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ABSTRACT: Reductive methylation of bovine brain derived acidic fibroblast growth factor (aFGF) with 
formaldehyde and sodium cyanoborohydride reduces its capacity to stimulate mitogenesis in Balb/C 3T3 
cells, and this correlates with the modification of less than 3 of its 12 lysine residues. Fractionation of 
methylated aFGF on immobilized heparin shows that  the affinity of the modified mitogen for heparin is 
also decreased substantially. The  capacity of methylated mitogen of low heparin affinity (LA-aFGF) to 
stimulate mitogenesis is also reduced, and this correlates with a reduced affinity for its cell surface receptor. 
Structural characterization of LA-aFGF using peptide mapping and sequencing procedures demonstrates 
that  Lys-118 is the primary site of modification. The results indicate that in aFGF,  Lys-118 plays an 
important role in heparin binding and suggest that this residue and its local environment are involved in 
the interaction of a F G F  with both heparin and its cell surface receptor. 

B o v i n e  brain derived acidic fibroblast growth factor 
(aFGF),’ a class 1 heparin-binding growth factor (Lobb et al., 
1986a,b), induces mitogenesis in a variety of mesoderm- and 
neuroectoderm-derived cells in vitro and is angiogenic in vivo 
(Thomas et al., 1984, 1985; Gospodarowicz et al., 1986; Lobb 
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et al., 1985, 1986a; Thomas & Gimenez-Gallego, 1986). The 
primary structure of bovine aFGF has been determined (Esch 
et al., 1985a; Gimenez-Gallego et al., 1985; Strydom et al., 

’ Abbreviations: aFGF, acidic fibroblast growth factor; bFGF, basic 
fibroblast growth factor; HBGF, heparin-binding growth factor; LA- 
aFGF, methylated aFGF of low heparin affinity; HPLC, high-perform- 
ance liquid chromatography; PTC, phenylthiocarbamoyl; PTH, phenyl- 
thiohydantoin; TFA, trifluoroacetic acid; MeLys, c-methyllysine; Me2Lys, 
e-dimethyllysine; BSA, bovine serum albumin; DME, Dulbecco’s modi- 
fied Eagle’s medium; PBS, Dulbecco’s calcium- and magnesium-free 
phosphate-buffered saline; Tris, tris(hydroxymethy1)aminomethane. 
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1986), and the sequence of human brain derived aFGF has 
also been described on the basis of both protein (Gimenez- 
Gallego et al., 1986; Harper et al., 1986) and cDNA se- 
quencing (Jaye et al., 1986). 

The wide range of functions associated with heparin-binding 
growth factors [for reviews, see Gospodarowicz et al. (1986) 
and Lobb et al. (1986a)l suggests that agonists or antagonists 
of human aFGF and related class 1 HBGF’s could be of 
therapeutic value. The development of such clinical agents 
will require an understanding of the relationship between 
aFGF structure and function, as well as the nature and sig- 
nificance of the strong interaction of aFGF with heparin. The 
extensive homology (92%) between bovine and human aFGF 
suggests that the more readily available bovine mitogen might 
be an adequate model for structure/function studies. 
Therefore, chemical modification studies on bovine aFGF have 
been initiated to identify the role of particular amino acid 
residues in mitogenesis, cell receptor binding, and heparin 
binding. 

Lysine residues have been implicated in the interaction of 
heparin with a number of heparin-binding proteins including 
platelet factor 4 (Deuel et al., 1977; Walz et al., 1977), an- 
tithrombin 111 (Rosenberg & Damus, 1973; Pecon & Black- 
burn, 1984), heparin cofactor I1 (Church & Griffith, 1984), 
and apolipoprotein E (Weisgraber et al., 1986). Therefore, 
our initial studies have focused on the role of lysine residues 
in aFGF function. The results of reductive methylation of 
aFGF with formaldehyde and sodium cyanoborohydride in- 
dicate that Lys-118 plays an important role in the heparin- 
aFGF interaction and suggest that this residue and its local 
environment are involved in both heparin binding and receptor 
binding. 

EXPERIMENTAL PROCEDURES 
aFGF Isolation. aFGF was isolated from bovine brain 

(Pel-Freez) by heparin-Sepharose affinity chromatography 
as described (Lobb et al., 1986a). The mitogen was purified 
to homogeneity by cation-exchange HPLC on a Mono-S 
HR5/5 column (Pharmacia) either as described (Lobb et al., 
1986a) or by elution with a linear gradient of sodium phos- 
phate (0.1 M, pH 6.0, to 0.4 M,  pH 7.6, in 50 min). Under 
the latter conditions, the mitogen elutes at -0.2 M phosphate, 
pH 7.0, free of NaCl and can be iodinated directly (see below). 
Greater than 95% of the mitogen purified by these means is 
present as a mixture of two forms generally designated aFGF 
( M ,  -16K) (Thomas et al., 1984). These two forms differ 
only with respect to N-terminal heterogeneity; one form 
(aFGF-1) begins at  Phe-1 and the other (aFGF-2) at  Asn-7 
(Thomas et al., 1985). This mitogen preparation stimulates 
half-maximal DNA synthesis in Balb/C 3T3 fibroblasts at a 
concentration of about 250 pg/mL (Lobb et al., 1986a). The 
concentration of pure aFGF was determined by amino acid 
analysis. 

Reductive Methylation. The procedures used were adapted 
from Jentoft and Dearborn (1979). Typically, aFGF (2-8 
pM) was incubated a t  25 O C  with 2 mM [3H]formaldehyde 
(75 mCi/mmol, New England Nuclear) and 10 mM sodium 
cyanoborohydride (Aldrich Chemical Co.) in 0.1 M sodium 
phosphate, pH 6.0, and 0.35 M NaCl. At various times, 
aliquots were removed and quenched by diluting 15-30-fold 
into PBS containing 0.1% BSA for use in bioassays. Re- 
versed-phase HPLC (C3) analysis of aliquots of the reaction 
mixture showed no loss of protein during reductive methyla- 
tion. 

Reaction mixtures were fractionated or desalted by using 
heparin-Sepharose chromatography and/or reversed-phase 

HPLC. For heparin-Sepharose chromatography, the reaction 
was quenched by addition of NH,CI (0.1 M final concentra- 
tion) and the reaction mixture (0.8-3.4 mL) applied to a 
heparin-Sepharose column (0.2-0.5 mL) equilibrated with 10 
mM Tris, pH 7.0, containing 0.2 M NaCl. The resin was 
washed with 10-20 column volumes each of 10 mM Tris, pH 
7.0, supplemented with 0.2 M NaCl, 0.7 M NaC1, 1.2 M 
NaC1, or 2.0 M NaC1. The flow rate was - 1 mL/min, and 
0.2-0.5-mL fractions were collected, depending on the column 
volume. Aliquots (10 pL) of each fraction were counted by 
liquid scintillation in Hydrofluor (New England Nuclear). 
Fractions containing radioactivity within each elution step were 
pooled, a portion was desalted by using reversed-phase HPLC 
(see below), and the yields of protein were determined by 
amino acid analysis. The remaining material was immediately 
diluted into PBS containing 0.1% BSA for bioassays and stored 
at  -20 OC. 

For desalting, reaction mixtures or heparin-Sepharose 
column fractions were applied to a propylsilane (C3) HPLC 
column (5-pm Ultrapore RPSC, 75 X 4.6 mm, Beckman In- 
struments) equilibrated with 0.1% TFA (solvent A). Elution 
was accomplished with a linear gradient of 2-propanol/ace- 
tonitrile/water (3:2:2 v/v) containing 0.1% TFA (solvent B) 
at  a flow rate of 0.8 mL/min. 

Amino Acid Analysis. Analyses were performed by using 
“Picotag” methodology (Waters Associates) as described 
(Bidlingmeyer et al., 1984; Cohen et al., 1985). Under 
standard conditions, the phenylthiocarbamoyl (PTC) derivative 
of Me2Lys (Vega Chemical Co.) elutes from the “Picotag” 
HPLC column with a retention time identical with that of 
PTC-Thr while the PTC adduct of MeLys (Chemical Dy- 
namics Co.) elutes 0.8 min after PTC2-Lys and is separated 
from all other PTC-amino acids with base-line resolution. 
PTC2-MeLys was quantitated by using its integrated peak area 
in conjunction with the conversion factor employed for 
PTC2-Lys. Two methods were used to calculate the number 
of Me2Lys residues: For method A, standard analyses were 
performed on hydrolyzed samples of peptides or proteins, and 
the HPLC eluant was collected (0.5-min fractions). Aliquots 
(1 50-250 pL) of fractions encompassing the elution positions 
of PTC-Me2Lys and PTC2-MeLys were counted by liquid 
scintillation and the relative counts per minute and integrated 
peak area for PTC2-MeLys used to calculate the number of 
Me2Lys residues present. For method B, the number of 
Me2Lys residues was estimated by subtracting the number of 
Thr residues expected for the peptide or protein based on the 
sequence of aFGF (Strydom et al., 1986) from the number 
of residues calculated from the total integrated area for 
PTC-Thr plus PTC-Me2Lys. 

Peptide Mapping. Lyophilized 3H-methylated aFGF 
(40-200 pg) was digested with Staphylococcus aureus protease 
V8 or chymotrypsin as described (Strydom et al., 1986). 
Peptides from protease V8 digests were fractionated by re- 
versed-phase HPLC on an Ultrapore RPSC (C3) column 
employing linear gradients between solvents A and B. Chy- 
motryptic peptide separations were performed on a Synchropak 
RP-P (C18) column (Synchrom, Inc., 250 X 4.5 mm) as 
described (Strydom et al., 1986). Where noted, peptides were 
rechromatographed on an Altex Ultrapore IP (C18) column 
(Beckman Instruments, Inc., 250 X 4 mm, 5-pm particle size) 
using linear gradients between solvents A and B. Peptide 
recoveries generally ranged from 30% to 60% after rechro- 
matography depending on fragment size. 

Hydroxylamine Fragmentation. Lyophilized 3H-LA-aFGF 
(2.5 nmol) was dissolved in 0.1 mL of 6 M guanidine hy- 
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drochloride, 0.2 mL of 1.1 M NHzOH (in 0.2 M Na2C03,  
final pH 11) added, and the reaction mixture incubated at 35 
OC for 28 h. The products were fractionated by HPLC em- 
ploying a Synchropak RP-P (C18) column using linear gra- 
dients between solvents A and B. 

Sequencing Studies. Automated microsequencing and 
identification of PTH-amino acids were performed as de- 
scribed (Strydom et al., 1985, 1986). Standards for PTHz- 
MeLys and PTH-Me,Lys were prepared individually in the 
sequencer. PTHz-MeLys elutes in the PTH-amino acid 
separation system 0.5 min earlier than PTH2-lysine and is 
resolved with near-base-line resolution. PTH-MezLys elutes 
between and is resolved from PTH-Gly and PTH-Gln. 

Growth stimulation of confluent 
Balb/C 3T3 fibroblasts was assessed as described (Klagsbrun 
et al., 1977; Lobb & Fett, 1984). For time course studies, a 
mitogen concentration of 250 pg/mL was used, based on am- 
ino acid analysis. This concentration induces half-maximal 
stimulation in 3T3 cells (Lobb et al., 1986a), and the assay 
is most sensitive to changes in active mitogen concentration 
under these conditions. Assays on each sample were carried 
out in triplicate at least 3 times unless noted otherwise. 

Iodination of aFGF. aFGF was iodinated according to 
established protocols (Friesel et al., 1986; Olwin & Hauschka, 
1986) with minor modifications. Briefly, 2 pg of mitogen in 
-0.2 M sodium phosphate, pH 7.0, was iodinated with En- 
zymobeads (Bio-Rad) at room temperature, the beads were 
pelletted by centrifugation, and the supernatant was applied 
directly to a 0.2-mL heparin-Sepharose column equilibrated 
with 10 mM Tris.HC1/0.6 M NaCl, pH 7.0. The column was 
washed extensively to remove free iodide, and the Iz5I-aFGF 
was eluted with 10 mM TrisqHCl, pH 7.0, containing 2.0 M 
NaCl. The mitogen was stored at 4 "C in this buffer con- 
taining 0.2% gelatin and had a specific activity of -40 pCi/pg. 
Consistent with other studies (Friesel et al., 1986; Olwin & 
Hauschka, 1986), IZ5I-aFGF was fully active, showing half- 
maximal stimulation in 3T3 cells at -0.2 ng/mL. 

Radioreceptor Assays. Radioreceptor assays were per- 
formed on Balb/C 3T3 cells in 24-well cluster dishes within 
48 h of reaching confluence. Assays were carried out at 4 OC 
in DME/0.2% gelatin (Neufield & Gospodarowicz, 1986). 
Binding of IZ5I-aFGF under these conditions was maximal after 
2.5 h, and this incubation time was used throughout. Con- 
sistent with other studies (Neufeld & Gospodarowicz, 1986; 
Olwin & Hauschka, 1986), in the presence of a 100-fold excess 
of unlabeled aFGF less than 15% of the input counts remained 
cell-associated. Scatchard analysis of the concentration de- 
pendence of the binding of '251-aFGF to confluent 3T3 cells 
at 4 OC indicated a single class of binding sites over the mi- 
togen concentration range studied (20-625 pM), with an ap- 
parent dissociation constant of 1.8 X M and 65000 
receptors/cell. These values are in reasonable agreement with 
those reported previously for Balb/C 3T3 cells (dissociation 
constant = 4 X M and 30 000 receptors/cell; Schreiber 
et al., 1985). For competition assays, cells were incubated with 
1 mL of DME/O.2% gelatin at 4 OC for 10 min; supernatants 
were removed by aspiration and replaced with a constant 
amount of IZ5I-aFGF and different concentrations of either 
unmodified or methylated aFGF in 0.4 mL of DME/0.2% 
gelatin. After 2.5 h, the cells were washed 3 times with 1 mL 
of DME/O.2% gelatin, 4 OC; the cell-associated radioactivity 
was solubilized with two 0.5-mL aliquots of 1 N NaOH and 
counted. 

RESULTS 

Mitogenesis Assays. 

Effect of Reductive Methylation of aFGF on Mitogenic 
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FIGURE 1: Effect of reductive methylation on the mitogenic activity 
of aFGF toward Balb/C 3T3 fibroblasts. (A) Time course: aFGF 
(8 wM) was incubated with 2 mM [3H]formaldehyde and 10 mM 
sodium cyanoborohydride at 25 'C in 0.1 M sodium phosphate, pH 
6.0, containing 0.35 M NaCI. At the indicated times, aliquots were 
withdrawn and quenched by dilution (30-fold) into PBS containing 
0.1% BSA. Mitogenic assays (n = 6 )  were performed at a mitogen 
concentration of 250 pg/mL (see Experimental Procedures). (B) Dose 
response of aFGF reductively methylated for different time periods. 
Mitogen was modified for 0 (O), 10 (O), 20 (m), and 60 (0) min, 
respectively. Modification conditions were identical with those used 
in (A), and the mitogen concentration is plotted on a log scale. Assays 
were performed in triplicate. 

Table I: Time Course for Reductive Methylation of Lysine Residues 
in aFGF 

reaction lysine % 
residues mitogenic distribution of residues time 

(min) modified" activityb MeLys Me2Lysc Lys 
0 0 100 1 2 d  

10 2.0 39 1.3 0.7 10.1 
20 2.8 19 1.5 1.3 8.9 
60 4.5 8 2.2 2.3 6.3 

300 10.7 8 1.4 9.3' 0.9 

"Sum of MeLys and Me2Lys residues. *Based on the time course in 
Figure 1 A. Me2Lys residues determined by amino acid analysis using 
method A (see Experimental Procedures) unless otherwise noted. 
dBased on the sequence of aFGF (Figure 3). eQuantitation of Me2Lys 
is bv method B (see Experimental Procedures). 

Activity. Incubation of aFGF (8 pM) with 2 mM [3H]form- 
aldehyde and 10 mM sodium cyanoborohydride at  pH 6.0 
resulted in a time-dependent decrease in its capacity to stim- 
ulate mitogenesis in Balb/C 3T3 fibroblasts (Figure lA), with 
a half-time of 8 min. After incubation for 1 h, activity had 
decreased to 8% (Figure 1A); no further loss of activity was 
observed after 5 or 23 h. Neither 2 mM formaldehyde nor 
10 mM sodium cyanoborohydride alone significantly inacti- 
vated the mitogen after incubation for 24 h. Figure 1 B shows 
the concentration dependence of the mitogenic activity of 
aFGF reductively methylated for different time periods. The 
concentration of mitogen required for half-maximal stimulation 
of DNA synthesis increased significantly with reaction time, 
as expected on the basis of the data in Figure 1A. However, 
at sufficiently high concentrations of modified mitogen, the 
same maximal value of thymidine uptake was reached for each 
reaction time. Since the N-terminal a-amino groups of aFGF 
are not involved in mitogenic activity or heparin binding (see 
Discussion), these results indicate that the €-amino group of 
at least one of the lysine residues of aFGF plays a role in 
mitogenesis. 

Time Dependence of Lysine Methylation. The time course 
for lysine methylation of aFGF was examined by incubating 
the protein with 2 mM [3H]formaldehyde and 10 mM sodium 
cyanoborohydride at pH 6.0 for various times, quenching the 
reaction, removing excess reagents by reversed-phase HPLC, 
and subjecting the modified protein to amino acid analysis. 
Table I compares the extent of lysine modification with the 
mitogenic potency of modified aFGF. Although methylation 
of lysine residues in aFGF occurs progressively over a period 
of about 5 h, about three lysine residues are modified within 
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methylated aFGF (LA-aFGF) (Le., eluting with 0.7 M NaC1) 
showed the following distribution of lysine residues: MeLys, 
1.8; Me,Lys, 1.4; and Lys, 8.9. These values are in reasonable 
agreement with those expected on the basis of data in Table 
I .  

Mitogenic Activity and Cell Receptor Affinity of LA-aFGF. 
The capacity of LA-aFGF to stimulate DNA synthesis in 3T3 
cells was reduced by about 4-fold when compared with un- 
modified mitogen. Thus, the activity was half-maximal a t  1 
ng/mL while stimulation was maximal with 6-8 ng/mL LA- 
aFGF. 

In order to determine whether the reduced mitogenic po- 
tency of LA-aFGF was due to decreased affinity for its cell 
surface receptor, a radioreceptor assay was developed for aFGF 
receptors on the surface of Balb/C 3T3 cells (see Experimental 
Procedures). Unlabeled aFGF competes effectively with a 
fixed concentration of 1251-aFGF for receptor occupancy, but 
the ability of LA-aFGF to do so is significantly reduced 
(Figure 2). 

Structural Characterization of LA-aFGF. The sites of 
methylation in LA-aFGF were identified by using a combi- 
nation of peptide mapping with S. aureus protease V8, chy- 
motrypsin, and hydroxylamine and peptide sequencing. The 
amino acid sequence of aFGF and the location of the relevant 
peptides are shown in Figure 3. The sites of methylation are 
summarized in Table 11. The major site of lysine modification 
in LA-aFGF is Lys-118, which is almost fully modified and 
extensively dimethylated. The mapping and sequencing results 
are summarized below while a more detailed description of 
the results and supportive data are provided in the supple- 
mentary material (see paragraph at end of paper regarding 
supplementary material). 

The preparation of 3H-LA-aFGF used for mitogenesis and 
receptor assays was digested with S. aureus protease V8, and 
the resultant peptides were fractionated by reversed-phase 
HPLC (Figure 4). These peptides were identified on the basis 
of their amino acid compositions (supplementary material 
Tables IS and 11s). Examination of aliquots from each 
fraction revealed that greater than 80% of the peptide-asso- 
ciated radioactivity comigrated with the C-terminal peptide 
V-11 and with the N-terminal peptides V-10, and V-12 

, 
0 1  I IO 

aFGF (ng/mL) 

FIGURE 2: Inhibition of the binding of lZ5I-aFGF to Balb/C 3T3 cells 
by either unmodified a F G F  or LA-aFGF. Confluent Balb/C 3T3 
cells were incubated with a fixed concentration of '251-aFGF ( -4  
ng/mL) at 4 OC for 2.5 h in the presence of varying concentrations 
of aFGF (0)  or LA-aFGF (0). Cell surface associated radioactivity 
was then determined, and the percent IZSI-aFGF bound was plotted 
against the added mitogen concentration on a log scale. Nonspecific 
binding was evaluated in the presence of a 100-fold excess of aFGF. 
Concentrations of stock mitogen solutions were determined by amino 
acid analysis. 

the first 20 min. Moreover, after 10 and 20 min of reaction, 
the mitogenic potency is reduced to 39% and 19%, respectively, 
compared with unmodified aFGF. These data suggest that 
methylation of between one and three of the most rapidly 
modified lysine residues is responsible for the substantial de- 
crease in mitogenic potency. 

Effect of Methylation on Heparin Binding. In order to 
examine the potential role of the most rapidly modified lysine 
residues in heparin binding, aFGF (6 pM, 370 pg) was 
methylated at p H  6.0 for 15 min employing [3H]formaldehyde, 
and the products were subjected to heparin-Sepharose chro- 
matography as described under Experimental Procedures. All 
of the methylated mitogen was retained on the heparin-Se- 
pharose column after extensive washing with buffer containing 
0.2 M NaC1. However, 80% of the methylated mitogen was 
eluted with buffer supplemented with only 0.7 M NaC1, while 
the remaining 20% was eluted with 1.2 M NaCl. (These 
values are based on a total recovery of - 70%) Under these 
conditions, unmodified aFGF is eluted from the column with 
buffer containing 1.2 M NaC1, but not with buffer containing 
0.7 M NaCl, and with a recovery of 60-80%. 

Amino acid analysis (method A) of low heparin affinity 

1 0  2 0  3 il _ _  
Phe-Asn-Leu-Pro-Leu-Gly-Asn-Tyr-Lys-Lys-Pro-Lys-Leu-Leu-Tyr-Cys-Ser-Asn-Gly-Gly-Tyr-Phe-Leu-Arg-Ile-Leu-Pro-Asp-Gly-Thr- 

v-10 
c - 2 0  C - 2 3  

40 50 6 0  

v-10 v-1 
val-Asp-~;ly-Thr-Lys-~sp-Arg-Ser-Asp-Gln-H~s-Ile-Gln-Leu-Gln-Leu-Cys-Ala-Glu-Ser-Ile-Gly-Glu-Val-Tyr-Ile-Lys-Ser-Thr-Glu- 

r ->?  

7 0  8 0  9 0  
Thr-Cly-G1n-Phe-Leu-Ala-~et-Asp-Thr-Asp-Gly-Leu-Leu-Tyr-Gly-Ser-Gln-Thr-Pro-Asn-Glu-Glu-Cys-Leu-Phe-Leu-Glu-Arg-Leu-Glu- 

V-7 v-3 
V-8 V-6 

100  110  I 2 U  
~1~-A~n-H1~-Tyr-A~n-Thr-Tyr-Ile-Ser-Lys-LyS-HIS-Ala-Glu-LyS-H1s-Trp-Phe-Val-Gly-Leu-Lys-Lys-Asn-GIy-A~g-Ser-Lys-Leu-Gly- 

v-2 v-11 
HY-2 

ii-< 

1 3 0  1 4 0  
Pro-Arg-Thr-His-Phe-Gly-Gln-Lys-Ala-Ile-Leu-Phe-Leu-Pro-Leu-Pro-Val-Ser-Ser-Asp 

V - >  v-Y 

c - 7  

FIGURE 3: Primary structure of a F G F  (Strydom et al., 1986) and positions of peptides obtained from fragmentation of )H-LA-aFGF with 
either protease V8 (V), chymotrypsin (C), or hydroxylamine (HY). Peptide placement is by amino acid composition. Peptides are numbered 
according to their elution order by reversed-phase HPLC.  Peptide V-12,' which consists of peptide V-10 disulfide bonded to V-3, is omitted 
for clarity. For peptide V-10, the form beginning with Asn-7 (derived from aFGF-2) is not shown. 
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Table 11: Distribution of Methylated Lysine Residues in 
3H-LA-aFGF 
~~ 

% modification 
lysine residue peptidea MeLys Me2Lysb 

9, 10, 12 V-10, V-12, C-23 1 3c N . D . ~ , ~  
35 C-23 N.D.~.' N . D .d.e 

57 V- I ,  V- l a  < 1 6  N . D . ~ ~  
100, 101 V-2, V-2a <@E N . D . ~  
105 v-11 7 h  <lh 
112 v-11 1 7h <lh 
113 v-11 6h <lh 

128 c-7 < lf N . D . ~ ~  
118 HY-2 28h 64h 

Peptides designated V, C, and HY are derived from protease V8, 
chymotryptic, and hydroxylamine fragmentation, respectively. Posi- 
tions of these peptides within the primary structure of aFGF are shown 
in Figure 3, and the compositions of the peptides are provided in the 
supplementary material (Table 11s). Unless noted otherwise, deter- 
mination of Me2Lys was by amino acid analysis (method B). 'These 
values were derived from the average amino acid compositions of pep- 
tides V-10 and V-12 (supplementary material Table 11s) in combina- 
tion with the analysis of peptide C-23 (see Results). The number of 
MeLys residues identified was 0.38 out of a total of 3 (Le., 13%). 
dN.D.,  not detectable. 'Based on the radioactivity content of peptide 
C-23 (Results and supplementary material Figure 2s). No detectable 
MeLys or Me,Lys was found by amino acid analysis of peptide C-23 
from a second digest of methylated aFGF (supplementary material 
Table 111s). /Based on the amino acid compositions of indicated pep- 
tides (supplementary material Table 11s). ELess than 0.1 1 residue of 
Me-Lys and no detectable MezLys out of a maximum of 2.0 lysine 
residues. Based on the percent MeLys, Me2Lys, and Lys identified by 
Edman degradation of the indicated peptide (see supplementary mate- 
rial Table IVS). For MezLys, the detection limit was estimated to be 
-2 pmol. 

" 
0 20 40 60 80 100 

ELUTION TIME (min) 
FIGURE 4: Fractionation of protease V8 peptides from 3H-LA-aFGF. 
3H-LA-aFGF was prepared as described under Results and subjected 
to cleavage by protease V8. The resultant peptides were fractionated 
on an Ultrapore RPSC (C3) column equilibrated with solvent A and 
eluted with a linear gradient of 0-60% solvent B in 120 min at a flow 
rate of 0.8 mL/min. Peptides are numbered according to their elution 
position. (0 )  Aliquots (25 wL) from 1-min fractions were counted 
by liquid scintillation. (Insert) A pool of peptides V-10 and V - l l  
from the first fractionation was rechromatographed on an Altex 
Ultrapore IP (C18) column. The gradient was 25-90% solvent B in 
60 min. (0) Aliquots ( 2 5  wL) of 1-min fractions were counted by 
liquid scintillation. Peptides V-la and V-2a are the methylated forms 
of V-1 and V-2, respectively, as indicated by their composition and 
comigration of radioactivity. 

(Figures 3 and 4). Of the 5 lysine residues in peptide V- 1 1, 
0.8 and -0.5 residues had been converted to Me,Lys and 
MeLys, respectively (supplementary material Table 11s). In 
contrast, the composition of peptide V- 10 (and V-12) showed 

The presence of the two N-terminal peptides V-10 and V-12 is 
apparently due to disulfide bond interchange under the denaturing con- 
ditions employed (see supplementary material for additional information 
concerning disulfide bond interchange in aFGF). 

Scheme I 
+ CH*=O + NaCNBH3 

E-NH3 E-NH=CH2 
second c y c l e  + 

E-AHz-CH3 - E-NH(CH& 

that only 0.38 of the 4 lysine residues had been converted to 
MeLys and there was no detectable MezLys (supplementary 
material Table 11s). Limited monomethylation (I 10%) had 
occurred at lysine residues in peptides V-1 and V-2 (Table 11; 
supplementary material Table 11s). 

The sites of modification near the N-terminal in 3H-LA- 
aFGF3 were examined further by chymotryptic peptide 
mapping (supplementary material Table 11s and Figure 2s) .  
Peptide C-23 showed no incorporation of radioactivity, which 
ruled out Lys-35 as a site of modification. In addition, peptide 
C-20, which does not contain lysine, was radioactive. Its 
composition (supplementary material Table 11s) showed 8% 
of the expected value for phenylalanine, indicating that the 
N-terminal phenylalanine residue in LA-aFGF had been 
me th~ la t ed .~  At present, the distribution of monomethylation 
among Lys-9, -10, and -12 is not known. Although it is 
possible that monomethylation occurs a t  only one of these 
residues, the lack of detectable Me,Lys would argue against 
this possibility. 

The sites of methylation within the C-terminal peptide V- 1 1 
were initially examined by Edman degradation. The sequence 
of 1 nmol of V-1 1 through nine cycles (supplementary material 
Table IVS) showed that only limited monomethylation had 
occurred a t  residues 105, 1 12, and 1 13 and no PTH-Me,Lys 
was detected a t  any of these positions (Table 11). This result, 
in combination with the extent of modification by amino acid 
analysis, indicated that Lys-118 and/or Lys-128 was the major 
site of methylation in V-11. Modification a t  Lys-128 (Figure 
3) was ruled out by the composition of chymotryptic peptide 
C-7 (supplementary material Table 11s and Figure 2s )  which 
showed 0.95 of the expected 1.0 lysine residue and lacked 
radioactivity. Jointly, these data pointed to Lys-118 as the 
major site of methylation in LA-aFGF. 

Extensive methylation of Lys-118 was confirmed by the 
results of Edman degradation of peptide HY-2 (0.5 nmol), 
obtained by hydroxylamine cleavage of 3H-LA-aFGF a t  the 
Asn-114-Gly-115 bond (Strydom et al., 1986). Lysine-1 18 
was found to be essentially fully modified, with a ratio of 
t-monomethyllysine to t-dimethyllysine residues of about 1 :2 
(Table 11; supplementary material Table IVS). By amino acid 
analysis, peptide HY-2 showed 0.50 and 0.32 residues of 
Me,Lys and MeLys, respectively (supplementary material 
Table 11s). Thus, within experimental error, all of the 
methylated lysine residues present in HY-2 by amino acid 
analysis are accounted for by methylation a t  Lys-118. 

DISCUSSION 

Detailed information on the relationship between protein 
structure and function can be obtained by chemical modifi- 
cation of the side chains of specific amino acid residues. Such 
studies have been initiated with aFGF to explore the possible 
involvement of particular residues in mitogenesis, receptor 

This preparation of LA-aFGF showed 1.3 MeLys and 0.8 Me2Lys 
residues by amino acid analysis (method B). 

Analysis of chymotryptic peptides from an additional preparation of 
3H-methylated aFGF that had not been fractionated on heparin-Se- 
pharose revealed that the N-terminal a-amino groups in both aFGF-1 
and aFGF-2 were >80% methylated after modification for 15 min (see 
supplementary material, Table 111s). 
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binding, and/or heparin binding. In this study, reductive 
methylation with formaldehyde and sodium cyanoborohydride 
(Jentoft & Dearborn, 1979; Means, 1984) has been used. This 
modification is specific for amino groups in proteins and has 
been employed to evaluate the precise role of lysine residues 
in a variety of proteins (Weisgraber et al., 1978; Gerkin et al., 
1982; Szasz et al., 1982; Shapiro & Riordan, 1983; Sherman 
et al., 1983). The initial product of reductive methylation is 
a monomethylamino group, which can undergo a second cycle 
of modification to give a dimethylamino group (Scheme I). 
The modified amino groups retain their positive charge a t  
neutral p H  since their pK values are barely affected (Means, 
1984). 

Reductive methylation of aFGF would be expected to occur 
not only a t  the €-amino group of lysine residues but also a t  
the N-terminal @-amino groups. However, the free oc-amino 
groups of aFGF are not required for either mitogenesis or 
heparin binding since the two N-terminal forms of aFGF 
beginning with Phe-1 and Asn-7, as well as aFGF with a 
14-residue N-terminal extension, do not differ significantly 
in mitogenic activity or heparin affinity (Burgess et al., 1986; 
Crabb et al., 1986; Jaye et al., 1986; J. W. Harper and R. R. 
Lobb, unpublished results). Thus, for aFGF, the functional 
effects of reductive methylation can be attributed entirely to 
modification of €-amino groups of lysine residues. 

Reductive methylation of aFGF leads to a rapid decrease 
in its mitogenic potency toward Balb/C 3T3 cells (Figure 
lA,B). After incubation for 60 min, the mitogenic potency 
was reduced to 8% of that of the native mitogen and was not 
reduced further after extended incubation (5 or 23 h), even 
though extensive lysine methylation occurred during this period 
(Table I) .  A comparison of the mitogenic potency of modified 
aFGF with the extent of lysine modification suggests that the 
observed reduction can be attributed to modification of less 
than 3 of the 12 lysine residues. 

The effect of reductive methylation on the ability of aFGF 
to bind to immobilized heparin was also examined. Modifi- 
cation of less than three lysine residues significantly reduced 
the concentration of NaCl required to elute the mitogen from 
heparin-Sepharose. The methylated mitogen of low heparin 
affinity (LA-aFGF) also showed reduced mitogenic potency 
which correlated with reduced affinity for the cell surface 
receptor. These data demonstrated that one or more of the 
most rapidly modified lysine residues of aFGF plays a role in 
the binding of a F G F  to both heparin and the cell surface 
receptor. Structural characterization of 3H-LA-aFGF showed 
that significant methylation was confined to Lys-118 (Table 
11). This residue was at least 90% modified, with 60% present 
as dimethyllysine. Thus, Lys-118 is strongly implicated in the 
interaction of aFGF with heparin. 

It has been suggested that in heparin-binding proteins, 
clusters of basic residues are important for the protein-heparin 
interaction (Deuel et al., 1977; Schwarzbauer et al., 1983; 
Weisgraber et al., 1986). We noted the presence of two 
segments of the primary structure of aFGF containing clusters 
of basic residues which might play a role in heparin binding 
(Strydom et al., 1986). A basic cluster (lysines-9, -10, and 
-12) is found near the amino terminus. In addition, the region 
from residue 100 to residue 122 is highly basic and contains 
a total of 10 lysine, arginine, and histidine residues, including 
2 Lys-Lys sequences at positions 100-101 and 112-1 13 (Figure 
3). The most rapidly modified lysine residue in aFGF is indeed 
within this region. However, the two Lys-Lys sequences found 
a t  positions 100-101 and 112-113 are not methylated sig- 
nificantly in LA-aFGF (Table 11). The data indicate that 

1 1 0  1 2 0  

1 1 9  1 1 2 9  

Bovine aFGF Gly-Leu-Lys-Lys-Asn-Gly-Arg-Ser Lys Leu-Gly-Pro-Arg 
Human aFGF Gly-Leu-Lys-Lys-Asn-Gly-Ser-Cys Lys Arg-Gly-Pro-Arg 

B o v i n e  bFGF Ala-Leu-Lys-Arg-Thr-Gly-Gln-Tyr Lys Leu-Gly-Pro-Lys 
H u m a n  bFGF Ala-Leu-Lys-Arg-Thr-Gly-Gln-Tyr Lys Leu-Gly-Ser-Lys 

FIGURE 5 :  Amino acid sequences of bovine aFGF and human aFGF 
in the region of Lys-118 (boxed) and the homologous segments of 
bovine and human bFGF. Sequences are numbered according to 
Strydom et al. (1986) and Esch et al. (1985b). 

these residues are not as reactive as Lys-118 but do not nec- 
essarily rule out a potential role for these, or other, lysine 
residues in either heparin or receptor binding. Indeed, it is 
likely that the strong affinity of aFGF for heparin reflects 
multiple interactions involving basic amino acids. Nevertheless, 
Lys- 1 18 is clearly in a microenvironment that favors its rapid 
modification as compared to other lysine residues in aFGF, 
and methylation of Lys-118 alone is sufficient to substantially 
reduce the affinity of aFGF for heparin and its cell surface 
receptor. 

The primary structures of human and bovine aFGF are 92% 
identical (Gimenez-Gallego et al., 1986; Harper et al., 1986). 
Of the 11 nonidentical residues in the 2 proteins, 3 are located 
in the immediate vicinity of Lys-118 (Figure 5). However, 
this lysine residue is conserved. Thus, on the basis of hom- 
ology, Lys-118 in human aFGF would also be implicated in 
mitogenesis and heparin binding. 

The sequences of bovine and human basic FGF’s (Gospo- 
darowicz et al., 1984; Esch et al., 1985b; Abraham et al., 
1986), which are class 2 HBGF’s (Lobb et al., 1986a,b), and 
bovine aFGF are about 55% identical. The residues in bovine 
and human bFGF corresponding to Lys-118 of aFGF are 
lysines also (Figure 5 ) .  While it is tempting to speculate that 
this lysine residue in bFGF’s plays a role in heparin binding, 
numerous substitutions are found in this region of the two 
classes of HBGF which may influence the functional role of 
this residue. 

Secondary structure analysis of aFGF by the method of 
Chou and Fasman (1978) predicts that Lys-118 is contained 
within a 0-turn region encompassing residues 112-123. In 
general, the side chains of residues contained within such loop 
structures form part of the protein surface. This prediction 
is consistent with a direct role for Lys-118 and its local en- 
vironment in heparin binding. Despite the presence of several 
amino acid substitutions in the homologous regions of human 
aFGF as well as human and bovine bFGF (Figure 5 ) ,  a loop 
structure is also predicted for these mitogens. The functional 
role of residues in this segment of HBGF’s warrants further 
study. 

The finding that lysine modification in LA-aFGF is limited 
almost exclusively to Lys-118 indicates that the observed ef- 
fects on heparin binding, receptor affinity, and mitogenic 
potency are likely attributable to methylation of only this 
residue. This suggests that the binding of aFGF to heparin 
may be required for maximal mitogenic potency. If this is the 
case, then either heparin or related glycosaminoglycans as- 
sociated with the aFGF cell surface receptor are responsible 
for mitogen binding and signal transduction, or a ternary 
complex between mitogen, receptor, and a heparin-like mol- 
ecule is required for maximal induction of mitogenesis. For 
example, recent studies on apolipoprotein E show that the 
heparin-binding and receptor-binding domains in this protein 
are found within the same linear sequence of about 10 amino 
acids (Weisgraber et al., 1986). Furthermore, the binding of 
both antithrombin I11 and thrombin to heparin via a ternary 
complex is a prerequisite for the acceleration of the anti- 
thrombin-thrombin reaction (Danielson et al., 1986). 
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The results of this study show that Lys-118 plays a role in 
both heparin binding and receptor binding and raise the 
possibility that the binding of aFGF to heparin-like molecules 
may be necessary for maximal mitogenic potency. If this is 
indeed the case, then the interaction of aFGF with heparin 
is of physiologic significance, and therefore of relevance to the 
design and therapeutic use of agonists or antagonists of class 
1 HBGF‘s. With the availability of the gene for this mitogen 
(Jaye et al., 1986), oligonucleotide-directed mutagenesis of 
Lys-118 and other residues in this region of the protein should 
provide additional insight into the relationship between 
structure and function in this class of heparin-binding growth 
factors. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Tables IS-VS containing amino acid compositions and se- 
quence data of protease V8, chymotryptic and hydroxylamine 
peptides from modified aFGF, Figures 1 S-3s showing chro- 
matographic separations of protease V8 and chymotryptic 
peptides from native or modified aFGF, and Figure 4 s  showing 
chromatographic separations of methylated aFGF, a detailed 
description of characterization of sites of methylation in LA- 
aFGF, a description of the effect of guanidine hydrochloride 
on disulfide interchange in aFGF, and a description of cat- 
ion-exchange HPLC methods for purification of methylated 
aFGF (27 pages). Ordering information is given on any 
current masthead page. 

Registry No. aFGF, 106096-92-8; Lys, 56-87-1; heparin, 9005-49-6. 
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ABSTRACT: A new cytochrome P-450 isozyme, P-45oC.M/F, has been purified from untreated rat  liver 
microsomes. The  purified preparation was electrophoretically homogeneous and contained 12-1 5 nmol of 
P450/mg of protein and had a minimum molecular weight of 48 500. The NH2-terminal amino acid sequence 
of P-45Oc.MiF was different from that of other P-450’s. Immunoblot analysis of microsomes demonstrated 
that P-45oc.M/F was present in the liver of untreated male as Well as female rats. Treatment of rats with 
phenobarbital, 3-methylcholanthrene, or P-naphthoflavone did not induce P-45oC.M/F. Cytochrome P-45OC.MiF 
exhibited little activities of 7-ethoxycoumarin and 7-ethoxyresorufin 0-deethylation or hydroxylation of 
arylhydrocarbon, testosterone, androstenedione, and progesterone. In contrast, it was highly active in 
N-demethylation of ethylmorphine and benzphetamine and in 2- and 16a-hydroxylation of estrogens, 
particularly that of estradiol. These studies establish that cytochrome P-45oC.M/F is constitutively present 
in both male and female rats and suggest that it may be involved in the oxidative metabolism of estradiol, 
particularly in the formation of estriol, the uterotropic metabolite of estradiol. 

C y t o c h r o m e  P-450 is a collective term for a group of mi- 
crosomal hemeproteins that serve as the terminal oxidases in 
the mixed-function oxidase system (Cooper et al., 1965). This 
multicomponent system plays a vital role in the oxidation of 
a variety of foreign chemicals such as drugs (Conney, 1967; 
Lu et al., 1970), carcinogens (Thorgeirsson et al., 1973), and 
hydrocarbons (Orrenius & Ernster, 1974) as well as diverse 
endogenous substances such as fatty acids (Wada et al., 1968; 
Bjorkhem & Danielson, 1970), steroids (Kuntzman et al., 
1964; Lu & Levin, 1974) and vitamin D (Hansson et al., 
1981). A number of studies have been carried out to elucidate 
the multiplicity of this cytochrome species. These studies, most 
of which have been indirect in nature, include spectral char- 
acteristics, catalytic activity, substrate specificity, modulation 
of enzyme activity by specific inhibitors, and electrophoretic 
mobility. Comparisons have also been made between untreated 
control and experimental animals in sex, age, genetic back- 
ground, species, maintenance conditions or treatment of an- 
imals with chemicals known to specifically induce or decrease 
cytochrome P-450 content in the liver [see review in Conney 
(1967)]. 

Recently, more definitive studies have been carried out by 
purifying cytochrome P-450 isozymes from microsomes and 
by studying their physicochemical properties; these have 
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provided clear evidence for a multiplicity of this cytochrome 
species. Most of these studies, however, have been confined 
largely to the major forms of cytochrome P-450 that are in- 
duced in the liver of animals treated with xenobiotics such as 
phenobarbital (Guengerich et al., 1982) or 3-methyl- 
cholanthrene (Wood et al., 1983). To date, only a small 
number of cytochrome P-450 isozymes have been purified from 
livers of untreated animals (Schenkman et al., 1982; Kamataki 
et al., 1983; Ryan et al., 1984). These native forms of cyto- 
chrome P-450 are of great interest in view of the fact that they 
may be involved in the metabolism of endogenous substrates 
such as vitamin D (Hansson et al., 1981), testosterone (Ryan 
et al., 1982b; Cheng & Schenkman, 1983; Harada & Negishi, 
1984), progesterone (Johnson et al., 1983; Cheng & 
Schenkman, 1984), estradiol (Johnson et al., 1983; Cheng & 
Schenkman, 1984), prostaglandins (Okita et al., 198 1; Vatsis 
et al., 1982), fatty acids (Gibson et al., 1980; Tamburini et 
al., 1984), and cholesterol (Waxman, 1986). In this manner, 
such P-450 isozymes may play a significant role in regulation 
of the metabolism of a variety of natural compounds important 
to normal cellular metabolism. Some of these native P-450 
isozymes are also known to be inducible by treatment of an- 
imals with xenobiotics. 

We report in this paper a new cytochrome P-450 species 
isolated from untreated male and female rat liver that is not 
inducible by treatment of animals with phenobarbital, 3- 
methylcholanthrene, or fi-naphthoflavone. Since this newly 
identified P-450 isozyme is present constitutively in hepatic 
microsomes of both sexes, we propose the term “cytochrome 
P-450c.MiF” for this molecule. 
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