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Follistatin is a monomeric protein originally discovered in ovarian follicular fluid as a suppres- 
sor of pituitary follicle-stimulating hormone (FSH) secretion, and later identified as a binding 
protein for activin. To explore the role of the Asn-linked carbohydrate chains on the follistatin 
molecule in regard to the inhibition of FSH secretion and activin binding ability, site-specific 
mutations were introduced at either or both of the two potential Asn-linked glycosylation sites of 
human follistatin with 315 amino acids (hFS-315). The three types of follistatin mutants were 
expressed individually in Chinese hamster ovary cells. When tested for their ability to inhibit FSH 
secretion and to bind activin, each mutant was found to have a similar property as the non-mutated 
recombinant hFS-315, suggesting that glycosylation of the follistatin molecule has no effect in 
these functions. However, a two amino acid insertion in between the second and the third amino 
acid residues in hFS-315 caused the resulting compound to lose completely its inhibitory activity 
on FSH secretion from the pituitary as well as its binding ability to activin. This finding suggests 
that the aminoterminal region of the folhstatin molecule is critical for both of these functions. 
0 1991 Academic Press, Inc. 

Follistatin (FS) is a monomeric protein originally isolated from ovarian follicular fluid based on 
its ability to suppress follicle-stimulating hormone (FSH) secretion from the pituitary (1,2). 
Molecular cloning analyses of its cDNA and genomic DNA revealed that there are two types of 
alternatively spliced FS mRNAs encoding 317 and 344 amino acid residues, which include a 
common 29-amino acid signal peptide sequence (3-6). Mature FS with 315 amino acids (FS-315) 
differed from mature FS with 288 amino acids (FS-288) by having an extra 27-amino acid 
sequence at the carboxy-terminal. The predicted primary structures of FS in human (3), pig (4,5), 
and rat (6) are highly conserved (>98%), including the two potential Asn-linked glycosylation 
sites. Bioassays using rat anterior pituitary cells revealed that the potency of FS on the 
suppression of FSH secretion was only lo-33% of that of inhibin on a molar basis. As a result, 
the physiological significance of FS was considered trivial. However, a recent discovery rekindled 
our interest in follistatin, because Nakamura et al. (7) found that FS is a binding protein for activin. 
This prompted us to produce FS by gene expression to further study its functions. 

Our efforts have led to the establishment of an expression system in Chinese hamster ovary 
(CHO) cells to produce recombinant human FS-288 (rhFS-288) and -315 (rhFS-315) with a yield 

*To whom correspondence should be addressed. 
Abbreviations: FSH, follicle-stimulating hormone; hFS, human follistatin; CHO, Chinese hamster 
ovary; kDa, kilodalton; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
RIA, radioimmunoassay; EDso, half effective dose. 
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of 3-5 mg/liter conditioned medium after a single step of affinity chromatography purification on an 

activin-coupled Affi-Gel column (8). Using the rhFSs as molecular mass markers, Western 

blotting analysis with specific antibodies demonstrated that native FS in porcine follicular fluid was 

composed of at least six different molecular forms (major bands of 32,35, and 39 kDa and minor 

bands of 3 1,36, and 37 kDa) under non-reducing conditions, and the core protein sequence of a 

majority of native FS was neither FS-315 nor FS-288, but was composed of 300 amino acids in 

various forms of glycosylation (8). A minor component (cl%) with a core protein sequence 

corresponding to FS-288 was also detected. 

To explore the function of the carbohydrate chains in FS in regard to FSH suppression and the 

binding of activin, we undertook a structure-function relationships study by substituting some of 

its amino acid residues. The substitutions were carried out by site-directed mutagenesis of the FS- 

3 15 cDNA followed by expression of the mutated cDNA in CHO cells. The expressed mutants 

were assayed for their ability to bind activin and to suppress FSH secretion, and the results are 

presented in this paper. 

MATERIALS AND METHODS 

Materials 
All restriction endonucleases, T4 DNA ligase, T4 polynucleotide kinase and Klenow fragment 

of DNA polymerase were purchased from Stratagene (La Jolla, CA). Purified native porcine FS 
was prepared as described previously (1). Recombinant activin (9) was kindly provided by Dr. R. 
Schwa11 (Genentech, Inc., South San Francisco, CA). [Y-~~P]-A P (5000 Ci/mmol) for labeling 
of the synthetic primers was obtained from Amersham (Arlington, Heights, IL). 

u&ge Construction of hFS cDNA mutants by site-spec ifi m c nesis 

The oligonucleotides used for the site-specific mutagenesis are shown in Table 1. They were 
synthesized by the phosphoramidate method using a Cyclone Plus DNA synthesizer 
(Milligefliosearch, Novato, CA) and purified with the cartridge column (Applied Biosystems 
Inc., Foster City, CA). Construction of the mutated hFS cDNAs was carried out by the method of 
oligonucleotide-directed site-specific mutagenesis (10) using the gapped duplex DNA of the 
pSV2HF-315 plasmid (8). The circular form of the mutated plasmid DNA was then used to 
transform E. cofi JM 83 (11) and the bacterial clones harboring the mutated lasmid were identified 
by the colony hybridization method (12), using the corresponding gP-labeled synthetic 
oligonucleotide used to construct the mutated plasmid as a probe. Because the plasmid DNA 
prepared from a positive bacterial colony may contain both mutant and wild type forms, we 
repeated the transformation and colony hybridization steps using the isolated plasmid. The positive 

Table 1. Synthetic oligonucleotides for site-specific mutagenesis 

Name of Mutation or 
Mutant Oligonucleotide Insertion 

* * 
T97A 5’-C AAC ATC GCT TGG AAG GG-3' Thrg7--fAlag7 

N I A W K G 
95 97 

* * 
T261A 5'-C AAT GCC GCA TAT GCC AG-3' Thr261-+Ala261 

N A A Y A S 
259 261 

*** *** 
449 5'-CAG GCT GGG AAC AAG CTT TGC TGG CTC CGT-3' Insertion between 

QAGNKLCWLR residues 2 and 3 
-2 -1 1 2 3 4 5 6 

*Asterisks indicate the positions of nucleotide substitution or insertion. The numbers in the FS 
sequence correspond to the positions of the residues. 
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bacteria clones identified at the second hybridization, which contained only the mutated plasmid, 
were isolated and the nucleotide sequence of the plasmid DNA isolated from the bacterial culture 
was confiied by DNA sequencing (13). One of the mutated plasmid DNAs, named TWA, which 
has double mutations at the two potential Asn-linked glycosylation sites, was constructed by 
assembling parts of the two mutated plasmids, T97A and T261A, with Se@7 mutated to Ala97 and 
Thr2c1 mutated to Ala261, respectively. Specifically, the B&II-XbaI (5.45 kb) fragment from the 
T97A plasmid was ligated to the BglII-XbaI (0.33 kb) fragment from the T261A plasmid. Each 
constructed plasmid contained the simian virus-40 (SV40) promoter, intron and poly(A) signal 
sequence as described previously (8). 

Exnression of the hFS mutants in CHO cells 
The method used to express the hFS mutants in CHO cells was the same as that reported 

previously (8). A dhfr-deficient CHO cell line (CHO-DG44) (14) was co-transfected by the 
calcium phosphate method (15) with the mutated plasrnid plus the pSV2dhfr plasmid as a selectable 
marker (16). The stable transformants that secreted the FS mutant into the conditioned medium 
were isolated for further biological and immunological analyses. The samples for the FSH 
suppression bioassay and the activin binding assay were prepared as follows: After culturing the 
transformant cells in a nucleotide free MEM-alpha medium (GIBCO, Grand Island, NY) 
containing 10% dialyzed fetal calf serum (Hyclone, Logan, UT) in 75 cm2 flasks (Coming Lab, 
Coming, NY) for 2 days, the culture medium was changed to a serum-free MCDB 302 medium 
(Sigma, St. Louis, MO) containing 5 pLg/ml leupeptin (Sigma), and the cells were further cultured 
for 2 days. The serum-free medium was then harvested and centrifuged to remove cell debris. 
The supernatant obtained was dialyzed against phosphate buffered saline (PBS) (Sigma), 
concentrated in a Speed-Vat concentrator and then subjected to analysis. 

Western-blotting analvsis 
SDS-PAGE was performed essentially as described by Laemmli (17) under non-reducing 

conditions using a polyacrylamide fractionating gel (1 mm thickness, Novex, Encinitas, CA) at 25 
mA for 1.5 hr. The proteins were transferred electrophoretically onto nitrocellulose membranes 
(pore size, 0.45 pm; Bio-Rad, Richmond, CA) with the Mini-Cell apparatus (Novex) at 150 mA 
for 2 hr (18). The membranes were blocked with casein/IBST [ 1% casein (Sigma), 50 mM Tris- 
HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20 (Bio-Rad)] for 1 hr at room temperature, and then 
incubated with the polyclonal antibody Rb-32 (1:500 diluted in casein/TBST), raised against native 
porcine FS in a rabbit, for 16 hr at 4’ C. After washing with TBST, the membranes were 
incubated with alkaline phosphatase-conjugated goat anti-rabbit IS; (Calbiochem, San Diego, CA) 
for 2 hr at room temperature. The specifically bound antibodies were visualized by treatment with 
300 p&ml nitroblue tetrazolium chloride (Sigma) and 150 p@rnl 5-bromo-4-chloro-3-indolyl 
phosphate p-toluidine salt (Sigma) dissolved in 100 mM Tris-HCl, pH 9.5, containing 100 mM 
NaCl, 5 mM MgC12. 

Activin-binding analvsis 
Binding of labeled activin to the expressed rhFSs was determined by the ligand-blotting 

method of Hossenlopp ef al. (19). Recombinant activin-A (2 pg) was iodinated using 500 pCi 
Nat251 (Amersham) by the chloramine-T method (20). The reaction mixture was loaded onto a 0.7 
x 30 cm column of Sephadex G-25 (Pharrnacia LKB, Piscataway, NJ) precoated with PBS/5% 
BSA (Fraction V, Sigma) and eluted with PBS/O.l% BSA. The labeled activin fractions were 
pooled and stored at -20” C until used. For ligand blotting, the electro-blotted filter from the SDS- 
PAGE gel fractionation was soaked in 3% Nonidet P-40 (Sigma) dissolved in TBS (50 mM Tris- 
HCl, pH 7.4, 150 mM NaCl) for 10 min at 4’ C and then blocked with casein/TBST for 2 hr 
followed by incubation with 1251-labeled activin A (approximately 150,000 cprn/ml) in 
casein/TBST for 16 hr at 4’ C. The filters were washed 3 times at 10 min each with TBST and 
then exposed to Kodak XAR film (Rochester, NY) for 72 hr in the presence of an intensifying 
screen at -80” C. After activin-binding analysis, the same filters were also used for Western- 
blotting analysis as described above. 

Radioimmunoassav (RIA) and bioassav of exnressed rhFSs 
The amount of the expressed rhFSs in the conditioned medium was determined by RIA (21) 

using purified porcine FS as a standard. The potency of the expressed proteins on the inhibition of 
FSH secretion was determined in rat anterior pituitary primary culture according to a previously 
reported procedure (22). 
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RESULTS AND DISCUSSION 

Figure 1 shows the schematic representation of the expression plasmids used in the present 

study. The region encoding the FS cDNA with the five distinct domains of the FS-315 molecule 

(3-6) is blown-up to show the potential Asn-linked glycosylation sites at Asn95 and Asn259. We 

have recently reported that FS isolated from porcine follicular fluid was composed of at least six 

different molecular forms of 31, 32, 35, 36, 37, and 39 kDa under non-reducing conditions (8). 

But, when this mixture of native FSs was treated with N-glycosidase-F, only a major band at 32 

kDa and a minor band at 31 kDa were detected. These findings together with other evidences (8) 

suggest that native FSs are a mixture of non-, mono- and di-glycosylated forms with 288 and 300 

amino acids. 

To determine the significance of the carbohydrate moieties in the follistatin molecule on the 

inhibition of FSH secretion and activin binding, we produced a series of rhFSs mutated at either or 

both of the potential Asn-linked glycosylation sites. Because substitution by Ala at the third 

residue of the consensus Asn-linked glycosylation site (Asn-X-Ser or Asn-X-Thr) (23) is a more 

homologous substitution than replacement of Asn by any other amino acids, we mutated the Thr at 

position 97 and 261 to Ala to remove the corresponding potential glycosylation sites. Thus, hFS- 

315 mutants, T97A and T261A, which lost one of the two potential glycosylation sites as well as 

TWA, which lost both sites, were produced. In the course of constructing the mutated plasmids, 

we have also prepared another plasmid, named 499, which has two extra amino acids (Lys-Leu) 

inserted in between the second and the third amino acids of hFS-315. The purpose for the 

construction of this plasmid was to introduce a HindIII restriction site at the amino-terminal region 

so as to use this plasmid for the expression of any domain of the FS molecule to determine its 

function. 

The mutated proteins expressed by the CHO cells and secreted into the conditioned medium 

were detected by Western-blotting analysis using the Rb-32 antibody (21). Figure 2 shows a 

typical blot pattern of rhFS-3 15, which exhibited two major bands at 35 and 38 kDa and a minor 

band at 42 kDa, while the TWA mutant which has no glycosylation sites showed a single band at 

35 kDa. The molecular size of the TWA mutant is in agreement with the results obtained from N- 

glycosidase F digestion of the purified rhFS-315 reported previously (8). By contrast, the T97A 

mutant exhibited two distinct bands at 35 and 38 kDa, and since the 35 kDa form corresponded to 

the non-glycosylated hFS-315, the 38 kDa form would correspond to the mono-glycosylated hFS- 

3 15 with the carbohydrate chain at Asn 259. The T261A mutant also showed two bands at 35 and 

1 80 @I 0 288 315 
I I II I Ill I IV IV 

PSV~HF-31 5 

Fig. 1. Schematic representation of the structure of hFS-315 (blow-up portion) and its 
expression vector pSV2HF-315. 

The Roman numerals I, II, III, IV, V represent the five domains of hFS-315 and CHO 
represents the potential carbohydrate chains attached at Asnas and Asn2s9. 
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F&& Western-blotting analyses of porcine (p) FS, rhFS-315 and its mutants expressed in the 
conditioned medium. 

SDS-PAGE was carried out using a 8-16% gradient fractionating gel under non-reducing 
conditions. Thirty microliters of the serum-free conditioned medium from the mutants were used 
for the analysis as described in Materials and Methods. The numbers on the left margin represent 
the molecular size of the pre-stained protein molecular mass standard (Bio-Rad, Richmond, CA). 

F&J Activin ligand-blotting (L) and Western-blotting (W) analyses of the hFS-315 mutants. 
Five hundred microliters of the serum-free medium from the mutants were concentrated and 

subjected to the SDS-PAGE using a 12% fractionating gel under non-reducing conditions as 
described in Materials and Methods. 

42 kDa and, by analogy, the 42 kDa band would correspond to the mono-glycosylated hFS-315 

with the carbohydrate chain at Asn 95. However, because the relative intensity of the 42 kDa band 

to the 35 kDa band in the l-261 A mutant is much lower than that of the 38 kDa band to the 35 kDa 

band in the T97A mutant, the As&‘5 seems to be much less susceptible for incorporation of the 

carbohydrate chain than the Asn259. The 449 mutant showed the same banding pattern as rhFS- 

315 because a two amino acid insertion in the amino-terminal of the molecule could not be 

differentiated by this method of molecular weight analysis. 

To determine whether the hFS mutants possess activin-binding ability, ligand-blotting analyses 

were performed with each mutated protein using I251 labeled activin-A. As shown in Figure 3, 

mutants T97A, T261A and TWA were able to bind labeled activin-A under non-reducing 

conditions. Under reducing conditions, however, they completely lost their binding ability (date 

not shown). These results suggest that the binding ability of FS to activin strictly depends on the 

properly folded conformation of the protein but is independent of the carbohydrate chains. 

Interestingly, the 449 mutant, which has two extra amino acids inserted at the amino-terminal 

region, did not bind the labeled activin. This finding suggests that the amino-terminal region of FS 

could be responsible for its binding to activin because the insertion of two amino acids between the 

second and th:-d residues is unlikely to destroy the conformation in the rest of the molecule. 

The biological activities of these mutants were determined by an in vitro bioassay using rat 

anterior pituitary cells. The protein concentration in each mutant was determined by RIA (21). 

The control medium from CHO cells did not inhibit FSH secretion. Dose-response curves for the 

suppression ~1’ FSH secretion exhibited by the mutants, T97A. T261A, TWA and rhFS-315 are 
shown in Figure 4. The ED50 values calculated for each of these four proteins were similar (2.5 * 

0.5 @ml). These results suggest that the carbohydrate chains of the FS molecule have no effect 

on the suppression of FSH secretion. By contrast, the 449 mutant did not show any inhibition of 
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F&&. Dose-response curves of rhFS-315 and its mutants on the suppression of FSH 
secretion in cultured rat anterior pituitary cells. 

The protein concentrations were determined by RlA as described in Materials and Methods. 
The data was presented as percent inhibition of FSH secreted into the culture medium in 
comparison with the FSH concentration in the medium from untreated cells. which was normalized 
to 100%. The vertical bars in the graph represent the SEM (n = 3). 

FSH secretion up to a dosage of 20 @ml. Moreover, our preliminary experiment with another 

mutant, named C3S, in which the third amino acid of cysteine is mutated to serine also completely 

lost both the activin-binding ability and the inhibition of FSH secretion. These findings strongly 

suggest that the amino-terminal region of FS is critical for these functions. 

In conclusion, we have determined in this study that the carbohydrate chains in FS are not 

required for its binding to activin and the suppression of FSH release from the pituitary. 

However, in this same study, we have also uncovered that an intact amino-terminal region is 

absolutely required for FS to exhibit both of these activities. Since insertion of two amino acids at 

the second and third positions of FS is not likely to affect the conformation of the rest of the 

molecule, our results strongly point to the amino-terminal domain as the most critical portion of 

molecule for activin binding and FSH suppression. 
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