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A B S T R A C T

Propiverine, a frequently-prescribed pharmaceutical for the treatment of symptoms associated with overactive
bladder syndrome, provoked massive intranuclear and cytosolic protein inclusions in rat proximal tubule epi-
thelium, primarily consisting of the peroxisomal targeting signal 1 (PTS1) containing protein D-amino acid
oxidase (DAAO). As this type of nephropathy was also observed for other drugs, the aim was to determine
whether propiverine interferes with trafficking and/or import of peroxisomal proteins. To elucidate this, DAAO-
and propiverine-specific interaction partners from human HEK293 and rat WKPT cell lines and rat kidney and
liver homogenate were determined using co-immunoprecipitation with subsequent nano-ESI-LC-MS/MS ana-
lyses. Corroboration of the role of DAAO- and/or propiverine-specific interaction partners in the drug-induced
DAAO accumulation was sought via specific immunofluorescence staining of rat kidney sections from control
and propiverine-treated rats. Above analyses demonstrated the interaction of propiverine with several protein
classes, foremost peroxisomal proteins (DAAO, MFE2, HAOX2) and proteins of the protein quality control
system, i.e. chaperones (HSP70 and DnaJ co-chaperones), proteases and proteasomal proteins (regulatory
subunits of the 26S proteasome; Rpn1/2). The immunofluorescence analysis revealed mislocalization of many
PTS1-proteins (DAAO, CAT, MFE2, ACOX1, EHHADH) in rat renal sections, strongly suggesting that propiverine
primarily binds to PTS1 proteins resulting in the formation of PTS1 but not PTS2 or peroxisomal membrane
protein (PMP) accumulations. Moreover, chaperones involved in peroxisomal trafficking (HSC70, DnaJB1) and
peroxisomal biogenesis factor proteins (PEX3, PEX5, PEX7), also presented with distinct mislocalization pat-
terns. Concomitantly, an increased number of peroxisomes was observed, suggestive of a compensatory me-
chanism for the presumably suboptimally functioning peroxisomes.

Overall, the data presented suggested that propiverine interacts exclusively with DAAO or with a selected
number of PTS1 proteins. The consequence of this interaction is the abrogated trafficking and peroxisomal
import of PTS1 proteins concomitant with their nuclear and cytosolic accumulation due to inhibited degradation
and imbalanced protein homeostasis.

1. Introduction

Unexpected intranuclear and cytosolic protein accumulations in rat
proximal tubule epithelial cells appear to be a reoccurring phenomenon
in non-clinical safety studies [1–5]. Propiverine, a frequently-pre-
scribed pharmaceutical for the treatment of symptoms associated with
overactive bladder syndrome [6], is one example for a drug causing this
type of protein accumulation [3,7,8]. The most abundant protein within

these accumulations was identified as D-amino acid oxidase (DAAO)
[3], a peroxisomal enzyme necessary for the degradation of D-amino
acids [9]. Although, a priori, this protein accumulation phenomenon
was considered rat-specific and of no human relevance [3], the con-
comitant mislocalization of a peroxisomal protein within the nucleus
and cytosol appeared exceptional and warrants further investigation.
Indeed, although multiple targeting of some mammalian peroxisomal
proteins exists, none were previously reported to be present in the
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nucleus [10].
Since no direct interaction of propiverine or its major metabolite,

propiverine-N-oxide, with DAAO was observed, yet a complete loss of
DAAO's peroxisomal localization was reported in previous studies [11],
the question was raised whether propiverine interferes with the correct
protein folding, shuttling and/or import of DAAO into peroxisomes.
Indeed, recent in vitro analyses of cyto-nuclear shuttling of human and
rat DAAO demonstrated that interference with the peroxisomal trans-
port, i.e. deletion of the PTS1 sequence or PEX5 knockdown, resulted in
cytosolic DAAO localization as well as passive diffusion into the nucleus
[12]. The latter supports the hypothesis that propiverine and/or its
metabolite(s) may interfere at the level of proteins intricately involved
in DAAO trafficking from its cytosolic synthesis to the correct integra-
tion into the peroxisome [12].

Like all peroxisomal membrane and matrix proteins, DAAO is syn-
thesized ribosomally, folded in the cytosol under chaperone control and
post-translationally imported into peroxisomes [13]. Proper folding is
mediated by direct binding of several chaperones including T-complex
protein 1 (TCP1), HSP/HSC70 and HSP40 to newly emerging perox-
isomal proteins and necessary for peroxisomal import [14–17]. DAAO
contains a C-terminal peroxisomal targeting signal type 1 (PTS1) and is
therefore recognized by the cytosolic PEX5 receptor that guides PTS1
cargos to the peroxisomal membrane [18]. At the membrane, the fully
folded PTS1 cargo translocates across the peroxisomal membrane by
interacting with several transmembrane peroxin (PEX) proteins i.e. the
peroxisomal docking/translocation complex [19]. In contrast to the
PTS1-containing proteins, a small number of peroxisomal proteins
contain a N-terminal PTS2 sequence which is recognized by the cyto-
solic PEX7 receptor, thus shuttled and imported – together with the
long isoform of PEX5 (PEX5L) – into the peroxisomal matrix [20].
Peroxisomal membrane proteins (PMPs) belonging to type I PMPs, on
the other hand, are shuttled and imported into peroxisomes via the
cytosolic PEX19 receptor which docks to the membrane-bound PEX3
(or PEX16 in mammalian cells) [21]. In contrast, the subclass of type II
PMPs, e.g. PEX3, reaches peroxisomes via a PEX19/16/3-independent
import route starting from the ER via vesicle-mediated trafficking [21].
Type II PMPs are either post- or co-translationally inserted into the ER
membrane using the same machinery as secretory proteins [22] fol-
lowed by subsequent budding from the ER to form preperoxisomal
vesicles [23] which are also the basis for de novo peroxisome biogenesis
[21]. Thus, any form of abrogated peroxisomal biogenesis and/or in-
tegration of peroxisomal proteins can lead to varying degrees of non-
functionality of peroxisomes summarized as peroxisome biogenesis
disorders (PBDs) [24]. In view of the fact that propiverine-induced
protein inclusions were found to be developing slowly and were re-
versible upon cessation of drug exposure, but were not associated with
overt renal toxicity in vivo [3,7,8], a subtle but specific interference of
propiverine, e.g. with DAAO trafficking, is considered a more likely
mechanistic explanation for the observed phenomenon rather than a
general disturbance of cell homeostasis. Moreover, the question was
raised whether propiverine treatment results in a more generalized
dysregulation of peroxisomal protein trafficking and import, similar to
a PBD, rather than being restricted to interference with DAAO home-
ostasis only. To elucidate the latter a two-pronged approach was taken:
A) Identification of DAAO-specific interaction partners in human
HEK293 and rat WKPT renal cells using a co-immunoprecipitation (Co-
IP) method coupled to nano-LC-ESI-MS/MS for protein identification,
and B) Identification of propiverine-specific interaction partners from
rat kidney cortex homogenate using a specifically synthetized biotin-
coupled propiverine derivative for Co-IP coupled to nano-LC-ESI-MS/
MS. Finally, corroboration of the role of DAAO- and/or propiverine-
specific interaction partners in the drug-induced DAAO accumulation
was sought via specific immunofluorescence staining of rat kidney
sections from control and propiverine-treated rats.

2. Material and methods

2.1. Cell culture

Mammalian pEYFP-C3, pEYFP-rDAAO-C3 and pEYFP-hDAAO-C3
expression vectors [25–27] were used for overexpression of EYFP or
EYFP-DAAO (DAAOperox) in HEK293 cells. With the exception of EYFP-
r/hDAAOcyt (ΔPTS mutants), only stably transfected, monoclonal cell
lines were used for all ensuing experiments. To produce ΔPTS1 mutants
of rDAAO and hDAAO (DAAOcyt), site-directed mutagenesis was per-
formed as previously described [12] and cells were subsequently tran-
siently transfected with FuGENE [12]. HEK293 (human embryonic
kidney) cells were purchased from the Leibniz Institute DSMZ - German
Collection of Microorganisms and Cell Cultures and cultured in Dul-
becco's modified Eagle's medium (DMEM) containing low glucose (1 g/
L) supplemented with 10% (v/v) fetal bovine serum (FBS) gold, 100 U/
mL penicillin and 0.1mg/mL streptomycin. WKPT (WKY rat, kidney
proximal tubule) cells were kindly provided by Prof. Dr. Frank The-
venod (University of Witten/Herdecke, Germany) and were cultured in
DMEM Nutmix F12 (Ham) containing 10% (v/v) FBS, 100 U/mL pe-
nicillin and 0.1mg/mL streptomycin, 1.2mg/mL NaHCO3, 5 μg/mL
insulin, 4 μg/mL dexamethasone, 0.01 μg/mL EGF, and 5 μg/mL apo-
transferrin. All cell lines were routinely tested for mycoplasma con-
tamination (GATC).

2.2. Co-immunoprecipitation of DAAO interaction partners from
HEK293 cells

Since none of the tested, established human renal cell lines (e.g.
RPTEC/TERT1) expressed endogenous DAAO, HEK293 cells were
transfected with DAAO and were proven to be highly suitable to study
peroxisomal trafficking and protein homeostasis as shown earlier [12].
Indeed, recent data confirmed that peroxisomes of HEK293 cells reacted
in a comparable manner to rat proximal tubule epithelial cell peroxi-
somes in vivo (Maier et al., 2017, unpublished data). Accordingly, co-
immunoprecipitation of EYFP-DAAO interaction partners was per-
formed using GFP-Trap®_MA (Chromotek, #gtm-20) according to man-
ufacturer's recommendations. Briefly, cells were seeded at 4E4 cells/
cm2 and harvested after 72 h. Three confluent 10 cm2 dishes were used
for one experiment with stably transfected cells (EYFP, EYFP-r/
hDAAOperox) and five 10 cm2 dishes were used for transiently trans-
fected cells (EYFP-r/hDAAOcyt) to obtain similar protein yields. All
subsequent steps were performed on ice. For harvesting, cells were
washed twice with cold PBS and lyzed in 1mL lysis buffer (10mM Tris-
HCl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5% NP-40, 1mM PMSF,
1× Halt™ Protease Inhibitor Cocktail) by passing five times through a
27G needle. The lysate was centrifuged for 10min at 20.000 g and 4 °C
and the supernatant diluted in 300 μL dilution buffer (10mM Tris-HCl
pH 7.5, 150mM NaCl, 0.5mM EDTA, 1mM PMSF, 1× Halt™ Protease
Inhibitor Cocktail). Subsequently, the diluted lysate was added to 25 μL
preequilibrated beads and placed on an overhead shaker at 4 °C over
night. The following day, beads were washed six times using dilution
buffer and proteins eluted in two consecutive steps by boiling for
10min in 95 °C in 2× SDS buffer. Eluates were combined, loaded on a
12% SDS-gel and whole lanes were subjected to nano-LC-ESI-MS/MS
analysis.

2.3. Pull-down of biotin-linked propiverine interaction partners

To identify propiverine-specific interaction partners from rat kidney
and liver homogenate, Pierce™ Streptavidin Magnetic Beads (Thermo
Scientific, #88816) were used according to manufacturer's re-
commendations. Male Wistar rats were fumigated and bled to death
from the cervical artery. Rat kidney homogenate was prepared from
both kidney cortexes and liver homogenate from tissue derived from
different parts of all four lobes. All subsequent steps were performed on



ice. Homogenates were prepared using lysis buffer (10mM Tris-HCl,
150mM NaCl, 0.5 mM EDTA, 0.1% Tween20, 1mM PMSF, 1× Halt™
Protease Inhibitor Cocktail) in a tissue grinder and subsequent passage
through a 22G needle. Lysate was centrifuged at 4000 g for 15min at
4 °C and subsequently protein concentration was determined using
Pierce BCA Protein Assay Kit (Thermo Scientific). Lysates were diluted in
300 μL wash/binding buffer (25mM Tris-HCl, pH 7.2, 150mM NaCl,
0.1% Tween20, 1mM PMSF, 1× Halt™ Protease Inhibitor Cocktail) to a
final concentration of 3 μg/μL total protein. Finally, 1750 pmol of
biotin-propiverine derivative 11 (Fig. 2 and Supplementary Informa-
tion) or D-biotin 9 was added and incubated overnight at 4 °C on a ro-
tating platform. The following day, samples were added to 50 μL pre-
equilibrated magnetic beads. After 2 h immobilization of biotin-propi-
verine derivative 11 or D-biotin 9, beads were collected on a magnetic
stand and supernatant, i.e. flow-through, was removed. Beads were
washed three times with 300 μL wash/binding buffer to remove non-
specific interacting proteins. In a first elution step, beads were in-
cubated for 5min at RT using 50 μL of a mild, high-salt elution buffer
(0.1 M Tris-acetate pH 7.7, 1M NaCl). In a second step, samples were
boiled for 5min at 90 °C in 50 μL EDTA-formamide elution buffer
(10mM EDTA pH 8.2, 95% formamide).

2.4. Protein identification via nano-LC-ESI-MS/MS

Eluates derived from EYFP-DAAO Co-IP or propiverine pull-down
were separated on a 12% SDS-PAGE for 10min. Then, lanes were cut
out and analyzed at the Proteomics Center, University of Konstanz
using nano-LC-ESI-MS/MS. All samples were reduced with DTT
(30min, 56 °C) and alkylated with chloroacetamide (60min, RT).
Digestions were performed using trypsin (4 h, 37 °C). The digests were
analyzed on an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) interfaced with an Easy-nLC 1200
nanoflow liquid chromatography system (Thermo Scientific, Odense,
Denmark). The peptide digests were reconstituted in 0.1% formic acid
and loaded onto the analytical column (75 μm×15 cm). Peptides were
resolved at a flow rate of 300 nL/min using a linear gradient of 5–35%
solvent B (0.1% formic acid in acetonitrile) over 45min. Data-depen-
dent acquisition with full scans in 350–1500m/z range was carried out
using the Orbitrap mass analyzer at a mass resolution of 120.000 at
200m/z. Most intense precursor ions were selected at top speed data
dependent mode with a maximum cycle time of 3 s. Peptides with
charge states 2–5 were selected, and dynamic exclusion was set to 30 s.
Precursor ions were fragmented using higher-energy collision dis-
sociation (HCD) set to 35%, and MS/MS ions were detected using the
ion trap analyzer. Tandem mass spectra were screened with a suitable
protein database with Mascot (Matrix Science) with “Trypsin/P” enzyme
cleavage, static cysteine alkylation by chloroacetamide and variable
methionine oxidation. Label-free quantitation was performed with the
MaxQuant software. Protein specifications used to cluster identified
proteins derived from The Universal Protein Resource (UniProt). Proteins
identified from the corresponding EYFP Co-IP or biotin pull-down were
considered background and excluded from data obtained from EYFP-
DAAO Co-IP or propiverine pull-down, respectively. All proteins that
were enriched> 2-fold in LFQ intensity compared to EYFP control
were ranked as a hit in EYFP-DAAO-Co-IP analyses.

2.5. Western blot analysis

Samples were separated by a 12% SDS-PAGE and blotted onto a
nitrocellulose membrane. After staining with Ponceau S, the membrane
was blocked with 5% (w/v) milk powder in TTBS (100mM Tris-HCl,
150mM NaCl, 0.1% (v/v) Tween 20, pH 7.6) for 40min. The following
antibodies were diluted in 5% milk powder and incubated O/N at 4 °C:
anti-GFP (1:2000, Roche, #18144600001), anti-MFE2 (1:2000, origene,
TA507028), TCP1 (1:300, Santa Cruz, sc-374088), PEX5 (1:500, Abcam,
ab125689). After washing, membranes were incubated for 1 h at RT

with peroxidase-conjugated secondary antibodies (anti-mouse IgG-
peroxidase, 1:80000, Sigma, #A9044) and signals were detected by
enhanced chemiluminescence (ECL ultra, Lumigen, #TMA-6).

2.6. Immunohistochemistry

Archived FFPE kidney sections of 1000 ppm propiverine- and pla-
cebo-exposed male F344 rats [3] were deparaffinized, rehydrated and
microwaved for 20min in Tris-EDTA buffer (pH 9). After blocking for
20min in 1% BSA+2% FCS, sections were incubated over night at 4 °C
with primary antibodies listed in Table S1. After washing, sections were
probed for 1 h at room temperature with AlexaFluor-conjugated sec-
ondary antibodies (Life Technology) and stained for 15min with 0.5%
Sudan Black B to reduce autofluorescence [28]. Finally, sections were
counterstained with Hoechst 33342 and mounted (Dako, #S3023).
Control stainings (without primary and secondary antibodies, respec-
tively) were performed to rule non-specific antibody reactivity. Perox-
isomal localization of all tested proteins was confirmed using co-
staining with PMP70, a peroxisomal membrane protein (data not
shown). Note that, cytosolic and nuclear protein accumulations in
propiverine-exposed rat kidney tissue are visible in bright field images
without immunohistochemical staining [11] and were used to localize
fluorescent-labeled accumulations in matters of co-localization. Cyto-
solic and nuclear accumulations are indicated by white arrows and
displacement of chromatin, respectively.

2.7. Confocal microscopy

Kidney sections were imaged using a point laser scanning confocal
microscope LSM 880 (Zeiss) equipped with a 63.0×/1.40 oil immersion
objective and ZEN software (Zeiss). Multiple fluorophores were imaged
via sequential scanning. All pictures are representative for at least three
independent experiments (n= 3). If not stated otherwise, the same
laser intensities were applied for sections of control and propiverine-
treated rats.

2.8. Data handling and statistical analyses

Image analysis was performed using (Fiji Is just) ImageJ software.
To determine the peroxisome number per visual field (VS), PMP70
positive particles were quantified as described in Ref. [11] using (Fiji Is
just) ImageJ software. Briefly, Otsu's method was used for automated
clustering-based image thresholding, with a subsequent background
filling of particles and watershed-segmentation. At least three re-
presentative visual fields each with four to seven tubules were ran-
domly selected from each kidney slide. GraphPad Prism 5 was used for
statistical analysis.

3. Results

3.1. DAAO interaction partners in HEK293 and WKPT cells

EYFP-tagged rat and human DAAO (hereafter referred to as EYFP-
rDAAO and EYFP-hDAAO, respectively), and mutants lacking the PTS1
sequence (DAAO-ΔPTS) thereof were used to identify DAAO-specific
interaction partners in HEK293 and WKPT cells. As described earlier
[12], EYFP-rDAAO and EYFP-hDAAO were predominantly localized in
peroxisomes due to the C-terminal PTS1 sequence and are subsequently
referred to as DAAOperox, while the DAAO-ΔPTS mutants lacking the C-
terminal PTS1 sequence were localized simultaneously in the cytosol
and the nucleus [12] and are subsequently referred to as DAAOcyt. GFP-
Trap® coupled magnetic beads allowed efficient immobilization and
purification of EYFP-DAAO (Fig. 1 A, eluate) from HEK293 cell lysates
(Fig. 1 A, input). Concomitantly Western blot analyses were carried out
to confirm that comparable amounts of DAAO were used for all samples
in the subsequent nano-LC-ESI-MS/MS analyses to identify potential



DAAO interaction partners (Fig. 1 B, lines 1 + 2). Note that proteins
identified in cells exclusively expressing EYFP (Fig. 1 B, line 2) were
considered background and subtracted from hits obtained for EYFP-
DAAO. In total, 57 and 65 interaction partners of rDAAO and hDAAO
were identified in HEK293 cells (Tables S2 and S3, Fig. 1C), respec-
tively. The ten most abundant proteins interacting with rDAAO and
hDAAO were listed in Tables 1 and 2. Notably, T-complex protein 1
(TCP1) and peroxisomal multifunctional enzyme type 2 (MFE2; Tables
1 and 2) ranked first both for rDAAO and hDAAO, as was also de-
monstrated by Western blot (Fig. 1 B, lines 3 + 4). TCP1 is a member of
the chaperonin containing TCP1 complex (CCT), also known as TCP1
ring complex (TRiC). The complex consists of two rings, each con-
taining eight different proteins (α-θ) [29]. Strikingly, all eight subunits
of TCP1 were identified as interaction partners of rat and human DAAO
(Tables S2 and S3). TCP1 is known to be post-translationally involved in
import of newly synthesized peroxisomal matrix proteins by mediating
correct folding during synthesis [14]. Consequently, TCP1 should also
be an interaction partner of the cytosolic/nuclear DAAO subtype
(DAAOcyt) as was confirmed by nano-LC-ESI-MS/MS (Tables 1 and 2;
Tables S1, S2) and Western blot (Fig. 1 B, line 4). The second protein,
MFE2, also known as D-bifunctional protein (DBP) or 17-β-hydro-
xysteroid dehydrogenase 4 (Hsd17b4), is a peroxisomal matrix protein

and is targeted to peroxisomes via a PTS1. MFE2 contains two enzy-
matic domains, i.e. 2-enoyl-CoA hydratase and 3-hydroxyacyl-CoA de-
hydrogenase activity, and is responsible for the second and third step of
fatty acid β-oxidation [30]. In contrast to TCP1, MFE2 was identified as
an interaction partner of only peroxisomally localized rDAAO and
hDAAO (Fig. 1 B, line 3). Similarly, catalase (CAT) – also a prominent
PTS1- and peroxisomal marker protein – was identified only in samples
with peroxisomal DAAO (Tables S2 and S3). The latter suggested, on
the one hand, that the interaction of DAAO with MFE2 and with CAT
occurred exclusively within peroxisomes, and on the other hand, that
the applied Co-IP approach reflected the expected protein-protein in-
teraction within the intracellular protein network [31]. Accordingly, it
was not surprising to find tubulin, several chaperones (heat shock
protein HSP90α, DnaJ homolog subfamily A member 1 (DnaJA1) and
DnaJC7) as well as mitochondrial and nuclear proteins amongst the ten
most abundant interaction partners present for both, rDAAO and
hDAAO (Tables 1 and 2), especially since recent findings revealed that
subcellular compartments should no longer be considered isolated en-
tities [31]. As peroxisomes and mitochondria are actively involved in a
joint lipid metabolism, it would appear evident that metabolites [32]
and dual targeted enzymes [33] are exchanged. Indeed, the latter is
corroborated by the fact that mitochondrial proteins, e.g. mitochondrial

Fig. 1. Co-immunoprecipitation of DAAO interaction partners in HEK293 cells.
A) Representative Ponceau S staining (upper panel) and Western blot analysis (lower panel) of EYFP-DAAO pull-down from HEK293 cell lysate. EYFP-DAAO expressed in HEK293 cells
(input) was immobilized to GFP-Trap® coupled magnetic beads and, after intensive washing (flow-through), successfully purified (eluate). Some weak bands in the eluate indicate that
DAAO-binding partners were co-eluted. EYFP-DAAO (67 kDa) was detected via anti-GFP antibodies (lower panel). Note that input/flow-through and eluates were detected separately due
to a highly variable protein content. B) Western blot analysis of pooled eluates from three biological replicates confirmed the efficient immobilization of EYFP and EYFP-DAAO (line
1 + 2). The two most abundant interaction partners identified by nano-LC-ESI-MS/MS, MFE2 and TCP1, are efficiently detected in the eluates via Western blotting (line 3 + 4). MFE2 is
exclusively present in samples containing peroxisomal DAAO (DAAOperox, line 3) and TCP1 in samples with both, peroxisomal (DAAOperox) and cytosolic/nuclear (DAAOcyt) subtypes (line
4). C) Venn diagram of identified rDAAO- and hDAAO-specific interactors in HEK293 cells sharing 74% mutual binding partners. Digits indicate the number of identified proteins in the
respective cluster, a subset of which are listed in Table S4. D) Co-IP of PEX5 in HEK293 cells transiently transfected with DAAO. Co-IP was performed 15 h after transfection with non-
transfected HEK293 (WT) and EYFP-hDAAO (indicated as hDAAO) expressing cells confirming the interaction of PEX5 and EYFP-hDAAO (eluate). Note that input/flow-through and
eluates were detected separately due to a highly variable protein content and that PEX5 was not identified in the WT eluate via nano-LC-ESI-MS/MS.

Table 1
rDAAO interaction partners in HEK293 cells. Ten most abundant proteins identified as possible EYFP-tagged rat DAAO (EYFP-rDAAO) interaction partners in HEK293 cells using Co-IP
and nano-LC-ESI-MS/MS. Proteins listed according to their abundance based on their LFQ intensity. Analyses were performed with two DAAO subtypes either localized to peroxisomes
(DAAOperox; indicated as perox) or deleted in their PTS1 sequence (DAAOcyt; indicated as cyt) and therefore concomitantly localized in the cytosol and the nucleus [12].

Protein ID Protein names DAAO subtype

1 P17987; P78371; P49368; P50991; P48643; P40227; Q99832; P50990 T-complex protein 1 (8 subunits) perox + cyt
2 P51659 Peroxisomal multifunctional enzyme type 2 perox
3 P04040 Catalase perox
4 Q71UM5; P42677 40S ribosomal protein S27; S27-like perox + cyt
5 Q13885; Q9BVA1 Tubulin beta-2A chain; beta-2B chain perox + cyt
6 P07197 Neurofilament medium polypeptide perox + cyt
7 P31689 DnaJ homolog subfamily A member 1 perox + cyt
8 P07900 Heat shock protein HSP 90-alpha perox + cyt
9 P31943; P55795 Heterogeneous nuclear ribonucleoprotein H; H2 perox
10 Q02978 Mitochondrial 2-oxoglutarate/malate carrier protein perox + cyt

Perox= peroxisomal, cyt= cytosolic.



transporters, chaperones and enzymes involved in fatty acid β-oxida-
tion (Tables S2 and S3), were identified as DAAO interaction partners.
Overall, the majority (74%) of identified DAAO interaction partners in
HEK293 cells co-immunoprecipitated with both rDAAO and hDAAO,
possibly due to their 80% sequence homology and nearly identical
surface topology [25], whereas 19% were identified as hDAAO-specific
and 7% as rDAAO-specific (Fig. 1C, Table S4). None of the rDAAO-
specific interaction partners could be readily associated with a function
that would explain a role in rDAAO mislocalization in vivo (Table S4).
Similarly, of the ten hDAAO-specific interacting proteins only one, i.e.
HSC70 (Table S4), could be directly involved in the regulation of DAAO
trafficking [14–17]. Interesting candidates identified for both DAAO
species – involved in the maintenance of cellular protein homeostasis –
are the E3 ubiquitin-protein ligase CHIP and several chaperones (e.g.
60 kDa heat shock protein, heat shock protein HSP90α; Tables S2 and
S3).

To overcome limitations of the human cell system with regard to the
potentially rat-specific phenomenon [3], DAAO-specific interaction
partners were identified from WKPT (WKY rat, kidney proximal tubule)
cells. Although TCP1 was also identified as the most abundant DAAO
interaction partner, no other rat-specific proteins could readily be as-
sociated with DAAO trafficking and protein accumulation/localization
(data not shown).

An expected DAAO interaction partner that however was not found
– apart from pLG72, which is exclusively present in primate neuronal
cells [27] – was PEX5, i.e. the rat and human cytosolic PTS1 receptor
that guides PTS1 cargos to the peroxisomal membrane [18]. Based on
PEX5 function, the interaction between PEX5 and its cargo should be
rather brief [13]. Indeed, a very low and transient level of PEX5-DAAO
interaction is expected when considering the model system used, i.e.
stably expressing EYFP-DAAO HEK293 cells where DAAO is primarily
localized to peroxisomes [12]. To demonstrate the rather transient and
brief interaction of DAAO with PEX5, HEK293 cells were transiently
transfected with EYFP-hDAAO and a Co-IP was initiated directly after
transfection. The latter approach increased the pool of cytosolic DAAO
and thus PEX5-DAAO interaction (Fig. 1 D, hDAAO eluate), since per-
oxisomal import had not yet occurred [12,27]. Assuming that no other
protein than PEX5 would specifically bind to the PTS1 motif of DAAO,
the deletion of the PST1 motif will prevent PEX5 binding and thus

shuttling and incorporation of DAAO into the peroxisomes [12],
thereby providing sufficient amounts of cytosolic and nuclear DAAO to
allow for the identification of additional DAAO interaction partners.
Indeed, the latter interaction partners could be key candidates for an
interaction with propiverine and/or its metabolites that then would
lead to the observed nephropathy in vivo. Contrary to expectations, no
particular interaction partners of DAAO-ΔPTS-mutants could be directly
associated with potential dysregulation of DAAO trafficking and/or
accumulation (Tables S2 and S3). In view of the fact that in the human
and in the rat cell systems DAAO-ΔPTS-mutants presented with a dis-
tinct cytosolic and nuclear distribution [12] and that chaperones (TCP1,
HSC70/DnaJ, HSP90, HSP60) appeared as abundant DAAO interaction
partners, it was hypothesized that propiverine could bind to either
PEX5 or to one or more chaperones and thus dysregulate DAAO traf-
ficking and/or peroxisomal import. Moreover, the interaction of pro-
piverine with PEX5 and/or chaperones could also affect other perox-
isomal matrix proteins. To test these hypotheses and to better emulate
the rat in vivo situation, propiverine-specific interaction partners were
identified from rat kidney cortex homogenates.

3.2. Propiverine interacts with several PTS1 proteins and enzymes involved
in protein homeostasis

To allow identification of propiverine-specific interaction partners,
a biotin-labeled propiverine derivative was synthesized (Fig. 2 A):
Biotin-functionalized propiverine 11 was synthesized starting from
benzilic acid 1. After a two-step esterification via benzilic acid methyl
ester 2, N-methyl-4-piperidyl benzilate 4 was obtained, which was
converted to the corresponding chlorobenzilate 5. Subsequently, oligo
(ethylene glycol) azide 6, designated as a long hydrophilic linker, was
coupled to 5 to obtain ether 7. Subsequent Staudinger reduction to the
corresponding amine 8 allowed coupling with D-biotin-penta-
fluorophenyl (Pfp) ester 10 which yielded biotinylated propiverine 11
as a white solid. The detailed description of the synthetic steps is given
in the Supplementary Information.

Biotin-linked propiverine 11 was immobilized on streptavidin-
coated magnetic beads and incubated with rat cortex homogenate
(Fig. 2 B, input) to co-precipitate renal propiverine interactors. In-
tensive washing (flow-through) and unmodified D-biotin (Fig. 2 B) were
used to break non-specific interactions and as background control, re-
spectively, to eliminate non-propiverine-specific binding partners. Al-
though, the resulting number and quantity of interacting proteins was
too low for visual detection (Fig. 2 B, eluates), eluted proteins were
identified via nano-LC-ESI-MS/MS. The propiverine-binders were listed
in order of their abundance and classified, according to the elution
method used (i.e. a mild (1st) elution and a harsh (2nd) elution) into
potential weak and strong interactors (Table S5). A total of 80 propi-
verine-specific interaction partners were identified from the rat renal
cortex homogenates (Table S5) and were clustered based on joint cel-
lular pathways, protein class or sub-cellular destination in Fig. 2C and
Table S6. The largest cluster of propiverine-specific interaction partners
represented 26 proteins involved in the maintenance of protein home-
ostasis including protein biosynthesis, folding and degradation. Eight of
these belong to the class of chaperones (DnaJ homolog subfamily A
member 1 (DnaJA1) and 2 (DnaJA2), 70 heat shock protein (HSP701A,
HSP701B), heat shock 70 kDa protein 4, 60 kDa heat shock protein,
hypoxia up-regulated protein), while six were identified as enzymes
involved in protein degradation, e.g. several peptidases and two pro-
teasomal subunits (Fig. 2C). Amongst the latter, the 26S proteasome
non-ATPase regulatory subunits 1 and 2 (Rpn1 and Rpn2) were part of
the first 20 hits of the strong interactors (Table S5, line 19 and 29).
Rpn1 and Rpn2, i.e. the non-ATPase subunits of the 19S regulator
particles, are involved in substrate recognition and binding for sub-
sequent proteolytic degradation [34]. The second largest cluster re-
presented 18 proteins that are all members of the oxidoreductase fa-
mily. Among these, the three peroxisomal enzymes identified: DAAO,

Table 2
hDAAO interaction partners in HEK293 cells. Ten most abundant proteins identified as
possible EYFP-tagged human DAAO (EYFP-hDAAO) interaction partners in HEK293 cells
using Co-IP and nano-LC-ESI-MS/MS. Proteins listed according to their abundance based
on their LFQ intensity. Analyses were performed with two DAAO subtypes either localized
to peroxisomes (DAAOperox; indicated as perox) or deleted in their PTS1 sequence
(DAAOcyt; indicated as cyt) and therefore concomitantly localized in the cytosol and the
nucleus [12].

Protein ID Protein names DAAO subtype

1 P17987; P78371; P49368;
P50991; P48643; P40227;
Q99832; P50990

T-complex protein 1 (8
subunits)

perox + cyt

2 P51659 Peroxisomal multifunctional
enzyme type 2

perox

3 Q13885; Q9BVA1 Tubulin beta-2A chain; beta-
2B chain

perox + cyt

4 O75521 Enoyl-CoA delta isomerase 2 perox + cyt
5 Q71UM5; P42677 40S ribosomal protein S27;

S27-like
perox + cyt

6 P07900 Heat shock protein HSP 90-
alpha

perox + cyt

7 Q9Y265 RuvB-like 1 perox + cyt
8 Q99615 DnaJ homolog subfamily C

member 7
perox + cyt

9 P31943; P55795 Heterogeneous nuclear
ribonucleoprotein H; H2

perox + cyt

10 P35613 Basigin perox + cyt

Perox= peroxisomal, cyt= cytosolic.



hydroxyacid oxidase 2 (HAOX2) and MFE2, contain all a PTS1 motif,
i.e. their peroxisomal import depends on PEX5. HAOX2 and MFE2, are
involved in fatty acid metabolism [30,35].

Confidence in the methodological approach employed was gained
from the fact that enzymes involved in the biotransformation of xeno-
biotics and drugs were identified as propiverine-specific interaction
partners from the rat renal cortex (Table S5) and liver (Table S8)
homogenates, especially since propiverine was found to be highly me-
tabolized in liver and contributed to specific hepatic and renal meta-
bolites [36,37]. Moreover, propiverine was also shown to bind to
guanine nucleotide-binding proteins (G-proteins), as would be expected

from the fact that G-proteins are functionally and locally tightly asso-
ciated with the muscarinic receptor of the bladder and the kidney
[38,39] and thus an intricate factor of the anti-muscarinic function of
propiverine in the treatment of symptoms associated with overactive
bladder syndrome [6]. Confidence in the proteins identified was further
supported by the fact that the Co-IP analyses from liver homogenates
(Table S7) corroborated the findings obtained from kidney samples
(Fig. 2C). The majority of propiverine-specific binders from the liver
samples represented proteins involved in protein homeostasis and en-
zymes belonging to the oxidoreductase family, including several per-
oxisomal enzymes (Tables S7 and S8).

Fig. 2. Identification of propiverine-specific interaction partners from rat kidney.
A) Synthesis of biotin-labeled propiverine. D-Biotin 9 was coupled to N-methyl-4-piperidyl benzilate 5 via a polyethylene glycol linker 6 yielding a biotin-functionalized propiverine
derivative 11 (see supplementary material for details). B) Pull-down analysis of biotin-labeled propiverine. Biotinylated propiverine 11 or D-biotin 9 was immobilize on streptavidin-
coated magnetic beads. Rat kidney cortex homogenate (input) was added to co-precipitate specific renal interaction partners after washing (flow-through) to remove non-specific binders.
A mild high salt (1st eluate) and harsh elution, i.e. EDTA-formamide at 90 °C (2nd eluate), were performed considering the identified proteins as weak or strong interactors, respectively
(see Table S5). C) Cluster of propiverine interaction partners from rat kidney. Proteins identified from propiverine pull-down analysis were clustered according to joint cellular
pathways, protein class or sub-cellular destination (for full list of clustered interaction partners see Table S6). D) Mutual binding partners of propiverine and DAAO. Six DAAO-specific
(either rat and/or human DAAO) interaction partners were identified in propiverine pull-down analysis from rat kidney homogenate.



The comparison of DAAO- and propiverine-specific interaction
partners provided for six proteins in the rat kidney models (Fig. 2 D):
MFE2, peroxiredoxin-1, DnaJA1, 60 kDa heat shock protein, tubulin
β2A/B and guanine nucleotide-binding protein (G-protein) subunit β2
and β4. Peroxiredoxin-1 is an antioxidant enzyme, i.e. a member of the
oxidoreductase family, generally found in the cytosol and nucleus
where it effectively detoxifies H2O2 [40]. DnaJA1 belongs to the DnaJ-
family of Hsp40 co-chaperones and belongs to the four major Hsp40
chaperones present in the cytosol [41], while tubulin β2A/B is a
structural protein and guanine nucleotide-binding protein subunit β2
and β4 are part of the heterotrimetic G-proteins involved as modulators
or transducers in various transmembrane signaling systems, e.g. mus-
carinic receptor-mediated bladder contraction [42].

Based on above findings that propiverine appeared to interact with
several other PTS1 proteins, beyond DAAO, it appeared most likely that
propiverine would affect protein trafficking at a much broader level
than previously assumed. Consequently, several peroxisomal proteins,
as well as typical chaperones and PEX proteins involved in peroxisomal
trafficking and homeostasis were analyzed within kidney sections from
control and propiverine-treated rats using immunofluorescence and
confocal microscopy.

3.3. Mislocalization of PTS1 and selected PEX proteins but not of PTS2
proteins and PMPs after propiverine exposure

Of the key proteins involved in protein folding, chaperon-mediated
shuttling and peroxisomal import, TCP1, the protein responsible for
folding of peroxisomal matrix proteins and main DAAO in vitro inter-
actor, did not present with a different intracellular distribution nor
accumulation following propiverine treatment (Fig. 3 A). However,
confocal analysis of HSC70 and the HSP40 co-chaperon DnaJB1, in-
volved in chaperon-mediated shuttling and peroxisomal import
[14,15], demonstrated that HSC70 accumulated in the nuclei (sur-
rounded by displaced chromatin) and cytosol (white arrows) of propi-
verine-treated rats (Fig. 3 B), while DnaJB1 accumulated primarily in
the nuclei (Fig. 3C). In contrast, HSP90, not involved in mammalian
peroxisomal protein trafficking [14,15], presented no altered cytosolic
or nuclear distribution when compared to control animals (Fig. 3 D)
and thus strongly supported the previous assumption that propiverine
interferes with peroxisomal protein transport. PEX5, responsible for the
import of PTS1 proteins into peroxisomes, accumulated primarily in the
cytosol (Fig. 3 E). This specific cytosolic localization and the fact that
HSC70 and DnaJB1 and the PTS1 receptor PEX5 co-localize with their
cargo protein, i.e. DAAO (Fig. 3 F) can be interpreted as the result of
two processes: a) direct interaction of propiverine with either PTS1-
proteins or proteins involved in PTS1 protein shuttling (e.g. HSC70),
but not with PEX5 (Table S5), resulting in the formation of propverine-
PTS1-HSC70/HSP40 chaperone complexes with or without PEX5, and
b) active export of PEX5 and PEX5-bound cargo from the nucleus due to
the presence of a CRM1 binding motif [43], as will be discussed below.

The observation that HSC70 and PEX5, both essential for perox-
isomal transport/import were affected after propiverine exposure,
suggests, as presumed earlier, that other PTS1 proteins should be af-
fected as well. Indeed, the confocal analyses of MFE2, acyl-coenzyme A
oxidase 1 (ACOX1), CAT and enoyl-CoA hydratase/3-hydroxyacyl CoA
dehydrogenase (EHHADH), demonstrated a propiverine-dependent ac-
cumulation and/or mislocalization (Fig. 3G–J). All of the mentioned
PTS1 proteins, except CAT, are involved in peroxisomal fatty acid β-
oxidation. ACOX1 catalyzes the first [44] and EHHADH, similar to
MFE2, the second and third step of β-oxidation while possessing both
hydratase and dehydrogenase activity, wherefore it is also known as L-
bifunctional enzyme (L-PBE) [45]. However, while MFE2 and ACOX1
presented with a nuclear and cytosolic accumulation (Fig. 3G–H),
comparable to that observed for DAAO (Fig. 3 F), CAT and EHHADH
presented with a cytosolic and nuclear diffuse mislocalization lacking
distinct accumulations (Fig. 3I–J). The latter could be due to size

restrictions of the nuclear pore complex hindering diffusion into the
nucleus, e.g. in the case of CAT [12], and/or differences in protein
solubility under physiological conditions. Irrespective of the latter, the
presented data strongly suggest that the complete PTS1 matrix protein
trafficking pathway is affected by propiverine. Indeed, the analysis of
the mammalian PTS2 proteins acetyl-coenzyme A acyltransferase 1
(ACAA1) [15], catalyzing the last step of fatty acid β-oxidation within
peroxisomes [46], and alkyl-dihydroxyacetone phosphate synthase
(AGPS) [15], involved in plasmalogen (ether phospholipid) biosynth-
esis [47], demonstrated no changes in intracellular distribution upon
propiverine treatment (Fig. 3K–L). Thus PTS2 proteins – in contrast to
PTS1 proteins – appeared not affected by propiverine. Contrary to ex-
pectations, PEX7 demonstrated a diffuse cytosolic and ring-like nuclear
mislocalization pattern (Fig. 3 M), despite that its cargoes, ACAA1 and
AGPS were unaffected (Fig. 3K–L). The latter could be explained by the
fact that PEX7 and PEX5L are part of the import complex for PTS2
proteins [20]. Binding of PEX7 to the PEX5L-PTS1 complex would re-
sult in the mislocalization of PEX7 as well yet without detectable con-
sequences for PTS2 proteins (Fig. 3K–L). The latter strongly supports a
specific interaction of propiverine with the PTS1-trafficking pathway
and consequently suggests that peroxisomal membrane proteins (PMPs)
should remain unaffected as well. Indeed, the corresponding analysis of
peroxisomal membrane proteins e.g. PMP70 (also known as ATP-
binding cassette subfamily D member 3 (ABCD3)), the PMP-shuttle
PEX19 and the PMP incorporation machinery proteins e.g. PEX16, did
not show any propiverine-induced mislocalization (Fig. 3N–P). Note
that PMP70-stained peroxisomes in pl cebo animals manifested a
characteristic ring-like structure indicating a specific membrane loca-
lization (Fig. 3 N, bottom). In contrast, peroxisomes after propiverine
treatment presented as small, dot-like structures due to depletion of
matrix proteins (Fig. 3 N, top), described also previously [11] and
known as “peroxisomal remnants (ghosts)” in peroxisome biogenesis
disorders (PBDs) [48,49]. Peroxisomal ghosts are observed only in
conjunction with functional PEX3, -16 and −19 [48]. However, con-
trary to expectations, PEX3 accumulated and was mislocalized to the
cytosol and the nucleus (Fig. 3 Q). Continuous mislocalization of PTS1
proteins, as shown above, should lead to a reduced size of the peroxi-
somes, as was demonstrated previously [11], and to reduced func-
tionality. To compensate for the latter and to avoid pathological
changes within the cell, a feed-back loop via increased expression of
PEX3 would ensure propagated peroxisome synthesis, as PEX3 is in-
tricately involved in the de novo biogenesis of peroxisomes [21]. Con-
sequently an increased number of peroxisomes should be observable
following propiverine exposure. Indeed, propiverine treatment resulted
in a two-fold increase in peroxisome numbers, when compared to
controls (Fig. 3 R).

4. Discussion

The analysis of propiverine interaction partners revealed an un-
expected diversity of functional protein classes, i.e. chaperones, pro-
teasomal subunits, and peroxisomal proteins (Fig. 2C and Table S5),
and therefore could provide for several targets, whose dysregulation
could lead to the observed propiverine-mediated nephropathy.

Propiverine binding to HSC(P)70 and DnaJ proteins could interfere
with the shuttling and import of peroxisomal matrix proteins [14–17],
thus one would expect that all PTS1 and PTS2 proteins would be mis-
localized. However, contrary to expectations, primarily PTS1 and PEX
proteins but not PTS2 proteins were affected, thus suggesting that in-
ference with chaperones would most likely not explain the protein
mislocalization observed. In addition, propiverine was found to interact
with several subunits of the 26S proteasome: non-ATPase regulatory
subunits 1 and 2 (Rpn1 and Rpn2) in liver and kidney, involved in
substrate recognition and binding [34], and the AAA-ATPases reg-
ulatory subunits 7, 4 and 8 (Rpt1, Rpt2 and Rpt6) in liver, involved in
the unfolding and translocation of ubiquitylated substrates [50],



Fig. 3. Mislocalization and/or accumulation of specific peroxisomal proteins in rat kidney after propiverine exposure.
Confocal microscopy of chaperones (A-D), PTS1 matrix proteins (F-J), PTS2 matrix proteins (K-L), PMPs (N) and peroxins (E, O-Q) in rat kidney sections. Co-stainings of the proteins of
interest (green) and nuclei (blue) in propiverine- (top) and placebo- (bottom) treated rats. Note that chromatin is displaced in propiverine-treated rats resulting in a ring-like appearance
of nuclei due to massive protein accumulations within the nuclei. Arrows indicate localization of cytosolic protein accumulations obtained from bright-field images. Note that all
accumulating proteins are colocalizing within the same accumulation entity. Scale= 15 μm. R) Peroxisome abundance in rat proximal tubule epithelial cells. F344 rats treated with either
300 or 1000 ppm propiverine feature a higher number of peroxisomes in proximal tubule epithelial cells compared to placebo-treated animals. Box and Whiskers plot (min to max) show
mean number of peroxisomes per visual field (VF) ± SEM. One-way ANOVA with Bonferroni's post-test with *p < .0001.



thereby possibly contributing to impaired proteasomal degradation.
However, dose-response analyses of renal protein accumulations of
propiverine-treated rats demonstrated that all renal proximal tubule
cell nuclei were affected independent of dose, whereas the cytosolic
accumulations increased dose-dependently [11], thereby not sup-
porting a general inhibition of proteasomal protein degradation by
propiverine. Indeed, neither the expression of proteasomal proteins nor
the localization of the 26S proteasome were affected by propiverine
treatment in vivo [11]. Rather than provoking a complete proteasomal
inhibition, propiverine may change substrate specificity or binding af-
finity to the Rpn1 and Rpn2 regulatory subunits in vivo which would
explain the lack of an inhibitory effect of propiverine and its major
metabolite in a cell-free proteasome activity assay with rat and human
20S proteasomes [11]. Proteasome substrates are either directly tar-
geted or delivered via bivalent shuttle proteins to the proteasome, i.e.
the 19S regulatory particle. The 19S proteasomal subunits Rpn1 and
Rpn2 possess an explicit preference for the latter and recruit protea-
somal targets via shuttle proteins [34]. Since different shuttle proteins
not only dock at different receptor sites within one Rpn subunit but also
manifest substrate selectivity [34], propiverine may be able to regulate
proteasomal degradation of a specific subset of proteins e.g. PTS1
proteins, resulting in accumulation of the latter. Moreover, deletion of
either Rpn subunit is lethal and mutations thereof result in impaired
proteasome function, accumulation of polyubiquitinated proteins, and
improper nuclear proteasome localization in yeast [34], highlighting
the importance of these regulatory subunits in protein homeostasis.
However, regarding the overt cell pathology associated with the ob-
served nephropathy [3,7,8], propiverine treatment most likely does not
lead to a broad and strong interference of proteasomal degradation.

In view of the fact that propiverine interacted with at least three
PTS1 proteins (DAAO, MFE2 and HAOX2) in rat kidney cortex homo-
genate, it appeared likely that propiverine treatment generally affected
shuttling and import of PTS1 proteins. Indeed, the immunofluorescent
analyses demonstrated that several other PTS1 proteins (MFE2, ACOX1,
CAT, EHHADH) accumulated in renal cells (Fig. 3), thus contradicting
previous assumptions that propiverine-mediated mislocalization was
specifically restricted to DAAO [3]. In contrast, none of the PTS2 pro-
teins or PMPs were mislocalized (Fig. 3), thereby further supporting the
hypothesis that propiverine primarily dysregulates PTS1 protein traf-
ficking. Since all of the affected PTS1 proteins in rat kidney are part of
the oxidoreductase family and>20% of all propiverine interaction
partners in both kidney and liver are members of this protein class, it
appeared likely that propiverine specifically binds to an oxidor-
eductase-specific motif. A direct interaction of propiverine with PTS1
proteins could influence their protein structure and/or interfere with
proper binding of chaperones, peroxisomal receptors and/or the per-
oxisomal importomer, thus disturbing peroxisomal trafficking and im-
port. Since PTS2 proteins remained unaffected, but share the same
docking/translocation machinery at the peroxisomal membrane [51],
the inference of propiverine with PTS1 protein transport in the cytosol
appeared the most plausible mechanism of interaction.

DAAO was identified as one of the most abundant propiverine in-
teraction partners isolated from rat kidney (Table S5) and was pre-
sumed to be the most abundant protein in rat renal accumulations [3].
Thus, DAAO could be assumed to be the primary target of propiverine
interaction, despite that previous experiments suggested that neither
propiverine nor its main hepatic metabolite directly interact with
DAAO [11]. Indeed, these previous in situ direct-binding studies using
purified DAAO may have lacked essential cofactors for efficient small-
molecule-protein interaction. The observation that other accumulating
PTS1 proteins were still partially present in peroxisomes (Fig. 3),
thereby maintaining their physiologically normal localization, sup-
ported DAAO as primary target of propiverine interaction. The latter
would also suggest that the mislocalization of DAAO is the primary
event and that the mislocalization of the other PTS1 proteins is a sec-
ondary effect. Indeed, deletion of one single peroxisomal PTS1 protein,

i.e. ACOX1, was shown to be sufficient to induce mislocalization of
several PTS1 proteins in ACOX1−/− mice [52].

Under physiological conditions, peroxisomal proteins are imported
in a folded and oligomeric state [14]. Thus, at first sight it appeared
likely that (partially) un- or misfolded PTS1 proteins or peroxisomal
proteins lacking HSC(P)70 and/or PEX5 binding [12] could remain
cytosolic. However, most peroxisomal proteins are unstable when lo-
calized in the cytosol and are thus rapidly degraded [24]. The fact that
propiverine-mediated nuclear protein accumulations appeared to occur
earlier than cytosolic accumulations [11], could suggest that cytosolic
PTS1 proteins are most likely transported into the nucleus rather than
remaining in the cytosol. Indeed, as was suggested recently, DAAO is
mainly degraded via the nuclear proteasome [12] and can enter the
nucleus via passive diffusion [12]. Moreover, DAAO could be actively
transported into the nucleus by DnaJB1 and could thus be specifically
delivered for nuclear proteasomal degradation [53]. The latter as-
sumption was supported by the fact that DnaJB1 also accumulated and
co-localized with DAAO primarily in the nucleus in kidneys of propi-
verine-exposed rats (Fig. 3). While passive diffusion appeared to be
governed by a size restriction of the nuclear pore, e.g. lack of passive
import of CAT [12], active transport mechanisms allow the import of
much larger molecules and protein complexes [54]. Thus the question
would need to be answered whether DAAO and other PTS1 proteins
reach the nucleus for proteasomal degradation as a complex with the
associated chaperones (HSC70, DnaJB1) and/or PEX5 or not. The bio-
genesis of PTS1 proteins and their localization to the peroxisome in-
volves ribosomal synthesis, chaperone-mediated stabilization and
folding and PEX5/HSC(P)70/Hsp40-mediated transport and import
into peroxisomes [13–17]. Due to the fact that the PTS1 motif is loca-
lized at the far C-terminal end of PTS1 proteins [55], PEX5 binding
occurs at the very last step of PTS1 protein synthesis. Thus, propiverine-
binding to PTS1-proteins, specifically to DAAO, could render two forms
of misfolded PTS1-protein complexes, with and without PEX5. As-
suming that misfolded PTS1-protein complexes are actively transported
into the nucleus for proteasomal degradation, e.g. by DnaJB1, both
forms would be present (Fig. 4). As PEX5 contains a CRM1 binding
motif [43], PEX5-PTS1 complexes could be actively shuttled from the
nucleus into the cytosol (Fig. 4). The latter is supported by the fact that
PEX5 exclusively co-localized with cytosolic DAAO accumulations
(Fig. 3). However, if the PTS1-complex lacks PEX5, it would be trapped
due to the reduced mobility within the highly heterogenic nuclear en-
vironment [56] and thus would remain in the nucleus for proteasomal
degradation.

Direct interference of propiverine with PEX5 functionality appeared
unlikely as no propiverine binding was observed in the Co-IP studies
(Table S5). Moreover, as a mutation of PEX5 located in the region ne-
cessary for PTS2 transport, e.g. PEX7 binding box, was demonstrated to
affect both PTS1 and PTS2 matrix protein import in human cells [57], a
non-functional PEX5 was expected to render an abnormal PTS2 protein
distribution, which however was not the case (Fig. 3).

As DnaJB1, DAAO, MFE2, ACOX1 and HSC70 accumulated and co-
localized in the nucleus (Fig. 3), these complexes did not appear to be
readily degraded by the nuclear proteasome. A possible explanation for
the latter would be that propiverine binding to DAAO renders the
protein complex non-degradable. A likely reduction in the overall ca-
pacity of cellular protein homeostasis [58] due to the observed binding
of propiverine to diverse chaperones, proteases and the proteasomal
degradation machinery (Fig. 2 Table S5) may enhance the protein ac-
cumulation.

The finding that PEX3 accumulated following propiverine treatment
would at first sight appear contradictory to above interpretation.
However, in view of the fact that many of PTS1 proteins are mis-
localized and only partially present in peroxisomes, it appeared likely
that propiverine treatment rendered the existing peroxisomes partially
non-functional. Indeed, propiverine-treated rats presented with dilata-
tions of the hepatic ER, lipid droplets in hepatocytes and increased liver



weights [7,8] indicative for a disturbed budding of pre-peroxisomal
vesicles from the ER and an impaired lipid metabolism. PTS1 depletion
due to import-incompetent peroxisomes was reported to be associated
with non-functional peroxisomes, e.g. impaired peroxisome-specific
metabolic pathways such as β-oxidation of fatty acids [24], which
frequently results in impaired liver function (e.g. hepatomegaly) con-
comitant with impaired physical development [59]. PEX5 and PEX3
levels may have been increased to compensate for the lack of correctly
imported PTS1 proteins. As PEX3 is intricately involved in the de novo
biogenesis and degradation of peroxisomes and thus in coordinating
peroxisome size and number [21], it is not surprising that an increase of
peroxisome numbers (Fig. 3) as well as PPARα and PPARγ expression
levels [60] were observed after propiverine treatment. Finally, the
correct incorporation of PMP70 (Fig. 3) into peroxisomes [48,61] and
the lack of binding of PEX3 to propiverine (Table S5) was considered
additional testimony of a functional PEX3 and thus supportive of the
proposed compensatory mechanism. The observation that PEX3 is
found in PTS1-positive protein inclusions in the nucleus and cytosol
could be explained by the massive upregulation of PEX3 and an un-
specific sequestration of freely available PEX3 into pre-existing PTS1
protein accumulations. Such protein sequestrations and compartmen-
talization were previously discussed as being cytoprotective or re-
flecting an unspecific cellular trait when dealing with protein overload
[62]. The latter process was found to be reversible when the cell has
regained control of normal protein homeostasis [62], as was also de-
monstrated for the propiverine-induced protein accumulations [7,8].

As hDAAO and rDAAO interacting proteins were similar, the ques-
tion arises why the propiverine-mediated misregulation of DAAO and
other PTS1 proteins is still considered a rat-specific phenomenon.
Indeed, preliminary analyses of renal proximal tubule epithelial cells
obtained via abdominal palpation from propiverine-treated patients did
not demonstrate abnormal protein inclusions or accumulations
(Dietrich et al. 2008, unpublished data). Moreover, a misregulation of
DAAO and other PTS1 proteins was also not observed in propiverine-
treated mice or dogs [63–65].

In conclusion, the data presented suggest that propiverine - and/or a
rat-specific propiverine metabolite formed in the kidney - interacts
exclusively with DAAO and/or with a selected number of PTS1 pro-
teins. The consequence of this interaction is the abrogated trafficking

and peroxisomal import of PTS1 proteins concomitant with their nu-
clear and cytosolic accumulation due to inhibited degradation.
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Fig. 4. Proposed mechanism of propiverine's dual effect
on localization and degradation of PTS1 proteins in
proximal tubule epithelial cells.
Propiverine may directly interact with DAAO and other
PTS1 proteins before (A) or after (B) PEX5 binding. Direct
binding of propiverine to DAAO may change its protein
structure and/or abrogate chaperone (HSC(P)70, HSP40)
and/or PEX5 binding, both mediating peroxisomal traf-
ficking [14–18]. Cytosolic (mis)localized peroxisomal pro-
teins could then enter the nucleus via passive diffusion [12]
or active transport via the HSP40 chaperone DnaJB1 [53]
(C). An interference of propiverine with the proteasomal
degradation machinery, i.e. changing the proteasomal
substrate specificity and/or binding, could provoke accu-
mulation of mislocalized nuclear and cytosolic peroxisomal
proteins (D). Nuclear PEX5-PTS1 complexes could actively
be exported due to the PEX5 inherent CRM1 motif [43]
resulting in the exclusive cytosolic accumulations of PEX5
(E). As a consequence of the mislocalized PTS1 proteins and
thus to compensate for suboptimal functioning of peroxi-
somes, several PEX proteins, e.g. PEX3, are upregulated
resulting in an increased peroxisome abundance (F). Black
arrows=physiological pathways, red=propiverine sites of
interaction, blue=downstream effects of propiverine in-
teraction.
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