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ABSTRACT

We have examined the biosynthesis.. post-translational processing and sorting of

neurotrophins in both constitutive and regulated ceUs infected with a pro-NGF, pro­

BDNF and/or pro-NT-3 encoding vaccinia virus. Our results show that: 1) pro­

BDNF is generated as a 32 kDa precursor that is N-glycosylated and glyco-sulfated

in its prodomain. The precursor undergoes N-terminal cleavage to generate mature

BDNF (14 kDa) as weil as a truncated form of the precursor (28 kDa). 2) Both 32

and 28 kDa BDNF are released into media and are able to stimulate TrkB auto­

phosphorylation. 3) The production of 28 kDa BDNF. unlike that of mature BDNF.

occurs in the ER and is generated by a nover enzyme called subtilisinlkexin isozyme­

1 (SKI-l) at the RGLT57J,SL site. 4) Results obtained l'rom pulse-chase experiments.

secretagogue-induced release. and immunocytochemistry suggest that.. NGF and NT­

3 are primarily secreted constitutively while BDNF is principally directed to the

regulated secretory pathway. 5) In contrast to homodimeric NT-3. NT-3/BDNF

heterodimer is primarily soned to the regulated secretory pathway suggesting that tor

the NT-3IBDNF heterodimer. the presence of a single proBDNF chain is sufficient

for packaging into large dense-core secertory vesicles and subsequent regulated

release. 6) Blocking turin activity in AtT-20 cells \'-ith a I-PDX as weil as incrcasing

the level of t:xpression of NGF and NT-3 prt:cursors partiaily directed them into the

regulated 'i~crctory pathway. Therefore. nClIrotrophins can he sorted into cithcr the

constitutive or regulated secretory pathways. and sorting May be regulatcd by the

efficiency of tOOn cleavage in the TGN. This mechanism May c:xplain how m~uron­

generated neurotrophins cao act both as survival tàctors and as neuropeptides.
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RESUMÉ

Nous avons étudié la biosynthèse.. les modifications post-traductionnelles et le

routage cellulaire des neurotrophines en infectant des cellules à voie constitutive ou

régulée par les virus de la vaccine recombinants pro-NGF. pro-BDNF et/ou pro-NT­

3. Des marquages métaboliques suivis d'immunoprécipitations et d'analyses sur gels

dénaturants ont permis de montrer que: 1) le pro-BDNF est synthétisé sous la forme

d'un précurseur de 32 kDa N-glycosylé et glyco-sultàté et engendre par clivage N­

terminal le BDNF mature ainsi qu'un intermédiaire de 28 kDa.. 2) les formes de 28 et

32 kDa sont sécrétées et capables de stimuler l'auto-phosphorylation de TrkB .. 3) la

torme de 28 kDa. contrairement au BDNF mature. est produite dans le RE et est due

à un clivage au sile RGLT57.1SL par une nouvelle enzyme.. SKI-l (subtilisinlkexin­

isozyme-l). Des expériences de marquages suivis d'une chasse. de sécrétion induite

et d'immunocytochimie suggèrent que: 4) le NGF et la NT-3 sont essentiellement

sécrétés constitutivement alors que le BDNF transite par la voie régulée.. 5)

contrairement aux homodimères NT-3. les hétérodimères BDNFINT-3 transitent par

la voie régulée. ce qui suggère que la présence d'une molécule de BDNF par

hétérodimère suffise à conduire à leur accumulation au sein de vésicules denses et à

leur sécrétion par la voie régulée. Entin.. 6) le blocage de l'expression de la furine par

l'a I-PDX dans des cellules AtT-20. ainsi qUl; t'augmentation de l'expression des

précurseurs du NGF et de la NT-3. mènent au [outage d'une partie de ces précurseurs

par la voie régulée. Les neurotrophines peuvent donc emprunter les \'oies

constitutive ou régulée et leur routage être atTecté par l'efficacité de clivage de leur

précurseur par la furine dans le TGN. Cc mécanisme pourrait expliquer comment les

neurotrophines synthétisées par les neurones peuvent agir en tant que facteur de

survie ou de neuropeptide.
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RATIONALE AND OBJECTIVES:

The main purpose of this study was to detennine how NTs are produced.. soned and

released in cells containing both constitutive and regulated secretory pathway.

including hippocampal neurons. NTs have been traditionally considered as trophic

tàctors released constitutively by neuronal target tissues and are necessary for

survival and differentiation of innervating neurons. [n the CNS. NTs are produced

exclusively by neurons and there are increasing evidence considering NTs as a

potential modulator of synaptic plasticity. a role which reqires the regulated release

of neurotrophins. A precise interpretation of these new data requires a deep

understanding of how neurons produce and release NTs. Our main objectives in this

thesis are:

1) To detennine the biosynthesis and post-translational moditication of proBDNF and

compare it with previous published data obtained in our lab for proNGF and proNT-

2) Ta determine how NTs are soned and released by hippocampal neurons.

3) To determine the mechanism underlying soning ofNTs.

~) To determine the sor;.ing tàte ofNGFIBDNF and NT-3/BDNF hcterodimers.
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CHAPTER 1

LITERATURE REVIEW

PREFACE

The aim of this chapter is to provide background to the work presented in the

following chapters. The tirst part provides a general introduction to Neurotrophin

(NT) family and their receptors.. with an emphasis on their differential roles in

neuronal survival and synaptic plasticity. [ will also review relevant literature on the

processing and sorting of NTs. The second part provides a literature review on

proprotein convertases (PCs). which we now know process pro-NTs. The third part

summarizes relevant literature on protein sorting within constitutive and regulated

secretory pathway.. with an emphasis on the mechanism of sorting. Taken together.

this intormation will help establish the rational and objectives of the thesis.
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NEUROTROPHINS

Neurotrophins (NTs) are an important family of neurotrophic tàctors that regulate

neuronal survival~ differentiation and plasticity in both the peripheral (PNS) and

central nervous systems (CNS: reviewed by Levi-Montalcini~ 1987; Thoenen 1995:

Snider and Lichman (996). This family of proteins includes nerve growth factor

(NGF).. brain-derived neurotrophic factor (BDNF).. neurotrophin-3 (NT-3).. and

neurotrophin-4/5 (NT-4/5). NTs are small (-13 kDa) and highly basic (Pl 9-10.5)

proteins that naturally exist as homodimers (and possibly heterodimers: Bothwell

and Shooter (977). NTs exen their biological activity by inducing dimerization and

autophosphorylation of their appropriate Trk receptors (Jing et al.~ (992). Activated

Trk receptors in tum initiate a cascade of intracellular events. which ultimately affect

the survival.. differentiation. and morphology of the neurons ~xpressing them. NTs

have common structural features and share -500/0 sequence identity. Six cysteine

residues in the mature domain of the NTs are conserved. giving rise to three disultide

bonds that stabilize the three dimensional structure of the protein (McDonald et al..

1991).

Nenre Growth Factor

Nervc gro"1h factor (NGF) was the tirst membcr of NT tàmily to be discovercd

almost half a century ago. Levi-Montalcini and Hamburger ( (951) discovcred that

mousc sarcoma fragments implanted into the body wall of chick embryos induce

enlargerncnt of neurons in dorsal root and sympathetic ganglia. This tinding

suggcsted the presence of a soluble growth tàctor from sarcoma cells that could

influence neuronal growth. The putative factor was named nerve growth tàctor

(NGF). Subsequent work showed that co-culturing superior cervical ganglia (SCG)

or dorsal root ganglia (DRG) next to the mouse sarcoma induced a hallo of

outgrowing neuntes l'rom the ganglia (Levi-Montalcini and Hamburger (953). This

in-vitro bioassay was used as a bioassay for purifying NGF l'rom mouse
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submandibular glands, which are a rich source of the protein (Cohen and Levi­

Montalcini 1956; Cohen (960).

ln the PNS, NGF is made by tissues that are innervated by NGF-dependent

neurons (sympathetic neurons and a sub-population of sensory neurons; Levi­

Montalcini, 1987). The level of NGF synthesis in these tissues is extremely low (- 1

ng/g tissue). NGF sensitive neurons express the high-affinity NGF receptor. TrkA

(Kaplan et al.. 1991). [n the CNS. NGF acts on cholinergic neurons in forebrain.. that

project to the hippocampus and neocortex and that are involved in learning. memory

and attention. Substantial evidence suggests that NGF is a target-derived

neurotrophic factor for these neurons. which express TrkA. The expression of NGF

in the brain is mostly restricted to hippocampus and neocortex (Phillips et al.. 1990).

8rain-derived neurotrophic factor

Because NGF only supports a limited set of neurons. the existence of additional

neurotrophic lactors has long becn postulated. Howcver. the identification of such

tàctors was hampered by their extremely low abundance. It took a long time and

much elTort to isolate and characterize from brain extracts the next member of the

tàmily. brain-derived neurotrophic tàctor (H DNF: Barde et al.. 1982). BDNF's

primaI)" structure is similar to that of NGF. BDNF is absolutely conserved among

mammals implying remarkably strong evolutionary constraints on its structures

(Yancopoulos et al.. 1990). ln contrast to other NTs. BDNF expression is mostly

restricted to CNS neurons. hs expression is relatively low in the embryo. but

incrcases significantly after birth to reach its highest in the adult (yancopoulos et al..

1990). Expression is highest in the hipnocampus and cortex. two regions known to

undergo synaptogenesis during development. implicating BDNF as an important

molecule in this process (McAllister et al.. (999). BDNF expression in brain is much

higher than that of NGF: for example. in the adult mouse hippocampus BDNF

mRNA is at least 50 times more abundant than the NGF mRNA (Hoter et al.. 1990).

3
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The biological actions of BDNF are distinctly different from that ofNCr. In

particular~ BDNF supports the survival of retinal ganglion ceUs and placode-derived

peripheral sensory neurons. which are not affected by NGF. BDNF can also be

anterogradly transported (Altar et al.. 1997; Smith et al.. 1997: Fawcett et al.. 1998:

Caleo 2000). is able to elicit an action potential in central neurons (Kafitz et al..

1999). and can modulate synaptic plasticity (reviewed by McAUister et al.. 1999).

Neurotrophin..3 and other members of Neurotrophin family

The highly conserved sequences of NGF and BDNF led to the rapid cloning of the

other members ofmammalian NT family including NT-3 (Maisonpierre et al.. 1990)

and NT-4/5 (Berkemeier et al.. 1991: lp et al.. 1992). The same strategy has been

used to clone NT-6 (Gotz et al.. 1994) and NT-7 (Lai et al.. 1998) in tish. These new

members of the NT tàmily were cloned and sequenced without prior puritication of

the proteins.

When the sequences of NT-3 and NT-4 were analyzed. the common

characteristics were revealed with NGF and BDNF. ln addition to a 50% identity in

primary biochemical sequence. the protorms of these neurotrophins contain a

proteasc clcavage sequence (Arg-X-Arg/Lys-Arg) which joining the prodomain with

the mature domain. Cleavage at this site gives rise to the mature NTs. The protorms

of the NTs also contain a conserved N-linked glycosylation site just cight amino

acids upstream of the putative c1eavage site. Similar to BDNF. mature NT-3 is also

absolutely conserved in mammals. This extreme degree of evolutionary conservation

has not been reported for any other secretory proteins (Yancopoulos ct aL 1990).

Similar to NGF. NT-3 is wide1y expressed in both neuronal and non-neuronal

tissues. The expression pattern of NT-3 in CNS is essentially reciprocal to that of

BDNF. in that levels are high in the embryonic brain and dramatically decreases as

neurons mature. The highest level of NT-3 expression correlates with those crucial

periods in early neural development in which neurogenesis. and neuronal

4
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differentiation occur. Thus.. NT-3 might he involved in regulating the proliferation or

differentiation of neuronal precursors (Maisonpierre et al... 1990; Yancopoulos et al..

1990).

Neurotrophin bomo- and hetero-dimerization

The NT family belongs to the cysteine knot super làmily. a large tàmily of proteins

with a conserved core of three intertwined disulfide bonds. Members of this family

include transforming growth tàctor _ (TGF- ~. platelet-derived growth factor

(PDGF). and human choriogonadotropin <hCG). Ail cystine knot growth tàctors are

non-globular _-sheets and exist as homo- and heterodimers (Cheifetz et aL 1987:

Cleason-Welsh et al.. 1989: Ogawa et aL 1992). The dimers of these factors are held

together by an inter-subunit disullide bridge. In contrast. NTs exist in solution as

non-covalent but very stable dimers (Bothwell and Shooter 1977: Radziejewski et

aL 1992). NT dimerization seems to be essential for the dimerization and the

activation ofTrk receptors (Jing et aL 1992).

X-ray crystallography of mouse NGF <McDonald et aL 1991) revealed that

each NGF subunit is made up by two pairs of anti-parallel _-shect strands that

conlribute to the molecule's nat and elongated shape. The aminl) acid residues

involved in the ~ydrophobic dimer intertàce are highly conservcd among ail NTs. in

contrast to the more variable and exposed loop rcgions. This high degree of

similarity at the dimer interface and also similarities among members of the cystine

knot tàmily suggest that NT heterodimers might also occur. The tormation of NT

heterodimers was originally explored in vitro by two scparatc studies (Radziejewski

and Robinson 1993: Jungbluth et al.. 1994) in which ail four NTs were tound to

readily form heterodimers. Homodimer subunit exchange was promoted by treatment

with urea. low pH. acetonitrile or guanidine hydrochloride. Heterodimers containing

NGF protomer were less stable than heterodimers of the other NTs and gradually

rearranged ioto the parent homodimers. Il was later demonstrated that NGF. BDNF

and NT-3 are ail capable of forming heterodimers intracellularly when mammalian
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cells were co-infected (Jungbluth et al.~ (994) or co-transfected (Heymach and

Shooter (995) with constructs coding for the proforms of the proteins.

The NT-3/BDNF heterodimer~ which is highly stable. interacts with the

extracellular domains of the TrkB and TrkC receptors (Philo et al.. (994) and

induces TrkB autophosphorylation similar to that of BDNF or NT-3 homodimers

(Arakawa et al.. 1994). hs action was also indistinguishable from the homodimers in

DRG and SCG neuronal survival assay. However. Jungbluth et al.. (1993) showed

that NT-3/BDNF is at least ten times less active compared with a mixture of BDNF

and NT-3 homodimers in ail neuronal survival assays that were used. The

heterodimer was still able to internet with TrkB and TrkC receptors as efficiently as

the BDNF and NT-3 homodimers. Adding to the complexity. NT-3/BDNF

heterodimer behaved like NT-3 in the sympathetic neuron survival assay. whereas it

was intermediate between the two homodimers in promoting dopamine uptake in

cultures of rat substaotia nigra (Arakawa et al.. 1994).

One intriguing question is whether NT heterodimers fonn in vivo. The

finding that different NTs cao he simultaneously produced by the same cell (Kokaia

et al.. 1993: Miranda et al.. (993) and also the finding that certain heterodimers are

biologically active suggests lhal heterodimers may form in vivo. However. the

cxtremely low levcl of NT ~xpression makes it almost impossible to detect NT

hcterodimers in vivo.

Neurotropbin receptors

NT-responsive neurons possess at least two kinds of receptors. low-affinity and high­

affinity receptors with a molecular weight of approximately 75 and 140 kDa.

respectively. The 75-kDa protein (P75. also called the low-affinity neurotrophin

receptor P75 lNTR
) is a trans-membrane glycoprotein. which shares structural

homology to the tumor necrosis factor receptor (Chao (994). The P75 receptor lacks.

at its cytoplasmic domain. a kinase domain required for intracellular signal
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transduction. However~ it can facilitate ligand binding to and enhance signaling

through high affinity Trk receptors and also initiate signaling through the ceramide

pathway (Chao and Hempstead 1995). P75 receptor contains an intracellular region

resembling the death domain found in apoptotic receptors (Chapman 1995). Recent

in vitro and in vivo studies have shown that P75 receptor can mediate apoptosis

(Barret and Barlett 1994: Frade and Barde 1999). Recently ~ a novel protein was

identified (NARGE: Neurotrophin Receptor-interacting MAGE homolog) which is

interact with the P7S receptor and is required for P75 receptor-dependent apoptosis

(Salehi et aL 2000). The 140-kDa protein tyrosine kinase-containing receptor (Trk)

is able to mediate the effects of NTs acting alone (Kaplan et. al.. (991). TrkA. the

first receptor discovered~ mediates the biological effects of NG F. Two other

members of the Trk receptor family (145-kDa proteins) were discovered later and

named TrkB (Klein et al.. 1989; 1991) and TrkC (Lambelle et al.. (991). TrkB

specitically binds BDNF or NT-4/5 and TrkC specifically binds NT-3. [n addition to

binding to TrkC. NT-3 also activates TrkA and Trk B to a lesser extent.

Trk receptors mediate almost ail of the biological activity of NTs. Consistently:

transgenic mice lacking functional Trk receptors show almost identical phenotypes

to those having a null mutation for NTs (Snider 1994). Consistent with the very

restricted expression of NGF. TrkA expression is also rcstricted to only a very few

neuronal types in the c~s. [n contrast. TrkB and TrkC are widely distributed

throughout the brain (Klein et al.. 1989: 1990: 1991). Upon binding. NTs induce

dimerization and phosphorylation of their cagnate Trk reccptors. Activated receptors

in tum initiate a cascade of intracellular signais via multiple signaling pathways

(Segal and Grecnberg (996).

Each trk gene is capable of producing multiple transcripts. Aiso. truncated torms

of TrkB and TrkC receptors exist that lack intracellular kinase domains (Chao and

Hemstead (995). Truncated receptors are present on glial cells and could potentially

modulate NT activity by controlling the amount and duration of NTs availability to

the NT-sensitive neurons (BitTo et al.• 1995).
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PHYSIOLOGY OF THE NEUROTROPHINS

Neurotropbins as survival fa~tors

In the vertebrate nervous system. neurons are initially overprodueed. and a large

number are eliminated during a period of developmentally prograrnmed eell death

(Oppenheim. 1991). This entieal period coincides with the formation of synapses

between neurons and their targets. A limited number of survival tàctors. including

the NTs. are released by targettissues and ean suppress the cell death program in

innervating neurons (reviewed by Vuen et al.. 1996). These factors are released in

small amounts. which forces neurons to compete with each other for a limited

supply. The dependenee of neurons on factors derived from their targets is the basis

of the nellrotrophic: hypothesis. Neurotrophic tàctors are produced not only by non­

neuronal target ceUs. but also by neurons.

In the PNS. injection ofNGF antibody into pregnant rats (Levi-Montalcini et

al.. 1960) almost completely eliminates SeG neurons. and aiso reduces the size and

number of the sensory neurons. Consistently. transgenic mice carrying a disrupted

NGF or trkA gene show severe sensory and sympathetk ncuropathies (Smeyne et al..

1994). On the other hand. oV;"l~"pression of NGF in sympathetic target tissues

causes hypertrophy of synlpathetic neurons (Albers et al.. 1994).

ln the CNS. NGF expression is rcstricted to subpopulation of ncurons in

cortex. hippocampus and olfactory bulb (Large et al.. 1986: Whittemore and S~iger

1987) ail targcts of basal forebrain cholinergie neurons. The later projection ncurons

express mRNA for both p75 and TrkA receptors (Hefti et al.. 1986: Kordower et al..

1994; Sobreviela et aL 1994: Holtzman et al.• (995). Accordingly. it was proposed

that NGF produced in the hippocampus was necessary for the survival of the basal

forebrain cholinergie neurons. and that retrograde mechanisms were responsible for

this survival response (Hefti et al.. 1989).
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Further works on NT and trk knockout mice showed depletion of specifie

subsets of peripheral neurons homozygous for NTs or trk genes (reviewed by Snider

1994). [n contrast~ the survival of CNS neurons appears to be unaffected by a

deletion of a single member of NT fam ily.

Neurotropbins and synaptic plasticity

Despite considerable evidence that neuronal activity int1uences the organization and

function of circuits in the developing and adult brain~ the existence of extracellular

signaling molecules that translate activity into structural and functional changes in

synapses rernain unknown. [n recent years~ NTs have emerged as attractive

candidates for such signaling molecules (reviewed by Lo 19')5~ Thoenen 1995.

Bonhoeffer 1996. Snider & Lichtman 19')6. McAllister et al.. 1999). As a mediator

ofsynaptic plasticity. NTs must fultill at least three criteria (McAllister et al.. 19(9):

First. the expression of NTs and their receptors must be in the relevant aceas in the

CNS during times of developmental or adult plasticity. Second. NTs must be able to

regulate aspects of neuronal function that change activity in neuronal plasticity.

including neuronal morphology and connectivily. membrane excitability and

synaptic function. Finally. NT expression and secretion must be activity dependent.

While recent cvidence suggests that BDNF can fultill almost ail of thesc

requirenlents. convincing evidence does not exist lor the synaptic modulatory raie of

other NT:.> (see below).

Distribution of NTs and tbeir receptors in CNS

Whereas NGF expression is rnostly restricted to defined areas of the CNS. BDNF

and NT-3 as weil as their receptors (TrkS and TrkC) are widely expressed especially

in areas of the brain that undergo plasticity such as cerebellum. hippocampus. and

cerebral cortex. BDNF (Emfors et al.. 1')90: Maisonpierre et al.. 1990) and its
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receptor (TrkB; Klein et al.• 1989; 1990) is the most widely distributed of the NTs in

the mature brain. Highest levels of expression are in hippocampus and other

projection areas of basal forebrain cholinergie neurons. where the expression of

BDNF mRNA is estimated to be at least 50 times greater than NGF's mRNA (Hofer

et al.. 1990). The expression of NT-3 is greater than NGF but lower than BDNF

(Maisonpierre et al.. 1990).

ln addition to their specific patterns of expression in the adult CNS. NTs and their

receptors are developmentally regulated (reviewed by Davies 1994). BDNF and

NGF mRNA levels signiticantly increase postnatally. while over the same time

period. the expression ofNT-3 is down regulated (Maisonpierre et al 1990. Friedman

et al 1991).

Regulation of neurotrophin synthesis by at:tivity

[n the CNS. in contrast to PNS. NTs are predominantly expressed by neurons under

physiological conditions (Thoenen et al.. 1987. Philips et al.. 1990). Regulation of

NT expression by neuronal activity was tirst discovered in the hippocampus. NGF

and BDNF (but not NT-3) m~l\lA levels are rapidly and signiticantly increased aner

limbic scizurcs in the hippocampus (Emtors cl al.. 1991: Isackson et al.. 1l)l) 1 ). The

transient up-regulation of BDNF mRNA is particularly dramatic. achieving more

than a 6-fold increase within 30 min atler seizure activity bcgins (Emtors ct al..

1<)91). lntcrestingly. similar manipulations decrease NT-3 mRNA expression

(Castren et al 1993. Elmer et al 1996. Mudo et al 1996). In rats. expœssion of TrkB

and TrkC transiently increasc bctween postnatal day 1 (P 1) and P14 in several

dinèrent brain regions. correlating with maximal neuronal gro\\llh. ditTerentiation..

and synaptogenesis (Ernfors et al 1990. Dugich-Djordjevic et al 1992. Ringstedt et al

1993. Altar et al 1994. Knusel et al 1994). Manipulations mimicking neuronal

activity are panicularly effective in regulating NT expression in dissociated neuronal

cultures. Depolarization of cultured hippocampal neurons and cerebellar granule

ceUs dramatically increases the levels of BDNF and NGF mRNAs (Lu et al 1991.
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Zafra et al 1991. 1992. Berzaghi et al 1993. Beminger et al 1995. Bessho et al 1993.

Lindholm et al 1994). Conversely. BDNF and NGF levels are down regulated in the

presence of ô-aminobutyric acid (GABA) through activation of GABAA receptors

(Zafra et al 1991. 1992. Berzaghi et al 1993. Beminger et al 1995).

More physiological levels of activity have also been shown to strongly

regulate BDNF mRNA levels. However. NT-3 is not directly regulated by neuronal

activity (Lindholm et al.. 1994). Induction of long-term potentiation (LTP) in

hippocampal slices for example. rapidly and selectively increases BDNF mRNA

levels. with little or no eiTect on the other NTs (Patterson et al 1992. Castren et al

1993. Dragunow et al 1993). Physiological stimuli. such as light. also regulate the

expression of BDNF and TrkB in the visual system (Castren et al 1992. Schoups et al

1995. Bozzi et al 1995. Rocamora et al 1996).

Effe~ts of A~tivityon Neurotrophin Se~retion

[n the PNS. NGF is synthesized in a variety of neuronal target tissues containing

only constitutive secretory pathway (reviewed by Levi-Montalcini 1987). and the

regulation of synthesis and release is independent of neuronal input (Shelton and

Reichardt 1986. Rohrer et al.. 1988). Accordingly. NGF is released constitutively

and in a calcium-independent manncr (Barth et al.. 1984). However. rceent evidence

suggcsts that in the CNS. NTs are primarily produced by ncurons and lhey may be

releascd through regulatcd sccretory pathways. Using enzyme linked immunosorbent

assays (ELISA) technique: Blochl and Thoenen (1995) have shown that NGF is

secreted by prirnary cultures of hippocampal neurons. overexpressing NGF. in both

constitutive and regulated pathways. The activity-dependenl secretion of NGF is

induced by KCI. carbacol. or glutamate and showed sorne unusual teatures distinct

frorn those of the regulated secretion of neurotransrnitters and neuropeptides

(DeCamilli and Jahn 1990. Thureson-Klein and Klein 1990. ~Iatteoli and Decamilli

1991). The secretion is independent of extracellular calcium but dependent on

extracellular sodium. Further. by immunohistochernistry. NGF is localized in ER..
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Iike compamnents in both perikaryon and neuronal processes (Blochl et aL 1996). In

contrast to the previous report. Goodman and colleagues (1996) showed that in

BDNF-overexpressing hippocarnpal cultures BDNF secretion is increased at least

five fold by depolarization. in a calcium-dependent manner. Consistent with this

evidence. endogenous BDNF in hippocampal neurons has becn localized to large

dense-core vesicles. which are potentially capable of undergoing regulated release

(Fawcett et al 1997. Smith et al 1997). In other studies. over~xpressed NGF. BDNF

and NT-3 could undergo calciurn-dependent regulated release in response to

secretogogues (Heymach et aL 1996). Further immuno-histochemical techniques co­

localize ail of the over-expressed NTs within LDCVs (Moller et al.. 1998).

There is also sorne evidence that NTs themselves can cause the release of

NTs (Canossa et al.. 1997: Kruttgen et al.. 1998). Addition of NT-3 or NT-4/5. but

not NGF. increased the release of BDNF in hippocampal cultures intected with an

adenovirus expressing BDNF (Canossa et al.. 1997). The non-NMDA channel

blocker drug. blocked glutamate induced release of BDNF. but had no effect on NT

induced release suggesting that NT induced release of NT is not acting indirectly

through the activation of glutamate (Canossa et al.. 1997).

Togcther. the in vitro data suggest that NTs have the ahility to be soned

\.vithin the regulated secretol1' pathway. However. caution must h.: caken to interpret

the experiments dcscribed abov~. rvlany of them have relied on overexpression of

NTs in dissociated cultures and rclease evoked by strong. non-physiological stimuli

such as chronic depolarization. Accordingly. thcre is little evidence to suggest

whether endogenous NTs cao be soned and released by regulated secretory pathway

in vivo. The only suggestion for the regulated release of endogenous NTs comes

l'rom localization of endogenous BDNF which is localized in large dense-core

vesicles of a.xon terminais in lamina Il of lumbar spinal cord (~lichael et aL 1997)

and in the LP2 fraction of rat synaptosomes isolated from rat brain (Fawcett et al..

1997). So far. nothing is known about the sorting ofendogenous NGF and NT-3.
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Neurotropbin regulation of synapti( plasticity

Short term effects

NTs have both shon and long term effects on synaptic transmission and the intrinsie

excitability of target neurons. Lohof and eolleagues ( (993) were the tirst to show a

direct influence of exogenous BDNF and NT-3. but not NGF. on synaptic

transmission in neuromuseular synapses. Later. several other groups demonstrated

that aeute application of exogenous BDNF. NT4/5. or NT3 can alter or potentiate

synaptic transmission in rat hippocampal cultures and slices (Lessmann et aL 1994:

Kang and Schuman. 1995: Levine et aL 1995). Kang and Schuman (1995) round

that BDNF and NT-3. but not NGF. potentiate glutamatergic transmission at Sehaffer

collateral-CA 1 synapses in adult rat hippocampal slices via what appears to be a

presynaptic mechanism. The effects of BDNF and NT-3 are rapid. increasing

synaptic efficacy by 3-told within 1 hr of NT application. With regard to potentiation

of synaptic strength in CA 1. BDNF and NT3 seem to he equally etTective. However.

using two highly specifie. function-blocking antibodies against BDNF and NT3.

Chen et al.. (1999) show that only BDNF but no other NTs are Iikely to be involved

in potentiation of these synapses.

NTs may be important in the normal dcvelopmcnt of LTP. Work with mice

carrying a null mutation in NT genes showed that the lack of ~ndogenousBDNF (but

not the other NTs) leads to impaired LTP (Kortc et al.. 1995: Patterson et al.. 19(6).

lmponantly. it was also shown that re-expression of the BDNF gene (Kone et al..

1996) or treatmcnt of slices with recombinant BDNF (Patterson et al.. 1996) werc

both able to restore LTP in sliees taken from BDNF-deficient mutant mice. In

contrast. a conditional knock out of the NT-3 gene tàiled to show any involvement of

NT-) in synaptic transmission or LTP in the adult rat hippocampus (Ma et al.. 1999).

Long term effects: .~/orph%gical p/asticity
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NTs have also potent long-tenn (stays for days or more) effects on the signaling

properties of target neurons especially their strong regulatioll ûf gene expression and

neuronal morphology. The long-term regulatory effects of NGF on the morphology

of bolh developing and adult PNS neurons are well known (reviewed by Purves et

aL (988). Similar. but more complex. morpho-regulatory etTects of NTs have been

reported in CNS (McAliister et al.. 1995). NTs promote a.xon growth and branching.

Cohen-Corey and Fraser (1995) showed that substantial increase in collateral

arborization of .Xenopus retinal ganglion cell a.xons take place in resPOnse to tectal

application of BDNF. Interestingly. BDNF stimulates a.xon arborization at the lime

when synaptic connections are normally being established and remodeled. Adding to

the complexity. robust growth promoting etlècts ofNTs on dendrites have also been

observed (Snider 1988: McAllister et al.. 1995). NTs rapidly increase the length and

complexity of dendrites of pyramidal neurons in the developing neocortex

(McAliister et al.. 1995). On the olher hand. removing the eftècts ofendogenous NTs

by using Trk "receptor bodies" showed dramatic changes on cortical dendritic

arborization. (McAllister et al.. 1997).

NTs have alsn been hYPolhesized to regulate the number of synapses per

neuron. In transgenic mice over-expressing BDNF. in noradrenergic neurons using

the dopamine-fl-hydroxylase (DBH) promoter. the number of synapses increased

more than two-told (Causing et al.. 1997). Correspondingly. a decrease in synaptic

innervation densily was tound in BDNF knockout micc.

PROTEIN BIOSYNTHESIS AND POST-TRANSLATIONAL
PROCESSING

Entering the ER

Co-translalional translocation
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Secretory proteins of eukaryotic ceUs are initially expressed as a pre- (pro) protein

with an N-terminai signal sequence, which directs co-transiationai entry of the

protein through a 'translocon' complex into the ER lumen (Blobel and Dobberstein

1975~ Walter and Johnson (994). Once positioned in the E~ the translocated protein

undergo a series of post-translational modification including the removal of signal

peptide. addition of N-link core carbohydrates and transient association with

molecular chaperons which help the nascent protein to l'old correctly. AIl signal

peptides contain a hydrophobie core region.. but.. despite this.. their overall length and

amino acid composition are very different. Signal sequences are usually released

from the precursor protein by signal peptidase during passage of the growing

polypeptide chain through the ER membrane (Dalbey and Heijine 1992: Klappa et

al.. 1996). Recently. it has become clear that signal peptides may even have their

own functions after being cleaved l'rom the parent protein (fvlartogl io and

Dobberstein 1998).

.V-linked glyc:osylation

The covalent addition of N-linked core oligosaccharides to proteins occurs co­

translationally soon after translocation of the nascent polypeptide into the lumen of

the endoplasmic reticulum (ER). The N-glycosylation occurs at Asn residue in the

consensus sequence Asn-X-Serrrhr (where X is any amino acid except prolin~ or

aspartic acid: Komtèld and Komtèld 1985). However. the presence of the consensus

sequence does not ensure glycosylation.. as many proteins contain the sequence

remain un-glycosylated (Allen et al.. 1995). The process begins with the en hloc

transtcr of a high mannose prccursor oligosaccharide (Glucosc2-l\;{annoseq-N­

Acetulglucosamine2) to the proteins cntering the ER lumen. The precursor

oligosaccharide is held in the ER membrane by a special lipid molecule called

dolichol. and the transfer catalyzed by a membrane-bound 'oligosaccharyl

transtèrase' enzyme as early as Asn residue emerges in the ER lumen during protein

translocation (Koml'eld and Komfeld (985). The antibiotic ·tunicamycin· inhibits the

function of dolichol phosphate as an acceptor of N-acetyl glucosamine and thereby
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prevents N-glycosylation (Komfeld and Komfeld 1985). While a role for N-linked

glycosylation in the folding of glycoproteins is widely accepted.. the mechanisms

underlying this function are still unclear. For sorne glycoproteins. N-linked

oligosaccharides are required for their overall stability.. while for others the presence

of the sugars is only needed during the folding process. Sorne proteins. such as (gD.

fold more etliciently without sugars (HeleniusI994).

Qua/ity control

The main job of endoplasmic reticulum is to deliver properly folded proteins to their

site of action and contains a sophisticated quality-control system to monitor and

prevent abnormal proteins from being delivered. ER-associated degradation of

mistolded and incompletely tolded proteins is mainly canied out by the enzyme

·proteasome·. which is located in the cytosol (Kopito 1997). The degradation process

can he divided into two steps: ln the tirst step. mislolded or unassembled proteins are

recognized by ER chaperones such as calnexin and BiP. ln the second step. the

complex then retrotranslocated through the Sec61 channel into the cytosol. to be

degradcd by proteasome enzyme (Plemer et al.. 1997).

From ER to Golgi

Ribosome-frce membranes of the rough ER facing the cis-Golgi art: callcd

transitional elements (TE) and represent the ER exit sites (Bannykh et al.. 1998).

Ncwly synthesized secretory cargo protcins are packaged into coat protein II

(COPII1)-coated vesicles and tubules (Barlowe et al.. 1994). COPII-coated buds

transfonn into coated vesicles that rapidly shed their coats and fuse with ER-Golgi

intermediate compartment (Hauri et al.. 2000). Vntil recendy. secretory proteins

were taught to exit the ER by a detàult or 'bulk-flow' pathway mechanism (Rothman

1 There are several classes of protein coats. which provides driving energy for vesicle buddings. The three
best classes are: 1) COPlI. which mediate ER to Golgi traffie. 2) COPL which mediate retrograde traffie
from the Golgi to the ER and for traffle between the cistema of the Golgi and 3) clathrin whieh mediate
post-Golgi and endocytie vesicular trafficking.
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1987). However. recent data suggest that sorne classes of proteins are actively

recruited into the ER export carriers. Albumin and VSV G, for instance, are

concentrated in ER-derived vesicles of mammalian cells (Mizuno and Singer 1993;

Balch et aL 1994). Such Findings imply that the exit l'rom ER might need sorne

signaIs to he facilitated. ER exit of VSV Gand other cargo molecules. for example.

requires a cytoplasmic. di-acidic (Asp-X-Glu. where X represents any amino acid)

anterograde targeting signal (Nishimura and Balch 1997).

The Goigi-derived COPI vesicles are involved in a retrograde pathway l'rom

Golgi to ER (Cosson et al.. 1998). ER-Golgi intermediate companment is the main

station for COPI-mediated retrograde transport: however. the Golgi and TGN are

also involved to a lesser extent (Griffiths et aL 1995: Shirna et al.. 1999). Such a

pathway is very essential tor the maintenance of ER membranes. and retrieval of

escaped resident ER proteins (Kelly 1999).

Post-translational modification of secretory proteins within Golgi

Glyc:osylalion

En hie\: attachrnent of N-linked oligosaccharide chain and the initial trimming of the

sugar chain occurs in the ER (Kornfdd and Kornfeld (985). Furthcr processing.

additions and modifications. occurs in the Golgi apparatus in a very highly ordered

steps (Balch et ai.. 1984: Komlèld and Komfeld 1985). Further processing of the

sugar chains in the Golgi complex produces two main dasses of N-Iinked

oligosaccharide: 1) High mannose oligosaccharides which contain just two N­

acetylglucosamines and m~ny mannose residues and 2) Complex oligosaccharides

which contain severai N-acetyIglucosamines as weil as a variable number of

galactose and sialic acid residucs and in sorne cases. fucose (Komfeld and Komtèld

1985). The two forms could he distinguished by a highly speci tic endoglycosidase

(Endo H) enzyme. High mannose sugars are Endo H-sensitive while complex sugars

are End H-resistant.
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ln addition to further modifying N-linked oligosaccharides. The O-linked

glycosylation of Thr and Ser occurs in the Golgi apparatus. O-linked oligosaccharide

chains are generally much simpler in structure than N-linked oligosaccharides

(Jentoft 1990~ Van den Steen 1995). Usually. N-acetylgalactosamine is added first~

followed by the addition of more sugar residues.. ranging From just a few to ten or

more.

Pro/eoly/ie proeessing

A variety of polypeptide honnones. neuropeptides. and growth tàctors are initially

synthesized as part of inactive precursor proteins in which biologically active

peptides are flanked by either mono- or di-basic residues. The recent discovery of a

novel family of precursor processing endoproteases has greally improved our

understanding of the complex mechanisms underlying the maturation of precursor­

derived proteins. These proteases are caicium-dependcnl serine endoproteases related

to lhe bacterial subtilisin and the yeast kexin enzymes (reviewed by Seidah et al..

1994: Nacayama 1q97: Zhou et al.. 199Q). and hence have been called

subtilisinlkexin-like proprotein convertases (SPCs) or more simply PCs. So far.

seven members of this làmily in mammals have becn identified and characterized

(tùrin. PC IfPC3. PC2. PC4. PACE4. PC5/PC6. LPC/PC7/PC8/).

~Iamnlalian family of suhtilisinlkexin-like proprotein ~onvertases(PCs)

General structure ofPCs

Ail seven members of pes have weil conserved signal peptides. prodomains.

catalytic domains. and P domains (a downstream domain of about 150 amino acids

required for correct folding and catalytic activity of the protein: Seidah et al.. 1994:

Rouillé et aL 19(5) but differ in their C-terminal domains. The prodomain. is

autocatalytically removed through cleavage al an Arg-X-Lys-Arg-1 site during

maturation of the convertases. This intramolecular cleavage allows pes to exit the
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ER (Vey et al... 1994). However, the prodomain remains allached non-covalently

until the cleaved inactive proenzyme reaches the trans Golgi network (TGN) where

the more acidic and calcium-enriched environment tàcilitates dissociation of the

prodomain (Anderson et al... 1997). A second cleavage within the prodomain then

precludes further inhibitory interactions.. resulting in full activation of the enzyme

(Anderson et aL 1997).

A catalytic domain of approximately 240 residues (Zhou et aL 1999) follows

the prodomain. The catalytic domain is highly conserved: in particular.. the

characteristic catalytic triad of the serine protease (ordered Asp.. His.. and Ser along

the polypeptide chain) are present at corresponding positions in ail members. except

for PC2.. where the Asn residue is replaced by an Asp. The sequences tlanking these

residues are conserved as weil. The sequence substrate for the PCs is Lys-ArgJ.. or

Arg-ArgJ, (Rouillé et al.. 1995. Seidah et al. .. 1998). However.. additional basic

residues at the P4 and/or P6 position also contribute to substrate recognition. Funn

preferentially recognizes the motif Arg-X-Lys/Arg-ArgJ, but also is known to cleave

Arg-X-X-ArgJ, sites in sorne precursors (Molloy et al.. 1992: Nakayama 1997).

The P domain is also weil conserved among eukaryotic convertases..

including yeast Kexin. but is absent in bacterial subtilisins. The \'ariable C-terminal

rcgions of the PCs play a role in their subcellular routing (Cn:~mers ct al. .. 1998:

Seidah et al.. 1998). Towards the C-terminus.. furin. PACE4 and PC5/A and B have a

Cys-rich domain. furin and PC7 also have a transmembrane domain near the C­

terminus and are local ized in the TGN. Another convertase with a transmembrane

domain.. PC5B. is also localized in the Golgi area. although it appears not to

concentrate in the TGN (De Bie et al. .. 1996). PACE4 differs from the above

constitutive pathway convertases in lacking a transmembrane anchor.

Tissue distribution ofpc....·
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The mammalian PCs function in either the regulated or constitutive secretory

pathway. Furin. PACE4. PC5. and PC7 are expressed in a broad range of tissues and

cell lines where their active forms are localized in the TGN and small secretory

vesicles of the constitutive pathway. The expression of PC4 is highly restricted to

testicular spennatogenic cells (Nakayama et aL 1992). In contrast. the expression of

PC 1 and PC2 is Iimited to neuroendocrine system and brain. where they act on

prohormone and neuropeptide precursors in secretory vesicles of the regulated

secretory pathway (Rouille et al.. 1995: Seidah et aL (998).

al-PD~"( a potent inhibitor offllrin-/ike en..-ymes

ln human. the 394- amino acid al-antitrypsin (al-AT) is the physiological inhibitor

of neutrophil elastase (Kurachi et al.. 1981: Perlmutter and Pierce 1989). hs

inhibitory role mediate by the formation of a stable tetrahedral adduct between the

active site Serine of elastase and Mee58 (Ala-lle-Pro-Mee58
) in a I-AT (Matheson et

aL 1991). A naturally occurring mutation. known as a l-AT Pittsburgh. at the a I-AT

reactive site (A!a-lle-Pro-Arg.358). has changed the speciticity of this molecule l'rom

an inhibitor of elastase into an inhibitor of thrombin (Owen et aL 1983). A second

mutation was constructed by Anderson et al.. (1993) which contains in its reactive

site Arg.355_lle_Pro_Arg.35lC. the minimal sequence requir~d tor c:tlicient processing by

furin. This new variant. called al-AT Portland (al-PDX). lS greater than 3000-fold

more etTective (han a I-AT Pittsburgh at inhibiting tùrin in vitro. The tull-Iength a 1­

PDX (64 kDa) is primarily localized within the TGN and inhibits PC-mediated

processing of precursors primarily within the constitutive secretory pathway

(Benjannet et al.. (997).

Constitutive and regulated secretory pathway

Proteins can be secreted from eukaryotic cells by either a constitutive or a regulated

secretory pathway (reviewed by Kelly 1985: Burgess and Kelly 1987: Arvan and

Castle. 1998). In constitutive pathway. proteins are secreted almost as fast as they are
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synthesized in a calcium-independent manner. Since their transport vesicles have

such a short half-life. it is very hard to tind them in Iight or electron microscopy.

Vesicles do not accumulate in a large intracellular pool a..'ld secretion is not coupled

ta extracellular clues (Burgess and Kelly 1987). Alteration of secretion is achieved

by altering the level of protein synthesis. Specialized secretory ceUs such as

endocrine. exocrine and neuronal cells contain a regulated secretory pathway in

addition to the constitutive one. These ceUs are specialized to release. for a brief

period of time. large amounts of proteins at a level much higher than their synthesis

rate. The regulated secretory pathway can be distinguished from the constitutive one

with at least three criteria (Kelly 1985): 1) Newly synthesized proteins destined for

regulated release are retained inside the cell and concentrated as high as 200-fold

during their passage l'rom TGN to the mature secretory vesicle (Salpeter and

Farquhar 1181). 2) The cytoplasm of regulated cells is tilled \Vith secretory vesicles

that have a half-life of days and appears as a punctuate pattern of localization in

immunocytochemistry. The secretory vesicles are large (100-500nm) and due to the

condensation of secretory proteins often appear as electron-opaque in electron

micrographs. which relers as large-dense core vesicles (LDVC). 3) Upon stimulation

by an extracellular signal such as KCl and cAMP. secretory granules fuse. in a

calcium-dependent manner with the plasma membrane and release their contents.

Since regulated cells contain both a constitutive and n,:~ulated pathway. sorting must

exist to target protcin:-; ioto the appropriate pathway (Arvan and Castle 1998).

The mechanism ofsorting in the TGN

Il is now weil documented that regulated proteins must possess sorting signais in

arder to he actively targeted into the regulated pathway. Proteins lacking such sorting

signais will be released through constitutive or default secretory pathway (Griffiths

and Simons 1986: Thiele and Hunner 1998: Traub and Komtèld 1997).

The molecular mechanisms that target a particular protein to the regulated

pathway are poorly understood but at least two non-exclusive theories have been
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proposed. According to the first model. there is linle distinction of secretory proteins

at the level of entry into immature secretory vesiclel
. Subsequent vesicular exit from

immature secretory vesicle via efficient or inefficient means is viewed as the critical

step for differential sorting. Proteins to be sorted to the regulated pathway would

selectively aggregate in the presence of high Cal';' and low pH~ which exist in

immature secretory vesicles (Kelly 1985; Tooze 1991; Yoo (996). Condensation of

regulated secretory proteins is expected to limit the ability of these molecules to

escape from maturing granules and be retained in secretory vesicles while soluble

proteins are removed from maturing vesicle in the process ofconstitutive-Iike vesicle

budding (Tooze and Huttner 1990; Kuliawat and Arvan 1992). The second model

involves a receptor-mediated mechanism in which specifie structural domains wilhin

regulated proteins or protein aggregates recognized by specifie receptors localized on

the membranes of TGN or immature secretory vesicles (Chung et al.. 1989~

Arrandale and Dannies 1994). Mannose-6-phosphate-receptor-mediated sorting of

newly synthesized lysosomal hydrolases into c1athrin-coated vesicles that are

targeted to lysosome represents the c1assical example of this model (Komtèld and

Mellman (989). Recently. carooxypeptidase E (CPE) has been proposed as a sorting

receptor for the regulat\;ù !Ïi"oteins in neuroendocrine ceUs. in a manner completely

independent of its enzymatic activity (Cool et al.. 1997). However. such a potential

role was down played with the fact that in Cp~latl Cpe,at mice (expressing a ePE

point mutant that misfolds and tàils to be exportl.:d from the ER) proinsulin exhibits

normal entry ioto the regulated secretory pathway (Varlamov et al.. 1l)97~ Inningcr

et al.. 1997).

Both models imply that regulated proteins must have structural sorting

signaIs that permit homo- or hetero-aggregation and/or receptor binding in order to

he packaged in LDCV. However. the nature of the sorting signais is nol clear yet.

Comparison of the sequences of proteins released from regulated pathway tàiled to

:! Although it has been widely recognized that the segregation of proteins between the constitutive and

regulated pathways occurs in TGN. more recent evidence suggests that both types of proteins are co­

packaged into immature secretory vesicles (von Zastrow and Castle 1987: Kuliawat and Arvan 1992)
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reveal any conserved common sorting sequences. Nevertheless. a disulfide bond­

stabilized loop in the N-terminal domain of chromogranin B (Chanat et al.~ 1993;

Kromer et al. .. 1998; Glombik et al.. 1999) and pro-opiomelanocortin (POMC; Cool

et al.. 1995) was proposed to be essential for targeting these precursors to the

regulated pathway. There is also emerging evidence considering dibasic cleavage site

of regulated precursors as potential sorting signais. A single mutation of the Arg-Lys

dibasic that is normally processed to yield somatostatin 14 led to the constitutive

release of pro-somatostatin (Brakch et al.. 1994). Similarly. both site-directed

mutations of the native cleavage site of pro-renin and/or the premature removal of

prodomain in TGN (by inserting an Arg at P4 position) prevented the regulated

secretion of renin (Brechler et al. .. 1996). Using the same methodology. Feliangeli

and colleagues (submitted) demonstrated that the dibasic residues in the C-tenninal

domain of pro-neurotensinlneuromedin N are also essential for its sorting to the

regulated secretory pathway. Accordingly. white over-expression of furin diminishes

the etliciency of sorting in the regulated pathway. introducing PC 1 within regulated

secretory ceUs that normally lack PC 1 has becn found to increase the efficiency of

sorting of insulin (Arvan and Castle 1998).

SUMMARY

Neurotrophins (NTs) are traditionally thought to be secretor)- proteins thut rcgulate

long-term survival and differcntiation of neurons. Recent studies have rcvealed a

prcviously unexpected role for NT in synaptic plastieity in a variet)' of neuronal

populations. Nerve growth tàctor (NGF) is a well-documented targct-derived trophic

tàctor in the peripheral nervous system. Considerable evidence suggests that NGF

also function in a target derived fètrograde transport mode in the brain. For example.

NGF is synthesized in the target hippocampus and cortex and interacts with the TrkA

receptors on terminais projecting from basal forebrain cholinergie neurons. Spatial

separation of NGF and TrkA gcne expression is consistent with the target

mechanism of action. A series of recent studies have provided strong evidence

suggesting an additional novel role for BDNF in modulating synaptic plasticity. For
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example, exogenous BDNF can dicit action potential in central neurons and also

potentiate synaptic transmission. Endogenous BDNF is also important to the normal

development of LTP. a cellular model for learning and memory. To understand how

NTs cao act as a survival factor or a modulator of synaptic plasticity requires

knowing how neurons. which contain both constitutive and regulated pathway.

produce and release NTs.
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CHAPTER2:

BIOSYNTHESIS AND POST-TRANSLATIONAL PROCESSING OF

THE PRECURSOR TO BRAIN-DERIVED NEUROTROPHIC

FACTOR

PREFACE

To understand the molecular mechanisms goveming the sorting. targeting and

release of neurotrophins (NTs) require a good understanding on how NTs are being

produced. and post-transitionally moditied. The post-translational modification of

pro-NGF and pro-NT3 have been already studied and published through a

collaboration between our lab and Dr, Seidah's (Seidah et al 1996a. 1996b).

However. nothing had been known about the post-translational processing of pro­

BDNF. This has been primarily due to the lack of a good immunoprecipitating

antibody against BDNF. The recent production and characterization of an affinity­

puritied antibody against BDNF thus provides an opportunity to ovcrcornc the

problcm, Our data presented in this chapl~r. reveals two major tindings: 1) the

existence of a 28 kDa fonn which led us to identification of a novel enzyme.

Subtilasin-Kexin-Isozyme-l (SKI-l. would be discussed in chaptcr 3). 2) The tàct

that pro-BDNF. compare to other NTs. is poorly processed by constitutive cells and

that it might have a raie in the differcntial sorting of NTs (\Voulu be discussed in

chapters 4 and 5).
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ABSTRACT

We have examined the biosynthesis and post-translational processing of the brain­

derived neurotrophic factor precursor (pro-BDNF) in cells infected with a pro­

BDNF-encoding vaccinia virus. Metabolic labeling. immunoprecipitation. and SDS­

PAGE reveal that pro-BDNF is generated as a 32 kDa precursor that is N­

glycosylated and glyco-sulfated on a site located within the pro-domain. Sorne pro­

BDNF is released extracellularly and is biologically active as demonstrated by its

ability to mediate TrkB phosphorylation. The precursor undergoes N-terminal

cleavage within the trans-Golgi network and/or immature secretory vesicles to

generate mature BDNF (14 kDa). Srnall arnounts of a 28 kDa protein that is

irnrnunoprecipitated with BDNF antibodies is also evident. This protein is generated

in the endoplasmic reticulum through an N-terminal cleavage of pro-BDNF at the

RGLT57J.,SL site. Cleavage is abolished when Arg5
" is changed to Ala (R54A) by in

vitro mutagenesis. Blocking the generation of 28 kDa BDNF has no effect on the

level of mature BDNF and blocking the generation of mature BDNF with ul-PDX.

an inhibitor of furin-like enzymes. does not lead to accumulation of the 28 kDa form.

These data suggest that 28 kDa pro-BDNF is not an obligatory intermediate in the

tormation of the 14 kDa torm in the constitutive secrctory pathway.

Running tide: Biosynthesis of BDNF

Keywords: BDNF. precursor. protein processing. glycosylation.. sulfation.. TrkB
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) along with nerve growth factor (NGF).

neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) are members of the

neurotrophin family of trophic factors (Snider. 1994). The neurotrophins play

essential roles in the development.. survival and function of a wide range of ncurons

in both the peripheral and central nervous systems.

The neurotrophins have a number of shared characteristics. including similar

molecular weights (13.2 - 15.9 kDa). isoelectric points (in the range of 9-10).. and

approximately 500/0 identity in primary structure. They exist in solution as non­

covalently bound dimers. Six cysteine residues conserved in the same relative

positions give rise to three intra-chain disultide bonds (Maisonpierre et al.. 1990:

1991). The neurotrophins interact with two cell surtàce receptors. the low affinity

P75 receptor (Barker. 1998). and the Trk ràmily of high affinity tyrosine kinase

receptors (Kaplan et al.. 1991). NGF preferentially binds TrkA. BDNF and NT4/5

bind TrkB and NT-3 binds TrkC (and TrkA to a lesser extent).

Sequence data predict that mature neurotrophins are generatcd through the

prolcolytic processing of higher molt:cular weight precursors (31-35 kDa). a process

that has been extensively studicd with respect to the production ofNGF (Edwards et

al.. 1988: Seidah et al.. (996). Almost nothing is known. howevcr. about the

biosynthesis and post-translational processing of the other members of the

neurotrophin family. Recent data from our laboratory show that cells with a

regulated secretory pathway. including CNS neurons. rel'.:ase mature (i.e. tùlly

processed) NGF (Mowla ct al.. 1999) and NT-3 (Farhadi et al.. 2000) via the

constitutive secretory pathway. while mature BDNF is packaged in vesicles and

released through the regulated pathway (Mowla et al. .. 1999). Furthermore. BDNF is

contained in a microvesicular fraction of Iysed brain synaptosomes consistent with

its anterograde transport in large dense core vesicles (Fawcett et al.. 1997).

Differences in the intracellular sorting of neurotrophins may arise. at least in part..
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from differences in the chemistry and processing of their precursors. Therefore

defining how neurotrophins are generated within a cell will he key to understanding

how neurotrophins are released and function within the nervous system.

ln this study. we monitored the biosynthesis and post-translational processing

of the precursor to BDNF (pro-BDNF) using a vaccinia virus (vv) expression system

together with metabolic labeling. immunoprecipitation. and SDS-PAGE. Data show

that pro-BDNF is produced as a 32 kDa precursor that undergoes N-glycosylation

and glycosulfation on residues located within the pro-domain of the precursor. N­

terminal cleavage of the precursor generates mature BDNF as weil as a minor

truncated form of the precursor (28 kDa) that arises by a different processing

mechanism than mature BDNF. Site-directed mutagenesis data suggest that 28 kDa

BDNF is not an obligatory intermediate in the formation of the mature form. Data

aise demonstrate that pro-BDNF could be biologically active. as determined by ilS

ability to promote TrkB auto-phosphorylation.
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MATERIALS AND METHODS

Cell cultllre - AtT-20. COS-7 and LoVo ceUs were cultured as reported previously

(Seidah et al.. 1996). A human glioma (U373) cell line and a variant (U373IPDX)

that stably expresses al-PDX. an inhibitor of furin-like enzymes (Anderson et al..

1993). was generously provided by Dr Gary Thomas (Vollum institute. Portland

Oregon).

Vac:(.'inia virus (vv) injèc:rions and merabo/ic: labe/ing - Puritied recombinant vv

containing the full-Iength coding region ofhuman pro-BDNF was prepared and used

to infect cells as deseribed previously (Seidah et al.. 1996). U373 and U373/PDX

glial eells. and AtT-20 eeUs were grown in 60 mm dishes and exposed to virus for 30

min or 2 h. respeetively. The eells were incubated in medium without virus ovemight

and either pulsed or pulse-chase labeled at 37°C for specified time intervals. For

pulse-chase experiments. infeeted eells were ineubated in eysteine/methioninc-free

Dulbeeeo's moditied Eagle's medium (DMEM) eontaining 100/0 fCS tor 1 h. and

then reeeived 1.5 ml of the same medium eontaining 0.2 mei/ml esS1Cys/Met

(Dupont- New England Nuclear) for 30 min. For the chase. eclls were bathed for

specitied intervals in DMEM medium eontaining 10% FCS plus t:xcess (2x) cysteine

and methionine.

ln experiments assessing sulfation. AtT-20 ecUs were labeled for 3 h with

[Nal5S0.. ] (0.5 mCn (Dupont-New England Nuclear) in methionine/eysteine/SO.•­

free RPMI-1640 medium (Gibco). Sodium chlorate (1 mM) was added to the

medium in some experiments to inhibit sulfation and in others. tunicamyein (5

J,LgIml) was added to inhibit N-Iinked glycosylation. In both cases. the drugs were

present in the medium during the 60-min pre-incubation period and throughout the

pulse.chase period.
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lmmunoprecipitation and mic:rosequencing - Radiolabeled BDNF was

immunoprecipitated from cell Iysates and conditioned medium as previously

described (Mowla et al.. 1999). We used an affinity-purified antibody to BDNF (Yan

et al.. 1997. kindly supplied by Amgen) at a concentration of 0.5 J.1g/ml. Samples

were analyzed by 13-220/0 gradient SDS-polyacrylamide gel electrophoresis (SDS­

PAGE). Gels were tixed for 1 h in 400/0 methanol and 10% acetic acid. treated with

ENHANCE (Dupont-New England Nuclear) for 1 h. washed in 100/0 glycerol for 1 h

and dried for 4 h at 60°C. Micro-sequencing was carried out on samples from

conditioned medium that were eH) Leu-Iabeled and eluted from SDS-containing

gels following electrophoresis. Micro-sequencing was performed using an Applied

Biosystem gas-phase sequenator model 470A. as previously described (Benjannet et

al.. 1992).

Endog/yc:osidase H rendo H) and N-g/ycanase treatment - vv:BDNF infected AtT-20

ceUs were metabolically labeled with e5s1 Cys-Met. conditioned medium was

collected and treated with antibody to BDNF. and the precipitates dissolved in 100 J.Ù

of reaction butTer with or without endo H (10 units: Boehringer Mannheim) or N­

glyeanasc (1.5 units: Oxford GlyeoSystems). Samples were incubated overnight at

37 oC. Endo H digestions were carried out in 100 mM sodium citrate butTer. pH 5.5.

and N-glycanase digestions in 20 mM sodium phosphate buller (pH 7.5) containing

50 mM EDTA.

Transie nt Trunsfection of R5-1A BDNF mutant in COS-ï CeUs - Using the

LipofectAMINE rcagent (Life Technologies. Inc.). we transteeted 60-70% confluent

COS-7 eells with peDNA3 recombinants of cither the wild-type or R54A mutant

form of pro-BDNF. After a 5 hr incubation in scrum- and antibiotic-free DMEM. the

ceUs were incuhated for another 48 hr in DMEM plus 100/0 fetal calf serum. Two

days after transfeetion. eells were metabolically labeled for 6 hr. cell Iysates and

conditioned media were collected. immunoprecipitated~ and resolved by 13-210/0

gradient SDS-PAGE.
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TrkB phosphorylation assay - For these studies~ we obtained relatively pure

preparations of the BDNF precursor by co-infecting LoVo cells~ an epithelial cell

line that is deticient in endogenous furin-like enzymes (Takahashi et al.~ (993)~ with

vv:BDNF and vv:al-PDX (Anderson et aL. (993). The cells were incubated in virus­

free medium for 10 h~ followed by 4 h incubation in serum-free medium~ which was

subsequently collected tor testing. To isolate fully processed BDNF generated under

similar conditions.. we co-infected LoVo cells with vv:BDNF and vv:Furin.. to ensure

that the precursor was cleaved~ and collected conditioned medium 6 h later. Media

collected from uninfected and wild-type vaccinia virus-infected (vv:WT) LoVo cells

were used as controls. To test for biological activity. we used NIH 3T3 cells that

overexpress TrkB~ prepared and generously provided by Dr. David Kaplan (Montreal

Neurological Institute). The cells were bathed in conditioned medium for 5 min~

following which cell Iysates were immunoprecipitated with panTrk 103 antibody

(Hempstead et al.. (992). The pellets were dissolved in sample bulTer~ fractionated

by SOS-PAGE using an 80
/0 geL and transferred onto a 0.1 JlI1l nitrocellulose

membrane for Western blotting. The replicas were probed ovemight at 4°C with a

monoclonal phosphotyrosine antibody (UBf.. Lake Placid.. NY) diluted 1: 10.000 in

TBS supplemented with 0.1 % Tween 20. and lor an additional 1 h with a goat anti­

mouse horseradish pcroxidase-conjugated secondary antibody (1 :5000).

Immunoreactivity was observed using enhanced chemiluminescence (NEN Life

Science Products).
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RESULTS

Antibody speeifieity - To characterize the specificity of the BDNF antibody and to

monitor its effectiveness in immunoprecipitations. we over-expressed BDNF in AtT­

20 cells using a vaccinia virus (vv) encoding the full-length precursor to hBDNF.

Samples of cell Iysate and conditioned medium were divided equally and

immunoprecipitated with non-immune serum.. antibody to BDNF. or BDNF antibody

with excess rhBDNF (5 ng/J,LI). As seen in Figure 1. in both cell lysate and

conditioned media.. the antibody to BDNF specifical1y immunoprecipitated three

proteins migraling al approximately 32. 28. and 14 kDa. None of these proteins

reacted with non-immune serum (NI). and none were immunoprecipitated in the

presence of excess rhBDNF. Wc therefore conclude that the 32 kDa protcin is

unprocessed pro-BDNF. the 28kDa protein a truncated forro of pro-BDNF. and the

14 kDa protein fully processed mature BDNF.

Pro-BDNF processing in vv: BDNF infected AtT-20 ceIls - To understand the

relationship of the different forms of the BDNF precursor to mature BDNF. we

carried out pulse chase studies using AtT-20 ceUs infected with recombinant

vv:BDNF. a system we have used previously (Mowla et al. .. 1999. Farhadi et al..

2000). Figure 2A shows that 32 kDa BDNF precursor is apparent in ccli Iysates as

early as 10 min afLcr the ceUs were radiolabeled and increased in intensity through

30 min of pulse incubation. In cells labcled for 20 min. a slightly highcr molecular

weight hand is apparent that resolves into a doublet in ceUs chased for 4 h. This

matenal likely represents differentially glycosylatcd and sultàted forms of the BDNF

precursor (sec below). Over the 8 h chase period.. the 32 kDa and. to a lesser extent..

the minor higher molecular weight bands decreased in intensity while levels of the

14 kDa mature BDNF band increased. suggesting a precursor-product relationship.

The 28 kDa band appeared as early as 10 min pulse and its level increased by 1 hour

chase. The inlensity of the band decreased significantly thereafter. Figure 2B reveals

that signiticant amounts of the 32 kDa BDNF precursor. the 28 kDa form. and

mature BDNF are released into conditioned medium during the 8 h chase period.
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Pro-BDNF is N-glycosylated - N-glycanase treatment of the 32 kDa BDNF

precursor and the truncated 28 kDa fonn of the precursor reduces their apparent size

to around 27 klla and 24 kDa, respectively.. indicating that these proteins contain N­

linked complex carbohydrates (Fig. 3). N-glycanase treatment has no effect on the

apparent molecular size of mature BDNF (14 kDa). Treatment with endo H. which

removes high mannose sugar moieties. only partially digests the 32 and 28 kDa

BDNF (Fig. 3). suggesting that the precursor released into the conditioned medium

contains a heterogeneous mixture of complex and high mannose sugars. Note that

both pro-BDNF and 28 kDa BDNF appear as doublets with the Iower band being

cndo H sensitive while the higher band is endo H resistant.

ln order to define the importance of glycosylation in the generation of BDNF

l'rom its precursor. wc infected AtT-20 eells with vv:BDNF and metabolically

labeled the cells in the presence or absence of 5 J.1g/mi of tunicamycin. an inhibitor of

N-glycosylation. Cells were metabolically labeled tor 30 min followed by a 1 h

chase period. in the presence or absence of tunicamycin. Figure 4 shows that

tunicamycin greatly reduced the signal intensity of the BDNF preeursors as weil as

mature BDNF (compare the level of labeling in the left and right panels of Fig. 4). In

addition. the apparent molecular weight of the BDNF precursor in cell Iysate and in

conditioned medium was reduced l'rom 31 kDa to approximately 27 kDa. The rcsult

suggests thal glycosylation may play an important role in stabilizing the BDNF

precursor during its processing and subcellular trafficking. Tunicamycin did nol alter

the molecular size of mature BDNF (14 kDa). as expected since this form of the

protein is not N-glycosylated.

Pro-BDNF is glycosulfated - Metabolic labeling ofvv:BDNF infected AtT-20 ceUs

with [J5SO.. 1Na! (Fig. SA) reveais that pro-BDNF as weil as the truncated 28 kDa

fonn of the precursor are suifated. Mature BDNF. in contrast. is not sultàted.

Furthermore. treatment of the sulfated species with N-glycanasc (Fig. SB)

compietely removes the radioactive signal. demonstrating that suifation occurs on

carbohydrate groups.
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To determine whether sulfation is essential for the processing and/or

secretion of pro-BDNF. we labeled AtT-20 cells expressing pro-BDNF with esS]

Cys-Met tor 30 min. and then chased the cells for 2 h in the presence or absence of

sodium chlorate (l mM) (Baeuerle et al.. (986). This trealment reduced by 97% the

levels of [35S0..] that were incorporated into protein immunoprecipitates measured in

conditioned medium at the end of the chase period (data not shown). The result

showed that exposure to sodium chlorate had no detectable effect on processing of

pro-BDNF or on secretion of mature BDNF (data not shown).

Generation or28 kOa BDNF OC:curs in the ER - ln order to determine where in the

cell the 28 kDa tonn of BDNF is generated. we metabolically labeled vv:pro-BDNF

infected ceUs with [35S] Cys-Met for 3 h in the presence or absence of brefeldin A

(BFA. 5 J.1g/ml). a molecule that inhibits anterograde vesicular transport from the ER

(Femandez et al.. (997). The cells were analyzed immediately or aner a further 2h

chase period without BFA. Figure 6 shows that BFA had no etTect on the generation

of the 28 kDa tonn of pro-BDNF. but it did inhibit the generation of the 14 kDa tonn

of mature BDNF. This etTect was reversed when the ceUs were chased two hrs in the

absence of BFA. These results suggest that the 28 kDa torm of BDNF can be

generatt:d in the ER while the mature tt}rm of BDNF. as already shown (ivlowla et

al.. 19(9). is generated in the trans-Golgi Ilctwork or a post-Golgi compartment.

N-terminal sequence or 28 kDa BDNF - The data presented above show that cell

lysates and conditioned media of AtT-20 eeUs infected with vv:pro-BDNF generate a

truncated fonn of BDNF with an apparent molecular weight of 28 kDa. We also

detected this molecule in several other ceU lines as weil as in primaI)" cultures of

mouse hippocampal neurons infected with the same vv construct (data not shown). In

a separate study. we showed that a nover enzyme (SKI-I. subtilisin-kexin-isozyme­

1) is able to increase the level of 18 kDa BDNF when co-expressed with pro-BDNF

in COS-? cells (Seidah et al.. (999). N-terminal micro-sequencing of eH]-Leu

labeled 28 kDa BDNF revealed a unique cleavage site at R54GLT57J..SL (shown in
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Fig 7A). To determine whether endogenous 28 kDa BDNF is also cleaved al the

same site. we mutagenized ArgS4 (which lies al the P4 position) to Ala. This residue

potentially could serve as a recognition signal for this kind of subtilase (Seidah et al..

1999). Processing of the R54A pro-BDNF mutant results in unchanged levels of

mature 14 kDa BDNF with no signiticant generation of the 28 kDa protein (Fig 78).

This result demonstrates that the endogenous protein is indeed cleaved at the same

site. and that. as seen for other PC substrates. Arg at the P4 is critical for efficient

cleavage (Fig. 78).

28 kDa BDNF is not an obligatory intermediate in the generation of mature

BDNF- [n this study. we inlroduced a vv encoding pro-BDNF into a cellline (U373

glial cells) that stably expresses the furin-inhibitor al-PDX (Fawcett et al.. 1997).

Figure 8 shows that inhibiting furin-like enzymes abolishes the lormation of mature

BDNF but has no etTect on the generation of the 28 kDa protein. Also. as shown in

Fig 78. transient expression of the Arg54Ala mutant in COS-7 cells abolishes the

generation of 28 kDa BDNF without affecting the level of mature BDNF. Taken

together. these results strongly suggest that the 28 kDa species does not constitute an

obligatory intermediate in the normal processing of the BDNF precursor in the

constitutive secreto1)' pathway.

Pro-BDNF is biologieaUy active - Significant amounts of unproccsscd pro-BDNF

arc secreted into conditioned media under our experimcntal conditions. a result that

lcd us to question whethcr the precursor. if released in vivo. could be biologically

active. To test this idea. wc set out to generate unprocessed pro-BDNF by co­

infecting LoVo cells. which are already deficient in lurin activity (Takahashi et al. ..

1993). with vv:BDNF along with vv:a I-PDX. By blocking the activity of ail furin­

like enzymes in the cell. we were able to obtain conditioned medium containing pro­

BDNF and the 28 kDa BDNF without detectable amounts of mature BDNF (Fig.

10A). As a control lor this study. we collected medium from LoVo cells co-infected

with vv:BDNF and vv encoding furin (vv:Furin) (Seidah et al.. 1996).. conditions that
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favor the processing ofpro-BDNF to mature BDNF (Fig. lOB). Conditioned medium

From these cells contained small amounts of unprocessed pro-BDNF.

Figure 10C shows that medium collected From both cell types induce robust

TrkB auto-phosphorylation in NIH 3T3 cells that over-express the TrkB receptor.

Medium conditioned by cells infected with wild-type vv had no effect. We conclude

From these data that once released From a cell. the intact BDNF precursor containing

small amounts of the 28 kDa form of BDNF has the potential to be biologically

active. We do not know the precise contribution of the 28 kDa fonn ofpro-BDNF to

this activity since we were unable to obtain sufficient amounts of the protein for

testing in the absence of pro-BDNF or mature BDNF.
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DISCUSSION

Because biosynthesis of neurotrophins nonnally occurs al low levels in neurons and

non-neuronal cells.. il is impossible to analyze endogenous neurotrophin processing

with currently available techniques. Therefore. in this study. we used a vaccinia virus

expression system to overexpress pro-BDNF and to study ils processing in a variety

of cell lines as weil as in primary cultures of mouse hippocampal neurons. We have

used similar methods previously to monitor the biosynthesis and post-translational

processing ofpro-NGF (Seidah et al.. 1996).

Using the BDNF antibody provided by Amgen. as weil as a commercially

available antibody from Santa Cruz (data not shown). we detected three BDNF­

related products in vv:BDNF intècted AtT 20 ceUs and hippocampal neurons.

namely 32 kDa.. 28 kDa.. and 14 kDa forms of the protein (Fig. 1). Results indicate

that pro-BDNF is synrhesized as a 32 kDa precursor that is processed within 1 h to

give rise to mature BDNF (14 kDa). We also observed a signiticant amount of

unprocessed pro-BDNF being released into conditioned medium by AtT-20 ceUs and

hippocampal neurons (Mowla et al.. 1999). cells that can release proteins both by the

regulated and constitutive secretory pathways. In parallel stuuics. we did not observe

precursor release when similar methods were used to monitor processing and release

of the precursors ofNGF (~lowla et al.. 1999) or NT-3 (Farhadi ct al... 2000). Indeed.

previous work by others has shown that large amounts of the precursors of protcins

released by the regulated secretory pathway. such as pro-opiomelanocorticotrophin

(pûMe).. are also constitutively released from AtT-20 ceIls (Femandez et al.. 1997).

Although these di fferences could simply retlect over-expression of pro-BDNF

saturating the sorting machinery in the trans-Golgi network (Mowla el al. .. 1999).

constitutive release of the precursor could also he of biological signiticance. In that

regard., BDNF mRNA is present in the dendrites of hippocampal neurons in culture

(Crino et al.. 1996: Tongiori et al.. 1997).. and as yet.. we know nolhing about the

chemistry or fate of the BDNF protein synthesized within dendrites. lt is possible
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that pro-BDNF could he produced in dendrites and released.. In part.. in an

unprocessed fonn~ tor as yet unknown purposes.

ln this study. we have shown that medium containing pro-BDNF interacts

with the TrkB receptor and activates its autophosphorylation (Fig. 10). Previous

work has shown that a BDNF mutant containing an extension of 19 amino acids

upstream of the cleavage site or mature BDNF (25 kDa BDNF) is biologically active

(Kolbeck et al.. 1994). AIJo~ Edwards and colleagues (Edwards et al.. 1(88) have

reported that pro-NGF is biologically active.. but at a level 10-20 rold below that of

mature NGF. Taken together.. these findings suggest that complete processing ofpro­

neurotophins may not he an absolute requirement for biological activity.

During transit through the secretory pathway.. the BDNF precursor is

glycosylated (Fig. 3). presumably at the single putative consensus sequence for N­

linked glycosylation (N-X-T/S) six residues upstream of the cleavage site that

generates mature BDNF. This glycosylation site is conserved in the same position in

ail neurotrophins. suggesting a critical role for N-linked glycosylation in

neurotrophin maturation and/or trafficking. Pro-BDNF is released into conditioned

medium as a mixture of endo H-sensitive (un-trimmed) and endo H-resistant

(trimmed) sugars. Both the 32 and 28 kDa forms of BDNF appear as doublets.. the

upper band being cndo H resistant and the lower band is cndo H sensitive (Fig. 3).

The importance of carbohydrates in the folding of proteins has becn well­

documented (Kornfdd and Komfeld 1(85). ln the case of NGF.. blocking N­

glycosylation with tunicamycin prevents the entry of pro-NGF into the Golgi

apparatus and its subsequent secretion (Seidah et al.. 1996). ln this study. blocking

N-glycosylation of pro-BDNF significantly reduced the level of radiolabelling of

both pro-BDNF and mature BDNF (Fig. 4).. which may be due to incorrect folding

diminishing the half-life of newly synthesized protein. Our results also demonstrate

that oligosaccharide chains attached to the pro-domain of the BDNF precursor are

sulfated (Fig. 5).. as has been previously reported lor pro-NGF (Seidah et al. .. 19(6).

Blocking sulfation with sodium chlorate (Baeuerie and Huttner 1986) did not aftèct
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processing and release of pro-BDNF. This result is consistent with the recent finding

of Van Kuppereld and colleagues (Van Kupperfeld et al.. 1997) that protein sulfation

is not required for the transport. sorting~ or proteolytic processing of proteins

directed to the regulated secretory pathway.

We have also identified a 28 kDa protein that is a cleavage product of the

BDNF precursor in addition to 14 kDa mature BDNF but which is generated through

a distinct processing pathway. The protein is precipitated by antibodies to BDNF and

is present only in cells expressing pro-BDNF. Furthermore. its processing in U373

glial cells (Fig. 8) is not affected by a.l-PDX~ an inhibitor of the tùrin-like enzymes

that likely generate mature BDNF l'rom pro-BDNF in ceUs that contain a constitutive

but not regulated secretory pathway. These results strongly suggest that the 28 kDa

molecule is not processed by the known prohormone convertases~ but rather by sorne

other processing system \v1thin the cclI.

Recent studies l'rom our laboratories revealed that the 32 kDa BDNF

precursor is a substrate lor a newly identified subtilisinlkexin-like enzyme. called

SKI-l (Seidah et al.. (999). Co-expression of pro-BDNF and SKI-l produced

sufficient 28 kDa BDNF lor N-terminal microscquencing. which revealed that

cleavage oecurs at the R54GLT57lSL site (Fig.7/\). To determine whether the 28 kOa

BDNF we detcctcd is generated at the same clcavagc site. we mutagcnized Arg~ 1.

which lies at the P4 position relative to the cleavage site and is potentially important

for recognition by this kind of enzyme (Seidah ct al.. 1999). Processing of the R54A

pro-BDNF mutant did not yield signitlcant amounts of 28 kDa BDNF. suggesting

that the 28 kDa preeursor is cleaved at the same site (Fig. 7B). Thus. while the

28kDa form of pro-BDNF is clearly evident in our samples. we do not whether the

protein is biologically important.

Two Iines of evidence suggest that the generation of mature BDNF in the

constitutive pathway does not require initial processing of pro-BDNF to the 28 kDa

form. First~ in the U373-PDX cell line (a constitutive secreting cell line expressing
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al-PDX), generation of 14 kDa BDNF is abolished but there is no accumulation of

28 kDa BDNF, as would he expected if the latter were an intermediate product (Fig

8). Second, Ala substitution of the P4 Arg (Arg54Ala) abolished the generation of

the 28 kDa form without affecting the level of mature BDNF production (Fig 78).

Much is yet to be leamed about the BDNF precursor. For example. we do not

know whether the intact precursor (32 kDa) and the 28 kDa torm of the precursor.

both of which can be released constitutively l'rom celis. could have biological raies

of their own distinct l'rom mature BDNF. Funhermore. in ceUs with both the

regulated and constitutive secretory pathways. pro-BDNF is preterentially processed

and released l'rom the regulated pathway while pro-NGF (Mowla et al.. 1999) and

pro-NT3 (Farhadi et al.. 2000) are in the constitutive secretory pathway. Differentiai

targeting may weil arise because of structural differences in the pro-domains of the

neurotrophin precursors or because of differential processing. Studies currently

underway are targeted toward solving these issues.
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FIGURE 2.1 Immunopreeipitations with the BDNF antibody. AtT-20 ceIls were

infected for 1 h with vv:BDNF and labeled with esS) Cys-Met for 4 h. Celllysates

and media were equally divided into three tubes and immunoprecipitated with either

non-immune serum (NI), antibody to BDNF (a-BDNF), or a-BDNF with excess

recombinant human BDNF (rhBDNF).
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FIGURE 2.2 Pulse-~hase labelinl of AtT..20 cells iDfe~ted with vv:BDNF.

Infected cells were labeled with e5S] Cys·Met for 10, 20. and 30 min without chase

or pulsed for 30 min and then exposed to a chase medium containing excess

unlabeled cysteine and Methionine for 0.5, 1. 2. 4. and 8 h. Cell Iysates (A) and

conditioned media (B) were immunoprecipitated and analyzed separately by SDS..

PAGE.
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FIGURE 2.3 Pro-BDNF but Dot mature BDNF is glycosylated. AtT-20 cells were

infected with vv:BDNF. incubated ovemight in medium without virus. and labeled

with esS) Cys-Met for 3 h. Conditioned media were collected. and either incubated

with pre-immune serum (PI). or antibody to BDNF. Following immunoprecipitation.

the samples were incubated in the absence (-) or presence (+) of endoglycosidase H

or N-glycanase. and analyzed by SDS-PAGE.
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FIGURE 2.4 N-glycosylation increases the stability of pro-BDNF. AtT-20 cells

were infected with vv:BDNF. pulse.. labeled with esS] Cys-Met for 30 min and

chased for 2 h in the absence (-) or presence (+) of 5 J.1.gIml tunicamycin.

Immunoprecipitates from cell lysates (CL) and conditioned media (CM) were

resolved by SOS-PAGE and exposed to film.
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FIGURE 2.5 pro-BDNF is gly~osulfated. A) AtT-20 cells were infected with

vv:BDNF for 2 h.. incubated overnight without virus.. then labeled with [Na23SSO-l]

for 3 h. Cell lysates (CL) and conditioned media (CM) were immunoprecipitated

with antibodies to BDNF and the precipitate analyzed by SDS-PAGE. Pro-BDNF

(32 kDa) along with a minor (28 kDa) form of the precursor (see below) are sulfated

but mature BDNF is not. B) Samples of CM shown in panel A were incubated with

(+) or without (-) N-glycanase.. showing that sulfation occurs on carbohydrate chains

within the precursor.
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FIGURE 2.6 Generation of 28 kDa BDNF occurs in the ER. COS-7 cells were

infected with vv:BDNF for 1 h.. post infected for overnight and were metabolically

labeled with esS] Cys-Met for 3 h in the presence (+) or absence (-) ofbrefeldin A

(BFA.5 J.1gIml). CeIls were then chased for 2 h in the absence of BFA.
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FIGURE 2.7 Identification of the cleavage site witbin pro-BDNF that generates

28 kOa BDNF. A) N-terminal microsequence analysis of eH] Leu-labeled 28 kDa

BDNF. The N-terminal sequence of the 28 kDa product in COS-7 ceUs infected with

vv:BDNF and vv:SKI-l revealed a eH]Leu at positions 2, 13, and 14. This result

demonstrates that 28 kDa BDNF is generated by a unique cleavage at ThrS7 (arrow)

in the sequence RS.JGL T 57 J..SLADTFEHVIEELLD (top panel). B) Transient

expression of the wild-type and R54A mutant form of pro-BDNF in COS-7 ceUs.

COS-7 ceUs were transtècted with expression constructs of the wild type (WT) or the

Arg 54 to Ala mutant (R54A) forro of pro-BDNF. Two days after transtèction, ceUs

were metabolically labeled with ess1 Cys-Met for 6 hr, cell lysates (CL) and

conditioned media (CM) were collected, immunoprecipitated with a BDNF-specitic

antiserum, and resolved by SOS-PAGE.
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FIGURE 2.8 al-PDX does not inhibit the generation of the 28 kDa form of

BDNF. U373 and U373-PDX celilines were infected with vv: BDNF for 30 min.

incubated ovemight without virus, and labeled with esS) Cys-Met for 3 h. Cell

lysates (CL) and conditioned media (CM) were immunoprecipitated and resolved by

SOS-PAGE.
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FIGURE 2.9 Scbematie diagram of pro-BDNF processing produets. At least six

products are generated as a result of endogenous pre-pro-BDNF processing. N­

terminal microsequencing reveals that the bands appearing in the 32 kDa range

represent the BDNF precursor (the consensus cleavage site is indicated by the arrow

in the sequence CMKA-1A) while RGLT-1s represenls the consensus cleavage site

generating the 28 kOa BDNF from the precursor .
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FIGURE 2.10 BDNF- and pro-BDNF-stimulated TrkB auto-pbosphorylation.

(A and B) Metabolic labeling of LoVo cells co-infected with vv:BDNF/al-PDX (A)

or vv:pro-BDNFlFurin (B). The cells were labeled for 4 h and celllysates (CL) and

conditioned media (CM) were immunoprecipitated and analyzed by SDS-PAGE. C)

Western blot analysis of TrkB phosphorylation levels in NIH 3T3-TrkB ceUs

exposed for 5 min to either of the following media. Conditioned media from un­

infected LoVo cells (control). OMEM with 100 JJ.g!ml recombinant human BDNF

(rhBONF). conditioned medium l'rom LoVo cells infeeted with wild-type vv

(vv:WT). and conditioned medium from LoVo eeUs co-infected with vv:

BDNF/vv:al-PDX (pro-BDNF. B). or vv:BONF and vv:Furin (BDNF. Cl. The cell

lysates were immunoprecipitated with the pan Trk 203 antibody and analyzed by

SOS-PAGE. Levels ofphosphorylated TrkB were analyzed on Western Blot replicas

with a phosphotyrosine antibody.
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CHAPTER3:

MAMMALIAN SUBTILISINIKEXIN ISOZYME SKI-l: A WIDELy

EXPRESSED PROPROTEIN CONVERTASE WITH A UNIQUE

CLEAVAGE SPECIFICITY AND CELLULAR LOCALIZATION.

PREFACE

[n the previous chapter. we reveal the post-translational moditication of pro-BDNF.

[n doing so. we have identitied a truncated fonn of pro-BDNF which appears ta be

generated via an alternative secretory pathway. The 28 kDa BDNF can be generated

in ER and a I-PDX. a patent inhibitor of PC enzymes within constitutive pathway.

does not atlèct its production. These tindings suggest that a non-PC tàmily enzyme

might be involved in this process. [n search of the enzyme responsible for the

generation of 28 kDa BDNF. we have tound. through collaboration with Dr Seidah· s

lab. a novel enzyme. subtilisinlkexin isozyme-I (SK[-I). The enzyme is related to

but distinct from PC tàmily. Following works reveal that SKI-l is capable of

generating 28 kOa BDNF by cleaving pro-BDNF at RGLr 57-LS: an interestin~

tinding which idcntified SKI-I as the tirst mammalian subtilisin-like enzyme capabl~

of proccssing substrates at non-basic rcsidues. Also the tàct that generation of 2S

kDa BDNF can accur in the ER. introduce SKI-I as the earliest enzyme in th~

secretory pathway capable of processing its substrates.
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ABSTRACT

Using reverse transcriptase-PCR and degenerate oligonucleotides derived from the

active-site residues of subtilisinlkexin-like serine proteinases. we have identified a

highly conserved and phylogenetically ancestral human. rat. and mouse type 1

membrane-bound proteinase called subtilisinlkexin-isozyme-I (SKI-l). Computer

databank searches reveal that human SKI-l was c10ned previously but with no

identified function. In situ hybridization demonstrates that SKI-I mRNA is present

in most tissues and ceUs. Cleavage specificity studies show that SKI-I generates a

28-kDa product l'rom the 32-kDa brain-derived neurotrophic factor precursor.

cleaving at an RGLTSL bond. In the endoplasmic reticulum of either LoVo or

HK293 ceUs. proSKI-l is processed into two membrane-bound forms of SKI-I (120

and 106 kDa) differing by the nature of their N-glycosylation. Late along the

secretory pathway sorne of the membrane-hound enzyme is shed into the medium as

a 98-kDa form. Immunocytochemical analysis of stably transfected HK293 ccUs

shows that SKI-I is present in the Golgi apparatus and within small punctate

structures reminiscent of endosomes. [n vitro studies suggest that SKI-l is a Ca.!"­

dependent serine proteinase exhibiting a wide pH optimum lor cleavage of pro-brain­

derived neurotrophic factor.
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INTRODUCTION

Limited proteolysis of inactive precursors to produce active peptides and proteins

generates biologically diverse products from a finite set of genes. Most often~ such

processing occurs at either monobasic or dibasic residues as a result of cleavage by

mammalian serine proteinases related to bacterial subtilisin and yeast kexin (Seidah

et al.~ 1998a; Steiner 1998). These enzymes~ knO\vn as proprotein convertases (PCs)~

cleave a variety of precursors at the consensus (RlK)-(Xaa)n-R sequence~ where Xaa

is any amino acid except Cys and n = O. 2. 4. or 6 (Seidah et al.. 1998a; Seidah et aL.

1998b; Steiner 1998).

Less commonly than cleavage at basic residues. bioactive products also can

be produced by limited proteolysis at amino acids such as L. V. M. A. T. and S

(Seidah et al.. 1998b). This type of cellular processing has been implicated in the

generation ofbioactive peptides such as - and -endorphin (Ling et al.. 1(76). the C­

terminal glycopeptide fragment 1-19 of provasopressin (Burbach et al.. 1(86).

platelet tàctor 4 (Gupta et al.~ 19(5). the metalloprotease ADAM-I0 (Rosendahl et

aL. 1(97). site 1 c1eavage of the sterol regulatory element-binding proteins

(SREBPs) (Duncan et aL 1997). as weil as in the production of the Alzheimer's

amyloidogcnic peptides A40. -42~ and -43 (Checler 1995). Proce3sing of this type

occurs eith~r in the endoplasmic reticulum (ER) (Duncan et al.. 1(97). late along the

secretory pathway. within secrctory granules (Burbach et al.. 1986; Ling et aL.

1(76). at the cell surface. or in endosomes (Checler 1995: Gupta et al.. 1995:

Rosendahl et al.. 1997). The protcinases rcsponsible for these cleavages are not yet

idcntified.

We hypothesized that an enzyme (or enzymes) distinct from. but related to.

pes May generate polypeptides by cleavage at nonbasic residues. To test that idea..

we employed a reverse transcriptase-PCR (RT-PCR) strategy similar to the one used

to identify the PCs (Seidah 1995). except that we used degenerate oligonucleotides

closer to bacterial subtilisin than to yeast kexin. This resulted in the isolation of a
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cDNA fragment encoding a putative subtilisin-like enzyme from human cell lines.

This partial sequence was identical to a segment of a human myeloid cell-derived

cDNA reported by Nagase et al. (Nagase et al.. 1995). Preliminary results

demonstrated that this putative proteinase cleaves pro-brain-derived neurotrophic

factor (pro-BDNF) (Seidah et al.. 1999: S.J.M. N.G.S.• and R.A.M.. unpublished

results).

ln this paper. we show that the sequences of rat. mouse. and human

orthologues of this putative type 1 membrane-bound subtilisin-kexin-isoenzyme.

which we called SKI-I. exhibit a high degree of sequence conservation. Tissue

distribution analysis by both Northem blots and in situ hybridization revealed that

SKI-I mRNA is widely expressed. A vaccinia virus recombinant and a stable

lransfectant of human SKI-I in HK293 cells allowed the analysis of ilS biosynthesis

and intracellular localization. Finally. we present data demonstrating that SKI-I

cleaves al a specitic T residue within the N-terminal segment of pro-BDNF. SKI-I is

thus idenli fied as a mammalian secretory subtilisinlkexin-like enzyme capable of

cleaving a proprotein al nonbasic residues.
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MATERIALS AND METHODS

PCR and Sequencing - Most RT-PCRs were performed using a Titan One Tube RT­

PCR system (Boehringer Mannheim) on 1 Jlg of total RNA isolated l'rom a human

neuronal cell line (lMR-32). mouse corticotrophic cells (AtT20). or rat adrenal

glands. The active-site degenerate primers were as follows: His (sense) 5'­

GGICA{C.T)GGIACI(C.T)(A.T){C.T){G.T)(T.G)IGCIGG-3' and Ser (antisense) 5'­

CClG(C.T)lAC I(T.A){G.C)IGGI(G.C )(T.A)IGC1ACI(G.C)(A.T)IGTICC-3'. based

on the sequences GHGT(H.F)(V.C)AG and GTS{V.M)A(T.S)P(H.V)V(A.T)G.

respectively. The amplilied 525-bp products were sequenced on an automated laser

tluorescence DNA sequencer (Pharmacia). To obtain the full-length sequence of rat

and mouse SKl-1. we used PCR primers based on the human (Nagase et al.. 1995)

and mouse sequences. in addition to 5' (Edwards et al.. 1991) and 3' (Lusson et al..

1993) RACE amplifications. At least three clones of the amplified cDNAs were

sequenced. The GenBank accession numbers of the 3.788-bp mouse mSKI-1 cDNA

and 3.895-bp rat rSKI-1 are AF094820 and AF094821. respectively.

Infection. Transfec:tion. and ,He/abolie: Laheling - Human SKI-I (nucleotides 1­

4338) (Nagase et al.. 1(95) in Bluescript (a generous gin l'rom N. NOInura. Kazusa

DNA Research Institute. Chiba. Japan: accession no. D42053) was digcsted with

SadI (nucleotides 122-4338) and inscrted into the vector PMJ602. and a vaccinia

virus recombinant was isolated. The PMJ602 construct was also digcstcd with 5'

Kpnll3' Nhel and cloned inta the KpnllXbal sites of pcDNA3 (lnvitrogen). and the

cDNA was translèeted into HK293 cells by using Lipotèetin. A numher of stable

transfectants resistant to G418 and positive on Western blots using an SKI-I

antiserum (sec below) wcrc isolated. and one of them (clone 9). was investigated

further. Either vaceinia virus-infected or -transfected eeUs were pulsed for 20 min

with esS]cysteine and then ehased for various limes in the presence or absence of

either tunieamyein (5 Jlg/ml) or brefeldin A (2.5 J,1g/ml). Media and cell lysates were

immunoprecipitated with SKI-l antisera directed against either amino acids 634-651

or 217-233. or a pro-SKI-l antiserum directed against the prosegment comprislng

58



•

•

amino acids 18-188 (Fig. 3.1). Immune complexes were resolved by SOS/PAGE on

an 8% polyacrylamidelN [tris(hydroxymethyl)methyl]glycine gel (Seidah et al..

1996).

Northern Blots. in Situ Hybridizations, and lmmllnoc:ytochemistry - Northem blot

analyses (Marcinkiewicz et al.. (998) were done on total RNA From adult male rat

tissues by using either a TRIzol reagent kit (Life Technologies. Gaithersburg. MD)

or a Quick Prep RNA kit (Pharmacia) and on poly(A)+ RNA of (male + tèmale) rat

adult tissues (BIO/CAN. rvfontreal). The blots were hybridized overnight at 68°C in

the presence of [J2 p]UTP SKI-l cRNA probes. whieh eonsisted of the antisense of

nucleotides 655-1249 of rat SKI-l. For in situ hybridization on newbom rats. the

same rat sense and antisense eRNA probes were labeled with uridine and cytosine 5'­

[-esS]thio]triphosphate (Marcinkiewicz et al.. 1998: Seidah et al.. 1998a). For

immunotluorescenee staining we used a rabbit anti-SKI-l antiserum at al: 100

dilution and rhodamine-Iabeled goat anti-rabbit IgGs diluted 1:20 (Marcinkiewiez et

al.. 1998). Red SKI-l immunostaining was compared with green-staining patterns of

both tluorescein-labeled eoneanavalin A (Con A: Moleeular Probes). an ER marker.

or tluorescein-conjugated wheat germ agglutinin (WGA: Moleeular Probes). a Golgi

marker (Lippineott-Schwartz et al.. 1989).

E.x Vivo and in Vitro pro-BDi'/F /)rocessing - A vaccinia virus recombinant of human

SKI-l (vv:SKI-l) \Vas isolatec.l as described for human pro-HDNF (vv:BDNF)

(Seidah et aL 1996). The vaccinia virus recombinants of a l-antitrypsin Pittsburgh

(al-PIT: vv:PIT) and al-antitrypsin Portland (al-PDX: vv:PDX) (Anderson et al..

1993) were generous gifts from G. Thomas (Vollum Institute. Portland. OR). COS-7

eells (4 _ 106) were eoinfected with 1 plaque-forming unit (pfu) per ccli of vv:BDNF

and either the wild-type virus (vv:WT) alone at 2 ptù per cell or with 1 pfu per ccII

of each virus in the combinations [vv:SKI-l+vv:WT]. [vv:SKI-l+vv:PIT]. and

[vv:SKI-1 +vv:PDX]. At 10 h postinfection. cells were pulsed for 4 h with 0.2 mCi of

[35S]cysteine/e sS]methionine (DuPont). Media and cell extracts were

immunoprecipitated with a BDNF antiserum (ref. 19~ provided by Amgen) at 0.5
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J.1g/ml, and the proteins were resolved on SDS/PAGE 13-220/0 gradient gels (Seidah

et al., 1996). eSS]Met-labeled 32-kDa pro-BDNF and eH]Leu-Iabeled 28-kDa

BDNF were sequenced as described (Paquet et al.. 1994). For in vitro analysis, 32­

kDa pro-BDNF obtained from the media of LoVo ceUs infected with vv:BDNF was

incubated ovemight with the shed form of SKI-l obtained from cells coinfected with

vv:SKI-1 and vv:PDX, either at different pH values or at pH 6.5 in the presence of

selected inhibitors: pepstatin (1 JlM), antipain (50 J.1M), cystatin (5 J.1M). E64 (5 JlM),

soybean trypsin inhibitor (SBTI. 5 JlM). 0.5 M phenylmethylsulfonyl tluoride

(PMSF) + 50 JlM para-amino-PMSF (pAPMSF). o-phenanthroline (5 mM). and

EDTA (10 mM). The products were resolved by SDS/PAGE on a 150/0

polyacrylamide get blotted. and then probed with a BDNF antiserum (Santa Cruz

Biotechnology) at a dilution of 1: 1.000.
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RESULTS

Protein Sequence Analysis orSKI... l - We tirst aligned the protein sequences within

the catalytic domain of PC7 (Seidah et al.. 1996b). yeast subtilases, and bacterial

subtilisins. together with that of a novel Plasmodium tàlciparum subtilisin-like

enzyme called pf-SUB2 (J.-C.B.• unpublished results). This led ta the choice of

conserved amino acids GHGT(HIF)(V/C)AG and GTS(MN)A(T/S)P(HIV)V(AIT)G

around the active sites His and Ser. respectively. Thus. using degenerate

oligonucleotides coding for the sense His and antisense Ser consensus sequences. we

initiated a series of RT-PCRs on total RNA and isolated a 525-bp cDNA fragment

from the human neuronal cell line IMR-31. This sequence was found to be 100%

identical to that reported for a human cDNA called KIAA0091 obtained from a

myeloid KG-l cell line (Nagase et al.. 1995) and 88% identical to that of a 324-bp

expressed sequence tag (accession no. H31838) from rat PC 12 ceIls. The full-Iength

rat and mouse cDNA sequences were obtained alter RT-PCR amplifications of total

RNA isolated from rat adrenal glands and PC12 ceUs and from mouse AtT20 cells.

As shown in Fig. 3.1. alignment of the protein sequence deduced from the cDNAs

revealed that rat and mouse SKI-l share 980/0 sequence identity and a 960/0 identity ta

human SKI-l. Interestingly. within the catalytic domain (ASp!18 _ Ser~ I~) the

sequence similarity betwccn the three species is 1000/0. Analysis of the predicted

amino acid sequence suggests a 17-aa signal peptide. followed by a putative

prosegment beginning at Lys l8 and extending for sorne 160-180 aa. The proposed

catalytic domain encompasses the typical active sites Asp!l8. His2~9. and Ser~l~ and

the oxyanion hole Asn3J8
• This domain is followed by an extended C-terminal

sequence characterized by the presence of a conserved growth tàctor/cytokine

receptor family motif C8~qLDDSHRQK~FWl(61.This sequence is followed by a

potential 24-aa hydrophobic transmembrane segment and a less-conserved 3 l-aa

cytosolic tail that. remarkably. consists of 350/0 basic residues. Sorne of the clones

isolated from rat adrenal glands suggested the existence of altematively spliced

rSKI-1 mRNAs in which the segments coding for amino acids 430-483 or 858-901

are absent. Finally. the phylogenetic tree derived from the alignment of the catalytic
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domain of SKI-l with subtilases (Siezen and Leunissen 1997) suggests that it is an

ancestral protein that is closer to plant and bacterial subtilases than to either yeast or

mammalian homologues (not shown).

Tissue Distribution of SKI-l mRNA - Northern blot analyses of SKI-I mRNA in

adult male rat reveal that rSKI-1 mRNA is widely expressed and is particuiarly rich

in anterior pituitary. thyroid. and adrenal glands (Fig. 3.2A). A Northem blot of poly

(A)+ RNA obtained from mixed adult male and femaie rat tissues also showed a

wide distribution and a particular enrichment in liver (Fig. 3.2B). Similarly. analysis

of 24 different cell lines (Seidah et al.. (994) revealed a ubiquitous expression of

SKI-I mRNA (not shown).

[n situ hybridization data obtained in a day 2 postnatal rat also provided

evidence of a widespread. if not ubiquitous. distribution of rSK[-1 mRNA. Fig. 3.3

shows at the anatomical level the presence of SKI-l mRNA in developing skin.

striated muscles. cardiac muscles. bones. and teeth as weil as brain and many internai

organs. Strong hybridization signais were detectable in the retina. cerebellum.

pituitary. submaxillary. thyroid. and adrenal glands. molars. thymus. kidney. and

intestine. Evidence lor the cellular expression of rSKI-1 mRNA was obtained trom

analysis of the relative labeling densities pcr ccII in selected tissues. based on a

semiquantitativc analysis of emulsion autoradiographs (not shown). In the centrai

nervous system rSK[-1 mRNA labeling was mostly confined to neurons. whereas

ependyrnal cells and supportive glial cells. such as presumed astrocytes.

oligodendrocytes. and microglia. exhibitcd 5- to 30-fold-less labeling per cciI. [n

addition. within the peripheral nervous system. trigeminal ganglia revealed a 5- to

IO-fold greater expression in neurons as compared ",lth presumptive Schwann ecUs.

Labeling was observed in most of the glandular ceUs in the anterior and intermediate

lobes of the pituitary as weil as in the pituicytes of the pars nervosa. A

semiquantitative comparison in the adult and newborn rat pituitary gland.

submaxillary gland. thymus. and kidney demonstrated an overall 2-fold-decreased

labeling ofrSKI-l mRNA with age (not shown).
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Biosyntbesis of hSKI-1 - To define the molecular forms of human SKI-l we

generated both a vaccinia virus recombinant (vv:SKI-l) and a stable transfectant in

HK293 cells. Three antisera were produced against amino acids 18-188

(prosegment). 217-233. and 634-651 of SKI-l. Expression of vv:SKI-l in four

ditTerent celllines revealed that the enzyme is synthesized as a 148-kDa proSKI-1

zymogen. which is processed progressively into 120-. 106-. and 98-kDa proteins

(Fig. 3.4). Only the 148-kDa fonn is recognized by the prodomain antiserum.

whereas aIl four fonns react with the other two antisera. Processing of the 148-kDa

proSKI-1 into the 120- and 106-kDa fonns occurs in the ER based on the presence of

these proteins in cells preincubated with the fungal metabolite bretèldin A (Fig. 3.4:

ref. 24). Furthermore. preincubation with tunicamycin revealed only two bands (Fig.

3.4). suggesting that the presumably membrane..bound 106- and 120-kDa forms

differ by their N-glycosylation. At the 3-h chase time. results reveal the secretion of

a 98-kDa shed form (sSKI-l) recognized by bath SKI-l antisera (Fig. 3.4) but not by

the proSKI-l antiserum (not shown). Similar SKI-l-related forms were seen in stably

transfected HK293 cells afier a 4..h pulse labeling with eSS]methionine (not shown).

Intracellular Localization of SKI-I - Double-staining immunotluorescence was

used ta compare the intracellular localization nf the stably transfected human SKI-l

in HK293 ~clls with that of either the ER or Golgi markers Con A and \VGA

(Lippincott-Schwartz et al.. 1989). respectively. The data show thal SKI-l exhibits

(i) perinuclear staining. colocalizing with Con A fluorescence. presumably

corresponding ta the ER (not shown): (ii) paranuclear staining colocalizing with

WGA tluorescence. suggesting the presence of SKI-I in the Golgi (Fig. 3.5 A and

Sl. and (iii) punctate staining observed in the cytoplasrn and within extensions of a

few cells (Fig. 3.5A). Sorne. but not aIl .. of the punctate immunostaining matched

that observed with WGA. This suggests that SKI-l localizes in the Golgi but may

sort ta other organelles.. including lysosomal and/or endosomal compartrnents. An

indication of lysosomaVendosomal localization was provided by the analysis of SKI­

1 immunofluorescence within ceUs preincubated for 4 h with 10 mM leucine methyl
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ester, a specifie lysosomal/endosomal protease inhibitor (Reeves et al.. 1981). The

results showed a net increase in the proportion of cells exhibiting punctate staining as

compared with control ceUs (Fig. 3.5 A and B). The relative proportions ofSKI-1 in

cellular organelles and their dependence on culture conditions are now amenable to

evaluation by subcellular fractionation and electron microscopy.

Enzymatic Activity and Cleavage Specificity of SKI-l - To prove that SKI-l is a

proteolytic enzyme we examined its ability to cleave live different potential

precursor substrates. including pro-opiomelanocortin. pro-atrial natriuretic factor.

HIV gp 160, pro-nerve growth tàctor. and pro-BDNF. Cellular coexpression of

vv:SKI-1 with the vaccinia virus recombinants of each of the above precursors

revealed that only pro-BDNF was cleaved intracellularly by SKI-I. Thus. upon

expression of vv:BDNF alone in COS-7 cells we observed a partial processing of

pro-BDNF (32 kDa) into the known. major 14-kDa BDNF product (Seidah et al..

1996a) and the minor production of a previously observed (Marcinkiewicz et al..

1998: S.J.M... N.G.S.. and R.A.M.. unpublished results) but still undetined 28-kDa

product (Fig. 3.6A). Upon coexprcssion of pro-BDNF and SKI-I. a net increase in

the level of the secreted 28-kDa BDNF is evident. without signiticant alteration in

the amount of 14-kDa BDNF (Fig. 3.6A). To examine whether the 28-kDa product

resuhs l'rom cleavage at a basic residuc or at an alternative site. we tirst coexpressed

pro-BDNF. SKI-l. and eithcr cr I-PIT nr cr I-PDX. which are inhibitors of thrombin

and PC cleavages.. respectively (Anderson et al.. 1993: Benjannet et al.. 1997). The

results show that different l'rom cr I-PIT. the serpin a I-PDX selectively blocks the

production of the 14-kDa BDNF and that neither al-PIT nor al-PDX affects the

level of the 28-kDa product. This tinding shows that al-PDX cftèctivcly inhibits the

endogenous furin-like enzyme(s) responsible for the production of the l4-kDa

BDNF (Seidah et aL. 1996a). but does not inhibit the ability of SKI-l to generate the

28-kDa product. Thus. it is likely that the generation of the 28-kDa BDNF takes

place via an altemate cleavage. Incubation of the ceUs with bretèldin A or the Ca2+

ionophore A23187 revealed that the 28-kDa pro-BDNF is tormed in the ER and that

this cleavage is Ca2
+-dependent (not shown).

64



•

•

[n Fig. 3.6B. we present the N-terminal microsequence analysis of eSS]Met­

labeled 32-kDa pro-BDNF and [3 H]Leu-Iabeled 28-kDa BDNF. The sequence of the

32-kDa form revealed the presence of an eSS1Met at position 3 (Fig. 3.6B). which is

in agreement with the proposed sequence of human pro-BDNF (Maisonpierre et al..

1991) resulting from the removal of an 18-aa signal peptide cleaved at

GCMLA 18J..APMK site. The N-terminal sequence of the 28-kDa product revealed a

eH]Leu at positions 2. 13. and 14 (Fig. 3.6B). This result demonstrates that the 28­

kDa BDNF is generated by a unique cleavage at Thr57 in the sequence

RGLT57J,SLADTFEHV[EELL (Maisonpierre et aL 1991).

To prove that SK[-1 is directly responsible for the production of the 28-kDa

BDNF at the novel Thr-directed cleavage. pro-BDNF was incubated at various pH

values with concentrated medium of vv:SK[-I-infeeted Schwann eeUs. A similar

preparation obtained l'rom wild-type vaecinia virus-infected cells served as control.

The data show that SKI-l cxhibits a wide pH-dependcnce protilc revealing activity

at both acidic and ncutral pH values from pH 5.5 to 7.3 (Fig. 3.7A). Analysis of the

inhibitory profile of this reaction revealed that metal chelators such as EDTA and 0­

phenanthroline or a mixture of the serine protcinase inhibitors PrvlSF and pAPMSF

etTcctivcly inhibits the processing of pro-BDNF by SKI-l. The inhibition by EDTA

is cxpccted because. likc ail peso SKI-l is a Ca>-dependent ~nzyme. The

unexpectcd inhibition by 5 m!V1 o-phcnanthroline may be a result of cxcess reagent

beeause at 1 mM only 25~'o inhibition is observed (not shown). Ali other class­

specifie proteinase inhibitors (aspartyl-. eysteinyl-. and serine proteases- of the

trypsin type) proved to he inactive.
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DISCUSSION

This work provides evidence for the existence of a mammalian secretory Ca2
+_

dependent serine proteinase of the subtilisinlkexin type that selectively c1eaves at

nonbasic residues. Thus. SKI-I processes the 32-kDa human pro-BDNF at an

KAGSRGLT J..SL sequence. generating a 28-kDa l'orm. which may have its own

biological activity (S.J.M.. N.G.S.. and R.A.M.• unpublished results). Such a

c1eavage site is close to the consensus site deduced l'rom a large body of work done

with the PCs. whereby an (RIK)-(X)n-RJ..X-(LIIN). (where n = O. 2. 4. or 6) motif

is tàvored by most PCs (Nakayama 1997~ Seièah et al.. 1998a~ Seidah et al.. 1998b~

Steiner 1998). Note that in the SKI-I site. Pl Arg is replaced by Thr and an aliphatic

Leu is present at P2'. an amino acid also tàvored by PCs (Nakayama 1997~ Seidah et

al.. 1998a~ Seidah et al.. 1998b~ Steiner 1998). Several proteins are known to be

c1eaved after Thr. These include human antiangiogenic platelet tàctor 4 (Gupta et al..

1995~ QCLCVKTTJ,SQ). the neuroendocrine -endorphin (Ling et al.. 1976:

KSQTPLVTJ,LF). and ADAM-ID metalloprotease (Rosendahl et al.. 1997:

LLRKKRTTJ,SA).

lnterestingly. comparison of the phylogenetically highly conserved sequence

of pro-BDNF revealed an insertion of hydroxylated amino acids (threonine and

serine) just after the identitied SKI-I c1eavage site or human pro-BDNF. Thus. in rat

and mouse pro-BDNF. two threonines are inserted (RGLTTTSL). and in porcine

pro-BDNF. five serines are added (RGLTSSSSSSL) (Maisonpierre et al.. 1991).

These observations raise a number of questions: (i) Do these insertions atTect the

kinetics of pro-BDNF cleavage by SKI-I? ln that contcxt. it was published recently

that rat pro-BDNF is also c1eaved into a 28-kDa protein (Haubensak et aL 1998). (ii)

Does SKI-I recognize both single and pairs of The and Ser and combinations

thereof? (iH) (s the presence ofa basic residue at P4. P6. or P8 eritical for cleavage?

Another question that arises is whether SKI-I cao cleave at residues other

than Thr. [n that eontext. after submission of this manuscript. Sakai et al.
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Demonstrated that the sequence of hamster SI p responsible for the site 1 c1eavage of

SREBPs is almost identical to the presently reported human~ mouse~ and rat SKI-I

(Sakai et al.~ (998). In this modet within the lumen of the ER, SI P eleaves SREBP-2

al an RSVLJ...SF sequence. where Arg al P4 is very eriticaI. whereas the PI Leu

eould he replaeed by a number of other amino acids (Duncan et al.. (997). Our in

vitro data show that sSKI-1 does not cleave small tluorogenie substrales of sequence

RGLT-MCA~ RGLTTI-MCA~ or RSVL-MCA (~tCA is 4-methylcoumaryl-l­

amide). suggesting that it has an extended substrate-specificity poeket. In agreement.

preliminary data show that SKI-I specifieal1y cleaves at neutral pH a 27-mer

synthetie peptide of sequence GGAHDSDQHPHSGSGRS VLJ,SFESGSGG.

representing the luminal amino acids 504-530 of human SREBP-2 (Duncan et al..

1997) (B.B.T. and N.G.S.• unpublished data). We have shown that this synthetic

peptide is efficiently processed by SKI-l in vitro. paving the way for retined kinetic

analyses.

Biosynthetic analysis of the zymogen processing of proSKI-1 demonstrated

an ER-associated removal of the prosegment (Fig. 3.4). Furthermore. analysis of the

35S04-labeled SKI-I demonstrated the presence ofonly sulfated 106- and 98-kDa

forros but not that ofdther the 148 proSKl-1 or the 120-kDa SKI-la forms (not

shown). Because sultàtion nccurs in the trans-Golgi networ!..;. this confirms that the

removal of the prosegment llccurs in the ER. As with lurin and PC5-B (Seidah ct al..

1998a~ Steiner 1998: Seidah et aL 1998b: de Bic ct aL 1996 t the membrane-hound

I06-kDa SKI-I is transtonned into a soluble 98-kDa form. The secreted 98-kDa

sSKI-1 is enzymatically active because it processcs pro-BDNF in vitro (Fig. 3.7).

Altempts to sequence the SDS/PAGE-puritied eH ILeu- and Val-Iabeled 148- and

98-kDa forrns resulted in ambiguous results. suggesting that SKI-I is refractory to N­

terminal Edman degradation. Presently. we are unable to define the zymogen

cleavage site leading to the formation of the 120-kDa SKI-la and 106-kOa SKI-I b

deduced by pulse-chase studies (Fig. 3.4). Examination of the prosegment sequence

(Fig. 3.1 ). the species-specifie pro-BDNF motif potentially recognized by SKI-I. the

sequence of the luminal portion ofSREBP-2 (see above). and the alignment ofSKl-1
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with other subtilases (Siezen and Leunissen (997) suggests three possible conserved

sites: I!..A Sb167_SL as. .RHS~182_RRLL. and RRLL186_RAIP. These predict

cleavages at motifs containing a P4 Arg and a Pl either Leu or Ser.

Phylogenetic structural analysis of the predicted amino acid sequence of SKI­

1 reveals that this serine proteinase is doser to plant and bacterial subtilases than it is

to yeast and mammalian PCs. The 100% conservation of the catalytic domain

sequence. although striking and suggestive of an important function. is not làr trom

the 98% similarity between human and rat PC7 (Seidah et al.. 1998b~ Seidah et al..

1996b). The sequence C-terminal to the catalytic domain of SKI-l is very diftèrent

from that of any of the known PCS. In facto although PCs have a typical P-domain

critical for the folding of these enzymes (for reviews see rets. Seidah et al.. 1998a:

Seidah et al.. 1998b: Steiner 1998), we did not tind the hallmark sequences (Lipkind

et al.. 1998: Seidah et al.. 1998b) of the P-domain within the SKI-I structure.

Instead. ditTerent from the PCs. we tind a conserved gro"1h tàctor/cytokine receptor

motif of which tùnctional importance will need to be addressed, especially because

this motif is partly missing in alternatively spliced forros (Fig. 3.1). Finally. the

highly basic nature of the cytosolic tail of SKI-l (Fig. 3.1) may be critical tOI' its

probable cellular localization within endosomalllysosomai compartments (Fig. 3.5),

similar to the importance of basic residues for the a~cllmulation of the -amidation

enzyme PAM in l:ndosomal compartments (S. L. Milgram. personal

communication).

The wide tissue distribution of SKI-l mRNA transcripts suggests that this

enzyme processes numerous precursors in various tissues. Furthennore. the observed

developmental down-regulation of the level of its transcripts also suggests a

functional importance during embryonic dcvelopment. That SKI-l can cleave C­

terminal to Thr. Leu. and. possibly. Ser residues suggests that. like the combination

of PCs and carboxypeptidases E and D (Varlamov and Fricker 1998). a specifie

carboxypeptidase also may be required to trirn out the newly exposed C-terminal

hydroxylated or Leu residues.
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SKI-I is closest to the pyrolysin branch of the six-membered family of

subtilisin-like proteinases (Siezen and Leunissen 1997) and we believe is the first

known mammalian subtilase cleaving at sites other than basic amino acids. That

other eukaryotic subtilases exist is supported by a recent report on the structure of a

soluble subtilisin-like enzyme called PfSUB-l found in Plasmodium tàlciparum

(Blackman et al. .. 1998) and exhibiting a 290/0 sequence identity to SKI-l. This

enzyme. which is closest to the subtilisin branch of subtilases (Siezen and Leunissen

1997). localizes (0 granular-like compartrnents and presumably cleaves al a Leu-Asn

bond (Blackman et aL 1998). Therefore. because only mammalian members of the

kexin (PCs) and pyrolysin (SKI-l) subtàmilies have been idenlified. could it be that

the other four subtilase subtàmilies (Siezen and Leunissen 1997) have their

mammalian counlerparts?
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SKI·l. subtilisin/kexin·isozyme·l; PC. proprotein convertase: ER. endoplasmic

reticulum: BDNF. brain-derived neurotrophic factor; SREBP. sterol regulatory

element-binding protein; RT-PCR. reverse transcriptase·PCR: vv. vaccinia virus;

PDX. CL l-antitrypsin Portland; WGA. wheat germ agglutinin: PMSF.

phenylmethylsulfonyl fluoride.
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FIGURE 3.1 Comparative protein sequenees of SKI-I dedueed from rat, mouse,

and buman eDNAs. The position of the predicted end of the 17-aa signal peptide is

shown by an arrow. The active sites ASp218~ HisH9
• and Ser.Jl.J as weil as the

oxyanion hole Asn338 are shown as bold.. shaded.. and underlined characters. The

positions of the six potential N-glycosylation sites are emphasized in boldo The

conserved shaded sequence fits the consensus signature for growth factors and

cytokine receptor fam ily . Each of the two boxed sequences was absent (_l in a

number of rat clones. The predicted transmembrane segment is in bold and

underlined.

72



1 nAdre~IS
ThyrOid

Hippocam

1 r-SPleen I·$~:;-~~~
•.•_<. Pit-AP

Pit-NIL

Submax
Heart __Thyroid

r-Brain IV

~~ I~~ w....,

I~
1 .,,~~: '.•~::" ~Prostate

W ~ VI 0\ 1:' ;1.,~~.: • "rOVaryte : ~~·~·:i· d... '
..... ~_o' _

. . Uterus >

• •



•

•

FIGURE 3.2 Northern blot analysis of the expression of SKI-l in adult rat

tissues. (A) Five micrograms of male rat total RNA was loaded in each lane:

pituitary anterior (AP) and neurointermediate (NIL) lobes and submaxillary gland

(submax). (8) Two micrograms of poly(A)+ RNA of (male + female) Sprague­

Dawley rat adult tissues. The estimated size of rat SKI-l rnRNA is about 3.9 kb.
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FIGURE 3.3 ln situ bybridizatioD of rSKf-1 mRNA in a 2-day-0Id rat. [n situ

hybridization is shown at anatomical resolution on x-ray film using an 35S-labeled

antisense riboprobe (A-C) and sense control riboprobe (0). Adr. adrenal gland: Cb.

cerebellum; cc. corpus callosum; Cx. cerebral cortex: H. heart: [nt. intestine; K.

kidney: Li. Iiver; Lu. lungs; M.. muscles: Mol. molars; DT. olfactory turbinates; Pit.

pituitary gland; Rb. ribs; Ret. retina: Sk.. skin. SM. submaxillary gland: Th. thymus.

L4: bar (0) = 1 cm.]
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FIGURE 3.4 Biosynthetic analysis of SKI-I in LoVo-CS cells overexpressing

vv:51((-1. CeUs were pulsed for 20 min with eSS]cysteine and chased for 30 min~ 1

h~ and 3 h in the absence or presence of either hrefeldin A (3h-B) or tunicamycin

(3h-T). The control represents the 3-h chase period for eeUs infected with the wild­

type virus (Wt). Media and ceillysates were immunoprecipitated with either a SKI-l

antiserum (Ab: SKI-l ~ against amino acids 634-651) or a proSKI-1 antiserum. The

arrows point to the 148-. 120-~ 106-. and 98-kDa tonns immunoprecipitated.
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FIGURE 3.5 bSKI-l immunoreaetivity in !ltably transfected 81093 cells. Black

and white representation of the comparative double (red and green) fluorescence

staining using an SKI-I antiserum (directed against amino acids 634-651) (A and B)

and tluorescein isothiocyanate-Iabeled WGA (At and B') in control (A and At) and

leucine methyl ester (LME)-treated (B and Bt) cells. Thin arrows emphasize the

observed punctate staining~ which is enhanced in the presence of LME. Large arrows

point to the coincident staining ofSKI-1 and WGA. L900; bar (Bt) = 10 J,lm.]
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FIGURE 3.6 ProeessÎng of pro...BDNF by SKI... l. (A) COS-7 ceUs were infected

with vv:BDNF and either vv:WT (-) or vv:SKI... l in the presence of either vv:PIT or

vv:PDX. The cells were labeled metabolically with eSS]cysteine/esS]methionine for

4 h~ and the media (M) and ceU lysates (C) were immunoprecipitated with a BDNF

antiserum before SDS/PAGE analysis. The autoradiogram shows the migration

positions ofpro... BDNF (32 kDa). the 28-kDa BDNF produced by SKI-I. and the 14­

kDa BDNF. (B) Microsequence analysis of the [35S]Met-labeled 32-kDa pro-BDNF

(maximal scale. 1.000 cpm) and eH]Leu-labeled 28-kDa BDNF (maximal scale~ 250

cpm).
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FIGURE 3.7 ln vitro processing profile of pro-BDNF by SKI-l. (A) pH

dependence of the processing of pro-BDNF by SKI.. l. (B) Inhibitor profile of the

processing of pro..BDNF to the 28..kDa BDNF by the same SKI.. l preparation as in

A. The reaction was performed ovemight al 37°C. pH 6.0.
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CHAPTER4:

DIFFERENTIAL SORTING OF NERVE GROWTH FACTOR AND

BRAIN-DERIVED NEUROTROPHIC FACTOR IN HIPPOCAMPAL

NEURONS.

PREFACE

The previous chapters. reveals how pro-BDNF is being produced and post­

translationally moditied. These data along with the previous published data in our lab

(Seidah et al.. 1996) showing post-translational modification of pro-NGF and pro­

NT-3 would provide sorne necessary background intormation on our attempt to

understand how neurons sort and release NTs. In the present chapter. using dinèrent

approaches wc have tested the secretory pathway taken by NGF and BDNF in the

primary cultures of mouse hippocampal neurons. Our results reveal a constitutive

release of NGF by hippocampal neurons consistence with a survival role of NGF in

CNS. In contrast pro-BDNF is processed and releascd via regulated secretory

pathway of hippocampal neurons suggesting a potential modulatory role for BDNF

in synaptic function and plasticity.
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fhe Journal ofNeuroscience. March 15. 1999. 19(6):2069·2080

Differentiai Sorting of Nerve Growth Factor and Brain-Derived

Neurotrophic Factor in Hippocampal Neurons
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ABSTRACT

Nerve growth factor (NGF) is released through the constitutive secretory pathway

l'rom cells in peripheral tissues and nerves where it cao act as a target-derived

survival làctor. In contrast brain-derived neurotrophic tàctor (BDNF) appears to he

processed in the regulated secretory pathway of brain neurons and secreted in an

activity-dependent manner to play a role in synaptic plasticity. To determine whether

soning differences are intrinsic to the neurotrophins or reflect differences between

cell types. we compared NGF and BDNF processing in cultured hippocampal

neurons using a Vaccinia virus expression system. Three independent criteria

(retention or release l'rom eeUs after pulse-chase labeling. depolarization-dependent

release. and immunocytochemical localization) suggest that the bulk of newly

synthesized NGF is soned into the constitutive pathway. whereas BDNF is primarily

soned into the regulated secretory pathway. Similar results occurred with AtT-20

ceUs. including those translècted with cDNAs encoding neurotrophin precursor­

green tluorescent protein fusions. The NGF precursor. but not the BDNF precursor.

is efficiently cleaved by the endoprotease turin in the trans-Golgi network (TGN).

Blocking furin activity in AtT-20 ceUs with a I-PDX as weIl as increasing the

expression of NGF precursor partially directed NGF into the regulated secretory

pathway. Therefore. neurotrophins can be soned into dther the constitutive or

regulated secretory pathways. and sorting May he regulateJ by the etliciency of furin

cleavage in the TGN. This mechanism may explain how neuron-generatcd

neurotrophins can act both as survival tùctors and as neuropeptides.
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INTRODUCTION

Numerous cell types secrete neurotrophins~ including CNS and PNS neurons and

non-neuronal cells in peripheral tissues. Once released. neurotrophins promote

neuronal survival and plasticity by interacting with specifie receptors on the

membranes of target neurons (for review. see Thoenen, 1995: Snider and Lichtman.

1996). We know much about sites of neurotrophin production and utilization. but we

know Iinle about the mechanisms that regulate neurotrophin release from cells.

Most secretory proteins are synthesized as high molecular weight precursors

that translocate into the endoplasmic reticulum (ER) and then to the Golgi stacks.

There they are post-translationally modified (Loh. 1993) and c1eaved by

endoproteases that separate active peptides from inactive precursors. Many

precursors are c1eaved within the trans-Golgi network (TGN) by tùrin or furin-like

enzymes that act on the COOH-tenninal side of multibasic sites (generally Arg-X­

Lys1Arg-Arg) (Hosaka et al.. 1991) after which they can be constitutivcly released

(Dubois et al.. 1995). In neurons. most neuropeptides are c1eaved within the

regulated secretory pathway not by furin-like enzymes but by prohormone

convertases 1 and 2 (PC 1 and PC2) (Rouille et al.. 1995), which c1eave precursors in

immature secretol;-' granules before or after granules bud from the TGN. Thus.

proteolytic maturation of proteins destincd tor rcgulalcd secretion oceurs at a later

time point and in i.l different subcellular compartmcnt than does protcolysis of

eonstitutively secrelcd proteins.

Neurotrophin processing cao occur in either the constitutive or the n:gulated

secretory pathways. Fibroblasts and Schwann ceUs contain the constitutive sccretory

pathway only. They also produce furin. which c1eaves neurotrophin precursors in

vitro (Bresnahan et al.. 1990: Seidah et al.. 1996a.b). and bioactive NGF (Bunge.

1994: Singh et al.. 1997), brain-derived neurotrophic tactor (BDNF) (Acheson et al..

1991). and neurotrophin-3 (NT-3) (Cartwright et aL 1994). NGF can also be

processed in the regulated pathway of eells exposed to viroses or plasmids encoding
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• the NGF precursor (Edwards et al... 1988; Heymach et aL.. 1996; Canossa et aL.. 1997;

Kruttgen et aL.. 1998).

BDNF processing appears to occur within the regulated pathway in cells that

have both secretory mechanisms.. including neurons. Depolarization releases BDNF

from virus-intècted hippocampal neurons (Goodman et al.. 1996). BDNF has been

detected in large dense-core vesicles of sensory neurons (Michael et al.. 1997 ) and

in brain synaptosomes (Fawcett et al.. 1997). These data are consistent with a

growing number of studies showing that BDNF. but not NGF. is anterogradely

transported in neurons [Altar et al. (1997): Fawcett et al. (1998); for review.. see

Altar and DiStefano ( 1998)].

In this study.. we used a Vaccinia virus (VV) expression system to directly

compare the sorting of NGF and BDNF in hippocampal neurons and AtT-20 ceUs.

Pulse-chase labeling. immunocytochemistry. and depolarization-dependent release

studies suggest that under identical experimental conditions. NGF is primarily sorted

to the constitutive secretory pathway. and BDNF is sorted to the regulated secretory

pathway. Inhibiting furin-like enzymes alters the processing of pro-NGF but not pro­

BDNF. and cold-block methods that inhibit protcin exit l'rom the TGN prevent

c1eavage of pro-BDNF but not pro-NGF. In addition. blocking turin activity directs

sorne pro-NGF tll the regulated pathway. suggcsting that sensitivity to l'urin·

mediatcd c1eavagc may be an important determinant in regulating neurotrophin

sorting:

• • Sorne ofthese results have been published previously in abstracl fonn (Mowla el al.. 1997).
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MATERIALS AND METHODS

Ce// cultures - Hippocampal neurons were prepared according to the method of

Banker and Cowan (1977) as modified by Brewer et al. (1993). Briefly. the

hippocampus was dissected from embryonic day 18 (E 18) mice (Charles River.

Montreat Canada). exposed to trypsin. dissociated mechanically. and grown in 60

mm collagen/poly-L-Iysine-coated dishes. CeUs from two liners of mice were plated

into six dishes. Cultures were maintained in serum-free Neurobasal medium (Life

Technologies. Gaithersburg. MD) containing 0.5 mM glutamine and 1_ B27

supplement (Life Technologies). Schwann cell cultures were prepared from neonatal

rat sciatic nerve as described previously (Pareek et al.. 1993). AtT-20 ceUs and COS

7 ceUs were cultured as reported previously (Seidah et al.. 1996a). We also used an

AtT-20 cell line stahly transfected with a I-PDX cDNA that has been described

previously (Benjannet et al.. 1(97). Special care was taken to ensure that cells were

distributed in equal numbers in dishes that were to be used tor group comparisons.

VV recombinants and inJèctions - Puritied recombinant VYs containing the full­

length coding regions of mouse pro-NGF and human pro-BDNF (generously

provided by Regeneron Pharmaceuticals. Tarrytown. NY) were constructcd as

described prcviously (Seidah et al.. 1996a.b). VYs coding for al-PDX were kindly

provided by Dr. Gary Thomas (Yollum Institute. Portland. OR). Separate plates of

ccUs were infected with YY cncoding pro-NGF or pro-BDNF. [n one series of

studies. wc coinfected AtT-20 cdls with YV encoding pro-NGF and a.l-PDX. VV

in{~ctions were pertormed as described previously (Seidah et al.. 1996a). except that

wc used a multiplicity of infection (MOl) of 1 followed by an incubation of 8-10 hr

in virus-free medium betore metabolic labeling. Under our experimental conditions.

there was no evidence of cell death in ceUs exposed to VVs for the limes indicated in

each experiment.

Greenfluorescenl protein-neurolrophin fusions - cDNAs coding lor pro-BDNF and

pro-NGF were amplified using primers that eliminated the stop codons and created
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restriction sites for insening neurotrophin cDNAs in frame with the coding sequence

of green fluorescent protein (GFP) from EGFP-NI (Clontech. Cambridge. UK). The

GFP coding region was insened near the region coding for the C terminus of the

mature neurotrophin. Thus. the NGF-GFP construct coded for amino acids 1-304 of

pro-NGF. and the BDNF-GFP construct coded for amino acids 1-250 ofpro-BDNF.

Clones were sequenced manually (Sequenase~ United States Biochemical

Corporation. Cleveland. OH). AtT-20 ceUs growing on poly-L-lysine-coated

coverslips were transfected with neurotrophin-GFP constructs using lipofectamine

(Life Technologies). Three days later the ceUs were lixed in 4% paraformaldehyde in

PBS and analyzed by epitluorescence using a Zeiss Axioskop microscope with a 40_

objective.

To detennine whether GFP-labeled neurotrophins were properly processed.

we metabolically labeled the cells for 6 hr with [35S l cysteine-methionine (Cys-Met)

Trans1abel48 hr after cells were transtècted with the constructs. collected celllysates

and conditioned medium. exposed them to neurotrophin antibodies. and analyzed the

immunoprecipitates by SDS-PAGE. as described below. We also analyzcd the

biological activity of sccreted GFP-tagged neurotrophins by testing conditioned

medium in a Trk autophosphorylation bioassay. Conditioned media obtained l'rom

nontransfccted COS 7 ecUs or eells transtèeted with NGF. NGF-GFP. BDNF. or

BDNF~GFPwere incubated tor 5 min with NIH 3T3 cells engineercd to express Trk

A (lor NGF) or Trk B (tor BDNF). The cells were lysed and immunoprecipitated

with anti-pan Trk 203 antibody. fractionated by SDS-PAGE. and probed on Western

blot repHcas with a phosphotyrosine antibody. according to the methods of

Hempstead et al. (1992).

Aletabo/ic labeling and immunoprecipitation - For pulse-chase experiments. we

incubated infected cells with 1.5 ml of Cys-Met-free DMEM containing 10% fCS

and 0.5 mCi/ml e5S] Translabel (lCN Biochemicals. Montréal. Québec. Canada)

(70% methionine. 300/0 eysteine) for 30 min. Pro-BDNF contains 10 methionines as

eompared with four in pro-NGF. and mature BDNF contains three methionines as
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compared with one in mature NGF. These differences, together with higher

concentrations of methionine in the Translabel, explain why pro-BDNF and mature

BDNF tend to label more heavily than pro-NGF and NGF in most figures showing

metabolic labeling. CeUs were washed.. and the medium was replaced with an equal

volume of DMEM containing 100/0 FCS plus twofold excess concentrations of

nonradioactive cysteine and methionine for the times indicated (chase periods). In

sorne experiments. hippocampal neurons were incubated at 20°C for 3 br in medium

containing Translabel to monitor the effects of cold conditions on precursor

processing.

ln aH experiments. conditioned media and ccli lysates were brought to t1nal

volumes of 1.5 ml. 750 J.11 of which was subjected to immunoprecipitation. Samples

immunoprecipitated with nonimmune rabbit IgG showed no bands corresponding to

standards of neurotrophin precursors or products.

Immunoprecipitations were performed as described previously (Seidah et al..

1996a). For NGF. we used an affinity-purilied rabbit anti-NGF IgG described

previously (Murphy et al.. 1993: Seidah et al.. 1996a). BDNF immunoprecipitations

\Vere performed using an antibody kindly supplied by Amgen and characterized

prcviously (Fawcett et al.. 1997: Yan et al.. 1997). Cell lysates and conditioned

media were analyzed by elcctrophoresis on a 13-22% SOS-PAGE. Gels were tixed

in 40% methanol and 100/0 acetic acid. treated with ENHANCE (DuPont NEN.

Boston. MA). and washed in 100/0 glycerol. ail tor 1 hr. Dricd gels were analyzed by

a phosphorimaging device (Molecular Dynamics. Sunnyvale. CA). and radioactivity

in each band was quantitated using the ImageQuant program. Levels of radioactivity

were within the linear range of the device. Statistical signiticance was determined

using the Student's t test on a minimum of triplicate experiments.

Ta monitor the eftècts of depolarization on neurotrophin release. we infected

hippocampal neurons with recombinant viroses. metabolically labeled the cells for

30 min.. and washed and incuhated the ceUs in medium containing excess
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nonradioactive methionine and cysteine for 4 he. The ceUs were exposed to tissue

culture medium supplemented with or without KCI (56 mM) and CaCh (5.8 mM) for

15 min. Conditioned media and cell lysates were coUected~ immunoprecipitated.. and

fractionated by SOS-PAGE. Neurotrophin levels were estimated and compared by

phosphorimager analysis. In a control experiment.. we examined KCl-induced release

of endogenous secretogranin II using immunoprecipitation methods. VVINGF­

intècted cultures of hippocampal neurons were treated as above. and conditioned

media and cell Iysates were immunoprecipitated with an antibody to rat

secretoneurin kindly provided by Dr. Reiner Fischer-Colbrie (Department of

Phannacology. Innsbruck University.. Austria).

lmmllnocytochemistry and conjoc:al m;croscopy - VVINGF-BDNF-infected AtT-20

celis and primary cultures of hippocampal neurons as weil as controls consisting of

unintected cells or cells intected with wild-type VVs were rinsed with PBS. tixed tor

20 min in 40/0 paraformaldehyde in 0.1 M phosphate buftèr. pH 704. and

permeabilized in 0.1 % Triton X-I 00 tor 10 min. The ceIls were preincubated for 20

min in HEPES-buffered saline (HBS) containing 10% FCS to reduce nonspecitic

antibody binding and exposed to 1:2000 dilutions of primary antibodies overnight at

4°C. The cells were washcd three times with HBS (5 min each) and incubated 1 hr

with CY3-conjugated goal antirabbit antibody (Jackson Laboratory. Bar Harbor.

ME) diluted t :2000 in HBS containing 100/0 goat serum. Cells were washed three

times in HBS and mountcd in a Tris-buffered glycerol mounting medium (Sigma. St.

Louis~ MO).

CeUs were analyzed by confocal laser scanning microscopy with a Zeiss

LSM 410 invcrtcd contocal microscope using a 63_. lA NA objective. Cells were

excited at 543 nm and imaged on a photomultiplier after passage through FT 590 and

LP 590 tilter sets. The confocal images represent one confocal level (a depth of -[

J,lm) that contains the cell nucleus along with as Many cell processes as were possible

to image. to evaluate the peripheral distribution of secretory vesicles. There were no

perceptible differences in the distribution of NGF and BDNF immunoreactivity
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when we scanned below and above the nucleus. Ali images were printed on a Kodak

XLS 8300 high-resolution printer.

[n some studies we used epifluorescence microscopy to compare in VV­

infected AtT-20 ceUs the distribution of NGF and BDNF immunoreactivity with

TGN38.. a marker of the trans-Golgi network (Luzio et al. .. 1990).. and ACTH. which

is packaged in secretory vesicles of AtT-20 ceUs. Antibody to TGN38 raised in

guinea pig (kindly provided by Ors. G. Banting and W. Garten. University of Texas.

Southwestem.. Dallas. TX) was used at a 1:50 dilution and visualized using an F[TC­

conj ugated secondary antibody raised in goat (Jackson Laboratory) diluted 1:50 in

HBS containing 100/0 normal goat serum. ACTH localization was pertormed using a

monoclonal antibody (Cortex Biochem) at a dilution of 1: 1000.. visualized with a

CY2-conjugated goat anti-mouse secondary antibody (Jackson Laboratory) diluted

1: 1000 in HBS containing normal goat serum.
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RESULTS

Differentiai retention of NGF and BDNF in bippocampal neurons - Figure 4.1

compares neurotrophin processing in hippocampal neurons infected with

recombinant viruses encoding either pro·NGF or pro-BDNF. Figure 4.1A shows that

over an 8 hr chase period.. pro-NGF processing gives rise to mature NGF. The NGF

precursor (35 kDa) is evident in celi lysates at the start of the chase period.. and

within 30 min. glycosylated higher molecular weight forms of the precursor (39-42

kDa) (Seidah et aL 1996a) are evident. Levels of the precursor remain steady in ceH

lysates for up to 2 he but decrease thereafter. Small amounts of the precursor are also

evident in conditioned medium sampled at 4 and 8 he. Mature NGF (13.2 kDa) is

visible in conditioned medium after 2 hr. and at 4 hr. levels are higher than in the

corresponding cell lysates. Phosphorimager analysis revealed that in samples

collected at 8 hr. 3.0 times (±O.7 SEM) as much mature NGF is released into

medium than is retained within celllysates.

Figure 4.1 B shows that pro-BDNF is also processed by hippocampal neurons.

Pro-BDNF (32 kDa) is evident within cell Iysates in aH time periods tested. with

levels decreasing in samples collected at 4 and 8 hr when lcvels of processed product

increase. In contrast to pro-NGF. significant levels of the BDNF precursor are also

evident in conditioncd media in aH samples colleclcu alter 1 he. apparcnlly becausc

of constitutive rdease of the protein. Mature BDNF ( 14.2 kDa) is evident within cell

lysates by 1 hr and remains detectable throughout the 8 hr period of analysis. The

amount or BDNF retained in celi lysalcs exceeds the amount rdeased into

conditioncd medium by 4.0-fold (±1.5 SE~t) in samples collected at 8 hr.

Figure 4.2 presents data obtained from triplicate experiments on hippocampal

neurons pertormed as shown in Figure 4.1. The figure compares the amount of

processed NGF or BDNF in cell Iysates as a function of the total amount of

processed neurotrophin in cell lysates and conditioned media. Signiticantly higher
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levels of BDNF are retained within cell lysates as compared with NGF as early as 1

br after chase~ and the differences increase over the 8 br chase period.

To determine whether hippocampal neurons are unique in their ability to

retain more BDNF than NGF. we repeated the pulse-chase experiments shown in

Figure 4.1 in AtT-20 celis. a weil established cell line that contains both the

regulated and constitutive secretory pathways (Burgess and Kelly. 1987). Figure 4.3

shows that AtT-20 ceIls. like hippocampal neurons. release more NGF into

conditioned medium than they retain in cell lysates; the opposite occurs with BDNF.

Therefore. in both neurons and AtT-20 cells. most newly synthesized and processed

NGF is released from ceUs. whereas most processed BDNF is retained in ceillysates.

To determine whether retention of BDNF is only a characteristic of ceIls with

the regulated secretory pathway. wc repeated the experiments with constitutively

secreting rat Schwann ceUs. Figure 4.4 shows that pro-BDNF is processed by

Schwann ceUs. By 4 hr chase. slightly higher levels of processed BDNF are cvident

in conditioned media than in cell lysates. By 8 hr. both mature BDNF and pro-BDNF

are evident only in conditioned medium. Therefore. Schwann eeUs process pro­

BDNF and rclease it. along with the BDNF precursor. into conditioned medium.

Thus. the rctcntion of processed BDNF by hippocampal neurons and AtT-20 eclls is

Iikcly caUSCl~ by differences in the secretof'j pathways of these ceUs and Scl1\vann

ecUs.

Immunocytochemical localization of BDNF and NGF - We used

immunocytochemistry and confoeal microseopy to assess the intraccllular locations

of NGF and BDNF immunoreactivity in recombinant virus-infected cells. Figure 4.5

shows BDNF immunoreaetivity localized to punctate structures throughout the

cytoplasm and in the tips of processes in both AtT-20 cells (Fig. 4.5A) and

hippocampal neurons (Fig. 4.58). [n contrast. NGF immunoreactivity is distributed

in the perinuclear cytoplasm of bath AtT-20 cells (Fig. 4.5C) and hippocampal

neurons (Fig. 4.5D) and was seldom detected as punctate in either cell type. Neither
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NGF nor BDNF immunoreactivity was evident in uninfected ceUs or in ceUs infected

with wild-type viruses (data not shown). Detection of BDNF immunoreactivity

within vesicle-like structures is consistent with the idea that BDNF is processed

within the regulated secretory pathway.

Figure 4.6 compares the distribution of BDNF and NGF immunoreactivity

with that of endogenous TGN38 and ACTH in virally infected AtT-20 cells. Cells

were immunostained for BDNF (A.B.O.H). NGF (C.I). ACTH (E.H). and TGN38

(D.F.G.I). Immunoreactivity for BDNF (A) and TGN38 (D) colocalize (G) as does

immunoreactivity for NGF (C) and TGN38 (F) within the perinuclear region (1).

BDNF immunoreactivity is also located in punctate structures that are distributed

within the cytoplasm and processes of AtT-20 cells (A.B) in a manner

indistinguishable from ACTH (E). In sorne vesicles. the two proteins colocaJize (H).

ln contrast. NGF immunoreactivity was never seen in punctate structures under these

experimental conditions. Taken together. these data suggest that BDNF is located in

the TGN. as expected before sorting. and packaged within large dense-core vesicles

similar to those containing endogenously produced ACTH. NGF is also located in

the TGN but is not packaged or concentrated within large dense-core vesicles. which

is consistent with NGF being released through the constitutive secretory pathway.

Our results suggest clear ditTercnces between the sorting ofNGF and BDNF.

To test whether these results arose simply as a result of the Vaccinia vinas infection

rnethod. we transfected AtT-:20 cells with constructs coding for GFP fused to the C­

terminal region of pro-BDNF or pro-NGF and examined the distribution of the

fusion proteins by epifluorescence rnicroscopy. Figure 4.7A shows that pro-BDNF­

GFP fluorescence was localized within punctate structures in the cytoplasm and tips

of cell processes. [n contrast. pro-NGF-GFP (Fig. 4.78) was distributed diffusely

within the cell. never within punctate structures. NGF-GFP tluorescence was also

less intense than that of BDNF-GFP. perhaps because of its failure to be

concentrated in vesicles and ilS constitutive release from the cell. The differential

distribution of GFP-labeled pro-BDNF and pro-NGF was similar to that obtained
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using the Vaccinia virus infection method. Haubensak et al. (1998) recently reported

results similar to ours with respect to the localization ofBDNF~GFP fusion proteins.

We performed metabolic labeling and SDS-PAGE analyses to determine

whether pro-BDNF~ and pro~NGF-GFP~labeledconstructs were appropriately

translated and processed in these experiments. However. these experiments were

unsuccessful in AtT~20 cells beeause of low transtèction efficieney. We repeated the

experiments in COS 7 ceIls and found that both pro-NGF~GFP and pro-BDNF~GFP

were processed appropriately. without cleavage of the GFP tag. as reported

previously (Haubensak et al.. 1998) (Fig. 4.7e). We also determined that medium

conditioned by COS 7 eells that had been transfected with pro~NGF~GFP and pro­

BDNF-GFP was fully active in inducing Trk A and Trk B autophosphorylation.

respeclively. in NIH 3T3 cells engineered to express the reeeptors (Fig. 4.7D). These

data indicate that GFP~tagged pro-BDNF and pro-NGF are proeessed appropriately

and that conditioned media containing the precursor and mature torrns of the proteins

can activate their cognate reeeplors. Data monitoring the distribution of the

neurotrophin~GFP fusion proteins further contirm our VV data indicating clear

differences in the sorting and intracellular distribution ofNGF and BDNF.

nepolarization.iDdu~ed release of BDNF from hippo~ampal Dcurons • [f BDNF

is in the regulated secretol)· pathway. depolarization should promote its release.

Figure 4.8 shows that BDNF lcvcls in conditioned medium nearly doubled when

hippocampal neurons wcre exposed 10 KCI: however. depolarization had no etTecl on

NGF release. Depolarization did not promote the release of pro~BDNF or pro-NGF

under these experimental conditions (data not shown). 1'0 be certain that infecting

hippocampal neurons with the NGF~coding virus had not altered the regulated

secretory pathway of hippocampal neurons. we monitored the effects of KCl

depolarization on the release of endogenously produced secretogranin [1. which is

present in the regulated pathway. Figure 4.9 shows that KCl treatment effectively

promoted secretogranin li release in ceUs infected with pro-NGF encoding VV.
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Differentiai proeessing of pro-NGF and pro-BDNF by furin - To further test

whether BDNF and NGF are ditTerentially sorted in ceUs containing both a regulated

and constitutive secretory pathway. we performed three additional sets of

experiments. [n the first. we tested the effects of lowered temperature on the

processing of the neurotrophin precursors. Cold temperatures (20°C) allow precursor

proteins to enter the TGN but inhibit vesicle budding From the TGN. which is an

essential step for processing proteins in immature secretory granules of the regulated

secretory pathway (Matlin and Simons. 1983). Therefore. precursor processing at

20°C must occur within the TGN. For these studies. we infected hippocampal

neurons with recombinant VVs. metabolically labeled the cells. incubated them for 3

hr at 20°C. and analyzed the intraccllular content of newly synthesized NGF and

BDNF in cell lysates by immunoprecipitation methods. Figure 4.10 shows that

significant amounts of mature NGF were generated from the NGF precursor under

cold-block conditions. whereas cold block totally inhibited the generation of mature

BDNF From the BDNF precursor. Thercfore pro-NGF. but not pro-BDNF. is c1caved

within the TGN. probably by turin.

Wc also compared pro-NGF and pro-BDNF processing in the presence of

al-PDX. an al-anti-trypsi n dcrivative that selcctivcly intcrfcres with turin's ability

to proccss precursor protcins within the TGN (Anderson ~[ al.. 1993: Watanabe et

al.. 1995: Vollenweider ~[ al.. 1996). In thesc studies. wc monitored neurotrophin

processing in AtT-20 cell~ coinfected with VVs cncoding either pro-NGF or pro­

BDNF with or without VVs coding tor al-PDX. Figure 4.11 shows that al-PDX

had no detectablc cffect on pro-BDNF processing. However. a(-PDX did increase

the amount of pro-NGF rcleased constitutively into conditioned medium.. a result that

was similar to those obtained when we monitored pro-BDNF processing in

hippocampal neurons and AtT-20 cells (Figs. 4.1. 4.3). Identical results (data not

shown) were obtained when we infected neurotrophin-encoding viroses into a stably

transfected AtT-20 cell line overexpressing al-PDX (Benjannet et aL 1997).

The finding that al-PDX caused the constitutive release of pro-NGF into

conditioned medium suggested to us that al-PDX might he altering sorting of NGF

93



•

•

within the celt an idea confirmed by immunocytochemistry. Figure 4.128 shows

thal in AIT-20 ceUs that stably overexpress a I-PDX, pro-NGF encoding viroses

cause the accumulation of NGF immunoreactivity in punctate vesicles within the cell

cytoplasm and tips of cell processes that does not occur in the absence of al-PDX.

Figure 4.12C shows that at least sorne of the NGF in these ceUs can be released into

conditioned medium in response to extracellular cAMP. which is consistent with the

protein being soned to the regulated secretory pathway. Taken together. these data

suggest that a I-PDX. which partially inhibits the processing of pro-NGF in the

TGN. targels sorne NGF processing to the regulated secretory pathway. where ils

release can he promoted by extracellular eues.

Finally. Edwards el al. (1988) reported that cAMP causes the release of NGF

from VV-infected AIT-20 cells. data that led them to suggest that NGF is processed

and released by the regulated secretory pathway. In that sludy. cells were infected

with an MOI of 10-20. as opposed to 1 MOI in our study. The probable cxplanation

for differences in their results and ours is presented in Figure 4.13.

lmmunocytochemical data show that increasing levels of viral infection shifts the

inlracellular distribution of NGF from a diffuse to a punctate pattern (Fig. 4.13a).

Furthermore. cells rcceiving 1 MOI do not release NGF in response to cAMP. but

cAMP-induced NGr: release is seen whcn cells are cxposed to 5 and 10 MOI (Fig.

4.13b). data that agn:e with those presented by Edwards et al. (1988). (ln the ligure.

compare CM3 in the presence and absence of cAMP). In contrast.. reducing by up to

50-fold the MOI of VV corling for BDNF had no eftèct on the punctate localization

of BDNF in infected cells (data not sho\vn). Therefore. soning of BDNF to the

regulated pathway is likely not attributable to concentration etTects arising from the

level of viral intèction.
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DISCUSSION

Pulse-chase studies show that hippocampal neurons and AtT-20 cells retain more

newly synthesized BDNF than they release. BDNF immunoreactivity is evident in

punctate. vesicle-like structures distributed throughout the cell cytoplasm. including

in the tips of cell processes. and cell depolarization induces BDNF release. Thus.

BDNF appears to sort primarily to the regulated secretory pathway. ln contrast.

hippocampal neurons and AtT-20 cells release more NGF than they retain. NGF

immunoreactivity is distributed diffusely within the perinuc1ear cytoplasm.

presumably within the endoplasmic reticulum and Golgi apparatus. and

depolarization tàils to promote NGF's release into conditioned medium. Thus. NGF

appears to be processed and released in the constitutive pathway. These results are

not unique to the Vaccinia virus expression system because NGF and BDNF were

diftèrentially distributed as well within cells transfectcd with cDNAs coding for

GFP-pro-neurotrophin fusion proteins.

Funn appears to cleave pro-NGF in the cells wc tested. Pro-NGF processing

is unaffected by cold-block conditions that inhibit the exit of proteins l'rom the TGN

(Matlin and Simons. 1983). suggesting that NGF processing occurs within the TGN.

[n contrast. ctlld block totally inhibited the processing of pro-BDNF. Pro-BDNF

processing likdy oceurs in immature secretol')' \:csicles arter they bud from the TGN.

which is an carly step in the regulated secœtory pathway. Also. a I-PDX. a

competitive inhibitor of tùrin. inereased levels of NGF precursor in eonditioned

medium. whieh is consistent with its inhibiting pro-NGF processing within the TGN.

a I-PDX did not affect pro-BDNF processing. ln the presence of cr l-PDX. NGF

immunoreactivity appeared in punctate structures similar to those in eeUs intècted

with pro-BDNF encoding viruses. and some NGF precursor was eonstitutively

secreted. Furthermore. depolarization released small amounts of NGF into

conditioned medium. These results are similar to those obtained with pro-BDNF in

the absence of a I-PDX. Thus. inhibiting tOOn activity induces some pro-NGF to be
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sorted to the regulated secretory pathway. Similar effects have been observed for

pro-opiomelanocortin (Benjannet et aL 1997).

Cleavage by tùrin or furin-like enzymes within the TGN May he one factor

determining whether neurotrophins are sorted into the constitutive or regulated

secretory pathways. Studies with the precursor lor egg-Iaying hormone (pro-ELH) in

mollusks may explain how this mechanism could work. Pro-ELH contains bioactive

peptides on both the C- and amino-terminal sides of a furin cleavage site (Sossin et

al.. 1990). The C-terminal side of the precursor is sorted into the regulated secretory

pathway after furin cleavage. and the amino-terminal side is released constitutively.

degraded.. or sorted into a separate regulated secretory pathway (Jung and Scheller.

19(1). In cells with low furin levels.. the precursor avoids cleavage. and both sides of

the precursor are sorted into the same regulated secretory vesicles (Klumperman et

al.. 1996). Thus. sorting of the amino-terminal active peptides into dense-core

secretory vesicles occurs only in the absence of turin cleavage. and ditTerent cells

with ditTerent amounts of furin sort the same neuropeptide dilTerently.

A similar situation May occur with neurotrophin processing. Sorting into the

regulatcd pathway May require signais within the pro-domain or near the consensus

cleavagc site. When cleavcd by furin. the NGF precursor May lose thesc signais.. and

the mature cleaved protein is sorted intu the constitutive pathway tor rclcase. In that

regard. inserting furin-sensitive c1eavagc sites into pro-insulin (Yanagita ct al.. 1992)

and pro-renin (Oda et al.. 19(1). which are normally processed by the regulated

pathway. redirects these proteins into the constitutive pathway. In the absence of

furin cleavage.. the precursor rernains intact. and sorting signais that direct the protein

to the regulated pathway becomc functional. This May explain why pro-BDNF.

which likely eludes funn cleavage in the TGN.. is targeted to the regulated pathway

where its processing appears to occur in secretory granules.

Differences between pro-BDNF and pro-NGF processing May therefore arise

hecause of the furin sensitivity of their pro-protein processing cleavage sites. In pro-
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NGF (Arg-Ser-Lys-Arg-LSer) the site is highly suited to furin processing~ whereas

the analogous site in pro-BDNF (Arg-Val-Arg-Arg-LHis) is less suitable because of

the replacement ofSer in the +1 position (Pl) ofNGF with His in the Pl ofBDNF

(Seidah et al .• 1996a). Sequences with His at PI show reduced sensitivity to furin­

mediated cleavage (Ogi et al.. 1990; Matthews et al.. 1994).

Our results are consistent with this model. In constitutively secreting cells

with moderate levels of furin-like enzymes. such as fibroblasts and Schwann cells

(M. Marcinkiewicz and N. G. Seidah. unpublished observations). pro-NGF and pro­

BDNF are cleaved. with only low levels of unprocessed precursor secreted

constitutively. In AtT-20 eeUs and hippocampal neurons with lower levels of t'Urin

(Seidah et al.. 1994). pro-NGF is cleaved efticiently. and NGF is released

eonstitutively. When furin cleavage is inhibited with a I-PDX. pro-NGF is not

c1eaved efficiently. sorne sorting oceurs into the regulated secretory pathway. where

sorne of the protein ean be released by depolarization. and sorne unprocessed

precursor is secreted constitutively. In contrast. pro-BDNF avoids tùnn cleavage and

is sorted into the regulated secretory pathway. and sorne unprocessed precursor is

secreted constitutively into conditioned medium. Constitutive release of other

prccursors normally processed in the regulated pathway has also been reported

{Kelly et al.. 1983: Moore et al.. 1983: Brechler et al.. 1996)

An inereasing number of reports suggest that BDNF. but not NGF. is

anterogradely transportcd within axons in brain ncurons to carry out a nurnber of

physiological actions [Allar et al. (1997): Fawcett et al. ( 1998): for review. see Allar

and DiStetàno (1998) 1. Also. BDNF is enriched in a microvesicular fraction of rat

brain synaptosomes along with synaptotagmin. a protein associated with synaptic

and large dense-core vesicles in nerve terminais (Fawcett et al.. 1997). BDNF

immunoreactivity is also present in mossy liber terminais in the hippocampus

(Conner et al.. 1997: Fawcett et aL 1997) and in large dense-core vesicles ofaxon

terminais in lamina (( of lumbar spinal cord (Michael et al.. 1997). BDNF can be

transported anterogradely in neurons within the visual system {von Bartheld et ai..
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1996) and released by depolarization in a calcium-dependent mechanism from virus­

infected hippocampal neurons (Goodman et al.• 1996). Taken together.. these data are

consistent with BDNF being packaged within secretory vesicles of the regulated

pathway. Presumably these granules are targeted to axons, although transport may

occur to other parts of the cell as weil.

Fewer studies have monitored the processing of NGF in ceUs containing the

regulated pathway. Edwards et al. (1988) reported that AtT-20 ceUs secrete VV­

encoded NGF in response to cAMP, suggesting regulated release. In that study. they

infected ceUs with an ~v101 of 10-20 as opposed to an MOI of 1 in our study. which

explains why their results and ours di frer (Fig. 4.13). Overloading the furin pathway

beyond its capacity may drive NGF into the regulated pathway. as does inhibiting

furin with al-PDX (Figs. 4.11. 4.12). ln a similar manner. overexpressing 132­

microglobulin in pancreatic ceUs drives the protein from the constitutive pathway

into secretory vesicles of the regulated pathway (A1lison et al.. 1991). [n contrast..

reducing intèctivity from 1 to 0.02 MOI had no effeet on the soning of BDNF.

although we cannot rule out the possibility that local concentration t:ffects

contributed to BDNF's sorting into the regulated pathway.

Heymach t:t al. (1996) reported that AtT-20 eells rclease NGF as weil as

BDNF and NT-3 in respOrlse to secretagogues. Il may b~ that in those studies the

lever of NGF production was above the threshold levels in which NGF is shuntcd

from the constitutive palhway into the regulated pathway. Heymach et al. (1996)

used translèction instead of infection. expressed the neurotrophins using a diftèrent

promoter. and trcated ceUs with secretagogues tor a longer time.. which may furthcr

explain why thcir conclusions ditTer from ours. Blochl and Thoenen (1995)

hYPOthesized that there is bath constitutive and regulated sodium-dependent release

of NGF from neurons. They suggest that release occurs independent of extracellular

calcium.. which is essential for protein release in the regulated pathway (DeCamilli

and Jahn.. 1990).. including the release of BDNF (Goodman et al.. (996). Canossa et

al. (1997) extended these findings by reporting that neurotrophins cao also induce
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neurotrophin release from neurons (also see Kruttgen et al. .. 1998). These conflicting

data need to he investigated further.

Our results provide a mechanism whereby neurotrophins in brain neurons can

act either as survival tàctors or as neuropeptides. When neurotrophins are cleaved by

furin. the bioactive peptide may be released constitutively to promote neuronal

survival. Perhaps this explains how hippocampal neurons constantly provide NGF to

innervating cholinergie neurons in the basal forebrain. ln contrast.. BDNF mayavoid

furin cleavage and be sorted into the regulated secretory pathway where it is

processed by PC 1 (Seidah et al.. 1996a) and released in an activity-dependent

manner similar to other neuropeptides. This may he the mechanism that allows

BDNF to alter synaptic transmission.. connectivity. and synaptic plasticity in an

activity-dependent manner (Ghosh. 1996). Aiso. perhaps neurons modulate the

physiological fates of neurotrophins by regulating furin levels and thus the

intracellular sorting of the neurotrophins they produce.
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FIGURE 4.1 Pulse-ebase metabolie labelinl of pro-NGF (A) and pro..BDNF (0)

in cultures of bippoeampal neuroD5. Separate plates of cells were infected with VV

encoding the NGF precursor or the BDNF precursor for 1 hr and postincubated in

fresh medium without virus for 10 hr. Cells were exposed to medium containing

esS) Cys-Met lor 30 min and chased for O. 0.5. 1. 2. 4. and 8 hr. Identical volumes

(750 J.1l) of celllysates (CL) and conditioned media (CM) were immunoprecipitated

with antibodies to NGF or BDNF or with nonimmune serum (NI; a cell lysate

sample) and electrophoresed on 13-220/0 SDS gradient gels. Dried gels were exposed

to a phosphorimaging screen.
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FIGURE 4.2 Kineties of NGF and BDNF retention in bippocampal neurons.

Experiments in Figure 4.1 were repeated three times~ and the combined results were

analyzed by the ImageQuant program. The ratio of mature NGF and BDNF in cell

lysates (CL) was compared with the total NGF and BDNF in CL + conditioned

medium (CM). Data show that signiticantly larger amounts of BDNF are retained in

CL than NGF.
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FIGURE 4.3 Pulse-ehase metaboUc labeling of pro-NGF (A) and pro-BDNF (B)

production and processing in VV-infected AtT-20 cell cultures. Methods were

identical to those described in the legend to Figure 4.1. NGF and BDNF and their

precursors were measured in conditioned medium (CM) and in ceUlysates (CL). NI

is a sample of CL precipitated with nonimmune serum.
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FIGURE 4.4 Pulse-chase metabolic labeling of primary rat Schwann cells

infected with VV encoding pro-BDNF. Methods were identical to those described

in the legend to Figure 4.1. BDNF and its precursor were measured in cell lysates

(CL) and conditioned media (CM). NI is a CL sample precipitated with nonimmune

serum.
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FIGURE 4.5 Confoeal mieroscopy of AtT-20 ceIls (A, C) and bippocampal

neurons (8, D) infected with VV encoding pro.NGF (C, D) or pro.BDNF (A, B).

Cells were infected for 1 hr and postincubated in the absence of virus for another 8

hr. The cultures were fixed and trealed with antibodies against NGF or BDNF.

followed by CY3-conjugaled goat anti-rabbit IgG. Scale bar. 10 J,lm.
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FIGURE 4.6 Double-Iabel immunoeytoebemistry comparing tbe distribution in

infected AtT-20 cells of BDNF and NGF immunoreactivity witb

immuDostaining of endogenous TGN38 and ACTH. BDNF immunoreactivity (A..

B) colocalizes with TGN38 (0) in the perinuclear region and with ACTH in the

cytoplasm and cell processes (E). G is a composite of A and D~ H is a composite of

B and E. NGF immunoreactivity (C) colocalizes with TGN38 (F) in the perinuclear

region but is not detectable in cell processes. 1 is a composite of C and F.
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FIGURE 4.7 Expression of pro-neurotropbin-GFP fusion proteins in AtT-20

cells. CeIls were plated on poly-L-lysine-coated coverslips and transfected using

Iipofectamine with cDNAs encoding either (A) pro-NGF-GFP or (B) pro-BDNF­

GFP. Three days later. the cells were analyzed by fluorescence microscopy. C.

Immunoprecipitation and SDS-PAGE of metabolically labeled GFP fusion proteins

from transfected COS 7 cells. D. Conditioned medium from pro-NGF-GFP or pro­

BDNF-GFP expressing COS 7 cells activate Trk A and Trk B phosphorylation.

respectively. in NIH 3T3 cells engineered to overexpress either receptor.
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FIGURE 4.8 KCI-indueed release of BDNF but not NGF from bippoeampal

neurons. Hippocampal neurons from E18 mice were cultured for 7 d and infected

for 1 br with VV encoding pro-NGF or pro-BDNF. After 10 br in medium without

virus. the cells were labeled for 30 min with [J5S1 Cys-Met. incubated in medium

without radiolabel for 4 br. and treated with medium with or without KCl and CaCh

for 15 min. Conditioned media were immunoprecipitated with antibodies to NGF or

BDNF and electrophoresed on a SDS gel. Results were analyzed on a

phosphorimager and are an average (±SEM) ofthree independent experiments.
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FIGURE 4.9 Release of secretogranin Il (sgll) from bippocampal neurons

infected witb VV coding for pro-NGF. Eight hours after neurons were exposed to

VV. the ceUs were pulsed for 30 min with medium containing esS] Cys-Met. The

cells were chased for an additional 4 hr. alter which samples of conditioned medium

were analyzed (CMl). and again 30 min later after the addition (+) or in the absence

(-) ofKCI (50 mM) added to the culture medium (CM2).
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FIGURE 4.10 Cold-bloek experiments. Hippocampal neurons were infected with

VV encoding pro-NGF or pr~-BONF for 1 hr. and metabolically labeled at 20°C for

3 hr. Cell lysates were prepared, immunoprecipitated with antibodies to NGF or

BONF, and electrophoresed on SOS gels.
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FIGURE 4.11 The effects of al-PDX on pro-NGF processing in AtT-20 ceIls•

AtT-20 ceUs were infected for 2 br with VV encoding pro-NGF or pro-BDNF with

or without VV encoding the furin inhibitor a I·PDX. Cells were incubated in virus­

free medium for 10 hr and metabolically labeled for 3 hr. Cell Iysates (CL) and

conditioned media (CM) were collected~ immunoprecipitated~and analyzed by SOS

gel electrophoresis.
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FIGURE 4.12 The effects of al-PDX on NGF sorting in AtT-20 cells. AtT-20

cells (A) or AtT-20 cells that stahly express al-PDX (B) were infected for 1 hr with

VV encoding pro-NGF. postinfected for 10 hr. and prepared for

immunocytochemistry. [n C. AtT-20 ceUs with or without stahly expressed al-PDX

were infected with VV encoding pro-NGF for 1 hr. postinfected for 10 hr in control

medium. pulsed with medium containing [35S) Cys-Met for 2 hr. chased for 3 hr.

and treated with medium with or without 5 mM cAMP for 3 hr. Cell lysates and

conditioned media were immunoprecipitated and analyzed by SDS-PAG E. Results

were analyzed on a phosphorimager and report an average (±SEM) of three

independent experiments.
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FIGURE 4.13 Overexpression of NGF resalts in missorting of NGF from the

constitutive to the regulated seeretory pathway. a. AtT-20 cells were infected for

1 he with 1 (A)~ 5 (B), or 10 (C) MOI ofVV coding for pro-NGF~ postinfected for 8

hr~ fixed~ and prepared for immunocytochemistry using an antibody to NGF followed

by a CY3-conjugated secondary antibody. CeUs were analyzed by confocal

microscopy. b~ AtT-20 ceUs were infected with 1 (A). 5 (B), or 10 (C) MOI tor 1 hr

followed by a 4 hr postintèction and 3 hr incubation in medium containing [3SS1
Translabel. Conditioned media were collected (CM 1), the cells were chased for 3 hr.

and media was again collected (CM2). 8-bromo-cAMP (5 mM) was then added to

sorne cultures. and ceUs were incubated for an additional 3 hr. atter which media

were collected (CM3) and the cells were lysed (CL). NGF was imrnunoprecipitated

l'rom aU samples~ and the precipitate was analyzed by SDS-PAGE. Cornparison of

CM3 sarnples shows that NGF release can be stimulated by cAMP l'rom celIs

intècted with 5 or 10 MOI but not from cells receiving 1 MOI.
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CHAPTER5:

NEUROTROPHIN-3 CAN BE DIVERTED FROM THE

CONSTITUTIVE TO THE REGULATED SECRETORY PATHWAY

OF HIPPOCAMPAL NEURONS BY DlMERlZATION WITH BRAIN­

DERIVED NEUROTROPHIC FACTOR

PREFACE

[n the previous chapter We have shown that pro-NGF is primarily processed and

released through constitutive secretory pathway of hipPOcampal neurons while pro­

BDNF is sorted and released via regulated secretory pathway. Motivated by the

previous reports demonstrating that NTs are able to form hcterodimers: wc started to

evaluate whether NGf can be re-routed to the regulated sccrctory pathway by means

of hc~crodimerizationwith BDNF. Using the same criteria as mcntioncd in previous

chapl~r. we were unable to sho\\ convincing data pointing to a role for

hctcrodimerization in the re-routing of NGF to the regulated secrelory pathway.

Considcring the fact that heterodirncr between NT-3 and BDNF (NT-3/BDNF) is

unusually stable. we decided to pursue the idea lor NT-3. [ndeed. our results showed

that pro-NT-3 is primarily processed and released constitutivdy similar to what we

observed for pro-NGF. Our rcsults also strongly reveals that NT-3 can be re-directed

into regulated secretory pathway by means of co-expression with pro-BDNF.
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ABSTRACT

Hippocampal neurons release nerve growth factor (NGF) through the constitutive

secretory pathway. thus allowing the protein to be continuously available for

promoting nerve cell survival. In contrast. hippocampal neurons use the regulated

secretory pathway to process brain-derived neurotrophic factor (BDNF), which alters

synaptic activity when released acutely l'rom dense·core vesicles. Thus.

understanding how neurons sort and deliver neurotrophins may provide clues to their

functions in brain. In this study. we monitored the processing and delivery of

neurotrophin·3 (NT·3). Pulse-chase studies. immunocytochemistry. and

secretagogue-induced release experiments were perforrncd on cultured hippocampal

neurons and AtT-20 cells infected with vaccinia viruses encoding the NT-3 precursor

(pro-NT-3). Results show that most newly synthesized NT-3 is released through the

constitutive secretory pathway as a result of furin-mediated endoproteolytic cleavage

of pro-NT-3 in the trans-Golgi network. Pro-NT-3 cao also be diverted into the

regulated secretory pathway when cells are treated with a.l-PDX. a selective

inhibitor of furin-likc enzymes. or when pro-NT-3 expression is increased by

transient transfection methods. In cells coinfected with viruses coding for pro-NT-3

and pro-BDNF. NT-3 is sorted ioto the regulated pathway. storcd in secretory

granules. and released in rcsponSt~ to extracellular eues togethcl with BDNF.

apparcntly as a result of heterodimcrization. as suggested by coimmunoprecipitation

data. Taken together. thcsc data show that soning of the NT-3 precursur can occur in

bath the constitutive and rcgulated secretory pathways. \vhich is consistent with NT­

3 having bath survival-promoting and synapse-altering funclions.

Key words: neurotrophin: NT-3: BDNF: constitutive pathway: regulated secretory

pathway; heterodimer
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INTRODUCTION

Neurotrophins are synthesized as high molecular weight precursors containing a

prodomain linked to the amino terminus of the mature protein. The two components

are separated by endoproteolytic cleavage within either the constitutive or regulated

secretory pathways. Understanding how neurotrophins are processed in these

pathways may help explain their physiological functions.

Hippocampal neurons and AtT-20 ceUs in culture process nerve growth

factor (NGF) within the constitutive secretory pathway (Mowla et al.. 1999). The

NGF precursor is cleaved within the trans-Golgi network (TGN) by the endoprotease

furin. a member of the subtilisinlkexin-like tàmily of proteases (for review see

Seidah et al.. 1998: Zhou et al.. 1999). Constitutive release of NGF occurs soon after

the molecule is synthesized. Thus. as a result of being processed in the constitutive

pathway. NGF is continuously availablc to cells that require it. which is consistent

with hippocampal neurons producing NGF as an apoptosis-inhibiting survival factor

for basal forebrain cholinergie neurons (tor review. see Vuen et al.. 1996).

[n contrast. hippocampal neurons process brain-derived neurotrophic tàctor

(BDNF) within the regulated sccretory pathway (Goodman et al.. 1996: Mowla et al..

(999). Intact pro-BDNF is shunted from the TGN into immatur~ secretory granules

where it is likely cleaved by prohormone convertasc 1 (PC 1). another member of the

subtilisinlkexin-likc cndoprot~ase tamily (Seidah ct al.. 1996b: ~Iowla et al.. 1999).

BDNF is stored within dense-core vesicles (Fawcett et al.. 1997: Michael et al..

1997) (for review. sec Altar and DiStefano. 1998). and once released. presumably in

response to extraccllular eues. it can induce changes in neuronal structure

(Ventimiglia et al.. 1995: Fawcen et al.. 2000). membrane depolarization (Kafitz et

al.. 1999). and changes in synaptic tùnction (lor review. sec McAliister et al... 1999).

Likewise. neurotrophin-3 (NT-3) may regulate neuronal depolarization (Kafitz et al.•

1999) and synaptic plasticity (Kang and Schuman. 1995). but as yet linle is known

about its intracellular sorting in vivo.
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consisting of two identical chains. When different neurotrophins are coexpressed

within the same celt however, they also form heterodimers. Heterodimers of BDNF

and NT-3 are stable. whereas heterodimers involving NGF are not (Radziejewski and

Robinson. 1993: Arakawa et al.. 1994: Jungbluth et al.. 1994; Heymach and Shooter.

1995; Robinson et al., 1995). BDNF!NT-3 heterodimers can induce

autophosphorylation of Trk receptors. promote the survival of sympathetic neurons

in vitro. and induce dopamine uptake in cultures of substantia nigra neurons

(Arakawa et al.. 1994: Philo et al.. 1994). However. the physiological functions of

heterodimers remain unknown.

ln this study. we monitored the sorting of NT-3 by infecting hippocampal

neurons and AtT-20 ceUs with vaccinia viruses (VVs) encoding pro-NT-3. Pulse­

chase studies and immunocytochemistry show that processed NT-3 is primarily

released through the constitutive secretory pathway. Inhibition of furin-mediated

cleavage or overexpression of pro-NT-3 shifts pro-NT-3 sorting into the regulated

secretory pathway. NT-3 is also sorted to the regulated secretory pathway when it is

coexpressed with BDNF. Immunoprecipitation data suggest that the transfer ofNT-3

to the regulated pathway occurs as a result of NT-3 and BDNF heterodimerizing.

Thus. either secretory pathway cao sort NT-3. l

• 1 Sorne ofthese results have been published previously in abstract torm (farhadi et al.. 1998).
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MATERIALS AND METHOOS

Ce/l Cultures - Hippocampal neurons were prepared according to the method of

Banker and Cowan (1977) as modified by Brewer et al. (1993). Brietly. the

hippocampus was dissected from embryonic day 18 (E (8) mice (Charles River.

Montreal. Quebec. Canada). exposed to trypsin. dissociated mechanically. and grown

in 60 mm collagenlpoly-L-Iysine-coated dishes. CeUs from two litters of mice were

plated into six dishes. Cultures were maintained in serum-free Neurobasal medium

(Life Technologies. Gaithersburg, MD) containing 0.5 mM glutamine and 1_ B27

supplement (Life Technologies). AIT-20 cells and COS-I cells were cultured as

reported previously (Seidah el al.. 1996a). AIT-20 ceUs are a neuroendocrine ceilline

thal has been used extensively tor studying the regulated secretory pathway (Moore

et al.. 1983). We also used an AtT-20 cell line stably transfccted with a 1-PDX

cDNA that has been described previously (Benjannet et al.. 1997). Special care was

taken to ensure that cells were distributed in equal numbers in dishes that were to he

used lor group comparisons.

Vaccinia virus rVV) re"ombinants and infections - Puri lied recombinant VVs

containing the tùll-Iength coding regions ofmouse pro-NGF. human pro-BDNF. and

human pro-NT-3 (gencrously provided by Regencron Pharmaceuticals) were

constructed as describcd previously (Seidah et al.. 1996a.b). VVs coding tor a 1­

PDX were kindly provided by Dr. Gary Thomas (Vollum Institute. Portland. OR).

Separate plates of ceUs were infected as described previously (Seidah et al.. 1996a)

with VV encoding pro-NGF. pro-BDNF. or pro-NT-3. generally at a muhiplicity of

inlection (MOl) of 1. We incubated the ceUs tur 8-10 hr in virus-lree medium before

metabolic labcling. (n sorne experiments. plates were coinfected with pro-BDNF and

either pro-NT-3 or pro-NGF. using an MOI of 0.5 for each. Under our experimental

conditions. there was no evidence of cell death after exposure to VVs for the times

indicated.
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Construction of expression vectors and transfections - ln some experiments, we

transfected ceUs with DNA using the lipofectamine reagent (Life Technologies).

cDNAs corresponding to the full-Iength coding regions of human pro-BDNF and

human pro-NT-3 were subcloned into the pcDNA3 expression vector (lnvitrogen,

San Diego. CA). AtT-20 cells growing on poly-L-Iysine-coated coverslips were

transfected using lipofectamine with a constant amount of DNA (2 ~g DNN2 ml

medium) that was composed of expression vector alone (with no insert) together

with 0.1. 0.5. 1. or 2 ~g of pro-BDNF or pro-NT-3 plasmid DNA. After 5 hr of

incubation. the transfection medium was diluted 1: 1 with DMEM/200/o fetal calf

serum. and after 2 d.. coverslips were processed for immunostaining (see below).

AJetabo/ic labeling and immllnoprecipitation - For pulse-chase experiments. we

incubated infected eeUs with 1.5 ml of Cys-Met-n'ce DMEM containing 10% FCS

and 0.5 mCi/ml [35S] Translabel «CN Bioehemicals. Costa Mesa. CA) (700/0

methionine. 300/0 cysteine) for 30 min. Pro-BDNF contains eight methionines as

compared with three in pro-NT-3. and mature BDNF contains three methionines as

compared with none in mature NT-3. These differences. together with higher

concentrations of methionine than cysteine in the Translabel. explain why. in Figures

showing the results of metabolic labeling experiments. pro-BDNF and mature BDNf

label more heavi Iy than pro-NT-3 and NT-3. For the chase periods. cells wen:

washed. and the medium was replaced with an cqual volume of DME~( containinu

100/0 FCS plus twofold excess concentrations of nonradioactive cysteine and

Methionine for the times indicated. In ail experiments. conditioned media and cell

lysates \vere brought to final volumes of 1.5 ml. 750 ~l of which was subjccted to

immunoprecipitation. Samples immunoprecipitated with nonimmune rabbit IgG

showed no bands corresponding to standards of neurotrophin precursors or products.

Immunoprecipitations were perfonned as described previously (Seidah et al..

1996a). For NT-3. we used an affinity-purified rabbit anti-NGF IgG that recognizes

NT-3 (Murphy et al.. 1993: Seidah et al.. 1996a). BDNF immunoprecipitations were

performed using an antibody kindly supplied by Amgen and characterized previously
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(Fawcett et al., 1997; Yan et al.. (997). Cell lysates and conditioned media were

analyzed by electrophoresis on a 13-220/0 SDS-PAGE. Gels were tixed in 400/0

methanol and 100/0 acetic acid.. treated with ENHANCE (Dupont NEN. Boston.. MA),

and washed in 100/0 glycerol. all for 1 hr. Dried gels were analyzed by a

phosphorimaging device (Molecular Dynamics, Sunnyvale.. CA).. and radioactivity in

each band was quantitated using the ImageQuant program. Levels of radioactivity

were within the linear range of the device. Statistical signifieance was determined

using the Student's t test on a minimum of triplicate experiments.

To monitor the etTects of depolarization on neurotrophin release. we infected

hippocampal neurons with recombinant viruses.. metabolically labeled the eells tor

30 min. and washed and incubated the cells in medium containing excess

nonradioactive methionine and cysteine tor 4 hr. The eells were exposed to tissue

culture medium supplemented with or without KCI (56 mM) and CaCl2 (5.8 mM)

for 15 min. Conditioned media and cell lysates were collected. immunoprecipitated.

and fractionated by SOS-PAGE. Neurotrophin levels were estimated and compared

by Phosphorlmager analysis. In a previous control experiment (Mowla et al.. 1999).

we confirmed that KCI induces the release of endogenous seeretogranin Il in cultures

of VV:NGF-infected hippocampal neurons to contirm that the regulated secretory

pathway is t'ully functional in cells infected with VV constructs (Mowla et al.. 1999).

Immunocytoc:hemistry and confiJcal mic:rosc:opy - We visualized VV-intècted AtT-20

cells and primary cultures of hippocampal ncurons as weil as controls consisting of

uninlècted ceUs or cells infected with wild-type YYs. CeUs were rinsed with PBS.

tixed for 25 min in 4% paraformald~hyde/150/0 picric acid in 0.1 M phosphate butTer.

pH 7.4.. and incubated in PBS containing 20% horse serum tor JO min to reduee

nonspecific binding. The cells were incubated with 1 J.1g/ml of affinity-puritied anti­

NT-3 (Chemicon, Temecula.. CA) in PBS/0.2% Triton X-IOO ovemight al 4°C.

washed three limes with PBS/0.05% T.veen-20 (5 min each). and incubated tor 1 hr

with CY3-conjugaled goat anti-rabbit antibody (Jackson Laboratory. Bar Harbor.

ME) diluted 1:2000 in PBS/0.05% Tween-20 containing 10°/c) goat serum. Cells were
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washed three times in PBS and mounted in a Tris-buffered glycerol mounting

medium (Sigma.. St. Louis.. MO). In control experiments, the anti-NT-3 antibody

showed no detectable cross-reactivity by immunocytochemistry with either NGF or

BDNF (data not shown).

Double-label immunocytochemistry was also pertormed on VV-infected

AtT-20 cells to compare the distribution of NT-3 and NT-3/BDNF with that of

TGN38.. a marker of the TGN (Luzio et al., 1990), and ACTH, which is packaged in

secretory vesicles. Antibody to TGN38 raised in guinea pig (kindly provided by Drs.

G. Banting and W. Garten) was used at a 1:50 dilution and visualized using an FITC­

conjugated secondary antibody raised in goat (Jackson Laboratory) diluted 1:50 in

PBS containing 100/0 goat serum. ACTH was localized with a monoclonal antibody

(Cortex Biochem) at a dilution of 1: 1000.. visualized with a CY2-conjugated goat

anti-mouse secondary antibody <Jackson Laboratory) diluted 1: 1000 in PBS

containing 10% goat serum.

Cells were analyzed by confocal laser scanning microscopy using a Zeiss

LSM 410 inverted confocal microscope and a 63_. 1.4 NA objective. CeUs were

excited at 543 nm and imaged on a photomultiplier aller passage through FT 590 and

LP 590 tiller sets. The contocal images represent one contocal level (a depth of -1

J.lm) that includes the cell nucleus along wilh as many cell processes as werc possible

to capture. the goal being to evaluate the distribution of secretory vesiclcs. No

differences were evident in the distribution of NT-3 or NT-3/BDNF

immunoreactivity when we scanncd at various levels below or above the nucleus.
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RESULTS

NT-3 is released f:onstitutively from bipp0f:ampal neurons and AtT-20 cells - To

determine the pathway by whieh NT-3 is processed and released. we did the

foUowing: (1) measured the retention or release of processed NT-3 from virally

infected ceUs after pulse-chase labeling; (2) determined whether agents that promote

vesicle exocytosis promote the release ofNT-3; and (3) used immunocytochemistry

to visualize the intracellular localization ofNT-3 in virally infected eeUs.

Figure 5.1 shows the results of 30 min pulse-chase studies pertormed over 8

hr to monitor the processing of pro-NT-3 in primary cultures of hippocampal

neurons (Fig. 5.1A) and in AtT-20 ceUs (Fig. 5.IB). In both ceU types. pro-NT-3

(33.5 kDa) is processed to mature NT-3 (14.5 kDa). The precursor is detectablc in

cell Iysates at the start of the chase period. and levels decrease thereafier; by 8 hr of

chase. the precursor is barely detectable. Intact pro-NT-3 is not detectable in

conditioned medium at any time point in either cell type. Mature NT-3 is visible in

celllysates at the beginning of the ~hase period. but over lime. levels in ccli Iysates

decrease. Over the same time period. NT-3 levels in conditioned medium increase.

and by 2 hr they exceed lhose in cell Iysales. Therefore. most newly processed NT-3

is rapiJly released from both hippocampal neurons and AtT-20 cells.

We were surprised that levels of pro-NT-3 were so low in these cdls and that

processed NT-3 was evident immediately after the 30 min pulse period. In our

previous studies. levels of pro-NGF and pro-BDNF were much higher al the

beginning of the chase period. attributable in part to increascd labcling efficiency

(see Materials and Methods). Aiso. signiticant processing of pro-NGF and pro­

BDNF was not evident until 3D min after the chase began. To test whether these

diftèrences were caused by pro-NT-3 being processed more efficiently in the

constitutive pathway than either pro-NGF or pro-BDNF. we compared precursor

processing in virally infected COS-I cells.. a cell line that contains only the

constitutive secretory pathway. Results show that abundant amounts of processed
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NGF and BDNF are detectable in cell lysates and conditioned medium at the end of

the test period (Fig. 5.2). As well~ significant levels of unprocessed pro-NGF and

pro-BDNF are detectable in cell lysates and in conditioned medium~ which suggests

that sorne precursor escapes proteolysis~ perhaps by overwhelrning the processing

capacity of the cell (Mowla et al.. 1999). In contrast. pro-NT-3 is detectable in cell

lysates but not in conditioned medium. whereas processed NT-3 is evident in both.

One explanation tor these data is that pro-NT-3 is more etliciently processed within

the constitutive secretory pathway than either pro-NGF or pro-BDNF.

We used pulse-chase labeling methods similar to those used in Figure 5.1 to

determine whether the endoprotease furin. which is present in the constitutive

pathway. is involved in pro-NT-3 processing in AtT-20 ceIls. For this experiment.

we used AtT-20 cells that have been stably transfected with a I-PDX. an a.1-anti­

trypsin structural variant that selectively inhibits furin-mediated cleavage of

precursor proteins in the TGN (Anderson et al.. 1993: Watanabe et al.. 1995:

Vollenweider et al.. 1996: Benjannet et al.. 1997). [n ceUs expressing a I-PDX (Fig.

3). significant levels of pro-NT-3 are released into conditioned medium aver the 8 hr

chase period. but levels of proccssed NT-3 are markedly reduced (compare Fig. 3

with Fig. 1B). Therefore. inhibition of furin-mediated cleavage prevents the

processing ofpro-NT3 and the crticient generation of mature product.

The finding that a I-PDX prevents the processing of pro-N" 1'-3 and induces its

release into conditioncd medium is identical to that obtained prcviously with pro­

NGF (Mowla et al.. 19(9). [n that study. we determined that inhibiting furin cleavagc

with CL I-PDX caused the shunting of pro-NGF from the constitutive to the regulated

secretory pathway (Mowla et al.. 1999). We also observed that sorne pro-BDNF is

constitutively released in the course of its processing within the regulated secretory

pathway (Mowla et al.. 1999). Together. these results suggest that inhibiting furin­

mediated c1eavage of pro-NT-3 may also direct the precursor from the constitutive to

the regulated secretory pathway.
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To test this ide~ we monitored the effects of cAMP on NT-3 release from

AtT-20 ceUs in the presence or absence of a I-PDX. We also used

immunocytochemistry to analyze the distribution of NT-3 under both experimental

conditions. Results show that cAMP stimulates the release of NT-3 from AtT-20

ceIls in the presence (Fig.5A. right panel) but not in the absence (1eft panel) oral­

PDX. This result is consistent with immunocytochemical data (Fig. 5.5) showing that

in the absence of a I-PDX (Fig. 5.5A), NT-3 immunoreactivity is distributed in the

perinudear cytoplasm and not in cell processes. an appearance identical to that

previously reponed for NGF (Mowla et al.. 1999). However. in the presence of a 1­

PDX (Fig. 5.5B). punctate NT-3 immunoreactivity is evident throughout the

cytoplasm and in the tips of cell processes. which is consistent with earHer results

monitoring the distribution of BDNF in wild-type cells and NGF in a I-PDX-treated

ceUs (Mowla et al.. 1999). Thus NT-3. which is normally processed and released

from the constitutive pathway. can he rerouted to the regubted secretory pathway

when furin-mediated cleavage within the TGN is inhibited.

ln earlier studies. Heymach et al. ( 1996) and Moller et al. ( 1998) showed that

NT-3 is packaged in dense-core vesicles of AtT-20 cells and PCI2 ceUs and relcased

in response to secretagogucs or cell depolarization. To explain why their results

differ from ours. we investigated whether elevating levcls of pro-NT-3 expression

could redirect NT-3 l'rom the constitutive to the regulated sccretory pathway. as has

been shown prcviously for pro-NGF (Mowla et al.. 1999). Initially. we determined

that infecting AtT-20 cells with 5. 10. and 25 MOis of VV encoding pro-NT-3

resulted in only a small amount of pro-NT-3 bcing redirected into the regulated

secretory pathway. as determined by the ability of cAMP to induce NT-3 releasc

(data not shown). Similar infection levels were extremely etTective in rerouting NGF

from the constitutive to regulated secretory pathway (Mowla et al.. 1999). We

suspect that the differences are attributable to pro-NT-3 being more efficiently

processed than pro-NGF within the constitutive secretory pathway. as shown in

Figure 5.2. To achieve higher intracellular concentrations ofpro-NT-3. we opted for
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a lipofectamine transfection method similar to that used by Heymach et al. (1996)

and Moller et al. (1998).

Lipofectamine transfection of pro-NT-3 DNA (0.1 J.Lg with 1.9 J.Lg vector DNN2 ml

of culture medium) resulted in NT-3 immunoreactivity in AtT-20 ceUs that is

diffusely distributed in the perinuclear cytoplasm (Fig. 5.6A). as seen earlier

(compare with Fig. 5.SA). However. when we transfected 0.5 or 1 J.Lg of pro-NT-3

DNA (with vector DNA to a total of 2 J.Lg/2 ml of culture medium). NT-3

immunoreactivity is evident in punctate structures that extend into cell processes.

which is consistent with the appearance of secretory proteins processed in the

regulated secretory pathway (Fig. 5.6B). For companson. we show in Figure 5.6C

the punctate localization of BDNF immunoreactivity in ceUs exposed to only 0.1 J.Lg

of pro-BDNF with 1.9 J.Lg of vector DNA/2 ml of culture medium. Pro-BDNF is

processed within the regulated secretory pathway (Mowla et al.. 1999). Thus. cells

transfected with high concentrations of pro-NT-3 DNA process the protein in the

regulated secretory pathway. which likely explains why our results with VV

infection methods differ from those of Heymach et al. (1996) and Moller et al.

(1998) using lipotèctamine transtection.

NT-3 is sorted to the regulated seeretory pathwal when ~oexpressedwith pro­

BDNF - Because NT-J is processed in the constitutive pathway and BDNF is

processed in the regulatcd pathway (Mowla et al.. 1999). we questioned what would

happen if wc coexpressed precursors to the t\Vo proteins within the same ceU. Others

have shown that neurotrophins readily heterodimerize (Radziejewski and Robinson.

1993~ Arakawa et al.. 1994: Jungbluth et al.. 1994: Philo et al.. 1994: Heymach and

Shooter. 1995: Robinson et al.. 1995: Treanor et al.. 1995). but nothing is known

about the mcchanisms regulating the processing. sorting. and release of heterodimers

within ceUs.

For these studies. we tirst analyzed the specificity of our antibodies. because

previous studies have shown that antibodies to. one neurotrophin ean cross-reaet on
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Western blots with the other (Murphy et al.. (993). In these studies we infected AtT­

20 ceUs for 1 br with 1 MO[ of VV coding for either pro-NT-3 or pro-BDNF.

incubated the ceUs for 8 br without virus. metabolicaUy labeled the cells for 3 hr. and

immunopreciptated cell lysates and conditioned media with antibodies to NGF (for

NT-3) or BDNF. [n sorne experiments. we coinfected cells with 0.5 ~IO[ of VV

coding for pro-NT-3 and pro-BDNF to ensure that the total level of viral infection (1

MO[) was held constant.

Figure 5.7 (1eft side) shows that antibody to NGF immunoprecipitates NT-3

but not BDNF or pro-BDNF. Similarly. antibody to BDNF (Fig. 5.7. right side)

immunoprecipitates BDNF and pro-BDNF but not NT-3. [n contrast.. in cells

coinfected with VV coding for pro-NT-3 and pro-BDNF. antibody to NGF

immunoprecipitates in conditioned medium NT-3 as weil as a protein migrating in a

position identical to that of pro-BDNF (Fig. 5.7. lelt side). We interpret this result to

mean that NT-3 and pro-NT3 are associating with the BDNF precursor. [n ccli

lysates as weil as conditioned medium. the NGF antibody immunoprecipitates a

doublet consisting of a highcr molecular weight band (probably arising from

precipitation of NT-3 alone and with BDNF) as weil as a lower molecular weight

band (BDNF) that precipitates because of association with NT-3. The right side of

Figure 5.7 sho\\'s that antibodies to BDNF precipitate in cell lysates. and to a lesser

extent in conditioned medium. a doublet consisting of a lower band (probably arising

l'rom precipitation of the BDNF alone or with NT-3) as weil as an upper band (NT­

3). Results identical to those shown in Figure 5.7 were obtained whcn the sarne

experiments were perfonned in cultures of hippocampal neurons (data not shown).

[n short. NT-3-specific antibodies precipitate BDNF. and BDNF-specific

antibodies precipitate NT-3 only when the two neurotrophins are coexprcssed within

eells. We strongly suspect that these two independent but mutually consistent results

arise l'rom NT-3 and BDNF forming heterodimers intraccllularly.

[mmunoprecipitation methods similar to ours were used previously by Jungbluth et

al. (1994) and Heymach and Shooter (1995) to characterize neurotrophin
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heterodimers~ including NT-3/BDNF. It should be noted that coinfection with wild­

type and BDNF-encoding VV and coinfection with VV:pro-NGF and VV:pro-BDNF

did not result in coprecipitated neurotrophins (data not shown)~ probably because of

the relative instability of NGF/BDNF heterodimers~ as reported previously

(Radziejewski and Robinson. 1993: Arakawa et al.. 1994).

Evidence in support of the idea that coexpression of NT-3 with BDNF results

in sorne NT-3 being shunted from the constitutive to the regulated secretory pathway

is shown in Figure 5.8. The bar graph (Fig. 5.8A) shows the amount of processed

NT-3 in cell lysates as a function of the total amount of NT-) present in cell lysates

and conditioned media. Results indicate that more NT-) is retained within cells when

pro-NT-3 is coexpressed with pro-BDNF-encoding virus as compared with wild

type. This result suggests that NT-J and BDNF are noncovalently associated through

heterodimerization and that association of the two leads to intracellular retention of

NT-J. perhaps within dense-core vesicles. Examinalion of a typical SDS gel used in

this analysis (Fig. 5.8B) shows that NT-J and BDNF. which are coprecipitated by the

NGF (NT-3-reactive) antibody. are evident wilhin the cell Iysate and conditioned

medium. suggesting that coinfected eells synthesize and release the NT-) and BDNF

together. [n eompanion experiments. eoinlcetion with VV:pro-BDNF and VV:pro­

NGF hall no etTect on NGF retention as compared with the wild-type eointcction

control (data not shown).

The idea that NT-3 is divcrted into the regulated secretol)· pathway is tùrther

contirmed by secretion data presented in Figure 5.9. When pro-NT-J is eoexpressed

with pro-BDNF. processed NT-) can be released from AtT-20 ecUs (Fig. 5.9A) in

response to cAMP and from hippocampal neurons by KCl depolarization (Fig. 5.9B).

Thus. release ofNT-3 that is coexpressed (and presumably dimerized) with BDNF

appears to he regulated by the same extracellular signais that regulate the release of

homodimeric BDNF (Mowla et al.. 1999). Cell lysates and conditioned media

immunoprecipitated with NGF antibodies contained bath NT-3 and BDNF. further
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indicating that the two neurotrophins are synthesized and released together in our

culture system.

Finally. we used immunocytochemistry and confocal microscopy to compare

the intracellular distributions of NT-3 and BDNF when they are singly expressed or

coexpressed in hippocampal neurons. Figure 5.10 shows that in hippocampal

neurons infected with 1 MOI ofVV:pro-NT-3. NT-3 immunoreactivity is distributed

in the perinuclear cytoplasm (Fig. S.lOA). as was seen in AtT-20 ceUs (Fig. 5.5).

However. in ceUs cointècted with 0.5 MOI of VV encoding pro-NT-3 and pro­

BDNF. NT-3 immunoreactivity (Fig. 5.1 OC) is localized in punctate structures

distributed throughout the ceU cytoplasm and in the tips of cell processes. an

appearance similar to that of BDNF immunoreactivity in ceUs intècted with pro­

BDNF alone (Fig. 5.10B). In control studies. coexpression ofpro-NT-3 and pro-NGF

did not change the distribution of NT-3. as assessed by immunocytochemistry (data

not shawn). Furthermore. coexpression of pro-BDNF and pro-NGF did not divert

NGF l'rom the constitutive to the regulated pathway as assessed by either

immunoprecipitation or immunocytochemistry (data not shown).

Figure 5.11 compares the distribution in virally intected AtT-20 cells of NT-3

alom.: and NT-3 coexpressed with BDNF with that of endogenous TGN38. a Golgi

marker. and endogenous ACTH. which is packaged within secretory granules of

AtT-20 cells. ln cells intècted with VV:pro-NT-3 alone. immunoreactivity tor NT-)

(Fig. 5.1 lA) and TGN38 (Fig. 5.11B) colocalize in the perinuclear cytoplasm (Fig.

S.IIC). In contrast. in eeUs coinfected with VV encoding pro-NT-3 and pro-BDNF.

NT-3 immunoreactivity (Fig. 5.11 D) is localized in the perinuclear cytoplasm as weil

as in punctate structures within the cytoplasm and tips of ccli processes. ln the same

cells. ACTH immunoreactivity is distributed in punctatc structures within cell

processes (Fig. 5.11 E). In a subpopulation of vesicles. NT-3 and ACTH

immunoreactivity colocalize (Fig. 5.11 F).
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DISCUSSION

Data in this study show that NT-3 is processed and released from the constitutive

secretory pathway of hippocampal neurons and AtT-20 cells. Pulse-chase

experiments reveal that t~e NT-3 precursor is rapidly cleaved in ceUs infected with

VV encoding the NT-3 precursor (Fig. 5.1)~ with processed NT-3 being evident 30

min after ceUs are exposed to medium containing radiolabeled amino acids. Over the

next 8 hr. most processed NT-3 is released into conditioned medium. a result similar

to that reported previously for NGF (Mowla et al.. 1(99). Immunocytochemical

analysis shows that NT-3 is diffusely distributed within the perinuclear cytoplasm

(Figs. 5.5. 5.10. 5.11). and colocalizes with TGN38. a marker of the trans-Golgi

network (Figs. 5.IIA-C). Secretagogues (Figs. 5.4. 5.9A) and KCl-induced

depolarization (Fig. 5.9B) do not induce the release ofradiolaheled NT-3 l'rom virus­

infected AtT-20 ceUs or hippocampal neurons. respectively. Thus. NT-3 release is

constant and not dependent on extracellular eues. which is similar to the results we

obtained for NGF (Mowla et al.. 1999).

Pro-NGF. pro-BDNF. and pro-NT-3 were cleaved in COS-l eeUs. which is a

eonstitutively secreting eell line that does not have a regulatcd pathway. rvlost pro­

BDNF and sorne pro-NGr (but not pro-NT-3) were released into conditioncd

medium (Fig. 5.2). This rcsult could he attributable to pro-BDNF and to a lcsser

degree pro-NGF not being clcaved as effectively as pro-NT-3 by furin or l'urin-like

enzymes within the TGN. The consensus cleavage site of pro-NT-J (Arg-Arg-Lys­

ArgJ..Tyr) is ideally suited for tùrin-mediated proccssing. probably even more so

than that of pro-NGF (Arg-Ser-Lys-ArgJ..Ser) (Decroly et al.. 1994). Basic residues

at positions -4. -2. -1 are conducive to processing in the constitutive secretory

pathway (Watanabc ct al.. 1992). However. the presence of an additional Arg residue

at position -3 in pro-NT-3 may enhance even more the ability of furin to cleave the

protein at this site.
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Although it has yet to be shown directly with neurotrophin precursors~

several Iines of evidence suggest that sensitivity to furin-mediated cleavage within

the TGN is an important factor in determining whether a protein is sorted to the

constitutive or regulated secretory pathway (Brechler et al.~ 1996). In this study.

blocking furin activity with a I-PDX inhibited pro-NT-3 processing in the

constitutive pathway and resulted in the constitutive release of unprocessed pro-NT­

3 (Fig. 5.3). In addition. al-PDX treatment caused a shift in the appearance ofNT-3

immunoreactivity from diffuse and perinuclear to punctate and distributed

throughout the cell cytoplasm. including in the tips of cell processes (Fig. 5.5). Also.

processed NT-3 was released by cAMP treatment (Fig. 5.4). which is characteristic

of proteins within the regulated secretory pathway. Insertion of furin-sensitive

deavage sites into precursors that are normally processed in the regulated secretory

pathway tàvors release through the constitutive secretory pathway (Oda et al.. 1991:

Yanagita et al.. 1992). which is further evidence of the importance of furin

sensitivity in the sorting decision (Jung and Scheller. 1991: Brechler et al.. 1996:

Mowla et aL 1999).

Increasing the MOI of vaccinia virus also shifted pro-NGF from the

constitutive to the regulated secretory pathway (Edwards et al.. 1988: Mowla et al..

1999). probably by saturating the ability of t"urin to cleavc pro-NGF as a substratc.

However. increasing wlOI had iittle efrect on the subcdlular localization of NT-J

(data not shown). probably because pro-NT-3 is especially weil c1eaved in the TGN

by tùrin. In contrast. lipofectamine transfection methods (Fig. 5.6) resulted in NT-3

immunorcactivity becoming localized within punctate structures throughoul the

cytoplasm and in the tips of cell processcs. Lipotèctamine transfection may yield

higher intraccllular concentrations of neurotrophin precursors in the comparatively

small number of ceUs that are transformed « 10%
) when compared with vaccinia

virus infection (>900/0 ceUs infected). These differences in intracellular levels of the

protein can be inferred by comparing NT-3 immunoreactivity in lipotèctamine­

transfected cells (Fig. 5.68) with that of vaccinia virus-infected cells (Fig. 5.11 A).

The ditTerences probably explain why Heymach et al. (1996) and Moller et al. (1998)
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detected NT-] within the regulated secretory pathway of AtT-20 and PC 12 cells.

Similarly, increasing expression levels altered the intracellular distribution of 2­

microglobulin in pancreatic cells of transgenic mice (Allison et al.. (991).

Exogenously applied NT-] is as effective as BDNF in potentiating synaptic efficacy

in hippoeampal CAl neurons. which suggests that NT-]. like BDNF. may normally

access the synapse through its activity-dependent release from presynaptie neurons

(Kang and Schuman. 1995). However. removing endogenous NT-] has no etTeet on

long-term potentiation (LTP) in mouse hippoeampal CA1 neurons (Chen et al.. 1999:

Ma et al.. 1999). [n contrast, blocking endogenous BDNF reduees LTP (Kone et al..

1995). Thus. exogenously applied NT-3 may mimic the etTeets of BDNF through

mechanisms that are unrelated to the way NT-3 normally accesses the synapse (Chen

et al.. 1999).

Neurotrophin hetcrodimers have not yet been detected in vivo. even with

antibodies that recognize them speci fically (Kolbeck et al.. 1999). However.

neurotrophins can form stable heterodimers either when renatured together or

coexpressed in ceUs (Radziejewski and Robinson. 1993: Arakawa et al.. 1994:

Jungbluth et al.. 1994: Philo et al.. 1994: Heymach and Shooter. 1995: Robinson et

al.. 1995: Treanor et al.. (995). Thus. cells that coexpress neurotrophins such as

hippocampal ncurons (Maisonpierre et al.. 1990: Schecterson and Bothwell. (992)

could produce hctcrodimeric fonns of these protcins. The NT-3/BDNF heterodimcr

is especially stable (Arakawa et al.. 1(94). which has allowed its crystal structure tl~

he rcsolved (Robinson et aL 1995).

ln our experiments. coexpressing pro-NT-3 and pro-BDNF resultcd in the

retention of NT-3 within vesicle-like structures that were distributed throughout the

cytoplasm and within cellular processes of both AtT-20 ceIls and hippocampal

neurons. a distribution that was identical to that of BDNF (Mowla et al.. 1999). NT-3

was also released together with BDNF in response to secretagogues or

depolarization. These data together with our coimmunoprecipitation studies strongly

suggest that in our experimental system. NT-3 and BDNF heterodimerize. as shown
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previously by others (Philo et al.. 1994; Heymach and Shooter. 1995). However•

confirming that idea will require isolating the heterodimers to purity and

characterizing them chemically. which we have not done.

As yet. we do not know how NT-3/BDNF heterodimers form. Protein

dimerization normally occurs between monomers of unprocessed precursors in the

endoplasmic reticulum (Danielsen. 1990; Zhu et al.. (996). which would yield pro­

NT-3/pro-BDNF heterodimers. However. heterodimers could also exist between NT­

3.. whieh is efficiently processed in the TGN. and pro-BDNF. which is processed in

immature secretory granules. [ndeed.. in our eoimmunoprecipitation experiments. we

detect within conditioned medium pro-BDNF along with mature NT-3 and BDNF.

Funher processing of the NT-3/pro-BDNF heterodimer likely oeeurs in immature

secretory granules to yield heterodimers of mature forms ofNT-3 and BDNF.

Others have noted previously that heterodimerization can alter the

intraeellular trafficking of proteins. For example. the common -subunit of lutropin.

follitropin. and chorionie gonadotropin is constitutively secreted when produced

alone; however. heterodimerization with the appropriate -subunit causes the

heterodimcr to he sorted and released by the regulated secretory pathway (Blomquist

and Baenzigcr. 1992; Bielinska et al.. 19(4). Apparently. a single chain of a protein

destined for the regulated secretory pathway contains sufticient information to

reroute the cntire heterodimeric complex.

The finding that pro-NT-:3 can be released from either the constitutive or

rcgulated secretory pathways suggests that NT-3 could have multipie tùnctions. The

release of homodimeric NT-3 l'rom the constitutive secretory pathway would allow

NT-3 to he constantly available as a differentiation and survival-promoting factor for

neurons. which appears to be its role during development (for review.. see

Chalazonitis. 1996). [n contrast. when NT-3 heterodimerizes with BDNF. as may

occur when both are highly expressed in adult hippocampus (Maisonpierre et al..

1990). NT-3 is sorted to the regulated secretory pathway. where the NT-3IBDNF
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heterodimer is packaged within vesicles that are released in response to activity .

Under these conditions~ NT-3 acting at TrkC receptors or NT-3IBDNF heterodimers

acting in concert at TrkC and TrkB receptors (Philo et al.. 1994) could regulate

synaptic transmission and plasticity. Thus. understanding how NT-3 is processed in

specifie populations of neurons al different limes
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FIGURE 5.1 Pulse-ehase metabolie labeling of pro-NT-3 in primary eultores of

bippocampal neurons (A) and AtT-20 eells (B). Cells were infected with VV

encoding the NT-3 precursor for 1 he and postincubated in fresh medium without

virus for 8 hr. Cells were then exposed to medium containing esS) Cys-Met for 30

min and chased for O~ O.5~ 1. 2~ 4~ and 8 hr. Identical volumes (750 J.11) of cell lysates

(CL) and conditioned media (CM) were incubated with antibodies to NGF~ which

immunoprecipitate NT-3~ and electrophoresed on 13-22% SDS gradient gels.
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FIGURE 5.2 Differentiai processing of neurotropbin precursors in COS-l cells,

whicb contain only tbe constitutive secretory pathway. CeUs were infected al an

MOI of 1 wilh either wild-type VV (vv:Wn or VV encoding pro-NGF~ pro-BDNF.

or pro-NT-3. The ceUs were postincubated in the absence of virus for another 8 br

and metabolically labeled for 3 hr. Identical volumes of cell lysates (CL) and

conditioned media (CM) from vv:WT-. vv:NGF-. and vv:NT-3-infected cells were

immunoprecipitaled wilh an NGF anlibody thal recognizes both NGF and NT-3.

vv:BDNF-intècted ceUs were immunoprecipitated with a BDNF-specific antibody.
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FIGURE 5.3 Inhibition of pro-NT-3 processing in AtT-20 cells expressing 0.1­

POX. AtT-20 cells stahly expressing the furin inhibitor a,l-PDX were infected for 30

min with VV encoding pro-NT-3. CeUs were then incubated in virus-free medium

for 8 hr. metabolically labeled for 30 min. and chased for up to 8 hr. Cell lysates

(CL) and conditioned media (CM) were immunoprecipitated and analyzed by SOS­

PAGE.

137



•
AtT-20

1.00_-----------_

0.75

-cAMP +CAMP

AtT-20IPDX

I.~~------------

1llllllllil~illlllllllll
o.oo-'.......J~:.:..:..iro=W:.:.:.::&..._..&.llIl;,lllii~IiolI'ii.....J

o.

-cAMP +CAMP

•



•

•

FIGURE 5.4 cAMP-induced release of NT-3 (rom AtT-2U cells expressing al­

PDX. Cells were infected with VV:pro-NT-3 for 1 hr. incubated in virus-free

mediurn for 8 hr. metabolically labeled for 3 hr. chased for 3 hr. and treated for 3 hr

with medium with or without 5 mM cAMP. CL and CM were immunoprecipitated

and the amount of processed. mature NT-3 was analyzed by SOS-PAGE. Analysis

was performed on a Phosphorlmager. and values represent an average (±SEM) of

three independent experiments.

138



•

•

•



•

•

FIGURE 5.5 Confocal microscopy of AtT-lO (A) and AtT-20/«I-PDX cells (B)

infected with VV encoding pro-NT-3. Cells were infected for 1 hr and

postincubated in the absence of virus for another 8 hr. The cultures were fixed and

treated with antibodies against NT-3 (Chemicon), followed by CY3-conjugated goat

anti-rabbit IgG. Scale bar. 10 IJm. Photomicrographs were obtained by overlaying

confocal tluorescence images over transmined light images. Scale bar. 10 IJm.
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FIGURE 5.6 OverexpressioD of NT-3 results in rerouting {rom the ~onstitutive

to the regulated se~retory pathway. AtT-20 cells were transfected with a construct

encoding either pro-NT-3 (A~ B) or pro-BDNF (C). and immunocytochemistry using

NT-3 (A. B) and BDNF (C) antibodies was pertonned as described in Figure 5.5. In

A. cells were lipofectamine-transfected with 0.1 J.1g of pro-NT-3 DNA (and 1.9 J.1g

vector DNA). In B. ceIls were transtècted with 2 J.1g pro-NT-3 DNA. In C. cells were

transfected with 0.1 Jlg ofpro-BDNF (and 1.9 J.lg vector DNA). Scale bar. 10 Jlm.
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FIGURE 5.7 Immunpreeipitation of eell extraets and eonditioned medium from

eells infeeted witb IMOI of wild type (W.T) VV, VV:pro-NT-3, VV:pro-NGF,

VV:pro-BDNF, alone, or eoinfeeted with O.S MOI of pro-NT-3 and pro-BDNF.

AtT-20 cells were infected for 1 hr with the viruses indicated. postincubated for 8 hr.

and metabolically labeled for 3 hr. Cell lysates and conditioned media were

immunoprecipitated with either an anti-NGF antibody (left side) or a BDNF antibody

(right side).
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FIGURE 5.8 NT-3IBDNF is retained in hippocampal neurons. A. The

methodology in Figure 5.IA (involving a 4 hr chase only) was repeated three times

with ceUs infected with either VV:pro-NT-3IVV:WT or VV:pro-NT-3IVV:pro­

BDNF. The NGF antibody used for immunoprecipitations. Results were analyzed on

a PhosphorImager and are an average (±SEM) of the ratio of mature NT-3 in cell

Iysates (CL) over the total amount ofNT-3 in CL + conditioned medium (Cl\I1). B. A

representative SDS gel from the experiments in A showing the NT-3/BDNF

heterodimer in the cell conditioned medium.

142



A AtT-20 •NT-3IBDNF
O.SO

0.60

~
0
.:!i 0.40

~

111111111111111111111

0
0.20

0.00
.:.:.:.:.:.:.:.:.:.:.

-cAMP +CAMP

8 Hippocampal Neurons

NT-3
0.80

0.60

1111111
1
11il11111111

~
0
.:!i 0.40

~
0 ~:~:~:~:~:~:~:~:~:~:

0.20 .:.:.:.:.:.:.:.:.:.:

.~~1~~1~~~~~~~~11~11~
0.00

-KCI +KCI

NT-3IBDNF
o.so

0.60

~
0
.:!i 0.40

~
0

~i~iii~i~~1~~i~i~i~i~0.20

0.00 :::::::::::::::::=:::
-KCI +KCI •



•

•

FIGURE 5.9 Secretagogue-induced release ofNT-3/BDNF but Dot NT-3. A.. AtT­

20 cells coinfected with VV encoding pro-NT-3 and VV encoding pro-BONF were

processed using the methodology described in Figure 5.4. B. Hippocampal neurons

from E18 mice were cultured for 7 d and infected for 1 hr with either (1) VV

encoding pro-NT-3 or (2) VV encoding pro-NT-3 and VV encoding pro-BONF.

After 8 hr in medium without virus. the cells were labeled lor 30 min with esS] Cys­

Met.. incubated in medium without radiolabel for 4 hr. and treated with medium with

or without KCI and CaCh for 15 min. CeU Iysates and conditioned media were

immunoprecipitated with the antibody to NGF and electrophoresed on an SOS gel.

Results were analyzed on a Phosphorlmager and are an average (±SEM) of three

independent experiments.
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FIGURE 5.10 Confoeal mieroscopy of bippocampal neurODS inrected witb pro­

NTs. Hippocampal neurons were infected with 1 MOI VV encoding either pro-NT-)

(A) or pro-BDNF (B); in C. the ceUs were coinfected with 0.5 MOI each ofVV:pro­

NT-) and VV:pro-BDNF. Immunocytochemistry was perfonned with the NT-)

antibody in A and C and the BDNF antibody in B. Scale bar. 10 J.1m.
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FIGURE 5.11 Double..label immuno~to~hemistry~omparing tbe distribution in

infe~ted AtT..20 ceIls of NT..3 and NT..3IBDNF witb tbat of endogenous TGN38

and ACTH.. NT-3 immunoreactivity (A) colocalizes with TGN38 (B) in the

perinuclear region as seen in C (NT-3 in red and TGN38 in green). NT-3

immunoreactivity in cells coinfected with pro-NT-3 and pro..BDNF (0) colocalizes

with ACTH (E) primarily in the tip of the cellular process as seen in F (NT-3 in red

and ACTH in green). Scale bar. 10 J.lm.
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CHAPTER6

GENERAL DISCUSSION:

1. Biosyntbesis and post-translational modification of pro-BDNF

The biosynthesis and post-translational processing of pro-NGF and pro-NT-3 have

been already studied through collaboration between our lab and Dr Seida's (Seidah

et al.. 1996a. 1996b). Our previous data show that pro-NGF is N-glycosylated and

glycosultàted within ilS pro-segment and this process is necessary for the exit of the

precursor l'rom the endoplasmic reticulum and its eventual processing and secretion

(Seidah et al.. 1996a). The data also reveal that in both constitutive and regulated

secretory ceUs types furin. and to a lesser extent PACE4 and PC5/6-B. are the best

candidate to process pro-NGF lSeidah et al.. 1996a) and pro-NT3 (Seidah et al..

1996b) into thcir mature torms. Nothing was known. however. about the biosynthic

pathway and post-translational modification of pro-BDNF. This has been primarily

due to the lack of a good immunoprecipitating antibody against BDNF. The recent

production and characterization of an affinity-puri lied antibody against BDNF (Yan

et al.. (997) thus provides a good opportunity to study the post-translational

proccssing of pro-BDNF and compare the results with the previous data obtained

l'rom pro-NGF and pro-NT-3.

Endogenously. NTs arc produced at extremely low h:vcls in neurons and non­

neuronal cells and. thus. is almost impossible to be detecled with currcntly available

techniques. Therefore. in ordcr to overcome the problem wc used a vaccinia virus

expression system to over-express pro-BDNF in a varicty of constitutive and

regulated cell lines as weil as in primary cultures of mouse hippocampal neurons.

Our data revealed that pro-BDNF is produced as a 32 kDa precursor. which in its

prodomain undergoes N-glycosylation and glycosulfation. The glycosylation and

sulfation presumably occurs at a single putative consensus sequence tor N-linked

glycosylation (Asn-X-Thr/Ser) eight residues upstream of the cleavage site of mature

BDNF (Mowla et al.• 1998). The glycosylation site is conserved at the same position
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within the pro-domains of ail NTs (Maisonpierre et al.~ 1990) suggesting a critical

role for N-glycosylation in NT processing and/or secretion. The importance of

carbohydrates in the folding of proteins has been weil documented (Komfeld and

Komfeld~ 1985). Blocking N-glycosylation of pro-NGF by tunicamycin treatment

prevented the entry of the precursor into the Golgi apparatus and its subsequent

processing and secretion (Seidah et al.~ 1996a). Similarly. inhibition of N­

glycosylation of pro-BDNF by tunicamycin dramatically reduced the level of

radiolabeled signal in both pro-BDNF and mature BDNF in SOS-PAGE. This might

be due to the etlècts of incorrect folding of the precursor and/or a reduction of the

half-life of the un-glycosylated proteins. [n the Iysate of the cells treated with

tunicamycin~ however~ we did not detect any protein fragments (bands)

corresponding to the degradation of pro-BDNF within the ER. This might he due to

the sensitivity of our antibody to detect such truncated forms. Using a pro-BDNF

which is tagged in its both N-tenninus and C-tenninus would provide an approach to

test that idea. On the other hand~ blocking the activity of the degrading enzymes in

the ER and cytosol. such as 'proteasome" enzyme may prevent the potential

degradation of the precursor and led to the accumulation of the precursor in the ER.

[n any case. more detailed works required to contirm a direct link between

glycosylation and degradation of pro-BDNF. The oligosaccharide chain is also

sultàted~ as we demonstrated prcviously for pro-NGF (Seidah ~~t aL 1996a). While

the glycosylation is demonstratcd to be important for the stahility of the protein.

inhibition of sultàtion with sodium chlorate (Baeucrle and Huttner~ 1986) did not

affect the processing or releasc of pro-BDNF. howcver. This result is consistent with

the recent finding of Van Kuppereld et al.. ( 1997) who reported that protein sulfation

is not required for the transport~ sorting~ or proteolytic processing of proteins that

transit through the regulated secretory pathway.

pro-BDNF undergoes N-terminal cleavage to gcnerate the mature fonn (14

kDa) as weil as a minor tnmcated fonn (28 kDa). Both 32 kDa precursor and 28 kDa

forro are significanlly released into conditioned media along with mature fonn. [n

ongoing studies. we do not observe precursor release when similar methods were
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used to monitor the processing and release of the precursors ofNGF (Mowla et aL

1999) and NT-3 (Farhadi et al.,2000). However. previous works by others have

shown that significant amounts of un-processed precursors.. such as pro­

opiomelanocorticotropin (POMC) are also constitutively released by the cells contain

regulated secretory pathway (Femandez et aL 1997). The constitutively released

pro-BDNF might have its own biological function. In this regards, high levels of

BDNF mRNA has been detected in the dendrites of hippocampal neurons in culture

(Crino and Eberwine.. 1996: Tongiorgi et aL. 1997).. suggesting that the BDNF

precursor may be synthesised within dendrites (Crino and Eberwine. 1996). Thus. it

is theoretically possible that pro-BDNF produced in dendrites could avoid cleavage

by tùrin (primarily resides in trans-Golgi network) and/or PC 1 (primarily resides in

secretory vesicles) and be released in an unprocessed torm. tor as yet unknown

purposes. Indeed. in this study we have shown that pro-BDNF is biologically active.

as deterrnined by its ability to induce TrkB autophosphorylation.

Within the constitutive pathway. CL I-PDX (an CL I-antitrypsin derivative that

selectively interferes with furin's ability to process precursor proteins within the

TGN. Anderson et aL. 1993: Watanabe ct aL 1995: Vollenweider et aL. 1996)

inhibits the cleavage of pro-BDNF into the mature torm but has no etTect on the

production of the 18 kDa torm. Further works show that 18 kDa form. but not the

mature BDNF. is insensitive to BFA treatment. a moleculè that inhibits antcrograde

vesicular transport l'rom the ER (Femandcz et al.. 1997). An interesting finding

which suggest that gcncration of 28 kDa BDNF occurs within ER. while mature

BDNF is gencrated within a post-ER compartment (Mowla et aL. 1999). Takcn

together. thesc tindings reveal that the gcneration of the 14 and 28 kDa products

occur within two separate processing pathways. Till now. we do not know the

biological importance of the 28 kDa production. For the future work. it is very

important to determine the biological role of the 28 kDa BDNF. This requires

purification of 28 kDa fonn by FPLC or directly generating 28 kDa BDNF by

putting a signal peptide just N-terminal to the cleavage site of 28 "Oa form. Aiso. a

potential biological role for the peptides generated from the prodomain of the pro-
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BDNF should also been considered. In that regard~ it has been reported that two

peptides arising from the pro-domain of pro-NGF have their own biological activity

in vitro (Dicou et aL 1997).

The enzyme SKI-l is responsible for the generation oftbe 28 kDa BDNF

ln the search of the enzyme responsible for the processing of the 32 kDa pro-BDNF

into the truncated 28 kDa form. we tested. through collaboration with Dr. Seidah's

labo the involvement of the known convertase enzymes along with a newly c10ned

enzyme. mammalian subtilisinlkexin isozyme 1 (SKI-I). SKI-I is a highly

conserved~ calcium-dependent serine endoproteinas and has been c10ned in Dr.

Seidah's lab by using RT-PCR and degenerate primers derived from the active-site

residues 0 f subtilisinlkexin Iike enzyme (Seidah et al.. 1999). While co-expression 0 f

pro-BDNF with PC enzymes such as furin .. PC 1 and PCl failed to increase the

generation of the 28 kDa fonn. co-expression of pro-BDNF with SKI-I enzyme

signiticantly increased the intensity of the 28 kDa band (Seidah et al.. 1999). We

have tùrther shown that the generation of the 28 kDa tonn by SKI-l is insensitive to

al-PIT and al-PDX. which are inhibitors of thrombin- and convertase-mediated

c1eavage. respectively. Thus. it is likely that the generation of the 28 kDa pro-BDNF

takes place via an alternate processing path'o'.ay. Finally. the N-terminal

microscquencing of the 28 kDa product generated by SKI-l demonstrates that this

protein is gcnerat~d by a unique c1eavagc at Thr57 in th~ sequence: RGLI57J,S. The

later rcsult identities SKI-I as the first known mammalian subtilisin-like enzyme

capable of cleaving their substrates at non-basic residues.

Intcrestingly. comparison of the phylogenetically highly conserved sequence

of pro-BDNF revealed an unusual insertion of hydroxylated amino acids (thrconine

and serine) just alter the identified SKI-l c1eavage site of human pro-BDNF. Thus..

in rat and mouse pro-BDNF. two threonines (RGLITTSL). in porcine pro-BDNF.

five serines (RGLTSSSSSSL). in bovine pro-BDNF three serine (RGLISSSSL) and

in cavpo pro-BDNF eight serine (RGLTSSSSSSSSSL) are inserted. Interestingly..
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white the cleavage site itself is highly conserved within the known pro-BDNF

sequences. in Ximpa pro-BDNF the cleavage site is changed but nevertheless into a

new cleavage site REELPSLT.1OT. The new site contains a Threonine at Pl. a

leucine at P2 and an Argenine at P8 positions. N-terminal to the c1eavage sÎte. Our

later site-directed mutagenesis study revealed that SKI-l strongly prefers a Leucine

at P2 site (Mowla et al.. 2000). These observations raise a number of questions: (l)

do these insertions affect the kinetics of pro-BDNF cleavage by SKI-l? A

comparison of the processing of human. rat and pig BDNF revealed that ail of them

are processed into 28 kDa and mature forms with a comparable ratio (Mowla et al..

1999b). (2) [5 the presence of a basic residue at P4. P6. or P8 positions critical for the

detection of the cleavage site by SKI-l enzyme? To answer this question we have

compared the processing of wild-type pro-BDNF along with a series of pro-BDNF

mutants in which the amino acids around the SKI-l c1eavage site have been changed.

Replacing Arg54 at P4 position by Ala (AGLT.1S). signiticantly diminished. but not

eliminated the generation of28 kDa BDNF (Mowla et al.. 2000). Interestingly. when

we co-expressed pro-BDNF with SKI-I. the generation of 28 kDa BDNF completely

blocked (Mowla SJ. Murphy RA and Seidah NG. in preparation). The later tinding

suggests that possibly other enzymes are involvcd in the generation 01'28 kDa BDNF

in a lesser extcnt and that overexpression of SKI-l compete with the activity of these

potential enzymes (Mowla 8J. Murphy RA and Seidah NG. in preparation). Our data

has also shown that the presence of basic aminu acids at the P6 and P8 positioœ; are

nol necessary. but nevertheless. thcir presence can improve the ctliciency of the

processing O\tlowla et al.. 2000). (3) What is the reason for having multiple Scr/Thr

residues just C-terminus to the cleavagc site. In that context. a comparison of the size

of BDNF containing bands in human and rat BDNF reveals that the 32 kDa and 28

kDa rat BDNF appears slightly higher than human ones in 13-22°/0 gradient SOS­

PAGE. We have also observed an additional band above 32 kOa rat pro-BDNF. An

observation that is consistence with the post-translational modification (0­

glycosylation and/or O-phosphorylation) of the insened Threonines (Mowla et al..

1999b). The generation of 14 kDa BONF (in constitutive pathway) is not atTected by
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the insertion of SerlThr or site-directed Ski-l cleavage site mutants (Mowla et al..

submined).

Another question that arises is whether SKI-I is able to cleave substrates at

residues other than Thr. In that context. Sakai et al. demonstrated that the sequence

of hamster Site-l protease (S 1P) responsible for the site-I cleavage of sterol

regulatory element-binding proteins (SREBPs)' is almost identical to the human.

mouse. and rat SKI-I (Sakai et al.• 1998). In this model. within the lumen of the ER.

SI P/SKI-I cleaves SREBP-2 at an RSVL..L. SF sequence. where Arg at P4 is

absolutely required. whereas the PI Leu could be replaced by a number of other

amino acids (Duncan et al.. (997). The tlexibility of Pl position was later on

contirmed by our results obtained l'rom site-directed mutagenesis. We have shown

that Thr at Pl position can be replaced by a number of amino acids. However.

replacing Thr at Pl position by Glu. almost completely blocked the generation of 28

kDa BDNF while replacing Thr with Arg increased the efficiency of the cleavage.

The later finding reveals that SKI-I is capable of cutting both basic and non-basic

residues (Mowla et al.. 2000).

The wide tissue distribution of SKI-I mRNA transcripts suggests that this

enzyme processes numerous precursors iIl various tissues. The wide distribution of

the cn.~yme might also be simply a n:tlcction of wide distribution or a single

substralc with a general or huusekeeping function. Interestingly. SKI-\ is highly

expresscd in hippocampus where BDNF is also highly exprcssed (Seidah et al..

1 SREBPs are a three-membered family of transcription factors modulating the transcription of genes
encoding enzymes of cholestrol biosynthesis and uptake l'rom plasma lipoproteins (reviewed by
Brown and Goldstein 1999). SREBPs are bound ta membranes of the ER and nuclear envelope in a
hairpin orientation where the COOH- and NH2-terminals project into the eytosol. The NH2-terminal
domains of SREBPs are transcription factors of the basic-helix-Iaop-helix-Ieucine zipper family and
tor being funetional must be prateolytieally released from membranes by two sequential c1eavages
(Brawn and Goldstein 1997). The first c1eavage is eatalyzed by SIP/SKI-1 in the lumen of ER.
separating the SREBPs into two haves. bath of which remain membrane-bound. The second c1eavage
within the membrane-spaning segment ofNH2-terminal intermediate fragment by S2P. a hydrophobie
protein that appears to he a zine metalloprotase. releases the NH2-terminal to enter the nucleus. Build
up of sterols within ceIls. block the proteolytic release process by selectively inhibiting cleavage by
SI P/SKI-I. These regulated proteolytic cleavages are ultimately responsible for controling the level of
cholestrol in membranes. eells and blood (reviewed by Brown and Goldstein 1999).
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1999; Maisonpierre et al., 1991). Furthennore, the observed developmental down­

regulation of the level of its transcripts also suggests a functional importance during

embryonic development. SKI-} is clasest to the pyrolysin branch of the six-member

tamily of subtilisin-like proteinases (Siezen. 1997) and we believe it is the tirst

known mammalian subtilase capable of cleaving substrates at sites other than basic

amino acids. For the future works, it is very important ta determine other substrates

for SKI-1 enzyme. Also. our ongoing site-directed mutagenesis studies aimed to

determine the minimal sequence requirement for SKI-I cleavage activity would help

us to design specifie inhibitor to the enzyme and also to tind a better strategy to

search for the other potential members of the SKI family.

Differentiai sorting of NGF and BDNF in hippocampal neurons

NTs are traditionally considered as trophic factors released constitutively and at

extremely law levels by non-neuronal target tissues in the peripheral nervous system

(Levi-Montalcini et al.. 1960). According to neurotrophic hypothesis. neurons that

contain apprapriate receptor for theses tàctors (TrkA lor NGF. TrkB for BDNFINT-4

and TrkC for NT-3) campete with ather neurons ta have access to this limited

survival tàctors (Yuen et al.. 1996). Neurons that tàil ta have correct access ta their

tnrgcts are elirninated during a pcriod of developmentally programmed cell death

(Oppenheim. 1991). Works in central nervous system. howcver. have revealed sorne

dcviation to that classical view. For cxample. in CNS. NTs arc exclusively produced

by neurons (Thoenen ct al.. 1987. Philips et al.. 1990). and more surprisingly in sorne

areas (such as hippocampus) they are co-expresscd along with their designated

receptars (Klein et al.. t989: 1990; Maisonpierrc et al.. 1990). Further works

revealed an involvement of NTs in modulating synaptic pfasticity (reviewed by Lo

1995. Thoenen 1995. Bonhoeffer 1996. Snider & Lichtrnan 1996. McAllister et al..

1999). Being a modulator of synaptic plasticity requires that the release ofNTs being

regulated in an activity-dependent manner (McAllister et al.. 1999). ln contrast.

being a survival factor requires constitutive release ofNTs. To understand how NTs
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can function as either a survival factor or a regulator of synaptic plasticity requires a

deep understanding of how NTs are produced and released by neurons.

We used three independent criteria (retention or release from ceUs after pulse­

chase rnetabolic labeling~ depolarization-dependent release. and

immunocytochemicallocalization) to determine the secretory pathway taken by NTs

in hippocampal neurons. Our results provide evidence suggesting that NGF and

BDNF are primarily sorted to constitutive and regulated secretory pathways.

respectively (Mowla et al.. 1999a). Wc have further dernonstratcd that the

diftèrential sensitivity of pro-NGF and pro-BDNF to furin-mediated c1eavage plays a

key role in their sorting. pro-NGF is efficiently c1eaved by tOOn in TGN in the ceUs

we tested. Accordingly. 20°C cold-block conditions that inhibit the exit of proteins

from the TGN (Matlin and Simons. 1983) did not inhibit the production of mature

NGF by primary cultures of mouse hippocampal neurone This tinding suggests that

the proteolytic processing of pro-NGF occurs within the TGN. In contrast. 20° C

cold block condition totally inhibited the processing of pro-BDNF into mature torm.

with no effects on the production of 28 kDa BDNF. An interesting tinding that

suggest c1eavage ofpro-BDNF into 28 kDa fonn occurs eartier than mature torm and

that the production of mature BDNF likely occurs in a post-TGN compartment (i.e.

immature or mature secreto~; vesicle).

When l'urin activity is inhibited in AtT-20 ccUs with al-PDX. a potent

inhibitor of PC enzymes within constitutive secretory pathway. pro-NGF is not

cleaved efficiently in TGN. A portion of intact precursor is sorted within secretor)

vesicles where it cao further be cleaved by other enzymes residing in secretory

vesicles such as PC 1. The remaining unprocessed precursor that does not enter

secretory vesicles is released constitutively. mimicking the constitutive release of

pro-BDNF in the absence of al-PDX. Thus. inhibiting furin-like activity in TGN.

mis-sort sorne pro-NGF ta the regulated secretory pathway. Sirnilar etTects have

been observed for POMC (Benjannet et al .. (997).
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The efficiency of furin-mediated cleavage may be one important factor

detennining the sorting of NTs within secretory pathway. This hypothesis is already

weil documented for egg-Iaying hormone precursor (pro-ELH). Pro-ELH contains

bioactive peptides on both the C- and N-terminal sides of a furin cleavage site (Jung

and Scheller. 1991). The peptide derived from C-terminal side of the cleavage site is

sorted into the regulated secretory pathway. while the peptide derived from the

amino-terminal side of the cleavage site is released constitutively. degraded. or

sorted into a separate regulated secretory vesicle (Jung and Scheller. 1991). Cells

with low [urin levels. are not efficiently process the precursor in TGN. and both N­

and C-tenninal sides of the precursor are sorted into the same regulated secretory

vesicles (Klumperman et al.. 1996). Thus. sorting of the N-terminal active peptides

into dense-core secretory vesicles occurs only in the absence of tùrin cleavage.

Accordingly. the level of tùrin within different cells would dictate the fate of N­

terminal derived peptide.

We hypothesized that a similar situation May also occur with NT sorting. In

our modeL sorting of NTs into the regulated secretory pathway may require signais

within the pro-domain or around the consensus c1eavage site. Pro-NGF is a very

good substrate for furin and efficiently processed by the enzyme within TGN <the

sorting cornpartment for rcgulated pathway). Losing ilS putative signal<s). the mature

NGF is released via constitutive pathway. This model is consisting with sorne

previous reports showing the importance of furÎn-mediated cleavage in the sorting of

proteins. For example. inserting l'urin-sensitive cleavagc sites (addition of an Arg at

P4 position: RX(KlR)R into pro-insulin (Yanagita et aL 1992) and pro-renin (Oda et

al.. 1991). which are normally processed by enzymes within the regulated secrctory

pathway. lead to the constitutive release of these proteins. On the other hand. pro­

BDNF is not a good substrate for furin. the intact protein containing the putative

sorting signal(s) escape tunn cleavage in the TGN and targeted to the regulated

secretory pathway where it cao be processed by PC 1 in (immature) secretory

granules (Seidah et al.. 1996b).
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Therefore, differential sensitivity of pro-NGF and pro-BDNF to furin-mediated

proteolytic processing might be the key into their diftèrential sorting. The c1eavage

site of pro-NGF (Arg-Ser-Lys-ArgJ..Ser) is highly suited to tOOn processing, whereas

the pro-BDNF c1eavage site (Arg-Val-Arg-ArgJ,His) is much less suitable for furin.

The reduced efficiency of pro-BDNF c1eavage site to furin is not l'ully understood.

One possibility is the replacement of Ser in the Pl' position of the c1eavage site of

pro-NGF with His in the Pl' of pro-BDNF. Previous works has shown that

sequences with His at Pl' have reduced sensitivity to tùrin-mediated c1eavage (Ogi

et al.. 1990: Matthews et al.. 1994). Another possibility for the reduced tùrin­

mediated cleavage sensitivity of pro-BDNF could be its acidic pro-domain.

Interestingly. white ail mature NTs share similar basic isoelectric points (PI: ranging

between 9-10). the PI for their pro-domains are significantly different. The pro­

BDNF pro-domain is quite acidic (PI 5.1 ). in contrast to the considerably basic pro­

domain ofpro-NGF (PI Il.4) and pro-NT-3 <PI 9.0). Thc potential importance of the

acidic domain in the furin-mediated processing or sorting of pro-BDNF is presently

unknown.

A large number of studics suggest that NGF and BDNF might have diffcrent

tùnctions. NGF is primarily exprcsscd by non-neuronal target tissues in the PNS and

also a very rcstricted area in the CNS. ail targcts of basal forebrain cholinergie

neurons. Thcrcfore. NGF is primarily acting as a target-derived survival tàctor

(rcquires a continuous release) in both PNS and CNS neurons. On the other hand.

BDNF is prirnarily expressed by CNS ncurons in the areas that undergo extensive

synaptic plasticity. such as hippocampus (revicwed by Altar and DiStetano 1998).

Consistently. there are increasing cvidence considering BDNF as a potential

modulator of synaptic plasticity (a tùnction which requires a regulated release). A

differential targeting of NGF and BDNF is also reported. BDNF. but not NGF. is

anterogradly transported within axons on neurons to carry out a number of autocrine

or paracrine physiological actions (Allar and DiStefano 1998: Fawcett et al.. 1998).
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Our results on sorting of BDNF within regulated secretory pathway are

consistent with sorne previous works: Goodman et al.. (1996) have reported that

BDNF can be released by depolarization and in a calcium-dependent manner l'rom

virus-infected hippocarnpal cultures. Aiso. Fawcett et al.. (1997) have shown

enrichment of BDNF in a vesicular fraction of rat brain synaptosornes (treated with

kianic acid) along with synaptotagmin. a protein associated with synaptic and large

dense-core vesicles in nerve terminais. Finally and more interestingly. endogenous

BDNF imrnunoreactivity is also localized in large dense-core vesicles ofaxon

terminais in lamina Il of lumbar spinal cord (Michael et aL 1997). Taken together.

these data are consistent with our findings showing BDNF being packaged within

secretory vesicles and released via regulated secretory pathway.

Fewer studies have monitored the sorting of NGF in cells containing the

regulated secretory pathway. Edwards et al. ( 1988) reported that AtT-20 cells secrete

vv:encoded NGF in response ta cAMP. suggesting a regulated release for NGF.

Also. Heymach et al. (1996) reported that AtT-20 cells release NGF as weil as

BDNF and NT-3 in response ta secretogogues. In the later study. they expressed the

NTs using a different promoter. and treated cells with secretogogues tor a longer

time. which May further explain why thdr conclusions differ l'rom ours. Blochl and

Thocncn ( (995) hypothesized that therc is both constitutive and rcgu1al~d sodium­

dependcnt release of NGF l'rom ncurons. They suggcst that rclcasc aceurs

indepcndent of extracellular calcium. an essential requinncnt for the rcgulated

relcasc (DeCamilli and Jahn. 1990). including the release of BDNF (Goodman et al..

1996).

Ta tind out why wc got different conclusion on NGF relcase from the one

obtaincd by Edwards et al.. (whom have used the same methodology as ours except

for the higher level of infection)~ wc rcpcated the experiment \Vith higher M.O.1. of

infections. Our results show that increasing the level of expression of pro-NGF is

able to mis-sort a proportion of mature NGF to the regulated sccretory pathway

demonstrating that over-Ioading of furin-mediated c1eavage May drive sorne NGF
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into the regulated pathway. This scenario is analogous to that seen we inhibit furin

activity with a I-PDX. Overloading the furin aetivity beyond its eapacity rnay drive

sorne pro-NGF into the regulated pathway. This finding suggests that cautions

should he exercised when over-expressing proteins that are normally expressed at

very low levels. Aiso this finding implies that. in contrast to NGF. BDNF is not only

sorted to the regulated pathway because of its laek of a suitable cleavage site for

furin but also because its expression at the level of protein is at least 100 times of

that tor NGF (Altar and DiStefano 1998).

ln conclusion. our results provide a mechanisrn whereby NTs in brain

neurons eao aet either as survival tàetors or as a modulator of synaptic plasticity.

When NTs are c1eaved by tùrin in TGN. the bioactive peptide may be released

constitutively to promote neuronal survival. Perhaps this explains how hippoeampal

neurons constantly provide NGF to innervating cholinergie neurons in the basal

forebrain. In contrast. BDNF may avoid l'urin c1eavage and be sorted into the

regulated secretory pathway where il is processed by PC 1 (Seidah et al.. 1996a) and

released in an activity-dependent manner similar to other neuropeptides. This may be

the meehanisrn that allows BDNF to alter synaptic transmission. connectivity. and

synaptie plasticity in an activity-dcpendent manner.

f v. Constitutively secrctcd NT-3 cao be rerouted to the regulated
secretory pathway by dimerization with pro-BDNF

NTs exist in solution as non-covalent but very stable dimcrs (Bothwell and Shooter

1977: Radziejewski et al.. 1992). The amino acid n.:sidues involved in the

hydrophobie dimer interlace are highly eonserved among ail NTs. in contrast to the

more variable and exposed loop regions. This high degree of sirnilarity at the dimer

interface and also the tàct that sorne ccli types sueh as hippocampal neurons express

more than one NT. suggest that NT heterodimers rnight also occur (Radziejewski and

Robinson 1993: Jungbluth et al.. 1994). The formation of NTs heterodirners.. bath in

vitro and ex vivo. and also their isolation and characterization is extensively studied

(see the Iiterature review). Initially. and motivated by our findings that NGF and
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BDNF are ditTerentially sorted to the constitutive and regulated secretory pathways.

respectively. we started to evaluate whether NGF cao be re-directed to the regulated

secretory pathway by way of dimerization with pro-BDNF. We have tested the

formation of NGF/BDNF heterodimers in our system by means of co­

immunoprecipitation. Our NGF antibody is able to immunoprecipitate BDNF. only if

it is co-expressed by NGF. Our results show that while cAMP slightly induced the

release of the NGF/BDNF heterodimer. the increase l'eH below the statistically

significant level. Aiso. our unbiased observer (Kevin Petrecca) was unable to

distinguish between NGFINGF and NGF/BDNF co-infection cultures in terms of

detecting punctate versus diffuse immunocytochemical distribution of NGF. Taken

together. we were unable to show convincing results pointing to a role for

heterodimerization in the re-routing of NGF to the regulated secretory pathway.

ln parallel. we conducted studies on the processing and sorting of ncurotrophin-3

(NT-3). Results obtained l'rom pulse-chase experiments. secretogogues-induccd

release. and immunocytochemistry ail suggest that pro-NT-3 is efficiently c1caved by

t'Urin and NT-3 and released constitutively. as is the case tor NGF. Sincc the NT­

3IBDNF heterodimer is much more stable than the one formed between NGF and

BDNF rnonomers (Arakawa et al.. 1994). we were prompted to repeat the above

experiments to determine the tate of NT-3 when is co-exprcssed with pro-BDNF.

Similar to our previous results. co-infection of AtT-20 cells with vv:pro-NT-3 and

vv:pro-BDNF. Icad to the detection of the NT-3/BDNF heterodimer by

immunoprecipitation and SDS-PAGE. We have t'Urther shown that co-expression of

pro-NT-3 with pro-BDNF is able to re-route NT-3 within regulated secrctory

pathway. The mis-sorting of NT-3 to the regulatcd secretory pathway induced by

dimerization with pro-BDNF is much more efficient than the effect of increasing the

level ofover-expression ofNT-3 and a1so the eftèct of _I-PDX.

One very important issue. which has been left to be answered in future. is whether

NTs heterodimers can forro in vivo and also the potential biological importance of

such heterodimers. Il is also very important to determine where inside the cells the
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formation of heterodimers occur and also to detennine whether post-translational

modifications of NTs (such as glycosylation and sulfation) has some roles in the

event.
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ABSTRACT Using l'Pene transcriptase-PCR. and degen.
erale olilOnucieotida derived rrom the active-siœ raidues or
subtilisin/kexia-Uke serine pl'Olei~ we have idendfled a
highly consena! and phylocenetiaa1ly IUlCatrai buma... raI, and
mouse type 1 membrane-bound proœinase called subtili­
sin/kexin-isozyme-I (SKI-l). Computer databaAk seardla ~
veaJ chat human SKI·I wu cloned previously but with no
identified runction. /11 situ bybridizatioD demonstrates that
SKI-I mRNA is present in most tissues and cells. Oeavale
specificity studia sbow tbat SKI-Ilenerales a 28-kD. prod­
uct rrom tbe J2-kDa brain-derived neurotropbic ractor pre.
cursor, cleavinl at an RGLT LSL bond. In tbe endoplasmic
reticulum or eitber LoVo or HK293 cells, proSKI-1 is pro­
cased into two membrane-bound rol'1Ds or SKI-I (120 and 106
kOa) dirrerinl by tbe nature or tbeir N-llycosylalioD. laie
alonl the secretory pathway some or tbe membrane·bound
enzyme is sbed inlo tbe medium as a 98-kDa rorm. Immuno­
cytochemical analysis or stably transfected 81093 cells sbows
ahat SKI·I is present in tbe Golli aPlNlntus and witbin small
punctate structures reminiscent orendosomes./II .ilro studies
suaest that SKI·I is a Ca%+-dependent serine proleinase
exhibitinl a wide pH optimum ror cleavage or pro-brain­
derived neurotropbic ractor.

Limited proteolysis of inactive precursors to produce active
peptides and proteins generates biologically diverse produets
from a finite set of genes. Most often. such processing occurs
at either monobasic or dibasic residues as a resull of cleavage
by mammalian serine proteinases related to baeterial subtilisin
and yeast kexin (1. 2). These enzymes. known as proprotein
convertases (PCs). cleave a variety of precursors at the con­
sensus (R/K)-(Xaa),,-R L sequence. where Xaa is any amino
acid except Cys and n = O. ~ 4. or 6 (1-3).

Less commonly than cleavage al basic residues. bioaetive
produets also can be produced by Iimited proteolysis al amino
acids such as L. V. M. A. T. and S (3). This type of cellular
processing has been implicated in the generation of bioactive
peptides such as a- and y.endorphin (4). the C-terminal
glycopeptide fragment 1-19 of provasopressin (5), platelet
factor 4 (6), the metaIloprotease ADAM-lO (7), site 1cleavage
of the sterol regulatory element-binding proteins (SREBPs)
(8), as weil as in the production of the Alzhéimer's amyloido­
genic peptides Al34O. -42. and -43 (9). Processing of this type
occurs either in the endoplasmic reticulum (ER) (8). laie along

The publication costs of this article werc defrayed in pan by page cltargc
paymenL This aniclc must thercforc bc hercby marlted"a~ in
accordanc:c: with 18 U.S.c. §1134 solcly to indÎClte this fan

PNAS i5 amiable online al _.pou.org.

the secretOry pathway, within secretory granules (4. 5). at the
cell surface. or in endosomes (6, 7, 9). The proteinases
responsible for these cleavages are not yet identified.

We hypothesized that an enzyme (or enzymes) distinct from.
but related to. PCs may generate polypeptides by cleavage at
nonbasic residues. To test that idea. we employed a revene
transcriptase-PCR (RT-PCR) strategy similar to the one used to
identify the PCS (10). except that we used degenerate oligonu­
cleotides closer to baeterial subtilisin than to yeast kexin. This
resuJted in the isolation of a cDNA fragment encoding a putative
subtilisin-like enzyme from human ccII Iines. This partial se­
quence was identical to a segment of a human myeloid cell­
derived cDNA reponed by Nagase et al. (11). Preliminary results
demonstrated that mis putative proteinase cleaves pro-brain­
derived neurotrophic factor (proBDNF) (ref. 12; SJ.M. N.G.S.•
and RA.M.• unpublished results).

ln this paper. we show that the sequences of rat. mousc. and
human onhologues of this putative type 1 membrane-hound
~btilisin-kcxin-isoenzyme.which we called SKI-l. exhibit a high
degree of sequence conservation. TISSue distnbution analysis by
bath Nonhem blots and in situ hybridization reveaIed mal SIO-l
mRNA is widely expressed. A vaccinia virus recombinant and a
stable transfeetant of human SKI·l in HK293 ceUs allowed the
analysis of its biosynthesis and intraceUular Iocalization. Finally.
wc present data demonstrating that SKI-1 cleaves at a specifie T L
residue within the N-terminal segment of proBDNF. SKI-l is thus
identified as a mammalian secretory subtilisin/kexin-like enzyme
capable of cleaving a proprotein at nonbasic residues.

MATERIALS AND METHOOS

PCR and Sequendnl. Most RT-PCRs were performed using
a Titan One Tube RT-PCR system (Boehringer Mannheim) on
1 ILg of total RNA isolated from a human neuronal cell line
(IMR-32). mouse corticotrophic ceIls (AtTIO). or rat adrenal

Abbreviations: SKI-l. subtilisin/kexin-isozyme-l; PC. proprotein con­
vertasc; ER. endoplasmic reticulurn; BDNF. brain-derived neurotro­
phic factor. SREBP. sterol regulatory element.binding protein; RT­
PCR. reverse transcriptase-PCR; vv. vaccinia virus; PDX. al~

antitrypsin Portland; WGA. wheat germ agglutinin; PMSF.
phenylmethylsulfonyl Cluoride.
Data deposition: The sequences reponed in this papcr have been
deposited in the GenBank database (accession nos. AF094820 and
AF094821).
rro whom reprints rcqucsts should be addrcssed. e-mail: emonds@
ircm.qc.ca.

'Present addrcss: Locb Hcalth Resean:h Institutc, 7'..5 Parkdale Avenue.
Ottawa. ON. Canada KIY 41'9.

IPrcscnt address: Unité de Biologie des Interactions Hôtcs-Parasites.
Unité de Recherche Associée-Centre National de la Recherche
Scientifique 1960. Institut Pasteur. 75724 Paris Cedex 15. France.
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glands. The active-site degenerate primers were as follows: His
(sense) 5'-GGICA(C.T)GGIACI(C.T)(A.T)(C.T)(G,T)(T,
G)IGCIGG-3' and Ser (antisense) S'-CCIG(C,T)IACI­
(T,A)(G.C)IGGI{G.C){T.A)IGCIACI(G.C){A,T)IGTlCC­
3', based on the sequences GHGT(H.F)(V,C)AG and GTS­
(V,M)A(T.S)P(H.V)V(A,nG, respectively. The amplified
525-bp products were sequenced on an automated laser flu­
orescence DNA sequencer (Pharmacia). To obtain the full­
length sequence of rat and mouse SKI-l, we used PCR primers
based on the human (11) and mouse sequences, in addition to
5' (13) and 3' (14) RACE amplifications. At least three clones
of the amplified cDNAs were sequenced. The GenBank ac­
cession numbers of the 3.788-bp mouse mSKI-l cDNA and
3.895-bp rat rSKI-l are AF094820 and AF094821, respectively.

Infection. Transredion. and MelaboUc Labelinl- Human
SKI-1 (nucleotides 1-4338) (11) in Bluescript (a generous gift
from N. Nomura, Kazusa DNA Research Institute. Chiba. lapan:
accession no. 042053) was digested with SadI (nucleotides
122-4338) and insened inta the veetor PMJ602, and a vaccinia
virus recombinant was isolated. The PMJ602 construet was also
digested with 5' Kpnl/3' Nhel and c1aned into the Kpnl/Xbal
sites of peDNAJ (Invitrogen), and the cDNA was transfeeted into
HI<293 cells by using üpofeetin. A number of stable transfec­
[ants resistant to G·U8 and positive on Western blots using an
SKI·1 antiserum (see below) were isolated, and one of them
(clone 9), was investigated funher. Either vaccinia virus­
infected or -transfected cells were pulsed for 20 min with
[.1SSjcysteine and then chased forvarious times in the presence
or absence of either tunicamycin (5 JLg/ml) or brefeldin A (2.5
JLg/ml). Media and celllysates were immunoprecipitated with
SKI-1 antisera directed against either amino acids 634-651 or
217-233, or a pro-SKI-l antiserum directed against the pro­
segment comprising amino acids 18-188 (Fig. 1). Immune
complexes were resolved by SOS/PAGE on an 8% polyacryl­
amide/N-[tris(hydroxymethyl)methyl]g1ycine gel (15).

Nortbem Blout in Situ Hybridizations, and Immunocyto­
chemistry. Nonhem blat analyses (16) were done on total
RNA from adult male rat tissues by using either a TRIzol
rcagent kit (life Technologies. Gaithersburg. MD) or a Quick
Prep RNA kit (Pharmacia) and on poly(A)+ RNA of (male +
female) rat adult tissues (BIO/CAN, Montreal). The blots
wcre hybridized overnight at 68°C in the presence of p:PjUTP
SKI-l cRNA probes, which consisted of the antisense of
nuclcotides 655-1249 of rat SKI-l. For in situ hybridization on
newbom rats. the same rat sense and antisense cRNA probes
were labeled with uridine and cytosine 5'-('y{l5S]thio)triphos­
phate O. 16). For immunofluorescence staining we used a
rabbit anti-SKI-l antiserum at a 1:100 dilution and rhodamine­
labeled goat anti-rabbit IgGs diluted 1:20 (16). Red SKI-l
immunostaining was compared with green-staining patterns of
both fluorescein-Iabeled concanavaIin A (Con A: Molecular
Probes). an ER marker. or fluorescein-eonjugated wheat germ
agglutinin (WGA: Molecular Probes). a Golgi marker (17).

Ex VO'O and in Vitro proBDNF ProcasÏJII. A vaccinia virus
recombinant of human SKI-l (vv:SKI-l) was isolated as descnbed
for human proBDNF (vv:BDNF) (15). The vaccinia virus recom­
binants of al-antitrypsin Pittsburgh (al-PIT: w:pm and al­
antitrypsin Ponland (al-PDX; vv:PDX) (18) were generous gifts
from G. Thomas (Vollum Institute. Ponland, OR). COS-7 cells
(~ x 1(0) were coinfeeted with 1 plaque-forming unit (pfu) per
ecll of w:BDNF and either the wùd-type virus (vv:WT) aJone at
2 pfu per œil or with 1 pfu per cell of each virus in the
combinations [VV:SKI-l +w:WT). [vv:SKI-l +vv:PIT), and
[vv:SKI-1 +vv:PDX]. At 10 h postinfection. ecUs were pulsed for
~ h with 0.2 mCi of psS]cysteine/psS]methionine (DuPont).
Media and œU extracts were immunoprecipitated with a BDNF
antiserum (re( 19; provided by Amgen) at 05 Io'&"mt. and the
proteins were resolved on SDS/pAGE 1~22% gradient gels
(15). psS]Met-labeled 32·kDa proBDNF and PHJLeu-labeled
28-kDa BONF were sequenced as descnbed (20). For in vitro
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analysis. 32-kDa proBDNF obtained from the media of LoVo
cells infeeted with w:BONF was incubated ovemight with the
shed form of SKI-1 obtained from œUs coinfeeted with vv:SKI-l
and vv:POX, either at different pH values or at pH 65 in the
presence of seleeted inhibitors: pepstatin (1 pM), antipain (50
pM). cystatin (5 ~. E64 (5 ~. soybean trypsin inhibitor
(SBTI,5 pM). 05 M phenylmethylsulfonyl ftuoride (PMSF) + 50
pM pam-amino-PMSF (pAPMSF). o-phenanthroline (5 mM).
and EDTA (10 mM). The produets were resolved by SOS/PAGE
on a 15% polyacrylamide gel. blotted, and then probed with a
BDNF antiserum (Santa Cruz Biotechnology) at a dilution of
1:1.000.

RESULTS
Protein Sequence Analysis of SKI-l. We first aligned the

protein sequences within the cataIytic domain of PC7 (21),
yeast subtilases. and bacterial subtilisins. together with that of
a novel Plasmodium falciparum subtilisin-tike enzyme called
pf-SUB2 (J.-C.B.• unpublished results). This led ta the choice
of conserved amino acids GHGT(H/F)(V/C)AG and
GTS(M/V)A(T/S)P(H/V)V(A/T)G around the active sites
His and Sery respectively. Thus, using degenerate oligonucle­
otides coding for the sense His and antisense Ser consensus
sequences, we initiated a series of RT-PCRs on total RNA and
isolated a 52S-bp cONA fragment from the human neuronal
cell line IMR-32. This sequence was found to be 100%
identical ta that reponed for a human cDNA called KIAAOO91
obtained from a myeloid KG-l cellline ( Il) and 88% identical
to that of a 324-bp expressed sequence tag (accession no.
H31838) from rat PC12 cells. The full-length rat and mouse
cDNA sequences were obtained after RT-PCR amplifications
of total RNA isolated (rom rat adrenal glands and peu cells
and from mouse AtnO cells. As shawn in Fig. l, alignmcnt of
the protein sequence deduced from the cONAs revealed that
rat and mouse SKI-1 share 98% sequence identity and a 96%
identity to human SKI·l. Interestingly, within the catalytic
domain (Asp:!\1~ - SerI") the sequence similariry bctween the
three species is 100%. Analysis of the predieted amino acid
sequence suggests a 17-aa signal peptide, followed by a puta­
tive prosegment beginning at Lyslll and extending for some
160-180 aa. The proposed catalytic domain encompasses the
typical active sites As~llI, His:"q, and Seru " and the oxyanion
hale AsnJ311• This domain is followed by an extended C­
terminal sequence characterized by the presence of a con­
served growth factor/cytokine receptor family motif
C849LDDSHRQKOC~I.This sequence is followed by a
potential 24-aa hydrophobie transmembrane segment and a
less-conserved 31-aa cytosolic tail that. remarkably, consists of
35% basic residues. Some of the clones isolated from rat
adrenal glands suggested the existence of altematively spliced
rSKI-l mRNAs in which the segments coding for amino acids
430-483 or 858-901 are absent. FinaUy, the phylogenetic tree
derived from the alignment of the catalytic domain of SKI-l
with subtiJases (22) suggests that it is an ancestral protein that
is doser to plant and bacterial subtilases than to either yeast
or mammalian homologues (not shown).

Tissue Distribution ofSKI·1 mRNA. Nonhern blot analyses
of SKI-l mRNA in adult maIe rat reveal that rSKI-l mRNA
is widely expressed and is panicularly rich in anterior pituitary.
thyroid, and adrenaJ glands (Fig. 2A). A Northern b10t of
poly(A)+ RNA obtained from mixed adult male and female rat
tissues also showed a wide distnbution and a particular en­
richment in liver (Fig. 2B). Simitarly, analysis of 24 different
cell lines (23) reveaJed a ubiquitous expression of SKI-l
mRNA (not shawn).

ln situ hybridization data obtained in a day 2 postnatal rat
aIso provided evidence of a widespread. if not ubiquitous,
distnDution of rSKI-l mRNA. Fig. 3 shows al the anatomicaJ
level the presence of SKI-l mRNA in developing skin, striated
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FIG. 2. Northem blot analysis of the expression of SKI-l in adult
rat tissues. (A) Five micrograms of male rat total RNA W3S loaded in
each lanc: pituitary anterior (AP) and neurointermediate (NIL) lobes
and submaxillary gland (submax). (B) Two micrograms of poly(A)­
RNA of (male + female) Spraguc-Dawley rot adult tissues. The
estimated size of rot SKI·} mRNA is about 3.9 kb.

ER based on the presence of these proteins in cells preincubated
with the fungal metabolite brefeldin A (Fig. 4; ref. 24). Funher­
more. preincubation with tunicamycin reveaJed only [wo bands
(Fig. 4), suggesting that the prcsumably membrane·bound lQ6.
and 120-kDa forms differ by their N-glycosylation. At the 3-h
chase time. results reveal the secretion of a 98-kDa shed fonn
(sSKI-l) rccognized br bath 5KI-l anrisera (Fig. 4) but not by the
proSKI-1 antiserum (not shawn). SimiJar SIQ·I-related forms
were seen in stably transfeeted HK293 ceUs after a 4-h pulse
labeling with [J5S]methionine (not shawn).

Intnallular LocaIizalion ofSKI·l. Doublc-staining immune­
fluorescence was used ta compare the intracelluJar 1000Jization of
the stably transfeeted human SKI-l in HK293 cells with that of
either the ER or Golgi markers Con A and WGA (17). respec­
tively. The data show that SKI-l exhibits (11 perinuclcar staining.
calocalizing with Con A fluorescence. presumably corresponding
to the ER (not shOWl'l); (ul paranuclear staining colocalizing with
WGA fluorescence. suggesting the presence ofSKI-l in the Golgi
(Fig. 5 A and B). and (ml punetate staining observed in the
cytoplasm and within extensions of a few cells (Fig. 5A). Sorne.
but not alI. of the punetate immunostaining matehed that ob­
served with WGA This suggest5 that SKI-llocalizes in the Golgi
but may son to other organelles. including Iysosomal and/or
endosomal compartments. An indication of lysosomal/
endosomal localization was pmvided by the analysis of 510-1
immunofluorescence within ecUs preincubated for 4 h with 10
mM leucine methyl ester. a specific Iysosomal/endosomal pro­
tcase inhibitor (25). The resuJts showed a net increase in the
proportion of ecUs exhibiting punetate staining as compared with
control ecUs (Fig. 5 A and B). The relative proportions of SKI-l
in ecUuJar organeUes and their dependence on culture conditions
are now amenable to eva1uation by subceUular fractionation and
electron microscopy.
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muscles. cardiac muscles. bones. and teeth as weil as brain and
many internai organs. Strong hybridization signais were de­
tcctable in the retina. cerebellum. pituitary. submaxillary.
thyroid. and adrenal glands. molars. thymus. kidney. and
intestine. Evidence for the cellular expression of rSKI·l
mRNA was obtained from analysis of the relative labeling
densitics per cell in seleeted tissues. based on a semiquanti­
tative analysis of emulsion autoradiographs (not shown). ln the
central nervous system rSKI-1 mRNA labeling was mostly
confined to neurons. whereas ependymal cells and supponive
glial cells. such as presumed astrocytes. oligodendrocytes. and
microglia. exhibited 5- to 30-fold-less labeling per cell. ln
addition. within the peripheral nervous system. trigeminal
ganglîa rcvcalcd a 5- to lo-fold greater expression in neurons
as compared with presumptive Schwann cells. Labeling was
observed in most of the glandular cells in the anterior and
intcrmediate lobes of the pituitary as weil as in the pituicytes
of the pars nervosa. A semiquantitative comparison in the
adult and newbom rat pituitary gland. submaxillary gland.
thymus. and kidney demonstrated an overall 2-fold-decreased
labeling of rSKI-1 mRNA with age (not shawn).

Biosynthais 01 bSKI·l. To define the molecular forms of
human SIQ-l wc generated bath a vaccinia virus recombinant
(w:5K1-1) and a stable transfectant in HK293 cells. Three
an tisera were produced against amino acids 18-188 (proseg­
ment). 217-233. and 634-651 ofSKI-l. Expression ofw:SKI-1 in
four different ecU lines revealed mat the enzyme is synthesized as
a 148-kDa proSKI-1 zymogen. which is processed progressively
into 12Q.. lQ6., and 98-kOa proteins (Fig. 4). Only the 148-kDa
fonn is recognized br the prodomain antiserum. whereas aU four
forms react with the ather two antisera. Processing of the
148-kDa proSKI-1 into the 120- and l06-kDa fonDS occurs in the

FIG. l. Comparative protein sequences of SKI-l dcducc:d from rat.
mousc. and human cDNAs. The position of the prc:dieted end of the
17·aa signal peptide is shown by an arraw. The active sites As~IK.

His:~q. and ScrU4 as weil as the oxyanion hole AsnJ.\II are shawn as
hold. shaded. and underlined charactc:rs. The positions of the six
potential N.glycosylation sites are cmphasizc:d in bold. The conserved
.;haded sequence fits the consensus signature for growth factors and
cytokine receptor family. Each of the two boxed sequences was absent
(.) in a number of rot clones. The predicted transmembrone segment
is in bold and underlined.
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FIG. 4. Biosynthetic analysis of SKI·l in LoVo-CS cells overcx­
pressing w;SKI·l. Cells were pulsed for 20 min with p5S]cysteine and
chased for 30 min. 1 h. and 3 h in the absence or presence: of eithe:r
brefeldin A (3h·B) or tunicamycin (3h-n. The control reprcsents the
3-h chase period for ecUs infectcd with the wild-typc virus (Wt). Media
and ccII Iysates wcre immunoprecipitated with either a SKI-l anti­
serum (Ab: SKI·l: against amine acids 634-651) or a proSKI.l
antiserum. The arrows point to the 148-. 120-. 106-, and 98-kOa forros
immunoprecipitated.

alternate c1eavage. Incubation of the ceUs with brefeldin A or the
Ca2+ ionophore A23187 revealed that the 28-kDa proBONF is

•

o
FIG. 3. ln situ hybridization orrSKI-l mRNA in a 2-day-old raL ln JilU

hybridiz:uion is shawn at anatomic:lJ resolution on 1-ray film using an
\~S-13bele:d antisense riboprobe (A~ and sense control riboprobe (D) .
.-IcJr. adrena1 gland; Cb. cen:bc:Uwn; cc. corpus caJlosum; Cr. œrebral
cortex: H. heart; !fIl. intestine; K. kidney; Li. livcr, Lu. lungs: M. muscles;
.\fo/. molan; OT. olfaetory turbinatcs: PiI. pituitary gland: Rb. ribs; Rer.
r::tin~Sk. skin,SM. submaxillary gland; Th. thymus. [X4: bar (0) = 1an.)

Enzymadc Adivity and Claq. Spedlicity of SKI-I. Ta
prove that SKI·l is a proteolytic enzyme we exarnined its ability
ta cleave five different potential precursor substrates. incJuding
pro-opiomelanoconin. pro-atrial natriuretic factor. I-DV gpl60.
pro-nerve growth factor. and proBONF. CelluJar coexpression of
w:SKI-1 with the vaccinia virus recombinants of each of the
above precursors reveaJed that ooly proBDNF was cleaved
intracellularly by SKI-1. Thus. upon expression ofw:BONF alone
in COS-7 eeUs we observed a partial processing of proBONF (32
kDa) into the known. major l~kOaBONFproduct (15) and the
minor production of a previously observed (ref. 16; SJ.M.•
N.G.S.• and RAM.• unpublished results) but stiU undefined
~k.Da produet (Fig. 6A). Upon coexpression of proBDNF and
SKI-l. a net increase in the level of the secreted 28-kOa BONF
is evident. w:thout significant alteration in the amount of l~kDa
BDNF (Fig. 6A). To examine whether the 28-kOa prodUCl results
from c1eavage at a basic residue or at an alternative site. we fim
coexpressed proBONF. SIO-1. and either al-PIT or al-POX.
which are inhibitors of thrombin and PC cleavages. respeetively
(18. 26). The results show that different from al-PIT. the serpin
al-POX seleetively blacks the production of the 14-kOa BONF
and that neither al·PIT nor al-POX affects the level of the
28-k.Da produet. This finding shows that al-POX effectively
inhibits the endogenous furin-like enzyme(s) respoDSlble for the
production of the 14-kDa BDNF (15), but does not inhibit the
ability ofSKI-l to generate the 28-kDa produet. Thus. it is likely
that the generation of the 28-kDa BONF takes place via an

FIG. 5. hSKI-l immunoreactivity in stably transfcded HK293 ecUs.
Black and white n:prcsentation of the compar.J.tîve double (rcd and
green) fluorescence staining using an SKI-I antiscrum (diredcd
against amine acids 634-651) (A and B) and fluorcsœin isothiocya­
nate·labeled WGA (A' and B') in control (A and A') and leucine
mcthyl ester (LME)-treated (B and B') œlls. Thin arrows cmphasizc
the obscrved pune:tatc staining. which is enhanœd in the presence of
LME. Large arrows point to the coincident staining of SKI-I and
WGA. [X900; bar (B') = 10 p.m.)
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FIG. 7. ln vitro processing profile of proBONF by SKI·!. (A) pH
depcndencc of the processing of proBDNF by SKI·!. (8) [nhibitor
profile of the proccssing of proBDNF to the 28-kOa BDNF by the
same SKI·l preparation as inA. The reae:tion was performed ovemight
Olt 37"C. pH 6.0.

A
WT SKl-l

0 ""' ~ 0 "1
\Ci "e f' \Ci -n pH

proBDNF. • aB••28kDa.
.5 C c

B s z..: _ "- c grIJ.= , ~ ~ VJ afs-= ~. c:a~
c;.,<U~~CLo C ~

proBDNF. IItt!lM".··28kDa.
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DISCUSSION

This work provides evidence for the existence of a mammalian
secretory Ca:+-dependent serine proteinase of the subtilisin/
kexin type that seleetively c1eaves at nonbasic residues. Thus.
SKI-1 processes the 32-kDa human proBDNF at an
KAGSRGLI! SL sequence. generating a 28-kDa form. which
May have its own biologicaJ activity (SJ.M.• N.G.S.• and
R.A.M.• unpublished results). Such a cleavage site is close to
the consensus site deduced (rom a large body of work done
with the PCS. whereby an (RLK)-(X),.-R ! X-(L/IfV), (where
n = O. 2. 4. or 6) motif is favored by Most PCs (1-3. 28). Note
that in the SKI·1site. Pl Arg is replaced by Thr and an aliphatic
Leu is present at PZ', an amino acid also favored by PCs (1-3.
28). Severa! proteins are known to he c1eaved after Thr. These
include human antiangiogenic plate let factor ~ (ref. 6;
QCLCVKTT ~ SQ), the neuroendocrine a-endorphin (ref. 4;
KSQTPLvr ! LF). and ADAM-lO metalloprotease (ref. 7;
LLRKKRTT ! SA).

InterestingJy. comparison of the phylogenetically highly
conserved sequence of proBDNF revealed an insertion of
hydroxylated amine acids (threonine and serine) just after the
identified SKI·1deavage site of human proBDNF. Thus. in rat
and mouse proBDNF. two threonines are inserted
(RGLII I-SL). and in porcine proBDNF. five serines are
added (RGL~S-SL) (21). These observations raise a
number of questions: (i) Do these insertions affect the kinetics
oC proBDNF cleavage by SKI-1? ln that context. it was
published recently that rat proBDNF is aise c1eaved into a
28-kDa protein (29). (U) Does SKI-1 recognize bath single and
pairs of Thr and Ser and combinations thereor! (iill [s the
presence ofa basic residue at P4. P6. or P8 critical for c\eavage?

Another question that arises is whether SKI·1 cao cleave at
residues other than Thr. In that context. after submission of this
manuscripr. Sakai et aL demonstrated that the sequence of
hamster Slp responsJble for the site 1 cleavage of SREBPs is
almost identical to the presently reponed hum~mouse. and rat
SKI-1 (30). ln thismodel. within the lumen of the ER Slpdeaves
SREBP-2 at an RSVL ~ SF sequence. where Arg at P4 is very
critical. whereas the Pl Leu could he replaced by a number of
other amino acids (8). Our in viIro data show that sSKI-l does not
cleave smaJl fIuorogenic substrates of sequence ~GLT-MCA.

RGLTrI-MCA. or BSVL-MCA (MCA is 4-methylcoumaryl-1­
amide). suggesting that it has an extended substrate-specificity
pockeL [n agreement. preliminary data show that SKI-1 specif­
ically cleaves at neutraI pH a 21-mer synthetic peptide of se­
quence GGAHDSDQHPHSGSGRSVL! S[ESGSGG. repre­
senting the luminal amino acids 504-530 of human SREBP-2 (8)
(B.B.T. and N.G.S.• unpublished data). We have shawn that this
synthetic peptide is efficiently proœssed by SKI-1 in VÏlro. paving
the way for refined kinetic analyses.

Blosynthetic anaJysis of the zymogen processing of proSKI-l
demonstrated an ER·associated removal of the prosegment
(Fig. 4). Furthennore. analysis of the 3sS0..-labeled SKI-1
demonstrated the presence of only suJfated 106- and 98-kDa
forms but not that of either the 148 proSKI-1 or the 12o-kDa
SKI-la forms (not shawn). Because sulfation occurs in the
trans-Golgi networ~ this confinns that the removaI of the
prosegment occurs in the ER. As with furin and PC5-B (1-3.

of the inhibitory profile of this reaetion reveaJed that Metal
chelators such as EnTA and o-phenanthroline or a mixture of
the serine proteinase inhtbitors PMSF and pAPMSF effeetively
inhibits the processing of proBDNF by SKI-l. The inhibition
by EDTA is expected because. like aU PCS. SKI-l is a
Ca2+ -dependent enzyme. The unexpected inhibition by 5 mM
o-phenanthroline May be a resuJt of excess reageot because at
1 mM only 25% inhibition is observed (not shown). Ali other
class-specific proteinase inhibitors (aspartyl., cysteinyl-. and
serine proteases- of the trypsin type) proved to be inactive.

-12.5

Cycle ,

2

--
M C MCM C

- -~PDX~

-':I:I:IS-30
_ .aIE

c

proBDNF.
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1 Cycle t# 20 1
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FIG. 6. Processing of proBONF by SKI·l. (A) COS·7 cells were
infected with w:BDNF and either w:WT (-) or w:SKI-l in the
presence of either w:PIT or w:PDX. The cells were labcled meta·
bolicallywith [J5Slcysteine/[JSS)methionine for 4 h. and the media (M)
and cclllysatcs (C) were immunoprecipitilted with a BDNF antiserum
bc::fore SDS/PAGE anaJysis. The autoradiogram shows the migration
positions of proBDNF (32 kOa). the 28-kOa BONF produced by
SKI·I. and the 14-kOa BDNF. (8) Microsequence analysis of the
[lSS)Met-labelc::d 32·kDa proBDNF (maximal sale. 1.000 cpm) and
['HILc:u·labelcd 28·kDa BDNF (maximaJ scale. 250 cpm).

formed in the ER and that this cleavage is ea:+-dependent (not
shown).

In Fig. 68. we present the N-terminaJ microsequence anal­
ysis of [lSS]Met-labeled 32-kDa proBDNF and [JH]leu­
labeled 28-kDa BDNF. The sequence of the 32-kDa form
revealed the presence of an pSS]Met at position 3 (Fig. 68).
which is in agreement with the proposed sequence of human
proBDNF (27) resulting from the removal of an 18-aa signal
peptide c1eaved at GCMLA 18 1APMK site. The N·terminal
sequence of the 28-kDa produC! reo:ealed a [3H)Leu at posi­
tions 2. 13. and 14 (Fig. 68). This result demonstrates that the
28-kDa BDNF is generated by a unique cleavage at ThrS7 in the
sequence B,GLr7 ~ SLADTFEHV1EEY., (21).

To prove that SKI-1 is direetly responsible for the produc·
tion of the 28-kDa BDNF at the novel Thr-directed cleavage.
proBDNF was incubated at various pH values with concen­
trated medium of w:SKI-l-infeeted Schwann ceUs. A similar
preparation obtained from wild-type vaccinia virus-infeeted
eells served as control. The data show that SKI-1 exhibits a
wide pH-dependence profile reveaJing aetivity at both acidic
and neutral pH values Crom pH 55 to 7.3 (Fig. 7A). Analysis
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24) the membrane-bound l06-kDa SKI-l is transformed into
a soluble 98-k.Da form. The secreted 98-kDa sSKI-l is enzy­
matically active because it processes proBDNF in vitro (Fig. 7).
Attempts to sequence the SDS(pAGE-purified [3H]Leu- and
Val-Iabeled 148- and 98-kDa forms resu1ted in arnbiguous
results. suggesting that SKI-l is refractory ta N-terminal
Edman degradation. Presently. we are unable to define the
zymogen c1eavage site leading to the formation of the 12D-kDa
SKI-la and l06-kDa SKI-lb deduced by pulse-chase studies
(Fig. 4). Examination of the prosegment sequence (Fig. 1). the
species-specific proBDNF motif potentially recognized by
SKI-1. the sequence of the luminal portion of SREBP-2 (see
above). and the Ollignment of SKI-l with other subtilases (22)
suggcsts three possible conserved sites: BASL167 ! SLGS.
gHSSlll~ 1 RRLL. and RRUlll6 ! RAIP. These predict c1eav·
ages Olt motifs cantaining a P4 Arg and a Pl either Leu or Ser.

Phylogenetic structura) analysis af the predicted amino acid
sequence of 510-1 reveals that this serine proteinase is daser
to plant and bacterial subtilases than it is ta yeast and
mammalian PCS. The 100% conservation of the catalytic
domain sequence. although striking and suggestive of an
important function. is not far from the 98% similarity between
human and rat PC? (3. 21). The sequence C-terminal ta the
cata1ytic domain of SKI-l is very different from that of Olny of
the known peso In fact. although PCS have a typical P-domain
critical for the folding ofthese enzymes (for reviews see refs. L-3).
wc did not find the hallmark sequences (3. 31) of the P-domain
within the SKl-l structure. Instead. different from the PCs. we
find a canserved growth factor/cytokine receptor motif of
which functional importance will need ta be addressed. espe­
cially because this motif is partly missing in altematively spliced
forms (Fig. 1). Finally. the highly basic nature of the cytosolic
tail of SKI-l (Fig. 1) mOlY be critical for its probable cellular
localization within endosomal/1ysosomal companments (Fig.
5). similar to the importance of basic residues for the accu­
mulation of the a-amidation enzyme PAM in endosomal
compartments (S. L. Milgram. personal communication).

The wide tissue distnbution of SKI-l mRNA transcripts
suggests that this enzyme processes numerous precursors in
various tissues. Furthermore. the abserved developmental
down-regulatian of the level of ilS transcripts also suggests a
functional importance during embryonic development. That
SKI-l can c1eave C-terminal to Thr. Leu. and. possibly. Ser
residues suggests that. Iike the combination of PCS and car­
boxypeptidases E and D (32). a specific carboxypeptidase also
mOlY be required to tTim out the newly exposed C-terminal
hydroxylated ar Leu residues.

SKI-1 is clasest to the pyrolysin branch of the six-membered
family of subtilisin-like proteinases (22) and we believe is the
first known mammalian subtilase cleaving at sites other than
basic amino acids. That other eukaryotic subtilases exist is
supported by a recenl report on the structure af a soluble
subtilisin-Iike enzyme calJed PfSUB-1 found in Plasmodium
falciparum (33) and exhibiting a 29% sequence identity ta
SKI-l. This enzyme. which is closest to the subtilisin branch of
subtilases (22). localizes to granular-like companments and
presumably cleaves at a Leu! Asn bond (33). Therefore.
because only mammalian members of the kexin (PCS) and
pyrolysin (SKI-l) subfamilies have been identified. could it be
that the other four subtilase subfamilies (22) have their
mammalian counterparts?
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Nerve growth factor (NGF) is released through the constitutive
secretory pathway from ceUs in perfpheral tissues and nerves
where it can aet as a target-derived survival factor. In contrast,
brain-derived neurotrophic factor (BONF) appears to be pro­
cessed in the regulated secretory pathway of brain neurons and
secreted in an activity-dependent manner to play a role in
synaptic plasticity. To determine whether sorting differences are
intrinsic to the neurotrophins or refleet differences between cell
types, we compared NGF and BONF processing in cultured
hippocampal neurons using a Vaccinia virus expression sys­
tem. Three independent criteria (retention or release from ceUs
after pulse-chase labeHng, depolarization-dependent release.
and immunocytochemical 10caJization) suggest that the bulk of
newly synthesized NGF is sorted into the constitutive pathway.
whereas BONF is primarily sorted into the regulated secretory

Numerous ccli types secrete neurotrophins. including CNS and
PNS neurons and non-neuronal cells in peripheral tissues. Once
rclcascd, neurotrophins promote neuronal survival and plasticity
by intcracting with specific receptors on the membranes of target
ncurons (for review. see Thoenen, 1995; Snider and Lichtman.
1996). We know much about sites of neurotrophin production and
utilization, but we know Iittle about the mechanisms thOlt regulate
neurotrophin release from eeUs.

Most seeretory proteins are synthesized as high molecular
weight precursors thOlt translocate into the endoplasmic reticulum
(ER) and then to the Golgi stacks. There they are post·
translationally modified (Loh. 1993) and cleaved by endopro­
teases that separate active peptides from inactive precursors.
Many precursors are cleaved within the trrlns.Golgi network
(TGN) by furin or furin-like enzymes that aet on the COOH·
terminal side of multibasic sites (generaJly Arg-X-LyslArg-Arg)
(Hosaka ct al.. 1991) after which they can be eonstitutively re-
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pathway. Similar results occurred with AtT 20 ceUs. including
those transfected with cDNAs encoding neurotrophin precur­
sor-green fluorescent protein fusions. The NGF precursor, but
not the BDNF precursor. is efficiently cleaved by the endopro­
tease furin in the trans-Golgi network (TGN). Blocking furin
activity in AtT 20 ceUs with a1 -POX as weil as increasing the
expression of NGF precursor partially direeted NGF into the
regulated secretory pathway. Therefore, neurotrophins can be
sorted into either the constitutive or regulated secretory path­
ways, and sorting may be regulated by the efficiency of furin
cleavage in the TGN. This mechanism mayexplain how neuron­
generated neurotrophins can aet bath as survival factors and as
neuropeptides.

Key worr::Js: NGF; BDNF; precursor; furin; constitutive secre­
tion; regu/ated secretion; neurotrophin

leased (Dubois et al.. (995). In neurons, most neuropeptides are
cleaved within the regulated secretory pathway not by furin-Iike
enzymes but by prohormone convertases 1 and 2 (PCI and PC)
(Rouille et al.• 1995), which cleave precursors in immature secre·
tory granules before or after granules bud from the TGN. Thus,
proteolytic maturation of proteins destined for regulated secre­
tion occurs Olt a later time point and in a dilferent subcellular
compartment than does proteolysis of constitutively secreted
proteins.

Neurolrophin processing can occur in either the constitutive or
the rcgulated secretory pathways. Fibroblasts and Schwann cells
contain the constitutive secretory pathway only. They also pro­
duce furin. which cleaves neurotrophin precursors in vitro
(Bresnahan et al.. 1990; Seidah et al., 1996a.b), and bioactive
NGF (Bunge, 1994; Singh et al., 1997), brain-dcrived neurotro·
phic factor (BDNF) (Acheson et al.• 1991). and neurotrophin·3
(NT·3) (CartWright et al., 1994). NGF can also be processed in
the regulated pathway of cells exposed to viruses or plasmids
encoding the NGF precursor (Edwards et al.• 1988; Heymaeh et
al., 1996; Canossa et al., 1991; Kruttgcn et al~ 1998).

BON F processing appears to occur within the regulated path­
way in cells that have both secrelory mechanisms, including
ncurons. Depolarization rcleases BDNF from virus-infeeted hip­
pocampal neurons (Goodman et al., 1996). BDNF has been
deteeted in large densc.wre vesicles of sensory neurons (Michael
et al~ 1991) and in brain synaptosomes (Fawcett et al., 1997).
Thesc data are oonsistent with a growing number of studies
showing that BDNF, but not NGF. is anterogradely transported
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in neurons [Altar et al. (1997); Fawcett et al. (1998); for review.
sec Altar and DiStefano (1998».

ln this study. wc used a Vaccinia virus (VV) expression system
to directly compare the sorting of NGF and BDN F in hippocam­
pal neurons and AtT 20 ceUs. Pulse-chase labeling, immunocy­
tochemistry. and depolarization-depcndent release studies sug­
gest that under identical expcrimentaJ conditions. NGF i5
primarily sortcd to the constitutive secretory pathway. and BDNF
is sorted to the regulated secretory pathway. lnhibiting furin-Iike
enzymes alters the processing of pro-NGF but not pro-BDNF.
and cold-block methods that inhibit protein exit from the TGN
prevent cleavage of pro-BDN F but not pro-NGF. ln addition.
blocking furin activity directs sorne pro-NGF to the regulated
pathway, suggesting that sensitivity to furin-mediated cleavage
May he an important detenninant in regulating neurotrophin
sorting.

Sorne of these results have been published previously in ab­
stract form (Mowla et al.. 1997).

MATERIALS AND METHODS
Ce/l cultures. Hippocampal ncurons were prepared according to the
mcthad of Banker and Cowan ( 1977) as modified by Brcwer et al. (1993).
Bric:fiy. the hippocampus was dissected from cmbryonic day 18 (Et8)
mlce (Charles River. Montreal. Canada). exposed to trypsin. dissociated
mechanically. and grown in 60 mm ca11agen/poIY-L-lysine-eaated dishes.
C dis fram twa liners of mice werc plated into six dishes. Cultures wcrc
maintained in serum·frce Neurobasal medium (Life Technologies.
Gaithersburg. MD) cantaining 0.5 mM glutamine and 1x B27 supple·
ment (Life Technologies). Schwann ccII cultures were prepared from
nconatal rat sclatic nerve as described prcviously (P:areek et al.. 1993).
AtT 10 cells and COS 7 cells were cultured as reported previously
(Seidah et al.. 1996a). We also used an AtT 20 ce11line stably transfected
with a I·POX cONA that has been described prcviously (Benlannet et al.•
19(7). Special care was taken 10 ensure that cells were distributed in
c:qual numbers in dishes that were to be uscd for group comparisons.

VV recombinants and infections. Purified recombinant VVs containing
the full-Ic:ngth coding regions of mouse prerNGF and human prerBONF
(gencrously provided by Regeneron Pharmac:eutic:a1s. Tarrytown. NY)
wcre canstrueted as described prcviously (Seidah ct al.. 19%a.b). VVs
l;ading for al-POX were kindly provided by Dr. Gary Thomas (Val1um
Instttute. Portland. OR). Separate plates of ccUs were infccted with VV
encoding pro-NGF or pro·BONF. In one series of studies. we coinfeeted
AtT 10 cells with VV cnc:oding pro-NGF and al·POX. VV infections
were performed as dc:scribed previously (Seidah ct al.• 19%a). exc:ept
Ihat we uscd a multiplicity of infection (MOI) of 1 followcd by an
incubation of 8-10 hr in virus·free medium before metabolic: labeling.
Under our experimental conditions. therc was no cvidcnce of c:cll death
in cells cxposed to VVs for the times indicated in cac:h expcrimenL

Green fluorescent protein-n~rrophin fusions. cDNAs cading for pro­
BON F and pro·NGF were amplified using primers that eliminated the
stop codons and created restriction sites for inscrting neurotrophin
cONAs in frame with the cading sequence of green fluo~cnt protein
(GFP) from EGFP·Nl (Clontech. Cambridge. UK). The OFP cading
regian was inserted near the region coding for the C terminus of the
mature neurotrophin. Thus. the NGF-GFP construet coded for amino
acids 1-304 of pro-NGF. and the BONF-GFP construet coded for amino
acids 1-250 of pro-BDNF. Clones wcrc scquenc:ed manually (Sequenase;
United States Biochemical Corporation. Cleveland. OH). AtT 20 ceUs
growing on poIY'L-lysine-coatcd coverslips wcrc transfee:tcd with ncurer
trophin-GFP construets using lipofee:tamine (Lite Technologies). Three
days later the cells were fixed in 4% paraformaldehyde in PBS and
analyzed by epifluorcscence using a Zciss Axioskop microscope wim a
.ru x objective.

To determine whether GFP-labcled neurotrophins were ~ropcrly prer
cc:ssc:d. wc metabolica11y labcled the cells for 6 br with [ 5) c:ysteine·
methionine (Cys·Met) Translabel48 br after ceUs werc transfee:ted with
the construets. coUeeted cell Iysates and conditioned medium. c:xposcd
them to neurotrophin antibodies. and anaJyzed the immunoprecipitates
by SOS-PAGE. as describcd below. We also analyzed the biological
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ae:tivity of secreted GFP.tagged neuratrophins by testing conditioned
medium in a Trk autophosphorylation bioassay. Conditioned media
obtained from nontransfected COS 7 cells or cells transfected with NGF.
NGF-GFP. BDNF. or BONF-GFP were incubated for 5 min with NIH
31'3 ceUs enginecred to express Trk A (for NGF) or Trk B (for BON F).
The cells wcre Iysed and immunaprecipitated with anti-pan Trk 203
antibody, fractionated by SOS-PAGE. and probed on Western blot rep·
licas with a phosphotyrosine antibody. according to the methods of
Hempstead et al. (1992).
M~14bo1ic fDbe/ïng and immunopn!cipilation. For pulse-chase expcri·

menu. we incubated infee:ted cells with 1.5 ml of Cys·Met·free DMEM
containing 10% FCS and 0.5 mCi/ml [l.SSI Translabel (ICN Biochemi­
œls. Montréal. Québec:. Canada) (70% methionine. 30% cysteine) for 30
min. Pro·BONF contains 10 methionines as compared with four in
pro-NGF. and mature BONF contains three Methionines as compared
with one in mature NGF. These ditferences. togcther with higher con·
centrations of methionine in the Translabel. explain why prerBONF and
mature BDNF tend to label more heavily than pro·NGF and NGF in
most figures showing metabolic labeling. Cells were washed. and the
medium was replaced with an equaJ volume of DM EM containing 10%
FCS plus twofold excess concentrations of nonradioaetive cysteine and
methionine for the tim~ indicated (chase pcriods). In some experiments.
hippocampal neurons werc incubated at 10°C for 3 hr in medium con·
taining Translabel to monitor the effeetS of cold conditions on precursor
processing.

ln ail cxpcriments. conditioned media and celllysates were brought to
final volumes of 1.5 ml. 750 loÙ of which was subjeeted ta immunopre­
cipitation. Samples immunoprecipitated with nonilOmune rabbit IgG
showed no bands corresponding to standards of neurotTophin precursors
or produeu.

Immunoprecipitations were pcrformed as described prcviously (Sei·
dah et al.. 1(9601). For NGF. we used an affinity-purified rabbit anti·NGF
IgG describcd prcviausly (Murphy et al.. 1(}q3; Sc:idah ct al.. 1996a).
BDNF immunoprccipitations were performed using an antibody kindly
supplied by Amgen and charae:terized previausly (Fawl;en et al.. 1997;
Yan ct al.. 1(97). Ceillysates and c:onditioned media were analyzcd by
cleeuophoresis on a 1>-22% SOS·PAGE. Gels wcrc tixc:d in -W% meth­
anal and 10% acetic acid. treatcd with ENHANCE (DuPont NEN.
Boston. MA). and washed in 10% glycerol. 0111 for 1 hr. Oried gels were
analyzed by a phosphorimaging dcvice (Molecular Oynamics. Sunnyvale.
CA), and radioactivity in each band was quantitated using the Image.
Quant program. Levels of radioactivity were within the linear range of
the device. Statistical significance was determincd using the Student"s t
test on a minimum of Iriplicate experiments.

Ta monitor the effee:ts of depolarization on ncurotraphin relcase. we
infected hippocampal ne:urons with recombinant viruses. metabolicallv
labcled the c:ells for 30 min. and washed and incubatcd the cells in
medium cantaining cxcess nonradioaetive Methionine and cysteine for 4
hr. The cells werc exposed to tissue culture medium supplemented wlth
or without KCl (56 mM) and CaCl: (5.8 mM) for 15 min. Conditioned
media and ceU Iysates were collected. immunoprc:cipitated. and fraction­
:lted by SDS-PAGE. Ncurotrophin levels were estimated and comparc:d
by phosphorimager analysis. In a control expc:riment. we examined
KCl-induced release of endogenous secretogranin n using immunopre·
cipitation methods. VV/NGF·infee:ted cultures of hippocampaJ neurons
were treated as above. and conditioned media and ceU lysates were
immunoprecipitated with an antibody to rat sccretone:urin kindly pro­
vided by Dr. Reiner Fischer-Colbrie (Ocpartment of Phannacology.
Innsbruc:k University. Austria).

ImnumocyfochonistTy and confocal microscopy. VV/NGF-BDNF·
infected AtT 20 cells and primary cultures of hippoc:ampal neurons as
'Nell as controls consisting of uninfeeted cells or celis infeeted with
'Nild-typc VVs we:re rinsed with PBS. futed for 20 min in 4% parafar­
maldehyde in 0.1 Mphosphate buffer. pH 7.4. and pcrmeabilized in 0.1 %
Triton X-1OO for 10 min. The cells were preincubated for 20 min in
HEPES-butfered saline: (HBS) containing 10% FCS to reduce nonspe·
cific antibody binding and exposc:d to 1:2000 dilutions of primary anti·
bodies overnight Olt 4°C. The cells werc washed three times with HBS
(S min each) and incubated 1 hr with CY3-eonjugated goat anti·
rabbit annbody (Jackson Laboratory. Bar Harbor. ME) diluted 1:2000
in HBS c:ontaining 10% goat serum. Cells were washed thrce times in
HBS and mounted in a Tris-butfered glycerol mounting medium (Sigma.
St. Louis. MO).
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Figu~ 1. Pulsc-chase mctabolic labcling of pro.NGF (A) and pra.BONF (H) in cultures of hippocampal ncurons. Separatc plates of cclls wcrc infcetc:d
with YV encoding the NGF precursor or the BONF precursor for 1 hr and postincubated in hcsh medium without virus for 10 hr. Cells wen: c:xposed
ta medium containing [3551 Cys-Met for 30 min and chascd for O. O.s. 1. 2. -'. and 8 br. [dentic:a1 volumes (750 ,.,J) of ceU Iysates (CL) and conditioncd
media (CM) were immunoprecipitated with antibodies to NGF or BONF or with nonimmune serum (NI: a celllysate sample) and c:IectroJ:horcsc:d on
1~22% SOS gradient ge:ls. Oried gels were c:xposed to a ph05phorimaging sereen.
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CcUs were analyzed by confoca1 laser scanning microscopy with a
Zciss LSM 410 inverte:d confocal microscope using a 63x. 1.4 NA
objective. CeUs we:re: e:ccited Olt 543 nm and imaged on a photomultiplicr
after passage through FT 590 and LP;90 filte:r sets. The confoca1 images
reprc:sent one confoca1 level (a depth of -1 IJ.ID) that conuins the ccII
nucleus along with as many ecU procc:sscs as wcre: possiblc to image:. ta
c:valuate the pcripheral distribution of sccretory vesiclcs. Then: we:re: no
perceptible diff'e:rences in the: distribution of NGF and BONF immune­
rc:activity when we: scanned bclow and above: the nucleus. Ali images
were printed on a Kodak XLS 8300 high-rc:solution printer.

[n some studies we uscd eplftuofCKence microscopy to compare in
YY-infeeted AtT 20 cells the distribution of NGF and BONF immune­
rc:aetivity with TGN38. a Marker of the tralU-Golgi nctwork (Luzia et al_
1990). and ACTH. which is packaged in sccrc:tory vesicJes of AtT 20 ce:lls.
Antibody to TGN38 raised in guinea pig (kindly provided by Ors. G.
Banting and W. Ganen. University of Texas. Southwcstem. Dallas. TX)
was uscd Olt il 1:50 dilution and visualized using an ATC-eonjugatcd
sc:condary antïbody raisc:d in goat (Jackson Laboratory) diluted 1:50 in
HBS containing 10% normal goat serum. ACTH loca1ization wu pcr­
forrncd using a monoclonal antibody (Cana Biochem) at a dilution of
1:1000. visualized with a CY2-eonjugatcd goat anti·mouse sccondary

ilntibody (Jackson Laboratory) dilutcd 1:1000 in HBS containing normal
goat serum.

RESULTS

Ditrerentl.1 mention of NGF and BDNF in
hippoCIImpal neurons
Figure 1compares neurotrophin processing in hippocampaI neu­
rons infected with recombinant viruses encoding either pm.NGF
or pro-BDNF. Figure lA shows that over an 8 hr chase periO<L
pro-NGF processing gives rise to mature NGF. The NGF pre­
cursor (35 kOa) is evident in celllysates at the start of the chase
period. and within 30 min, glycosylated higher molecular weight
forms of the precursor (39-42 kDa) (Seidah et al., 1996a) are
evidenL Levels of the precursor remain steady in cell lysates for
up to 2 hr but decrease thereafter. Small amounts of the precursor
are aIso evident in conditioned medium sampled at 4 and 8 hr.
Mature NGF (13.2 kDa) is visible in conditioncd medium aCter 2
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Figuœ 2. Kinetics of NGF and BDNF retention in hippocampal ncu­
rons. Experiments in Figure 1 were repc:ated three times. and the corn·
bined results were analyzed by the [mageQuant program. The ratio of
mature NGF and BDNF in cell Iysates (CL) was compared with the total
NGF and BDNF in CL + conditioncd medium (CM). Data show that
~igOlficantly largcr amounts of BDNF arc rClained in CL [han NGF.

hr. and at 4 hr. levels are higher than in the corresponding cell
Iysates. Phosphorimager analysis revealed that in samples col·
Icctcd at 8 hr. 3.0 times (~0.7 SEM) as mueh mature NGF is
relcased into medium than is retained within cell Iysatcs.

Figure 18 shows that pro-BDN F is also proccssed by hip­
pocampal neurons. Pro-BDNF (32 kDa) is evident within ecU
Iysates in ail time periods tested. with levels decreasing in samplcs
collccted at 4 and 8 hr when levels of processed product increase.
In contrast to pro-NGF. significant levels of the BON F precursor
are also cvident in conditioned media in ail samples collected
aftcr 1 hr. apparently because of constitutive release of the
protein. Mature BDNF (14.2 kDa) is evident within celllysatcs
by 1 hr and remains detectable throughout the 8 hr period of
analysis. The amount of BDNF retained in cell Iysates cxceeds
the amount released into conditioned medium by 4.o-fold (:: 15
SEM) in samples collected at 8 hr.

Figure 2 presents data obtained from triplicate experiments on
hippoeampaJ neurons performed as shown in Figure 1. The figure
compares the amount of proccssed NGF or BDNF in celllysatcs
as a function of the total amount of proccssed neurotrophin in
ccII Iysates and conditioned media. SignificantJy higher levels of
BON Fare retained within cell Iysates as compared with NGF as
carly as 1 hr after chase. and the ditrerences increase over the 8 hr
chase period.

To determine whether hippocampal neurons are unique in
their ability to retain more BON F than NGF. we repeated the
pulse -chase cxperiments shown in Figure 1in AtT 20 cells, a weil
cstablished cell line that eontains bath the regulated and consti~

tutive secretory pathways (Burgess and Kelly. 1987). Figure 3
shows that AtT 20 cells, like hippocampal neurons, release more
NGF into conditioned medium than they retain in eeU Iysatcs; the
opposite occurs with BDNF. Tberefore, in bath neurons and AlT
20 cells, most newly synthesized and proccssed NGF is released
from cells, whereas most proccssed BDN F is retained in ccU
lysates.

To determine whethcr retention of BDNF is only a character~

istic of cells with the regulated secretory pathway, we rcpcated

Mowla et al•• Diferentlal Sorting ot NGF and BONF

the experiments with constitutively secreting rat Schwann cells.
Figure 4 shows that pro-BDN F is proccssed by Schwann cells. By
4 hr chase, slightJy higher levels of processed BON Fare evident
in conditioned media than in cell lysates. By 8 hr. bath mature
BDNF and pro-BDNF are evident only in conditioned medium.
Therefore. Schwann cells proccss pra.BDNF and release it. along
witb the BON F precursor, into conditioned medium. Thus. the
retention of processed BON F by hippocampaJ neurons and AtT
20 cells is likely caused by ditrerences in the secretory pathways of
these cells and Schwann ceIls.

Immunoc:ytochemical localization of BDNF and NGF
We used immunocytochemistry and confocaJ microscopy to as­
sess the intracellular locations of NGF and BON F immunoreae­
tivity in recombinant virus·infected ceUs. Figure S shows BON F
immunoreactivity localized to punctate structures throughout the
cytoplasm and in the tips of proeesses in bath AtT 20 ceUs (Fig.
SA) and hippocampal neurons (Fig. 58). [n contrast, NGF immu­
noreaetivity is distributed in the perinuclear cytoplasm of both
AtT 20 cells (Fig. SC) and hippocampal ncurons (Fig. 50) and
was seldom detectcd as punctate in either cell type. Neither NGF
nor BDNF immunoreaetivity was evident in uninfected ceUs or in
cells infected with wild~type viruses (data not shawn). Detection
of BON F immunoreaetivity within vesicle-like structures is con­
sistent with the idea that BON F is processed within the regulated
secretory pathway.

Figure 6 compares the distribution of BON F and NGF immu­
noreactivity with that of endogenous TGN38 and ACTH in
virally infectcd AtT 20 ceUs. Cells were immunostained for
BDNF (A.8.G.H), NGF (C.I). ACTH (E.H). and TGN38
(D.F.G./). [mmunoreactivity for BDNF (A) and TGN38 (D)
colocaJize (G) as does immunoreactivity for NGF (C) and
TGN3a (F) within the perinuc1ear region (/). BON F immuno­
reaetivity is also located in punetate structures that are distrib·
utcd within the cytoplasm and proccsses of AtT 20 cells (A.8) in
a manner indistinguishable from ACTH (E). [n sorne vcsicles.
the two proteins colocalize (H). [n contrast. NGF immunoreac­
tivity was never seen in punctate structures under these expcri­
mental conditions. Taken together. these data suggest that BON F
is located in the TGN. as cxpeeted before sorting. and packaged
within large dense-eore vesicles similar to those containing endo­
genously produced ACTH. NGF is also located in the TGN but
is not packaged or concentrated within large dense-eore vcsicles.
which is consistent with NGF being released through the consti­
tutive secretory pathway.

Our results suggest c1ear ditrerences betwcen the sorting of
NGF and BDNF. To test whether these results arose simply as a
result of the Vaccinia virus infection method, we transfected AtT
20 ecUs with construets coding for GFP fused to the C·terminal
region of pra.BDN F or pro-NGF and examined the distribution
of the fusion proteins by epifluorescencc microscopy. Figure 7A
shows that pro-BDNF-GFP fluorescence was localized within
punctate structures in the cytoplasm and tips of cell processes. [n
contrast, pra.NGF-GFP (Fig. 78) was distributed ditrusely
witbin the ccII. never within punctate structures. NGF-GFP
fluorescence was also less intense than that of BDNF-GFP.
perhaps becausc of its Cailure ta be coneentrated in vesicles and its
constitutive release from the cell. The ditrerentiaJ distribution of
GFP-Iabeled pro-BDNF and pro-NGF was similar ta that ob­
tained using the Vaccinia virus infection method. Haubensak et
al. (t998) recentJy reported results simiJar to ours with respect to
the locaJization of BDNF-GFP fusion proteins.
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We perfonned metabolic labeling and SOS·PAGE analyses to
detennine whether pra.8DNF- and pra.NGF-GFP-labeled con·
structs were appropriately translated and processed in these ex­
periments. However. these experiments were unsuccessful in AtT
20 cells beeause of low transfection efficiency. We repeated the
experiments in COS 7 eells and found that both pro-NGF-GFP
and pro-BDN F-GFP were processed appropriately. without
deavage of the GFP tag. as reported previously (Haubensak et
al.. 1998) (Fig. 7C). Wc also determined that medium conditioned
by COS 7 ct:lls that had becn transfected with pro-NGF-GFP and
pro-BDN F-GFP was fully active in inducing Trk A and Trk B
autophosphorylation. respectively. in NIH 3TI cells eDgiDeered
to express the reeeptors (Fig. 7D). These data indicate thal

GFP-tagged pra.BDN F and pro-NGF are processed apprcpri­
atcly and that coDditioncd media containing the precursor and
mature forms of the proteins can activate their ccgnate receptors.
Data monitoring the distribution cf the neurotrophin-GFP fu­
sion proteins further confirm our VV data indicating cfear dif­
rerences in the sorting and intraeellular distribution of NGF and
BDNF.

DepoIarfzation-induced rel.... of BDNF from
hippocampal neuran.
If BONF is in the regulated secretory pathway. depolarization
should promote ilS release. Figure 8 shows that BON F levels in
conditioDed medium nearly doubled when hippocampal neurons
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Figure 4. Pulse-chase metabolic labcling of primary rat Schwann ceUs infectcd with VV encoding pro-BDNF. Methods were identical to those
dcscribcd in the legend to Figure 1. BONF and its precursor were mcasured in ecU lysatcs (CL) and conditioncd media (CM). NI is il CL sampie
precipitatcd with nonimmunc 5Crum.

AtT20 Hippocampal Neurons

BDNF

NGF

Figu~ 5. Confoca1 mia05COpy of AtT 20 ecUs (A. Cl and hippoc:ampal nculOns (8. D) infccted with VV cnc:oding pro-NGF (C. D) or pro-BDNF (A.
B). CeUs were infeetcd for 1 br and postincubatcd in the absence: of virus for anothcr 8 hr. The cultures were fixed and trealed with antibodic:s against
NGF or BDNF. followcd by CYJ-eonjugatcd goat anti-rabbit (gO. Scalc: bar. 10,un.

•
were exposed ta KCl; however. depolarization bad no efeet on
NGF release. Depolarization did nol promote the rclcase of
pTo-BDN F or pro-NGF under thesc expcrimental conditions
(data not shown). Ta he cenain that infeeting hippocampal neu·
roDS with the NGF-coding virus had not allered the regulated

secrelory pathway of hippocampal neurons, we monitored the
cl'ects of KCl depolarization on the release of endogenously pro­
duced secretogranin Il. whicb is present in the rcgulated pathway.
Figure 9 shows thal KCl treatmenl el'ectively promoled secre­
togranin Il release in ecUs infeeted with pro-NGF encoding VV.
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pro-NGF or pro-BDNF with or without VVs coding for al-PDX.
Figure Il shows that al·PDX had no deteetable effect on pra.
BDNF praces.sing. However, al-PDX did increase the amount of
pw.NGF released constitutively into conditioned medium. a re­
suit that was similar to those obtained when we monitored pra.
BDN F processing in hippocampal ncurons and AtT 20 ceUs (Figs.
1.3). Idcntical results (data not shown) were obtained when wc
infeeted ncurotrophin.encoding viruscs into a stably transfected
AtT 20 cellline overexpressing al·PDX (Benjannet et al.. 1997).

The finding that al·PDX causcd the constitutive release of
pro-NGF mto conditioned medium suggested to us that al-PDX
might be altering sorting of NGF within the cell. an idea con­
firmed by immunocytochemistry. Figure l2B shows mat in AtT
20 ccUs that stably overexpress al·POX, p~NGF encoding vi·
ruses cause the accumulation of NGF immunoreaetivity in punc-

12.5­
61.0-

200-

Figure 9. Rclcase of seaetogranin Il (sgll) from hippocampal ncurons
infee:ted 'Nith VV coding for pro-NGF. Eight hours aftcr neurons werc:
cx~sed [0 VV. the cells werc pulscd for 30 min 'Nith medium containing
[J SI Cys-Mct. The cells 'Nere chascd for an additional 4 hr. afler which
samples of conditioned medium 'Nere analyzcd (CMl). and again 30 min
later after the addition (+) or in the absence ( -) of KCl (50 mM) added
to the culture medium (CM2).

Ftgun 8. KCI·induced release of BDNF but not NGF from hippocampal
ncurons. HippocarnpaJ neurons trom E18 miee were cultured for 7 d and
infeeted for 1 hr with VV encoding pra.NGF or pro-BDNF. After 10 hr
in medium without virus. the cclls werc labcled for 30 min with ["~Sl

Cys-Met. incubatcd in medium without radiolabcl for ~ hr. and treated
with medium with or without KCI and CaCI~ for IS min. Conditioned
media wcrc immunoprecipitated with antibodfes to NGF or BDN F and
electrophorcsc:d on a SOS gel. Results werc analyzcd on a phosphorim­
ager and arc an average (~SEM) of threc indcpcndent expcriments.

-
D

whereas cold black totally inhibited the generation of mature
BDN F from the BON F precursor. Therefore pro-NGF, but not
pro-BDNF, is c1eaved within the TGN, probably by furin.

We also compared pro-NGF and pro-BDNF processing in the
presence of al-PDX, an al-anti·trypsin derivative that selectively
interferes with funn·s ability to proces.s precursor proteins within
the TGN (Anderson et al.. 1993; Watanabe et al., 1995; Vollen·
weider et al.• 1996). In these studies. we monitored neurotrophin
processing in AtT 20 ccUs coinfeeted with VVs encoding either

,.-

11.1-

.1 _
Figure 7. Expression of pr~ncurotrophin-GFPfusion proteins in AtT
20 cells. Cells wc:rc: platcd on poly-t-lysine-coated covcnlips and~
feeted using lipofeetaminc with cDNAs encoding either (A) p~NGF­
GFP or (B) pr~BONF-GFP.Three days later. the cells werc anaJyzed by
ftuorescence mic:rosc:opy. C. Immunoprecipitation and SDS-PAGE of
metabolically labeled GFP fusion proteins from transfee:tcd COS 7 cclls.
D. Conditioned medium from pr~NGF-GFP or p~BDNF-GFP ex­
pressing COS 7 cells ae:tivatc Tric A and Tric B phosphoaylation. rcspcc:·
tively. in NIH 31'3 cclls engineerc:d to ovcrcxpress either rcceptor.

•



FtgUn 12 The c:ife:ets of al-POX on NGF sorting in AtT 20 cells. AtT
20 ecUs (A) or ArT 20 cclls that stahly express al-POX (B) were infeeted
for 1 hr with VV encoding pro-NGF. postinfeeted for 10 hr. and prcpared
for immunocytochcmistry. In C, AtT 20 cells with or without stably
cxprcssed (Il-PDX were infceted with VV encoding pro-NGF for 1 hr.
paitinfected for 10 hr in control medium. pulscd with medium conraining
[JSSI Cys-Met for 2 hr, chased for 3 hr. and treated with medium with or
without 5 mM cAMP for 3 hr. Celllysates and conditioned media werc
immunopredpitated and analyzed by SOS-PAGE. Rc:sules wen: analyzed
on a phosphorimager and report an average (:::SEM) of three indepc:n­
dent aperiments.
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tatc vesicles within the ccII cytaplasm and tips of ccII processes
that docs not occur in the absence of al-PDX. Figure 12e shaws
that at least sorne of the NGf in these cells cao be rcleased into
canditioned medium in response to extracellular cAMP, which is
consistent with the protein being soned to the regulated secretory
pathway. Taken together, these data suggcst that al-POX. which
panially inhibits the processing of pro-NGF in the TGN. targets
sorne NGF processing to the regulated secretary pathway. where
its release can be promoted by extracellular eues.

Finally, Edwards et al. (1988) reponed that cAM P causes the
releasc of NGF from VV-infeeted AtT 20 ceUs. data that led them
ta suggest that NGF is processed and released by the rcgulateci
secretory pathway. In that study, ceUs were infected with an MOI
af 10-20. as opposed ta 1 MOI in our study. The probable
explanation for differcnces in their results and ours is prcsented
in Figure 13. Immunocytochemical data show that increasing
levels of viral infection shifts the intracellular distribution of NGF
from a diffuse to a punctate pattern (Fig. 13a). funhennore. cells
receiving 1 MOI do not release NGF in response ta cAMP, but
cA M P-induced NGF release is seeo when ceUs are exposed to 5
and 10 MOI (Fig. 13b). data that agree with those preseoted by
Edwards et a1. (1988). (In the figure. compare CM3 in the pres­
ence and absence of cAM Pl. In contrast. reducing by up to
So-fold the MOI of VV cading for BDN F had no eŒect 00 the
punctate localization of BDN F in infeeted ceUs (data not shawn).

Figurr 1/. The ctfccts of al·POX on pro-NGF proccssing in ArT 20
eclls. AtT 20 cclls wcre infcctc:d for 2 hr with VV cncoding pro-NGF or
pra-BONF with or withour VV cncoding the furin inhibitor cll·PDX.
CeUs were incubated in virus-free medium for 10 hr and metabolicaJly
labcled for 3 hr_ Ccli Iysates (CL) and conditioncd media (CM) were
coUcctcd. immunoprc:cipitared. ;and analyzed by SOS gel elcetrophorc:sis.

Figure 10. Cold-block cxpcrimcnts. Hippocampal ncurons were infeeted
with VV cneoding pro.NGF or pro-BDNF for 1 hr. and metabolicaJly
labclcd at 200C for 3 hr. Cclllysatc:s wc:re prepared. immunopredpiratc:d
with antibodics ta NGF or BONF. and clcetrophorescd on SOS gels.
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Therefore. sorting of BON F to the regulated pathway is Iikely not
attnbutable to concentration etreets arising from the level of virai
infection.

DISCUSSION
Pulse-chase studies show tbat hippocampal neurons and AtT 20
cells retain more newly synthesized BON F than they release.
BON F immunoreactivity is evident in punctate. vesicle-like struc­
tures distnbuted throughout the cell cytoplasm. including in the
tips of cell processes. and cell depolarization induces BONF
release. Thus. BON F appears to sort pnmarily ta the regulated
secretory pathway. In contras~ hippocampaI neurons and AtT 20
cells release more NGF than they relain, NGF immunoreaetivity
is distributed diffusely within the perinuclear cytoplasm. presum·
ably within the endoplasmic reticulum and Golgi apparatus. and

Figu~ 1J. Overapression of NGF rcsults in missoning of NGF from the
constitutive 10 the regulated sccretory pathway. a. AtT 20 cens 'Nere
infeeted for 1 nr with 1 (A). 5 (8). or 10 (C) MOI of VV coding for
pro-NGF. postinfeeted for 8 hr. fixed. and prepared for immunocyta.
chemistry using an antibody ta NGF followed by a CYJ-conjugated
scrondary antibody. Cells were analyzed by ronfoc:al microscopy. b. AtT
20 cel1s were infeeted with 1 (A). 5 (B). or 10 (q MOI for 1 hr followcd
by a ~ hr postinfection and 3 nr incubation in medium containing [J'SI
Translabc:L Conditioned media were coUeeted (CM!). the ecUs 'Nere
chasc:d for 3 hr. and media was again collcctcd (CM2). 8-bromo-cAMP (5
m~) was then added to some cultures. and cells were incubated for an
additionaJ 3 nr. aftcr which media were col1ceted (CMJ) and the cells were
Iysc:d (CL). NGF was îmmunoprccipitated from ail samplcs. and the
prccipitate was anaJyzed by SOS-PAGE. Comparison of CMJ samplcs
sh~ that NGF releasc can bc: stimulated by cAM P from cel1s infeeted
with 5 or 10 MOI but not from cells receiving 1 MOI.

Mowla et aJ.• Differentiai Sorting of NGF and BDNF

depolanzation fails to promote NGFs release into conditioned
medium. Thus, NGF appears to be processed and released in the
constitutive pathway. These results are not unique ta the Vaccinia
virus expression system because NGF and BON F were difl'eren­
tially distributed as weIl within cells transfected with cDNAs
coding for GFP-pro-neurotrophin fusion proteins.

Funn appears ta c1eave pro-NGF in the cells we tested. Pro­
NGF processing is unafl'eeted by cold-block conditions that in­
hibit the exit of proteins from the TGN (Matlin and Simoos.
1983). suggesting that NGF processing occurs within the TGN. In
contrast, rold block totally inhibited the processing of pro-BDN F.
Pro-BDN F processing likely occurs in immature secretory vesi­
cles after they bud from the TGN. which is an carly step in the
rcgulated secretory pathway. AIso, al-POX. a competitive inhib­
itor of furin. increased levels of NGF precursor in conditioned
medium. which is consistent with its inhibiting pro-NGF process­
ing within the TGN. al-POX did not afl'ect pro·BON F process­
ing. [n the presence of al-POX. NGF immunorcactivity ap­
peared in punctate structures similar to those in cells infeeted
with pro-BDN F encoding viruses. and sorne NGF precursor was
constitutively secreted. Furthermore. depolarization released
small amounls of NGF into conditioned medium. These results
are similar ta those obtained with pro-BON F in the absence of
al-PDX. Thus. inhibiting furin aetivity induces some pro-NGF
to be sorted to the regulated secretory pathway. Similar efl'eets
have been observed for pro-opiomelanocortin (Benjannet et al..
1997).

Cleavage by furin or funn-like enzymes within the TGN may
be one factor detennining whether neurotrophins are sorted inta
the constitutive or regulated secretory pathways. Studies with the
precursor for egg·laying hormone (pro-ELH) in mollusks May
explain how this mechanism could work. Pro-ELH contains bio­
active peptides on both the C- and amino-terminal sides of a
funn dcavage site (Sossin et al.. 1990). The C-terminal side of
the precursor is sorted into the regulated secretory pathway after
furin cleavage. and the amino-terminal side is released constitu­
tively, degraded. or sorted into a separate regulated secretory
pathway (Jung and Scheller. 1991). In cclls with low furin levels,
the precursor avoids cleavage. and bath sides of the precursor are
sorted into the same regulated secretory vesicles (Klumperman et
al.. 1996). Thus, sarting of the amino-terminaI active peptides
into dense-core secrc:tory vesides occurs only in the absence of
furin cleavage. and ditrerent cells with different amounts of furin
sort the same neuropeptide differently.

A similar situation may occur with neurotrophin processing.
Sorting into the regulated pathway may require signais within the
pro-domain or near the consensus cleavage site. When cleaved by
furin. the NGF precursor may lose these signais. and the mature
cleaved protcin is sorted into the constitutive pathway for release.
[n that regard. inserting funn-sensitive cleavage sites into pro­
insuiin (Yanagita et al.. 1992) and pro-renin (Oda et al.. 1991).
which are normaIIy processed by the regulated pathway, redireets
these pmteins into the constitutive pathway. In the absence of
furin deavage. the precursor remains inta~ and sorting signais
that direct the protein to the regulated pathway become func­
tionaI. This May explain why pro-BDN F. which likely eludes
funn cleavage in the TGN, is targeted to the regulated pathway
where ils processing appears to accur in secretory granules.

Differences bctween pro-BDN F and pro-NGF processing may
therefore arise because of the furin sensitivity of their pro­
protein processing cleavage sites. In pro-NGF (Arg-Scr-Lys­
Arg ~ Ser) the site is highly suited to furin processing. whereas
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the analogous site in pro-BDNF (Arg·Val-Arg-Arg ~ His) is less
suitable because of the replacement of Ser in the + 1position (Pl)
of NGF with His in the Pl of BDNF (Seidah et al.• 1996a).
Sequences with His at Pl show reduced sensitivity ta furin­
mediated c1eavage (Ogi et al.. 1990; Matthews et al•• 1994).

Our results are consistent with this model. In constitutively
secreting eeUs with moderate levels of furin-like enzymes. such as
fibroblasts and Schwann cells (M. Marcinkiewicz and N. G. Sei­
dah. unpublished observations). pro-NGF and pro-BONF are
c1eaved. with only low levels of unprocessed precursor sccreted
constitutively. ln AtT 20 cells and hippocampal neurons with
lower levels of furin (Seidah et al.• 1994), pro-NGF is cleaved
efficiently. and NGF is released constitutively. When furin cleav­
age is inhibited with al-PDX. pro-NGF is not cleaved efficiently,
sorne sorting occurs into the reguJated sccretory pathway, where
sorne of the protein can be releascd by depolarization. and some
unproccssed precursor is secreted constitutively. In contrast. pro­
BDNF avoids furin cleavage and is sorted into the regulated
secretory pathway, and some unprocessed precursor is secreted
constitutively into conditioned medium. Constitutive release of
other precursors normaUy processcd in the regulated pathway has
also becn rcported (Kelly et aL, 1983; Moore et al.. 1983; Brechler
ct aL, 1996)

An increasing number of reports suggest that BDN F. but not
NGF, is anterogradely transported within axons in brain ncurons
to carry out a number of physiological actions [Altar et al. (1997);
Faweett ct al. (lq98); (or review. see Altar and DiStefano (1998»).
.-\150. BDN F is enriched in a microvesicular (raction of rat brain
synaptosomes aJong with synaptotagmin. a protein associated
with synaptie and large dense-core vesicles in nerve terminais
(Fawcctt et al., (997). BDNF immunoreaetivity is also present in
mossy liber terminais in the hippocampus (Conner et al.. 1997;
Fawcett et al.. 19'J7) and in large dense-eore vesicles ofaxon
terminais in lamina li of lumbar spinal cord (Michael et al.. 1997).
BON F can be transported anterogradely in neurons within the
visual system (von Bartheld et al.. 1996) and released by dcpo­
larization in a calcium-dependent mechanism (rom virus-infeded
hippocampal neurons (Goodman et al.. (996). Taken togcther.
these data are consistent with BDN F being packaged within
secrctory vesicles of the regulated pathway. Presumably these
granules are targetcd ta axons. although transport May occor ta
other parts of the cell as weil.

Fewer studies have monitored the processing of NGF in cells
containing the regulated pathway. Edwards et al. (1988) reported
thOlt AtT 20 ceUs secrete VV-encoded NGF in responsc ta cAM P.
suggesting regulated release. In thal study. they infeeted ceUs with
an MOI of 10-20 as opposed ta an MOI of 1 in our study, which
explains why their results and ours dil'er (Fig. 13). Overloading
the furin pathway beyond its capacity May drive NGF into the
regulated pathway. as does inhibiting furin with al-POX (Figs.
Il. 12). In a similar manner. overexpressing tJ2-microglobulin in
pancreatic 13 cells drives the protein (rom the constitutive pathway
into secretory vesicles of the reguJated pathway (Allison et al..
1991). In contrast. reducing infeetivity from 1 to 0.02 MOI had no
elfect on the sorting of BON F, although we cannat rule oul the
possibility thatlocaJ concentration effeets contnDutcd ta BDN Fs
sorting into the regulated pathway.

Heymach et al. (1996) reported lhat AtT 20 cells release NGF
as weil as BON F and NT·3 in response to secretagogues. It May
he that in those studies the level of NGF production was above the
threshold levels in which NGF is shunted from the constitutive
pathway into the regulated pathway. Heymach et al. (1996) used
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transfeetion instead of infection, expressed the neurotrophins
using a dil'erent promoter. and treated cells with sccretagogues
for a longer time, which may further explain why their conclu­
sions dil'er from ours. Blochl and Thoenen (1995) hypothesized
that there is both constitutive and regulated sodium-dependent
releasc of NGF from neurons. They suggest that release occurs
independent of cxtracellular calcium. which is essential for pro­
tein release in the regulated pathway (OeCamilli and lahn. (990),
including the release of BONF (Goodman et al.• 1996). Canossa
el al. (1997) extended these findings by reponing that neurotro­
phins can also induce neurotrophin releasc (rom neurons (also
see Krultgen et al.. 1998). These confticting data need to be
investigated further.

Our results provide a mechanism whereby neurotrophins in
brain neurons can aet either as survival factors or as neuropep­
tides. When neurotrophins are cleaved by furin. the bioactive
peptide May be released constitutively to promote neuronal sur­
vival. Perhaps this explains how hippocampal neurons constantly
provide NGF ta innervating cholinergie ncurons in the basal
Corebrain. In contrast. BDN F mOlY avoid furin cleavage and be
sorted into the regulated sccretory pathway where it is processed
by PCI (Seidah et al.. 1996a) and released in an activity­
dependcnt manner similar to other neuropeptides. This May be
the mechanism that allows BDN F ta alter synaptic transmission.
conneetivity, and synaptic plasticity in an aetivity-dependent
manner (Ghosh. 19(6). Aiso. perhaps neurons modulate the phys­
iological fates of neurotrophins by regulating furin levels and thus
the intracellular sorting of the neurotrophins they produce.
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Hippocampal neurons release nerve grcwth factor (NGF)
thrcugh the constitutive secretory pathway, thus allowing the
protein to be continuously available for promoting nerve cell
survival. In contrast, hippocampal neurons use the regulated
secretory pathway to process brain-derived neurotrcphic factor
(BDNF). which alters synaptic aetivity when released acutely
from dense-core vesicles. Thus, understanding how neurons
sort and deliver neurotrcphins may provide clues to theïr func­
tions in brain. In this study, we monitored the processing and
delivery of neurotrophin-3 (NT-3). Pulse-chase studies, immu­
nocytochemistry, and secretagogue-induced release experi­
ments were performed on cultured hippocampaj neurons and
AtT-20 cells infected with vaccinia viruses encoding the NT-3
precursor (pro-NT-3). Results show that most newly synthe­
sized NT-3 is released through the constitutive secretory path­
way as a result of furin-mediated endoproteolytic cleavage of

Neurotrophins are synthesized as high molecular weight precur­
sors containing a prodomain linked to the amino terminus of the
mature protcin. The IWO components are separated by endopro­
tcolytic c1eavage within either the constitutive or regulatcd sccre­
tory pathways. Understanding how neurotrophins are processed
in these pathways may help explain their physiological funetions.

Hippocampal neurons and AtT-20 cells in culture process
ncrve growth factul (NGF) within the constitutive secretory
pathway (Mowla et al.. (999). The NGF precursor il'> cleaved
within the trans·Golgi network (TGN) by the endoprotease furin.
a member of the subtilisin/kexin-like farnily of protcases (for
review sec Seidah et al.• 1998; Zhou et al•• (999). Constitutive
rclease of NGF occurs soon after the molecule is synthesized.
Thus. as a resuJt of being processed in the constitutive pathway.
NGF is continuously available to cells that require il. which is
consistent with hippocampal neurons producing NGF as an
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pro-NT-3 in the trans-Golgi network. Pro-NT-3 can also be
diverted into the regulated secretory pathway when cetls are
treated with a1-PDX, a selective inhibitor of furin-like enzymes,
or when pro-NT-3 expression is increased by transient trans­
fection methods. In cells coinfected with viruses coding for
pro-NT-3 and pro-BDNF, NT-3 is sorted into the regulated path­
way. stored in secretory granules, and released in response to
extracellular eues together with BDNF, apparentJy as a result of
heterodimerization, as suggested by coimmunoprecipïtation
data. Taken together. these data show that sorting of the NT-3
precursor can occur in bath the constitutive and regulated
secretory pathways, which is consistent with NT-3 having both
survivéU-promoting and synapse-altering functions.

Key words: neurotrophin; NT-3; BDNF; constitutive pathway:
regulated secretory pathway; heterodimer

apoptosis-inhibiting survival factor for basal forebrain cholinergie
neurons (for review. see Yuen et al.. (996).

ln contrast. hippocampal neurons process brain-derived neu­
rotrophic factor (BDNF) within the reguJated secretory pathway
(Goodman et al.. 1996; Mowla et al.• 1999). Intact pro-BDNF is
shunted from the TGN into immature secretory granules where it
is likely cleaved by prohonnone convenase 1 (PC1), another
member of the subtiJisi1\/kexin-like endoprotease family (Seidah
et al., 1996b; Mowla et al .• (999). BDNF is stored within dense­
core vesicies (Fawcett et aI., 1997; Michael et al.• 1997) (for
review. see Altar and DiStefano. 1998). and once released. pre­
sumably in response to extraceJlular cues. it can induce changes in
neuronal structure (Ventimiglia et aI.• 1995; Fawcett et al., 2(00).
membrane depolarization (Kafitz et al.. 1999). and changes in
synaptic function (for review. see McAllister et al.• 1999). Like­
wise. neurotrophin-3 (NT-3) may regulate neuronal depolariza­
tion (Kafitz et al.• 1999) and synaptic plasticity (Kang and Schu­
man. 1995), but as yet little is known about its intracellular soning
in vivo.

Neurotrophins are normally synthesized as noncovaJently
linked homodimers consisting of IWO identical chains. When
diJferent neurotrophins are coexpressed within the same ccII.
however. they aIso form heterodimers. Heterodimers of BDNF
and NT-J are stable. whereas heterodimers involving NGF are
not (Radziejewski and Robinson. 1993; Arakawa et al•• 1994;
Jungbluth et al.• 1994; Heymach and Shooter. 1995; Robinson et
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al., 1995). BDNF/NT-3 heterodimers can induce autophosphor­
ylation of Tric receptors. promote the survival of sympathetic
neurons in vitro. and induce dopamine uptake in cultures of
substantia nigra neurons (Arakawa et al., 1994; Philo et :11., 1994).
Howcver. the physiological functions of heterodimers remain
unknown.

In this study, we monitored the sorting of NT-3 by infeeting
hippocampal neurons and AtT-20 cells with vaccinia viruses
(YYs) encoding pro-NT-3. Pulse-chase studies and immunocy­
tochemistry show that processed NT-3 is primarily released
through the constitutive secretory pathway. Inhibition of furin­
mediated cleavage or overexpression of pro-NT-3 shifts pro-NT-3
sorting into the regulated secretory pathway. NT-3 is aJso sorted
to the regulated secretory pathway when it is coexpressed with
BDNF. Immunoprecipitation data suggest that the transfer of
NT-) to the regulated pathway occurs as a result of NT-3 and
BDNF hcterodimerizing. Thus, either secretory pathway can sort
NT-J.

Sorne of thesc results have been published previously in ab­
stract form (Farhadi et al., 1998).

MATERIALS AND METHOOS
CdJ cuJr~s. Hippocampal neurons 'Nere prepared according to the
mc:thod of Bunker and Cowan (1977) 35 modified by Brc:wer ct al. (1993).
Brietly. the hippocampus 'Nas dissee:ted from embryonic day 18 (EI8)
mice (Charles River. Montreal. Quebec. Canada). exposed to trypsin.
dissociated mechanically. and grown in 60 mm collagen/poIY-L-lysine­
I:oated dishes. CeUs from two liners of micc 'Nere plaled inlo six dishes.
Cultures were maintained in serum-free Neurobasal medium (Life Tech·
nologles. Gailhersburg. MD) containing 0.5 mM glutamine and 1x B27
supple:ment (Life: Technologies). AIT-2a cells and COS-l eells were
culturcd as reported previously (Seidah el al.. 1996a). AtT-20 ecUs are a
neuroendocrine cell line Ihat has been usc:d exlensively for saudying the
regulated sc:crelory pathway (Moore et al.• (983). We also used an
AtT·:!O cell line slably transfee:ted with crl-PDX eONA Ihal bas been
described previously (Bcnjannel et al.. (997). Spccial care was taken 10
ensure that cells 'Nere disaribuled in equal numbers in dishes that were 10
he used for group comparisons.

VV ~combinanuand infecrions. Purified recombinanl VVs conlaining
the full.lc:nglh coding regions of mouse pro-NGF. human pro-BDN F.
and human pro-NT-3 (generously provided by Regeneron Pharmaceuli­
l:al5) wcre construe:ted as describcd previously (Seidah el aJ.• 1996a.b).
VVs cading for al·PDX were idndly provided by Or. Gary Thomas
(Vollum Instilute. Portland. OR). Separate plates of cells were infeeted
as dc:scribcd previously (Scidah el al., 1996a) with VV encoding pro­
NGF. pro-BDNF. or pro-NT-3. generally at a multiplicity of infeclion
(MOl) of 1. We incubated the cells for 8-10 hr in virus-free medium
before metabolic labeling. In some expcrimenas. plates were coinfeeted
with pra-BDN F and eilher pro-NT-3 or pro-NGF. using an MOI of 0.5
for each. Under our expcrimental condilions. there wa.s no evidence of
ccII death after exposure to VVs for the times indicated.

Construcrion of aprasion v~ctors and 17rlnsf~crions. In some expcri­
ments. 'Ne transfected ceIls with ONA using the lipofee:tamine reagenl
(Life Technologies). cDNAs corresponding 10 the full-Iength coding
regions of human pro-BDN F and human pro-NT-3 were subcloncd inlo
the pcONA3 expression veetor (lnvitrogen. San Diego. CA). AIT-20 cells
growing on poIY-L-lysine-coaled coverslips 'Nere lransfee:ted using lipo­
fectamine wilh a constant amount of DNA (2 ~g ONAI2 ml medium)
that was eomposed of expression vee:tor alone (wilh no insert) together
with 0.1. 0.5. 1. or 2 ~g of pro-BDN F or pro-NT-3 plasmid DNA. ACter
5 hr of incubation. the lransfee:tion medium was dîluled 1:1with DM EMI
20% fctal calf serum. and after 2 d, coverslips 'Nere processed for
immunoslaining (sec below).

.\fetabolic /abeling and immunop~ip;IQtiOn. For pulse-chase expcri­
menas. we incubated infected ceUs with 1.5 ml of Cys.Met-fn:e OMEM
containing 10% FCS and 0.5 mCilml [1551 Translabcl (ICN Biochemi­
cals. Cosla Mesa. CA) (70% methionine, 30% cysleine) for 30 min.
Pro-BONF contains eighl methionines as c:ompared with three in pro­
NT-3. and mature BON F contains threc methionines as compared with
none in mature NT-3. These difl'erenccs, logelher with higher cancen­
lrations of mcthionine than cy5leine in Ihe Translabel. explain why. in
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Figures showing the resuJts of melabolic labcling expcrimcnas. pro­
BDNF and mature BONF label more heavily than pro-NT-3 and NT-3.
For the chase pcriods. ceUs were washed, and Ihe medium was replaced
with an equaJ volume of DM EM containing 10% FCS plus twofold
cxcess concentrations of nonradioae:tive c:ysleine and methionine for the:
limes indicaled. In aU experiments. conditioned media and ccII Iysales
were broughllo finaJ volumes of 1.5 ml, 750 ,ü ofwhich was subjectcd la
immunoprecipitalion. Samples immunoprecipilaled with nonimmune
rabbil IgG showed no bands corresponding to slandards of neurolrophin
prc:cursors or produe:t5.

Immunoprecipilalions werc pcrformed as described previously (Sei·
dah el al., 1996a). For NT·J. we used an allinily-purified rabbil anli-NGF
IgG thal recognizes NT-3 (Murphy el al.. 1993; Seidah el al.. 1996a).
BDNF immunoprc:cipitations were pcrformed using an antibody kindly
supplied by Amgen and charaeterized previously (Fawcell el al.. 1997;
Yan ct al.. 1997). CeU Iysales and condilioncd media were analyzed by
elee:trophorcsis on a 13-22% SOS-PAGE. Gels 'Nerc fixe:d in 40% melh­
anol and 10% acelic acid. trcaled with ENHANCE (Dupont NEN.
Boston. MA), and 'Nashed in 10% glyceral, all for 1 hr. Dried gels were
analyzed by a phospharimaging devicc (Molecular Dynamics. Sunnyvale.
CA). and radiaactivily in each band was quantitaled using the Image­
Quanl program. Levels of radioactivity were: within Ihe Iinear range of
the device. Stalislical significance 'Nas determined using the Student's 1

test on a minimum of Iriplicale expcriments.
To monilor Ihe etl'ects of depolarization on neurolrophin relc:asc:. we

infee:ted hippocampal neurons wilh recombinanl viroses. mClabolically
labcled the cells for JO min. and 'Nashed and incubaled the cells in
medium conlaining cxcess nonradioaetive methionine and cysteine for ~

hr. The cclls were exposed 10 tissue cullure medium supplemenled wlth
or wilhout KCI (56 mM) and CaCh (5.8 mM) for 15 min. Conditioned
media and ceU Iysates were colleeted. immunoprecipitaled. and fraclion­
aled by SOS-PAGE. Neurolrophin Icvels were estimated and compared
by Phosphorlmager anaJysis. In a previous conlrol expcriment (Mowla et
al.. 1999). we confirmed thal KCl induces the releasc of endogcnous
sccretogranin Il in cullures of VV:NGF·infeeted hippocampal neurons
10 confirm thallhe regulaled secretory palhway is fully fune:tional in cells
infceted wilh VV constructs (Mowla et al.• (999).
rmmunocytoch~misuy and confDCal mü:roscopy. We visualized V V­

infee:ted AIT·20 cells and primary cultures of hippocampal neurons as
'Nell as contrais consisling of uninfecled eells or ceIls infee:ted 'Nith
wild-typc YYs. Cells were rinsc:d with PBS. fixed for 2S min in ~%

parafonnaldehydell5% piaic acid in 0.1 M phosphale buffer. pH 7.4. and
incubaled in PBS conlaining 20% horse serum for 30 min 10 reduce
nonspecific binding. The cells were incubaled with 1 ~Jml of allinily­
purified anli-NT-3 (Che:micon. Temecula. CA) in PBS/0.2% Trilon
X-l00 ove:might at 4-C, washed three limes with PBSIO.05% Tween-20 (5
min each), and incubaled for 1 hr with CY3-eonjugaled goal antà-rabbit
anlibody (Jackson Laboralory. Bar Harbor. ME) dilute:d 1:2000 in PBSI
0.05% T'Neen·20 conlaining 10% goal serum. Cc11s were washcd three
limes in PBS and mounled in a Tris-butl'ered glycerol mounling medium
(Sigma. St. Louis. MO). In control expcrimenas. Ihe anti·NT·3 anlibody
showed no deleetable cross-reae:tivity by immunoc:ylochemislry wilh
eilher NGF or BONF (dala nol shown).

Double·label immunocylochemislry 'Nas also pcrformed on VV­
infeetcd AIT-20 cells 10 compare the distribution of NT·3 and NT-31
BDNF with thal of TGN38, a marker of the TGN (Luzio et aJ.. (990).
and ACTH. which is packaged in secrelory vesicles. Anlibody to TGN38
raised in guinca pig (kindly provided by Ors. G. Banting and W. Gartcn)
wu uscd at a 1:50 dilulion and visuaJized using an FlTC-eonjugaled
secondary anlibody raiscd in goal (Jackson Laboralory) diluled 1:50 in
PHS conlaining 10% goat serum. ACTH 'Nas localized wilh a monoclonal
antibody (Cortex Biochem) al a dilution of 1:1000. visualized with a
CY2-eonjugated goal anti-mouse secondary antibody (Jackson Labora­
tory) diluled 1:1000 in PHS conlaining 10% goal serum.

Cells 'Nere analyzed by confocal laser scanning microscopy using a
Zeiss LSM 410 inve:rted confoc:a1 microscope and a 63x. 1.4 NA objec­
live. Cells wcre excited at 543 nm and imaged on a photomultiplier after
passage through FT 590 and LP 590 filler sets. The confocal images
represent one confoc:al level (a dcplh of -1 ,un) thal includes the cell
nucleus along with as many cell procc:sscs as wcre possible 10 capture. the
goal bcing to evaJuate Ihe distrîbulion of secretory vcsicles. No difl'er­
cnees were cvident in the distribulion of NT-3 or NT-3/BDNF immu­
noreactivity when we scanned 31 various levels bclow or above the
nucleus.
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Fi~ure J. Pulse-chase metabolic labcling of pro-NT-3 in primary cul·
tures of hippocampal neurons (A) and AtT·20 ccIls (8). CeUs were
infcetcd with VV cncoding the NT-3 prccursor for 1 hr and postincubaled
in fresh medium withoul virus for 8 br. CeUs werc then exposed to
medium containing [.1.SS1 Cys-Mel for 30 min and chased for O. 0.5. 1. 2,
~. and 8 hr. IdenticaJ volumes (750~) of ceillysates (CL) and condilioncd
media (CM) werc incub;ued with antibodics ta NGF. which immunopre­
cipilate NT-3. and c:Iectrophorcsed on 13-22% SOS gradient gels.

RESULTS

NT-3 is releaMd constitutively from hippocampe'
neurons and AtT-20 celi.
Ta determine the pathway by which NT-3 is processed and
released. we did the following: (1) measured the retention or
release of processed NT-3 from virally infected ceUs after pulse­
chase labeling; (2) determined whether agents that promote ves­
ide e:<ocytosis promote the release of NT-3; and (3) used îmmu­
nocytochemistry to visualize the intracellular localization of
NT-3 in virally infected cells.

Figure 1 shows the results of 30 min pulse-chase studies
performed over 8 hr to monitor the processing of pro-NT-3 in
primary cultures of hippocampal neurons (Fig. lA) and in AtT-20
cells (Fig. lB). In bath cell types. pro-NT-3 (335 kDa) is pro­
cessed to mature NT-3 (14.5 kDa). The precursor is deteetable in
ceU lysates at the stan of the chase period. and levels dec:rease
thereafter; by 8 hr of chase. the precu~r is barely deteetable.

Fig~ 2 Differentiai processing of neurolrophin precursors in COS-l
ecUs. which conlain only the constitutive secretory palhway. CeUs were
infected at an MOI of t wilh cither wild-lype VV (vv:WT) or VV
c:ncoding pro-NGF. pro-BDN F. or pro-NT·3. The ceUs were postincu­
baled in the absence of virus (or anothc:r 8 hr and melabolically labclcd
for 3 hr. Identical volumes of ecU l)'Sales (CL) and conditioncd media
(CM) (rom vv:WT-. vv:NGF-. and vv:NT·J·infeeted eeUs wc:rc immuno­
prccipitaled with an NGF anlibody thal recognizcs bath NGF and NT-J.
vv:BDNF-infected eeUs were immunoprecipitated with a BDN F·specifie
antibody.

Intact pro-NT-3 is not deteetable in conditioned medium Olt any
time point in either ccII type. Mature NT-3 is visible in cell
Iysates at the beginning of the chase period. but over time. levels
in celllysates decrease. Over the same time period. NT-3levels in
conditioned medium increase. and by 2 hr they exceed those in
cell Iysates. Therefore. most newly processed NT-3 is rapidly
released from both hippocampal neurons and AtT-20 ceUs.

We were surprised that levels of pro-NT-3 were 50 low in thcse
cells and that processed NT-3 was evident immediately aCter the
30 min pulse period. In our previaus studies. levels of pro-NGF
and pro-BDN F were much higher at the beginning of the chase
period. attnbutable in part to incrcased labeling efficiency (sec
Materials and Methods). Aiso. significant processing of pro-NGF
and pro-BDNF was not evident until 30 min after the chase
began. To test whether these ditferences were caused by pro-NT-3
being processed more efficiently in the constitutive pathway than
either pro-NGF or pro-BDNF. we compared precursor process­
ing in virally infeeted COS-1 cells, a cell line that contains only
the constitutive secretory pathway. Results show that abundant
amounts of processed NGF and BDNF are deteetable in cell
lysales and conditioned medium al the end of the test period (Fig.
2). As well. significant levels of unprocessed pro-NGF and pro­
BDNF are deteetable in cell Iysatcs and in conditioned medium.
which suggests that some precursor escapes proteolysis. perhaps
by overwhelming the processing capacity of the cell (Mowla et al.•
1999). In contrast. pro-NT-3 is deteetable in cel11ysates but not in
conditioned medium. whereas processed NT-3 is evident in bath.
One explanation for these data is that pro-NT-3 is more cffi­
ciently processed within the constitutive secretory pathway than
either pro-NGF or pro-BDNF.

We used puise-chase labeling methods similar to those used in
Figure 1 to determine whether the endoprotease furin. which is
present in the constitutive pathway. is involved in pro-NT-3
processing in AtT-20 cells. For this experiment. we used AtT-20
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Figure -1. cAM P·induced relcase of NT-3 from AtT·20 ceUs expressing
al-Pme. CeUs were inCeeted with VV:pra.NT-J for 1 hr, incubated in
virus-free medium for 8 br. metabolicaJly labeled for J hr. ch'tSCd Cor 3 hr,
and treated for 3 br with medium with or without 5 mM cAM P. CL and
CM were immunoprecipitated and the amount of processc:d. mature
NT·J was analyzed by SDS-PAGE. Analysis was pcrformcd on a Phos­
phorlmager. and values represent an average (:!:SEM) of threc indepcn­
dent expcrimcnts.
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Figure 3. Inhibition oC pra.NT-J processing in AIT-20 eells expressing
al-PDX. AtT·20 eells stably expressing the Curin inhibitor al·PDX were
infc:eted for 30 min wilh VV encoding pro-NT-3. Cells were then incu­
batc:d in virus·Cree medium for 8 hr, melabolicalJy labeled for 30 min. and
chascd for up to 8 hr. Ceillysatcs (CL) and conditioned media (CM) were
immunoprecipitated and anaJyzed by S05-PAGE.
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ccUs that have been stably transfected with a1-POX, an a1-anti­
trypsin structural variant that selectively inhibits furin-mediated
cleavage of prccursor proteins in the TGN (Anderson et al.• 1993:
Watanabc et al.• 1995; Vollenweider et al.• 1996; Benjannet ct al.•
1997). In cells expressing a1-POX (Fig. 3). significant levels of
pro-NT-3 are released into conditioned medium over the 8 hr
chase period. but Icvels of processed NT-3 are markedly reduced
(compare Fig. 3 with Fig. lB). Therefore. inhibition of furin­
mediated c1cavage prevents the processing of pro-ND and the
efficient gcneration of mature product.

The finding that a1·PDX prevents the processing of pro-NT-3
and induces ilS release into conditioned medium is identica1 to
that obtained previously with pra.NGF (Mowla et aL. 1999). In
that study. we determined that inhibiting furin cleavage with
a I·POX caused the shunting of pro-NGF from the constitutive to
the regulated secretory pathway (Mowla et al.. 1999). We also
observed that some pro-BON F is constitutively released in the
course of ilS processing within the regulated secretory pathway
(Mowla et aL. 1999). Together. these results suggest that inhibit­
ing furin·mediated c1eavage of pra.NT-3 may also direct the
prccursor from the constitutive to the regulated secretory
pathway.

Ta test this ide~ we monitored the effeets of cAMP on NT-3
rclease from AtT-20 ceUs in the presence or absence of al-POX.
Wc also used immunocytochemistry to analyze the distnbution of
NT-3 under bath experimental conditions. Results show that
cAM P stimulates the release of NT-3 from AtT-20 ceUs in the
presence (Fig. 4, right panel) but not in the absence (left panel) of
al-PDX. This result is consistent with immunocytochemical data
(Fig. 5) showing that in the absence of a1-PDX (Fig. SA). NT-3
immunoreactivity is distnbuted in the perinuclear cytoplasm and
not in ccII processes. an appearance identica1 ta that previously
reported for NGF (Mowla et al., 1999). However. in the presence
of al-POX (Fig. 5B). punctate NT-3 immunoreactivity is evident
throughout the cytoplasm and in the tips of ccli processes. which
is consistent with eartier results monitoring the distnbution of
BONF in wiId-type cells and NGF in a1-PDX-treated ceUs
(Mowla et al.• 1999). Thus NT-3, which is nonnaJly processed and
released from the constitutive pathway, can be rerouted ta the

•

Figure 5. ConCocal microscopy of AtT-20 (A) and AtT·2OIal-PDX ccUs
(B) inCected with VV encoding pro-NT·J. CeUs were infeeted for 1 hr
and postincubaled in the absence of virus for another 8 hr. The cultures
werc fixed and trcOlled with antibodies against NT-3 (Chemicon), fol·
lowed by CYJ-ccnjugated goat anli·rabbit IgG. Scalc bar, 10 ,ml. Pha.
tomicrographs were obtained by overlaying conCocal tluoresc:encc images
over transmiucd light images. Scalc bar, 10 ,ml.

regulated secretory pathway when furin-mediated cleavage
within the TON is inhibited.

ln earlier studies. Heymach et al. (1996) and Moller et al.
(1998) showed that NT-3 is packaged in dense-core vesicles of
AtT-20 cells and PCl2 cells and released in response to secreta­
gogues or cell depolarization. To explain why their results differ
from ours. we investigated whether elevating levels of pro-NT-3
expression couId redireet NT-3 from the constitutive to the reg­
ulated secretory pathway. as has been shown previously for pro­
NGF (Mowla et al.• 1999), Initially. we determined that infecting
AtT-20 cells with 5. 10. and 25 MOis of VV encoding pro-NT-3
resulted in only a small amount of pra.NT-3 being redirected into
the regulated secretory pathway. as determined by the ability of
cAMP to induce NT-3 release (data not shown). Similar infection
levels were extremely effective in rerouting NGF from the con­
stitutive to regulated secretory pathway (Mowla et al.. 1999). We
suspect that the diJl'crences are attnbutable to pro-NT-3 being
more efficiently processed than pra.NGF within the constitutive
secretory pathway. as shown in Figure 2. To achieve higher
intracellular concentrations of pro-NT-3. we opted for a Iipo­
feetamine transfection method similar ta that used by Heymach et
al. (1996) and Moller et al. (1998).

Upofectamine transfection of pra.NT-3 ONA (0.1 ~ with 1.9
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Figure 6. Overcxprcssion of NT-3 rcsults in rcrouting from the consti­
tutive to the regulaled sccrctory palhway. AtT·20 cells werc transfeeted
with a construct cncoding eilher pro-NT-3 (A. B) or pro-BON F (Cl. and
immunocytochemistry using NT-3 (A. B) and BON F (Cl antibodics was
pcrformed as dcscribed in Figure S. ln A. cclls werc Iipofeetamine­
transfccled wilh 0.1 ~ of pro-NT-) ONA (and 1.9 Ilg yeclor DNA). In
B. cells were transfected with 2 ~g pro-NT-) ONA. ln C. ecUs were
lransfected with 0.1 ",g of pro-BONF (and 1.9 ilS yector DNA). Scale
bar. 10~.

,.,.g veetor DNAI2 ml of cultù.c: medium) resulted in NT-3 immu­
noreactivity in AtT-20 ceIls that is diffusely distnbuted in the
perinuclear cytoplasm (Fig. 6A), as seen eartier (compare with
Fig. 5A). However, when we transfeeted 0.5 or 1~ of pro-NT-3
DNA (with vector DNA to a total of 2 ~12 ml of culture
medium). NT-3 immunoreactivity is evident in punctate struc­
tures that extend into cell processes, which is consistent with the
appearance of secretory proteins processed in the regulated se­
cretory pathway (Fig. 68). For comparison, we show in Figure 6C
the punetate localization of BDNF immunoreaetivity in celis
exposed to only 0.1 ~ of pro-BDNF with 1.9~ of veetor DNAI2
ml of culture medium. Pro-BDNF is processed within the regu­
lated secretory pathway (Mowla et al., 1999). Thus, cells trans­
feeted with high concentrations of pro-NT-J DNA process the
protein in the regulated secretory pathway, which likely explains
why our results with VV infection methods differ from those of
Heymach et al. (1996) and Moller et al. (1998) using lipo­
feetamine transfection.

NT-3 is sarted to the regulated sec:retary pathway
when coexpreaed with pro-BDNF
Because NT-3 is processed in the constitutive pathway and
BDNF is processed in the regulated pathway (Mowla et al.• 1999).
we questioned what would happen ifwe coexpressed precursors to
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the (wo proteins within the same eeU. Others have shown that
neurotrophins readily heterodimerize (Radziejewski and Robin­
son. 1993; Arakawa et al., 1994; Jungbluth et al., 1994; Philo et aL,
1994; Heymach and Shooter. 1995; Robinson et aL, 1995; Treanor
et al.• 1995), but nothing is known about the mechanisms regu­
lating the processing. soning, and release of heterodimers within
eells.

For these studies, we first analyzed the specificity of our anti­
bodies, because prcvious studies have shown that antibodies to
one neurotrophin caR cross-react on Western blolS with the other
(Murphy et aL, 1993). In these studies we infeeted AtT-20 cells for
1 hrwith 1 MOI ofVV coding for either pro-NT-3 or pro-BDNF.
incubated the eells for 8 hr without virus, metabolicaJly labeled
the cells for 3 hr, and immunopreciptated cell lysates and condi­
tioned media with antibodies to NGF (for NT-3) or BDNF. In
some experiments, we coinfeeted ceIls with 0.5 MOI of VV
cading for pro-NT-J and pro-BDNF to ensure that the totallevel
of viral infection (1 MOI) was held constant.

Figure 7 (lett side) shows that antibody to NGF immunopre­
cipitates NT-3 but not BDNF or pro-BDNF. Similarly, antibody
to BDNF (Fig. 7. right side) immunoprecipitates BDNF and
pro-BDNF but not NT-3. In contrast, in cells coinfeeted with VV
coding for pro-NT-3 and pro-BDNF. antibody to NGF immuno­
precipitates in conditioned medium NT-3 as wel1 as a protein
migrating in a position identical to that of pro-BDN F (Fig. 7. left
side). We interpret this result to mean that NT-3 and pro-ND are
associating with the BON F precursor. In cell Iysates as weil as
eonditioned medium. the NGF antibody immunoprecipitates a
doublet consisting of a highcr molecular weight band (probably
arising from precipitation of NT-3 ajonc and with BON F) as we1l
as a lower molecular weight band (BDN F) that precipitates be­
cause of association with NT-3. The righr side of Figure 7 shows
lhat antibodies to BDNF precipitate in celllysates, and to a Ics..'ier
extent in conditioned medium. a doublet consisting of a lower
band (probably 3rising from precipitation of the BDNF alone or
with NT-3) as weil as an upper band (NT-3). Results identical to
thase shown in Figure 7 were obtained when the same experi­
ments were performed in cultures of hippocampal neurons (data
not shown).

In shon. NT-3-specific antibodies precipitate BDN F. and
BDNF-specific antibodies precipitate NT-3 only when the two
neurotrophins are coexpressed within cells. We strongly suspect
that these two independent but mutually consistent results arise
from NT-3 and BDNF fonning heterodimers intracellularly. Im­
munoprecipitation methods similar to ours were used previously
by Jungbluth et al. (1994) and Heymach and Shooter (1995) to
charaeterize neurotrophin heterodimers, including NT-3/BDNF.
It should he noted that coinfeetion with wild-type and BDNF­
encoding VV and coinfeetion with VV:pro-NGF and VV:pro­
BDNF did not result in coprecipitated neurotrophins (data not
shown), probably because of the relative instability of NGFI
BDNF heterodimers, as reponed prcviously (Radziejewski and
Robinson. 1993; Arakawa et al.• 1994).

Evidence in suppon of the idea that coexpression of NT-3 with
BDNF results in sorne NT-J being shunted from the constitutive
to the regulated secretory pathway is shown in Figure 8. The bar
graph (Fig. 8A) shows the amount of processed NT-3 in cell
lysates as a funetion of the total amount of NT-3 present in cell
lysates and conditioned media. Results indicate that more NT-3 is
retained within eeUs when pro-NT-3 is coexpressed with pro­
BDNF-encoding virus as compared with wild type. This result
suggests that NT-3 and BDN Fare noncova!enûy associated



IL
Za
al

Antl-8DNF

Famadi et al.• SottIng of NT-3 and NT-3/BDNF

./NT-3
~....--.'" BDNF

•
40M J. Neurosci•• June 1. 2000. 20(11):405~

Figuœ 7. 1mmunoprc:cipitation of ccII ex·
traets and conditioned medium from cells
infected with 1 MOI of wiJd type (Iv. T.)
VV. VV:pro-NT·3. VV:pro-NGF. VV:pro­
BDN F. alone. or coinfetted with 0.5 MOI
of pro-NT-3 and pro.BON F. AtT·20 ecUs
were infected for 1 hr with the viroses indi­
c:ued. postincubated for 8 hr. and metabol·
Îcally labeled for 3 br. Celllysate5 and con­
ditÎoned media were immunoprecipitated
with c:ithcr an anti-NGF antibody (l4t sUit!)
or a BDNF antibody (right sUie).

kDa

41.0-

30.0-

21.5-

14.3-

~u

Anti-NGF

~~ ..,:
!il •---

~~a~a~~~a
u u u u uu uu u

~-
-

IL
Za
al

~ ~u u

-

..,:
:J--

~ a ~ a
uuuu

-.. -
proBDNF

•

A B

1.00

0.71 ~; ;1
~

--
uo ~ d B d B /ww

IC.J- ....-e-,,"-_
o.a

0.00
Mfo6WT Nf.....

Figtl~ 8. NT·3/BON F is retained in hippocampal neurons. A. The
mC:lhodology in Figure lA (involving a .. hr chase only) was repeated
three times with cells infeeted with cither VV:pro-NT-3/VV:WT or
VV:pro-NT-3/VV:pro-BONF. The NGF antibody was used for immu­
noprccipîtations. Results were anaJyzed on a Phosphorlmagcr and are an
average (:=SEM) of the ratio of mature NT·3 in celllysates (CL) aver the
total amount of NT·3 in CL + conditioned medium (CM). 8. A repre·
sc:ntalive SOS gel from the cxperiments in A showing the NT·3/BON F
hcterodimer in the ceillysate and conditioncd medium.

through heterodimerization and that association of the two leads
to intracellular retention of NT-3. perhaps within dense-core
vesicles. Examination of a typical SDS gel used in this analysis
(Fig. 8B) shows that NT-3 and BDNF, which are coprecipitated
by the NGF (NT-3-reaetive) annDody, are evident within the cell
lysate and conditioned medium. suggesting that coinfected ceUs
synthesize and release the NT-3 and BDNF together. In com­
panion experiments. coinfeetion with VV:pro-BDNF and VV:
pro-NGF had no etfeet on NGF retention as compared with the
wild-type coinfeetion control (data not shown).

The idea that NT-3 is diverted into the regulated scCTetory
pathway is further confinned by secretion data presented in
Figure 9. When pro-NT-3 is coexpressed with pro-BDNF. pro­
cessed NT-3 can be released from AtT-20 cells (Fig. 9A) in
response to cAMP and from hippocampal neurons by KCl depo­
larization (Fig. 9B). Thus. release of NT-3 that is coexpressed
(and presumably dimerized) with BDNF appears to he regulated
by the same extracellular signais that regulate the release of
homodimeric BDNF (Mowla et al .• 1999). CeUlysates and con-

ditioned media immunoprecipitated with NGF antibodies con­
tained bath NT-3 and BDNF. funher indicating that the two
neurotrophins are synthesized and released together in our cul­
ture system.

Finally. we used immunocytochemistry and confoca1 micros­
copy to compare the intracellular distributions of NT-3 and
BDNF when they are singly expressed or coexpressed in hip­
pocampal neurons. Figure 10 shows that in hippocampaJ neurons
infeeted with 1 MOI of VV:pro-NT-3. NT-3 immunoreactivity is
distributed in the perinuclear cytoplasm (Fig. lOA). as was secn
in AtT-20 cells (Fig. 5). However. in cells coinfected with 0.5 MOI
of VV encoding pro-NT-3 and pro-BDNF. NT-3 immunoreac­
tivity (Fig. 10C) is localized in punetate structures distributed
throughout the cell cytoplasm and in the tips of ceIl processes. an
appe~~nce similar to that of BDNF immunoreaetivity in cells
infeeted with pro-BDNF aJone (Fig. WB). In control studies.
coexpression of pro-NT-3 and pro-NGF did not change the dis­
tnbution of NT-3, as assessed by immunocytochemistry (data not
shown). Furthennore. coexpression of pro-BDNF and pro-NGF
did not divert NGF from the constitutive to the reguJated pathway
as assessed by either immunoprecipitarion or immunocytochem­
istry (data not shown).

Figure 11 compares the distnbution in virally infeeted AtT-20
cells of NT-3 alone and NT·3 coexpressed with BDNF with that
of endogenous TGN38. a Golgi marker. and endogenous ACTH.
which is packaged within secretory granules of AtT-20 celis. In
cells infeeted with VV:pro-NT-3 alone, immunoreaetivity for
NT-3 (Fig. lU) and TGN38 (Fig. lIB) colocalize in the perinu­
clear cytoplasm (Fig. IIC). In contrast. in cells coinfeeted with
VV encoding pro-NT-3 and pro-BDNF. NT·3 immunoreaetivity
(Fig. llD) is localized in the perinuclear cytoplasm as weil as in
punetate structures within the cytoplasm and tips of ceU pro­
cesses. In the same ceUs. ACTH immunoreaetivity is distributed
in punetate structures within cell processes (Fig. Il E). In a
subpopulation of vesicles. NT-3 and ACTH immunoreaetivity
colocalize (Fig. llF).

DISCUSSION
Data in this study show that NT-3 is processed and released from
the constitutive secretory pathway of hippocampal neurons and
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ously for NGF (Mowla et al., 1999). Imrnunocytochemical anal­
ysis shows that NT-3 is dilfusely distributed within the perinu­
clear cytoplasm (Figs. S. 10. 11), and colocalizes with TGN38. a
marker of the trans-Golgi network (Figs. LlA-C). Secretagogues
(Figs. 4. 9A) and KCl-induced depolarization (Fig. 98) do not
induce the release of radiolabeled NT-3 from virus-infeeted
AtT-20 cells or hippocampal neuro~ respeetively. Thus. NT-3
release is constant and not dependent on e:ttracellular eues, which
is similar ta the results we obtained for NGF (Mowla et al.• 1999).

Pro-NGF. pro-BDNF. and pro-NT-3 were cleaved in COS-l
cells. which is a constitutively secreting cell line that does not
have a reguJated pathway. Most pro-BDNF and sorne pro-NGF
(but not pro-NT-3) were released into conditioned medium (Fig.
2). This result could he attnbutable ta pro-BDN F and ta a lesser
degree pro-NGF not being deaved as elfectively as pro-NT-3 by
furin or furin-like enzymes within the TGN. The consensus
cleavage site of pro-NT-3 (Arg-Arg-Lys-Arg l Tyr) is ideally
suited for furin-mediated processing. probably even more sa than
that of pro-NGF (Arg-Ser-Lys-Arg l Ser) (Decroly et al.• 1994).
Basic residues at positions -4. -2,. -1 are conducive ta processing in
the constitutive secretory pathway (Watanabe et al.• 1992). How-

Figurr /O. Confocal microscopy of hippocampal neurons infected with
pro-NTs. Hippocampal neurons were infcetcd with 1 MOI VV encoding
eithcr pro-NT-) (A) or pro-BONF (8); in C. the ecUs wcrc coinfeeted
with 0.5 MOI cach of VV:pro-NT-J and VV:pro-BONF. Immunocyto­
chemistry was pcrforrncd with the NT·) antibody in A and C and the
BON F antibody in 8. ScaJc bar. 10 fAJ11.

T

~I~~~1m~r~
0.OO......"'~,;,,;~@....m~~~~F'"~~~~....~~1;w~~~L---I~~~~~...J

.Ka

0.60

i ....
0.10-

Figure 9. Sccrelagoguc-induccd reh:asc of NT-3/BONF bUI not NT-3.
A. AtT-20 cells coinfcete:d with VV cncoding pro-NT-3 and VV encoding
pro-BON F were: procc:sscd using the me:thodology dcscribed in Figure 4.
8. Hippocampal neurons from E18 micc we:re cuJturcd for 7 d and
infccted for 1 hr with either (1) VV encoding pro-NT-3 or (2) VV
encoding pro-NT-3 and VV encoding pro-BONF. After 8 hr in medium
without virus. Ihe cells we:re labcle:d for 30 min with [JSS) Cys-Me:t.
incubalcd in medium without radiolabcl for 4 hr. and treatcd with me­
dium with or without KCI and CaC12 for IS min. CcII Iysalcs and
conditioned media werc immunoprccipitalcd with the: antibody ta NGF
and electrophorescd on an SOS gel. RcsuJts wcre analyzed on a Phos­
phorlmager and arc an average (~SEM) of three indcpcndcnt
c:xpcnments.

AtT-20 eeUs. Pulse-chase experiments reveal that the NT-3 pre­
cursor is rapidly cleaved in cells infeeted with VV encoding the
NT-3 precursor (Fig. 1). with processed NT-3 being evident 30
min after cells are exposed ta medium containing radiolabeled
amino acids. Over the next 8 hr. mast processed NT-3 is released
into conditioned mediu~ a resuJt similar ta that reponed previ-•
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Figllre 1J. Double:-Iabel immunocytochemistry comparing the distribu­
tion in infec:led AtT·20 c:ells of NT·J and NT-J/BDNF with that of
e:ndogenous TGN38 and ACTH. NT-J immunoreae:tivity (A) coloc:alizr:s
with TGN38 (B) in the pcrinuc:lear regioR as seen in C (NT-3 in rrd and
TGN38 in ~~n). NT-J immunoreae:tivity in c:ells c:oinfee:ted with pro­
NT-) and pro-BON F ( D) c:olocalizes with ACTH ( E) primarily in the tip
of the: cellular process as secn in F (NT-J in rrd and ACTH in grr~n).

Scale bar. 10 I4m.

cver. the presence of an additional Arg residue at position -) in
pro-NT-3 may enhance even more the ability of furin to c1eave
the protein at this site.

Although it has yet to he shown direetly with neurotrophin
prccursors. severaI Iines of evidence suggest that sensitivity to
furin-mediated c1eavage within the TGN is an important factor in
dctcrmining whether a protein is sorted to the constitutive or
regulated secretory pathway (Brechler et al.. 1996). In this study.
blocking furin activity with al-PDX inhibited pro-NT-3 process­
ing in the constitutive pathway and resulted in the constitutive
rclease of unprocessed pro-NT-3 (Fig. 3). In addition. al-PDX
trcatment caused a shift in the appearance of NT-3 immunore­
activity from ditfuse and perinuclear to punctate and distnbuted
throughout the cell cytoplasm. including in the tips of cell pro­
cesses (Fig. 5). Also. processed NT-) was released by cAMP
treatment (Fig. 4), which is eharacteristie of proteins within the
regulated secretory pathway. Insertion of furin-sensitive c1eavage
sites into precursors that are nonnally processed in the regulated
seeretory pathway favors release through the constitutive seere­
tory pathway (Oda et al.• 1991; Yanagita et al., lm). which is
further evidence of the importance of furin sensitivity in the
sorting decision (Jung and Scheller, 1991; Brechler et al.. 1996;
Mowla et al.• 1999).

Inereasing the MOI of vaccinia virus also shifted pro-NGF
from the constitutive to the regulated secretory pathway (Ed­
wards et al., 1988; Mowla et al., 1999). probably by saturating the
ability of furin to cleave pro-NGF as a substrate. However,
increasing MOI had little etfeet on the subcellular loca1ization of
NT-3 (data not shown). probably hecause pro-NT-3 is especially
weil c1eaved in the TGN by furin. In contrast, lipofeetamine
transfeetion methods (Fig. 6) resulted in NT-3 immunoreaetivity
becoming localized within punetate structures throughout the
cytoplasm and in the tips of cell processes. Lipofeetamine tIans­

fection may yield higher intracellular concentrations of neurotro­
phin precursors in the comparatively small number of ceUs that
are transfonned « 10%) when compared with vaccinia virus
infection (>90% cells infeeted). These dift'erences in inttaeellular
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levels of the protein can be inferred by companng NT-3 immu­
noreactivity in lipofeetamine-transfected eells (Fig. 68) with that
of vaccinia vi~infeeted cells (Fig. 1U). The ditferences proh­
ably explain why Heymach et al. (1996) and MoUer et al. (1998)
detected NT-3 within the regulated secretory pathway of AtT-20
and PC12 ceIls. Similarly. increasing expression levels altered the
intracellular distnbution of tJ2-microglobulin in pancreatic fj eells
of transgenic mice (Allison et al.• 1991).

Exogenouslyapplied NT-3 is as effective as BDNF in poten­
tiating synaptic elicacy in hippocampal CAl neurons, which
suggests that NT-3.like BDNF. may normally aCL:ess the synapse
through its activity.dependent release from presynaptic neurons
(Kang and Schuman. 1995). However, removing endogenous
NT-3 has no etrect on long-term potentiation (LTP) in mouse
hippocampal CAl neurons (Chen et al.• 1999; Ma et al., 1999). In
contrast. blocking endogenous BDNF reduces LTP (Korte et al.•
1995). Thus, exogenously applied NT-3 may mimic the effects of
BDNF through mechanisms that are unrelated to the way NT-3
normally accesses the synapse (Chen et al.• 1999).

Neurotrophin heterodimers have not yet been detected in vivo,
even with antibodies that recognize them specifically (Kolbeck et
al.• 1999). However. neurotrophins can form stable heterodimers
cither when renatured together or coexpressed in cells (Radz­
iejewski and Robinson. 1993; Arakawa et al.. 1994; Jungbluth et
al.. 1994; Philo et al., 1994; Heymach and Shooter, 1995: Robin­
son et 411., 1995; Treanor et al.. 1995). Thus. ceUs that coexpress
neurotrophins such as hippocampal neurons (Maisonpierre ct al ..
1990; Schecterson and Bothwell. 1992) could produce het­
erodimeric fonns of these proteins. The NT-3/BDNF het­
erodimer is especially stable (Arakawa et al.. 1994). which has
aJlowed its crystal structure to be resolved (Robinson et al.. 1995).

ln our experiments. coexpressing pro-NT-3 and pro-BON F
rcsulted in the retention of NT-3 within vesicle-Iike structures
that were distributed throughout the cytoplasm and within cellu­
lar processes of bath AtT-20 cells and hippocampal ncurons. a
distnbution that was identical to that of BDNF (Mowla et al..
1999). NT-3 was also released logetherwith BDNF in response to
secretagogues or depolarization. These data together with our
coimmunoprecipitation studies strongly suggest that in our exper­
imental system, NT-3 and BDNF heterodimerizc. as shown pre­
viously by others (Philo et al.. 1994; Heymach and Shooter, 1995).
However. confinning that idea will require isolating the het­
erodimers to puritYand charactcrizing thcm chemically, which we
have not done.

As yel. we do not Jcnow how NT-3/BDNF heterodimers form.
Protein dimerization normally occurs between monomers of un­
processed precursors in the endoplasmic reticulum (Danielsen.
1990; Zhu et al., 1996), which wouJd yield pro-NT-3/pro-BDNF
heterodimers. However, heterodimers could also exist bctwcen
NT-3, which is eliciently processed in the TGN. and pro-BDNF.
which is processed in immature secretory granules. Indeed, in our
coimmunoprecipitation experiments, we detect within condi­
tioned medium pro-BDNF along with mature NT-3 and BDNF.
Further processing of the NT-3/pro-BDNF heterodimer Iikely
occurs in immature secretory granules to yield heterodimers of
mature forms of NT-3 and BDNF.

Others have noted previously that heterodimerization can alter
the intraeellular trafficking of proteins. For example. the common
a-subunit of lutropin. follitropin, and chorionie gonadotropin is
constitutively secreted when produeed alone; however. het­
erodimerization with the appropriate ~subunit causes the het­
erodimer to he soned and released by the regulated secretory
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pathway (Blomquist and Baenziger, 1992; Bielinska et al_, 1994).
ApparentJy, a single chain of a protein destined for the regulated
secretory pathway contaios sufficient information to reroute the
entire heterodimerie complex.

The finding that pro-NT-3 cao be released !rom either the
constitutive or regulated secretory pathways suggests that NT-3
could have multiple funetions. The release of homodimeric NT-3
from the constitutive secretory pathway would allow NT-3 to be
constantJy available as a düferentiation and survival-promoting
factor for neurons. which appears to be its role during develop­
ment (for review, see Chalazonitis, 1996). In contrast, when NT-3
heterodimerizes with BDNF, as May occur when both are highly
expressed in adult hippocampus (Maisonpierre et al., 1990), NT-3
is sorted to the regulated secretory palhway, where the NT-31
BON F heterodimer is packaged within vesicles that are released
in response to activity. Under these conditions. NT-3 acting at
TrkC receptors or NT-3/BDN F heterodimers acting in concen al
TrkC and TrkB receptors (Philo et al., 1994) could regulate
synaptie transmission and plasticity. Thus, underslanding how
NT-3 is processed in specifie populations of neurons al ditrerent
times of developmenl could reveal mueh about its physiological
functions.
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