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Oocyte-derived bone morphogenetic protein 15 (BMP15) regulates ovulation rate and female
fertility in a species-specific manner, being important in humans and sheep and largely superfluous
in mice. To understand these species differences, we have compared the expression and activity of
human, murine, and ovine BMP15. In HEK293F cells, human BMP15 is highly expressed (120 ng/ml),
ovine BMP15 is poorly expressed (15 ng/ml), and murine BMP15 is undetectable. Because BMP15
synthesis is dependent upon interactions between the N-terminal prodomain and the C-terminal
mature domain, we used site-directed mutagenesis to identify four prodomain residues (Glu46,
Glu47, Leu49, and Glu50) that mediate the high expression of human BMP15. Substituting these
residues into the prodomains of murine and ovine BMP15 led to significant increases in growth
factor expression; however, maximal expression was achieved only when the entire human prodo-
main was linked to the mature domains of the other species. Using these chimeric constructs, we
produced and purified murine and ovine BMP15 and showed that in a COV434 granulosa cell
bioassay, these molecules displayed little activity relative to human BMP15 (EC50 0.2nM). Sequence
analysis suggested that the disparity in activity could be due to species differences at the type I
receptor binding interface. Indeed, murine BMP15 activity was restored when specific residues
through this region (Pro329/Tyr330) were replaced with the corresponding residues (Arg329/Asp330)
from human BMP15. The identified differences in the expression and activity of BMP15 likely
underlie the relative importance of this growth factor between species. (Endocrinology 154:
888–899, 2013)

The oocyte plays a central role in folliculogenesis by
secreting growth factors that regulate the prolifera-

tion, differentiation and function of supporting granulosa
cells (1). Genetic studies in mice and sheep have indicated
that two members of the TGF-� superfamily, bone mor-
phogenetic protein 15 (BMP15) and growth differentia-
tion factor 9 (GDF9), are among the most important
oocyte-derived factors (2-6). BMP15 is expressed exclu-
sively within the oocyte of the ovary, with highest expres-
sion between the primary and preovulatory follicle stages
(7, 8). In response to recombinant human (rh) BMP15, rat
granulosa cells proliferate (8, 9), reduce their expression of

the FSH receptor and steroid hormones (10), and increase
their expression of Kit ligand, an essential regulator of
oocyte growth in preantral follicles (11). BMP15 can also
induce cumulus expansion in mouse cumulus-oocyte com-
plexes (12). The proliferative effects of BMP15 on gran-
ulosa cells are enhanced in the presence of GDF9, suggest-
ing that these two growth factors operate in unison within
the ovary (5, 13-15). BMP15’s actions on granulosa cells
are mediated via binding to type I (activin receptor-like
kinase 6 [ALK6]) and type II (BMP receptor type II [BM-
PRII]) serine/threonine kinase receptors and activation
of Smad1/5/8 transcription factors (16, 17).
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In sheep, BMP15 regulates the number of ovulating
follicles in each estrous cycle. Homozygous inactivating
mutations in BMP15, as observed in Inverdale, Hanna,
Cambridge, Belclare, Rasa Aragonesa, and Lacaune
breeds (4, 5, 18-20), cause infertility, with folliculogenesis
arrested at the primary stage. In contrast, ewes heterozy-
gous for these BMP15 mutations exhibit increased ovu-
lation rates, likely caused by earlier maturation of devel-
oping follicles due to increased FSH responsiveness and
earlier acquisition of LH receptors by the granulosa cells
(6, 21). These effects of BMP15 dose on folliculogenesis
and fecundity can be replicated by either fully or partially
immunizing ewes against peptides derived from BMP15
(22-24).

Important roles for BMP15 in maintaining female re-
productive homeostasis in humans have also been dem-
onstrated. Di Pasquale and colleagues (9) identified a
heterozygous mutation (Y235C) in the prodomain of
BMP15 in two sisters with hypergonadotropic ovarian
failure. Interestingly, the ovaries from these patients re-
sembled those of homozygous, but not heterozygous, mu-
tant BMP15 ewes, suggesting that two functional copies of
BMP15 are required to maintain human ovarian function.
More recently, screening of women with premature ovar-
ian failure and polycystic ovary syndrome have identified
20 additional mutations in the BMP15 gene, 19 of which
are localized to the prodomain (25-31). During synthesis,
the prodomain interacts noncovalently with mature
BMP15, maintaining the molecule in a conformation com-
petent for dimerization and secretion (32). At least 5 of the
identified mutations (R68W, R76C, R138H, L148P, and
R206H) disrupt interactions between the pro- and mature
domains and lead to marked reductions in BMP15 pro-
duction (28, 33), supporting the concept that adequate
levels of BMP15 are critical to maintain female fertility.

In contrast to the importance of BMP15 in sheep and
humans, BMP15-null female mice exhibit normal follicu-
logenesis (34) but have defects in the ovulation process,
resulting in subfertility (12). The apparent dispensability
of BMP15 in the mouse can be attributed primarily to
defects in protein production. Hashimoto et al (35)
showed that murine BMP15 is expressed very poorly rel-
ative to human BMP15, but that expression can be en-
hanced if the murine mature domain is linked to the hu-
man prodomain. Oocyte-specific overexpression of this
chimeric molecule indicated that murine BMP15 retains
activity, because mice displayed accelerated folliculogen-
esis and early onset of acyclicity (36). However, whether
murine BMP15 has comparable activity to human or ovine
BMP15 has not been determined.

Recently, we characterized species differences in the
expression and activity of GDF9 (37). Specifically, we

showed that high levels of active murine GDF9 are se-
creted from the cell, whereas lower levels of latent human
GDF9 are produced. Using site-directed mutagenesis, we
identified residues within the �1-helix of the prodomain
that limit expression of human GDF9 and showed that a
single mature domain residue (Gly391) confers latency.
Gly391 forms part of the type I receptor binding site on
human GDF9, and substituting this residue with the cor-
responding arginine from murine GDF9 restored activity.
Significantly, human, murine and ovine BMP15 differ ap-
preciably across both the �1-helix of the prodomain and
the type I receptor binding interface of the mature domain.
In this study, we show that these sequence differences have
profound effects on the expression and activity of BMP15
across species.

Materials and Methods

Reagents
Recombinant human BMP15 was purchased from R&D Sys-

tems (Minneapolis, Minnesota). BMP15 antibody (monoclonal
antibody [mAb]-28) was purchased from AbD Serotec (Oxford,
United Kingdom), FLAG M2 mAb from Sigma-Aldrich (St.
Louis, Missouri), Penta-His antibody from QIAGEN (Victoria,
Australia), and horseradish peroxidase-conjugated antimouse
IgG from GE Healthcare (Buckinghamshire, United Kingdom).
Lumilight chemiluminescence Western blotting substrate was
obtained from Roche (Basel, Switzerland). PCR/plasmid purifi-
cation kits were from Promega (Madison, Wisconsin). DMEM,
Opti-MEM, and SeeBlue Plus2 were from Invitrogen (Carlsbad,
California).

Construction of expression vectors
The construction of the human (h), ovine (o), and murine (m)

BMP15 expression vectors has been previously described (14,
16, 38). In brief, the BMP15 genes with an N-terminal His-tag
were generated by overlap PCR and subcloned using restriction
sites for hBMP15 (EcoRI/NotI), oBMP15 (XbaI/XhoI), and
mBMP15 (NheI/XbaI) in the mammalian expression plasmid
pCDNA3.1(�) (Invitrogen). To enable detection by Western
blot, a FLAG-tag (DYKDDDDK) was introduced at the N ter-
minus of the mature domain of hBMP15 (following residue 271),
mBMP15 (following residue 271), and o-BMP15 (following res-
idue 272) (39). hBMP15-FLAG was generated by overlapping
PCR (hBMP15 prodomain sense primer 5�-ctaggaattcat-
gaagtgggtaacctttc-3�, FLAG antisense primer 5�-cttgtcatcgtcgt-
ccttgtagtctccgtctgcctgtctggtgcgccgcagcaggctctccctctc-3�, FLAG
sense primer, 5�-gactacaaggacgacgatgacaagatcagcgccgaggtgac-
cgccagcagcagcaagcactccggc-3�, and hBMP15 mature domain
antisense primer 5�-ctaggcggccgcttatctgcatgtacaagactc-3�) and
cloned into the EcoRI and NotI restriction sites of the
pCDNA3.1(�) vector. oBMP15-FLAG was generated by over-
lapping PCR (oBMP15 prodomain sense primer 5�-ctaggctag-
catgaagtgggtaacctttctcctc-3�, FLAG antisense primer 5�-cttgtcatc-
gtcgtccttgtagtcactgcctgcttgacgagccctcctcaagagaagagaagggtc-3�,
FLAG sense primer 5�-gactacaaggacgacgatgacaagattgcatc-
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ggaagttcctggcccctccagggagcatgatggg-3�, and oBMP15 mature
domain antisense primer 5�-ctaggcggccgcttatcacctgcatgtgcag-
gactg-3�) and cloned into the NheI and NotI restriction sites of
the pCDNA3.1(�) vector. mBMP15-FLAG was generated by
overlapping PCR (mBMP15 prodomain sense primer 5�-
ctaggctagcatgaagtgggtaacctttctc-3�, FLAG antisense primer
5�-cttgtcatcgtcgtccttgtagtcgctgcatgcttgccggacactccgcatgagaaa-
agaagattc-3�, FLAG sense primer 5�-gactacaaggacgacg-
atgacaagattgaatctgatgcctcttgtccttctcaggaacatgatggg-3�, and
mBMP15 mature domain antisense primer 5�-ctagtctagattatcta-
catgtacaggactgggc-3�) and cloned into the NheI and XbaI re-
striction sites of the pCDNA3.1(�) vector.

Production of BMP15 variants
Point mutations in the prodomain and mature regions of

BMP15 were introduced using the QuikChange Lightning site-
directed mutagenesis kit (Stratagene, La Jolla, California).
pCDNA3.1 vectors containing full-length BMP15 cDNA served
as the template in these reactions. For each construct, the mu-
tated region was confirmed by DNA sequencing. Wild-type and
mutant BMP15 proteins were produced by transient transfection
in HEK293F cells using Lipofectamine 2000 (Invitrogen). In
brief, cells were plated at 8.0 � 105 cells per well in 6-well plates
in complete medium (DMEM supplemented with 10% fetal calf
serum) at 37°C in 5% CO2. After 24 hours incubation, wild-type
or mutant BMP15 DNA (5 �g) was combined with Lipo-
fectamine according to the manufacturer’s instructions. After a
20-minute incubation, DNA-Lipofectamine complexes were
added directly to the plated cells and incubated in serum-free
Opti-MEM medium (Invitrogen) for another 48 hours.

At 48 hours after transfection, the conditioned medium and
cell lysates for each of the BMP15 variants were analyzed by
Western blot. Conditioned medium was removed and concen-
trated 25-fold using Nanosep microconcentration devices with a
10-kDa molecular mass cutoff (Pall Life Sciences, East Hills,
New York). The cells were lysed in 1% Triton X-100 in PBS (pH
7.4). Samples were reduced with 5% �-mercaptoethanol and
loaded onto 10% SDS-PAGE and subjected to Western blot.
After electrophoresis, samples were transferred onto enhanced
chemiluminescence Hybond membranes (GE Healthcare).
hBMP15 was detected using either mAb-28 (1:5000) or a FLAG
primary antibody (1:2000), both of which detect the processed
mature region of hBMP15 as well as any unprocessed precursor
forms (16). The prodomains were detected using an anti-His
antibody (1:2000). mBMP15 and oBMP15 were detected using
the anti-FLAG M2 antibody. The secondary antibody, horse-
radish peroxidase-conjugated antimouse IgG (1:10 000) was
used throughout. Immunoreactive proteins were detected using
Lumilight chemiluminescence reagents (Roche). Mass estimates
for BMP15 throughout the purification were determined by
Western blot and densitometry (ChemiDoc; Bio-Rad, Hercules,
Calilfornia) using either rhBMP15 (R&D Systems) or amino-
terminal FLAG-BAP fusion protein (Sigma-Aldrich) as
standards.

Generation of human-murine and human-ovine
BMP15 chimeras

The human-murine (hm) BMP15 chimeras were generated by
fusing the entire prodomain and first 4 mature domain residues
of hBMP15 (residues 1-271) onto the mature domain of

mBMP15 (residues 272-393). hmBMP15 was generated by over-
lapping PCR (hBMP15 prodomain sense primer 5�-ctaggaattcat-
gaagtgggtaacctttc-3� and antisense primer 5�-gtcgctgcatgctt-
gtctggtgcgccgcagcaggctc-3� and mBMP15 mature domain sense
primer 5�-gcggcgcaccagacaagcatgcagcgactacaaggac-3� and anti-
sense primer 5�-ctagtctagattatctacatgtacaggactgggc-3�) and
cloned into the EcoRI and XBaI restriction sites of the
pCDNA3.1(�) vector. The human-ovine (ho) BMP15 chimera
was generated by fusing the entire prodomain of hBMP15 (res-
idues 1-267) to the mature domain of oBMP15 (residues 269-
393). hoBMP15 was similarly generated (hBMP15 prodomain
sense primer 5�-ctaggaattcatgaagtgggtaacctttc-3� and antisense
primer 5�-gtcactgcctgcttgtctggtgcgccgcagcaggctc-3� and
oBMP15 mature domain sense primer 5�-gcggcgcaccaga-
caagcaggcagtgactacaaggac-3� and antisense primer 5�-ctaggcg-
gccgcttatcacctgcatgtgcaggactg-3�) and cloned into the EcoRI
and NotI restriction sites of the pCDNA3.1(�) vector.

Purification of BMP15 mutants
To produce large amounts of BMP15 variants for purifica-

tion, proteins were produced by transient transfection in
HEK293F cells using Lipofectamine 2000. At 48 hours post
transfection, the culture medium was centrifuged (1000g for 5
minutes), concentrated (Centricon Plus-70; Millipore, Billerica,
Massachusetts), and resuspended in binding buffer (50mM
phosphate buffer; 0.5M NaCl, pH 8.0). The concentrated me-
dium was then subjected to immobilized metal affinity chroma-
tography (IMAC) in a PD-10 column (GE Healthcare) using
Ni-NTA agarose (Invitrogen) targeting the His6-tag at the amino
terminus of the prodomain. His-tagged BMP15 was eluted from
the Ni-NTA agarose using elution buffer (50mM phosphate buf-
fer; 0.5M NaCl; 0.5M imidazole, pH 8.0) and filtered through a
0.45-�m filter. Reverse-phase HPLC was subsequently used to
obtain the purified mature region. To determine the purity and
mass of BMP15 after the two chromatography steps, protein
fractions (reduced with 5% �-mercaptoethanol) were fraction-
ated on 10% SDS-PAGE gels and subjected to Western blot.

In vitro bioassay
Wild-type and mutant mBMP15 and oBMP15 variants were

compared with hBMP15 for their ability to stimulate a luciferase
response in a human granulosa tumor cell line (COV434). In
brief, cells were plated at 33 � 103 cells per well in 96-well plates
in complete medium (DMEM supplemented with 10% fetal calf
serum) at 37°C in 5% CO2. After 24 hours of incubation, cells
were transfected (130 ng/well) with a BMP response element
(BRE)-luciferase reporter construct (40) using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions
(see above) for 24 hours. The cells were treated with IMAC-
and/or HPLC-purified BMP15 variants for 16 hours. The me-
dium was then aspirated, and the cells were solubilized in solu-
bilization buffer (25mM glycylglycine [pH 7.8], 15mM MgSO4,
4mM EGTA, 1% Triton X-100, and 1mM dithiothreitol), and
luciferase reporter activity was measured as previously de-
scribed (41).

Molecular modeling
The oBMP15, mBMP15, and hBMP15 dimers were created

using the Swiss model comparative protein modeling server (42,
43) using BMP2 (accession number 1ES7) (44) from Research
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Collaboratory for Structural Bioinformatics Protein Data Bank
(www.pdb.org) (45) as a template. Subsequently the UCSF Chi-
mera package from the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Fran-
cisco (supported by NIH P41 RR-01081) (46) was used to both
overlay the BMP15 dimers onto a template of the GDF-5:
BMPR1b receptor complex (accession number 3EVS) (47) and to
produce the molecular graphics images.

Statistical analysis
Bioassay data are the mean � SD of triplicate determinations

from representative experiments, relative to an adjusted value of
1.0 for the mean of the control wells. The experiments were
repeated at least 3 times, with each treatment applied to 3 rep-
licate wells in each experiment. The data were analyzed using
the Prism program (version 5.0; GraphPad Software Inc., San
Diego, California).

Results

BMP15 expression differs across species
Members of the TGF-� superfamily are synthesized as

precursor molecules, consisting of an N-terminal prodo-
main and a C-terminal mature domain. The recently pub-
lished structure of pro-TGF-�1 defined the important role

the prodomain plays in the synthesis, secretion, and acti-
vation of mature TGF-� ligands (48). Most TGF-� pro-
teins display high sequence identity (�80%) across spe-
cies; however, a subset of family members that regulate
reproductive processes (eg, BMP15, GDF9, and anti-
Müllerian hormone) have lower identity. BMP15 displays
particularly low homology across species (60% between
human and murine, 71% between human and ovine; Fig-
ure 1), and the fact that these differences occur in struc-
turally significant regions of the molecule (eg, �1-helix of
the prodomain and the prehelix loop of the mature do-
main; Figure 1) likely affects the expression and activity of
this growth factor. To test this, we compared the expres-
sion of hBMP15, mBMP15, and oBMP15 in HEK293F
cells. As the commercially available BMP15 monoclonal
antibodies only recognize human BMP15 (Figure 2A), it
was necessary to introduce a FLAG-tag (DYKDDDDK) at
the N terminus of the mature domain in all species. A
previous study has shown that a FLAG-tag in this po-
sition does not affect the expression or activity of
hBMP15 (39). The hBMP15, mBMP15, and oBMP15
expression constructs were transiently transfected into
HEK293F cells, and the conditioned media and cell ly-

HUMAN MVLLSILRILFLCELVLFMEHRAQMAEGGQSSIALLAEAPTLPLIEELLEESPGEQPRKPRLLGHSLRYMLELYRRSADSHGHPRENRT 89

SHEEP MVLLSILRILLWG-LVLFMEHRVQMTQVGQPSIAHLPEAPTLPLIQELLEEAPGKQQRKPRVLGHPLRYMLELYQRSADASGHPRENRT 88

MOUSE MALLTILRILLWG-VVLFMEQRVQMAKPGWPSTALLADDPTLPSILDLAKEAPGKE-MKQWPQGYPLRYMLKLYHRSADPHGHPRENRT 87

* **:*****:   :*****:*.**:: * .* * *.: **** * :* :*:**::  *    *:.*****:**:****. ********

HUMAN IGATMVRLVKPLTNVARPHRGTWHIQILGFPLRPNRGLYQLVRATVVYRHHLQLTRFNLSCHVEPWVQKNPTNHFPSSEGDSSKPSLMS 178

SHEEP IGATMVRLVRPLASVARPLRGSWHIQTLDFPLRPNRVAYQLVRATVVYRHQLHLTHSHLSCHVEPWVQKSPTNHFPSSGRGSSKPSLLP 177

MOUSE IGAKMVRLVKPSANTVRPPRGSWHVQTLDFPLASNQVAYELIRATVVYRHQLHLVNYHLSCHVETWVPKCRTKHLPSSKSGSSKPSPMS 176

***.*****:* :...** **:**:* *.*** .*:  *:*:********:*:*.. :******.** *  *:*:*** . ***** :. 

HUMAN NAWKEMDITQLVQQRFWNNKGHRILRLRFMCQQQKDSGGLEL-WHGTSSLDIAFLLLYFNDTHKSIRKAKFLPRGMEEFMERES--LLR 264

SHEEP KTWTEMDIMEHVGQKLWNHKGRRVLRLRFVCQQPRGSEVLEFWWHGTSSLDTVFLLLYFNDTQS-VQKTKPLPKGLKEFTEKDPSLLLR 265

MOUSE KAWTEIDITHCIQQKLWNRKGRSVLRLRFMCQQQKGNETREFRWHGMTSLDVAFLLLYFNDTDD-RVQGKLLARGQEELTDRESSFLMR 264

::*.*:** . : *::**.**: :*****:*** :..   *: ***.:*** .*********..   : * *.:* :*: :::.  *:*

HUMAN RTRQADGISAEVTASSSKHSGPENNQCSLHPFQISFRQLGWDHWIIAPPFYTPNYCKGTCLRVLRDGLNSPNHAIIQNLINQLVDQSVP 353

SHEEP RARQAGSIASEVPGPSREHDGPESNQCSLHPFQVSFQQLGWDHWIIAPHLYTPNYCKGVCPRVLHYGLNSPNHAIIQNLVSELVDQNVP 354

MOUSE SVRQACSIESDASCPSQEHDGSVNNQCSLHPYKVSFHQLGWDHWIIAPRLYTPNYCKGICTRVLPYGLNSPNHAIIQSLVNELVNHSVP 353

.*** .* ::.. .* :*.*. .*******:::**:*********** :******** * ***  ***********.*:.:**::.** 

HUMAN RPSCVPYKYVPISVLMIEANGSILYKEYEGMIAESCTCR 392

SHEEP QPSCVPYKYVPISILLIEANGSILYKEYEGMIAQSCTCR 393

MOUSE QPSCVPYNFLPMSILLIETNGSILYKEYEGMIAQSCTCR 393

:******:::*:*:*:**:**************:***** 

α1 α2

β1 β2 α3 β3 β4 β5

β6 α4 β7 β8 α5

α1 β1 β2 β3 β4 α2

β5 β6 β7 β8

Pre-helix loop

Figure 1. Sequence alignment of human, sheep, and mouse BMP15. The prodomains (italics) and mature domains of BMP15 were aligned using
ClustalW (Conway Institute, University College Dublin, Dublin, Ireland). The residues are numbered according to the first residue of the signal
peptide. Identical residues (*) and conserved residues (:) are indicated, as is the cleavage site between the prodomains and mature domains
(lightning bolt). Secondary structure elements (�-helices and �-sheets), as determined by QuickPhyre (Quick Protein Homology/analogy Recognition
Engine; Structural Bioinformatics Group, Imperial College, London, United Kingdom) are depicted above the sequences. Residues within the �1-
helix of the prodomain, cleavage site, and the prehelix loop of the mature domain (shaded in gray) were mutated using site-directed mutagenesis,
and their effects on BMP15 synthesis and activity were determined.
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sates were collected for Western blot analysis (Figure 2).
Using an anti-FLAG M2 antibody, hBMP15 was de-
tected in the conditioned media in monomeric precursor
(55 kDa) and mature (18 kDa) forms (Figure 2B, lane 1).
FLAG-BAP standards indicated that mature hBMP15
was expressed at �120 ng/ml. In contrast, oBMP15 was
expressed at much lower levels (�15 ng/ml; Figure 2B,
lane 3), and mBMP15 was undetectable. An analysis of
cell lysates indicated that the variation in BMP15 pro-
duction was not due to defects in protein synthesis, be-
cause the precursor was readily detectable for each spe-
cies (Figure 2B).

The hBMP15 prodomain enhances growth factor
expression

To identify the specific residues in hBMP15 that con-
tributed to its high expression, we focused on the N-ter-
minal �-helix (�1) of the prodomain (Figure 1). Recent
studies have shown that the prodomain �1-helix of
TGF-�1 forms intimate contacts with the mature domain
and facilitates the correct folding and dimerization of
TGF-�1 (48, 49). Five �1-helix residues (Leu44, Glu46,
Glu47, Leu49, and Glu50) in hBMP15 are not conserved in
mBMP15 (Figure 2C). These residues were substituted,
either individually or in combination, with the corre-
sponding residues (Ser43, Leu45, Asp46, Ala48, and Lys49)
from mBMP15, and the resultant variants were expressed
in HEK293F cells. Western blot analysis of the condi-
tioned media indicated that four of the mutants generated
(E46L, E47D, L49A, and E50K) resulted in a significant
reduction (�50%) in the amount of hBMP15 produced
and secreted (Figure 2D), whereas the combined mutant
completely abrogated expression (data not shown). An
analysis of the cell lysates from the transfected cells indi-
cated that the decrease in hBMP15 production was not
due to a loss of precursor expression (Figure 2D). To-
gether, these results indicate that specific glutamic acid
and leucine residues within the �1-helix of the prodomain
contribute to a high level of expression of hBMP15.

The mBMP15 and oBMP15 prodomains limit
growth factor expression

We next determined whether the nonconserved resi-
dues within the �1-helix of the hBMP15 prodomain were
capable of initiating expression of mBMP15. Five
mBMP15 point mutants were generated, and of these,
L45E, D46E, and K49E led to significant increases in ex-
pression of the 55-kDa precursor protein (Figure 3A). Al-
though substantial amounts of mBMP15 precursor were
produced after incorporation of individual hBMP15
�1-helix residues, no mature protein was detected, sug-
gesting that the murine precursor is inefficiently pro-
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Figure 2. Effects of prodomain mutations on hBMP15 biosynthesis.
HEK293F cells were transiently transfected with wild-type hBMP15,
mBMP15, and oBMP15 expression constructs and conditioned media
(top panels) and cell lysates (bottom panels) were analyzed by Western
blot. A and B, Samples were detected under reduced conditions using
a human-specific BMP15 mAb (A) or an anti-FLAG M2 antibody (B). C,
Five nonconserved residues (boldface type, underlined) within the �1-
helix of the hBMP15 prodomain (Leu44, Glu46, Glu47, Leu49, and Glu50)
were substituted with the corresponding mBMP15 residues (Ser43,
Leu45, Asp46, Ala48, and Lys49) using site-directed mutagenesis. D,
Conditioned media (top panels) and cell lysates (bottom panels) from
HEK293F cells transiently transfected with either wild-type hBMP15
(lane 1) or hBMP15 mutants (lanes 2-6) were analyzed by Western
blot. Mass estimates were determined using rhBMP15 (R&D Systems)
or FLAG-BAP (Sigma-Aldrich) standards. The BMP15 precursor and
mature forms are noted.
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cessed by members of the subtilisin-like proprotein con-
vertase family. Surprisingly, incorporating the hBMP15
cleavage site (264RRTR267; Figure 3B) into mBMP15
(L45E) did not enhance precursor cleavage (data not
shown). Previous studies have indicated that amino ac-
ids adjacent to the cleavage site of TGF-� ligands are
critical for precursor processing (50), and mBMP15 and
hBMP15 differ significantly at positions P3� and P4�
(270CS271 in mouse and 270DG271 in human; Figure 2B).
Therefore, we further modified the native cleavage site
of mBMP15 (264RSVRQACS271) to mirror hBMP15
(264RRTRQADG271). When this cleavage mutation was
combinedwith theL45Epointmutationwithin the �1-helix,
mature mBMP15 was detectable in conditioned media in 2
isoforms; a 16-kDa unmodified form and a 20-kDa glyco-
sylated form (Figure 3C, lane 3) (35). The third 30-kDa
mBMP15 form may arise from a secondary cleavage event
within the prodomain, as has recently been predicted (51).
Interestingly, the expression of mBMP15 could be further
enhanced by fusing the entire prodomain and first 4 mature
domain residues of hBMP15 (residues 1-271) to the mature

domain of mBMP15 (residues 272-
393) (Figure3C, lane4).Thus, specific
residues within the �1-helix and at the
cleavage site of mBMP15 severely re-
strict growth factor expression and
processing.

In contrast to mBMP15, wild-type
oBMP15 was expressed in condi-
tioned media of HEK293F cells; how-
ever, levels were much lower than for
hBMP15 (Figure 2B). Across the re-
gion of the prodomain �1-helix that
mediates protein synthesis, there is
only one amino acid difference be-
tween oBMP15 and hBMP15 (Figure
4A), and although substituting this
residue(Q45E) increasedoBMP15ex-
pression3-fold (Figure4B, lane3), lev-
els remained depressed relative to
hBMP15. This suggested that regions
of the prodomain, other than the �1-
helix, may be limiting oBMP15 expres-
sion. To test this, we generated a
hoBMP15chimerabyfusing theprodo-
mainofhBMP15(residues1-267)tothe
mature domain of oBMP15 (resi-
dues 269-393). Expression of the
hoBMP15chimerawas10-foldhigher
than wild-type oBMP15 and compa-
rable to hBMP15 (Figure 4B, lane 4).

BMP15 activity differs across
species

Using the hmBMP15 and hoBMP15 chimeras, we were
able for the first time to produce large quantities of mature
mBMP15 and oBMP15, which were separated from the
human prodomain by successive rounds of IMAC and re-
verse-phase HPLC (Figure 5A) (Supplemental Figure 1, pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals. org). Using a BMP-responsive lu-
ciferase reporter assay in COV434 human granulosa cells,
the activity of BMP15 was compared across species.
hBMP15 induced a dose-dependent luciferase response in
theCOV434cells (EC50 0.2nM),whereasmBMP15hadvery
lowactivityandoBMP15was, surprisingly, inactiveat thecon-
centrations tested (0.05-4nM; Figure 5B).

BMP15’s activity is dependent upon its ability to as-
semble a complex of type I (ALK6) and type II (BMPRII)
signaling receptors. Sequence analysis indicated high se-
quence similarity between species at the BMPRII binding
interface, but identified significant differences at the ALK6
binding interface (Figure 5C). Specifically, the Arg329/
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Figure 3. Effects of prodomain and mature domain mutations on mBMP15 biosynthesis. Five
nonconserved residues within the �1-helix of the mBMP15 prodomain (Ser43, Leu45, Asp46, AL48,
and Lys49) were substituted with the corresponding hBMP15 residues (Leu44, Glu46, Glu47, Leu49,
and Glu50) using site-directed mutagenesis. A, Conditioned media (top panels) and cell lysates
(bottom panels) from HEK293F cells transiently transfected with either wild-type hBMP15 (lane
1), wild-type mBMP15 (lane 2), or mBMP15 mutants (lanes 3-7) were analyzed by Western blot.
B, The native cleavage site of mBMP15 (264RSVRQACS271) was subsequently mutated to mirror
that of hBMP15 (264RRTRQADG271). This was combined with the L45E point mutation within the
�1-helix of mBMP15 to produce the L45E cleavage mutant. To further enhance the expression of
mBMP15, the entire prodomain and first 4 mature domain residues of hBMP15 (residues 1-271)
were fused to the mature domain of mBMP15 (residues 272-393) to produce the hmBMP15
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transiently transfected with wild-type hBMP15 (lane 1), wild-type mBMP15 (lane 2), L45E
cleavage mutant (lane 3), and hmBMP15 chimera (lane 4) were analyzed by Western blot. All
samples were detected under reduced conditions using an anti-FLAG M2 antibody.

Endocrinology, February 2013, 154(2):888–899 endo.endojournals.org 893



Asp330 in hBMP15 is replaced by Pro329/Tyr330 in
mBMP15 or His330/Tyr331 in oBMP15. Analogous differ-
ences were recently shown to be responsible for the vari-
able activity of GDF9 across species (37). To determine
whether Arg329/Asp330 mediates the high activity of
hBMP15, we substituted these residues for the corre-
sponding residues from mBMP15 or oBMP15. The two
variants generated were expressed at comparable levels
to wild-type hBMP15 (data not shown) and were puri-
fied by IMAC and reverse-phase HPLC. Introducing the
mBMP15 residues Pro329/Tyr330 into hBMP15 reduced
bioactivity 6-fold (Figure 5D). More strikingly, substi-
tuting oBMP15 residues His330/Tyr331 into hBMP15 re-
duced bioactivity �100-fold (Figure 5D), supporting
the lack of activity observed for wild-type oBMP15 in
the luciferase assay (Figure 5B). Collectively, these re-

sults indicate that the high activity of hBMP15 is de-
pendent upon the presence of Arg329/Asp330 at the
ALK6 binding interface.

Restoration of mBMP15 activity by incorporation
of Arg329/Asp330 from hBMP15

To determine whether variation at the ALK6 binding
interface was responsible for the lack of activity of mBMP15
and oBMP15 (Figure 5B), we generated mBMP15 (P329R/
Y330D) and oBMP15 (H330R/Y331D) mutants. In the
COV434 luciferase assay, introducing Arg329/Asp330 dra-
matically increased the activity of mBMP15 (EC50 0.7nM;
Figure 6A) but had only a minor effect on oBMP15 activity
(�EC50 10nM; Figure 6B). We had previously noted a third
amino acid variation between hBMP15 and oBMP15 at the
ALK6 binding interface (Leu325 in human; Pro326 in sheep)
(Figure 5C) and, therefore, generated an additional mutant,
oBMP15 (P326L/H330R/Y331D). Although this triple mu-
tation resulted in a further increase in oBMP15 activity
(�EC50 7nM), it was still 30-fold less potent than hBMP15
(Figure 6B).

To gain a better understanding of how species differ-
ences at the type I receptor interface affect activity, we
generated molecular models of hBMP15, mBMP15, and
oBMP15 bound to the extracellular domain of ALK6 (Fig-
ure 6, C–E). In these models, Arg329 and Asp330 within the
prehelix loop of hBMP15 are in close association with
groove-forming residues on the surface of ALK6 (Figure
6C), supporting a role for these residues in mediating high-
affinity interactions with this receptor. Of the correspond-
ing residues on mBMP15, only Tyr330 is oriented toward
ALK6, with Pro329 pointing away from the receptor (Fig-
ure 6D), whereas both His330 and Tyr331 of oBMP15 fail
to contact ALK6 (Figure 6E). Based on conservation of
His/Tyr or Pro/Tyr at this site (Figure 7), it can be assumed
that folliculogenesis in most species is maintained by very
low level BMP15 signaling. Only primates and, curiously,
birds have the Arg/Asp at the ALK6 binding interface re-
quired for high activity.

Discussion

BMP15 mRNA is expressed in the oocytes of all species,
from the primary follicle stage until shortly after ovulation
(52). However, the effects of this growth factor on gran-
ulosa cell function and ovulation rate differ markedly
across species. In humans, heterozygous inactivating mu-
tations in the BMP15 prodomain (eg, Y235C) are suffi-
cient to cause premature ovarian insufficiency (9). The
streak ovarian phenotype observed in these women re-
sembles that of ewes carrying homozygous inactivating
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(Gln45) was substituted with the corresponding hBMP15 residue
(Glu46) using site-directed mutagenesis. To further enhance the
expression of oBMP15, the entire prodomain of hBMP15 (residues 1-
267) were fused to the mature domain of oBMP15 (residues 269-393)
to produce the hoBMP15 chimera. B, Conditioned media (top panels)
and cell lysates (bottom panels) from HEK293F cells transiently
transfected with wild-type hBMP15 (lane 1), wild-type oBMP15 (lane
2), oBMP15 (Q45E) (lane 3), and the hoBMP15 chimera (lane 4) were
analyzed by Western blot. All samples were detected under reduced
conditions using an anti-FLAG M2 antibody.
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mutations in BMP15 (4, 5). Interestingly, ewes heterozy-
gous for these same mutations have increased ovulation
rates and fecundity (4, 5, 18-20). Finally, the loss of
BMP15 has no apparent effect on folliculogenesis in the
polyovulatory mouse (34). Thus, it appears that two func-
tional copies of BMP15 are essential for folliculogenesis in
humans; one functional copy of BMP15 can maintain rel-
atively normal folliculogenesis in sheep, whereas BMP15
is dispensable in mice.

In accordance with a previous study (35), we found that
the differing importance of BMP15 across species corre-
lates with variable protein expression (ie, in HEK293F
cells, hBMP15 was expressed well, oBMP15 was ex-
pressed poorly, and mBMP15 was not expressed at all).
Our findings in HEK293F cells were supported by a recent
study, which readily identified mature oBMP15, but
found no trace of rat BMP15, in oocyte lysates and culture
medium (53). High-level expression of TGF-� ligands,
such as BMP15, is dependent upon the ability of the

prodomain to interact noncovalently with the mature do-
main during synthesis (32). Specifically, hydrophobic res-
idues within the �1-helix of the prodomain must form
intimate contacts with tryptophan residues within the ma-
ture domain, ensuring the correct folding, disulfide bond
formation, and export of the mature dimer (48). Modeling
indicates that the C-terminal portion of the �1-helix of
hBMP15 (44LIEELLEE51), like other TGF-� ligands, is
amphipathic. Hydrophobic residues through this region
form a contiguous epitope on one surface of the �1-helix,
whereas ionic residues are clustered on the opposite sur-
face. Mutating individual residues on either surface of this
amphipathic helix markedly reduced hBMP15 expres-
sion, highlighting the structural importance of this region.
Normally, the �1-helix of TGF-� ligands is highly con-
served across species; however, this is not the case for
BMP15. Indeed, the �1-helix of mBMP15 (43SILDLAKE50)
has several alterations that are predicted to be deleterious
for efficient protein expression, including the lack of am-

Figure 5. The bioactivity of BMP15 differs across species. Wild-type human BMP15 (A) and the hm- and ho-BMP15 chimeras (not shown) were
purified using IMAC, targeting the His6-tag at the amino terminus of the prodomain. Samples were further purified by reverse-phase HPLC using a
Vydac Jupiter column (250 � 4.6 mm, 5 �m particle size) on a gradient of 20%–70% acetonitrile in 0.1% heptafluorobutyric acid at 1 ml/min
over 90 minutes. A, HPLC fractions were analyzed by SDS-PAGE and Western blot using prodomain (anti-His) and mature domain (anti-FLAG)
antibodies. Fractions containing only mature BMP15 were pooled. B, COV434 human granulosa cells were transfected with a Smad1/5/8-
responsive luciferase reporter and were stimulated with increasing concentrations (0.05-4nM) of HPLC-purified mature hBMP15, mBMP15, and
oBMP15. C, Residues comprising the ALK6 binding site within the prehelix loop of the hBMP15 mature domain (Arg329/Asp330) were substituted
with the corresponding mBMP15 (Pro329/Tyr330) or oBMP15 (His330/Tyr331) residues using site-directed mutagenesis. D, Luciferase activity was
measured in COV434 human granulosa cells stimulated with increasing concentrations (0.05-4nM) of wild-type or mutant hBMP15 variants.
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phipathic surfaces and the absence of key hydrophobic
residues required for mature domain interactions. Thus, it
was not surprising that mBMP15 expression was unde-
tectable in our assays. Introducing hBMP15 residues
through this region restored mBMP15 precursor expres-
sion, although no mature growth factor was produced due
to inefficient processing by members of the proprotein
convertase family.

Although other rodent species share the defects of the
murine �1-helix, all other mammals and earlier verte-
brates, including amphibians, birds, monotremes and
marsupials, have the full complement of hydrophobic res-
idues within amphipathic helices required for BMP15
expression (Figure 7). Thus, the �1-helix differences in
rodents may represent an evolutionary adaptation de-
signed to limit growth factor expression. Many studies
have speculated that species-specific ovulation rates are
determined by the ratio of BMP15 to GDF9 activity (3,
35, 54, 55), with a low ratio corresponding to a high
ovulation rate. It would appear that mice maintain this low
ratio by producing little, or no, BMP15, but high levels of
active GDF9 (37).

Sequence analysis (Figure 7) also
highlighted the prevalence of glu-
tamic acid residues within the �1-he-
lix of mammals (4 in primates, 3 in
most other species, but only 1 in ro-
dents), and our data indicate that the
more glutamic acid residues in this
region the higher the expression of
BMP15. Indeed, introducing a
fourth glutamic acid into oBMP15
(Q45E) increased expression 3-fold.
Thus, it would appear that primates
have evolved a mechanism to express
high levels of BMP15. Coupled with
the observation that hGDF9 is pro-
duced in a latent form (37), this
would ensure a high BMP15 to
GDF9 activity ratio in these mono-
ovulatory species. Interestingly, a
human-like �1-helix alone is not suf-
ficient to support high BMP15 ex-
pression, because oBMP15 (Q45E) is
expressed at much lower levels than
hBMP15. Only when the entire
human prodomain is fused to
the ovine mature domain does
oBMP15 expression approach that
of hBMP15. Identification of the ad-
ditional prodomain residues that
limit oBMP15 expression will help

predict the likely expression levels of BMP15 in other
mammalian species. The current lack of protein expres-
sion data makes it difficult to correlate BMP15 to GDF9
activity ratios with ovulation rates across all species.

Recently, we showed that hGDF9 had markedly lower
activity than mGDF9 because of reduced affinity for its
type I receptor (37). The type I receptor binding interface
on BMP15 incorporates the prehelix loop (Figure 1) (56),
which differs significantly across species. Specifically, the
Arg329/Asp330 in hBMP15 is replaced by Pro329/Tyr330 in
mBMP15 or His330/Tyr331 in oBMP15. Mutation of the
corresponding residues in GDF5 (Arg438Leu; Ser439Thr)
cause the diseases multiple synostoses syndrome type 2
and Du Pan syndrome, respectively (57, 58). Using hu-
man/ovine and human/murine chimeras, we produced and
purified oBMP15 and mBMP15 and compared their ac-
tivity to hBMP15 in a COV434 human granulosa cell lu-
ciferase assay. In line with its dispensability in vivo,
mBMP15 had very low activity relative to hBMP15. How-
ever, the activity of mBMP15 could be restored by incor-
porating Arg329/Asp330 from hBMP15, highlighting the
importance of these residues for high-affinity ALK6 bind-

Figure 6. Specific residues within the mature domains of mBMP15 and oBMP15 limit
bioactivity. Residues within the ALK6 binding site of mBMP15 (Pro329/Tyr330) or oBMP15 (Pro326/
His330/Tyr331) were substituted with the corresponding hBMP15 residues (Leu325/Arg329/Asp330)
using site-directed mutagenesis. A and B, BMP15 variants were purified by successive rounds of
IMAC and reverse-phase HPLC, and their activity was tested in the COV434 human granulosa cell
luciferase assay. For each assay, the values are the means � SD from three representative
experiments. C–E, Molecular models of hBMP15, mBMP15, and oBMP15 bound to the
extracellular domain of ALK6 were generated, highlighting (in red) a strong (C; human),
moderate (D; mouse), and weak (E; sheep) affinity interaction between the identified mature
domain residues and this receptor.
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ing. Arg/Asp are conserved at the ALK6 binding interface
in all primates and, curiously, birds, but are replaced with
the low-affinity His/Tyr or Pro/Tyr residues in most other
species (Figure 7).

Surprisingly, oBMP15 was also inactive in our assay
system. This lack of activity is unlikely due to an in-
ability of oBMP15 to bind human ALK6 on COV434
cells, because this receptor is 97% identical across spe-
cies, with complete conservation of the BMP binding
site (Supplemental Figure 2). Moreover, previous stud-
ies have shown little to no activity for partially purified
oBMP15 on granulosa cells from rodents and ruminants
(14, 38, 59). The oBMP15 activity was only partially
restored after incorporation of Pro326/Arg329/Asp330 from
hBMP15, suggesting that other mature domain residues
limit oBMP15 activity. These could include three partially
conserved residues (Glu347, Ile368, and Leu370 in sheep;
Gln346, Val367, and Met369 in human) that form part of the
ALK6 binding interface or residues involved in binding to
the type II receptor, BMPRII.

How can we reconcile the very low activity of oBMP15
with the previous 13 years of research that have identified
this growth factor as, perhaps, the most important deter-

minant of ovulation rate in sheep (4,
5, 18-20)? In these studies, it was
shown that ewes homozygous for
BMP15 truncating (Thr239stop and
Gln291stop) or missense (Val299Asp,
Cys321Tyr, and Ser367Ile) mutations
were infertile, with folliculogenesis
halted at the primary stage. The three
missense mutations map to the type I
(Val299) and type II (Ser367) receptor
binding interfaces or to the cysteine
knot core of the molecule (Cys321),
suggesting that they would disrupt
signaling or protein folding. Interest-
ingly, ewes with a single copy of
these mutant alleles have increased
ovulation rates (35%-95% increase
above wild-type) and an enhanced
number and LH sensitivity of antral
follicles within ovaries (3-5, 18-20,
60). Together, these genetic studies
indicate that oBMP15 controls fol-
liculogenesis and ovulation rate in a
dose-dependent manner, and yet our
data point to very low activity of this
growth factor. Lin and colleagues
(53) provide a potential explanation
for these conflicting in vivo and
in vitro results by showing that

[3H]thymidine incorporation in ovine granulosa cells is de-
pendent upon the presence of both BMP15 and GDF9.
Genetic studies in sheep support synergism between these
2 oocyte-derived growth factors (5, 61), and a recent study
demonstrated that BMP15 potentiates GDF9-induced
granulosa cell proliferation via activation of the Smad2/3
pathway (15). Although these studies used purified re-
combinant proteins, it has also been shown that BMP15
and GDF9 can heterodimerize (62), and for other TGF-�
proteins, heterodimerization results in pronounced in-
creases in activity (63, 64). Thus, in vivo, the expression
and activity of oBMP15 must still be sufficient to mediate
synergism with oGDF9 and control folliculogenesis.

It is widely accepted that species-specific ovulation
rates are influenced by the ratio of BMP15 to GDF9 ac-
tivity (54). In our current and previous study (37), we have
demonstrated that the activity of these oocyte growth fac-
tors is determined by both their level of expression and
their affinity for type I receptors. Using purified BMP15
and GDF9 from a range of species, future studies will
determine the ability of these growth factors to synergize
to regulate granulosa cell function.

α1-helix
prodomain

Type I receptor
binding interface

Human (O95972) 40PTLPLIEELLEE51…………324CLRVLRDGLNSP335

Chimpanzee (H2QYM3) PTLPLIEELLEE11…………324CLRVLRDGLNSP335

Orangutan (H2PVN4) PTLPLIEELLEE11…………324CLRVLRDGLNSP335

Macaque (F7H957)   PTLPLIEELLEE11…………34CLRVLRDDLNSP335
Rabbit (G1TV82) 11 PTLPLIRELLEE11…………324CPRVLRYGLNSP335

Horse (F6V249)     PTLPLILELLEE11…………32CPRVLRYGLNSP335
Sheep (Q9M2E2) 1PTLPLIQELLEE11…………324CPRVLHYGLNSP335

Cow (Q6PX77) 11     PTLPLIQELLEE11…………324CPRVLHYGLNSP335

Goat (B5AFYO) 11     PTLPLIQELLEE11…………324CPRVLHYGLNSP335

Pig (Q8WMY6) 11     CTLPLIRELLEE11…………324CPRVLHYGLNSP335

Dog (E2QX74) 11     PSLPLIRELLEE11…………324CPRVLHYGLNSP335

Cat (C7EWM2) 11     PSLPLIRELLEG11…………324CPRVLHYGLNSP335

Panda (D215P3)11      PSLPLIRELLEE11…………32CPRVLHYGLNSP335
Mouse (Q9ZOL4)11      PTLPSILDLAKE11…………32CTRVLPYGLNSP335
Rat (E9PTU9) 11      PTLPSSLDLAKE11………… CTGVLPYGLNSP335

Hamster (G3HQG5)11   PTLPLNLDLAKE11…………32CSRVLPYGLNSP335
Possum (F7BWV1)11   TLLPLLGALLQE11…………32CPRVLHSGLRSP335
Platypus (F6TV66) 11SELSFLQELLGK11…………32CPRILHIGLNSP335
Anole (H9GAV5)11      PPLPLIRVLLSQ11…………32CPRVLHSGYHAP335
Chicken (F1NHC3)11   PPLPLLQALRAQ11…………32CPRLLRDGYHAP335
Turkey (G1NBP2) PPLPLLQALRAQ11…………32CPRLLRDGYHAP335
Xenopus (F7A132)11   PSLPLIKTLLDH11…………32CPRLLHSGYNSP335
Zebrafish (QOVG66) 1PSHFGVASTEVH11…………32CPRILHYGYNSP335

Figure 7. Sequence alignment of BMP15 across species. BMP15 sequences were obtained from
the UniProt database (www.uniprot.org/) and the prodomain �1-helix and mature domain
prehelix loop regions aligned using ClustalW (Conway Institute, University College Dublin,
Dublin, Ireland). The residues are numbered according to the first residue of the signal peptide.
Amino acids that differ from the human sequence in these regions are shaded (gray).
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