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Brain-derived neurotrophic factor (BDNF) is generated by
proteolytic cleavage of a prodomain from the proBDNF precur-
sor either intracellularly by furin-like proteases or extracellu-
larly by plasmin or matrix metalloproteinases. ProBDNF carries
a single N-glycosylation sequon (Asn-127) that remains virtually
unstudied despite being located in a highly conserved region
proximal to the proteolytic site. To study the proBDNF struc-
ture and function, here we expressed the protein and its nong-
lycosylated N127Q mutant in HEK293F cells. We found that
mutation of the Asn-127 prevents intracellular maturation and
secretion, an effect reproduced in WT proBDNF by tunicamy-
cin-induced inhibition of N-glycosylation. Absence of the N-gly-
can did not affect the kinetics of proBDNF cleavage by furin in
vitro, indicating that effects other than a direct furin–proBDNF
interaction may regulate proBDNF maturation. Using an op-
timized LC-MS/MS workflow, we demonstrate that secreted
proBDNF is fully glycosylated and carries rare N-glycans
terminated by GalNAc�1– 4GlcNAc�1-R (LacdiNAc) exten-
sively modified by terminal sulfation. We and others noted
that this type of glycosylation is protein-specific, extends to
proBDNF expressed in PC12 cells, and implies the presence of
interacting partners that recognize this glycan epitope. The
findings of our study reveal that proBDNF carries an unusual
type of N-glycans important for its processing and secretion.
Our results open new opportunities for functional studies of
these protein glycoforms in different cells and tissues.

Brain-derived neurotrophic factor (BDNF)3 belongs to the
family of neurotrophins, closely related trophic factors that reg-

ulate neuronal development and are extensively discussed in
the context of diseases ranging from neurodegeneration to can-
cer. In line with its essential function in neuronal development
and plasticity (1), the biosynthesis, maturation, and release of
BDNF is highly regulated (2). Mature BDNF is synthesized from
a precursor (proBDNF) by proteolytic cleavage of its prodo-
main either intracellularly by furin-like proprotein convertases
(3, 4) or extracellularly by plasmin (5) or matrix metalloprotei-
nases (6) (Scheme 1A). The activity of convertases is required
for the intracellular generation of mature BDNF, a neu-
rotrophic factor promoting neuronal survival, differentiation,
axonal and dendritic growth, and synaptic plasticity through
tropomyosin receptor kinase B signaling (1). The proteolytic
maturation is a key regulatory step because the uncleaved
proBDNF exerts virtually opposite effects on target cells/tissues
(7) promoting apoptosis through a p75NTR/sortilin-induced
death cascade (8).

ProBDNF is a glycoprotein with a single N-glycosylation
sequon located in the prodomain. The sequon is �8 amino
acids from the furin-cleavage site (121NMSMRVRR2HS) and
its glycosylation remains virtually undetermined because it is
removed with the prodomain during BDNF maturation. How-
ever, the sequon is highly conserved across species from
zebrafish to humans and across the neurotrophin family (9)
(Scheme 1B) indicating important functionality withstanding
the selective pressure. Extensive search of the literature identi-
fied a few reports that mention N-glycosylation of the proBDNF
in AtT20 and HEK293 cell lines (3, 4, 8) and in the mouse hip-
pocampal tissue (10, 11). Glycosylation was documented by
mass shift following enzymatic deglycosylation of the protein
but we are not aware of any description of the glycan structures
or their functional impact on the maturation of the proBDNF.

N-Glycosylation of proteins is carried out by complex enzy-
matic pathways in the endoplasmic reticulum (ER) and Golgi

This work was supported by the Office of the Director, National Institutes of
Health Award S10OD023557 and National Institutes of Health Grants UO1
CA168926 and RO1 CA135069 (to R. G.). The authors declare that they have
no conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

This article contains Figs. S1–S6 and Tables S1.
1 Both authors contributed equally to this article.
2 To whom correspondence should be addressed: Clinical and Translational

Glycoscience Research Center, Georgetown University, 3970 Reservoir Rd.
NW, NRB-E207, Washington, D. C. 20057. Tel.: 202-687-9868; Fax: 202-687-
1988; E-mail: rg26@georgetown.edu.

3 The abbreviations used are: BDNF, brain-derived neurotrophic factor; ACN
acetonitrile; CE, collision energy; ER, endoplasmic reticulum; HCD, higher-
energy collisional dissociation; HexNAc, N-acetylhexosamine; LacdiNAc,

N-acetylgalactosamine-�(1– 4)N-acetylglucosamine; LacNAc, galactose-
�(1– 4)N-acetylglucosamine; Neu5Ac, N-acetylneuraminic (sialic) acid; IDA,
information dependent acquisition; PAPS, 3�-phosphoadenosine,5�-phos-
phosulfate; PEI, polyethyleneimine; PNGase F, N-glycanase F; proBDNF,
prohormone brain-derived neurotrophic factor; PVDF, polyvinylidene fluo-
ride; TAE, Tris acetate EDTA buffer; TBS-T, Tris-buffered saline, 0.1% Tween
20; XIC, extracted ion chromatogram; HEK, human embryonic kidney; Ni-
NTA, nickel-nitrilotriacetic acid; CMV, cytomegalovirus; HRP, horserad-
ish peroxidase; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)
propane-1,3-diol.

croARTICLE

16816 J. Biol. Chem. (2019) 294(45) 16816 –16830

© 2019 Benicky et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at N

ational Institutes of H
ealth L

ibrary on M
arch 12, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at N

ational Institutes of H
ealth L

ibrary on M
arch 12, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at N

ational Institutes of H
ealth L

ibrary on M
arch 12, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at N

ational Institutes of H
ealth L

ibrary on M
arch 12, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at N
ational Institutes of H

ealth L
ibrary on M

arch 12, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 
 at N

ational Institutes of H
ealth L

ibrary on M
arch 12, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

https://orcid.org/0000-0002-1941-1622
http://www.jbc.org/cgi/content/full/RA119.009989/DC1
mailto:rg26@georgetown.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.009989&domain=pdf&date_stamp=2019-9-26
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/


compartments (12, 13). As the glycans mature, distinct struc-
tures of the evolving oligosaccharides carry out distinct func-
tions at successive stages of the post-translational maturation
process (13, 14). Immature N-glycans assist with protein fold-
ing in the ER, their trimmed versions assist with sorting of the
(mis)folded glycoproteins for degradation or further develop-
ment, and expansion of the structures by glycosyltransferases in
the Golgi compartment conveys specific properties to the
maturing glycoproteins. Thus glycosylation ultimately adjusts
physicochemical properties of glycoproteins that may have
profound impact on interactions with their partners. We there-
fore optimized expression of proBDNF and its N121Q mutant,

which cannot be N-glycosylated, in the human embryonic kid-
ney HEK293F cells and analyzed secretion and glycoforms of
the neurotrophin by our newly optimized mass spectrometric
methods. Our results show that proBDNF is fully occupied by
N-glycans and that the N-glycans are required for maturation
and secretion of the neurotrophin in the HEK293 cells.
We further show that the N-glycans carry sulfated GalNAc�1-
4GlcNAc�1-R (LacdiNAc) structures found to date on a lim-
ited number of glycoproteins. We further confirmed that Lac-
diNAc is present also on proBDNF originating from rat
pheochromocytoma PC12 cells. Our results show that N-glyco-
sylation regulates the maturation of proBDNF and suggests that

Scheme 1. A, schematic illustration of proBDNF with zoom into the region containing the N-glycosylation and proteolytic cleavage sites involved in the
generation of mature BDNF; B, alignment of the sequences demonstrates a high degree of conservation among species (source www.uniprot.org) (please note
that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site) (multiple alignments were
performed with Align tool of the Clustal Omega 1.2.4 engine). Letters in red represent amino acids that differ from the human sequence. Underlined text
highlights the NX(S/T) N-glycosylation sequon.

ProBDNF carries specific N-glycosylation
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its impact in different cells, tissues, or pathophysiological con-
ditions should be further examined.

Results

Recombinant proBDNF and N121Q mutant expressed in
HEK293F cells

BDNF and proBDNF are present in biological samples at sub-
nanomolar concentrations that limits detectability and, especially,
analysis of their glycoforms. We therefore expressed proBDNF, its
prodomain, and the N121Q mutant (which eliminated the only
NxS/T sequon) in HEK293F cells adapted to serum-free condi-
tions. We inserted a N-terminal His6 tag between the signal pep-
tide sequence and the proBDNF polypeptide chain to facilitate its
purification by Ni2� affinity and we generated stable transfectants
expressing proBDNF under the control of a CMV promoter. Full-
length proBDNF along with mature BDNF and the prodomain
were constitutively co-secreted by the HEK293F cells (Fig. 1). The
yields of the proteins were 2–3 �g of purified protein/ml of cell
suspension, which allowed us to isolate sufficient amounts for
detailed mass spectrometric characterization of the glycoforms as
described below. This expression system provides good yields of
the proBDNF and enables further exploration of its properties and
glycoforms. Both secreted proBDNF and its prodomain are N-gly-
cosylated as demonstrated by mass shift following deglycosylation
with PNGase F, in line with previous reports (3, 4, 8, 10, 11). As
expected, mature BDNF is not glycosylated and a mass shift fol-
lowing PNGase F is not observed (Fig. 1). Glycosylation site occu-
pancy was determined after deglycosylation of secreted proBDNF
with PNGase F in [18O]water. Under these conditions asparagine
that is glycosylated undergoes deamidation to aspartic acid (mass
difference 1 Da); reaction in [18O]water results in an additional 2
Da difference. By comparison of precursor XICs of unoccupied
N-peptide NYLDAA121NMSMR and its deglycosylated D-form
(NYLDAA121DMSMR) we were only able to detect the deglycosy-
lated form indicating site-occupancy higher than 99.9% on the
secreted proBDNF (Fig. 2).

Mutation of the only N-glycosylation sequon (N121Q) did
not affect the expression of proBDNF mRNA (Fig. 3C) or pro-
tein (Fig. 3B) in the HEK293 cells but abolished the secretion of
proBDNF or BDNF into the medium (Fig. 3A). Cells expressing
WT proBDNF contain both full-length proBDNF and cleaved

mature BDNF but only unprocessed full-length proBDNF
(nonglycosylated) was observed in the N121Q mutant (Fig. 3B).
Incubation of cells expressing N121Q mutant with proteasomal
and lysosomal inhibitors, MG-132 and chloroquine, did not
lead to the accumulation of proBDNF in the cells (Fig. 3D), as
we expected, indicating that degradation of potentially mis-
folded proBDNF does not play a significant role in the observed
effect of the mutation. Chemical chaperone, 4-phenylbutyric
acid, partially restored release of proBDNF but mature BDNF
was not detected (Fig. 3E).

ProBDNF cleavage by furin in vitro

ProBDNF is processed by furin-like convertases to mature
BDNF (4) but the N121Q mutant seems resistant to cleavage
(BDNF in cells is not observed, Fig. 3B). We therefore analyzed
the impact of glycosylation on the proteolytic cleavage of
proBDNF by furin in vitro (Fig. 4). The two forms of proBDNF
were pre-mixed equimolarly prior to the addition of furin and
the cleavage kinetic was analyzed as a loss of proBDNF over the
incubation time in parallel with the corresponding increase in
mature BDNF generated by the cleavage. The reaction condi-
tions were optimized to obtain measurable products through-
out the 60-min reaction time. The mass difference between
glycosylated and nonglycosylated proBDNF enabled quantita-
tion of each of the proteoforms individually. On the contrary,
because mature BDNF is not glycosylated, its band combines
intensities of BDNF originating from both proBDNF forms. We
did not observe a difference in the furin-cleavage kinetics
between the two proBDNF forms under these conditions and
we did not find evidence that the N-glycan directly modifies the
cleavage reaction. We therefore expect that some as yet unde-
fined interaction regulates the maturation of proBDNF in the
cells and in vivo.

LC-MS analysis of proBDNF glycosylation

N-Glycosylation Profile—Occupancy and microheterogene-
ity of the N-glycosylation site was determined by data-depen-
dent LC-MS/MS-HR analysis of the tryptic digest of secreted
proBDNF purified by Ni2�-NTA affinity from conditioned
media of the HEK293F cells. Precursor profile of the tryptic
glycopeptide NYLDAANMSMR of proBDNF (oxidized at both
Met residues in peptide backbone) is shown in Fig. 5A. Most of
the glycan structures are fucosylated and are terminated by the
GalNAc�1– 4GlcNAc�1-R (LacdiNAc), which is frequently
sulfated (�60% of the LacdiNAc structures identified). This is
unusual because the majority of human N-glycans are extended
by the common Gal�1– 4GlcNAc�1-R (LacNAc) motif, which
typically carries terminal sialylation. To confirm the presence
of the LacdiNAc structures, we used fragmentation under lim-
ited collision energy (CE) optimized in our previous studies (15,
16). At low CE (10% of normalized CE), the major fragmenta-
tion event is the loss of the outer arm LacdiNAc structure (Hex-
NAc-HexNAc). Accordingly, we observed dominant LacdiNAc
oxonium ions HexNAc-HexNAc (m/z 407.17) and its fucosy-
lated form (m/z 553.22) together with the complementary
y-ions (m/z 1373, 1381, 1454, and 1555) (Fig. 5B). In case of the
mixed structures that carry LacNAc on one arm and LacdiNAc
on the other, the limited HCD fragmentation yields two outer

Figure 1. ProBDNF stably expressed in HEK293F cells is glycosylated.
N-Glycosylation of proBDNF and the prodomain is documented by mass shift
following deglycosylation with PNGase F: A, detection of proBDNF and BDNF
by an antibody recognizing the BDNF region; B, detection of proBDNF and the
prodomain by an antibody recognizing the prodomain region. The gel
images were spliced as indicated by space to exclude samples not related to
the study.

ProBDNF carries specific N-glycosylation
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arm fragments of similar intensity (HexNAc-HexNAc m/z
407.17 and HexNAc-Hex m/z 366.14, data not shown). The
sulfation of LacdiNAc was confirmed by the presence of a low
abundant GalNAc-SO4 fragment ion (accurate mass m/z
284.0426) in positive MS/MS spectra (Fig. S1) with mass accu-
racy of 3 ppm (theoretical mass m/z 284.0435).

All identified glycans on the secreted proBDNF were core-
fucosylated with varying degrees of outer-arm fucosylation.
Fucosylation was confirmed under higher collision energy (25%
of normalized CE) where a pair of fragment peaks at m/z 1520.6
and 1666.6 represent GlcNAc-peptide and fucosylated
GlcNAc-peptide fragments, respectively (Fig. S2C). Intensity of
the fucosylated GlcNAc-peptide fragment is low compared
with the GlcNAc-peptide fragment, because of the energy
required to break the core GlcNAc-GlcNAc bond, necessary to

determine core fucosylation, also leads to cleavage of core-
linked fucose. However, because the fragment originates from a
single glycoform, its presence serves as a proof of core-fucosy-
lation. The NYLDAANMSMR glycopeptide contains two Met
residues; ions obtained at higher CE were used to determine
oxidation status of the peptide backbone to correctly assign the
glycan structures. Fig. S2, A and B show characteristic peptide-
HexNAc and peptide-HexNAc-fucose fragments with one or
two Met oxidized, respectively, which confirms our structural
assignments.

More than 90% of the identified N-glycan structures of
proBDNF carry LacdiNAc; 70% of those exclusively (on all
arms). The LacNAc motif is present in less than 10% of all iden-
tified structures of the proBDNF. All the identified glycans are
biantennary, we did not observe glycans with higher branching.

Figure 2. Extracted ion chromatograms (XIC) of (A) nonglycosylated, NYLDAANMSMR and (B) deglycosylated, NYLDAADMSMR glycopeptide of proBDNF secreted by
HEK293F cells confirm site occupancy higher than 99%. C, tandem mass spectrum verifies deglycosylation of the proBDNF peptide under [18O]water.

ProBDNF carries specific N-glycosylation
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The two major structures that represent �50% of all the glyco-
forms are the biantennary sulfo-LacdiNAc with core-fucose
(precursor m/z 1083) or two fucose residues (precursor m/z
1132). The identified proBDNF glycoforms and their relative
proportions are summarized in Table 1.

N-Glycosylation of the Prodomain—The prodomain was
prepared as the proBDNF truncated immediately after the
furin-cleavage site by insertion of a stop codon (see “Exper-
imental procedures”). This is important because it was sug-
gested (10) that the prodomain may itself carry out impor-
tant functions. Expressed prodomain was constitutively
secreted into the conditioned medium as confirmed by
Western blotting and Coomassie Blue staining (not shown)
and purified by Ni-NTA affinity as described for the
proBDNF. For the detection by Western blotting, prodo-
main had to be cross-linked to PVDF membrane by glutar-
aldehyde as described (10). The yields of the prodomain were
lower compared with proBDNF possibly due to instability of
the prodomain characterized as intrinsically disorganized
but we obtained sufficient quantities for our optimized MS
workflow. High resolution LC-MS/MS analysis confirmed
that LacdiNAc remained the dominant structure (Fig. S3)
present on 90% of the identified glycoforms (Table 1). How-
ever, compared with the full-length proBDNF, we observed a
lower proportion of structures carrying LacdiNAc on both
arms (30 versus 70% on proBDNF) and appearance of major

Man6/LacdiNAc hybrid glycoform (m/z 1119) (Fig. S3).
Moreover, the sulfation level was substantially lower (�5%
as opposed to 60% on proBDNF) and sialylation became the
dominant terminal modification present on 50% of all the
glycoforms (Table 1). This is an important observation
because synthesis of LacdiNAc is associated with defined
sequence/structure motives (17–20) and the results show
that the LacdiNAc determinant is present in the prodomain
region. Drop in the level of sulfation is surprising as the
peptide sequence/structures motive-dependence was not
described for the 4-O-sulfotransferases that carry out Lacdi-
NAc sulfation.

N-Glycosylation of ProBDNF Expressed in PC12 Cells—To
verify that (sulfo) LacdiNAc synthesis is not restricted to
HEK293F cells, we expressed proBDNF in rat pheochromocy-
toma PC12 cells as described under “Experimental proce-
dures.” The mRNA expression of the enzymes related to the
formation of sulfated LacdiNAc:�(1,4)-N-acetylgalactosami-
nyltransferases 3 (B4GALNT3) and 4 (B4GALNT4), carbohy-
drate sulfotransferases 8 (CHST8) and 9 (CHST9); and �(1,4)-
galactosyltransferase 1 (B4GALT1) in these cells was confirmed
by RT-PCR (Fig. S4). HEK293F cells expressed all four Lacdi-
NAc-related enzymes, PC-12 cells expressed both 4-O-sulfo-
transferases but the B4GALNT4 was the dominant N-acetyl-
galactosaminyltransferase (Fig. S4). To facilitate proBDNF
isolation, we cultured the cells in the presence of a proprotein

Figure 3. Expression of wildtype (WT) proBDNF and its N121Q mutant (NQ) in stably transfected HEK293F cells. Protein expression was determined by
Western blotting using an antibody, recognizing both BDNF and proBDNF, in the conditioned media (A) and cell lysates (B). Arrows point to (pro)BDNF forms:
glycosylated proBDNF (black arrow), nonglycosylated proBDNF (white arrow), and mature BDNF (gray arrow). M indicates MagicMark molecular weight marker.
Expression of mRNA was determined in WT and N121Q mutant by RT-PCR (C). ProBDNF/BDNF expression in cell lysates (D) or conditioned media (E) of HEK293F
cells expressing N121Q mutant treated with proteasome inhibitor MG132 (MG), lysosomal inhibitor chloroquine (CQ), or chemical chaperone 4-phenylbutyric
acid (PBA). The black arrow points to the position of nonglycosylated proBDNF.

ProBDNF carries specific N-glycosylation
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convertase inhibitor in serum-free Opti-MEM medium (Invit-
rogen). Unlike in the HEK293F cells, the protein expression was
low and only trace amounts of proBDNF were constitutively
secreted into the conditioned medium. Induction of release by
membrane depolarization with 50 mM KCl did not result in
release of detectable amounts of proBDNF or BDNF. Due to
very low quantities, we did not attempt purification that may
lead to losses due to the high tendency of the proBDNF for
nonspecific adherence.4 Instead, conditioned media were con-
centrated, separated by SDS-PAGE, and the area correspond-
ing to the glycosylated proBDNF was used for LC-MS/MS anal-
ysis of glycoforms following in-gel digestion with trypsin. To
facilitate analysis of proBDNF glycoforms in complex material
we used semi-targeted methods with the fragmentation range
narrowed down to 1000 –1300 precursor m/z and charge state 3
in line with the range/charge of precursors of purified
proBDNF produced in HEK293F cells. Fig. 6, A–D, shows
extracted ion chromatograms (25 mDa) of monoisotopic m/z of
precursors of major glycopeptides observed in the tryptic digest
of proBDNF expressed in PC12 cells. The glycopeptide struc-
tures were confirmed by low and high HCD MS/MS and reten-
tion time alignment. The aligned XIC of the LacdiNAc (panels
A, C, and D) and LacNAc (panel B) containing structures show
slight retention time shifts in line with the hydrophilicity of the
attached glycan as previously described (21). Based on the high

collision HCD spectra, all structures contain core fucose but
further studies of the cells under optimized expression condi-
tions are needed to fully assess the sulfation, sialylation, or out-
er-arm fucosylation in this cell line.

Effect of glycosylation inhibitors

Effect of glycosylation inhibitors on maturation of the
proBDNF was analyzed in HEK293F cells cultured in the ab-
sence of the proprotein convertase inhibitor to analyze the pro-
portion of mature BDNF and proBDNF produced and secreted
by the cells. In the presence of 50 mM sodium chlorate, an inhib-
itor of cellular sulfation, we observed a 10-fold decrease in the
sulfation of proBDNF from 60 to 6% (Fig. S5A). Treatment with
1 �g/ml of kifunensine, an inhibitor of �-mannosidase I, en-
riched immature oligomannose glycans Man9, Man8, and
Man7 glycans �70% (Fig. S5B) as expected and verified by LC-
MS/MS analysis.

Effect of the inhibitors of glycosylation on the ratios of
BDNF to proBDNF or prodomain to proBDNF is shown in
Fig. 7 for the secreted and intracellular protein pools. For
both secreted and intracellular forms, BDNF/proBDNF and
prodomain/proBDNF ratios were diminished by 5 �g/ml of
tunicamycin due to barely detectable amounts of mature
BDNF and prodomain. On the other hand, kifunensine (Fig.
7) did not have any effect on these ratios in either pool.
Inhibition of cellular sulfation by sodium chlorate largely
reduced intracellular content of mature BDNF (Fig. 7A),
whereas secreted BDNF was not affected (Fig. 7B). Chlorate
treatment reduced intracellular and secreted prodomain
content to a similar degree (Fig. 7, C and D) but the effect on
intracellular prodomain was less pronounced than that for
mature BDNF.

Discussion

As for many other bioactive neuropeptides or proteins,
concentrations of proBDNF/BDNF in biological samples are
in low nanograms per gram of tissue, which limits detectabil-
ity of proBDNF and structural resolution of its glycoforms.
To overcome this limitation, we optimized expression of
proBDNF in a mammalian system using suspension human
embryonic kidney HEK293F cells adapted to serum-free
conditions. We generated stable transfectants expressing
proBDNF under control of a CMV promoter and took ad-
vantage of the serum-free conditions to improve purifica-
tion of the expressed proteins. This expression system will
serve as a valuable resource for studies of the glycosyla-
ted proBDNF. Previous experiments showed that adherent
HEK293 cells co-secrete glycosylated proBDNF with mature
BDNF (8) and our experiments confirm that the HEK293F
cells are a suitable model to study glycosylation of this
neurotrophin. The cells stably expressing WT proBDNF
secreted the expected mixture of proBDNF and mature
BDNF but the N121Q mutation almost completely abolished
secretion suggesting a crucial role of N-glycosylation in the
BDNF maturation process. Intracellular mRNA expression
of the WT and the N121Q mutant were comparable indicat-
ing that differences occur at the post-translational levels.
Intracellular protein content of proBDNF was also similar

4 J. Benicky, M. Sanda, Z. Brnakova Kennedy, and R. Goldman, unpublished
observation.

Figure 4. Kinetics of cleavage of glycosylated and nonglycosylated
proBDNF by furin. Mass difference between glycosylated and nonglycosylated
proBDNF enabled densitometric quantification of each proBDNF form: A, repre-
sentative blot of the cleavage kinetic at the indicated time intervals; B, densito-
metric analysis of proBDNF intensities at the indicated time intervals. Results are
expressed as percent of the proBDNF concentration (mean � S.D., n � 3) at the
beginning of the reaction. Note that proBDNF without C-terminal Myc-FLAG tag
was used in the reaction as described under “Experimental procedures.”
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between WT and N121Q mutant; however, the majority of
proBDNF/BDNF is constitutively secreted by the HEK293F
cells and the overall proBDNF production in the N121Q
mutantisthereforelower.Inaddition,weonlyobservedunpro-
cessed proBDNF in the N121Q mutant (Fig. 3) and the effect
of N-glycosylation sequon’s mutation is reproduced by phar-
macological inhibition of N-glycosylation by tunicamycin

(Fig. 7) indicating that the processing of nonglycosylated
proBDNF into the mature secreted form is compromised.
This could be due to direct impact of the N-glycan on inter-
action with the convertases or due to altered interactions of
the glycosylated proBDNF with other proteins; such interac-
tions could affect its maturation or its ability to reach the
relevant intracellular compartments.

Figure 5. Mass spectra of proBDNF under the following conditions. A, precursor profile of the tryptic glycopeptide NYLDAANM(ox)SM(ox)R of proBDNF
expressed in HEK293F cells; B, HCD fragmentation spectrum of the major glycoform (m/z 1132.42) at low collision energy (10% NCE) showing that characteristic
LacdiNAc oxonium ion HexNAc-HexNAc (m/z 407.17) and its fucosylated form (m/z 553.22) with complementary y-ions (m/z 1373, 1381, 1454, and 1555)
dominate the composition.
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ProBDNF can be intracellularly cleaved by furin-like subtili-
sin-kexin proprotein convertases, including furin, PC1 (4), or
PC7 (22). HEK293F cells only possess constitutive secretory
pathway, implication of PC1 mostly localized to acidic secre-
tory granules (23) is therefore not likely in these cells. Propro-
tein convertase inhibitor used in our studies strongly inhibits
furin (Ki � 16 pM) but not the PC7 convertase. The inhibition
efficiently prevents cleavage of proBDNF by HEK293F cells
(Fig. S6) indicating that furin is the main intracellular proBDNF
convertase in this cell type. To evaluate whether N-glycosyla-
tion has direct influence on the proBDNF-furin interaction, we
compared the cleavage kinetics of nonglycosylated human
proBDNF produced in Escherichia coli and N-glycosylated
proBDNF produced in human HEK293F cells in an in vitro
reaction with recombinant human furin. To minimize the
effect of assay to assay variability and possible influence of con-
taminants in the proBDNF preparations, we pre-mixed the two
forms of proBDNF equimolarly prior to the addition of furin.
The mass difference between glycosylated and nonglycosylated
proBDNF enabled us to analyze each form separately in the
mixed reaction. Cleavage of both proteoforms by furin pro-
ceeded at the same rate indicating that proximity of the N-gly-
can to the proteolytic site (Scheme 1A) is not essential for the
direct interaction with furin and the glycan does not directly
affect the cleavage reaction. This simple in vitro model, how-
ever, does not take into account the complex intracellular envi-
ronment where other carbohydrate-interacting proteins (e.g.

intracellular lectins) could substantially change the equilib-
rium. In addition, the secretion of proBDNF was compromised
in both N121Q mutant and tunicamycin-treated cells indicat-
ing that glycosylation regulates traffic of the protein through
the secretory pathway. This is further supported by the obser-
vation that the N-glycosylation site of secreted proBDNF is fully
occupied (Fig. 2) indicating that only N-glycosylated proBDNF
is secreted.

We used LC-MS/MS analysis with energy-optimized fragmen-
tation conditions to determine the structural motives of the N-gly-
cans associated with proBDNF. This selective fragmentation
approach identifies structure-specific ions not detectable under
standard collision-induced dissociation conditions (Fig. 5B, Fig.
S2). Our results determine N-glycan structures associated with
proBDNF and the cleaved prodomain, which significantly extends
previous reports of the N-glycan presence based on gel shifts (3, 4,
8, 10, 11). Analysis of the fragmentation spectra confirmed that
proBDNF carries preferentially N-glycans terminated by the
GalNAc�1–4GlcNAc�1-R (LacdiNAc) structures, which are rare
compared with the common Gal�1–4GlcNAc�1-R (LacNAc).
The LacdiNAc-carrying glycans are further modified by fucosyla-
tion (both core and outer arm) and sulfation of the terminal Gal-
NAc residue. Glycans terminated by sulfated LacdiNAc were so far
observed on a limited number of glycoproteins, including pituitary
glycoprotein hormones luteinizing hormone and thyrotropin,
proopiomelanocortin, carbonic anhydrase VI, sialoadhesin, or
tenascin-R as reviewed in Ref. 24; their dominant contribution to
the proBDNF glycoforms was therefore a surprising observation.
In general, unusual oligosaccharide sequences or specific carbohy-
drate modifications often mediate more specific or vital biological
functions of glycoproteins (14). This suggests, together with the
high evolutionary conservation of the proBDNF sequence around
the N-glycosylation site (9) (Scheme 1B), an important biological
function of the N-glycans on this neurotrophin.

Presence of the LacdiNAc was confirmed in low CE spectra
by a specific outer-arm fragment (HexNAc-HexNAc, m/z
407.17 and its fucosylated form, m/z 553.22) together with
complementary y-ions representing fragments with glycan arm
loss (Fig. 5B). It is important to note that at higher CE, the
HexNAc-HexNAc fragment is also present in standard LacNAc
N-glycopeptide fragmentation where it originates from the
fragmentation of the glycan mannose core (GlcNAc-GlcNAc
fragment). Under the optimized low CE conditions, this frag-
ment is specific for the LacdiNAc containing structures
because the core-derived GlcNAc-GlcNAc fragment is not pro-
duced as we demonstrated previously (25). However, fragmen-
tation spectra at higher CE (producing peptide-GlcNAc frag-
ment) were used to determine peptide backbone oxidation (Fig.
S2) because tryptic glycopeptide 115NYLDAANMSMR125 (gly-
cosylation site underlined) of proBDNF contains two Met res-
idues that can be oxidized producing a mass difference corre-
sponding to the difference between deoxyhexose (fucose) and
hexose (mannose, galactose). Knowledge of oxidation status is
therefore vital to correctly assign fucose residues. In addition,
we used retention behavior prediction (21) to resolve overlap-
ping glycopeptide isotopic patterns such as di-fucosylated and
sialylated glycopeptides. This is to our knowledge the first study
that documents feasibility of the MS/MS assignment of these

Table 1
Relative abundance of the glycoforms of HEK293F-produced proBDNF
and prodomain expressed as % of all identified glycoforms
Hex, hexose; HexNAc, N-acetylhexosamine; Fuc, fucose; Sulfo, -SO4 group; Neu5Ac,
N-acetylneuraminic (sialic) acid. The m/z values represent calculated values for glyco-
peptide with both Met residues oxidized, the spectra contain observed values.
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glycopeptide structures and will enable further studies of the
glycosylated neurotrophins.

Sulfated species were confirmed by the presence of a sulfo-
GalNAc fragment (exact mass 284.0426, theoretical mass
284.0435) in the HCD fragmentation spectra (Fig. S1). In addi-

tion, the presence of sulfate was indirectly confirmed by selec-
tive changes after inhibition of sulfation by the sodium chlorate
treatment (Fig. S5) where we observed a drop in the peak inten-
sity at m/z 1132 (3Hex-6HexNAc-2Fuc-Sulfo) together with an
increase in peak intensity at m/z 1106 (3Hex-6HexNAc-2Fuc).

Figure 6. Extracted ion chromatograms of four of the most abundant glycopeptides of proBDNF expressed in PC12 cells. A, C, and D, LacdiNAc
containing structures; B, LacNAc containing structure. The arrow points to the peaks of glycopeptides aligned with slight retention time shifts as expected
based on the hydrophilicity of the attached glycan. Numbers represent intensity of the extracted peaks (	105).

Figure 7. Impact of modulators of glycosylation on the BDNF/proBDNF ratio in HEK293F cells. Western blotting using antibodies to prodomain and
mature BDNF regions was analyzed by densitometry for the following: A, intracellular BDNF to proBDNF ratio; B, secreted BDNF to proBDNF ratio; C, intracellular
prodomain to proBDNF ratio; and D, secreted prodomain to proBDNF ratio. The representative Western blotting is labeled as the graphs: CTRL, control; CHLOR,
50 mM sodium chlorate; KIF, 1 �g/ml kifunensine; TNMC, 5 �g/ml of tunicamycin. Results are expressed as scatter plot (mean � S.D., n � 3). *, p � 0.05; **, p �
0.01; ***, p � 0.001 compared with CTRL, one-way analysis of variance with Bonferroni adjustment.
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Core fucose was confirmed by the presence of the peptide-Hex-
NAc-Fuc fragment at high CE (see fragmentation spectrum in
Fig. S2C, m/z 1666); the outer arm fucosylation produced the
HexNAc-HexNAc-Fuc fragment (Fig. 5B, m/z 553.2) at low CE
when the glycan core is not fragmented.

LacdiNAc was also dominant on the prodomain where it
represents 90% of all identified glycoforms. Compared with the
full-length proBDNF, we observed a smaller proportion of gly-
cans that carried LacdiNAc on both arms and sialylation was
the main terminal modification of the LacdiNAc (instead of
sulfation observed on the full-length proBDNF) (Table 1).
Addition of LacdiNAc is carried out by specific �1,4-N-acetyl-
galactosaminyltransferases (GalNAc transferases B4GALNT3
or B4GALNT4) (26, 27) expressed in a limited number of tis-
sues including pituitary, brain, and kidney (18). The HEK293
cells express both enzymes (17, 28), which we confirmed in our
HEK293F cells (Fig. S4). As GalNAc transferases compete for
the same oligosaccharide substrate with the ubiquitously
expressed �1,4-galactosyltransferases, addition of GalNAc is
protein-specific driven by sequence/structure-based determi-
nants. Such determinants have been described for the pituitary
hormones and carbonic anhydrase as stretches of basic amino
acids on �-helical structures (18 –20) and for the trefoil factor
family domains as patches of hydrophobic amino acids on cys-
teine loops forming a hydrophobic cleft, also proposed for some
neuropeptide hormones (17). In support of protein-specific
GalNAc transfer, the presence of the recognition determinant
can increase catalytic efficiency for GalNAc transfer 500-fold
(19, 20). This is further supported by the observation that Cys/
Gly mutations in trefoil factor family domains lead to reversal
from almost exclusive LacdiNAc to common LacNAc glycans
(17). This strongly suggests that a specific motif or structure is
required for the in vivo LacdiNAc synthesis. Such a recognition
motif for proBDNF is yet to be determined. Regions surround-
ing the N-glycosylation site lack similarities with the published
determinants whose sequences are themselves heterogeneous.
However, our study shows that the expressed BDNF prodo-
main truncated immediately after the furin-cleavage site (Arg-
128) carries LacdiNAc structures, albeit with somewhat differ-
ent motive distribution than proBDNF (Table 1), suggesting
that the prodomain itself is sufficient to drive the LacdiNAc
synthesis. The structure of the prodomain, as opposed to BDNF
(29), is not known and the prodomain is characterized as intrin-
sically disordered (30); follow-up studies will be required to
determine the exact recognition motif within the prodomain
sequence.

LacdiNAc present on the proBDNF is sulfated to a large
degree. Addition of sulfate to proBDNF has been observed pre-
viously using pulse-chase study with radioisotope 35S in cul-
tures of mouse pituitary AtT20 cells (3, 4). Our study explains
the long-standing puzzle of what structural epitope carries the
sulfate. As a charge carrying modification, sulfation can sub-
stantially modify the properties at the site of attachment and
may thus affect interactions. LacdiNAc sulfation is carried out
by specific GalNAc-4-sulfotransferases (CHST8 or CHST9)
highly expressed in the pituitary and brain (31) and we con-
firmed the expression of both enzymes in HEK293F cells (Fig.
S4). The induction of 4-O-GalNAc sulfotransferase transcrip-

tion and activity by DMSO has been reported previously in
AtT20 and �T3 cells (31) but we did not observe additional
increases in proBDNF sulfation in HEK293F cells exposed to
DMSO (analyzed by LC-MS/MS, not shown) indicating that
this may not be universally applicable to all cell types or that the
sulfation enzymes in this cell line are already highly expressed.
On the other hand, sodium chlorate, an inhibitor of the forma-
tion of PAPS, which serves as a sulfate donor in the sulfotrans-
ferase reaction, reduced proBDNF sulfation 10-fold (Fig. S5A).
Protein sequence/structure recognition motif was not de-
scribed for the 4-O-sulfotransferases CHST8 and -9 and �1,4-
linked terminal GalNAc (added by protein-specific GalNAc
transferases) seems to be a sufficient determinant for the 4-O-
sulfotransferase activity (24). It was therefore surprising to see a
substantial reduction of sulfation (below 5%) on the expressed
prodomain despite the presence of the LacdiNAc on most gly-
coforms, which were rather modified by terminal sialylation
(Table 1). If protein structure/sequence is not limiting interac-
tion with sulfotransferases, this may indicate different accessi-
bility to enzymes possibly due to different spatial distribution of
proBDNF and the prodomain. In support of this, inhibition of
sulfation did not affect secretion of BDNF and proBDNF (or
their ratio) but almost completely depleted the intracellular
pool of mature BDNF, whereas intracellular prodomain
remained detectable (Fig. 7). The mechanism behind this effect
needs further study but may indicate decoupling of proBDNF/
BDNF and cleaved off prodomain under these circumstances,
which could explain differences in glycan modifications
between proBDNF and the prodomain.

Although LacdiNAc formation seems to be protein-specific,
we wanted to confirm in cells of different types and origin that
it is not a peculiar feature of suspension in HEK293F cells.
Because we do not have sufficient sensitivity of the methods to
observe native proBDNF in tissues or neurons, we expressed
proBDNF in rat pheochromocytoma PC12 cells and showed
that LacdiNAc is present on major identified glycoforms (Fig.
6). This observation, together with previous reports of proBDNF
sulfation in mouse pituitary AtT20 cells (3, 4) further supports
protein-specific addition of this rare glycan structure to
proBDNF. Further studies will be needed to determine the gly-
coforms of proBDNF in neuronal cells and their impact on the
proBDNF maturation process. We are aware that HEK293 cells
possess only a constitutive secretory pathway and their appli-
cability as a model for neuronal control of proBDNF is there-
fore limited. However, the secretion of proBDNF/BDNF uti-
lizes both regulated (activity-dependent) and constitutive
pathways (32–34) and our model may be useful to distin-
guish their regulatory elements. Although activity-dependent
(pro)BDNF secretion is prevalent in neurons (35), BDNF or
proBDNF have been found in a number of nonneuronal tissues
or cell types where constitutive secretion prevails, including
megakaryocytes and platelets (36, 37), activated monocytes and
T- and B-cells (38), cells of the cardiovascular system (39) or
hepatic stellate cells (40), and BDNF signaling is up-regulated in
many types of cancer (41, 42). Although the role of this neu-
rotrophin in nonneural tissues and cells is not as well-eluci-
dated as for the brain, nonneuronal regulation of proBDNF may
have broader implications.
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To our best knowledge, this is the first report demonstrating
a specific type of N-glycosylation of proBDNF by detailed mass
spectrometric analysis. Our study suggests that glycosylation
impacts processing and secretion of proBDNF. Biological
impact of specific glycoforms of proBDNF and the prodomain
are yet to be elucidated but high conservation of the N-glyco-
sylation site and unique properties of proteins conferred by the
presence of LacdiNAc support biological significance. Lacdi-
NAc is recognized by galectin-3 (43) or the macrophage man-
nose receptor (CD206) (44), which participates in clearance of
glycosylated luteinizing hormone from circulation by the liver
(45). This receptor is also abundant in certain populations of
macrophages, dendritic cells, and microglia (46) and might
therefore participate in the clearance of the potentially neuro-
toxic proBDNF/prodomain (8). Further studies will be needed
to evaluate how specific glycan-binding proteins impact the
processing and biological effects of proBDNF and other glyco-
sylated neurotrophins.

Experimental procedures

Cell cultures

Suspension HEK293F cells (Invitrogen) were grown in
serum-free 293 Freestyle medium (Invitrogen) at 37 °C and 5%
CO2 on an orbital shaking platform at 150 rpm. Cells were kept
at 0.3–3 	 106 cells/ml and subcultured every 5 days. Rat phe-
ochromocytoma PC12 (ATCC, Manassas, VA, number CRL-
1721) were grown in RPMI 1640 supplemented with 10% heat-
inactivated horse serum, 5% fetal bovine serum, and 50 �g/ml
of gentamycin at 37 °C under 5% CO2.

Production of proBDNF and its variants

Expression vector pCMV6-Entry bearing human proBDNF
cDNA (NM_001709, Origene, Rockville, MD) with C-terminal
Myc-DDK tags was modified to introduce His6 affinity
tag between signal peptide sequence and proBDNF polypep-
tide chain using QuikChange Lightning Multi-Site-directed
Mutagenesis kit (Agilent Technologies, Santa Clara, CA) ac-
cording to the manufacturer’s instructions and mutagenic
primers: 5�-CAT ACT TTG GTT GCA TGA AGG CTC ACC
ATC ACC ACC ATC ACG CCC CCA TGA AA-3� (sense) and
5�-TTT CAT GGG GGC GTG ATG GTG GTG ATG GTG
AGC CTT CAT GCA ACC AAA GTA TG-3�. Nonglycosylated
His-proBDNF was generated by N121Q substitution as above
using primer pair 5�-CCG GAC CCT CAT GGA CAT CTG
TGC AGC ATC TAG GTA ATT 3� (antisense) and 5�-AAT
TAC CTA GAT GCT GCA CAG ATG TCC ATG AGG GTC
CGG-3� (sense). To express proBDNF prodomain truncated
after the furin-cleavage site, 125RVRR2H129, we used site-di-
rected mutagenesis to convert the 129H codon CAC into a stop
codon TAG using mutagenic primers 5�-GGG CAG GGT CAG
ACT AGC GCC GGA CCC TC-3� (antisense) and 5� GAG
GGT CCG GCG CTA GTC TGA CCC TGC CC-3� (sense).
ProBDNF not carrying C-terminal Myc-FLAG tags was gener-
ated by insertion of TAA stop codon between the proBDNF
sequence and the linker using primer pair 5�-CGG CCG CGT
TTA ACG CGT TCT TCC CCT TT-3� (antisense) and 5�-AAA
GGG GAA GAA CGC GTT AAA CGC GGC CG-3� (sense).
Before transfection, the constructs were linearized with unique

cutter DraIII (New England Biolabs, Ipswitch, MA) disrupting
the f1 origin region and transfected into HEK293F cells using
linear 25-kDa polyethylenimine (Polysciences, Warrington,
PA) at nitrogen/phosphate ratio 20. Stable transfectants were
generated by antibiotic resistance selection using 500 �g/ml of
G418. For production of full-length proBDNF, the cells were
cultured in the presence of 1 �g/ml of proprotein convertase
inhibitor (Millipore Sigma, Burlington, MA, number 537076)
to prevent intracellular cleavage of proBDNF into BDNF.

To produce proBDNF from rat PC12, we transfected cells
with the above proBDNF construct using Avalanche-Omni
Transfection Reagent (Vita Scientific, College Park, MD) accord-
ing to the manufacturer’s instructions. Twenty four hours after
transfection, the cells were in complete medium and subjected to
selection by antibiotic resistance selection as above. For experi-
ments, the culture medium was exchanged to serum-free Opti-
MEM medium (Invitrogen) in the presence of 1 �g/ml of propro-
tein convertase inhibitor.

Purification of proBDNF or its prodomain

Conditioned media were harvested every 5 days and used for
proBDNF or prodomain purification by His-affinity chroma-
tography performed on an AKTA Start FPLC system (GE
Healthcare) and Ni-NTA resin (Thermo Scientific, Rockford,
IL) packed in a Tricorn 5/100 column (GE Healthcare). The
binding was performed directly with undiluted conditioned
medium at 1 ml/min followed by washing with 10 column vol-
umes of PBS, 300 mM NaCl, and 25 mM imidazole. Elution of
bound proBDNF/prodomain was achieved with PBS, 300 mM

NaCl, 125 mM imidazole. The fraction corresponding to the
proBDNF/prodomain peak was concentrated and buffer
exchanged to PBS, 0.01% Tween 20 using Amicon Ultra centrif-
ugal filters with 10-kDa cut-off for proBDNF and 3-kDa cut-off
for prodomain (both Millipore Sigma). Purity of proBDNF
(�90%) was assessed by SDS-PAGE and identity of the protein
in the band was confirmed by MS. The concentration of
proBDNF in individual fractions was routinely quantified by
commercial sandwich proBDNF Duoset ELISA (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instruc-
tions and confirmed by Coomassie Blue staining compared
with proBDNF standards (Alomone Labs, Jerusalem, Israel) of
known concentrations. Due to trace quantities of proBDNF in
conditioned media of PC12 cells, we concentrated serum-free
conditioned media using Amicon Ultra centrifugal filters with
10-kDa cut-off (Millipore Sigma) and separated the concen-
trate by SDS-PAGE followed by Coomassie Blue staining. The
bands around the position of glycosylated proBDNF produced
in HEK293F (�5 kDa) were excised and used for LC-MS anal-
ysis as described below.

Treatment of cells with inhibitors of glycosylation and
proteolysis

Enrichment of nonsulfated proBDNF was achieved by cul-
turing the HEK293F cells in the presence of 50 mM sodium
chlorate (Sigma), an inhibitor of cellular sulfation that prevents
formation of PAPS, a donor of sulfate for the sulfotransferase
reaction. Kifunensine (1 �g/ml, Cayman Chemical, Ann Arbor,
MI), an �-mannosidase I inhibitor, was used to prevent pro-
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cessing of high mannose into complex glycans (47). Overall
N-glycosylation was blocked by tunicamycin (5 �g/ml, Sigma).
For all treatments, the cells were uniformly plated to 6-well
plates (3 ml of cell suspension at 0.3 	 106 cells/ml per well) and
pre-conditioned with inhibitors overnight to ensure that the
pathways are inhibited before initiating the experiment. Inhib-
itors were replenished at half-concentration 48 h after initia-
tion of the experiments. Proprotein convertase inhibitor was
omitted to not interfere with the process of proBDNF matura-
tion. The cells were harvested 5 days after initiation of the
experiment. The cells were pelleted at 300 g/10 min, the condi-
tioned media were saved, and cell pellets were lysed in M-PER
buffer (Thermo Scientific) supplemented with protease inhibi-
tor mixture (Roche Diagnostics). Lysates were cleared by cen-
trifugation at 16,000 	 g for 15 min and stored at �20 °C. The
protein concentration in lysates was measured by Micro BCA
assay (Thermo Scientific) and total protein content per well
was used for normalization of samples prior to the detection of
proBDNF, BDNF, and prodomain by Western blotting as
described below. HEK293F cells expressing the N121Q proBDNF
mutant were treated with 10 �M MG-132 (Millipore Sigma), a
proteasome inhibitor, 10 �M chloroquine (Sigma), an inhibitor
of lysosomal acidification, and activation of lysosomal pro-
teases, or 8 mM 4-phenylbutyric acid (Sigma), a chemical chap-
erone. The cells and conditioned media were harvested after
48 h of treatment and processed as above. ProBDNF deglyco-
sylation in vitro was achieved by incubation with PNGase F
(New England Biolabs, number P0704) at a ratio of 5 units/�g of
proBDNF for 60 min at 37 °C.

LC-MS analysis of proBDNF

Sample preparation—ProBDNF enriched by Ni-NTA affinity
as above was buffer exchanged to 50 mM ammonium bicarbon-
ate buffer, reduced/alkylated, and digested with Trypsin Gold
(Promega, Madison, WI) using Barocycler NEP 2320 (Pressure
BioScience, Easton, MA). The volume of the digest was reduced
in a refrigerated CentriVap concentrator (Labconco, Kansas
City, MO) and subjected to LC-tandem MS (LC-MS/MS) anal-
ysis without further processing as described below.

Identification of ProBDNF Glycoforms on Orbitrap Fusion
Lumos—Digested proteins were separated using a 90-min ace-
tonitrile (ACN) gradient on a 150 mm 	 75-�m C18 pepmap
column at a flow rate of 0.3 �l/min. In brief, peptide and glyco-
peptide separation was achieved by a 5-min trapping/washing
step using 99% solvent A (2% ACN, 0.1% formic acid) at 10
�l/min followed by a 90-min ACN gradient at a flow rate of 0.3
�l/min: 0 –3 min 2% B (0.1% formic acid in ACN), 3–5 min
2–10% B; 5– 60 min 10 – 45% B; 60 – 65 min 45–98% B; 65–70
min 98% B, 70 –90 min equilibration by 2% B. Glycopeptides
were analyzed using Orbitrap Fusion Lumos mass spectrome-
ter (Thermo Fisher Scientific) with the electrospray ionization
voltage set at 3 kV and the capillary temperature at 275 °C. MS1
scans were performed over m/z 400 –1800 with the wide qua-
drupole isolation at a resolution of 120,000 (m/z 200), RF Lens
at 40%, intensity threshold for MS2 set to 2.0e4, selected pre-
cursors for MS2 with charge state 2–7, and Dynamic exclusion
30 s. Data-dependent HCD tandem mass spectra were collected
with a resolution of 15,000 in the Orbitrap with fixed first

mass 110 and normalized collision energy 5–30% (see below).
LC-MS datasets were processed by Protein Discoverer 2.2.
(Thermo Fisher Scientific) with Byonic node (Protein Metrics,
Cupertino, CA) followed by manual confirmation of the
glycopeptides.

To facilitate structure-specific analysis, the standard glyco-
proteomics workflow was modified by modulation of the CE.
Optimization was achieved using glycosylated proBDNF pro-
duced in the HEK293F cells and purified as described above.
Changes in structure-specific oxonium ions and complemen-
tary y-ions were monitored across the CE range (5–30% of nor-
malized CE). At low CE, outer arm-specific signals (LacdiNAc,
fucosylated LacdiNAc, and sulfated LacdiNAc) were observed
in the low mass range. Fragmentation at higher CE values pro-
vided glycan core-specific fragments (core fucose, etc.) and
peptide backbone modification status (e.g. Met oxidation) nec-
essary for correct assignment of the attached glycan structures
(Met oxidation is isobaric change to the difference between
hexose and fucose).

Glycopeptide Analysis by nano-LC-MS/MS on 6600 Triple-
TOF—Glycopeptide separation was achieved on a NanoAc-
quity LC (Waters, Milford, MA) using capillary trap, 180 �m 	
0.5 mm, and analytical 75 	 150-�m Atlantis DB C18, 3 �m,
300-Å columns (Waters) interfaced with a 6600 TripleTOF
(Sciex, Framingham, MA). A 1-min trapping step using 2%
ACN, 0.1% formic acid at 15 �l/min was followed by chromato-
graphic separation at 0.4 �l/min as follows: starting conditions
5% ACN, 0.1% formic acid; 1–35 min, 5–50% ACN, 0.1% formic
acid; 35–37 min, 50 –95% ACN, 0.1% formic acid; 37– 40 min,
95% ACN, 0.1% formic acid followed by equilibration to start-
ing conditions for an additional 20 min. Tryptic digest (0.1 �g of
protein) was injected directly on the column. We have used an
information dependent acquisition (IDA) workflow with one
MS1 full scan (400 –1800 m/z) and 50 MS/MS fragmentations,
with rolling collision energy (different equation for CE calcula-
tion for low and high CE mode). MS/MS mass spectra were
recorded in the 100 –1800 m/z range with resolution 30,000 and
mass accuracy less than 15 ppm using the following experimen-
tal parameters: declustering potential 80 V, curtain gas 30, ion
spray voltage 2,300 V, ion source gas 11, interface heater 150 °C,
entrance potential 10 V, collision exit potential 11 V.

Determination of N-Glycosylation Site Occupancy—Occu-
pancy of the N-glycosylation site of proBDNF was quantified by
comparison of precursor XICs of unoccupied N-(asparagine)
peptide (NYLDAA121NMSMR) and deglycosylated D-(aspartic
acid)peptide(NYLDAA121DMSMR)followingPNGaseFdegly-
cosylation under [18O]water as described previously (48).
Briefly, proBDNF (2 pmol) was digested after reduction and
alkylation by trypsin as described above. The enzymatic digest
was heated for 15 min at 90 °C to deactivate trypsin and evap-
orated to dryness using a SpeedVac. Separately, 2 �l of Gly-
cobuffer 2 (New England Biolabs) and 0.5 �l of PNGase F (New
England Biolabs) were evaporated and diluted in 20 �l of
[18O]water (Cambridge Isotope Laboratories, Andover, MA).
This solution was used to dissolve the dried peptides for de-gly-
cosylation (1.5 h at 37 °C) using Barocycler NEP2320 (Pressure
BioSciences). De-glycosylated 18O-labeled peptides (2 pmol)
were analyzed directly after the PNGase F enzymatic treatment
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on a TripleTOF 6600 mass analyzer using an IDA workflow as
described above.

ProBDNF cleavage by furin

Glycosylated human proBDNF without C-terminal Myc-
FLAG tags produced in HEK293F cells and nonglycosylated
human proBDNF produced in E. coli (Alomone Labs, number
B-257) were used to study the kinetic of cleavage by furin (R&D
Systems, number 1503-SE-010). Nontagged proBDNF was
used to avoid possible competition of the C-terminal KRGR
sequence of proBDNF that represents the potential convertase-
cleavage site (23). An equimolar mix of the two forms of
proBDNF was incubated with recombinant human furin. Reac-
tion buffer consisted of 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM

CaCl2, and 0.5% Brij-35 in a volume of 100 �l. Ten pmol of
proBDNF (300 ng) was incubated in the presence of 12.5 ng of
furin (specific activity 125 pmol of pERTKR-AMC/min/�g) at
37 °C at 300 rpm using Thermomixer R (Eppendorf, Haup-
pauge, NY). The aliquots corresponding to 10% of the reaction
volume were collected at 0, 5, 10, 30, and 60 min and the reac-
tion was immediately stopped by addition of 4	 LDS sample
buffer (Invitrogen). Aliquots were analyzed by SDS-PAGE and
proBDNF and BDNF were detected by antibody recognizing
the BDNF region as described below.

SDS-PAGE and Western blotting

ProBDNF and BDNF/prodomain were separated by SDS-
PAGE using NuPAGE 12% BisTris gels (Invitrogen) and trans-
ferred to PVDF membranes by dry transfer using an iBlot2
instrument (Invitrogen). Samples for prodomain detection
were immediately cross-linked to PVDF membrane by 30 min
exposure to 2.5% glutaraldehyde in PBS to prevent its dissocia-
tion from the membrane as reported previously (10). Mem-
branes were blocked with 5% BSA in TBS-T for 60 min at
room temperature and exposed overnight at 4 °C to the respec-
tive antibodies as follows: rabbit monoclonal anti-human
BDNF antibody (1:10,000, Abcam, Cambridge, MA, number
ab108319) (49) was used to detect the proBDNF and BDNF.
Mouse monoclonal anti-human proBDNF antibody (1:10,000,
GeneCopoeia, Rockville, MD, number H10001G-MA) recog-
nizing the prodomain region, was used to detect the proBDNF
and prodomain (10). Membranes were washed in TBS-T and
exposed to secondary horseradish peroxidase (HRP)-conju-
gated antibodies: goat anti-rabbit IgG-HRP (1:50,000, Abcam,
number ab6721) or rabbit anti-mouse IgG-HRP (1:100,000,
Sigma, number A9044) for 2 h at room temperature. Mem-
branes were developed using Clarity Western ECL reagent
(Bio-Rad). For semi-quantitative analysis, the images were
acquired by Amersham Biosciences Imager 600 (GE Health-
care) with automated high dynamic range operation and con-
trol of image intensity saturation and the intensities of individ-
ual bands were determined by densitometry using Gel Analyzer
in ImageJ software (NIH, Bethesda, MD). Some images not used
for quantitative analysis were acquired by exposure to autora-
diography film. Experiments for semi-quantitative analysis
were repeated three times and acquired on the same membrane
to avoid assay to assay variability. Results shown in other blots
show representative results of more than three repeats with the

exception of the experiment shown in Fig. 3, D and E, which was
performed once.

RT-PCR

Total RNA from cell lysates was isolated using RNeasy Mini
Kit with on-column DNA digestion (Qiagen, Germantown,
MD) and reverse transcribed using SuperScript IV Reverse
Transcriptase and random hexamer primers (both Invitrogen)
according to the manufacturer’s instructions. RT-PCR was car-
ried out using Platinum Green Hot Start PCR 2	 Master Mix
(Invitrogen) and 200 nM primers using cycling conditions as
follows: initial denaturation 2 min at 94 °C followed by 25–35
cycles of 94 °C/30 s, 60 °C/30 s, 72 °C/60 s, and a final extension
step for 10 min at 72 °C. The products of the PCR were sepa-
rated on 2% Ultrapure Agarose (Invitrogen) in 1	 TAE at 100 V
and visualized using GelGreen Nucleic Acid Stain (Biotium,
Fremont, CA) on a SmartBlue Transilluminator (Accuris
Instruments, Edison, NJ). The primers are listed in Table S1.
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Target Forward 5’-3’ Reverse 5’-3’ 
Amplicon 

(bp) 

BDNF (h) GTCCAGGGTGATGCTCAGTA GCCTTTTGTCTATGCCCCTG 335 

B4GALT1 (h) AGAGGGTCAGGCAGATCTCA TGCTGTGTTGGTCTGGTAGC 106 

B4GALNT3 (h) CAAGCCCTGAGGACTGACTG GACACATACTCCGAGAGCCG 254 

B4GALNT4 (h) TACCACTCCAAGAGGGGCAT AATCATCGCAGAGTGGGGAC 285 

CHST8 (h) CAGCACCTACACCAAGATGC TCCCAGTGAATGTCCATCCC 243 

CHST9 (h) TATCGACCAAATGCCTGTGA TCTCACGACTTGAGCATTGG 297 

B4GALT1 (r) TTTTGGAGGTGTCTCCGCTC AAGGCGCATCGTTTCCTTTG 250 

B4GALNT3 (r) TGAATTCTGGCTGAGTCGTG CCTCATCGTTCTGCTTGTGA 188 

B4GALNT4 (r) AAGCCTCTGCCCAGAGTACA ACTGGGGGCCTTAGTTCTGT 101 

CHST8 (r) GGACCATGTTAGCCGTCTGT TCCGAGAAAGGCTTCGAGTA 282 

CHST9 (r) CAAAGGCTGGCTGCTCTAAC AATTGCCTTCCCAAACACTG 269 

18s rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 151 

 

Table S1. Primers used for RT-PCR. (h) human; (r) rat. 
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Figure S1. Fragmentation spectrum of sulfated LacdiNAc on the proBDNF glycopeptide in positive mode. 

Insert shows magnified regions of the HR spectrum containing the sulfated GalNAc fragment (theoretical 

m/z 284.0435) 
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Figure S2. Fragmentation spectrum of tryptic glycopeptide NYLDAANMSMR of proBDNF produced in 

HEK293F cells with one (A) or both (B) Met residues oxidized. (C) HCD fragmentation spectrum of the 

major glycoform GalNAcβ1-4GlcNAcβ1-R (LacdiNAc) modified by fucosylation (at two positions) and 

sulfation (m/z 1132.42) at higher collision energy (25% NCE) showing peptide-specific fragments (Peptide-

HexNAc, m/z 1520.64 and Peptide-HexNAc-Fucose, m/z 1666.68) confirming Met oxidation in peptide 

backbone and the presence of core fucose. 
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Figure S3. Presursor profile of the tryptic glycopeptide NYLDAANMSMR (Met not oxidized) of the 

prodomain of BDNF expressed in the HEK293F cells. 
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Figure S4. Expression of mRNA of enzymes related to formation of sulfated LacdiNAc in HEK293F (A) 

and PC12 (B) cells by RT-PCR. (1) β(1,4)-N-acetylgalactosaminyltransferase 3 (B4GALNT3); (2) β(1,4)-

N-acetylgalactosaminyltransferase 4 (B4GALNT4); (3) carbohydrate sulfotransferase 8 (CHST8); (4) 

carbohydrate sulfotransferase 9 (CHST9);  (5) β(1,4)-galactosyltransferase 1 (B4GALT1); (6) 18s rRNA. 
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Figure S5. Effect of inhibitors on the glycosylation of NYLDAANMSMR peptide of proBDNF: (A) 

Inhibition of sulfation by 50 mM sodium chlorate; (B) Inhibition of α Mannosidase I by 1 µg/ml kifunensine 

(unassigned peaks originate from peptides that co-elute with proBDNF). 
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Figure S6. Secreted BDNF/ proBDNF in the conditioned media of stably transfected HEK293F cells 

cultured in the presence (+) or absence (-) of 1 µg/ml proprotein convertase inhibitor (PCI). PCI prevents 

cleavage of proBDNF but not its secretion. Arrows point to the position of proBDNF and mature BDNF. 
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