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The presynaptic active zone (AZ) is a specialized micro-

domain designed for the efficient and repetitive release of

neurotransmitter. Bassoon and Piccolo are two high mo-

lecular weight components of the AZ, with hypothesized

roles in its assembly and structural maintenance.

However, glutamatergic synapses lacking either protein

exhibit relatively minor defects, presumably due to their

significant functional redundancy. In the present study,

we have used interference RNAs to eliminate both proteins

from glutamatergic synapses, and find that they are essen-

tial for maintaining synaptic integrity. Loss of Bassoon and

Piccolo leads to the aberrant degradation of multiple

presynaptic proteins, culminating in synapse degenera-

tion. This phenotype is mediated in part by the E3 ubiqui-

tin ligase Siah1, an interacting partner of Bassoon and

Piccolo whose activity is negatively regulated by their

conserved zinc finger domains. Our findings demonstrate

a novel role for Bassoon and Piccolo as critical regulators

of presynaptic ubiquitination and proteostasis.
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Introduction

Presynaptic boutons release chemical neurotransmitter at

specialized sites called ‘active zones’ (AZs) (Schoch and

Gundelfinger, 2006). Ultrastructurally, AZs are defined

by geometric arrays of electron-dense material that extend

50–200 nm inward from the plasma membrane to the synap-

tic vesicle (SV) pool (Harlow et al, 2001; Siksou et al, 2007).

This material, the cytoskeletal matrix assembled at the AZ

(CAZ), is comprised of multidomain scaffold proteins

including RIMs, Munc13, Liprin1a, ELKS/CAST, Bassoon,

and Piccolo (Fejtova and Gundelfinger, 2006; Jin and

Garner, 2008). These molecules are hypothesized to

function both as structural organizers of the AZ and as

regulators of SV exocytosis. However, while the roles of

some of these (i.e., RIMs and Munc13) are well

documented, others remain poorly understood (Fejtova and

Gundelfinger, 2006; Jin and Garner, 2008).

The two largest CAZ proteins, Piccolo and Bassoon, are

particularly enigmatic due to their vertebrate-specific expres-

sion and highly complex gene structures, which have ham-

pered efforts to create adequate genetic knockout models

(Waites et al, 2011). Both are expressed during neuronal

differentiation (Cases-Langhoff et al, 1996; Zhai et al, 2000)

and are among the first proteins to arrive at nascent synapses

(Friedman et al, 2000; Zhai et al, 2000; Shapira et al, 2003),

implicating them in synapse formation (Ziv and Garner, 2004;

Waites et al, 2005). In addition, mice lacking a central domain

of Bassoon exhibit major structural defects in ribbon synapses

of the retina and cochlea, including aberrant clustering of

voltage-gated calcium channels and dissociation of ribbons

from the presynaptic membrane (Altrock et al, 2003; Dick

et al, 2003; tom Dieck et al, 2005; Frank et al, 2010). Central

glutamatergic synapses from these mice have no obvious

structural defects, but do exhibit enhanced short-term

depression and a high percentage of silent synapses

(Hallermann et al, 2010). These milder phenotypes could

result from a more ancillary role for Bassoon at central

synapses, or from the significant structural and functional

redundancy of the homologous Piccolo protein.

Recent studies of Piccolo-deficient neurons have uncovered

similarly mild loss-of-function phenotypes (Leal-Ortiz et al,

2008; Mukherjee et al, 2010; Waites et al, 2011). For instance,

RNAi knockdown of Piccolo has no effect on presynaptic

ultrastructure, but enhances both activity-dependent SV

exocytosis and synapsin1a dispersion out of presynaptic

boutons (Leal-Ortiz et al, 2008), phenotypes now linked to

Piccolo’s role as a regulator of presynaptic F-actin assembly

(Waites et al, 2011). In contrast, mice with a targeted deletion

of exon 14 in the PCLO gene (PcloDEx14) exhibit no overt

synaptic phenotypes, suggesting that Piccolo is dispensable

for presynaptic function (Mukherjee et al, 2010). However, re-

evaluation of these mice has revealed that they express

multiple presynaptically localized Piccolo isoforms,

indicating that exon 14 deletion causes only a partial loss of

Piccolo protein (Waites et al, 2011). Consistent with this

concept, shRNA-mediated knockdown of the remaining

Piccolo isoforms from PcloDEx14 neurons robustly inhibits

presynaptic F-actin assembly, suggesting that this

phenotype only emerges upon near-complete elimination of

Piccolo from boutons (Waites et al, 2011). Similarly, a subtle

phenotype in SV clustering is reported in PcloDEx14 neurons
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expressing an shRNA that reduces Bassoon expression by

B70% (Mukherjee et al, 2010). However, it is likely that

incomplete loss of both proteins yields a mild phenotype that

underestimates their important shared functions within

presynaptic boutons.

In the present study, we have re-examined these functions

using well-characterized shRNAs that reduce expression of

Bassoon and all Piccolo isoforms by 485%. Our analysis has

uncovered a critical shared role for these molecules in

regulating presynaptic ubiquitination and proteostasis.

Specifically, Bassoon/Piccolo double knockdown (DKD) pro-

motes the ubiquitination and degradation of presynaptic

proteins, leading to synapse degeneration. This process is

mediated in part by the E3 ubiquitin ligase Siah1, whose

activity is negatively regulated via binding to the Bassoon

and Piccolo zinc finger (ZF) domains. Together, our data

demonstrate a novel function for Bassoon and Piccolo in

maintaining synaptic integrity, and indicate that these

proteins are important regulators of protein ubiquitination

at the AZ.

Results

DKD of Bassoon and Piccolo with a tricistronic lentiviral

vector

We previously characterized short-hairpin RNAs (shRNAs)

that effectively knockdown Bassoon or Piccolo in cultured

hippocampal neurons (Leal-Ortiz et al, 2008; Waites et al,

2011). To eliminate both proteins from neurons, we created a

tricistronic lentiviral vector containing the Bassoon and

Piccolo shRNAs driven by separate polymerase III

promoters (U6 and H1, respectively), together with a

reporter protein (ie. EGFP) driven by the Ubiquitin

promoter (Figure 1A). We used a similar vector containing

scrambled versions of both shRNAs as a control (EGFP/

Scrambled Control or ‘SC’). Since Bassoon and Piccolo are

extremely stable proteins with long half-lives, we tested the

double knockdown vector (EGFP/DKD) at three timepoints

(9, 12, and 14–16 days in vitro; DIV) to determine when

effective knockdown of both proteins was achieved. Lysates

from dissociated hippocampal neurons transduced with high-

titer lentivirus at the time of plating (for 480% infection)

were harvested at these timepoints and subject to immuno-

blotting with antibodies against a series of synaptic proteins.

These experiments revealed that EGFP/DKD significantly

downregulated both Bassoon and Piccolo at 9 DIV (by

B75%), and further decreased their expression by 14–16

DIV (by B90%; Figure 1B and C). Surprisingly, although the

levels of all other pre- and postsynaptic proteins examined

were similar in EGFP/SC and EGFP/DKD neurons at 9 DIV,

they were significantly reduced in DKD neurons by 12 and

14–16 DIV (Figure 1B and C).

Loss of EGFP-SV2 fluorescence in presynaptic boutons

lacking Bassoon and Piccolo

We first hypothesized that the loss of synaptic protein at 12–

16 DIV resulted from poor neuronal health or abnormal

development in the absence of Bassoon and Piccolo.

However, DKD neurons did not exhibit decreased survival

or abnormal dendritic morphology compared to SC neurons

at 14–16 DIV (Supplementary Figure S1). We next theorized

that this phenotype was due to an inability of axons lacking

Bassoon and Piccolo to form synapses onto dendrites, leading

to reduced synapse formation and the subsequent loss of

synaptic proteins. We thus examined whether DKD axons

could form presynaptic boutons.

To visualize boutons, we replaced soluble EGFP in the SC

and DKD vectors with EGFP-SV2 (EGFP-SV2/SC or/DKD), an

SV integral membrane protein whose localization is exclu-

sively presynaptic (Bajjalieh et al, 1994; Leal-Ortiz et al,

2008). Neurons were transduced or electroporated with

these vectors at the time of plating, and examined at 9 or

14 DIV. Surprisingly, we found that EGFP-SV2 still clustered

in 9 and 14 DIVaxons lacking Bassoon and Piccolo (Figure 2A

and B), and that these clusters were synaptic based on their

colocalization with the postsynaptic protein PSD-95

(Supplementary Figure S1). However, similar to our findings

in Figure 1, we observed a dramatic loss of EGFP-SV2

fluorescence over time. At 9 DIV, EGFP-SV2 fluorescence

intensity was similar in SC and DKD neurons (Figure 2A

and E) despite the absence of Bassoon and Piccolo immunor-

eactivity from 470% of EGFP-SV2 puncta in DKD neurons

(Figure 2A, C, and E). In contrast, by 14 DIV, EGFP-SV2

fluorescence intensity was dramatically less in DKD than in

SC neurons (Figure 2B and F). Although the efficacy of

Bassoon/Piccolo knockdown did increase between 9 and 14

DIV, as illustrated by the decreased colocalization of EGFP-

SV2 puncta with Bassoon and Piccolo (from B30 to o5%;

Figure 2C and D), the reduction in EGFP-SV2 fluorescence

intensity was even greater (480%). Similar results were seen

with other EGFP-tagged and endogenous pre- and postsynap-

tic proteins (Supplementary Figure S2), suggesting that

knockdown of Bassoon and Piccolo led to a profound loss

of synaptic material over time.

Expression of shRNA-resistant Bassoon rescues SV loss

To rule out off-target effects of these shRNAs, we examined

whether the reduced levels of presynaptic EGFP-SV2 could be

rescued by expressing full-length Bassoon in the DKD back-

ground. Neurons were electroporated with EGFP-SV2/SC or/

DKD vectors prior to plating, then transduced with shRNA-

resistant, RFP-tagged Bassoon (RFP-Bsn*) at 5 DIV. The

ability of RFP-Bsn* to rescue DKD-induced SV loss was

assessed at 14 DIV. RFP-Bsn* was introduced into neurons

via helper-dependent, non-replicating adenovirus (Palmer

and Ng, 2011), which enabled the efficient (440%)

infection of hippocampal neurons with this B14 kb cDNA.

Reassuringly, we found that RFP-Bsn* expression prevented

the dramatic loss of EGFP-SV2 fluorescence seen in DKD

boutons (Figure 3A–C). Synaptophysin immunoreactivity

was also maintained at levels similar to those observed in

SC boutons, indicating that the effect was not specific for

EGFP-SV2 (Figure 3D and E). These findings indicated that

off-target effects of the shRNAs were not responsible for the

loss of presynaptic proteins over time, as recombinant

Bassoon expression alone rescued this phenotype.

Degeneration of Bassoon/Piccolo-deficient boutons

To examine the ultrastructure of Bassoon/Piccolo-deficient

boutons, we used SC and DKD vectors containing the SV

integral membrane protein VAMP2 conjugated to horseradish

peroxidase (VAMP2-HRP). As previously demonstrated (Leal-

Ortiz et al, 2008; Hua et al, 2011), VAMP2-HRP forms an

electron-dense precipitate within SVs, thereby facilitating the
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identification of SC and DKD boutons by electron microscopy

(EM). Similarly to previous experiments, neurons were

electroporated with VAMP2-HRP/SC and/DKD constructs

prior to plating and processed for EM analysis on 9 or 14

DIV. As anticipated, presynaptic boutons expressing the SC

vector were morphologically normal at both timepoints,

containing many B40 nm diameter SVs of uniform density

juxtaposed to prominent postsynaptic densities (PSDs)

(Figure 4A, C, and E). In contrast, DKD boutons had many

abnormal features that became more pronounced over time.

For example, while 9 DIV DKD boutons often had multiple

40 nm SVs juxtaposed to an identifiable PSD (Figure 4B), they

also contained significantly more pleiomorphic vesicles and

abnormally elongated/enlarged SVs compared to their SC

counterparts (Figure 4B–D). Moreover, juxtaposed PSDs

were noticeably less electron dense (Figure 4B and E). At

14 DIV, DKD boutons were even less recognizable. Although

varicosities containing a few 40 nm SVs could be identified,

most contained a variety of pleiomorphic vesicles 480 nm in

diameter (Figure 4D). Some of these were tubulovesicular

structures resembling early endosomes (Parton et al, 1992),

while others were spherical and reminiscent of late

endosomes/multi-vesicular bodies (MVBs) known to

transport organelles and proteins to lysosomes for

degradation (Almeida et al, 2006; Altick et al, 2009; Lee

et al, 2011; Figure 4B). Surprisingly, juxtaposed PSDs were

almost uniformly absent at 14 DIV, suggesting that the

integrity of postsynaptic structures was ultimately affected

by presynaptic loss of Bassoon and Piccolo (Figure 4E).

Together, these data indicated that Bassoon/Piccolo knock-

down led to a profound disintegration of synapses, and that

this process began at a relatively early timepoint (9 DIV in

our cultures).

Upregulation of endo-lysosomal organelles in DKD

neurons

The large number of tubulovesicular and MVB-like structures

observed in DKD neurons suggested that endo-lysosomal

organelles were upregulated in these cells. To test this con-

cept, we performed two experiments. First, 14 DIV neurons

transduced with EGFP/SC or/DKD constructs at the time of

plating were incubated with LysoTracker Red to label lyso-
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somes, and subject to live imaging. Interestingly, we found

that DKD neurons had significantly more LysoTracker

puncta/cell body than SC neurons (Figure 5A and B).

Moreover, these puncta were often concentrated in the initial

segment of the axon, potentially facilitating the degradation

of retrogradely transported presynaptic proteins and mem-

branes (Figure 5A). In a second experiment, 14 DIV EGFP/SC

and/DKD neurons were immunostained with antibodies

against CHMP2b, a component of the ESCRT complex in-

volved in the formation and retrograde transport of MVBs. As

with lysosomes, significantly more CHMP2b immunoreactiv-

ity was found in DKD cell bodies and axons (Figure 5C and

D), consistent with an increased number of endo-lysosomal

structures in these neurons.

Increased protein ubiquitination and degradation

in DKD neurons

Our findings indicated that protein degradation was en-

hanced in Bassoon/Piccolo-deficient neurons. We therefore

assessed whether DKD-induced protein loss could be blocked

by inhibitors of lysosomes or proteasomes, the two major

cellular organelles responsible for protein degradation

(Waites and Garner, 2011). At 12 DIV, EGFP-SV2/SC and/

DKD-expressing neurons were incubated for 16 h with
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Figure 2 Loss of SVs from Bassoon/Piccolo DKD boutons. (A) Nine DIV neurons transduced with EGFP-SV2/SC or/DKD at the time of plating
(to infect B20% of neurons) and immunostained with Bassoon or Piccolo antibodies. Bassoon and Piccolo immunoreactivity are present
within the boutons of SC but not of DKD neurons (white arrows). Size bar is 10 mm. (B) Same as (A), but with 14 DIV neurons. EGFP-SV2
fluorescence is dramatically reduced in the DKD condition. Size bar is 10mm. (C) EGFP-SV2 colocalization with Bassoon and Piccolo at 9 DIV
for SC and DKD conditions. Only B30% of EGFP-SV2 puncta have Bassoon or Piccolo immunoreactivity in DKD neurons, versus 80% for SC
(nX4 fields of view/condition, with 450 puncta/field; ***Po0.0001, unpaired t-test. (D) Same as (C), but for 14 DIV neurons. More than 5%
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200mM chloroquine/100 mM leupeptin (chloro/leu) or 0.1 mM

epoxomicin to inhibit lysosomal or proteasomal activity,

respectively (Ehlers, 2003; Lee et al, 2004; Willeumier et al,

2006). EGFP-SV2 fluorescence intensity was then compared

in treated versus untreated neurons. Interestingly, we found

that chloro/leu treatment completely prevented the loss of

EGFP-SV2 fluorescence in DKD boutons, but had no effect on

its fluorescence in SC boutons over this time period

(Figure 6A, B, and E). Epoxomicin treatment similarly in-

creased EGFP-SV2 fluorescence in the DKD but not in the SC

background (Figure 6A, C, and F). To confirm that degrada-

tion was responsible for DKD-induced presynaptic protein

loss, we monitored the loss of VAMP2, SNAP-25, and Munc13

from EGFP/SC and/DKD-expressing neurons treated with the

protein synthesis inhibitor cycloheximide for 0, 12, and 24 h.

Lysates from DKD neurons exhibited significantly less

immunoreactivity for all three proteins following 24 h

of cycloheximide treatment (Supplementary Figure S3),

demonstrating that rates of presynaptic protein degradation

were increased upon Bassoon/Piccolo knockdown.

Most proteins are targeted for degradation via ubiquitina-

tion, a post-translational modification wherein one or more

ubiquitin molecules are covalently attached to a specific

lysine residue of the target protein (Varshavsky, 2005; Yi

and Ehlers, 2005; Waites and Garner, 2011). Attachment of

four or more ubiquitin molecules (polyubiquitination)

typically leads to degradation via the proteasome, while

monoubiquitination can target proteins to the endo-

lysosomal pathway. Ubiquitination requires the coordinated

activity of E1 ubiquitin activating enzymes, E2 ubiquitin

conjugating enzymes, and E3 ubiquitin ligases (Ding and

Shen, 2008; Lehman, 2009). To test whether DKD-mediated

protein degradation required ubiquitination, neurons

expressing the EGFP-SV2/SC and/DKD constructs were

treated for 16 h (from 12 to 13 DIV) with 1 mM ziram,

a drug that blocks the E1 ubiquitin activating enzyme
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(Chou et al, 2008; Rinetti and Schweizer, 2010). As with

chloro/leu and epoxomicin, ziram significantly increased

EGFP-SV2 fluorescence at DKD but not at SC boutons

(Figure 6A, D, and G), suggesting that protein ubiquitination

was enhanced at Bassoon/Piccolo-deficient boutons.

To determine whether DKD-induced protein degradation

was mediated primarily by mono- or polyubiquitination, we

overexpressed ‘knockout’ (KO) ubiquitin, in which all lysines

were replaced with arginines to prevent polyubiquitin linkage

formation (Lim et al, 2005). Neurons were co-transduced at

the time of plating with EGFP-SV2/SC or/DKD together with

a construct that stoichiometrically co-expresses KO ubiquitin

and soluble mCherry. EGFP-SV2 fluorescence intensity

was then assessed at 14 DIV in the presence or absence
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of mCherry/KO ubiquitin. Interestingly, KO ubiquitin

overexpression led to significantly increased (B25%)

EGFP-SV2 fluorescence in control (SC) neurons (Figure

7A–C), indicating that polyubiquitination typically mediates

SV2 degradation. Similarly, KO ubiquitin increased EGFP-SV2

fluorescence in DKD boutons by almost 40% (Figure 7A–C).

Synaptophysin and VAMP2 immunofluorescence were in-

creased by nearly identical amounts (Supplementary Figure

S4), demonstrating that polyubiquitination mediates DKD-

induced protein degradation for at least a subset of presy-

naptic proteins.

To confirm that protein polyubiquitination was increased

in Bassoon/Piccolo-deficient boutons, we performed several

immunoprecipitation experiments. We first immunoprecipi-

tated VAMP2 and synaptophysin from synaptosomes isolated

from 9 DIV SC or DKD-expressing neurons (treated with

proteasome and lysosome inhibitors for 8 h), and assessed

their ubiquitination states. For both proteins, immunopreci-

pitated material from DKD neurons had more ubiquitin

immunoreactivity on the portion of the blot corresponding

to 4100 kDa molecular weight (Figure 7D and E). To deter-

mine whether these bands could represent polyubiquitinated

synaptophysin and VAMP2, we subsequently immunopreci-

pitated these proteins from wild-type neurons (± proteasome

and lysosome inhibitors), and immunoblotted this material

with a different set of synaptophysin or VAMP2 antibodies.

Similar high molecular weight bands appeared on these blots

only in the presence of proteasome/lysosome inhibitors

(Figure 7D and E, arrows), indicating that they likely repre-

sented polyubiquitinated forms of synaptophysin and

VAMP2. Together, these data demonstrate that Bassoon/

Piccolo DKD promotes protein polyubiquitination within

the presynaptic compartment.

Bassoon and Piccolo interact with the E3 ubiquitin

ligase Siah1

How does the loss of two AZ-associated proteins lead to

enhanced presynaptic protein ubiquitination? One possibility

is that Bassoon and Piccolo regulate presynaptic ubiquitinat-

ing enzymes. Of these, the most plausible candidates are E3

ligases, which provide substrate specificity and exhibit re-

stricted spatial and temporal expression patterns.

Intriguingly, the E3 ligase Siah1 had previously been identi-

fied in a yeast two-hybrid screen for Bassoon interacting

partners (Supplementary Figure S5). Siah1 was particularly

interesting to us in the context of presynaptic protein degra-

dation because it is expressed in neurons (Moriyoshi et al,

2004) and a number of its targets (synaptophysin, b-catenin,
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a-synuclein, synphilin-1) are SV-associated proteins (Liu

et al, 2001; Wheeler et al, 2002; Liani et al, 2004; Santelli

et al, 2005; Szargel et al, 2009; Dimitrova et al, 2010). In

addition, the region of Bassoon shown to interact with Siah1

by yeast two-hybrid, the N-terminal domain containing

amino acids 1–609 (Supplementary Figure S5), has two ZFs

that are also present in Piccolo (Figure 8A). We therefore

performed a series of experiments to confirm the interactions

between Bassoon/Piccolo and Siah1.

We first performed co-immunoprecipitation assays in HEK

cells co-transfected with myc-Siah1 and each of the four ZFs

tagged with mCherry. All four ZFs were pulled down with

myc-Siah1 (Figure 8B), demonstrating that Siah1 interacts

with both Bassoon and Piccolo ZFs. Full-length RFP-Bassoon

was also co-immunoprecipitated with myc-Siah1, as evi-

denced by the multiple proteolytic fragments between 460

and 50 kD, all of which reacted with both mCherry and

Bassoon antibodies (Figure 8C). In contrast, RFP-synapsin1a,

another presynaptic protein, was never pulled down by

myc-Siah1 (Figure 8C).

Siah1 contains a structurally conserved RING domain that

interacts with E2 ubiquitin conjugating enzymes to facilitate

protein ubiquitination (Santelli et al, 2005). One way that

Bassoon and Piccolo could regulate Siah1 function is by

interacting with its RING domain, thereby competing with

E2 enzymes and inhibiting Siah1’s ubiquitinating activity. To

test this possibility, EGFP-tagged RING or Sina domains of

Siah1 (Figure 8A) were used to co-immunoprecipitate mCh-

ZF1 of Bassoon (Bsn) following their co-transfection into HEK

cells. Bsn ZF1 was more robustly co-immunoprecipitated

with the RING than the Sina domain (Figure 8D), although

neither bound as effectively as full-length Siah1 (Figure 8B),

implying that sequences outside of the RING domain also

contribute to efficient Siah1/ZF binding. Nonetheless,

this experiment suggested that the ZFs may inhibit

Siah1-mediated ubiquitination by interfering with the E2
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enzyme-RING domain interaction. The ability of Bsn ZF1 to

inhibit Siah1-mediated ubiquitination was examined by

co-expressing HA-Ubiquitin and a Siah1 substrate (synaptophy-

sin) in HEK cells, and assessing ubiquitination in the presence

or absence of myc-Siah1 and mCh-Bsn ZF1 (Supplementary

Figure S5). Bsn ZF1 significantly attenuated Siah1-mediated

ubiquitination of synaptophysin (Supplementary Figure S5),

consistent with a model wherein the Bassoon/Piccolo ZF

domains negatively regulate Siah1 function by interfering

with its ubiquitinating activity.
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A prediction of this model is that overexpression of the

Bassoon or Piccolo ZFs should suppress DKD-induced SV

loss. To test this prediction, neurons were co-transduced with

EGFP-SV2/SC or/DKD and either mCherry or mCherry-

tagged Bsn ZF1 or ZF2. The ZF constructs exhibited relatively

diffuse expression patterns in cell bodies and dendrites, but

accumulated in axonal varicosities and exhibited a high

degree of colocalization with EGFP-SV2 (Figure 8E).

Intriguingly, while mCherry alone had no effect on presynap-

tic EGFP-SV2 fluorescence intensity/bouton in either back-

ground, each of the Bsn ZFs partially rescued the loss of

EGFP-SV2 fluorescence at DKD boutons (by B35%;
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DKD/mCh-BsnZF2 boutons). Source data for this figure is available on the online supplementary information page.
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Figure 8E–G). Moreover, Bsn-ZF2 significantly increased

EGFP-SV2 fluorescence intensity in SC boutons (Figure 8F),

suggesting that these domains are important regulators of SV

pool size. Both Piccolo ZFs exhibited similar effects, suggest-

ing a common function for these domains (Supplementary

Figure S5).
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Siah1 expression is inversely related to SV pool size

If Bassoon and Piccolo negatively regulate Siah1’s activity,

then another prediction is that Siah1 knockdown should

ameliorate DKD phenotypes such as presynaptic protein

loss and increased endo-lysosomal organelle expression. To

test this hypothesis, we designed an shRNA that effectively

downregulated Siah1 (sh-Siah1; Supplementary Figure S6),

and subcloned it into the lentiviral vector together with

mCherry-Synapsin1a (mCh-Syn) to label presynaptic bou-

tons. Neurons co-transduced with EGFP-SV2/SC or EGFP-

SV2/DKD and mCh-Syn±sh-Siah1 at the time of plating were

fixed and assessed for EGFP-SV2 fluorescence intensity at 14

DIV. Expression of mCh-Syn alone did not significantly alter

EGFP-SV2 fluorescence in control or DKD boutons, indicating

that Synapsin overexpression neither altered SV pool size nor

rescued the DKD phenotype (Figure 9A). Similarly, sh-Siah1

expression did not change EGFP-SV2 levels in control bou-

tons (Figure 9A–C). In contrast, DKD boutons expressing

mCh-Syn/sh-Siah1 had significantly increased (by 440%)

EGFP-SV2 fluorescence intensities (Figure 9A–C), demon-

strating that Siah1 knockdown partially rescued the DKD

phenotype. These data further support the concept that

Siah1 activity contributes to SV loss seen at Bassoon/

Piccolo-deficient boutons.

To asses whether Siah1 knockdown similarly mitigated

DKD-induced upregulation of endo-lysosomal organelles,

we examined CHMP2b immunofluorescence in cell bodies

of neurons cotransduced with EGFP/SC or/DKD and

mCherry/sh-Siah1. Interestingly, co-expression of mCherry/

sh-Siah1 significantly reduced CHMP2b intensity in DKD cell

bodies, normalizing its levels to those seen in SC neurons

(Figure 9D and E). In contrast, no significant changes in

CHMP2b fluorescence were observed in SC neurons expres-

sing mCherry/sh-Siah1 (Figure 9D and E). These findings

further demonstrate that Siah1-mediated ubiquitination pro-

motes the aberrant degradation of presynaptic proteins and

concomitant upregulation of endo-lysosomal machinery in

neurons lacking Bassoon and Piccolo.

Discussion

Our results demonstrate a novel and unexpected role for

Bassoon and Piccolo in maintaining protein homeostasis

within presynaptic boutons. Specifically, we find that knock-

down of these highly homologous AZ proteins promotes the

ubiquitination and degradation of multiple presynaptic pro-

teins, resulting in synapse degeneration. An important com-

ponent of this degradative pathway is the E3 ligase Siah1,

whose activity is negatively regulated by the ZF domains of

Bassoon and Piccolo. These findings implicate Bassoon and

Piccolo as important regulators of protein ubiquitination

within the presynaptic AZ.

Bassoon and Piccolo as regulators of SV stasis

An important aspect of presynaptic proteostasis is the main-

tenance of SV pools (SV stasis) within boutons. Such pools

are necessary to support the sustained release of neurotrans-

mitter by maintaining a local reservoir of SV-associated

proteins and membranes to facilitate vesicle recycling

(Denker et al, 2011a, b). Several lines of evidence support a

role for Bassoon and Piccolo in SV stasis. First, their double

knockdown causes a dramatic loss of SV-associated proteins,

including synaptophysin, VAMP2, SV2, and synapsin1a,

as assessed by immunoblotting, immunofluorescence

microscopy, and expression of recombinant-tagged proteins.

Second, EM analysis of DKD boutons reveals significant

abnormalities in SV abundance and morphology, including

decreased SVs/bouton, increased numbers of elongated and

enlarged SVs, and the appearance of numerous pleiomorphic

vesicles reminiscent of endo-lysosomal structures. Between 9

and 14 DIV, these structures increase dramatically in

prevalence while SVs disappear, suggesting that they

represent intermediates in a pathway for SV degradation.

Moreover, using markers to visualize lysosomes and MVBs

(LysoTracker and CHMP2b, respectively), we find that

these organelles are significantly upregulated in DKD

neurons. Lysosomes in particular appear concentrated in

the axon initial segment, a position that would facilitate

the degradation of retrogradely transported SV-derived

membranes and proteins. Finally, genetic and

pharmacological manipulations that inhibit protein

ubiquitination and degradation mitigate DKD-induced loss

of SV-associated proteins. These findings indicate that

Bassoon and Piccolo are critically important for maintaining

SV pools within presynaptic boutons.

Although less robust, a similar phenotype of SV loss was

observed by Mukherjee et al (2010) in their recent study of

Bassoon/Piccolo-deficient neurons. These authors performed

an ultrastructural analysis of neurons cultured from

PcloDexon14 mice and infected with an shRNA to knockdown

Bassoon expression. They found an B50% reduction in both

total and docked SVs/bouton with no other morphological

defects, leading the authors to conclude that Bassoon and

Piccolo have a role in SV clustering. However, these findings

Figure 9 Siah1 knockdown mitigates DKD-induced protein degradation. (A) Fourteen DIV neurons co-expressing EGFP-SV2/SC or/DKD
together with mCh-Synapsin ±shRNAs to knockdown Siah1 (sh-Siah1), immunostained with VAMP2. Arrows indicate boutons that express
both green and red constructs. Siah1 knockdown increases both EGFP-SV2 and VAMP2 fluorescence in the DKD background. Brightness of
mCh-Synapsin has been standardized across conditions to illustrate its colocalization with EGFP-SV2, and does not reflect actual intensity. Size
bar is 10 mm. (B) EGFP-SV2 intensity ±sh-Siah1. Values are expressed as fraction of EGFP-SV2 intensity at SC boutons co-expressing mCh-
Synapsin (dashed line). Siah1 knockdown increases EGFP-SV2 fluorescence at DKD boutons by B45%, but has no significant effect in SC
control boutons (nX4 fields of view/condition, 430 puncta/field; ***Po0.0005, unpaired t-test). (C) Cumulative frequency distribution of
EGFP-SV2 fluorescence intensity in SC and DKD boutons expressing sh-Siah1. Siah1 knockdown partially prevents DKD-induced loss of
boutons, shifting the EGFP-SV2 intensity distribution to the right. Values are from (B) (n¼ 147 SCþmCh-Syn, 187 DKDþmCh-Syn, 248
SCþmCh-Syn/shSiah1, 495 DKDþmCh-Syn/shSiah1 boutons). (D) Left two panels: 14 DIV neurons transduced with EGFP/SC or/DKD at the
time of plating and immunostained with CHMP2b. CHMP2b fluorescence is enhanced in the DKD cell body. Right two panels: 14 DIV neurons
co-transduced with EGFP/SC or/DKD and mCherry/sh-Siah1 (merged fluorescence is shown). Siah1 knockdown normalizes CHMP2b
immunofluorescence in the DKD background. Size bar is 20 mm. (E) CHMP2b immunofluorescence intensity, expressed as fraction of average
fluorescence intensity in SC cell bodies (dashed line). DKD neurons exhibit 50% more CHMP2b fluorescence than SC neurons, and this
phenotype is normalized by Siah1 knockdown. Data for SC and DKD controls are from Figure 5D (nX15 cells/condition, three independent
experiments; ***Po0.0001).
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likely reflect a weak version of the DKD phenotype caused by

incomplete knockdown of both proteins. This conclusion is

supported by the authors’ own experiments demonstrating

that only B70% of Bassoon was eliminated by shRNA

knockdown (Mukherjee et al, 2010). Moreover, our analysis

of PcloDexon14 mice revealed that only three of the seven

identified Piccolo isoforms were eliminated, and that the

remaining isoforms, all of which contain the ZFs, localize

to presynaptic boutons. Importantly, we also found that

Piccolo loss-of-function phenotypes were not present in

neurons cultured from PcloDexon14 mice, unless remaining

isoforms were eliminated by shRNA knockdown (Waites

et al, 2011). Thus, we believe that the ultrastructural

data from the study by Mukherjee and colleagues are

consistent with ours, demonstrating a role for Piccolo and

Bassoon in regulating SV pool maintenance and not just SV

clustering.

Modulation of Siah1 activity by Bassoon and Piccolo ZFs

An important molecule in Piccolo/Bassoon-dependent pro-

teostasis is the E3 ubiquitin ligase Siah1. Siah1 was initially

identified as a Bassoon interacting partner in a yeast two-

hybrid screen, and is particularly fascinating in the context of

presynaptic protein ubiquitination/degradation, as its sub-

strates include multiple SV-associated proteins (Liu et al,

2001; Wheeler et al, 2002; Liani et al, 2004; Szargel et al,

2009; Dimitrova et al, 2010). Co-immunoprecipitation assays

confirm that the Siah1-Bassoon interaction depends upon the

RING domain of Siah1 and the N-terminal ZF domains of

Bassoon. The former domain also interacts with E2 ubiquitin

conjugating enzymes to facilitate protein ubiquitination,

while the latter contains two ZFs that are highly

homologous to a pair of ZFs in the N-terminus of Piccolo

(Fenster et al, 2000). This homology provides a potential

explanation for why SV loss and synapse degeneration is only

observed in neurons lacking both Bassoon and Piccolo, and

thus all four ZFs (Altrock et al, 2003; Leal-Ortiz et al, 2008).

This concept is further supported by the capacity of each ZF

to suppress the loss of EGFP-SV2 fluorescence in DKD

boutons.

Importantly, we also find that Siah1 is necessary for

regulating presynaptic proteostasis in a Piccolo/Bassoon-de-

pendent manner. For example, Siah1 knockdown in the DKD

background restores EGFP-SV2 fluorescence to near wild-

type levels, and simultaneously attenuates the upregulation

of MVBs. Moreover, overexpression of EGFP-Siah1 in wild-

type neurons dramatically reduces both the number of pre-

synaptic boutons/unit length of axon and the size of remain-

ing boutons (Supplementary Figure S6). Together, these data

indicate that the Bassoon/Piccolo ZFs maintain synapse

integrity in part by negatively regulating Siah1’s ubiquitin

ligase activity within presynaptic boutons. Since Siah1

knockdown does not completely rescue SV loss, and the

ZFs are predicted to interact with other RING domains, it is

very likely that additional E3 ligases also mediate the DKD

phenotypes. Furthermore, since both proteasomal and lyso-

somal degradation are increased in DKD neurons, and KO

ubiquitin does not completely rescue the DKD phenotypes, it

is probable that non-ubiquitin-based degradative pathways

such as macroautophagy also contribute to protein loss in the

absence of Bassoon and Piccolo. Additional experiments are

needed to investigate this hypothesis.

Ubiquitination and neurodegeneration

An emerging theme from this and other studies is that

alterations in protein ubiquitination at the synapse can trigger

neurodegeneration (Almeida et al, 2006; Chou et al, 2008;

Ding and Shen, 2008; Engelender, 2008; Lehman, 2009).

Genetic KO of several enzymes that regulate ubiquitination,

including the E3 ligase Scrapper and the deubiquitinating

enzymes UCH-L1 and Usp14, cause abnormal SV

morphology/density within boutons, synapse degeneration,

and premature death of the organism due to central or

peripheral nervous system degeneration (Yao et al, 2008;

Chen et al, 2009, 2010). Bassoon/Piccolo DKD also leads to

abnormal bouton and SV morphology, upregulation of endo-

lysosomal organelles, and progressive degeneration of

synapses. Since these phenotypes emerge concomitantly

with Bassoon/Piccolo loss, it seems likely that DKD-induced

changes in protein ubiquitination originate at or near the

presynaptic AZ. Moreover, the phenotypic parallels between

Bassoon/Piccolo DKD and these other genetic manipulations

suggest that the DKD will also adversely impact neuronal

health over time. Future studies will explore this issue.

Although presynaptic degeneration is the dominant phe-

notype observed in DKD boutons, it is currently unclear

whether maintaining presynaptic proteostasis is a primary

function of Bassoon and Piccolo, or whether this phenotype

is simply a consequence of aberrant local protein ubiquitina-

tion/degradation, similar to what may occur in neurodegen-

erative disorders such as Parkinson’s, Huntington’s, and

Alzheimer’s diseases. As core components of the CAZ,

Bassoon and Piccolo may normally regulate the local ubiqui-

tination of presynaptic proteins and receptors as they dyna-

mically transit into and out of the AZ plasma membrane.

A number of emerging studies suggest that such a role would

be instrumental for proper synaptic function, given the im-

portance of ubiquitination in neurotransmitter release, pre-

synaptic plasticity, and neurotrophin retrograde signalling

(Hicke, 2001; Hicke and Dunn, 2003; DiAntonio and Hicke,

2004; Geetha and Wooten, 2008; Jiang et al, 2010; Rinetti and

Schweizer, 2010). Future studies will investigate the role of

the Bassoon/Piccolo/Siah1 interaction in these processes.

Materials and methods

Reagents
Please see Supplementary data for a complete list of reagents and
vendors.

Design of DNA constructs

DKD lentiviral vectors. shRNAs against Piccolo and Bassoon were
described previously (Leal-Ortiz et al, 2008). Design of the
tricistronic lentiviral vector is described in Supplementary data.

shRNA-resistant Bassoon. RFP-tagged shRNA-resistant Bassoon
(Bsn*) was created from RFP 95-3938 Bassoon (NM_019146)
using double PCR to introduce a point mutation (see Supple-
mentary data for details of this procedure). The RFP-Bsn* cassette,
together with Pclo28 and Bsn16 shRNAs, was then subcloned into
the helper-dependent adenoviral vector (Palmer and Ng, 2011).

mCherry-tagged Bsn and Pclo ZFs. ZFs were amplified from full-
length Bassoon (rat) and an N-terminal, 4.1 kb fragment of Piccolo
(rat) using a series of primers (see Supplementary data). PCR
products were subcloned into mCherry-N2 vector at the HindIII
and BglII sites, sequenced, then subcloned into FUGW vector at the
Xba1/EcoR1 sites for lentiviral expression.
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Siah1 constructs and shRNAs, mCherry-1D2A-HA-ubiquitin KO
vector. See Supplementary data for the design of these constructs.

Helper-dependent adenovirus production
Helper-dependent adenovirus (HDAd) was produced as previously
described (Palmer and Ng, 2011). Neurons expressing EGFP-SV2/SC
and/DKD were transduced with RFP-Bsn* adenovirus at 5 DIV.

Hippocampal culture, lentiviral infection, and electroporation
Primary hippocampal cultures were prepared using a modified
Banker culture protocol, as previously described (Waites et al,
2009). Neurons were transduced with lentivirus on 0–1 DIV, as
described (Leal-Ortiz et al, 2008; Waites et al, 2009). Several
plasmids were introduced by electroporation into 0 DIV
hippocampal neurons prior to plating. VAMP2-HRP was
electroporated using the Amaxa/Lonza nucleofector, according to
manufacturer’s protocol (Lonza). EGFP-SV2 constructs were
electroporated using standard methods (see Supplementary data).

Western/immunoblot analysis
Cellular lysates from lentivirally transduced hippocampal neurons
were collected in reducing sample buffer (Bio-Rad), separated by
SDS–PAGE, transferred onto nitrocellulose membranes, and immu-
noblotted in 5% BSA/PBST (PBS with 0.05% Tween-20) with the
primary antibodies described above followed by DyLight 680 and
800 anti-mouse and anti-rabbit secondary antibodies (Thermo
Scientific/Pierce). Blots were imaged using the Odyssey Infrared
Imager (Model 9120, LI-COR Biosciences). Protein immunoreactiv-
ity was measured and normalized to tubulin levels using the gel
analysis module in ImageJ.

Light and electron microscopy

Immunofluorescence microscopy. Neurons were fixed and pro-
cessed for immunofluorescence as previously described (Leal-
Ortiz et al, 2008), using a series of primary antibodies (see
above). Alexa-568 and 647 (anti-mouse and anti-rabbit, highly
adsorbed; Invitrogen) were used as secondary antibodies. Images
were acquired on a spinning disc confocal microscope (Zeiss
Axiovert 200M with Perkin-Elmer spinning disc and Melles Griot
43 series Ion laser), using a � 63 Plan-Apochromat objective (NA
1.4), photometrics Cascade 512B digital camera (Roper Scientific)
and MetaMorph software (Molecular Devices).

Quantification of puncta intensity. Intensity of EGFP-SV2 or im-
munolabelled puncta of synaptic proteins (i.e., synaptophysin,
VAMP2) was measured using OpenView software (written by Dr
Noam Ziv, Technion Institute, Haifa, Israel) and resulting values
analysed/normalized in Excel. Graphing and statistics were per-
formed in Prism (GraphPad). See Supplementary data for a detailed
explanation of our puncta intensity analysis method.

LysoTracker imaging and quantification. Neurons were incubated
in 75 nM LysoTracker Red in normal Tyrode’s solution for 45 min at
371C. Images of neuronal cell bodies were acquired as Z-stacks on
the spinning disc confocal microscope (described above). Image
analysis (to count number of LysoTracker puncta/cell) was per-
formed in ImageJ. See Supplementary data for a detailed explana-
tion of this analysis.

Quantification of CHMP2b fluorescence intensity. The fluorescence
intensity of CHMP2b immunostaining within EGFP/SC and EGFP/
DKD cell bodies and axons was measured using ImageJ. See
Supplementary data for a more detailed explanation of this procedure.

Image processing. Representative images shown in figures depict
regions of interest (ROIs) selected from the original images. ROIs
selected from images acquired on the spinning disc confocal
microscope are typically 140�75 pixels (from the full-sized
512� 512 pixel image). In addition, brightness/contrast is often
enhanced to enable easier visualization of EGFP-Synapsin, EGFP-
SV2, and other presynaptic markers. Therefore, the original image
resolution and full dynamic range of fluorescence intensity are not
always apparent from the images shown.

Electron microscopy. Cultured hippocampal neurons electropo-
rated with VAMP-HRP/SC or/DKD were processed for EM on 9 or
14 DIV as previously described (Leal-Ortiz et al, 2008). See
Supplementary data for detailed explanations of EM micrograph
quantification procedures.

Immunoprecipitation assays

Immunoprecipitation of proteins from synaptosomes. Crude synap-
tosomes were prepared as described in Lopez-Perez (1994)), but
scaled down for smaller volume. See Supplementary data for a more
detailed description of this procedure. VAMP2 and synaptophysin
were subsequently immunoprecipitated using the described
antibodies (Supplementary data) conjugated to Dynabeads
(Invitrogen). Bound material was eluted from beads into sample
buffer, and immunoblotted as described above.

Co-immunoprecipitation. Co-IPs with myc-Siah1 and mCh-ZFs co-
transfected into HEK cells were performed using a myc immuno-
precipitation kit (Pierce/Thermo Scientific), according to manufac-
turer’s instructions. See Supplementary data for details.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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