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Purification of Two Distinct Growth Factors from Bovine Neural Tissue by 
Heparin Affinity Chromatography+ 
Roy R. Lobb* and James W. Fett 

ABSTRACT: Two growth factors have been purified to homo- 
geneity from either bovine hypothalamus or brain by heparin 
affinity chromatography. Both stimulate the growth of murine 
3T3 fibroblasts and bovine capillary endothelial cells. One 
heparin-binding growth factor (HGFa), purified from either 
tissue by elution from heparin with 1.0 M sodium chloride, 
is obtained in a yield of 0.4 mg/kg of tissue. Its apparent 
molecular weight is 16 000 by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE), and its amino 
acid composition is identical with that of the acidic fibroblast 
growth factor recently isolated from bovine brain by a mul- 

H e p a r i n  affinity chromatography provides a powerful 
method for the isolation of endothelial cell growth factors 
(Shing et al., 1984; Klagsbrun & Shing, 1984a,b; D’Amore 
& Klagsbrun, 1984). A potent mitogen for capillary en- 
dothelium has been purified to homogeneity by this means 
from a rat chondrosarcoma (Shing et al., 1984) and from 
bovine cartilage (Sullivan & Klagsbrun, 1984). Moreover, 
the growth factors present in bovine neural tissue, including 
hypothalamus (Maciag et al., 1979, 1982), brain (Gospoda- 
rowicz et al., 1978, 1982), pituitary (Gospodarowicz, 1975), 
and retina (D’Amore et al., 1981), are adsorbed completely 
to immobilized heparin columns (Klagsbrun & Shing, 1984a,b 
D’Amore & Klagsbrun, 1984). Large-scale extractions of 
bovine brain and hypothalamus have been performed according 
to the procedures of Gospodarowicz et al. (1978, 1982), 
coupled with heparin affinity chromatography to extend these 
results. This report describes the purification to homogeneity 
of the two heparin-binding growth factors present in both 
tissues. 

tistep chromatographic procedure [Thomas, K. A., Rios- 
Candelore, M., & Fitzpatrick, M. (1984) Proc. Natl. Acad. 
Sci. U.S.A. 81, 357-3611. A second growth factor (HGFP), 
isolated from either tissue by elution from heparin with 2.0 
M sodium chloride, is obtained in a yield of 0.02 mg/kg of 
tissue. Its apparent molecular weight is 18000 by SDS- 
PAGE, and its amino acid composition differs from that of 
HGFa. These results confirm the existence of two distinct 
growth factors in bovine neural tissue and establish that the 
acidic endothelial cell growth factor from hypothalamus and 
the acidic brain fibroblast growth factor are identical. 

Experimental Procedures 
Materials. Bovine brain and hypothalamus were obtained 

from Pel-Freez Biologicals (Rogers, AR). CM-Sephadex C50 
and heparin-Sepharose were from Pharmacia (Piscataway, 
NJ). Protein assay and silver nitrate stain kits were from 
Bio-Rad (Richmond, CA). Porcine heparin was from Sigma 
(St. Louis, MO). ECGS’ was from Collaborative Research 
Inc. (Lexington, MA). [ 1251] Iododeoxyuridine was from New 
England Nuclear (Boston, MA). 

Cells. Bovine capillary endothelial (BCE) cells, clone 76-23, 
were the generous gift of Dr. Judah Folkman. Balb/c 3T3 
cells, clone A3 1, subclone MK25, were the generous gift of 
Dr. Michael Klagsbrun. 3T3 cells were maintained at 37 OC 
in DME supplemented with 10% heat-inactivated bovine serum 
(M. A. Bioproducts, Walkersville, MD), L-glutamine (2 mM), 
gentamicin (50 pg/L), and fungizone (500 fig/L) (DME/10) 
in Costar flasks in a humidified 5% C 0 2  in air incubator. BCE 
cells were maintained at 37 OC in the same medium supple- 
mented with 90 pg/mL heparin and 20 pg/mL ECGS 
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(DME/IO/HE; Thornton et al., 1983) on gelatin-coated Petri 
dishes (Folkman et al., 1979) in a humidified 10% COz in air 
incubator. 

Growth Factor Isolation. One-kilogram lots of bovine brain 
or hypothalamus were homogenized, acidified to pH 4.5, and 
processed with ammonium sulfate exactly as described 
(Gospodarowicz et al., 1982). The ammonium sulfate pellet 
was redissolved in water, dialyzed extensively against water 
in 6000-8000 molecular weight cutoff dialysis tubing (Spec- 
trapor, Spectrum Medical Industries, Queens, NY), and finally 
dialyzed overnight at 4 OC against 2 L of 0.1 M sodium 
phosphate, pH 6.0. A large precipitate was removed by 
centrifugation (20000g, 20 min), and the supernatant was 
applied to CM-Sephadex C50 equilibrated in the same buffer 
at a flow rate of 80 mL/h. The column was washed with the 
same buffer until the absorption at 280 nm returned to its base 
line value, giving an unbound fraction (CMFI), and then 
eluted sequentially with the same buffer containing 0.15 and 
0.5 M NaCl, giving fractions CMF2 and CMF3, respectively. 
Fraction CMF3 was dialyzed overnight against 10 mM 
Tris-HC1, pH 7.0, containing 0.6 M NaCl and applied directly 
at a flow rate of 25 mL/h to heparin-Sepharose (10-mL bed 
volume, 1.6 X 5 cm) equilibrated with the same buffer at 4 
OC (Shing et al., 1984). The column was washed sequentially 
at the same flow rate with 10 mM Tris-HC1, pH 7.0, sup- 
plemented with 0.6 M NaCl, 1 .O M NaCl, and finally 2.0 M 
NaCl. 

High-Performance Liquid Chromatography. Reversed- 
phase HPLC was performed by employing a Waters Asso- 
ciates liquid chromatography system consisting of an LKB 
21 38 206-nm detector, two model 6000 solvent delivery sys- 
tems, and a propylsilane (C3) column (10-pm particle size, 
250 X 4.1 mm; Synchrom Inc., Linden, IN). Elution at 23 
“C  was performed at a flow rate of 0.8 mL/min. Growth 
factor pools from the heparin column were applied directly 
to the C3 column through the pump and washed with 0.1% 
(v/v) TFA in water until absorption returned to base line. The 
column was eluted over 30 min with a linear gradient from 
0% to 60% acetonitrile/O.l% TFA in water. One-minute 
fractions were collected in siliconized tubes. 

Assays. Growth stimulation of quiescent, confluent mon- 
olayers of 3T3 cells was measured in 96 well plates by standard 
techniques exactly as described elsewhere (Klagsbrun et al., 
1977), except that [1z51]iododeoxyuridine (IdU, 10 pCi/plate) 
was substituted for [3H]thymidine (Marquardt et al., 1984). 

Growth stimulation of BCE cells was assessed as follows: 
BCE cells were plated into gelatin-coated 96 well half-area 
plates (Costar) at 2500 cells per well in 100 pL of DME/ 
10/HE. They were grown almost to confluence and then 
placed in DME/10 for 5-7 days. Thereafter, samples were 
loaded and plates processed as for 3T3 plates. For 3T3 stim- 
ulation, 20% bovine serum was used as a positive control, 
resulting in a 15-30-fold increase in IdU uptake. For BCE 
stimulation, serial dilutions of ECGS were used as positive 
controls, resulting in a small but highly reproducible 2-3-fold 
stimulation of IdU uptake at optimal levels (5-20 pg/mL). 
One unit of activity in either assay is defined as that amount 
of mitogen required to stimulate half-maximal IdU incorpo- 
ration. All assays were performed in duplicate. 

Aliquots from heparin and C3 column fractions were taken 
immediately upon completion of the column run and diluted 
40-500-fold into PBS containing 0.1% bovine serum albumin. 
When necessary, fractions were diluted further into the same 
buffer until optimal levels were obtained for use in stimulation 
assays. 
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FIGURE 1: Chromatography of fraction CMF3 from 1 kg of bovine 
brain on heparin-Sepharose equilibrated with 10 mM Tris-HCI, pH 
7.0, containing 0.6 M NaC1. The solid line indicates the absorbance 
change at 280 nm. The arrows identify the points of addition of elution 
buffers containing 1 and 2 M NaC1. Stimulation of IdU incorporation 
into the DNA of quiescent 3T3 cells (- 0 -) and BCE cells (-0-) by 
the fractions eluted with 1 and 2 M NaCl is also indicated. 

Other Techniques. Analytical SDS-PAGE was performed 
on vertical slab gels according to standard techniques 
(Laemmli, 1970) in the absence of thiol reducing agents. Gels 
were silver stained by using a commercially available kit 
(Bio-Rad). Protein concentrations of crude fractions were 
determined by the dye binding assay of Bradford (1976). 
Protein concentrations of pure mitogens eluted from heparin 
or C3 columns were determined by amino acid analysis, which 
was performed by the “Pico-Tag” method (Waters Associates; 
Biddlingmeyer et al., 1984). 
Results 

( A )  Optimization of Heparin-Sepharose Elution Condi- 
tions. Elution of heparin columns with salt gradients 
(Klagsbrun & Shing, 1984b; D’Amore & Klagsbrun, 1984) 
has established that the heparin-binding growth factors 
(HGF‘s) present in bovine neural tissue elute either at about 
1.0 M NaCl or at about 1.5 M NaCl. Moreover, mitogens 
are retained on the column when applied at NaCl concen- 
trations as high as 0.6 M (Shing et al., 1984). To obviate the 
need to perform gradients for large-scale preparations, con- 
ditions were optimized first to elute both mitogens sequentially 
at different constant salt concentrations. Small aliquots of 
partially purified fraction CMF3 from bovine brain were 
dialyzed against 10 mM Tris-HC1, pH 7.0, containing 0.6 M 
NaCl and applied to heparin-Sepharose, and contaminating 
proteins were eluted with the same buffer. The first hepa- 
rin-binding growth factor (HGFa) was eluted with 10 mM 
Tris-HC1, pH 7.0, containing different concentrations of NaCl 
varying from 0.95 to 1.1 M (data not shown). An optimal 
separation of mitogen from contaminants was obtained at 1 .O 
M NaCl (see below). The second heparin-binding growth 
factor (HGFP) was eluted subsequently with 2.0 M NaCl (see 
below). 

(B)  Purification of Mitogenic Activity from Bovine Brain 
and Hypothalamus. The elution profiles on heparin-Sepha- 
rose of fraction CMF3 partially purified from 1-kg extracts 
of either hypothalamus or brain are virtually identical. A 
typical profile for brain is shown in Figure 1. Although 99% 
of the protein, fraction H1, does not bind to the heparin 
column, essentially all of the mitogenic activity is retained, 
as measured by 3T3 IdU incorporation (Table I). Elution 
of the column with 1 .O M NaCl results in an elution profile 
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Table I: Purification of Mitogenic Activity from Bovine Brain‘ 
protein 

step (ms) 3T3 units 
ammonium sulfate extract 5400 2 x IO’ (IC%) 
CM-Sephadex 

CMFl 4120 1 x IO’ 
CMF2 700 1 x 106 
CMF3 320 1 x IO’ (50%) 

HI 300 2 x IO’ 
HZA 1.5 7 X IO’ 
H2B (HGFm) 0.40 7 X 106 (35%) 
H3 (HGFB) 0.02 1.6 X 106 (8%) 

heparin alfnity 
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a 1 kg of starting tissue. 

consisting of a sharp absorbance peak, fraction HZA, followed 
by a second broader peak, fraction H2B. Elution of the 
column with 2.0 M NaCl yields a single small absorbance 
pcak, fraction H3. Very strong mitogenic activity for 3T3 cells 
is eluted with 1.0 M NaCI. Importantly, this activity cornlam 
with the second peak of protein absorbance, fraction HZB, 
rather than the initial peak (Figure 1). Subsequent elution 
with 2.0 M NaCl results in a m n d  peak of mitogenic activity 
(Figure I). Cloned bovine capillary endothelial cells also were 
examined as target cells. Both mitogens stimulate IdU in- 
corporation into capillary endothelium (Figure 1). 

SDS-PAGE of fractions H2B and H3 from brain and hy- 
pothalamus is shown in Figure 2. The mitogen from either 
tissue eluted with 1.0 M NaCl (HGFa) is a M, 16000 doublet, 
while that eluted with 2.0 M NaCl (HGFB) is a single band 
of M, 18000. The yield of HGFa and HGFB from either 
tissue is 0.4 and 0.02 mg/kg of tissue, respectively (Table I). 
Dose-response studies on confluent 3T3 cells indicate that 
half-maximal stimulation of IdU incorporation by HGFa and 
HGFO is achieved at  concentrations of 400 and 80 pg/mL, 
respectively (data not shown). 

To desalt both proteins into volatile buffers suitable for 
further chemical analysis, each was applied directly to a re- 
versed-phase C3 HPLC column and eluted with a linear 
gradient of acetonitrile at  a flow rate of 2%/min. The HGFa 
from either tissue elutes as a single sharp peak at  an acetc- 
nitrile concentration of 38%. The HGFO from either tissue 
elutes as a single somewhat broader peak a t  an acetonitrile 
concentration of 33%. 

2 6 -  
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6 -  
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FIGURE 2: SDS-PAGE of peak HZB from brain (lane B) and hy- 
pothalamus (lane C) and peak H3 from brain (lane D) and h y p  
thalamus (lane E). Approximately 100 ng of each sample was applied 
to a 12.5% polyacylamide gel with a 5% stacking gel and silver stained 
as described under Experimental Procedures. Molecular weight 
markers (Bethesda Research Laboratories, low M, standards) are in 
lane A. Their molecular weights (XlO-’) are indicated at the left. 

Bioassays and amino acid analyses were performed across 
the protein peaks eluted from the C3 column. For each mi- 
togen 3T3 stimulation correlated exactly and solely with the 
protein peak. As shown in Table 11, the amino acid compo- 
sitions of the HGFa’s from either tissue are identical, within 
experimental limits, and indistinguishable from that of acidic 
brain FGF (Thomas et al., 1984). Consistent with this result, 
elution of the C3 column with a shallow gradient of aceto- 
nitrile resolves HGFa into two peaks with almost identical 
amino acid compositions (data not shown), indicating that the 
doublet seen by SDS-PAGE represents microheterogeneous 
forms of the same protein, exactly as described for acidic brain 
FGF (Thomas et al., 1984). The amino acid compositions of 
the HGFj3’s isolated from either tissue also are the same and 
distinct both from that of HGFa and from that of bovine 
myelin basic protein (Table 11). 

Discussion 
Recent work has shown that heparin affinity chromatog- 

raphy provides a powerful means to purify endothelial mitogens 
(Shing et al., 1984; Klagsbrun & Shing, 1984a,b; DAmore 
& Klagsbrun, 1984). A rat chondrosarcoma-derived growth 
factor has been purified to homogeneity by this means (Shing 
et al., 1984). as has a growth factor found in bovine cartilage 
(Sullivan & Klagsbrun, 1984). Moreover, the growth factors 

lots1 I 49 I 49 150 I50 152 170 

.24-h hydrolysates cf 10-20 pmol of protein. Nearest integer values are in parentheses. bFrom Thomas et al. (1984). <Based on a phenylalanine 
content of 7. dBased on M, 17000. ‘From Dayhoff (1972). fND. not determined. 
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present in bovine neural tissue are adsorbed completely to 
heparin-Sepharose (Klagsbrun & Shing, 1984a,b). Elution 
of heparin columns with salt gradients, in conjunction with 
isoelectric focusing studies, shows clearly that commercial 
extracts of bovine hypothalamus contain both an anionic and 
a cationic mitogen, eluting at 1.0 and 1.5 M NaC1, respectively 
(Klagsbrun & Shing, 1984b). Moreover, extracts of bovine 
brain also contain two mitogens that elute from heparin at 
similar salt concentrations (Klagsbrun & Shing, 1984b). In 
contrast, partially purified pituitary FGF, agreed to be a 
cationic mitogen (Lemmon & Bradshaw, 1983), elutes from 
heparin at 1.5 M NaCl. Finally, bovine RDGF, which isoe- 
lectric focusing studies show to be anionic (D’Amore & 
Klagsbrun, 1984), elutes from heparin at 1.0 M NaCl. These 
results suggest that the growth factors in neural tissue can be 
grouped into two classes: mitogens that elute from heparin 
at about 1 M sodium chloride (HGFa’s), likely all anionic, 
and mitogens that elute at about 1.5 M sodium chloride 
(HGFPs), likely all cationic. However, the structural rela- 
tionship between the mitogens present in these tissues remained 
undefined. 

To extend these results, large-scale extractions of bovine 
brain and hypothalamus were performed according to the 
method of Gospodarowicz et al. (1982), coupled with heparin 
affinity chromatography. Two growth factors were purified 
to homogeneity from either bovine hypothalamus or brain. The 
two mitogens, one eluted from heparin with 1.0 M NaCl 
(HGFa) and the other with 2.0 M NaCl (HGFP), are ob- 
tained pure in only three steps with yields of 0.4 and 0.02 
mg/kg of tissue, respectively. Both stimulate the growth of 
3T3 cells and bovine capillary endothelial cells. 

The HGFa purified from either tissue is the same, on the 
basis of the elution behavior on heparin affinity and re- 
versed-phase C3 columns, amino acid composition, and 
SDS-PAGE. Moreover, its amino acid composition and 
molecular weight show that it is identical with the acidic 
fibroblast growth factor recently isolated from bovine brain 
by a multistep chromatographic procedure (Thomas et al., 
1984). These results confirm that HGFa is anionic. 

Acidic endothelial cell growth factors have been partially 
purified from both bovine hypothalamus (ECGF; Maciag et 
ai., 1979, 1982) and bovine retina (RDGF; D’Amore et al., 
1981). However, their relationship to the mitogens found in 
other neural tissues was unclear. The acidic mitogen present 
in commercial extracts of hypothalamus binds to heparin- 
Sepharose and elutes at about 1 M NaCl, as does RDGF 
(Klagsbrun & Shing, 1984a,b; D’Amore & Klagsbrun, 1984). 
Moreover, both growth factors behave similarly upon isoe- 
lectric focusing and gel filtration and display similar biological 
activities, strongly suggesting that the two mitogens are 
identical (D’Amore & Klagsbrun, 1984). The results given 
here establish that hypothalamic ECGF and acidic brain FGF 
are in fact the same and imply that there is only one acidic 
mitogen in bovine neural tissue. 

The HGFFs isolated from either brain or hypothalamus are 
also identical (Figure 2, Table 11). The apparent molecular 
weight is 18 000 by SDS-PAGE and the amino acid compo- 
sition is distinct from HGFa. Since isoelectric focusing studies 
show that the mitogen in hypothalamus that elutes from he- 
parin-Sepharose at 1.5 M NaCl is cationic (Klagsbrun & 
Shing, 1984b), these results indicate that bovine neural HGFP 
is a cationic mitogen. 

These results address the issue of the identity of bovine brain 
fibroblast growth factor. Brain FGF was suggested to be a 
cationic protein derived from proteolytic fragments of myelin 

basic protein (Westall et al., 1978). Subsequently, it was 
suggested not only that the mitogen was unrelated to myelin 
basic protein but also that it was acidic (Thomas et al., 1980). 
Recently, an acidic form of FGF has been purified to homo- 
geneity by conventional multistep chromatographic procedures 
(Thomas et al., 1984), confirming previous observations 
(Thomas et al., 1980; Lemmon et al., 1982) that at least part 
of the growth factor activity in bovine brain is due to an anionic 
mitogen. Nevertheless, a cationic mitogen also has been ob- 
served consistently in neural tissue (Lemmon et al., 1982; 
Gospodarowicz et al., 1982; Lemmon & Bradshaw, 1983; 
Klagsbrun & Shing, 1984b). The results presented here 
confirm the existence in both brain and hypothalamus of a 
cationic growth factor with an amino acid composition clearly 
distinct from that of myelin basic protein (Table 11). 

These and other results (Klagsbrun & Shing, 1984b) show 
that past difficulties in defining the nature of the mitogens 
in bovine neural tissue can be attributed to multiple factors. 
Most importantly, while both anionic and cationic mitogens 
are indeed present in neural tissue, the efficiency with which 
they can be extracted during tissue homogenization varies 
considerably. Extraction of bovine hypothalamus at neutral 
pH and low ionic strength largely extracts the anionic mitogen 
(Maciag et al., 1979, 1982). However, the quantity of cationic 
mitogen obtained from hypothalamus after salt extraction at 
neutral pH increases substantially with increasing salt con- 
centratione2 Moreover, digestion of hypothalamic tissue at 
neutral pH and low ionic strength with bacterial collagenase 
also increases the yield of cationic mitogen2 Such results 
suggest that this mitogen is complexed to the extracellular 
matrix. As suggested previously (Lemmon et al., 1982), small 
but critical changes in pH, volumes, salt concentration, ef- 
fectiveness of homogenization, etc. markedly change the ratio 
of the two mitogens. In addition, a variety of target cells have 
been used. The isolation of acidic brain FGF (HGFa) has 
relied largely on stimulation of murine 3T3 cells, a fibroblastic 
cell line (Thomas et al., 1980, 1984; Lemmon et al., 1982). 
In contrast, cationic brain FGF (HGFP) has been isolated on 
the basis of the proliferation of bovine aortic endothelial cells 
(Gosporarowicz et al., 1978, 1982). Additionally, hypo- 
thalamic ECGF (HGFa) has been isolated on the basis of the 
growth of human umbilical vein endothelium (Maciag et al., 
1979, 1982). A wide variation in sensitivity of different en- 
dothelial cell clones to FGF has been clearly demonstrated 
(Longenecker et al., 1983) and may explain some of the ob- 
served differences in target cell specificity. As shown here and 
elsewhere (Klagsbrun & Shing, 1984b), both murine fibroblast 
3T3 and bovine capillary endothelial cells respond to both 
mitogens. 

In summary, the mitogenic activity present in bovine neural 
tissue is likely due to only two growth factors, one anionic 
(acidic brain FGF, ECGF, RDGF) and one cationic (pituitary 

here been renamed heparin-binding growth factors, HGFa and 
HGFP, respectively, because of their broad target cell spe- 
cificity and their ability to bind to heparin, an interaction which 
is likely of considerable significance in vivo. The ability to 
isolate large quantities of these growth factors from bovine 
neural tissue should allow the rapid resolution of a number 
of critical issues. These include the structural relationship 
between the two classes of factors and between bovine neural 
HGFP and the cationic mitogens of similar molecular weight 
isolated from bovine cartilage (Sullivan & Klagsbrun, 1984) 
and a rat chondrosarcoma (Shing et al., 1984), the nature of 

* M. Klagsbrun, personal communication. 



Biochemistry 1984, 23, 6299-6303 6299 

the heparin/protein interaction, the structure of the heparin 
fragments responsible for binding, and the nature of the cell 
receptor. Application of the methods presented here to pla- 
cental tissue has already allowed the purification to homo- 
geneity of a human HGFPe3 Initial results on the structural 
and functional characterization of this family of growth factors 
from both human and bovine sources will be reported shortly. 
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Introduce Appreciable Bends in 

structure of DNA cross-linked with 8-methoxypsoralen and 
4,5’,8-trimethylpsoralen. The results are not consistent with 
cross-links introducing any appreciable stable bend in dou- 
ble-stranded DNA molecules. Results suggest that photo- 
bound 4,5’,8-trimethylpsoralen molecules lengthen DNA by 
the equivalent of about one base pair per photobound adduct. 
We have also determined that 4,5’,8-trimethylpsoralen 
cross-links are introduced preferentially into 5’-TA compared 
to 5’-AT DNA sequences. 

Crothers, 1984; Hagerman, 1984a). DNA can bend as a result 
of the inherent conformation of particular sequence ar- 
rangements of DNA as in trypanosome kinetoplast DNA (Wu 
& Crothers, 1984; Hagerman, 1984a). In addition, DNA may 
be bent by association with proteins as demonstrated for the 
CAP-lac operator DNA binding interaction (Wu & Crothers, 
1984). Bent DNA adds another dimension of complexity, in 
addition to cruciforms and regions of left-handed Z-DNA, to 
the structure of DNA. It is possible that these alternate helical 
conformations of DNA, compared to a linear B-form DNA, 
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