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Summary
The AP-1 complex recycles between membranes and the cytoplasm and dissociates from membranes during clathrin-coated-vesicle

uncoating, but also independently of vesicular transport. The m1A N-terminal 70 amino acids are involved in regulating AP-1 recycling.
In a yeast two-hybrid library screen we identified the cytoplasmic prolyl-oligopeptidase-like protein PREPL as an interaction partner of
this domain. PREPL overexpression leads to reduced AP-1 membrane binding, whereas reduced PREPL expression increases membrane
binding and impairs AP-1 recycling. Altered AP-1 membrane binding in PREPL-deficient cells mirrors the membrane binding of the

mutant AP-1* complex, which is not able to bind PREPL. Colocalisation of PREPL with residual membrane-bound AP-1 can be
demonstrated. Patient cell lines deficient in PREPL have an expanded trans-Golgi network, which could be rescued by PREPL
expression. These data demonstrate PREPL as an AP-1 effector that takes part in the regulation of AP-1 membrane binding. PREPL is

highly expressed in brain and at lower levels in muscle and kidney. Its deficiency causes hypotonia and growth hormone hyposecretion,
supporting essential PREPL functions in AP-1-dependent secretory pathways.
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Introduction
AP-1 mediates clathrin-coated transport vesicle (CCV) formation

and protein sorting, between the trans-Golgi network (TGN) and

endosomes. AP-1 and the plasma membrane AP-2 recycle between

membranes and the cytoplasm during transport vesicle formation

and vesicle uncoating, together with clathrin. Importantly, they

also recycle independent of vesicle formation and clathrin,

indicating abortive CCV formation events, which have been

described in detail for the homologous AP-2 at the plasma

membrane (Loerke et al., 2009; Wu et al., 2003). CCV uncoating is

mediated by Hsc70 and its co-chaperones auxilin 1 (DNAJC6) and

auxilin 2 (cyclin-G-associated kinase, GAK) (Hirst et al., 2008).

Hsc70 binds to a short peptide-motif in the clathrin-heavy-chain

inducing clathrin basket disassembly (Rapoport et al., 2008). Less

is known about mechanisms regulating the subsequent membrane

dissociation of the AP complexes.

High-affinity AP-1 membrane binding requires three

components, and loss of just one of them, leads to the loss of

AP-1 membrane binding in vivo. These are a cargo protein with

an AP-1-binding motif, phosphatidylinositol 4-phosphate (PI-4-

P) and the small GTP-binding protein Arf-1GTP (Heldwein et al.,

2004; Robinson and Kreis, 1992; Rohde et al., 2002; Wang et al.,

2003). All four AP-1 adaptin subunits are involved in binding of

those factors. m1A and s1 adaptins bind cargo proteins, whereas

the putative PI-4-P binding domain has been identified in c1. The

N-terminal core domains of c1 and b1 adaptins bind to Arf-1GTP

(Austin et al., 2002; Meyer et al., 2005; Shinotsuka et al., 2002).

Clathrin cage formation is mediated by clathrin recruitment via

binding to the b1 ‘hinge-ear’ domain and the c1 N-terminal core

domain (Doray and Kornfeld, 2001; Gallusser and Kirchhausen,

1993). Clathrin stabilises the coat and clathrin cage assembly

contributes energy for the membrane deformation and vesicle

budding (Dannhauser and Ungewickell, 2012).

In addition to cargo binding, m1A adaptin is involved in the

regulation of membrane–cytoplasm recycling of AP-1 (Medigeshi

et al., 2008). Homologies between m1A of AP-1 and m2 of AP-2

range from 25% to 50%, indicating that subdomains fulfil AP-

complex specific functions. Therefore we constructed chimeras, in

which domains in m1A were replaced by the corresponding m2

domains and expressed these in m1A2/2 fibroblasts. Only the

chimera with a domain swap of the N-terminal seventy amino

acids, which have with 25% the lowest sequence homology, was

stably incorporated into an AP-1 complex, named AP-1*. Analysis

of AP-1* membrane-cytoplasm recycling revealed that the N-

terminus of m1A is involved in the regulation of AP-1 membrane-

cytoplasm recycling. The recycling rate is reduced and this lowers

the sorting fidelity of mannose-6-phosphate receptors and a

fraction of cathepsin D is secreted (Medigeshi et al., 2008). The

m1A N-terminus is not oriented towards the membrane, but to the

cytoplasm and can not influence membrane binding directly and

has to bind to additional proteins.

AP-complexes have been shown to exist in two conformations.

The ‘open’ conformation has the cargo binding domains exposed

and in the ‘closed’ conformation shielded. The transition between
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the two forms is supported by m-adaptin phosphorylation (Owen
and Evans, 1998; Owen et al., 2001). This enables c1 and b1 to

undergo a rotation releasing the cargo-binding motif in the s-
adaptins. This rotation moves the cytoplasm oriented domains of
both large adaptins closer together (Collins et al., 2002; Conner
and Schmid, 2002; Ghosh and Kornfeld, 2003; Höning et al.,

2005; Jackson et al., 2010; Motley et al., 2006; Ricotta et al.,
2002). The m1A adaptin N-terminus is positioned at the bottom of
this celft and is therefore only readily accessible in the ‘closed’

conformation of the complex. The membrane bound pool of AP-
1* is in the closed conformation and can not bind to cargo
proteins via the motifs in m1A and s1 (Medigeshi et al., 2008).

This indicates low-affinity AP-1* membrane binding mediated
only by Arf1GTP and PI-4-P, but in spite of this membrane
recycling rates are reduced.

Arf1-GTPase is activated by Arf1-GAP, which itself can be

activated by the high membrane curvature generated during
vesicle formation (Ambroggio et al., 2009). Thus without
transport vesicle formation Arf-1GTP will not be inactivated and

will tether AP-1 on the membrane. The PI-4-P binding motif in
c1 is not well characterised and it is not clear whether induction
of conformational changes regulates binding affinities. In

addition to the these two modes of membrane binding, AP-1
binds to many proteins via the C-terminal ‘ear’ domains of c1
and b1, the network of ‘accessory’-proteins, which undergoes

phosphorylation–dephosphorylation during the process of
membrane–cytoplasm recycling (Ghosh and Kornfeld, 2003;
Ricotta et al., 2008; Ungewickell and Hinrichsen, 2007).
Accessory proteins can be co-adaptors, binding cargo not

recognised by AP complexes, but they also contribute to
vesicle formation. The small ‘ear’ domains cannot and do not
bind all these proteins at the same time and they are thus

recruited subsequently (Loerke et al., 2011; Taylor et al., 2011).
Despite this orchestration of the events, many CCV formations
do not proceed until the end and are aborted (Liu et al., 2009;

Loerke et al., 2009). How these most likely imperfect coats are
removed or disassembled is not known. The data on AP-1*
membrane binding and recycling indicate that the m1A N-
terminus can play a role in this process. None of the proteins

known so far to influence AP-1 membrane binding interacted
with this domain (Medigeshi et al., 2008).

The N-terminal seventy amino acids of m1A are located at the

bottom of the cleft formed by c1 and b1, and are accessible only
from the cytoplasmic face of the complex. In the open, cargo
bound, conformation this cleft is narrower, limiting access to the

m1A N-terminus. We reasoned that the m1A N-terminus binds a
cytoplasmic protein and that this interaction induces
conformational changes in the AP-1 complex weakening its

membrane binding and supporting its membrane dissociation.

We searched for proteins interacting with this domain by using
the N-terminal seventy amino acids of m1A as bait in a yeast
two-hybrid library screen. We isolated a putative prolyl-

oligopeptidase, which had been named PREPL for prolyl-
oligopeptidase-like protein. PREPL is a soluble cytoplasmic
protein of unknown function, with highest expression in brain,

intermediate expression in muscle and kidney and very low
expression elsewhere. Its deficiency is associated with the
Hypotonia-Cystinuria syndrome (HCS), characterised by

hypotonia and growth hormone hyposecretion, causing
retardation of infantile development. Although its sequence
homology predicts a hydrolytic activity and despite the binding

of peptidase inhibitors, peptides cleaved by the protein could not

be identified yet (Martens et al., 2006). We demonstrate a PREPL

effector function on the redistribution of AP-1 from membranes

into the cytoplasm. This points to tissue-specific PREPL–AP-1-

dependent pathways underlying the hypotonia and GH-

hyposecretion syndromes of HCS.

Results
m1A-N1-70 binding protein

We used the m1A adaptin N-terminal 70-amino-acid-long domain

(m1A-N1-70) (Fig. 1A–C) as a bait in a yeast two-hybrid library

Fig. 1. Clone isolated in a Y2H library screen with the N-terminus of m1A

as bait. (A) Position of the N-terminal 70 aa of m1A in the AP-1 complex

(Heldwein et al., 2004). m1A domains: m1A-N1-70 PREPL binding domain,

blue; m1A-N71-150 domain, green; C-terminal cargo-binding domain, cyan; c1,

red; b1, grey; and s1, gold. Membrane would be below the complex. (B) Side

view of the AP-1 cleft formed by the two large adaptins of a cargo-free

complex. The m1A N-terminus is exposed at the bottom of the cleft (software

Pymol). (C) Cytoplasmic face of the complex. (D) Binding of 83 aa fragment

of the 725 aa protein binding m1A, but not m2. Cell growth is not blocked by

addition of the His3p competitive inhibitor (3AT); (E) Binding to m1A

requires the entire 83 aa (112–195) of the 725 aa protein PREPL. BD,

binding domain.
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screen with a mouse embryonic cDNA library as prey. A total of
,106 clones were screened (Behrens et al., 1998). 44 were

positive for all four reporter genes of the yeast tester-strain
AH109, out of which 16 clones were unique, but one clone was
identified 18 times. This clone could be verified by retesting and
binding was stable in the presence of 5 mM 3-AT (Fig. 1D). The

insert encoded 83 amino acids of the N-terminal domain of
PREPL (Fig. 1D). It did not bind to the N-terminal 70 amino
acids of m2 (Fig. 1D). Splitting of this domain into three

fragments (aa 112–152, aa 131–171 and aa 153–195) resulted
in the loss of m1A binding (Fig. 1E). This indicates that residues
mediating m1A binding do not form a short sequence motif, but

are distributed within this larger domain.

Next we tested for direct AP-1 binding to PREPL in vivo by
co-immunoprecipitation experiments. First, we tested for PREPL
and AP-1 crosslinking efficiencies. AP-1 and AP-1* expressing

MEF cell lines were incubated with the membrane permeable
crosslinker DSP for 30 minutes on ice and cell lysates were
analysed by western blots developed with anti-PREPL and anti-

c1 antisera (AP-1) after they were separated under reducing and
non-reducing conditions. In both cell lines all PREPL proteins
migrated in a ,300 kDa protein complex and under reducing

conditions, they all migrated as the native long and short forms of
the protein, demonstrating highly efficient crosslinking of
PREPL. Nearly all c1 adaptins migrated to the very same
position (supplementary material Fig. S1A). The calculated mass

of the heterotetrameric AP-1 complex is 268 kDa and therefore
proteins have been crosslinked to AP-1 and possibly also PREPL.
We performed anti-PREPL immunoprecipitations after

[35S]methionine metabolic labelling and crosslinking. This
revealed binding of a number of different proteins from
,10 kDa to 110 kDa to PREPL (supplementary material Fig.

S1B). This demonstrated highly efficient PREPL crosslinking to
a number of proteins, but this complex protein pattern makes it
difficult to interpret a co-IP as a direct interaction of PREPL with

AP-1. In addition, membrane bound AP-1 is part of a complex
proteinaceous coat and has many different binding partners,
which themselves have a complex interactome.

We also prepared protein extracts from mouse brain for the

anti-PREPL co-immunoprecipitations experiments, because it is
the tissue of highest PREPL and AP-1 expression (Glyvuk et al.,
2010; Martens et al., 2006). We used cytosolic as well as

membrane fractions for the co-immunoprecipitation experiments,
because the AP-1* data predict preferential PREPL binding to a
membrane bound AP-1 pool, which is also indicated by the

altered AP-1 membrane localisation upon PREPL overexpression
or PREPL deficiency shown below. Besides MEF and brain
cytosol, we used brain membrane fractions from 10,000 g and
14,000 g supernatants for the experiments and immuncomplexes

were isolated using protein G-coated magnetic beads to avoid
centrifugation steps. c1 (AP-1) was not detected in the isolates
from the brain 14,000 g supernatant or from the crosslinked MEF

cytosolic fractions (data not shown). This indicates that PREPL
and AP-1 do not interact in the cytoplasm or that such an
interaction is only very transient. However, AP-1 was enriched in

the isolate from the 10,000 g brain supernatant. 12% of total AP-
1 complexes were found in the PREPL IP fraction (Fig. 2). We
also analysed cortex and brainstem separately, because the

delayed development of PREPL-deficient patients suggests
essential functions in the brainstem, but results were identical
for both (data not shown). Also AP-2 (anti-a adaptin) was

enriched in this fraction. This indicates PREPL binding also to a

protein binding AP-1 as well as AP-2. Membrane bound AP-1 is

part of a complex protein coat and has an extensive interactome.

The composition of the AP-1 coat even changes during transport

vesicle formation. Thus a spatial proximity and crosslinking of

PREPL and AP-1 could be mediated by binding of both to a third

protein or to even two different proteins binding each other.

Therefore it is impossible to demonstrate an individual direct

protein–protein interaction of these proteins in vivo. Cytoplasmic

PREPL and cytoplasmic AP-1 seem not to form complexes stable

enough to be demonstrated by co-IP or crosslinking. In fact, there

are several examples in the literature, which demonstrate that one

protein has to be in contact with a membrane for complex

formation, even so membrane binding does not induce extended

conformational changes (Lo et al., 2012). Importantly, however,

the isolation of membrane bound proteins by anti-PREPL serum

demonstrates that the soluble, cytoplasmic PREPL interacts with

membranes coated with AP-1.

PREPL induced redistribution of AP-1

To test for in vivo AP-1/PREPL interaction we first tested for

effects of PREPL overexpression on AP-1 membrane–cytoplasm

distribution and for their co-localisation. PREPL expression is

highest in brain and it is expressed to a lesser extent in kidney,

heart and skeletal muscle, whereas only trace amounts are found

elsewhere (Jaeken et al., 2006). We used mouse embryonic

fibroblast (MEF) cell lines with comparable low endogenous

PREPL expression for the experiments, because it enabled us to

use AP-1* expressing cells as controls. AP-1* should not be

sensitive to PREPL overexpression according to the Y2H data

(Fig. 1D). We expressed full-length murine PREPL with a C-

terminal HA tag transiently in MEF cells, which localised to the

cytoplasm as previously reported. The overexpression resulted in

severely reduced peri-nuclear TGN binding of AP-1 (Fig. 3). AP-

1 membrane binding was lost completely in 10% of the

transfectants and 90% showed severely reduced membrane

localisation due to variable PREPL expression levels. We

quantified the residual AP-1 membrane binding by normalising

the signal intensity for the TGN area and by determining

maximal signal intensity, marking domains with high AP-1

membrane density, as well as the minimal signal intensity,

marking membrane domains with comparable few AP-1

complexes bound. This revealed a reduction of intensity/area

and the maximal intensity signal to 55% of wild type on average,

whereas the minimal signal intensity was reduced down to 25%

Fig. 2. AP-1 (c1) is immuno-isolated from mouse brain 10,000 g

supernatant fraction with anti-PREPL antisera. 10% of the supernatant

fraction was loaded as input control. See Results section for details.

S, supernatant; P, pellet.
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on average (n57; Fig. 3). This indicates that membrane domains

covered with comparably fewer AP-1 complexes are more

sensitive to PREPL induced redistribution into the cytoplasm. As

expected membrane binding of AP-1* was not reduced, in line

with the PREPL binding specificity determined in the Y2H assay

(Fig. 3). This indicates that the slower membrane– cytoplasm

recycling rate of AP-1* is due to impaired binding of PREPL to

AP-1* (Medigeshi et al., 2008). PREPL appears to induce AP-1

membrane dissociation. We did not observe peripheral

membranes labelled with AP-1, which would indicate a
PREPL/AP-1 induced TGN fragmentation. PREPL/AP-1

binding could also lead to the destruction of the entire TGN.
However, this would destroy the essential biosynthetic pathway
and would inevitably lead to cell death. We observed rapid
declining expression levels of PREPL in the transfectants, but did

not detect any signs of cell death, which makes this alternative
explanation highly unlikely. Next, we established cell lines with
stable and thus low PREPL-HA expression and also under these

conditions a reduction of AP-1 membrane binding is observed,
whereas AP-1* membrane binding was unchanged, confirming
the effect of PREPL overexpression on AP-1 membrane binding

(Fig. 3). Under these low PREPL expression levels, co-
localisation of PREPL with residual membrane bound AP-1
(Fig. 3), as well as with AP-1* (Fig. 3), was detectable. PREPL
colocalisation with AP-1* indicates that it is able to bind weakly

to additional AP-1 domains, or to a third protein binding also AP-
1. Importantly, PREPL is not detected on the TGN in the absence
of AP-1 and therefore PREPL binding to the TGN, as well as its

binding to a putative third protein, is AP-1 dependent. These in

vivo data do confirm a function of a direct binding of PREPL to
AP-1 as indicated by the direct and specific PREPL-m1A binding

in the Y2H analysis.

PREPL ‘knockdown’ and AP-1 membrane binding

If PREPL is involved in the regulation of AP-1 membrane–

cytoplasm recycling and induces AP-1 redistribution into the
cytoplasm, PREPL-deficiency should lead to an increased pool of
membrane bound AP-1. To test this, we established RNAi

mediated PREPL ‘knockdown’ in HeLa cells, using four
sequences predicted to mediate a ‘knockdown’ of human
PREPL. These were tested for downregulation by western blot

24 and 48 hours post-transfection. Only oligonucleotide 4 (Prepl
4) led to a reproducible reduction in protein levels down to 20–
30% of wild type (Fig. 4A). Prolonged incubation times did not

lead to further downregulation. Prepl-oligonucleotides 1, 2 and 3
led to downregulation of PREPL expression to 50–60% of wild
type. In the experiments, Prepl1, standard lamin oligonucleotide
and mock-transfected cells all served as negative controls. AP-1

membrane binding (anti-c1) was analysed by indirect
immunofluorescence microscopy 24 hours post-RNAi
transfection. We observed more intense AP-1 membrane

staining in the PREPL ‘knockdown’ cells at steady state
(Fig. 4B,C). Quantification of signal intensities revealed an
average 1.760.23-fold (n510) increase in membrane bound AP-

1 in Prepl 4 transfected cells compared to mock-transfected
control cells (1.060.26; n57). In Prepl1-transfected control cells
(50–60% PREPL ‘knockdown’), AP-1 membrane binding was
1.160.3 (n514) compared to the mock-transfected control cells

(Fig. 4C). This 1.7-fold increase in the AP-1 membrane bound
pool is comparable to the 1.5-fold increase in AP-1 membrane
binding determined in an auxilin1/auxilin2 double ‘knockdown’

in HeLa cells, in which Hsc70 induced clathrin uncoating is
blocked (Hirst et al., 2008). The severe protein sorting defects in
these cells are however due to the depletion of the cytoplasmic

pool of free clathrin by clathrin basket formation in the
cytoplasm. The effect of PREPL ‘knockdown’ on AP-1
membrane-cytoplasm recycling was not as severe as the altered

recycling rate of the mutated AP-1 complex AP-1*. We could not
reliably determine a delay in brefeldin A induced AP-1
redistribution into the cytoplasm, as it had been determined for

Fig. 3. PREPL-HA overexpression in AP-1 and in AP-1* cell lines.

(A–D) Transient PREPL expression. (E–H) Stable PREPL expression. Left

panels: c1 (AP-1) staining. Right panels: PREPL-HA staining. Scale bar:

20 mm. Box-blot diagram shows residual AP-1 membrane binding in MEF

cells with transient PREPL overexpression, expressed in % of wild-type AP-1

(c1) IF signal intensities. Shown are the reduction in the AP-1 signal

intensities normalised for the TGN area and the maximal and minimal signal

intensities of AP-1 at the TGN (n57).
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AP-1* (Medigeshi et al., 2008). This is most likely due to the

variable amounts of residual PREPL present in these cells.

Human patient cell lines lacking PREPL did show altered AP-1

recycling (see below). Thus, reducing PREPL expression leads to

redistribution of AP-1 onto membranes as predicted by the
reduced AP-1 membrane binding upon PREPL overexpression

and by the increased membrane binding of AP-1*, which is not

able to bind PREPL.

PREPL subdomain functions

A short sequence of the PREPL N-terminus binds m1A. To test

whether this domain is sufficient for AP-1 redistribution or

whether additional PREPL domains are required, we expressed

HA-tagged PREPL subdomains. These were chosen based on
sequence homologies to the porcine prolyl-oligopeptidase PREP,

because the crystal structure of this family member has been

solved (Fig. 5; supplementary material Fig. S2) (Szeltner et al.,

2002). The structure reveals three subdomains: an N-terminal

helix formed by amino acids 1–88, an N-terminal b-propeller

domain and a C-terminal peptidase S9 a/b fold domain. The N-

terminal helix is layered on top of the peptidase S9 a/b fold
domain and continues to the N-terminal b-propeller domain,

thereby connecting the two subdomains (Fig. 5, green). This

domain is absent in the short form sPREPL, which starts with

Met89 of PREPL (Jaeken et al., 2006; Parvari et al., 2005). The

PREP catalytic triad is located at the bottom of the peptidase S9

a/b fold domain facing the top of the N-terminal b-propeller
domain (Fig. 5, red sticks). Therefore, the protein has to undergo

conformational changes to make the catalytic centre accessible.

Either the propeller domain opens up to create a channel for the

peptide, or the two domains fold up to expose the catalytic centre,

as it has been demonstrated for a bacterial family member

(supplementary material Fig. S2) (Shan et al., 2005). Thus

PREPL could be a mechanoenzyme and these structural changes

could be involved in the molecular mechanism supporting AP-1

redistribution. The PREPL domain binding the m1A-N1–70

corresponds to b-sheets of the b-propeller domain of PREP

(Fig. 5, blue). We expressed the predicted PREPL N-terminal b-

propeller domain, with and without the N-terminal helix domain,

and the C-terminal peptidase S9 a/b like domain with C-terminal

HA tags (Fig. 5). Neither N-terminal domain caused a

redistribution of AP-1, nor did they show colocalisation with

Fig. 4. RNAi-mediated PREPL ‘knockdown’ in HeLa cells and AP-1

membrane binding. (A) PREPL ‘knockdown’ analysed by western blot.

Expression of the murine PREPL-HA-tagged protein demonstrates anti-serum

specificity (last lane: huPREPL, murine PREPL-HA). Hsc70 staining served

as control. (B) Indirect immunofluorescence microscopy for AP-1 membrane

binding (c1) in lamin, Prepl 4 and Prepl 1 (insufficient PREPL ‘knockdown’)

transfected cells. Scale bar: 20 mm. (C) Quantification of AP-1 membrane

binding in lamin (626%; n57), Prepl 4 (623%; n510) and Prepl 1 (630%;

n514) transfected cells.

Fig. 5. Expression of PREPL subdomains in AP-1-expressing cells.

Subdomains were cloned based on the PREP crystal structure. PREP structure

is coloured: N-terminal extension of the b-propeller in green, the

corresponding m1A-binding domain of PREPL in blue, catalytic triad in the

C-terminal domain as red sticks. (A) Full-length N-terminal b-propeller

domain-HA (1-428 aa). (B) N-terminal b-propeller domain-HA truncated by

the N-terminal helix formed by amino acids 1–88. Two confocal sections of

the same cells are shown. (C) C-terminal peptidase S9 family a/b fold

domain-HA formed by amino acids 429–725. Scale bar: 20 mm.

PREPL-induced AP-1 membrane dissociation 1159
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AP-1 on membranes in any of the transfectants (Fig. 5A,B).

While the propeller domain alone was distributed throughout the

cytoplasm, the propeller with the N-terminal extension was not. It

appears to bind to peripheral organelles, where the N-terminal

extension may bind to a protein homologous to the C-terminal

domain of PREPL. Therefore, a contribution of the first 88 amino

acids to the induction of AP-1 redistribution cannot be excluded,

however they do not contribute to PREPL targeting to AP-1. The

C-terminal peptidase S9 a/b like domain was cytoplasmic too

and did not induce AP-1 redistribution into the cytoplasm in any of

the transfectants (Fig. 5C). Thus, full-length PREPL is required for

in vivo AP-1 binding and its redistribution into the cytoplasm. This

indicates that additional AP-1 interaction domains besides the m1A

N-terminus exist or that PREPL binds to a third protein, forming a

trimeric X-PREPL–AP-1 complex. This is in line with the low,

residual colocalisation of PREPL with AP-1* (Fig. 3).

PREPL catalytic triad function

Human PREPL was tested for prolyl-oligopeptidase activity, but

no substrate was identified yet, despite the specific binding of

peptidase inhibitors (Jaeken et al., 2006; Szeltner et al., 2005).

The Ser-Asp-His catalytic triad appeared to be conserved in

PREPL (supplementary material Fig. S2). Modelling the PREPL

structure on the porcine PREP structure as template resulted in a

structure resembling only part of the peptidase S9 a/b catalytic

domain, which does not include the entire putative Ser-His-Asp

catalytic triad, indicating that PREPL may not be catalytically

active.

Nevertheless, we tested for a function of the putative enzymatic

activity in AP-1 redistribution and replaced the conserved

nucleophilic Ser557 by Ala. Transient overexpression of

PREPL-HA Ser557Ala revealed Ser557-independent AP-1

redistribution from the membrane to the cytoplasmic pool

(Fig. 6; supplementary material Fig. S3). Residual AP-1

membrane binding of ,60% was detectable in most clones

(88%, n57) as it was for wild-type PREPL expression. Also AP-1*

was not affected (supplementary material Fig. S3). Thus a

contribution of a putative hydrolytic activity cannot be excluded,

but it is not essential. Therefore the major conformational changes

this protein family is able to undergo should be involved in the

redistribution of AP-1 into the cytoplasm.

Interestingly, also the N-terminal domain of PREP has a
function independent of its peptidase activity. PREP ‘knockout’
mice show altered neuronal growth cone morphology, which can

be rescued by peptidase-deficient PREP. PREP inhibitors
improve learning and memory and it has always been assumed
that this is due to altered neuropeptide processing, however PREP

is cytosolic. Inhibitor binding to the catalytically active site may
induce scissor closing (supplementary material Fig. S2). This
change can alter PREP interactions with cytoplasmic target

proteins and can explain the physiological effects of the
inhibitors (Di Daniel et al., 2009).

PREPL deficiency

The PREPL gene is one of two neighbouring loci affected by a
microdeletion in patients with hypotonia-cystinuria syndrome
(HCS; MIM 606407). The second gene is SLC3A1 (solute carrier
family 3, member 1), which encodes the large subunit of an

amino acid transporter for cystine and dibasic amino acids
(Jaeken et al., 2006; Martens et al., 2006). We used primary
human fibroblasts from two HCS patients (HCS 14 and 16),

which do not express PREPL and from two healthy controls (ct 8
and 10) to analyse the effect of PREPL deficiency on AP-1
membrane–cytoplasm distribution (supplementary material Fig.

S4A) (Jaeken et al., 2006). AP-1 staining revealed intense
labelling of a dramatically spread out trans-Golgi network in
patient fibroblasts (Fig. 7A). We quantified this and determined

the size of the TGN relative to the size of the nucleus. This
revealed a 2.5-fold increase in the TGN area (Fig. 7B; wt n510,
DPREPL n59). This phenotype was fully rescued by expression
of the murine, HA-tagged PREPL (Fig. 7B, n59 and Fig. 7D).

Ectopic PREPL expression in these deficient cells reduces the
area of the AP-1 labelled TGN below that of the controls and also
reduces the variability in size. We observed also in the HeLa cell

‘knockdown’ experiments a more spread out TGN, but it was not
as pronounced and heterogeneous, presumably due to residual
PREPL, and thus we did not quantitate this observation (J.B.).

Brefeldin A induced AP-1 redistribution into the cytoplasm
revealed a readily visible incomplete AP-1 redistribution in both
PREPL-deficient cell lines compared to the two controls
(Fig. 7C; supplementary material Fig. S4B), as it has been

observed for AP-1* in mouse embryonic fibroblasts (Medigeshi
et al., 2008). Quantification of the reduction in the AP-1 signal
intensities in these four human cell lines revealed a reduction of

AP-1 membrane binding below 20% in the control cell lines after
5 and 10 minutes in the presence of BFA, whereas PREPL-
deficient cell lines retained ,60% of their AP-1 on the TGN after

5 and 10 minutes (Fig. 7C). This factor of ,3 correlates with the
,2.5-fold increase in TGN area and it demonstrates PREPL-
dependent as well as PREPL-independent AP-1 membrane

dissociation.

We analysed cathepsin D sorting by pulse-chase experiments,
because AP-1* expressing cells missort the Golgi precursor form
of cathepsin D into the culture medium (Medigeshi et al., 2008).

Surprisingly, pro-cathepsin D is not secreted by the PREPL-
deficient cell lines. However, pro-cathepsin D processing appears
to be slightly delayed in these cells, indicating slower TGN-

endosome-lysosome sorting (supplementary material Fig. S4C).
This can be explained by an adaptation of the patient fibroblasts
to the PREPL deficiency. Adaptations induced by complete loss

Fig. 6. AP-1 redistribution by expression of the PREPL-Ser557Ala

putative catalytic domain mutant in MEF cells. Left: AP-1 (c1) staining.

Right: anti-PREPL-Ser557Ala-HA staining. Depending on PREPL expression

levels, AP-1 is removed from membranes either completely or by ,40% (see

additional AP-1 and AP-1* cells in supplementary material Fig. S3). Asterisks

mark PREPL-expressing cell. Scale bar: 20 mm.
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of ‘accessory’ proteins have been observed for several proteins in

AP-2-mediated endocytosis, whereas only moderate decreases

reveal phenotypes (Mettlen et al., 2009). The number of proteins

involved in CCV formation and the complexity of their interaction

network may readily allow adaptations increasing the robustness of

the system. The expanded, spread out TGN could contribute to

such an adaptation of the vesicle budding machinery as it increases

the number of AP-1 docking and budding sites. The mannose-6-

phosphate receptor MPR46 was found in all the TGN areas coated

with AP-1 in the PREPL-deficient cells as in the controls

(Fig. 7A). This, together with the intracellular pro-cathepsin D
transport and the maintenance of the TGN morphology upon BFA

treatment, indicates that the expansion does not lead to the
formation of separated, functionally impaired TGN subdomains.
However, the impaired GH secretion of the patients point to
essential PREPL functions in regulated secretory pathways in the

brain, in line with a function in AP-1-dependent pathways. This
cell-type specific pathway will be analysed in detail in a PREPL
mouse ‘knockout’ model. In summary, the absence of PREPL

causes the same alterations of AP-1 membrane–cytoplasm
recycling as replacing the N-terminal seventy amino acids of
m1A by those of m2 (AP-1*).

Discussion
We identified the prolyl-oligopeptidase-like protein PREPL as a
novel AP-1 complex effector. This is the first molecular function

identified for PREPL. Low PREPL expression increase AP-1
membrane binding and increased PREPL expression reduces AP-
1 membrane binding. PREPL’s AP-1 effector function requires

the N-terminal seventy amino acids of the m1A-adaptin subunit.
Exchanging this m1A domain by the corresponding domain of the
plasma membrane AP-2 complex m2-adaptin, slows down

recycling of this chimeric AP-1* complex and prevents
PREPL-induced AP-1* redistribution. A large fraction of
membrane bound AP-1* has no cargo proteins bound,
indicating low-affinity membrane binding, but the redistribution

of the complex into the cytoplasm is nevertheless reduced
(Medigeshi et al., 2008). This is most likely mediated by the
additional two major components mediating AP-1 membrane

binding, Arf-1GTP and PI-4-P. A pool of cargo-free, membrane
bound AP-1 can be generated by stalled and aborted vesicle
budding events. Formation of vesicles has to be regulated to

ensure correct cargo sampling, precise budding kinetics and the
correct formation of the ‘zip-code’ for the respective acceptor
compartment. It involves a large number of proteins, which

undergo multiple orchestrated interactions. Given the number of
proteins involved and the complexity of the process, it is not
surprising, that not all budding events are successful. This
requires uncoating of partially assembled coats in order to recycle

the proteins and to free the membrane enabling new rounds of
transport vesicle formation (Liu et al., 2009; Loerke et al., 2011;
Loerke et al., 2009; Schmid and McMahon, 2007; Taylor et al.,

2011). Our data suggest that PREPL is involved in the uncoating
of imperfect AP-1 coats. The cargo free AP complex open
conformation seems to have a lower energy content than the

closed one (Jackson et al., 2010). Therefore, PREPL binding to
the wide c1-m1A-b1 cleft of the cargo-domain closed
conformation could be required to overcome an energy barrier

and to induce a less favoured AP-1 conformation with reduced
affinity for membranes.

Two molecular mechanisms can be proposed based on the
PREPL/AP-1 binding mode and the protein structures. Arf-1GTP

hydrolysis by Arf1-GAP requires the high membrane curvature
induced by vesicle formation and thus Arf-1GTP will not be
inactivated, if vesicle formation is stalled (Ambroggio et al.,

2010). Indeed, the AP-1 pool recycling independent of clathrin
recycles slower than the AP-1 pool of CCV (Wu et al., 2003).
Arf-1GTP is bound by c1 and b1 and the PI-4-P-binding site has

been proposed to be part of c1. The m1A N-terminus is located at
the bottom of a cleft formed by the two large c1 and b1 adaptins
(Fig. 1) and recruiting PREPL to this wide cleft of a cargo-free

Fig. 7. AP-1 membrane binding in primary human fibroblasts of PREPL-

deficient patients. (A) Colocalisation of AP-1 (anti-c1) and the mannose-6-

phosphate receptor MPR46 in the primary human control fibroblasts (ct 8) and

PREPL-deficient primary human fibroblasts (HCS 16). (B) Quantification of

the TGN size expressed as the TGN area relative to the nucleus area (ct n510;

DPREPL n59; rescued n59). (C) BFA (5 mg/ml)-induced redistribution of

AP-1 (anti-c1 staining) in human control fibroblasts (ct 8) and the PREPL-

deficient human fibroblasts (HCS 16). BFA experiment with the two additional

cell lines are shown in supplementary material Fig. S4B. Histogram shows

quantification of the reduction in AP-1 membrane labelling (signal intensity

normalised for the TGN area) in these four human cell lines. Black bars, wild

type; pink, PREPL-deficient. (D) PREPL-HA expression in PREPL-deficient

HCS 16 cells normalises TGN morphology (see quantification in B). Scale bars:

20 mm (A); 10 mm (C,D). Asterisk marks PREPL expression.
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AP-1 can induce conformational changes in both, which could

weaken binding to Arf-1GTP as well as to PI-4-P (Austin et al.,

2000; Heldwein et al., 2004; Meyer et al., 2005; Wang et al.,

2003). A second molecular mechanism would be the induction of

conformational changes in the N-terminal domain of m1A. The

N-terminal seventy amino acids of m1A are not in contact with

the membrane, but the second half of the 150 aa long m1A N-

terminal globular domain faces the membrane and it facilitates

the binding of m1A to b1 (Heldwein et al., 2004). Conformational

changes could be transferred onto this domain and onto b1

weakening Arf-1GTP binding to b1 and also from b1 to c1

weakening PI-4-P binding as well as Arf-1GTP binding (Fig. 1;

supplementary material Fig. S5). The molecular mechanism of

PREPL in AP-1 recycling have to be analysed in structure–

function experiments once the PREPL 3D structure has been

resolved.

Interestingly, also the N-terminal domain of the polarised

epithelia specific isoform of m1A, the m1B-adaptin, appears to

have a function in regulating AP-1B complex membrane binding.

An antibody directed against its N-terminal aa 44–56 inhibits AP-

1B function. Moreover, it does not inhibit AP-1B in all cell lines,

revealing even cell line and therefore most likely pathway

specific mechanisms in regulating AP-1B functions (Cancino

et al., 2007).

Although PREPL’s AP-1 effector function can be

demonstrated in fibroblasts, it appears only to be essential for

specific AP-1 pathways. PREPL expression is highest in brain

and it is expressed to a lesser extent in kidney, heart and skeletal

muscle, whereas only trace amounts are found elsewhere. Disease

syndromes of PREPL-deficient patients indicate that tissue

specific AP-1 functions exist for which PREPL is indispensable

(Jaeken et al., 2006). PREPL and SLC3A1 genes are mutated in

patients with the hypotonia-cystinuria syndrome. It is associated

with cystinuria type I, growth retardation, infantile hypotonia and

anorexia and dysmorphy. Deficiency in SLC3A1 only causes

cystinuria type I and thus the other phenotypes can be attributed

to PREPL (Jaeken et al., 2006; Martens et al., 2006; Martens

et al., 2008). This is also confirmed by a recently identified

patient with point mutations only in the PREPL coding sequence

(J. Creemers, unpublished results). This demonstrates essential

PREPL functions in only this subset of tissues and indicates that

the PREPL supported AP-1 membrane dissociation is crucial for

specific AP-1 pathways in those tissues. These disease syndromes

point to defects in regulated secretory pathways and AP-1

association with regulated secretory pathways has been

demonstrated in other tissues (Lui-Roberts et al., 2005; Martin

et al., 2000). It will be of special interest to investigate impaired

secretion in GH producing somatotrophs or cells upstream in this

pathway, like somatostatin or GH-releasing hormone-producing

cells as HCS patients show hyposecretion of GH. A PREPL

mouse ‘knockout’ model will allow to analyse these regulated

secretory pathways.

Materials and Methods
Cell lines and cell culture

The m1A-deficient mouse embryonic fibroblast cell line and the AP-1* expressing
cell line have been described (Meyer et al., 2000). Human HCS fibroblasts have
been described (Jaeken et al., 2006). Cell lines were cultured in DMEM (GIBCO,
Karlsruhe, Germany) supplemented with 10% fetal calf serum (PAA, Cölbe,

Germany). Hygromycin B (Calbiochem, Schwalbach, Germany) was added to the
medium up to 500 mg/ml for the selection of stable transfectants. For routine
culture hygromycin B was added to 200 mg/ml.

Antisera and microscopy

Cells were cooled, fixed with paraformaldehyde and permeabilised with saponin or
fixed with cooled methanol following standard protocols. AP-1/AP-1*, AP-2 and
clathrin were detected with anti-c1, anti-a and anti-chc mouse monoclonal
antibodies (BD Biosciences, Heidelberg, Germany). HA-tagged proteins were
detected with a rat monoclonal antibody (Roche, Basel, Switzerland). Hsc70 was
detected using a rat monoclonal antibody (1B5, Abcam, Cambridge, UK). Anti-
MPR46 serum has been described (Meyer et al., 2000). Four murine PREPL peptides
were injected into rabbits and only the peptide 235–250 aa was recognised by the
serum. Specificity of the anti-PREPL serum is shown in Fig. 4 and supplementary
material Fig. S4. Secondary antibodies were from Jackson ImmunoResearch.
Confocal microscopy was performed using a Leica DRM IRE2 TCS SP2 with a Plan
Apochromat 636/1.40 (Leica, Bensheim, Germany). Images were quantified using
the Leica microscope and ImageJ software packages (NIH, USA). Diagrams were
generated using DataGraph (Visual Data Tools, USA).

Y2H library screen

The yeast tester strain AH109 carrying auxotrophic markers ADE2 und HIS3 as
Gal4p reporter genes was used in all experiments (Invitrogen, Darmstadt,
Germany). The N-terminal seventy amino acid encoding m1A and m2 cDNA
fragments were cloned into pGBT9 and the various prey constructs were cloned
into pACT2 (Invitrogen, Darmstadt, Germany). 3-amino-1,2,4-triazole (3AT)
competitive inhibitor for the His3 enzyme imidazoleglycerol-phosphate
dehydratase. The mouse embryonic day 11.5 prey cDNA library has been
described (Behrens et al., 1998). Growth of yeast strains on selective media was
recorded at various time points after incubations at 30 C̊ over 5 days.

PREPL immunoprecipitation

Mouse brain extracts were prepared from cortex and brainstem separately in
100 mM MES pH 6.5, 1 mM EGTA, 0.5 mM MgCl2, (vesicle buffer) protease
inhibitor cocktail (Sigma, Selze, Germany) on ice. Cells were lysed by passing
them subsequently through 20G and 24G needles, 10 times each. Extracts were
cleared from cell debris by a 1000 g centrifugation, 4 C̊, 5 minutes and then spun
at 10,000 or 14,000 g, 10 minutes, 4 C̊. MEF cultures expressing either AP-1 or
AP-1* were incubated with 0.1 mg/ml DSP (Dithiobis[succinimidyl propionate],
Sigma, Selze, Germany) in PBS over 30 minutes at 4 C̊. After washing with Tris-
buffer, cells were collected in vesicle buffer, lysed by sonication and 14,000 g

pellet and supernatant fractions were prepared. 300 ml were incubated with 2 ml or
without anti-PREPL antibody (mouse polyclonal, Abnova B01, Heidelberg,
Germany) at 4 C̊ over 3 hours. Dynabeads Protein G (Dynal Biotech, Oslo,
Norway) were washed with 100 mM NaOAc pH 5 according to the manufacturer’s
protocol. Extracts were adjusted to pH 5 with NaOAc and incubated with 15 ml
Dynabeads suspension for 45 minutes at room temperature. Beads were washed
three times with vesicle buffer and resuspended in SDS-PAGE loading buffer.
Proteins were separated on 10% SDS-PAGE, blotted onto nitrocellulose membrane
and PREPL was detected with the polyclonal rabbit anti-serum in PBS.
Membranes were subsequently developed with anti-sera in PBS, 0,05% Tween
20 and the ECL luminescence detection kit (PICO; Pierce-ThermoScientific,
Karlsruhe, Germany), recorded with a Fuji LAS 1000 (Fujifilm Corp., Düsseldorf,
Germany) camera system.

PREPL ‘knockdown’

PREPL ‘knockdown’ experiments were performed in HeLa cells. Four
oligonucleotides of human PREPL were designed: MuL 1 59-
CCAAGUGUCUUCAGAAUAATTTTGGUUCACAGAAGUCUUAUU-39; MuL
2 59-CAAUGGCCUUGCUGAUUUATTTTGUUACCGGAACGACUAAAU-39;
MuL 3 59-GUCGUUUCCUCACCAUAAATTTTCAGCAAAGGAGUGGUAUU-
U-39; MuL 4 59-UCGAGGAUCUUAAGAAAUATTTTAGCUCCUAGAAUU-
CUUUAU-39 (IBA, Göttingen, Germany) (Reynolds et al., 2004). Cells were
grown to sub-confluency in dishes of 10-cm diameter, transfected with
Lipofectamin RNAi Max (Invitrogen, Darmstadt, Germany) and 600 pmol of the
respective MuL or Lamin oligonucleotides.
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