by papa in  and min ima l  p ro tec t ion  agains t  subt i l i s in  

(F igure  4) as de t e rm ined  by the r e l a t ive  in tens i ty  of  in tac t  and h igh  molecu la r  
/ 

we igh t  f r a g m e n t s  observed  upon SDS-PAGE analysis  of  the non-hepa r in  control  

sal~ples. Hepa r in  also p ro tec ted  HBGF-I  f rom diges t ion  wi th  p lasmin (data  not  

shown).  In o rder  to de t e rmine  whe the r  the po lypep t ide  c o n f o r m a t i o n  of  

HBGF- I  con t r ibu tes  to the ab i l i ty  of  hepar in  to protec t  HBGF- I  agains t  t ryps in  

diges t ion,  HBGF- I  was heat  dena tured ;  a process which  destroys  the b io logica l  
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FiRure 4. Protective Effects of Heparin Against Various Proteolytic Enzymes. 
125I-HBGF-I (2 ng) was premixed with or without 5 units of heparin and 
exposed to 5 ug of a variety of proteolytic enzymes in 0.1M ammonium 
bicarbonate, pH 8.0.  After incubation for 3 hours at 37°C, 25% of the total 
mixture volume was aspirated, lyophilized and subjected to SDS-PAGE and 
autoradiography. Lanes 1 and 2: Trypsin digestion of HBGF-I with or without 
heparin, respectively. Lanes 3 and 4: Thermolysin digestion with or without 
heparin, respectively. Lanes 5 and 6: Subtilisin digestion with or without 
heparin, respectively. Lanes 7 and 8: papain digestion (0.1M) ammonium 
bicarbonate, adjusted to pH. 6.9 with or without heparin, respectively. 

a c t i v i t y  of  the  po lypep t ide .  I n c u b a t i o n  of  125I-HBGF-I at 90°C fo r  2 m i n u t e s  

r e su l t ed  in t he  comple t e  loss of  the  ab i l i ty  of  h e p a r i n  to p ro t ec t  HBGF- I  f r o m  

s u b s e q u e n t  t r y p s i n  d iges t ion  (F igure  3). H o w ev e r ,  i f  hea t  t r e a t m e n t  is 

c o n d u c t e d  in the  p re sence  of  hepa r in ,  subsequen t  t r y p s i n  d iges t ion  can be 

r e d u c e d  (F igure  5). This  e f f e c t  was obse rved  at  90°C w i t h  h e a t i n g  fo r  40 

seconds  in the  p re sence  of  2.5 un i t s  h e p a r i n  per  ng 125I-HBGF-I, bu t  was  lost 

2 0 : ' -  

14~,,--" 

1 2  3 4  5 6 7 8  

FiRure 5. Heparin Stabilization of HBGF-I During Thermal Denaturation is Time 
_Dependent: 126I-HBGF-I (2 ng) was heated at 55°C in a water bath for varying 
amounts of time with or without 5 units of heparin. Heparin (5 units) was then 
added to tubes not pre-treated with heparin, followed by the addition of 5ug 
trypsin. After 3 hours incubation at 37°C, 25% of the total volume was 
removed, lyophilized and subjected to SDS-PAGE and autoradiography as 
indicated in Materials and Methods. Lane 1: HBGF-I treated with 5 units of 
heparin prior to trypsin addition. Lane 2: HBGF-I and trypsin at room 
temperature in the absence of heparin. Lanes 3 and 4: HBGF-I denatured for 
30 seconds at 55°C with and without heparin, respectively, prior to trypsin 
digestion in the presence of heparin. Lanes 5 and 6: HBGF-I with and without 
heparin, respectively, prior to denaturation at 55°C for 1 minute followed by 
trypsin digest in the presence of heparin. Lanes 7 and 8: HBGF-I heated at 
55°C for 2 minutes with and without heparin, respectively, and then treated as, 
above. 
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with longer incubat ions at the same temperature.  HBGF-I s tabi l iza t ion by 

hepar in  also occurred with heat ing at 55°C for 2 minutes, but no d i f fe rence  

could be detected at  temperatures  below 55°C or with shorter  time periods of 

incubat ion,  suggesting that  l imited thermal denatura t ion  of HBGF-I  occurs at 

these lower temperatures  (Figure 5). The hepar in  concentrat ion could be 

lowered to 0.25 units per ng HBGF-I before the 10ss of  the hepar in  s tabi l iz ing 

ef fec t  was observed. 

The ab i l i ty  of hepar in  to protect HBGF-I against  digestion with t rypsin  

argues that  the arg and lys residues present within the pr imary  structure of 

HBGF-I  may be involved in the format ion of the hepar in:HBGF-I  complex and, 

as a result ,  are not susceptible to covalent modif ica t ion  by trypsin. The data 

obtained from thermal  denatura t ion  studies with the polypept ide  mitogen are 

consistent with this suggestion and support our ini t ia l  observat ion that  hepar in  

provides conformat iona l  s tabi l i ty  to the angiogenic po!ypept ide (11), Fur ther ,  

these data  suggest that  hepar in  inhibi ts  HBGF-I proteolysis by a direct  and 

specif ic  in teract ion with HBGF-I  and is consistent with the observat ion that  the 

esterolyt ic  ac t iv i ty  of t rypsin is not al tered in the presence of HBGF-I  and 

hepar in  (data not shown). It is of interest  that  hepar in  also protects the 

biological  ac t iv i ty  of basic f ibroblas t  growth factor  (Class II HBGF) f rom 

dena tura t ion  but inhibi ts  the biological  ac t iv i ty  of the polypept ide  (13). 

The mechanism of release and extracel!ular  fate  of  HBGF-I is not known. 

The absence of an apparent  signal pept ide sequence within the p r imary  s t ructure  

of the HBGF-I  precursor (t7) suggests an a l ternat ive  mechanism of release f rom 

cells which synthesize the angiogenic polypeptide.  Since such a mechanism may 

include cell death as an important  component,  it  is reasonable to suggest that  

the polypept ide  should be protected from enzymatic  modif ica t ions  by hydrolyases 

which may be released concurrent ly  with the growth factor.  The resistance of 

HBGF-I  to proteolyt ic  modif ica t ion  in the presence of hepar in  is consistent with 

such a mechanism. 
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