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Abstract
BACKGROUND—Atrial-, brain- and C-type natriuretic peptides (ANP, BNP, and CNP) are
important in regulating a variety of cardiovascular and cellular functions. In cells, these peptides are
made as pro-forms that are converted to mature forms. BNP and its related peptides are biomarkers
for the diagnosis of heart failure. In this study, we examined glycosylation in pro-ANP, pro-BNP
and pro-CNP, which may alter their biochemical and metabolic properties.

METHODS—Human pro-ANP, pro-BNP, and pro-CNP were expressed in human embryonic
kidney (HEK) 293 cells and murine HL-1 cardiomyocytes, and analyzed by immunoprecipitation
and Western blotting. Deglycosylation enzymes were used to determine the carbohydrate content on
these peptides. The effects of inhibiting O-glycosylation on cellular expression and stability of the
peptides also were examined.

RESULTS—In HEK 293 and HL-1 cells, pro-BNP, but not pro-ANP and pro-CNP, from the culture
medium had a greater molecular mass than that from cell lysate. Digestion with PNGase F, O-
glycosidase and sialidase A indicated that pro-BNP contained O-glycans but not N-glycans. The O-
glycans on pro-BNP had sialic acids at their termini, protecting it from O-glycosidase digestion. In
contrast, pro-ANP and pro-CNP contained no detectable amounts of N- or O-glycans. Inhibition of
O-glycosylation on pro-BNP did not prevent its expression in the cells. However, partially O-
glycosylated pro-BNP was much less stable than fully O-glycosylated pro-BNP.

CONCLUSIONS—O-glycosylation is not necessary for pro-BNP expression but important for its
stability.

The natriuretic peptide family has three structurally related members: atrial natriuretic peptide
(ANP) (also called atrial natriuretic factor, ANF), brain- or B-type natriuretic peptide (BNP),
and C-type natriuretic peptide (CNP) (1). ANP and BNP are made primarily in cardiomyocytes
whereas CNP is produced in many tissue and cell types, such as the brain, kidney, vascular
endothelial cells, and chondrocytes. The function of ANP and BNP is to regulate blood pressure
and maintain salt-water balance by promoting natriuresis, diuresis, and vasodilation (1). In
contrast, the function of CNP is involved mainly in endothelial cell, smooth muscle cell, and
chondrocyte growth and differentiation (2,3). In patients with heart failure (HF), ANP and BNP
production and secretion are increased. The up-regulation of the natriuretic peptides serves as
a compensatory mechanism to lower blood volume and pressure, thereby improving cardiac
function. BNP and its related peptides such as N-terminal (NT)-pro-BNP also are used as
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biomarkers for HF (4–6). Immunoassays for BNP and NT-pro-BNP are used to identify acute
HF in patients with dyspnea in hospital emergency rooms (7–10).

Like many peptide hormones, natriuretic peptides are made as prepropeptides. After the signal
peptide is removed, the propeptides undergo additional proteolytic cleavage to become mature
peptides (11). Human pro-ANP (126 amino acids), pro-BNP (108 amino acids), and pro-CNP
(103 amino acids) have calculated masses of ~14, ~12 and ~11 kDa, respectively. The
calculated masses for human mature ANP (28 amino acids), BNP (32 amino acids), and CNP
(53 amino acids) are ~3.4, ~3.5 and ~5.8 kDa, respectively. In biochemical analysis, plasma-
derived natriuretic peptides and/or fragments may have an apparent molecular mass greater
than the calculated one (12,13). In HPLC profiles, for example, pro-BNP from human plasma
was reported to have an apparent mass of 36 kDa (14). The reason for the apparent discrepancy
is not clear and may be, at least in part, due to posttranslational modifications. O-glycosylation
has been identified in human pro-BNP (15–17). It is not known if similar posttranslational
modifications exist in pro-ANP and pro-CNP. In this study, we examined glycosylation in
human pro-ANP, pro-BNP and pro-CNP. Our data show that pro-BNP, but not pro-ANP or
pro-CNP, contains sialylated O-glycans that are important in maintaining pro-BNP stability.

Materials and Methods
CELL CULTURE

Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% fetal bovine serum (FBS). The murine atrial cardiomyocyte cell
line HL-1 (18), a generous gift from Dr. William C. Claycomb (Louisiana State University
Medical Center, New Orleans, LA), was cultured in Claycomb medium (Sigma) with 10%
FBS, 100 µM norepinephrine, and 4 mM L-glutamine in gelatin/fibronectin-coated plates. All
cells were cultured at 37°C in humidified incubators with 5% CO2 and 95% air.

TRANSFECTION, IMMUNOPRECIPITATION AND WESTERN BLOTTING
Plasmids expressing human pro-ANP (pcDNAproANP), pro-BNP (pcDNAproBNP), and pro-
CNP (pcDNAproCNP) were reported previously (19–22). Recombinant pro-ANP, pro-BNP,
and pro-CNP encoded by these expression plasmids contained a viral V5 tag at their C-termini,
which facilitated detection of the proteins by an anti-V5 antibody (Invitrogen). The plasmids
were used to transfect HEK 293 and HL-1 cells using FuGENE reagent (Roche Diagnostics)
or Lipofectamine 2000 (Invitrogen) according to manufacturers’ instructions. Conditioned
medium from the transfected cells was collected and recombinant proteins were
immunoprecipitated by an anti-V5 antibody. The cells were washed with phosphate buffer
solution and lysed in a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet
P-40 (v/v), and a protease inhibitor cocktail (1:100 dilution, Sigma). Proteins were analyzed
by Western blotting using a horseradish peroxidase (HRP)-conjugated anti-V5 antibody
(Invitrogen), as described previously (23).

GLYCOSIDASE DIGESTION
To analyze the carbohydrate contents in human pro-ANP, pro-BNP, and pro-CNP, glycosidase
digestion experiments were carried out using deglycosylation enzymes including PNGase F
from Chryseobacterium meningosepticum, recombinant α-2(3,6,8,9) neuraminidase (also
called sialidase A) from Arthrobacter ureafaciens, and recombinant O-glycosidase from
Streptococcus pneumonia (Prozyme, San Leandro, CA). Briefly, the conditioned medium
containing pro-ANP, pro-BNP, and pro-CNP and their derivatives was collected from cultured
HEK 293 and HL-1 cells and concentrated with an ultracentrifugal filtration device (Millipore).
Proteins in the concentrated conditioned medium were digested with PNGase F, O-glycosidase,
and sialidase A, either individually or in combination at 37°C for 3 hrs according to
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manufacture’s instructions. Protein samples were analyzed by Western blotting using an anti-
V5-HRP antibody.

EFFECTS OF BENZYL 2-ACETAMIDO-2-DEOXY-α-D-GALACTOPYRANOSIDE (BEN-GAL)
To inhibit O-glycosylation in cells, we used Ben-gal (24), which inhibits UDP-
GlcNAc:GalNAc-β1,3-N-acetylglucosaminyl-transferase activity in cultured cells. HEK 293
and HL-1 cells expressing pro-ANP, pro-BNP, and pro-CNP were grown in 6-well plates. Ben-
gal (Sigma) or vehicle control (DMSO) at different concentrations was added to the cells in
separate wells and incubated for 24 h. The conditioned medium was collected and pro-ANP,
pro-BNP, and pro-CNP and their derivatives were analyzed by immunoprecipitation and
Western blotting.

ROLE OF O-GLYCANS IN PRO-BNP STABILITY
Ben-gal or vehicle control was added to cultured HEK 293 cells (660 µM) or HL-1 cells (4
mM) expressing recombinant human pro-BNP and incubated for overnight. The Ben-gal
concentrations used for HEK 293 and HL-1 cells were based on their responses to Ben-gal
inhibition and toxicity, as determined in pilot studies. The conditioned medium was collected
and divided into series of aliquots, which were incubated at 37°C for various lengths of time.
Pro-BNP and its derivatives were analyzed by immunoprecipitaion and Western blotting. The
bands on Western blots representing pro-BNP and BNP in each group were quantified using
the Quantity One 1-D analysis software (Bio-Rad). The data were used to plot protein
concentration curves to determine protein stability.

STATISTICAL ANALYSIS
All data are presented as means ± S.D. Student’s t-test was used for statistical analysis. A p
value of <0.05 was considered to be statistically significant.

Results
ANALYSIS OF RECOMBINANT HUMAN PRO-ANP, PRO-BNP AND PRO-CNP IN HEK 293 AND
HL-1 CELLS

We expressed human pro-ANP, pro-BNP, and pro-CNP in HEK 293 cells and HL-1
cardiomyocytes, and analyzed the recombinant proteins in cell lysate and conditioned medium.
In HEK 293 cells, pro-ANP containing a C-terminal V5 tag was expressed as a band of ~25
kDa, which was present in both cell lysate and the conditioned medium (Fig. 1A, left panel).
In HL-1 cells (Fig 1B, left panel), a similar pro-ANP band was present in both cell lysate and
the conditioned medium. In addition, an ~11-kDa ANP band was detected in the conditioned
medium from HL-1 cells, indicating that pro-ANP was processed by corin in HL-1
cardiomyocytes but not in HEK 293 cells that did not express corin. In both HEK 293 and
HL-1 cells, pro-CNP was expressed as an ~21-kDa band in cell lysate (Fig. 1A and B, right
panels). Another smaller band of ~14 kDa, representing mature CNP, also was present in the
cell lysate. In the conditioned medium, only a small fraction of pro-CNP was present but the
majority of the detected protein was CNP (Fig. 1A and B, right panels), indicating that pro-
CNP was processed intracellularly and that most pro-CNP derivatives secreted in the medium
was mature CNP. In HEK 293 and HL-1 cells we detected an ~20-kDa band, representing pro-
BNP, and an ~12-kDa band, representing mature BNP (Fig. 1A and B, middle panels). Pro-
BNP in the conditioned medium from both HEK 293 and HL-1 cells, however, had a higher
molecular mass (~26 kDa) than that in cell lysate (Fig. 1A and B, middle panels), indicating
that, unlike pro-ANP and pro-CNP, pro-BNP underwent significant posttranslational
modifications when it was secreted from the cells.
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ANALYSIS OF GLYCOSYLATION IN PRO-ANP, PRO-BNP AND PRO-CNP
We examined glycosylation in pro-ANP, pro-BNP and pro-CNP. The recombinant proteins in
the conditioned medium were treated with PNGase F, O-glycosidase and sialidase A, which
cleaved N-linked glycans, O-linked glycans, and terminal sialic acids, respectively. As shown
in Fig. 2 (left panels), treatment with PNGase F or O-glycosidase alone did not cause significant
changes in pro-BNP mobility on the gel. When pro-BNP was treated with sialidase A alone or
together with O-glycosidase, its apparent molecular mass was reduced to ~22 kDa and ~20
kDa, respectively (Fig. 2, left panels). The results were similar for pro-BNP produced in either
HEK 293 or HL-1 cells. When PNGase F was used in combination with sialidase A and O-
glycosidase, it did not cause further reduction in pro-BNP molecular mass (Fig. 2, left panels).
These results indicated that human pro-BNP contained O-linked glycans with sialic acids at
their termini, which blocked the action of O-glycosidase. The data also showed that pro-BNP
did not contain any detectable N-glycans under our experimental conditions. In contrast to pro-
BNP, pro-ANP and pro-CNP did not appear to contain significant amounts of N-glycans or
sialylated O-glycans. Treatment with PNGase F, sialidase A, O-glycosidase, alone or in
combination, did not cause noticeable changes in pro-ANP and pro-CNP mobility on SDS-
PAGE gels (Fig. 2, middle and right panels).

EFFECT OF O-GLYCOSYLATION INHIBITOR ON PRO-BNP EXPRESSION AND SECRETION
To confirm the observed O-glycosylation on pro-BNP and to examine its potential role in pro-
BNP biosynthesis, we tested the effect of an O-glycosylation inhibitor, Ben-gal, on pro-ANP,
pro-BNP, and pro-CNP expression and secretion. HEK 293 and HL-1 cells expressing these
peptides were incubated with increasing concentrations of Ben-gal. Pro-ANP, pro-BNP, pro-
CNP and their derivatives in the conditioned medium and cell lysate were analyzed by
immunoprecipitation and Western blotting. As shown in Fig. 3A and B (three left panels), pro-
ANP, pro-BNP and pro-CNP expression in HEK 293 and HL-1 cells was not markedly altered
in the presence of Ben-gal up to 2–4 mM, concentrations that were sufficient for inhibiting O-
glycosylation in living cells. In the conditioned medium from both HEK 293 and HL-1 cells,
the mobility of pro-ANP and pro-CNP did not change with or without Ben-gal (Fig. 3A and
B, three right panels). In contrast, the molecular mass of pro-BNP was progressively reduced
with increasing concentrations of Ben-gal, indicating that Ben-gal inhibited pro-BNP O-
glycosylation in these cells (Fig. 3A and B, three right panels). In these experiments, HL-1
cells were less sensitive to Ben-gal inhibition than HEK 293 cells, suggesting that HL-1 cells
may contain more UDP-GlcNAc:GalNAc-β1,3-N-acetylglucosaminyl transferase activity. In
addition to the molecular mass changes, pro-BNP concentrations also were reduced with
increasing concentrations of Ben-gal (Fig. 3A and B, second panels from right). Because pro-
BNP concentrations in cell lysate were similar with or without Ben-gal (Fig. 3A and B, second
panels from left), it was unlikely that the inhibitor prevented pro-BNP secretion from the cell.

EFFECT OF O-GLYCOSYLATION INHIBITION ON PRO-BNP AND BNP STABILITY
To examine the effect of O-glycosylation on pro-BNP stability, HEK 293 and HL-1 cells were
treated with or without Ben-gal. The conditioned medium was collected and incubated at 37°
C over time. Pro-BNP and BNP were analyzed by immunoprecipitation and Western blotting.
As shown in Fig. 4 (top panels), O-glycosylation in pro-BNP from HEK 293 cells was partially
inhibited in the presence of 660 µM of Ben-gal, as indicated by a smaller molecular mass of
pro-BNP. Partial inhibition of O-glycosylation allowed us to obtain enough pro-BNP from the
conditioned medium for pro-BNP stability experiments. The partially O-glycosylated pro-BNP
(Fig. 4, top right panel) appeared less stable compared to the fully O-glycosylated pro-BNP
(Fig. 4, top left panel). We quantified pro-BNP and BNP concentrations using densitometry
and determined their half-lives in the medium. The results showed that pro-BNP from HEK
293 cells treated with Ben-gal had a much shorter half-life than that from the control cells (23.3
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± 3.6 vs. 79.2 ± 14.4 min, p<0.003) (Fig. 4. lower left panel). In contrast, BNP molecules from
HEK 293 cells with or without Ben-gal treatment had similar stability. Quantitative analysis
showed that BNP half-lives from the cells with and without Ben-gal treatment were 24.2 ± 6.9
and 35.9 ± 10.5 min, respectively, (p=0.18) (Fig. 4. lower right panel).

We also examined the effect of O-glycosylation on pro-BNP stability in HL-1 cardiomyocytes.
As indicated in Fig. 3, HL-1 cells appeared to be more resistant to Ben-gal inhibition. We used
a higher Ben-gal concentration (4 mM) to achieve partial inhibition of O-glycosylation. Similar
to the results from HEK 293 cells, pro-BNP from HL-1 cells treated with Ben-gal has a shorter
half-life than that from the control cells (32 ± 12 vs. >150 min, p<0.0001) (Fig. 5, top panels
and lower left panel). In contrast, BNP molecules in the conditioned medium from HL-1 cells
with or without Ben-gal treatment had similar half-lives (108 ± 32 vs. 128 ± 24 min, p=0.57)
(Fig. 5, top panels and lower right panel).

Discussion
Posttranslational modifications play an important role in protein biosynthesis, stability and
biological activity. In this study, we examined glycosylation in pro-ANP, pro-BNP and pro-
CNP in HEK 293 cells and HL-1 cardiomyocytes. Our results indicated that human pro-ANP
and pro-CNP did not contain any detectable amounts of either N- or O-glycans under our
experimental conditions. In contrast, human pro-BNP contained substantial amounts of O-
glycans but no detectable amounts of N-glycans, consistent with previous reports of O-glycans
present in native human pro-BNP (15–17,25). We extended these findings and showed that O-
glycans on pro-BNP were terminally sialylated and that the presence of sialic acids protected
O-glycans from O-glycosidase digestion.

Glycosylation is one of the most common and diverse protein posttranslational modifications
(26–28). In a genome-wide analysis, approximately two thirds of predicted proteins are
potential glycoproteins (29). Carbohydrate moieties in proteins are known to be important for
normal cellular function, enzyme activation and protein-protein interactions (26–28,30).
Deficiencies in protein glycosylation have been reported in a variety of human diseases (26–
28). The consensus sequence for N-linked glycosylation is Asn-X-Ser or Asn-X-Thr, where X
can be any amino acid but Pro (31). In contrast, correctly predicting O-glycosylation sites in
protein sequences is more challenging. Several web-based programs exist but results from these
programs may vary considerably. Schellenberger et al. demonstrated by mass spectrometry
that human recombinant pro-BNP expressed in Chinese hamster ovary cells contains O-glycans
at a number of residues including Thr36, Ser37, Ser44, Thr48, Ser53, Thr58 and Thr71 (16).
Similar analysis of glycans on human native pro-BNP by mass spectrometry has not yet been
done, mostly due to technical challenges. Pro-BNP residue Thr71 is close to the activation
cleavage site Arg76. O-glycans on this residue has been shown to inhibit furin-mediated
activation cleavage (17). To date, however, the biological significance of O-glycans on the
other residues, which are away from the activation site, remains unclear. A possible role of
glycosylation in pro-BNP to prevent its oligomerization has been proposed (15,25).

In our study, O-glycans were found to be important in pro-BNP stability. In cultured medium
from HEK 293 cells, inhibition of O-glycosylation reduced pro-BNP stability, as indicated by
a shorter half-life. Pro-BNP is made primarily in cardiomyocytes (1). We confirmed our
findings in HL-1 cells, which retain all structural and functional characteristics of
cardiomyocytes (18,32). In contrast, the half-life of BNP, which does not contain O-glycans
(12,16), was not altered in HEK 293 or HL-1 cell conditioned medium treated with the O-
glycosylation inhibitor, Ben-gal. Our data did not distinguish the specific role of O-glycans on
each individual residue in pro-BNP stability. Most likely, however, O-glycans on most of, if
not all, the identified residues contributed to this effect. Interestingly, pro-BNP and BNP half-
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lives were shorter in the conditioned medium from HEK 293 cells than that from HL-1 cells,
suggesting the presence of higher amounts of pro-BNP/BNP degrading enzyme(s) in HEK 293
cells. Indeed, substantial activities of neutral endopeptidase, which degrades pro-BNP/BNP,
were reported in HEK 293 cells (33). Previous studied have shown that both furin and corin
processed human pro-BNP (17,22,34,35). Consistent with this, we showed that pro-BNP in
HEK 293 cells, which contain furin but not corin, was partially processed. In HL-1
cardiomyocytes, which contain both furin and corin, the ratio of BNP/pro-BNP in the medium
was much greater than that in HEK 293 cell medium (Figs. 1–5). The results indicated that in
the presence of both corin and furin, pro-BNP was processed more efficiently. As discussed
above, O-glycosylation at Thr71 has been shown to inhibit furin-mediated pro-BNP processing
(17). Using the general O-glycosylation inhibitor Ben-gal, our current experiments did not
allow assessment of the effect of O-glycosylation at Thr71 on furin- vs. corin-mediated pro-
BNP processing.

ANP, BNP, and CNP are members of the same family based on their sequence similarities
(1,11,36). These peptides, however, differ markedly in their biochemical properties. Here we
showed that pro-ANP and pro-CNP did not contain detectable amounts of O-glycans.
Apparently, O-glycosylation is a unique posttranslational modification for pro-BNP in this
family. Our studies were mainly based on glycosidase digestion followed with SDS-PAGE
and Western analysis, a classical approach to analyze protein glycosylation. More sensitive
methods such as mass spectrometry will help to verify our results. In addition, we used
recombinant pro-ANP, pro-BNP and pro-CNP with a C-terminal tag in our studies. This study
design allowed us to examine all three peptides with the same antibody under similar
experimental conditions. In principle, the presence of such a C-terminal tag may alter protein
synthesis and posttranslational modifications. Like native human plasma pro-BNP, however,
recombinant pro-BNP with the C-terminal tag from both HEK 293 and HL-1 cells contained
O-glycans. It is unlikely, therefore, that the lack of O-glycans in pro-ANP and pro-CNP in our
experiments was due to the presence of the C-terminal tag or due to protein overexpression in
HEK 293 and HL-1 cells. Further studies with native pro-ANP and pro-CNP will be important
to confirm our findings.

Currently, BNP and NT-pro-BNP are biomarkers frequently used in HF diagnosis (4,6). The
use of these biomarkers has greatly improved the management of HF, a serious disease with
major health and socioeconomic consequences. Efforts are ongoing to characterize pro-BNP,
BNP, and related peptides present in normal and patient blood samples (12,37–40). The
importance of glycosylation in antibody cross-reactivity in commercial BNP and NT-pro-BNP
assays has been recognized (40). Our finding of a potential role of sialylated O-glycans in pro-
BNP stability should help to better understand the biochemistry and metabolism of pro-BNP
and its derivatives and the value of these peptides in the clinical diagnosis of HF.

Abbreviations used

ANP atrial natriuretic peptide

BNP brain or B-type natriuretic peptide

CNP C-type natriuretic peptide

HEK human embryonic kidney

HF heart failure

NT N-terminal

DMEM Dulbecco’s Modified Eagle’s Medium

FBS fetal bovine serum
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HRP horseradish peroxidase

Ben-gal Benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside
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Fig. 1. Expression of human pro-ANP, pro-BNP and pro-CNP
Transfection experiments were performed in HEK 293 (A) or HL-1 (B) cells. Recombinant
pro-ANP, pro-BNP, pro-CNP and their derivatives in cell lysate (Lysate) or conditioned
medium (CM) were analyzed by immunoprecipitation and Western blotting. Protein bands
representing pro-ANP, pro-BNP, pro-CNP and their derivatives are indicated. Pictures were
from representative experiments that were repeated at least five times.
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Fig. 2. Glycosidase digestion of human pro-ANP, pro-BNP and pro-CNP
Recombinant human pro-ANP, pro-BNP and pro-CNP in the conditioned medium from
transfected HEK 293 (top) and HL-1 (lower) cells were digested with PNGase F (F), O-
glycosidase (O) and sialidase A (S) either individually or in combination. Glycosidase-digested
proteins were analyzed by Western blotting. Protein bands representing pro-ANP, pro-BNP,
pro-CNP and their derivatives are indicated. Pictures were from representative experiments
that were repeated at least four times.
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Fig. 3. Effect of O-glycosylation inhibitor on pro-ANP, pro-BNP and pro-CNP expression
HEK 293 (A) or HL-1 (B) cells expressing pro-ANP, pro-BNP and pro-CNP were treated with
increasing concentrations of Ben-gal (Bg), an O-glycosylation inhibitor. Pro-ANP, pro-BNP,
pro-CNP and their derivatives in cell lysate and conditioned medium were analyzed by Western
blotting. Pictures were from representative experiments that were repeated at least four times.
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Fig. 4. Effect of O-glycosylation inhibition on pro-BNP and BNP stability in HEK 293 cells
HEK 293 cells expressing pro-BNP were cultured with or without Ben-gal (660 µM). The
conditioned medium was collected and incubated at 37°C over time. Pro-BNP and BNP in the
conditioned medium were analyzed by immunoprecipitation and Western blotting (top panels).
Protein bands on Western blots were quantified by densitometry. Pro-BNP (lower left) and
BNP (lower right) concentrations (conc.) at various time points compared with that at time 0
(T0) were plotted to determine protein stability. The data were derived from three independent
experiments. Vertical bars represent SD values of each data point.
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Fig. 5. Effect of O-glycosylation inhibition on pro-BNP and BNP stability in HL-1 cells
HL-1 cells expressing pro-BNP were cultured with or without Ben-gal (4 mM). The
conditioned medium was collected and incubated at 37°C over time. Pro-BNP and BNP in the
conditioned medium were analyzed by immunoprecipitation and Western blotting (top panels).
Protein bands on Western blots were quantified by densitometry. Pro-BNP (lower left) and
BNP (lower right) concentrations (conc.) at various time points compared with that at time 0
(T0) were plotted to determine protein stability. The data were derived from three independent
experiments. Vertical bars represent SD values of each data point.
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