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Abstract
Background—B-type natriuretic peptide (BNP), a key cardiac hormone in cardiorenal
homeostasis, is produced as a 108 amino acid pro-hormone proBNP1-108. proBNP1-108 is
converted to a biologically active peptide BNP1-32 and an inactive NT-proBNP1-76. The widely
accepted model is that the normal heart releases a proteolytically processed BNP1-32 and NT-
proBNP, while the diseased heart secretes high amounts of unprocessed/glycosylated
proBNP1-108 or inappropriately processed BNPs. In contrast, circulating proBNP1-108 has
recently been identified in normal subjects, indicating that the normal heart also secretes
unprocessed proBNP1-108. However, the mechanism of proBNP1-108 secretion from normal
heart remains elusive. Our goal is to determine the molecular mechanisms underlying
proBNP1-108 intracellular trafficking and secretion from normal heart.

Methods—We expressed pre-proBNP in cardiomyocytes, and determined the subcellular
localization, dominant intracellular and extracellular forms of BNP.

Results—Intracellular immunoreactive BNPs accumulated in the Golgi apparatus, which were
distributed throughout the cytoplasm as secretory vesicles. The predominant intracellular form of
BNP was non-glycosylated proBNP1-108, rather than BNP1-32. Glycosylated proBNP1-108, but
not non-glycosylated proBNP1-108, was detected as the major extracellular form in the culture
supernatants of pre-proBNP-expressing cell lines or primary human cardiomyocytes. Ablation of
O-glycosylation of proBNP1-108 at T71 residue, near the convertase recognition site, reduced the
extracellular proBNP1-108 and increased extracellular BNP1-32.

Conclusions—Intracellular proBNP trafficking occurs through a conventional Golgi-ER
pathway. Glycosylation of proBNP1-108 controls the stability and processing of extracellular
proBNP1-108. Our data establish a new B-type natriuretic peptide secretion model where the
normal cardiac cells secrete glycosylated proBNP1-108.

Introduction
B-type natriuretic peptide (BNP) is a key regulatory hormone that increases sodium
excretion, lowers blood pressure, suppresses the renin-angiotensinaldosterone system, and
inhibits cardiomyocyte hypertrophy and proliferation of cardiac fibroblasts 1-3. Human BNP
is produced as a 108 amino acid pro-hormone proBNP1-108 (proBNP), which is converted
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to a biologically active peptide BNP1-32 (BNP32) and an inactive NT-proBNP through
proteolytic cleavage 4, 5. A cardiac serine protease, corin, and a ubiquitous serine protease,
furin, are currently proposed as possible convertases 6-8. Low concentrations of BNP32 and
NT-proBNP have been detected as circulating forms of BNP in normal subjects, while
increased concentrations of unprocessed proBNP1-108 circulate in CHF patients 9-14. These
observations have established the concept that the normal heart releases a proteolytically
processed BNP32 and NT-proBNP, while diseased heart secretes a high amount of inactive,
inappropriately processed proBNP1-108. It should be noted, however, that detection of
proBNP in normal subjects has been problematic because commonly used detection assays
are directed against BNP32 or NT-proBNP that in part cross-react with proBNP 9. Recently,
Giuliani et al. used a novel proBNP detection assay, which utilizes an antibody specific to
the junction between NT-proBNP and BNP32 but not to the NT-proBNP or BNP32 itself,
and detected proBNP in 50 adults without clinical evidence of cardiovascular disease 12. We
used the same proBNP detection assay for 1,939 subjects and demonstrated circulating
proBNP in all normal humans 15. These observations indicate the release of unprocessed
proBNP from the normal heart. The identification of circulating proBNP in plasma samples
of normal subjects changes the current model of proBNP processing in the heart before
release into circulation.

Elucidation of proBNP intracellular trafficking, secretion and maturation/processing is vital
to our understanding of how the active form of BNP is processed in normal subjects, and to
explain why high concentrations of immunoreactive (ir) BNPs in CHF patients have such
impaired biological activity. However, the precise mechanisms underlying proBNP
trafficking, maturation and secretion remain to be determined. Therefore, to study these
mechanisms, we used BNP domain mutants and determined the molecular mechanisms
underlying the secretion of proBNP.

Methods
Cell culture and plasmids

HEK 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented
with 10% calf serum, 50 U/ml penicillin, and 50 μg/ml streptomycin. A murine atrial
cardiomyocyte cell line, HL-116, was kindly provided by Dr. William C. Claycomb
(Louisiana State University Medical Center) and cultured in Claycomb's medium with 10%
FBS, 100 μM norepinephrine, and 4 mM L-glutamine on 0.02% gelatin/fibronectin-coated
flasks or plates. Normal human cardiomyocytes (48 yo female, Caucasian, ventricle-derived)
were purchased from Promocell (Heidelberg, Germany), and maintained under
manufacture's guidelines. The corin-expressing plasmid 6 was kindly provided by Dr.
Qingyu Wu (Cleveland Clinic).

Lentiviral vector production
HIV-based lentiviral vectors were generated by three plasmid transfection in 293T cells (see
Supplementary Materials that accompany the online version of this paper for more details).

Transfection, Immunoblotting, Immuno-staining and Immunoprecipitation
FuGene6 (Roche) was used for transfection. Antibodies used in this study, including anti-
BNP32 or anti-proBNP antibodies, are summarized in Table 1. Detailed protocols are
described in Supplementary Materials that accompany the online version of this paper.
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Results
Supranuclear localization of unlabeled BNP in murine cardiomyocyte cells

We first examined the intracellular trafficking of BNP using green fluorescent protein
(GFP)-tagged constructs. Our data demonstrated that the signal peptide controls the
supranuclear accumulation of intracellular BNP, and that the supranuclear BNP-GFP signals
co-localized frequently with Golgi marker signals (Supplementary Fig. S1). Since GFP-
tagging could cause an artifact due to artificial protein structures, we evaluated the
intracellular trafficking of unlabeled BNP using constructs expressing pre-proBNP1-108.
Due to the low transfection efficiency of murine cardiomyocyte HL-1 cells, we introduced
the pre-proBNP1-108 expression cassette through lentiviral vector transduction. We
generated a lentiviral vector pSIN-BNP-UbEm, which expresses the wildtype pre-proBNP
protein as well as a modified GFP Emerald independently, and a vector pSIN-BNP, which
encodes a wild-type pre-proBNP alone (Fig. 1A). After infection of HL-1 cells with the
SIN-BNP-UbEm vector, over 90% of treated cells became Emerald GFP-positive, indicating
efficient lentiviral transduction of HL-1 cells. When BNP expression was verified by an
anti-BNP32 MAb 24C5, we found 11 kDa proBNP signals as a dominant intracellular form
in HL-1 cells expressing pre-proBNP (Fig. 1B). We also observed glycosylated, high
molecular weight proBNP, but failed to detect a BNP32 signal in the cells. After verifying
expression of the pre-proBNP construct, we examined the intracellular localization of
irBNPs in the cells. When the pre-proBNP-expressing HL-1 cells were analyzed by
immunostaining with an anti-proBNP MAb 15F11, clear supranuclear localization of
irBNPs (red) was found in the cells which showed diffuse cytoplasmic Emerald GFP signals
(Fig. 1C). Using anti-BNP32 polyclonal antibodies, we also observed regular supranuclear
irBNPs as well as discrete cytoplasmic body signals (red) in SIN-BNP-infected HL-1 cells
(Fig. 1D), confirming the results observed with GFP-tagged BNP proteins.

BNP trafficking through the Golgi apparatus in human cardiomyocytes
We next assessed the subcellular localization of proBNP in primary human cardiomyocytes,
which were stained positive for α-actinin, a cardiomyocyte-specific marker (Fig. 1E). When
the GFP-tagged full-length pre-proBNP construct was transfected, proBNP-GFP signals
were observed in the supranuclear region, which was also positive for a Golgi protein
giantin, and in cytoplasmic bodies (Fig. 1F). When human cardiomyocytes were infected
with the pre-proBNP-expressing lentiviral vector SIN-BNP and periodically observed for
subcellular BNP localization, strong supranuclear signals of irBNPs were observed at 36 h
after vector infection, while prominent cytoplasmic body signals were detected at 48 h after
vector infection (Fig. 1G).

Expression of pre-proBNP leads to efficient secretion of glycosylated proBNP
We first examined the stability of BNP32 in 293T cell lysates and supernatants. Cell lysates
prepared in RIPA buffer containing protease inhibitor cocktail (Clontech) were mixed with
synthesized BNP32 and incubated at 0, 22 or 37°C for 0, 10 or 30 min, and then analyzed by
immunoblotting with anti-BNP32 monoclonal antibody 24C5. BNP32 was rapid degraded at
37 °C in 293T lysates, even in the presence of protease inhibitors, but not at 0°C (Fig. 2A,
left panel). When synthesized BNP32 was incubated with 293T culture supernatant, BNP32
was stable even at 37°C (Fig. 2A, right panel). To avoid degradation of proBNP and BNP32
during sample collection, we processed BNP-expressing cells and supernatants at 0°C in the
following experiments.

We then analyzed the molecular forms of BNP in pre-proBNP expressing cells and in the
supernatants. We generated mammalian expression plasmids which encoded full-length
human pre-proBNP or a pre-proBNP mutant with a deletion in the NT-proBNP region (SP-
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BNP) (Fig. 2B). 293T cells were transfected with the pre-proBNP-expression construct, and
intracellular forms of irBNPs were determined by three antibodies; polyclonal anti-proBNP
and monoclonal anti-BNP32 antibodies 24C5 and 50E1. Non-glycosylated proBNP (11
kDa) was identified as the predominant intracellular form of BNP (Fig. 2C). Similar results
were observed with anti-BNP32 polyclonal antibodies (not shown). Over-expression of
corin did not enhance the processing of non-glycosylated 11 kDa proBNP (Fig. 2C and 2D).
Although furin is a ubiquitously expressed protease, we did not see the proteolytically
cleaved, mature BNP32 signal in cell lysates (Fig. 2C). When the secreted forms of BNP in
the culture supernatants were examined, we found high molecular weight (HMW) forms (17
∼ 22 kDa) of proBNP, but not non-glycosylated proBNP, in the supernatants (Fig. 2C).
Incubation of the HMW forms of proBNP with furin did not lead to any cleaved form or
reduction of HMW proBNP (Fig. 2E). These data demonstrated that glycosylated proBNP is
efficiently secreted from pre-proBNP-expressing cells and resistant to furin cleavage.

Transfection of the SP-BNP construct resulted in expression of intracellular BNP32, and
additional corin expression did not affect the mobility of the SP-BNP signal (Fig. 2C). No
irBNP was detected in the supernatants of SP-BNP-expressing cells. When we analyzed the
concentrations of irBNPs in the culture supernatants by using BNP32 ELISA (Phoenix), we
found 6.2 ng/ml and 106 ng/ml of irBNPs (means of four independent experiments) in the
SP-BNP- and wildtype pre-proBNP-transfected supernatants, respectively, suggesting the
critical role of NT-proBNP region in efficient BNP secretion.

Replacement of the BNP signal peptide with a potent secretory signal does not support
secretion of non-glycosylated proBNP

No detection of extracellular non-glycosylated proBNP could be due to a weak secretory
signal activity of the BNP signal peptide sequence, we tested whether introduction of the
potent secretory signal from Gaussia luciferase 17 could accelerate secretion of non-
glycosylated proBNP1-108 or BNP1-32. GSS-proBNP, a pre-proBNP mutant with the
Gaussia luciferase secretory signal (Fig. 2B) demonstrated the same phenotype as the
wildtype pre-proBNP; efficient secretion of HMW proBNP but not detectable non-
glycosylated proBNP in the supernatants (Fig. 2F). We concluded that the lack of detectable
non-glycosylated proBNP in the supernatant is not due to weak secretory signal activity of
pre-proBNP signal peptide.

Secreted, high molecular weight BNPs are O-glycosylated proBNP
We further examined the identity of immunoreactive, HMW proBNP. Treatment of secreted
HMW proBNP with a mixture of O-link deglycosylation enzymes (O-Glycosidase, B-
Galactosidase, Glucosaminidase, PNGase F) and sialidase reduced the molecular weights of
immunoreactive proBNP to 11∼13 kDa species. Since there is no N-linked glycosylation
site in pre-proBNP, our data indicate that secreted HMW proBNP is O-glycosylated (Fig.
3A). When irBNPs were enriched by immunoprecipitation with two anti-BNP32 polyclonal
antibodies, glycosylated and non-glycosylated proBNP were observed in pre-proBNP-
expressing 293T cell lysates. In contrast, these antibodies could pull-down glycosylated
proBNP, but not non-glycosylated proBNP, from the supernatants (Supplemental Fig. S2).
When the MAb 24C5 was used to enrich irBNPs in the pre-proBNP-expressing 293T
supernatants, glycosylated proBNP and BNP32, but not non-glycosylated proBNP, were
efficiently pulled down (Fig. 3B). The anti-proBNP MAb 15F11 also enriched the HMW,
glycosylated proBNP in the supernatants, but failed to pull-down non-glycosylated proBNP,
verifying the secretion of glycosylated proBNP from pre-proBNP-expressing 293T cells
(Fig. 3B). In addition, when immunoprecipitation-enriched HMW BNP (18 to 22 kDa) were
analyzed by tandem mass spectrometry, we found 6 proBNP-derived peptides (Fig. 3C, 4
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peptides from NT-proBNP region and 2 peptides from BNP1-32 region), further
demonstrating the secreted, immunoreactive HMW BNPs are of proBNP.

Human cardiomyocytes secrete glycosylated proBNP as a dominant form
We examined the extracellular forms of BNP using primary human cardiomyocytes. To
enrich low concentrations of endogenous BNP expression in the culture supernatants of
primary human cardiomyocytes, we used antibodies 24C5 and 15F11 for
immunoprecipitation. As a positive control, we used the culture supernatants from primary
human cardiomyocytes which were transduced with the pre-proBNP-expressing lentiviral
vector, SIN-BNP. Immunoprecipitation with the antibody 24C5 detected the glycosylated
proBNP in the SIN-BNP-transduced cardiomyocyte supernatant (Fig. 3D, left panel). A faint
signal for the glycosylated proBNP was also seen in the untreated sample (Fig. 3D, left
panel). When the proBNP MAb 15F11 was used for immunoprecipitation, we could detect
glycosylated proBNP, but not non-glycosylated proBNP, in the supernatants harvested from
vector-infected and untreated cardiomyocytes (Fig. 3D, right panel). Extracellular BNP32
was undetectable in this assay. These observations demonstrate that human cardiomyocytes
also secrete glycosylated proBNP.

Glycosylation of proBNP at T71 residue controls the levels of extracellular proBNP
Semenov et al. previously reported that prevention of O-glycosylation of proBNP at T71
amino acid residue resulted in enhanced proBNP processing 18. Because the dominant
extracellular form of BNP was unprocessed and glycosylated (Fig. 2 and 3), we
hypothesized that the glycosylation at the T71 residue also plays the key role in the secretion
of glycosylated proBNP. We generated an expression plasmid encoding a pre-proBNP with
a T71A amino acid substitution by extension PCR (Fig. 4A). Transfection of 293T cells with
the T71A mutant resulted in intracellular accumulation of non-glycosylated proBNP, which
was comparable to the wildtype pre-proBNP construct (Fig. 4B). Ablation of T71
glycosylation resulted in reduced abundance of glycosylated forms of proBNP in the cells
(Fig. 4B). Although other glycosylation sites in the NT-proBNP region remained intact,
notably reduced concentrations of glycosylated proBNP were observed in the supernatants
of cells transfected with the T71A mutation (Fig. 4B). When compared with the wildtype
pre-proBNP construct, the T71A mutant showed increased levels of BNP32 in the
supernatants (Fig. 4B). These observations suggest two possibilities; the essential role of
T71 glycosylation in efficient proBNP secretion, or efficient secretion but rapid degradation
of the T71A mutant. To address these possibilities, we analyzed the concentrations of
extracellular irBNPs. The ELISA assay for irBNPs (Phoenix) detected comparable levels of
BNPs in the supernatants producing wildtype pre-proBNP or T71A mutant (wildtype 122
ng/ml, T71A 112 ng/ml). These data suggest that the secretion efficiency of irBNPs was
similar between wildtype pre-proBNP and the T71A mutant, whereas stability of
extracellular proBNP is impaired by ablation of T71A glycosylation.

Despite the increased BNP32 in the supernatant, BNP32 was not detectable in the cell
lysates of T71A mutant-expressing cells. The ubiquitous endogenous convertase furin or
over-expressed corin did not result in accumulation of intracellular BNP32 (Fig. 4B). These
observations suggest that neither furin nor corin cleave intracellular proBNP even when the
T71 glycosylation was ablated. Given the detection of BNP32 in supernatants, but not in the
producer cells, it is plausible that cleavage of proBNP with T71A mutant occurred at the late
stage of BNP secretion or immediately after secretion. In addition, we noted the increased
concentration of an undefined, 8 kDa form of intracellular BNP in the T71A mutant-
transfected cells. It is possible that the lack of glycosylation of proBNP at T71 exposed a
cryptic protease-recognition site for some other cellular protease, resulting in an accelerated
cleavage of proBNP in the middle of NT-proBNP region.
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We also examined the molecular forms of intracellular and extracellular BNP with or
without T71A mutation in a cardiomyocyte cell line. When pre-proBNP-expressing HL-1
cells were used for IP with proBNP MAb 15F11, we could detect non-glycosylated proBNP
and glycosylated proBNP in the cell lysates and the culture supernatant, respectively (Fig.
4C, left panel). Similarly, IP with the anti-BNP32 antibody 24C5 detected non-glycosylated
proBNP in cell lysates and glycosylated proBNP in the supernatant of wild-type pre-
proBNP-expressing HL-1 cells (Fig. 4C, left panel). Although non-glycosylated proBNP
was detected in the pre-proBNP-T71A-transfected cell lysates, secretion of glycosylated
proBNP was not observed with the T71A mutant. Extracellular BNP32 was below the
detectable concentration, indicating that glycosylation of pre-proBNP at residue T71 also
controlled the concentrations of extracellular proBNP in cardiomyocyte cultures.

Discussion
Our study of intracellular BNP trafficking demonstrated that synthesized proBNP first
accumulates in the Golgi apparatus for post-translational modification and then trafficked to
cell surface as cytoplasmic secretory vesicles. Although many proteins are known to be
transported in Golgi-independent manner through non-conventional secretory pathways (for
the review see 19), our results demonstrated that proBNP1-108 trafficking is through the
conventional ER-Golgi secretory pathway.

We demonstrate detection of O-glycosylated proBNP as the dominant extracellular form of
irBNPs. This observation confirms the recent findings of O-glycosylated proBNP secretion
in pre-proBNP-transfected cell lines 18, 20. Our multiple attempts failed to detect non-
glycosylated form of extracellular proBNP. Moreover, the T71A mutant, which ablates one
of the O-glycosylation sites near the proBNP cleavage site (71TLRAPR↓S, with T71
glycosylation site and RXXR↓S protease recognition/cleavage sequence), resulted in severe
reduction in the extracellular proBNP. These data demonstrate that the glycosylation at the
T71 residue is essential to stabilize extracellular proBNP. Intriguingly, a similar finding was
reported for the secretion of fibroblast growth factor 23 (FGF23) 21. The O-glycosylation of
FGF23 precursor protein at the threonine residue adjacent to the convertase cleavage site
(171TPIPRRHTR↓S, with T171 O-glycosylation site and RXXR↓S convertase cleavage
sequence) was essential to obtain high levels of extracellular FGF23 precursor protein 21.
Similar to the O-glycosylation of proBNP at residue T71, where the glycosylation controls
cleavage of proBNP (Fig. 4 and 18), the glycosylation of FGF23 at T171 residue also blocks
FGF23 processing by a convertase 21. These observations suggest the existence of a
universal, glycosylation-controlled mechanism, which stabilizes extracellular pro-hormone
or cytokine precursors and prevents premature hormone activation by a convertase
processing. Indeed, through screening of the human protein data base, we found several
secretory proteins which have similar T(or S)-X(n)-RXXR↓ sequences, including endothelin
1 (ET1) pre-prohormone (preproET1; 40TPSPPWRLRRSKR↓C) and von Willebrand factor
(VWF) preprotein (768SHRSKR↓S). It is possible that O-glycosylations near the convertase
recognition sites also play a role in stabilization of extracellular preproET1 or VWF
preproteins.

A ubiquitous cellular protease Furin has been proposed as a BNP convertase 7, 22. Semenov
et al. reported that deglycosylation of proBNP or disruption of the O-glycosylation at T71
were necessary for furin to process proBNP, suggesting that glycosylation of proBNP at T71
masks the furin recognition site 18. We also found that extracellular, glycosylated proBNP
was resistant to furin cleavage. We therefore hypothesized that intracellular non-
glycosylated proBNP, but not glycosylated proBNP, would be efficiently processed by
endogenous furin in BNP producing cells. However, repeated attempts failed to detect
intracellular BNP32 in the 293T overexpression system, where non-glycosylated proBNP
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was a dominant intracellular form. Similarly, the T71A mutant, which should be more
accessible for furin recognition, did not show increased intracellular BNP32 accumulation.
Instead, we found increased alternatively processed form of BNP (∼8 kDa, Fig. 4B) in the
T71A mutant-expressing cells. These observations suggest that intracellular proBNP is
inherently resistant to intracellular furin cleavage. It is plausible that synthesized proBNP is
compartmentalized in subcellular localizations where intracellular furin cannot easily access.
In addition to furin, ANP convertase corin is also proposed as a BNP convertase 6. However,
overexpression of corin in proBNP-expressing cells showed little effects on the
concentrations of intracellular or extracellular BNP32. We did not find proBNP processing
into BNP32 in HL-1 cells, which express endogenous corin 23. These observations suggest
that corin may not process intracellular proBNP and proBNP is released as pro-hormone.

Detection of unprocessed or glycosylated proBNP in CHF patients 12, 13, 24 has established
the concept that plasma proBNP is due to a defect in cardiac proBNP processing with the
spillover of unprocessed proBNP into the plasma 9, 25, 26. Our observations of circulating
proBNP in normal subjects 15 and the efficient secretion of glycosylated proBNP upon
expression of pre-proBNP provide a novel model of BNP secretion, where glycosylated
proBNP is a dominant form of BNP released from the normal heart. Since glycosylated
proBNP shows a biological activity 6- to 8-fold less than that of BNP32 in vitro 13, it is
possible that a subset of glycosylated proBNP function without proteolytic processing in
vivo. However, since previous studies have demonstrated circulating NT-proBNP and
BNP32 in human circulation, it is likely that glycosylated proBNP is processed into BNP32
in the circulation or on the target cells. This newer model provides an interesting possibility
of no difference in BNP secretory process between diseased and normal hearts. It is
plausible that CHF patients may have defects in processing the circulating proBNP. In this
context, further understanding of the BNP maturation mechanism is critical.

The issues remain to be determined include (i) where the proBNP processing occurs after
secretion, (ii) what protease works as a convertase for the secreted proBNP, (iii) how the
BNP convertase can access to the recognition site in proBNP that is likely masked by
glycosylation, and (iv) whether CHF patients have any defect in the processing steps of
secreted proBNP. As for the problem of glycosylation masking the convertase recognition
site, the study by Seferian et al. may provide an important clue 27. The authors have
demonstrated that the central region (residues 28–56), but not the C-terminal region
(residues 61-76), of circulating NT-proBNP in human blood is glycosylated. Given that
proBNP is secreted as a fully glycosylated form, their observation may suggest the presence
of de-glycosylation process before convertase recognition. Since a circulating glycosidase is
known to play a role in serum vitamin D3-binding protein deglycosylation 28, it is
conceivable that a glycosidase in the circulation, or on the target cells, may remove the O-
glycosylation at T71 of proBNP, which facilitates the proteolytic processing of proBNP for
local BNP32 activation. Indeed, we have recently shown that non-glycosylated proBNP can
be processed in plasma in vitro 8. Further studies on the molecular forms of BNPs in healthy
and diseased hearts and the precise mechanism of glycosylated proBNP processing in vivo
would provide critical information for the diagnostic and therapeutic BNP applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Supranuclear localization of wildtype B-type natriuretic peptide in mouse cardiomyocytes
A. Schematic representation of lentiviral vectors used in this study. pSIN-BNP encodes
human pre-proBNP. pSIN-BNP-UbEm has human pre-proBNP and additional Emerald GFP
expression cassettes. SFFV, spleen focus forming virus promoter; LTR, long terminal
repeat. B. Vector-transduced HL-1 cell lysates were harvested, and analyzed by Western
blotting for pre-proBNP expression with anti-BNP32 MAb 24C5. High molecular weight
(HMW) proBNP and non-glycosylated proBNP were indicated. IB, immunoblotting; mAb,
monoclonal antibody. C. Untransduced (Control) and SIN-BNP-UbEm-transduced HL-1
cells were fixed, and immunoreactive BNPs were detected by immunostaining with a
BNP32 MAb 50E1 (Red). D. Detection of supranuclear accumulation of immunoreactive
BNPs in human pre-proBNP-expressing HL-1 cells by anti-BNP32 rabbit polyclonal
antibodies (Abcam). Cells were counter-stained with anti-β-Actin antibody (green) and
DAPI (blue). E. Detection of α-actinin in primary human cardiomyocytes (HCMC). HCMC
were fixed and stained with anti-α-actinin antibody (green) and DAPI (blue). F. HCMC
were transfected with a plasmid expressing proBNP-GFP. Three days after transfection,
cells were fixed and immuno-stained for the Golgi apparatus marker Giantin. Localization of
GFP-fused BNP signals (green) and Golgi apparatus signals (red) were analyzed by confocal
microscopy. G. B-type natriuretic peptide localization time-series were analyzed after
transduction of HCMC with SIN-proBNP vector. Cells were fixed after the time course of
24-h, 36-h, and 48-h, and immunoreactive BNPs were detected by anti-BNP32 MAb 50E1
(green). Cells were counterstained with AIF (red) and DAPI (blue).
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Fig. 2. Secretion of HMW proBNP in 293T cells
A. Stability of synthesized BNP32 in the presence of 293T cell lysates (left panel) or culture
supernatants. BNP32 was incubated at the indicated temperatures for 0, 10 and 30 min. B.
Schematic illustration of two B-type natriuretic peptide-expression constructs, pre-proBNP
and SP-BNP, and the GSS-proBNP construct, in which the normal pre-proBNP secretory
signal sequence was replaced with a sequence encoding 17 amino acids of gaussia luciferase
secretory signal (MGVKVLFALICIAVAEA). C. Pre-proBNP- or SP-BNP-expressing
constructs were co-transfected with the corin plasmid, and cell lysates and filtered culture
supernatants were analyzed for the molecular forms of immunoreactive BNPs with anti-
BNP32 monoclonal antibodies 24C5 and 50E1. D. Corin expression was confirmed by anti-
corin antibody. Arrow indicates the Corin-specific signals. E. Stability of secreted HMW
proBNP in the presence or absence of furin. The 293T supernatant containing HMW
proBNP was incubated at 37 °C for 30 min in the presence or absence of furin and 1 × furin
buffer. Immunoreactive BNPs were dtected by immunoblotting with monoclonal antibody
24C5. F. 293T cells were transfected with plasmids encoding pre-proBNP, SP-BNP or GSS-
proBNP, and intracellular and extracellular immunoreactive BNPs were detected by the
BNP32 antibody 24C5. HMW, high molecular weight; IB, immunoblotting; mAb,
monoclonal antibody.
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Fig. 3. Primary human cardiomyocytes secrete HMW proBNP
A. Deglycosylation of high molecular weight (HMW) BNP in pre-proBNP-expressing 293T
supernatants by sialidase and O-glycosidases reduced the molecular weights. Non-
glycosylated proBNP was used as a control. Immunoreactive BNPs were detected by HRP-
conjugated antibody 24C5. B. Anti-BNP32 and proBNP monoclonal antibodies, 24C5 and
15F11, were used to pull-down immunoreactive BNPs in pre-proBNP-expressing 293T
supernatants. C. 15F11-enriched proteins were separated by SDS-PAGE and probed for
immunoreactive BNPs (left) or visualized by silver-staining (middle). The 18-22 kDa
proteins were sequenced by tandem-MS, and identified pre-proBNP-derived peptides were
listed (right). D. Supernatants of primary human cardiomyocytes (control) and human
cardiomyocytes transduced with the pre-proBNP-expressing lentiviral vector SIN-BNP were
analyzed by immuno-precipitation with antibodies 24C5 and 15F11. B-type natriuretic
peptide signals were detected by HRP-conjugated anti-BNP32 antibody 24C5. IB,
immunoblotting; IP, immuno-precipitation; mAb, monoclonal antibody.
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Fig. 4. Ablation of T71 glycosylation reduces extracellular proBNP
A. Illustration of proBNP showing amino acid sequence around the corin/furin recognition
site in conjunction with O-glycosylation site at residue T71. B. 293T cells were transfected
with a plasmid expressing either wild-type pre-proBNP or pre-proBNP-T71A in the
presence or absence of a corin expression plasmid. Cell lysates and supernatants were used
for Western blotting with HRP-conjugated anti-BNP32 MAb 24C5. C. HL-1 cardiomyocyte
cells were transfected with plasmids expressing pre-proBNP or T71A mutant, and the cell
lysates and supernatants were analyzed by IP with the antibody 24C5 for immunoreactive
BNPs. IB, immunoblotting; mAb, monoclonal antibody.
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Table 1

Antibodies used in this study.

Name Company Species Detection BNP Epitope

mAb 24C5 Abcam mouse BNP32 proBNP108 BNP11-22

mAb 50E1 Abcam mouse proBNP108 NT-proBNP proBNP77-108

mAb 15F11 Abcam mouse proBNP108 NT-proBNP proBNP13-27

Polyclonal Abcam rabbit BNP32 proBNP108 BNP1-32

Polyclonal Phoenix rabbit BNP32 proBNP108 BNP1-32

Polyclonal Phoenix rabbit proBNP108 NT-proBNP proBNP22-46

Polyclonal Abcam rabbit corin spacer

Polyclonal Cell Signaling rabbit EEA1

Polyclonal Cell Signaling rabbit AIF

mAb Sigma mouse β-actin

mAb Abcam mouse giantin

mAb Sigma mouse α-actinin

mAb, monoclonal antibody
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