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Signal peptide peptidase (SPP) and SPP-like (SPPL) aspartyl intramem-

brane proteases are known to contribute to sequential processing of type

II-oriented membrane proteins referred to as regulated intramembrane pro-

teolysis. The ER-resident family members SPP and SPPL2c were shown to

also cleave tail-anchored proteins, including selected SNARE (soluble

N-ethylmaleimide-sensitive factor attachment protein receptor) proteins

facilitating membrane fusion events. Here, we analysed whether the related

SPPL2a and SPPL2b proteases, which localise to the endocytic or late

secretory pathway, are also able to process SNARE proteins. Therefore,

we screened 18 SNARE proteins for cleavage by SPPL2a and SPPL2b

based on cellular co-expression assays, of which the proteins VAMP1,

VAMP2, VAMP3 and VAMP4 were processed by SPPL2a/b demonstrat-

ing the capability of these two proteases to proteolyse tail-anchored pro-

teins. Cleavage of the four SNARE proteins was scrutinised at the

endogenous level upon SPPL2a/b inhibition in different cell lines as well as

by analysing VAMP1-4 levels in tissues and primary cells of SPPL2a/b

double-deficient (dKO) mice. Loss of SPPL2a/b activity resulted in an

accumulation of VAMP1-4 in a cell type- and tissue-dependent manner,

identifying these proteins as SPPL2a/b substrates validated in vivo. There-

fore, we propose that SPPL2a/b control cellular levels of VAMP1-4 by ini-

tiating the degradation of these proteins, which might impact cellular

trafficking.

Introduction

Signal peptide peptidase (SPP) and the homologous

SPP-like proteases SPPL2a, SPPL2b, SPPL2c and

SPPL3 are GxGD-type aspartyl intramembrane pro-

teases [1,2]. Similar to the enzymatically related prese-

nilins as part of the c-secretase complex, they possess

the capability to cleave single-span transmembrane

substrate proteins within their transmembrane seg-

ment. Different family members exhibit divergent sub-

cellular localisations in the cell ranging from the early

secretory pathway (ER: SPP and SPPL2c; Golgi:

SPPL3) to the plasma membrane (SPPL2b) and endo-

somal/lysosomal compartments (SPPL2a) [2]. In order
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to be cleaved by SPP/SPPL proteases, substrate pro-

teins need to exhibit a type II transmembrane topology

characterised by a cytosolic N terminus [1,2]. Beyond

this prerequisite, substrate requirements differ within

this protease family. This refers mainly to the tolerated

size of the substrate’s ectodomain or luminal domain

respectively. Whereas SPPL3 when cleaving glycosyl-

transferases [3,4] does not have restrictions with regard

to a substrate’s ectodomain size [5], the other family

members fail to cleave substrates with ectodomains

longer than ~ 60 amino acids [6]. Although certain

exceptions to this rule were reported for SPP [7] and

recently also for SPPL2a [8], in most other cases, pro-

cessing by SPP or SPPL2a-c depends on a short

ectodomain/luminal domain. This is the reason why

the action of these proteases is often embedded in a

proteolytic chain of events usually referred to as regu-

lated intramembrane proteolysis [9], where first the

ectodomain of a type II transmembrane protein is

shortened by another protease and then the remaining

membrane-bound N-terminal fragment (NTF) is sub-

jected to intramembrane cleavage by the SPP/SPPL

protease.

The finding that selected ER-localised tail-anchored

(TA) proteins are processed by SPP [10–12] identified
this membrane protein class as a new group of poten-

tial SPP/SPPL substrates. TA proteins exhibit a type

II-oriented transmembrane segment close to the C ter-

minus, so that the N terminus and most of the protein

face the cytosol, whereas usually only very few

C-terminal residues are exposed to the organelle lumen

or the extracellular space respectively. Typically, mem-

brane insertion of these proteins occurs post-

translationally [13–15]. Beyond SPP, SPPL2c has also

been found to cleave several TA proteins upon overex-

pression [16,17]. Of these, phospholamban and

syntaxin-8 (Stx8) have been validated in vivo based on

an accumulation in the testis of SPPL2c-deficient mice.

Importantly, SPP and SPPL2c cleave only selected

TA proteins, and their known substrate spectra over-

lap only partially even under overexpression condi-

tions. This points to specific mechanisms of substrate

selection which are currently unknown. Cleavage of

TA proteins by SPPL2a or SPPL2b has not been

reported yet. So far, all known substrates are NTFs

proteolytically derived from type II transmembrane

proteins [1,2]. As more than 400 human TA proteins

were predicted [18], it seems conceivable that some of

these may be substrates of SPPL2a/b.

Stx18 and Stx8, which are cleaved by SPP [12] or

SPPL2c [16,17], belong to the family of SNARE (sol-

uble N-ethylmaleimide-sensitive factor attachment pro-

tein receptor) proteins [19]. Although initially and

most extensively characterised in the context of synap-

tic vesicle exocytosis [20], SNARE proteins drive most

cellular membrane fusion events along the secretory

pathway and in the endosomal/lysosomal system [21].

Therefore, the functional roles of individual SNARE

proteins vary according to their subcellular localisa-

tion, possibly also depending on the cell type. In gen-

eral, different SNARE proteins on the donor and

target membrane form complexes of four-helical

coiled-coil bundles that bring the two membranes in

close proximity [21]. While most of the 38 known

human SNAREs are TA proteins, 7 do not exhibit a

transmembrane domain [21]. SNARE proteins can be

classified as R and Q-SNAREs based on critical argi-

nine and glutamine residues. One R-SNARE and three

Q-SNAREs form a SNARE complex. After facilitating

membrane fusion, SNARE complexes can be disassem-

bled, for which the ATPase N-ethylmaleimide-sensitive

factor (NSF) and the NSF attachment proteins a or c
(a-SNAP, c-SNAP) are required [21,22], and the indi-

vidual SNAREs can participate in another cycle of

membrane fusion. This recycling, however, requires

SNARE protein recovery from the target back to the

donor membrane as illustrated by endocytosis of

synaptic SNARE proteins to reform synaptic vesicles

[23].

Despite their critical role, very little is known about

how cellular levels of SNARE proteins are controlled

and where and how these proteins are degraded. Given

that levels of certain syntaxins in the ER are regulated

by SPP and SPPL2c [12,16,17], we considered that

SPPL2a or SPPL2b may be involved in mediating the

turnover of certain SNARE proteins in the compart-

ments where the proteases reside. Here, we screened a

broad spectrum of SNARE proteins with a docu-

mented role in the late secretory or endocytic pathway

for cleavage by SPPL2a and SPPL2b. In cellular sub-

strate–protease co-expression assays, we identified

VAMP1-4 as substrates of these proteases. We con-

firmed the relevance of this finding by demonstrating

the accumulation of these R-SNAREs in several tis-

sues and cell types of SPPL2a/b-deficient mice.

Results

None of the analysed Q-SNARE proteins are

proteolysed by SPPL2a/b

Since the Q-SNARE proteins Stx8 and Stx18 had been

identified as substrates of the ER-resident intramem-

brane proteases SPPL2c and SPP [12,17], respectively,

we wanted to investigate if the homologous proteases

SPPL2a and SPPL2b may also be involved in
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regulating SNARE proteins. Based on the reported

predominant subcellular localisations of the two pro-

teases in the endosomal/lysosomal system or at the

plasma membrane, respectively, we selected 18 differ-

ent candidate SNARE proteins (some including differ-

ent isoforms) with a documented role in the late

secretory and endocytic pathways. Only proteins with

a TA topology, thus a single-transmembrane domain

in type II orientation, were included. Due to the lack

of an in vitro assay of SPPL2a/b with purified compo-

nents, we made use of co-expression assays in HeLa

cells in order to test for the cleavage of candidate

substrates.

As illustrated in Fig. 1, intramembrane cleavage of

TA proteins by SPP/SPPL proteases is assumed to

occur directly without the need for any preceding pro-

cessing by a shedding protease and releases cleavage

products to either side of the membrane. In the co-

expression assay, an HA epitope was fused to the N

terminus of the murine SNARE proteins. Thus, detec-

tion with anti-HA should in principle visualise both,

the uncleaved substrate as well as any potential cytoso-

lic cleavage fragment. To test for intramembrane pro-

teolysis, we co-expressed the HA-tagged SNAREs with

murine SPPL2a or SPPL2b. As a control for non-

proteolytic events, proteolytically inactive protease

constructs were included where critical aspartates in

the active centres have been replaced by alanines

(SPPL2a-D416A and SPPL2b-D414A). Expression of

the proteases was confirmed by western blotting.

According to the scheme, cleavage of a TA protein by

an SPP/SPPL protease should reduce steady-state

levels of the substrate protein, which would thus be

expected in samples with co-expression of the active

enzymes and which also in previous studies has been

the primary readout for cleavage in such assays

[10,12,16,17]. In addition, bands representing cleavage

fragments may appear.

Based on two syntaxins being SPP/SPPL2c sub-

strates, we initially tested syntaxins and other

Q-SNARE substrate candidates for processing by

SPPL2a/b. Cleavage assays of Stx1a, Stx1b, Stx2,

Stx3, Stx4, Stx6, Stx7, Stx12, Stx16, Vti1a (vesicle

transport through interaction with t-SNAREs homo-

logue 1A), Vti1b (vesicle transport through interaction

with t-SNAREs homologue 1B), GOSR1 (Golgi SNAP

receptor complex member 1) and an additional iso-

form of Stx3 (not shown) are depicted in Fig. 2A–L.
In this candidate screen, none of the analysed

Q-SNAREs was modulated by SPPL2a or SPPL2b.

Therefore, we conclude that the screened Q-SNAREs

are not processed by SPPL2a and SPPL2b under these

conditions.

Selected R-SNARE proteins are cleaved by

SPPL2a/b upon overexpression

We went on to analyse different R-SNAREs belonging

to the vesicle-associated membrane protein (VAMP)

family in the described assay set-up. In cells expressing

VAMP1 (Synaptobrevin-1), wild-type SPPL2a or

SPPL2b clearly led to a reduction in VAMP1. This

was seen irrespective of whether the VAMP1a

(Fig. 3A) or VAMP1b (Fig. 3B) isoform was

expressed. Importantly, catalytically inactive SPPL2a

or SPPL2b did not lead to the depletion of VAMP1.

These results indicated proteolytic processing of

VAMP1 by both SPPL2a and SPPL2b in the cell-

based assay. Similar results were obtained for VAMP2

(Synaptobrevin-2; Fig. 3C), VAMP3 (Cellubrevin;

Fig. 1. Cleavage of tail-anchored proteins by

SPP/SPPL intramembrane proteases. Tail-

anchored (TA) proteins exhibit a cytosolic N-

terminus and are anchored to the

membrane with a transmembrane domain

very close to their C terminus. Therefore,

they can be cleaved by SPPL2 proteases

directly. In the protease-substrate co-

expression assays performed in this study,

the analysed SNARE proteins were

expressed with an HA epitope fused to

their N-terminus to facilitate detection.
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Fig. 3D) and two isoforms of VAMP4 (Fig. 3E,F),

demonstrating cleavability of these proteins by SPPL2a

or SPPL2b. Importantly, VAMP5 and VAMP8 (Endo-

brevin) appeared to be different from the other anal-

ysed R-SNAREs as they were not modulated by

SPPL2a or SPPL2b under the conditions tested

(Fig. 3G,H).

Despite the reduced steady-state levels of VAMP1-

4, no additional bands that could represent SPPL2a/b-

dependent cleavage fragments were readily observed

(Fig. 3A–F). We enhanced the sensitivity of detection

by significantly prolonging exposure time so that

bands representing the full-length proteins were

strongly overexposed. Under these conditions, we

observed bands with a slightly lower molecular

weight than the precursor which specifically appeared

upon co-expression of active proteases in the case of

VAMP1 isoform a (Fig. 3I), VAMP2 (Fig. 3J),

VAMP3 (Fig. 3K) and VAMP4 isoform 1 (Fig. 3L).

The low abundance of these proteolytic fragments

may indicate that they are only transiently present

and rapidly subjected to further degradation. Hence,

we tried to stabilise the fragments by inhibition of

calpains since some SNARE proteins are cleaved by

these enzymes [24,25], or inhibition of the protea-

some as the major protein degradation system in the

cytosol (Fig. 3I–L). However, none of these treat-

ments increased the abundance of the VAMP1-4-

derived fragments. We also created a VAMP2 mutant

where all lysines were replaced by arginines

(VAMP2-K/R) in order to prevent ubiquitination as

the canonical proteasome-targeting signal (Fig. 3M).

Removal of lysines depleted two faint bands with

higher apparent molecular weights than the main

VAMP2 band, therefore presumably representing

ubiquitinated VAMP2. However, the K/R exchange

did not increase steady-state levels of the cleavage

fragments generated by SPPL2a/b. Altogether, this

indicates that turnover of intracellular VAMP1-4

cleavage products occurs independently of the

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

Fig. 2. Screening of selected Q-SNAREs for cleavage by the intramembrane proteases SPPL2a/b. HeLa cells were transiently transfected

with expression constructs encoding the following murine SNARE proteins fused to an N-terminal HA epitope: Stx1a (A), Stx1b (B), Stx2

(C), Stx3 isoform a (D), Stx4 (E), Stx6 (F), Stx7 (G), Stx12 (H), Stx16 (I), Vti1a (J), Vti1b (K) and GOSR1 (L). Proteolytic cleavage by murine

SPPL2a (2a) or SPPL2b (2b) was assessed by co-expressing the active proteases or their inactive mutants (D/A) as indicated. Upon western

blotting, the expressed SNARE proteins were visualised by anti-HA, whereas antisera specifically detecting murine SPPL2a or SPPL2b were

employed to confirm protease expression. Equal protein loading was confirmed by analysis of GAPDH or actin. The depicted western blots

are representative of at least three independent experimental repetitions.

2323The FEBS Journal 290 (2023) 2320–2337 � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. Ballin et al. SPPL2a/b cleave selected SNARE proteins

 17424658, 2023, 9, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16610 by G

eorg-A
ugust-U

niversitaet, W
iley O

nline L
ibrary on [22/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ubiquitin–proteasome system by a yet-to-be-identified

mechanism.

In conclusion, these experiments identify the R-SNAREs

VAMP1-4 as potential substrates of both SPPL2a and

SPPL2b. Interestingly, cleavability does not extend to the

entire family of R-SNAREs as we obtained no indication

for cleavage of VAMP5 and VAMP8 similar to the anal-

ysed Q-SNAREs (Fig. 2). As just 4 different proteins of 18

SNAREs tested undergo processing by SPPL2a/b, cleavage

by SPPL2a/b seems to be rather selective.

(A) (B) (C) (D)

(E)

(I)

(K) (L)

(M)

(J)

(F) (G) (H)

Fig. 3. Screening of selected R-SNAREs for cleavage by the intramembrane proteases SPPL2a/b. The murine R-SNAREs VAMP1 isoform a

(A), VAMP1 isoform b (B), VAMP2 (C), VAMP3 (D), VAMP4 isoform (Iso1) (E), VAMP4 isoform 2 (Iso2) (F), VAMP5 (G) and VAMP8 (H) were

transiently expressed in HeLa cells. Where indicated, the SNARE proteins were co-expressed with active murine SPPL2a (2a) or SPPL2b

(2b) or their inactive mutants (D/A). In order to analyse degradation routes of potential cleavage fragments, HeLa cells transfected with

VAMP1 isoform a (I), VAMP2 (J), VAMP3 (K) or VAMP4 isoform 1 (L) and SPPL2a or SPPL2b were treated with 20 lM calpain inhibitor III or

1 lM epoxomicin for 16 h. Cleavage fragments generated by co-expressed SPPL2 proteases are marked with grey arrowheads. (M) Process-

ing of a VAMP2 variant where all lysine residues have been mutated to arginine (K/R) was compared to that of wild-type VAMP2. The

SNARE proteins were analysed by western blotting based on their N-terminally fused HA epitope. Expression of the proteases was con-

firmed with antisera specifically detecting murine SPPL2a and SPPL2b. Equal protein loading was confirmed by analysis of GAPDH. The

depicted western blots are representative of at least three independent experimental repetitions.

2324 The FEBS Journal 290 (2023) 2320–2337 � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

SPPL2a/b cleave selected SNARE proteins M. Ballin et al.

 17424658, 2023, 9, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16610 by G

eorg-A
ugust-U

niversitaet, W
iley O

nline L
ibrary on [22/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Subcellular localisation is not sufficient to

explain cleavage selectivity

As substrates and proteases are membrane bound, the

presence of both proteins in the same compartment

will be a prerequisite for cleavage. Therefore, subcellu-

lar distributions of SNARE proteins, which were

found to be cleaved by SPPL2a and SPPL2b, should

at least partially overlap with the proteases in this

experimental system. To demonstrate this, we co-

expressed the candidate substrates with the inactive

mutants of SPPL2a and SPPL2b, thereby preventing

any potential bias due to proteolysis (Fig. 4).

VAMP1a (Fig. 4A, isoform b not shown), VAMP2

(Fig. 4B), VAMP3 (Fig. 4C) and VAMP4 isoform 1

(Fig. 4D, isoform 2 not shown) were detected to vary-

ing degrees at the plasma membrane or in intracellular

vesicular compartments, which could be part of the

secretory or endocytic pathway. The extent of co-

localisation with either protease varied. However, at

least a partial co-localisation was seen in all cases sup-

porting the described proteolysis.

We considered that a lack of co-localisation could

also be a reason why other SNARE proteins were not

proteolysed by SPPL2a/b. Therefore, we performed a

similar immunocytochemical analysis for all other can-

didate substrates (Fig. 4E–P, Stx1b and VAMP5 not

shown). In the case of GOSR1, which was detected in

a Golgi-like distribution (Fig. 4E), its residence in a

different compartment than the two proteases may

indeed explain the lack of proteolysis. However, in

many cases, distributions of SNAREs and proteases

were strongly overlapping. In others, the degree of co-

localisation was subtler but still detectable. This

excludes that missing cleavage of the majority of can-

didate SNAREs can be explained by a failure to

encounter the proteases in this assay and, instead,

points to an intrinsic non-cleavability of these pro-

teins.

The size of the extra-membranous domains

influences the cleavability of VAMP2/4

An obvious difference between the cleaved VAMP1-4

and the analysed R-SNAREs, of which none was

cleaved, is the size of the cytosolic domains, which is

~ 2-fold longer in the latter. We considered this as a

potential determinant of cleavability. Therefore, we

tested how the fusion of GFP to the N-terminus of

VAMP2 or VAMP4 would influence processing by

SPPL2a/b (Fig. 5A). As it was previously reported,

SPPL2 proteases do not tolerate large luminal/ ecto-

domains [6], we also generated C-terminal GFP fusion

proteins (Fig. 5A) to test this concept in the context of

tail-anchored proteins. Neither the GFP-VAMP2/4

(Fig. 5B) nor the VAMP2/4-GFP (Fig. 5C) fusion pro-

teins were processed by co-expressed SPPL2a/b.

VAMP4-GFP (Fig. 5D) showed a Golgi-like distribu-

tion in line with previous studies [26], where its steady-

state overlap with the proteases was limited under

these conditions, which could explain the lack of pro-

cessing. In contrast, GFP-VAMP4 (Fig. 5E) was very

prominently co-localised with SPPL2a in vesicular

compartments, whereas VAMP2-GFP (Fig. 5F) and

GFP-VAMP2 (Fig. 5G) overlapped significantly with

SPPL2b at the cell surface and partially also with

SPPL2a in intracellular compartments. In conclusion,

this indicates that increasing the size of the extra-

membranous domains of VAMP2 and VAMP4 by

GFP is not compatible with proteolysis by SPPL2a/b.

Inhibition of SPPL2a/b stabilises endogenous

VAMP1-4

We consider the cell-based cleavage assay as a means

to determine the general cleavability of candidate sub-

strates. Thus, not all substrates identified by this

approach may be relevant in a physiological context.

For that reason, we wanted to assess if cleavage of the

substrate candidates VAMP1-4 by SPPL2a or SPPL2b

also occurs when only endogenous levels of proteases

and putative substrates are present. We treated HeLa

cells with the SPP/SPPL inhibitor (Z-LL)2-ketone-

targeting SPPL2a/b [27] (Fig. 6A) and quantified the

abundance of the endogenous VAMP2, VAMP3 and

VAMP4 proteins by western blotting, while we were

unable to detect VAMP1. VAMP2 was significantly

enriched by the inhibitor treatment. However, levels of

VAMP3 and VAMP4 were not affected. Thus,

Fig. 4. Co-localisation of selected SNARE proteins with the intramembrane proteases SPPL2a/b. HeLa cells co-expressing the SNARE pro-

teins VAMP1 isoform a (A), VAMP2 (B), VAMP3 (C), VAMP4 isoform 1 (D), GOSR1 (E), VAMP8 (F), Syntaxin 1a (G), Syntaxin 2 (H), Syntaxin

3 isoform a (I), Syntaxin 4 (J), Syntaxin 6 (K), Syntaxin 7 (L), Syntaxin 12 (M), Syntaxin 16 (N), Vti1a (O) or Vti1b (P) fused to an N-terminal

HA epitope and the inactive murine protease mutants SPPL2a-D416A (SPPL2a) or SPPL2b-D414A (SPPL2b), both fused to a C-terminal Myc

epitope, were analysed by indirect immunofluorescence. The subcellular distribution of the potential SNARE substrate and the proteases

was assessed following immunocytochemical stainings using anti-HA and anti-Myc, respectively, in combination with fluorophore-conjugated

secondary antibodies. Scale bar, 10 lm. Data are representative of at least three independent experiments.
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(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (O) (P)
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altogether effects were rather subtle. We repeated the

experiment in N2a neuroblastoma cells based on the

specific role of SNARE proteins in neuronal cells

(Fig. 6B). Here, VAMP1 could be quantified and was

found to be significantly stabilised upon SPPL2a/b

inhibition, which was also seen for VAMP2 and

VAMP3. However, no major changes in VAMP4

levels were observed. In summary, these effects corrob-

orate that VAMP1, VAMP2 and VAMP3 are sub-

strates of SPPL2a/b. However, the role of these

proteases in the turnover of these SNAREs seems to

vary between different cell types, at least in the case of

VAMP3.

SPPL2a/b mediates turnover of VAMP1-4 in vivo

in a cell type and tissue-dependent manner

Due to the unfavourable properties of (Z-LL)2-ketone,

pharmacological inhibition of SPPL2a/b with this

compound is often incomplete [2,27]. Therefore, we

analysed the homeostasis of the respective four

SNARE proteins in SPPL2a/b double-deficient (dKO)

mice [28] with constitutive and complete deficiency of

both proteases (Figs 7 and 8). Based on the results

from the N2a cells and the well-established function of

SNAREs in neurotransmission, we initially compared

the abundance of VAMP1-4 in total lysates of brains

from wild-type and SPPL2a/b-deficient mice (Fig. 7A).

We observed tendencies for an increase in VAMP4 in

the latter. Protein levels of VAMP1 and VAMP3 were

significantly but only subtly increased in the brains of

the protease-deficient mice, whereas VAMP2 was unaf-

fected. These results only partly recapitulated the find-

ings from the inhibitor-treated neuroblastoma cells

(Fig. 6B). Obviously, in addition to neurons, the brain

is composed of many other different cell types and its

regions differ significantly in architecture and composi-

tion. The cerebellum seems to exhibit a higher propor-

tion of neurons in relation to glia cells than other

brain parts [29]. Thus, we specifically selected this part

(A)

(D) (E) (F) (G)

(B) (C)

Fig. 5. The size of the extramembranous domains influences intramembrane cleavage of SNARE proteins by SPPL2a/b. (A) Scheme of GFP

fusion proteins, which were generated for murine VAMP2 and VAMP4 isoform 1. (B, C) Fusion proteins of VAMP2 or VAMP4 carrying GFP

at the N terminus (B, GFP-VAMP2, GFP-VAMP4) or the C terminus (C, VAMP2-GFP and VAMP4-GFP) were analysed for proteolysis by co-

expressed SPPL2a or SPPL2b in HeLa cells. The SNARE-GFP fusion proteins were detected with anti-GFP. Expression of the proteases

was confirmed with antisera specifically detecting murine SPPL2a and SPPL2b. Equal protein loading was confirmed by analysis of GAPDH.

(D–G) Subcellular distributions of VAMP4-GFP (D), GFP-VAMP4 (E), VAMP2-GFP (F) or GFP-VAMP2 (G) were visualised following transient

co-transfection with SPPL2a-D416A or SPPL2b-D414A fused to a C-terminal Myc epitope by indirect immunofluorescence. Immunocyto-

chemical stainings were performed using anti-Myc in combination with a fluorophore-conjugated secondary antibody in order to visualise the

protease. Scale bar, 20 lm. Data are representative of at least three independent experiments.
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for further analysis (Fig. 7B). Here, the accumulation

of VAMP4 was corroborated this time in a statistically

significant manner. Similar to VAMP4, levels of

VAMP1 and VAMP3 were significantly increased in

dKO cerebella, in a range ~ 1.5–2 fold. Again, no

effect was seen on VAMP2. As a control, we com-

pared the mRNA expression of VAMP1-4 in the cere-

bella of both genotypes (Fig. 7C), which were similar.

In the absence of differences in gene expression, the

accumulation of VAMP1, VAMP3 and VAMP4 very

likely is caused post-translationally, which is in line

with the role of the intramembrane proteases in the

turnover of these SNARE proteins. Altogether, our

data validate these SNARE proteins as in vivo sub-

strates of SPPL2a/b. However, as these effects were

less pronounced in the total brain, processing by the

intramembrane proteases may occur in a cell-type-

dependent way.

Beyond their role in synapses, SNARE proteins

facilitate membrane fusion in the secretory and endo-

cytic pathways of many other cell types. Consequently,

many of them are widely expressed. Hence, we anal-

ysed levels of VAMP1-4 in additional tissues of dKO

mice. We failed to detect VAMP1 in non-neural tis-

sues. However, we were able to quantify VAMP2,

VAMP3 and VAMP4 protein levels in the heart

(Fig. 8A), pancreas (Fig. 8B), liver (Fig. 8C), spleen

(Fig. 8D), thymus (Fig. 8E), bone marrow-derived

dendritic cells (Fig. 8F) and macrophages (Fig. 8G). A

clear accumulation of VAMP2 and VAMP4 was

observed in all analysed tissues or primary immune cell

types from SPPL2a/b-deficient mice. In contrast, the

effects of protease ablation on VAMP3 homeostasis

differed. A significant increase was seen in the heart,

pancreas and thymus but not in the liver, dendritic

cells, macrophages and spleen. We aimed to exclude

that the observed increased steady-state SNARE levels

were caused by alternative mechanisms leading to

enhanced transcription of Vamp2, Vamp3 and Vamp4.

With the exception of a minor upregulation of Vamp2

mRNA levels in the liver of SPPL2a/b�/� mice

(Fig. 8H), mRNA levels of Vamp2-4 were unaffected

in the liver (Fig. 8H) and heart (Fig. 8I) of these mice.

In macrophages (Fig. 8J) and dendritic cells (Fig. 8K),

we even observed a significant downregulation of Vam-

p2 and Vamp4 mRNA levels, which could represent a

compensatory mechanism for the accumulation of the

respective proteins. Taken together, these results

demonstrate that the increased steady-state levels of

VAMP2, VAMP3 and VAMP4 proteins upon loss of

SPPL2a/b are indeed caused by a post-translational

mechanism. This result is consistent with a reduced

turnover in absence of proteolysis by SPPL2a/b. In

conclusion, we confirmed all four VAMP proteins

identified in the overexpression screening approach as

substrates of SPPL2a/b. However, the extent of cleav-

age varies significantly between different cell types and

tissues.
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Fig. 6. Inhibition of SPPL2 proteases

stabilises selected R-SNAREs in a cell-type-

dependent way. HeLa (A) or N2A (B) cells

were treated with 40 lM (Z-LL)2-ketone for

24 h in order to inhibit the activity of

SPPL2a/b. DMSO-treated cells were

analysed as a control. Endogenous levels of

VAMP1 (B) and VAMP2-4 (A, B) were

determined by western blotting and

quantified densitometrically. GAPDH levels

were analysed to confirm equal protein

loading. VAMP protein levels normalised to

GAPDH and the mean of the respective

DMSO-treated samples is shown as

means � SD from N = 3 independent

experiments with n = 8 (N2A-DMSO) or

n = 9 replicates (all other). An unpaired,

two-tailed Student’s t-test was performed.

*P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion

Our data in vivo validate the SNARE proteins

VAMP1-4 as validated substrates of the intramem-

brane proteases SPPL2a and SPPL2b. This

demonstrates that the capability to cleave TA proteins

within the SPP/SPPL family is not limited to SPP [10–
12] and SPPL2c [16,17] and significantly broadens the

potential substrate spectrum of SPPL2a/b. Our results

Fig. 8. Accumulation of VAMP2-4 in several non-neural tissues or cell types of SPPL2a/b�/� mice. Total lysates of the heart (A), pancreas

(B), liver (C), spleen (D), thymus (E), bone marrow-derived dendritic cells (F) and bone marrow-derived macrophages (G) from wild-type (Wt)

and SPPL2a/b double-deficient (SPPL2a/b�/�) were analysed by western blotting. Endogenous VAMP2, VAMP3 and VAMP4 levels were

compared and quantified densitometrically. The absence of SPPL2a and SPPL2b in samples from SPPL2a/b�/� mice confirmed the geno-

types. GAPDH was detected to demonstrate equal protein loading. The depicted quantifications summarise data from n = 4 (thymus), 6

(heart), 7 (liver, spleen and dendritic cells) or 10 (pancreas and macrophages) mice per genotype, which were analysed in one (thymus), two

(heart, liver, spleen and dendritic cells) or three (pancreas and macrophages) independent experiments. Normalised VAMP protein levels are

shown as means � SD. (H, I) Total RNA was isolated from the liver (H), heart (I), bone marrow-derived macrophages (J) or bone marrow-

derived dendritic cells (K) and mRNA levels of Vamp2, Vamp3 and Vamp4 were quantified by quantitative RT-PCR relative to the mean of

three housekeeping genes, Atp5e, Hprt and Tbp (H) or to Tuba1 as housekeeping gene (I–K), and were normalised for each gene to the

mean of the wild-type samples. Means � SD from n = 4 (dendritic cells and macrophages), 5 (heart) or 8 (liver) are depicted. An unpaired,

two-tailed Student’s t-test was performed. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. Quantification of VAMP1-4 in brains

of SPPL2a/b double-deficient mice. Lysates

of the total brain (A) and cerebellum

(B) from wild-type (Wt) and SPPL2a/b

double-deficient (SPPL2a/b�/�) mice were

subjected to western blot analysis to

quantify protein levels of endogenous

VAMP1, VAMP2, VAMP3 and VAMP4. The

proteases SPPL2a and SPPL2b were

analysed in parallel to confirm genotypes.

GAPDH was used to assess protein loading.

The depicted densitometric quantification

compiles data from n = 8 (total brains) or 7

(cerebella) mice per genotype analysed in

two independent experiments. (C) Total

RNA was isolated from cerebella, and

mRNA levels of Vamp1, Vamp2, Vamp3 and

Vamp4 were quantified from n = 4 per

genotype by quantitative RT-PCR relative to

Tuba1 as housekeeping gene and

normalised for each gene to the mean of

the corresponding wild-type samples.

Normalised VAMP protein or mRNA

expression levels are depicted as

means � SD. An unpaired, two-tailed

Student’s t-test was performed. *P < 0.05;

***P < 0.001.
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advocate also examination of TA proteins [18] other

than SNAREs as putative substrates of intramembrane

proteolysis. Furthermore, our findings extend the con-

cept of naturally short substrates of intramembrane

proteases which also applies to c-secretase-mediated

cleavage [30]. However, of the 18 SNARE proteins

and additional isoforms assessed for potential proteol-

ysis by SPPL2a/b, only VAMP1-4 were found to be

cleaved in the initial SNARE-protease co-expression

screen. Despite its localisation in late endosomes and

lysosomes [21], VAMP7 is missing in this analysis as

we failed to achieve sufficient expression levels using

(A) (B)

(C) (D)

(E)

(G)

(I) (J) (K)

(H)

(F)
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HA-tagged expression constructs. Cleavage of TA pro-

teins by SPPL2a/b seems to be highly selective, which

is in line with previous findings for SPP and SPPL2c

[1]. Apparently, TA topology and co-localisation with

the protease within the same subcellular compartment

are required but not sufficient preconditions for cleav-

age. Instead, additional features seem to be involved in

determining that VAMP1-4 are substrates of SPPL2a/

b, whereas none of the analysed syntaxins was cleaved

in our hands. This is surprising, as certain syntaxins

have been identified as substrates of SPP and SPPL2c

[12,17]. It is currently unclear, which features deter-

mine the cleavability of VAMP1-4 versus other

SNAREs. Certain flexibility of the substrate’s trans-

membrane domain which usually correlates with the

presence of helix-destabilising amino acids like proline

and glycine seems to support cleavage by SPP/SPPL

proteases and other intramembrane proteases in gen-

eral [1,31]. With regard to the mere presence of such

residues, there does not seem to be an obvious differ-

ence between transmembrane segments of SNAREs

identified as SPPL2a/b substrates or non-substrates in

this study. Therefore, it is also possible that the differ-

ential cleavability of SNAREs by SPPL2a/b is rather

determined by properties of the cytosolic domains,

which are larger in the syntaxins. This hypothesis may

be supported by our results from the GFP fusion pro-

teins (Fig. 5), which indicate that a large cytosolic

domain prevents cleavage by SPPL2a/b. However,

VAMP5 and VAMP8, which exhibit a similar size

cytosolic domain as VAMP1-4, were not processed in

our hands, which may point to more specific require-

ments in addition to size.

The observed accumulation of VAMP1-4 in different

tissues of SPPL2a/b-deficient mice clearly demonstrates

that cleavage of these substrates occurs in a physiolog-

ical system – although with varying impact in different

tissues. SNARE proteins may be assumed to be acces-

sible for proteolytic cleavage only in their free form,

but not when being part of a SNARE complex [22].

Under endogenous conditions, the ratio between both

forms may determine the extent of processing taking

place. Whereas total VAMP2 and VAMP4 were

robustly increased in all peripheral non-neural dKO

tissues analysed, the accumulation of VAMP3 was

more variable and only observed in some tissues. Even

more strikingly, in the brain, the homeostasis of

VAMP1-4 was only very subtly affected strongly con-

trasting the other organs. In addition to neurons, the

CNS also contains different types of glia cells [29].

VAMP proteins are present and exhibit important

functions also in astrocytes [32–35] and oligodendro-

cytes [36–38], which may also be anticipated for

macrophage-like microglia actively performing exocy-

tosis and phagocytosis [39]. Nothing is known so far

about the distribution of SPPL2a within the brain.

Based on a b-galactosidase reporter, expression of

SPPL2b seemed to be quite prominent in neurons [28].

However, this has not been confirmed at the protein

level and it is unclear in which parts of the neurons

SPPL2b is present. This information would be impor-

tant as VAMP2 and VAMP4 in addition to their well-

documented role in synaptic vesicle exocytosis have

also been localised to dendrites [40], where they are

involved in the sorting of post-synaptic receptors. The

results from total brain indeed indicate that at least in

some cerebral cell types, SPPL2a/b do not relevantly

contribute to VAMP1-4 turnover. However, it can

only be speculated to what extent the different cell

types contribute to the overall detected proteins. In

cerebellum, VAMP1, VAMP3 and VAMP4 are signifi-

cantly accumulated in the absence of SPPL2a/b. Inter-

estingly, the cerebellum was noted to exhibit a lower

glia/neuron ratio than other parts of the brain [29] so

neurons should have a higher contribution to the over-

all protein composition here.

An open question is the molecular function of the

cleavage of VAMP1-4 by SPPL2a/b. In general,

cytosolic cleavage fragments liberated by intramem-

brane proteases can fulfil biological functions [41,42].

However, VAMP1-4-derived cleavage fragments were

detected only at very low levels even under overexpres-

sion conditions, which is in line with many other SPP/

SPPL substrates [1,10]. Soluble domains of SNARE

proteins devoid of their transmembrane domain were

shown to inhibit membrane fusion in a dominant-

negative way by forming non-functional complexes

with other membrane-bound SNARE proteins [43,44].

Hence, a build-up of VAMP1-4 cleavage products in

the cytosol may be problematic making a rapid turn-

over necessary. How this is achieved remains to be

clarified. Our results indicate that calpains and the

ubiquitin–proteasome system do not play a major role

in this.

We propose that the primary task of SPPL2a/b is to

control cellular levels of the membrane-bound

VAMP1-4 and to mediate their turnover. Despite

long-standing work on SNARE proteins, surprisingly

little is known about how these proteins are degraded

by cells. In the case of syntaxin1, degradation by the

proteasome following ubiquitination was observed

[45]. In neurons, the turnover of VAMP2 [46] and

VAMP4 [47] was found to be accelerated by cellular/

synaptic activity. When directly comparing the half-life

of these proteins in activated pre-synapses upon fusion

with fluorescent timer proteins, VAMP4 exhibited a
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more rapid turnover than VAMP2 and was particu-

larly short lived due to delivery to endo-lysosomal

compartments [47]. How VAMP4 is degraded there

currently remains an open question. Being a trans-

membrane protein mostly facing the cytosol, just deliv-

ering it to the limiting membrane of lysosomes by

itself would not expose it to lysosomal proteases

sequestered within this organelle. To solve this topo-

logical problem, one would need to postulate sorting

into intraluminal vesicles, e.g. by the endosomal sort-

ing complex required for transport (ESCRT) pathway

[48]. Indeed, activity-dependent degradation of

VAMP2 relied on the ESCRT machinery [46].

Whether this sorting is initiated by ubiquitination

remains to be addressed. Ubiquitination of VAMP3 by

a specific E3 ligase has been observed [49], but its rele-

vance for the turnover of the protein still needs to be

determined. Thus, there are many open questions

about how the degradation of SNARE proteins is

achieved mechanistically. Intramembrane proteolysis

of VAMP1-4 by SPPL2a/b has to be added to the

emerging picture. Cleaving these proteins directly in

the plane of cellular membranes circumvents the need

for ESCRT sorting or any hypothetical pathway to

extract the protein from the membrane for degradation

by the proteasome. Based on our results regarding

VAMP2/4 fused to GFP, it needs to be considered

that the fusion proteins of VAMP1-4 with large fluo-

rescent tags are likely to behave differently from the

wild-type proteins in terms of protein homeostasis and

stability, as this appears to exclude them from

SPPL2a/b-mediated turnover.

Having concluded that the intramembrane cleavage

of VAMP1-4 may be primarily a degradative event,

the question remains if this occurs in a constitutive,

homeostatic way or is rather a triggered, regulated

event. Currently, there is not much known about the

regulation of SPPL2a/b proteases [1]. Anyway, it

remains to be proven that the degree of VAMP modu-

lation achieved by SPPL2a/b has a relevant impact on

trafficking. However, in mice carrying a specific point

mutation in the Vamp2 gene, VAMP2 protein levels

were reduced by about 30%, which was linked with

altered synaptic function, behavioural deficits and dis-

turbance of sleep [50]. Similarly, also increased levels

of VAMP4 in synapses, which can be induced by

blocking lysosomal degradation of VAMP4, led to

reduced synaptic vesicle release probability [47]. These

examples indicate that modulation of SNARE levels

can affect membrane trafficking and even lead to phe-

notypic consequences in neurons in vivo. Importantly,

VAMP2-4 are broadly expressed in the body support-

ing exocytotic events in many different cell types

[21,51] including immune cells [39], pancreatic beta

cells [52], adipocytes [53], myotubes [54] and spermato-

zoa [55,56]. Altogether, this advocates investigating

different mechanisms of SNARE homeostasis includ-

ing the intramembrane proteases SPPL2a and SPPL2b

in a broader way.

Materials and methods

Experimental animals

Mice with a knockout of both SPPL2a and SPPL2b have

been described and characterised previously [28]. All anal-

ysed mice were on a C57BL/6N Crl background with age-

and sex-matched wild-type animals serving as controls.

Breeding and sacrificing of mice have been approved by the

Ministerium f€ur Energiewende, Landwirtschaft, Umwelt

und l€andliche R€aume of Schleswig-Holstein (V

242.7224.121-3) or the Landesdirektion Sachsen (TV A 12/

2018, DD24.1-5131/450/12) respectively. Animal care and

handling were performed in accordance with local and

national guidelines. Mice were housed in individually venti-

lated cages in the animal facilities of the Christian-

Albrechts-University Kiel or within the Medizinisch-

Theoretisches Zentrum, TU Dresden.

Plasmids

Plasmids encoding wild-type murine SPPL2a and SPPL2b

fused to a C-terminal Myc tag as well as their catalytically

inactive mutants SPPL2a D416A and SPPL2b D414A were

described before [28,57,58]. Expression constructs of the

SNARE proteins were generated by amplifying the open

reading frame of the desired protein from murine cDNA

via PCR. The used ORFs corresponded to the following

database entries: NM_016810.4 (GOSR1), NM_016801.4

(syntaxin-1a, STX1a); NM_024414.2 (Syntaxin-1b, STX1b);

NM_007941.3 (Syntaxin-2, STX2); NM_152220.2

(Syntaxin-3 Isoform a, STX3a); NM_001286543.2

(Syntaxin-3 Isoform d, Stx3d); NM_009294.3 (Syntaxin-4,

STX4); NM_021433.3 (Syntaxin-6, STX6); NM_001358563.

1 (Syntaxin-7, STX7); NM_133887.4 (Syntaxin-12, STX12);

NM_172675.4 (Syntaxin-16, STX16); NM_009496.3

(VAMP1a); NM_001080557.1 (VAMP1b); NM_009497.3

(VAMP2); NM_009498.4 (VAMP3); NM_001356526.1

(VAMP4 Isoform 1); NM_001347125.1 (VAMP4 Isoform

2); NM_001080742.2 (VAMP5); NM_016794.3 (VAMP8);

NM_016862.4 (Vti1a); and NM_016800.3 (Vti1b). Using

extended primers, an N-terminal HA epitope tag was

appended to the 50 end of the respective open reading

frames upon amplification and all PCR products were

inserted into pcDNA3.1 Hygro(+). With the exception of

VAMP4 and STX12, which were cloned via BamHI and

XhoI restriction sites, and STX7 ORF, which was inserted
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via HindIII and NotI restriction sites, all other inserts were

integrated using HindIII and XhoI restriction sites. In order

to express C- or N-terminal GFP fusion proteins of murine

VAMP2 and VAMP4 isoform 1, the respective open read-

ing frames were inserted into peGFP-N1 using XhoI and

BamHI restriction sites or peGFP-C1 via BglII and EcoRI

sites so that coding sequences of the SNARE proteins and

GFP were in-frame. All obtained constructs were verified

by sequencing (GATC, Konstanz, Germany; Seqlab,

G€ottingen, Germany).

Cell lines and cell culture

HeLa (DSMZ, Braunschweig, Germany) and NEURO-2a

(N2A) cells (DSMZ) were cultivated in DMEM (GIBCO,

Paisley, UK) supplemented with 10% FCS (Biochrom, Ber-

lin, Germany; Thermo Fisher, Waltham, MA, USA),

100 U�mL�1 penicillin (Sigma, Taufkirchen, Germany) and

100 lg�mL�1 streptomycin (Sigma). Generation and culti-

vation of bone marrow-derived dendritic cells and bone

marrow-derived macrophages are described below. Cells

were maintained at 37 °C with a humidified 5% CO2/95%

air atmosphere. As indicated in the figure legends, (Z-LL)2-

ketone (Peptanova, Sandhausen, Germany) was applied at

a final concentration of 40 lM to inhibit substrate process-

ing by SPPL proteases. For inhibition of the proteasome or

calpain proteases, epoxomicin (Peptanova) or calpain inhi-

bitor III (Cayman Chemical, Ann Arbor, MI, USA) were

used at final concentrations of 1 or 20 lM respectively.

Transfection of cells (1 lg DNA per well) was conducted

using Turbofect (Thermo) or polyethylenimine (PEI). One

day prior to transfection, cells were seeded onto six-well

plates. After 5–6 h, the medium was changed and the cells

were either harvested for western blot analysis or fixed for

immunocytochemical staining on a subsequent day.

Generation of murine bone marrow-derived

immune cells

Bone marrow-derived macrophages (BMDM) and bone

marrow-derived dendritic cells (BMDC) were differentiated

from murine bone marrow as described before [28,59,60].

Red bone marrow was obtained from the tibia and femur

and single-cell suspensions were prepared as described in

the following depending on the desired cell type. To gener-

ate BMDC, 5 9 106 cells were seeded in 10 cm Petri dishes

(Sarstedt, N€umbrecht, Germany) in 10 mL of the BMDC

medium (RPMI 1640 + 10% (v/v) FCS + 50 mM b-
mercaptoethanol + 100 U�mL�1 penicillin + 100 lg�mL�1

streptomycin) supplemented with 20 ng�mL�1 recombinant

murine granulocyte-macrophage colony-stimulating factor

(GM-CSF, Immunotools, Friesoythe, Germany). After

3 days, 10 mL BMDC medium with 20 ng�mL�1 GM-CSF

was added. Six days after seeding, 10 mL of the medium

was exchanged for 10 mL of fresh medium containing

10 ng�mL�1 rmGM-CSF. The cells were harvested 8 days

after isolation from the bone marrow for analysis. BMDM

were differentiated using a total amount of 107 cells cul-

tured in 10 mL BMDM medium (DMEM +20% (v/v)

FCS + 100 U�mL�1 penicillin + 100 lg�mL�1 strepto-

mycin) supplemented with 50 ng�mL�1 recombinant murine

macrophage colony-stimulating factor (M-CSF, Immuno-

tools) in 10 cm petri dishes. After 3 days, 5 mL of M-CSF-

supplemented BMDM medium was added. BMDM were

harvested and used for experiments after 7 days of differen-

tiation.

Protein extraction from tissues and cells

Protein was extracted from cultured cells or snap-frozen tis-

sue. Whenever possible, samples were kept on ice or at 4 °C.
Tissue homogenisation buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 4 mM EDTA, 19 Complete Protease Inhibi-

tor Cocktail (Roche, Mannheim, Germany), 4 mM Pefa-

bloc� SC Protease Inhibitor (Carl Roth, Karlsruhe,

Germany) and 0.5 mg�mL�1 Pepstatin A (Sigma)) was added

in a 1 : 10 ratio based on the weight of the tissue samples. In

case of softer tissues (e.g. brain samples), ceramic beads were

added and the sample was homogenised using a PreCellys

homogeniser for 2 9 30 s at 6500 r.p.m. More durable tis-

sues (e.g. muscle or heart) were homogenised with a tissue

blender (Ultra-Turrax). After disruption, the tissue homoge-

nates were adjusted to final concentrations of 1% (w/v) Tri-

ton X-100 and 0.1% (w/v) SDS, incubated on ice for 1 h and

sonicated twice during that time (20 pulses at 4 °C, level 4,
Branson Sonifier 450, Emerson Industrial Automation). Sub-

sequently, debris (and ceramic beads) were cleared from the

lysate by centrifugation (10 min at 17 000 9 g) and the

supernatant was transferred to a fresh tube.

To extract protein from cultured cells, adherent cells

were washed with cold PBS and scraped off in PBS Com-

plete (19 PBS, pH 7.4, 19 Complete Protease Inhibitor

Cocktail (Roche), 4 mM EDTA). BMDC were harvested

and washed in PBS as described [59] so that adherent and

suspension cells were combined for the analysis. In all

cases, cell suspensions were finally centrifuged for 10 min

at 900 9 g and the supernatant was discarded. The cell pel-

lets were resuspended in 50–100 lL lysis buffer (50 mM

Tris–HCl, pH 7.4, 150 mM NaCl, 1% (w/v) Triton X-100,

0.1% (w/v) SDS and 4 mM EDTA, plus protease inhibitors

as in tissue homogenisation buffer). The resuspended cells

were mechanically disrupted by pipetting and sonication

(20 pulses, level 4) and incubated on ice for 1 h. After-

wards, lysates were cleared by centrifugation as described

above. Protein concentration of tissue and cell lysates was

determined using PierceTM Bicinchoninic Acid (BCA) Pro-

tein Assay Kit (Thermo Fisher) following the manufac-

turer’s recommendations in a 96-well plate format using a

bovine serum albumin (BSA) standard curve ranging from

0 to 2 mg�mL�1. The remaining lysate was adjusted to final
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concentrations of 1% (w/v) SDS, 100 mM dithiothreitol,

125 mM Tris–HCL, pH 6.8 and 10% (v/v) glycerol in

preparation for western blot analysis.

SDS/PAGE and western blot analysis

Proteins extracted from cell and tissue samples were sepa-

rated by SDS/PAGE with a buffer system according to

Laemmli [61]. Depending on the molecular weight of the

proteins of interest, gels with total acrylamide concentra-

tions of 10% or 12.5% were used. For the detection of

SNARE proteins, proteins were denatured for 5 min at

95 °C, whereas for detection of SPPL proteases, samples

were incubated for 10 min at 55 °C prior to electrophore-

sis. Aliquots of 20–50 lg protein were analysed. Following

electrophoresis, proteins were transferred to nitrocellulose

membranes (Whatman� Protran� nitrocellulose mem-

brane, 0.2 lm pore size) using a semi-dry transfer protocol

for 2 h as described [62]. Following transfer, the mem-

branes were incubated in blocking buffer (5% (w/v) milk

powder in TBS-T (25 mM Tris–HCl, pH 7.4, 137 mM NaCl,

2.7 mM KCl and 0.1% (v/v) Tween-20)). Overexpressed

SNARE proteins were detected via the appended HA epi-

tope using the rat monoclonal 3F10 antibody from Roche.

In some experiments, a 3F10 antibody directly coupled to

horseradish peroxidase (HRP) was employed. For the

detection of GFP fusion proteins, rabbit monoclonal D5.1

antibody (Cell Signalling, Danvers, MA, USA) was utilised.

Polyclonal antibodies against murine SPPL2a [57] and

SPPL2b [28] have been described before. Endogenous

SNARE proteins in murine tissues were analysed with the

following primary antibodies: polyclonal anti-VAMP1

(13151, Cell Signalling), monoclonal anti-VAMP2 (Clone

D6O1A, Cell Signalling), polyclonal anti-VAMP3

(GTX55838, GeneTex, Irvine, CA, USA) and polyclonal

anti-VAMP4 (136002, Synaptic systems, G€ottingen, Ger-

many). To confirm equal protein loading, anti-GAPDH

(sc-25778, Santa Cruz antibodies, Dallas, Texas, USA;

607901, BioLegend, San Diego, CA, USA) or anti-actin

(A2066, Sigma) was employed. All primary and secondary

antibodies were applied in the blocking buffer. HRP-

coupled secondary antibodies were purchased from Dia-

nova (Hamburg, Germany). In between and prior to detec-

tion, membranes were washed three times with TBS-T.

Chemoluminescent visualisation of HRP activity was per-

formed using an Amersham Imager 600 or Azure 600 ima-

ger. Images were processed with Adobe Photoshop or

GIMP. Densitometric quantification of band intensities was

conducted using the IMAGEJ software[63]. To facilitate a sec-

ond detection round, bound antibodies were removed from

a membrane either by incubation in glycine buffer (100 mM

glycine, pH 2.2, 50 mM KCl and 20 mM magnesium acet-

ate) for 30 min at room temperature or in SDS buffer

(62.5 mM Tris–HCl, pH 6.8, 2% (w/v) SDS and 0.82% (v/

v) b-mercaptoethanol) for 20 min at 80 °C. Subsequently,

membranes were washed and incubated in a blocking buf-

fer before applying a new primary antibody.

Indirect immunofluorescence

Cells were seeded on glass coverslips, transfected as

described above and finally, fixed with 4% (w/v)

paraformaldehyde in PBS. Immunocytochemical stainings

were conducted according to a previously described proto-

col [62]. Overexpressed SNARE proteins and SPPL2 pro-

teases were detected based on their appended HA and Myc

epitopes, respectively, using rat anti-HA (3F10, Roche) and

mouse anti-Myc (9B11, Cell Signalling) as primary antibod-

ies. For visualisation, Alexa 488- and 594-conjugated sec-

ondary antibodies (Molecular Probes, Eugene, Oregon,

USA) were employed. DAPI (4-,6-diamidino-2-

phenylindole, Sigma) was added to the embedding medium

at a concentration of 1 lg�mL�1 to stain the nuclei. Speci-

mens were analysed and images were acquired with Olym-

pus FV1000 or Leica SP5 confocal laser scanning

microscopes. Images were further processed with OLYMPUS

FLUOVIEW, IMAGE J and ADOBE PHOTOSHOP software.

Quantitative RT-PCR

Total RNA was extracted from tissues or cells using TRIzol

(Sigma) according to the manufacturer’s instructions. Reverse

transcription was performed using the RevertAid First Strand

cDNA Synthesis kit (Thermo Scientific) and random hexamer

oligonucleotides from 1 lg total RNA according to the manu-

facturer’s recommendations. Gene expression of Vamp1, Vam-

p2, Vamp3 and Vamp4 in heart, BMDC, BMDM and

cerebellum was analysed using the Universal Probe Library

System (Roche) with a LightCycler 480 Instrument II (Roche).

The following primers and hydrolysis probes were used:

VAMP1 (probe #78): fw, 5´-ACGGACCTCCACTTCC

TCTT-30; rv, 5´-CAGCTCCTTCTGTCCCTTCA-30; VAMP2

(probe #31): fw, 5´-CCAAGCTCAAGCGCAAAT-30; rv, 5´-
GGGATTTAAGTGCTGAAGTAAACG-30; VAMP3 (probe

#31): fw, 5´-TCGCAGTTTGAAACAAGTGC-30; rv, 5´-
ATCCCTATCGCCCACATCTT-30; VAMP4 (both isoforms,

probe #42): fw, 5´-TGCAAGAGAATATTACAAAGGT

AATTG-30; rv, 5´-GAAAGCGGTGGCATTATCC-30; Tubu-
lin1a (probe #88): fw, 5´-CTGGAACCCACGGTCATC-30;
rv, 5´-GTGGCCACGAGCATAGTTATT-30.

RNA expression analysis in liver tissue samples was car-

ried out using the Maxima SYBR Green/ROX qPCR Mas-

ter Mix (29; Thermo Scientific) following the

manufacturer’s instructions. Samples were measured in a

10 lL format on a C1000 TouchTM Thermal Cycler (Bio-

Rad, Hercules, CA, USA). Expression of genes of interest

was calculated relative to the mean of three housekeeping

genes, Atp5e, Hprt and Tbp, and taking primer efficiencies

into account. The following primer pairs were used:

VAMP2: fw, 5´-ACTGGTGGAAAAACCTCAAGATGA-
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30; rv, 5´-AGGGAGGGGGCTGAAAGATA-30; VAMP3:

fw, 5´-GAAGACTCCAGCAGACACAAA-30; rv, 5´-CCG
AGAGCTTCTGGTCTCTT-30; VAMP4: fw, 5´-ATGATG

ATGACGTGACCGGG-30; rv, 5´-TCCAGATGGTCCCC

GTAGAA-30; Atp5e: fw, 5´-CCGGTTTGAGGCTACTC

TGA-30; rv, 5´-GGAAAACCGGATGTAGCTGAGT-30;
Hprt: fw, 5´-AGTCCCAGCGTCGTGATTAG-30; rv, 5´-
TGATGGCCTCCCATCTCCTT-30; Tbp: fw, 5´-GGCATC

AGATGTGCGTCAG-30; rv, 5´-ATGAAATAGTGATGC

TGGGCA-30.
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