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Abstract: The assembly of the peroxisomal translocon in-
volves the transition of a soluble form of the peroxisomal
targeting receptor PEX5 into a membrane-bound form,
which becomes an integral membrane component of the
import pore for peroxisomal matrix proteins. How this
transition occurs is still a mystery. We addressed this
question using a artificial horizontal bilayer in combina-
tion with fluorescence time-correlated single photon
counting (TCSPC) and electrophysiological channel
recording. Purified human isoform PEX5L and truncated
PEX5L(1–335) lacking the cargo binding domain were
selectively labeled with thiol-reactive Atto-dyes. Diffusion
coefficients of labeled protein in solution show that PEX5L
is monomeric with a rather compact spherical conforma-
tion, while the truncated protein appeared in a more
extended conformation. Labeled PEX5L and the truncated
PEX5L(1–335) bind stably to horizontal bilayer thereby
accumulating around 100-fold. The diffusion coefficients
of the membrane-bound PEX5L forms are 3–4 times lower
than in solution, indicating the formation of larger com-
plexes. Electrophysiological single channel recording
shows that membrane-bound labeled and non-labeled
PEX5L, but not the truncated PEX5L(1–335), can form ion
conducting membrane channels. The data suggest that
PEX5L is the pore-forming component of the oligomeric
peroxisomal translocon and that spontaneous PEX5L

membrane surface binding might be an important step in
its assembly.
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Introduction

Matrix protein import into peroxisomes shows fundamental
differences to protein import into many other organelles as
peroxisomes import folded and even oligomerized proteins
in a largely unknown translocation mechanism. The
peroxisomal import receptors alternate between a soluble
form in the cytosol and a cargo-loaded form that associates
with theperoxisomalmembrane, thereby becomingpart of a
transient transition pore (Erdmann and Schliebs 2005;
Meinecke et al. 2010). The PEX5-cargo complexes target a
docking and translocation complex at the peroxisomal
membrane, where PEX5 is subsequently inserted into the
membrane, ATP-independently, as an essential part of the
translocon complex. The membrane-associated PEX5L-is
then monoubiquitinated at a C-terminal conserved cysteine
residue and extracted from the membrane as a ubiquitin-
PEX5 conjugate back into the cytosol in an ATP-dependent
manner (Alencastre et al. 2009; Meinecke et al. 2016; Walter
andErdmann 2019). Recently, it has been reported that PEX5
is also transported into peroxisomes and exported back to
the cytosol via the peroxisomal ubiquitin ligase complex.

The formation of the peroxisomal translocon formatrix
proteins is a multistep process initiated by the binding of
folded cargo proteins to cytosolic receptors. The human
import receptor PEX5 recognizes proteins that carry a type 1
peroxisomal targeting signal (PTS1). There are two splice
variants of PEX5. PEX5S (short) binds PTS1 proteins,
while PEX5L (Long) binds PTS1 proteins but also PEX7,
the receptor for PTS2 proteins (Rucktäschel et al. 2011;
Walter and Erdmann 2019). These interactions are pro-
posed to lead to conformational changes of the receptors,
which in turn allow the receptor-cargo complexes to dock
at the peroxisomal membrane. Together with the docking
protein PEX14, both PEX5L and PEX5S are supposed to
become integral components of peroxisomal protein
import channels. The assembly of the translocons is
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thought to occur mainly through interactions of the re-
ceptors with peroxisomal phospholipids and PEX14, either
simultaneously or sequentially (Meinecke et al. 2016;
Walter and Erdmann 2019). It is not yet known how the
soluble form of PEX5/PEX5-cargo complexes is converted
into a membrane-bound form and how the receptor does
become an integral component of the import pore (Mei-
necke et al. 2016; Walter and Erdmann 2019). The yeast
translocon has been shown to consist predominantly of
PEX5 and PEX14 (Meinecke et al. 2010). In an accompa-
nying paper in this special issue, it is shown that this also
accounts for the human PEX5-complex, which also shows
pore activity (Ghosh et al. 2022). How its major constitu-
ents, PEX5 and PEX14, contribute to pore formation is not
known.

We analyzed the oligomeric state of PEX5 in solution
and the binding of soluble PEX5 to artificial horizontal
bilayer membranes using the scanning fluorescence time-
correlated single photon counting (TCSPC) technique
(Becker et al. 2006; Felekyan et al. 2005; Jameson et al.
2009). In addition, using the combined opto-electrical
horizontal lipid bilayer (HLB) technique (Bartsch et al.
2012; Honigmann et al. 2012; Wagner et al. 2018), we tested
whether the membrane-bound receptor PEX5 alone affects
the electrical membrane permeability by pore-forming
activity. Our results show that (i) purified PEX5L in solution
resides mainly in the monomeric state, (ii) PEX5L enriches
at the bilayer membrane surface and becomes stably
bound at/in the membrane, (iii) after membrane binding
PEX5L but not the truncated PEX5(1–335) induces voltage-
driven ionic currents with ion-channel characteristics
within our artificial lipid bilayer systems. Our data suggest
that PEX5L is the pore-forming component of the oligo-
meric peroxisomal translocon.

Results

Hydrodynamic properties of PEX5 in
solution-lateral and rotational diffusion of
PEX5 in solution

Purification and labeling of recombinant human PEX5L

For the fluorescence spectroscopic investigations, it was
necessary to covalently label PEX5L selectivelywith suitable
fluorescent dyes. For this purpose, NEM derivatives of Atto
dyes (Atto TEC GmbH, 57074 Siegen, Germany) were used
for covalent binding to PEX5 cysteines. PEX5L (uniprotKB
accession P50542) contains six cysteines (Figure 1A). The

five cysteines located in the C-terminal tetratricopeptide
repeats (TPR) domain are not accessible in the folded state,
while Cys11 in the disordered N-terminal region (amino
acids 1–335) is easily accessible for chemical modification.
Figure 1B shows the Coomassie-stained SDS-Gel of the
purified PEX5L and the truncated PEX5L (1–335). Additional
polypeptides were identified by immunoblot analyses as
derivatives of the PEX5 forms, either degradation products
or oligomers.

Labeling of the different PEX5L samples was performed
as described in detail in Materials and Methods. The degree
of labeling (DOL) with the different NEM-reactive Atto-dyes
was determined spectroscopically (see Materials and

Figure 1: Purification of proteins used for Atto labeling. The long
isoform of human recombinant PEX5, PEX5L, and an N-terminal
fragment, PEX5L(1–335) were used for cysteine-labeling.
(A) The scheme represents the position of cysteines in the repre-
sented polypeptide sequence of human PEX5L (marked by arrows).
PEX5L consists of 635 amino acids, including the exon-coded PEX7
binding domain (purple). The N-terminal disordered fragment
PEX5L(1–335) contains only one cysteine at position 11, which is
supposed to be accessible for labeling. The five remaining cysteines
in the C-terminal cargo-binding domain are buried within the glob-
ular alpha-helical structure formed by the seven TPR-domains (red
boxes). (B) His6-tagged PEX5L and PEX5L(1–335) were expressed in
E. coli and affinity-purified on a Ni-NTA column and further by ion
exchange chromatography. Eluate fractions (protein concentration
10mg/ml) were analyzed by SDS-PAGE and Coomassie staining (left
panel) or immunoblotting using polyclonal anti PEX5 antibodies
(right panel).
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Methods for details). A representative example of the ob-
tained degree of PEX5L labeling with the NEM-reactive
fluorescence dyes is shown in Table 1. The results suggest
that only one cysteine is labeled, presumably theN-terminal
one, which is fully accessible (Figure 1A).

Diffusion of fluorescence-labeled PEX5L in solution
indicates that the soluble PTS1 receptor resides mainly
in the monomeric state

The basic outline of the (TCSPC) technique and the
methods for analyzing TCSPC data in combination with the
microscopic artificial horizontal bilayer technique (HLB)
are shown schematically in Figure 6 (Materials and
Methods) and described in detail elsewhere (Bartsch et al.
2012, 2013a; Honigmann et al. 2012). We applied the TCSPC
technique in combination with the HLB technique (Bartsch
et al. 2012) and investigated the diffusion of the
NEM-Atto647N labeled PEX5L in solution and after binding
to the horizontal bilayer membrane.

The FCS and FIDA analysis of TCPSC recordings of
PEX5L-Atto647N revealed identical results with respect to
the fraction of the PEX5L-bound dye, indicating that the
label does not interfere with diffusion properties. Two
different components were observed with respect to
fluorescence intensity (molecular brightness [q]) as well as
with regards to the diffusion time (Figure 2A and B). The
smaller relative fractions ( frel ≅ 0.2) were comparable in
both analyzed features. We propose that the faster diffu-
sion component has to be attributed to the diffusion of
remaining freeAtto647Ndye in the sample since τdiff (fast) is
almost of the same magnitude as τdiff = 55 μs of the free
Atto655 used for the calibrationof the confocal volume (data
not shown, [Müller et al. 2008]). Interestingly, themolecular
brightness of the less frequent component ( frel ≅ 0.2) was
significantly lower than the more frequent component
( frel ≅ 0.8), indicating that binding of the dye to the protein
appears to be accompanied by a drastic increase of the
brightness of Atto647N. Next, we analyzed the rotational
diffusion of labeled PEX5L in solution using the fluores-
cence lifetime-anisotropy (Smith and Ghiggino 2015).

The fluorescence polarization anisotropy measure-
ments (Figure 3A) revealed three decay components, two
fast ones (τ1 = 0.8 ns, τ2 = 1.06 ns) and a third one with
minor amplitude ( fa ≅ 0.3) and τrot ≅ 28 ns. This decay
component presumably can be attributed to the rotation of
PEX5L (Figure 3B). The FCS and the fluorescence anisot-
ropy measurements resulted in a lateral diffusion coeffi-

cient of Dlat = 65 μ2 ⋅ s−1, τlat = 300 μs and a rotational

diffusion coefficient of Drot ≈ 3.6 ⋅ 107  s−1, (τrot ≈ 28 ns) for
the fluorescent labeled PEX5L (Figures 2A and 3A). Using
hydrodynamic calculations, conclusions about the oligo-
meric state of PEX5L in solution can be drawn from these
diffusion times. Details of this hydrodynamics calculations
are given in the Materials and Methods section and sum-
marized in Figure 3B, C. Figure 3B shows the calculated τlat
as a function of the oligomeric state, whereby the x-scale
indexNi represents the number (i) of spherical PEX5L units
in the oligomer. Correspondingly, Figure 3C shows the
calculated τrot as the function of the oligomeric state. For
details of the calculations see also Materials and Methods
section. As obvious from Figure 3B and C, the calculated
translation diffusion coefficient and the corresponding
τlat = 302 μs as well as the calculated rotational diffusion
coefficients with corresponding τrot = 23 ns for PEX5L
Atto647N in solution are compatible with monomeric
PEX5. Moreover, for PEX5L Atto647N, the diffusion times
(τlat and τrot) were within an error limit of ±4.5% identical
to the one given in Table 2.

Soluble PEX5L accumulates on the
membrane in the HLB system

Using the microscopic HLB-technique, we investigated
binding of the labeled PEX5L and the labeled N-terminal
deletion mutant PEX5L(1–335) to a horizontal lipid bilayer.
After addition of 12 nM PEX5L-Atto647-to the cis compart-
ment, time series of x–z scans in the HLB with a z-stepping
of 250 nm were performed. Figure 4A and B show repre-
sentative examples of the measurements.

The diffusion time of PEX5LAtto655 in the cis compart-
ment with confocal volumes located in the cis compartment
above the bilayer was τlat = 300 ± 40 μs (n > 12). To determine
the diffusion time of the labeled PEX5L at the membrane, we
used diffusion time data obtained at multiple Z-positions to
determine the principal one at the bilayer (see Materials and
Methods). We thus determined the maximal τlat value in the
250 nm z-stepping scans along the z-axis (see Materials and
Methods), and obtained a value of τlat (mem) = 1.5 ± 0.08 ms
(n = 5). The diffusion time in the cis compartment compares

Table : Degree of PEXL labeling with the NEM-reactive fluores-
cence dyes.

DOL (degree of labeling)

Sample DOL

PEXL (–)-AttoN . ± . (n = )
PEXL-AttoN . ± . (n = )
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Figure 3: Rotational diffusion of Pex5 in
solution.
(A) Fluorescence polarization anisotropy
(r(t)) obtained from the polarized
fluorescence lifetime (inset) of
PEX5L-Atto647N in solution. (B) Calculated
lateral diffusion coefficient (τlat) for PEX5L
as a function of its oligomeric state (see
Materials and Methods for details).
(C) Calculated rotational diffusion coeffi-
cient (τrot) for PEX5L as a function of its
oligomeric state (see Materials and
Methods for details).

Figure 2: FCS (A) and FIDA (B) analysis of TCPSC recordings of PEX5L-Atto647N in standard buffer (see materials and methods for details).
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well with the one obtained for the labeled PEX5L in solution
(Figure 2, Table 3), while τlat of the labeled PEX5L at the
bilayer shows that the membrane-bound PEX5L became
immobilized at the membrane (Table 3). It is important to
note that the binding of the labeled PEX5L to the membrane

was long-term stable and repeated z-scans during a period of
15 min gave repetitively constant τlat (mem) values. Next, we
tested whether the truncated N-terminal PEX5L(1–335),
which is presumed to be mainly in an extended, disordered
conformation (Shiozawa et al. 2009) and important for the
interaction of PEX5L with the membrane (Costa-Rodrigues
et al. 2005), also binds to the membrane. Figure 4B and D
shows z-scans of an HLB after addition of 12 nM Atto488--
labeled PEX5L(1–335) to the cis compartment (upper part)
and below a z-scan of the same bilayer after five perfusions
of the cis compartment, while the right parts of Figure 4A
shows the corresponding fluorescence intensity profiles
along the z-axis. Figure 4D shows the FCS measurement of

Table : FCS and FIDA analysis of TCPSC recordings of labeled PEXL-AttoN.

FCS FIDA

Diffusion time
(μs)a

Diffusion coefficient
(μm·s−)a

Fractiona Molecular brightness
(q/kHz)a

Fractiona

 ±   . ± . (n = )  ±  . ± . (n = )
 ±   . ± . (n = )  ±  . ± . (n = )

aConfocal focus area = . µm.

Table : Diffusion coefficients of labeled PEXL and truncated
hsPEXL(–).

Diffusion coefficient
(µm·s−) solution

Diffusion coefficient
(µm·s−) membrane

PEXL  ± . (n = )  ± . (n = )
PEXL(–)  ± . (n = ) . ± . (n = )

Figure 4: x–z scans from horizontal lipid bilayer (HLB) and HLB-FCS measurements of labeled PEX5L and the N-terminal PEX5L(1–335).
(A) Top, empty-control bilayer, (middle) same bilayer, but after addition to 1 nM Atto655-labeled PEX5L (DOL = 1.08) to the cis compartment,
(bottom) same HLB but after 5 times perfusion of the cis compartment. (B) Bilayer after addition to 1 nM Atto488-labeled PEX5L(1–335)
(DOL = 0.97) to the cis compartment, (bottom) same HLB but after 5 times perfusion of the cis compartment. (C) Confocal FCS measurements
from the same bilayer as in (A, bottom). The location of the confocal volumes is indicated. (D) Confocal FCS measurements from the same
bilayer as in (B, bottom). The confocal volume along the z-coordinate was positioned in the bilayer (see [C]). The location of the confocal spot
along the z-direction in the HLB-setup is indicated in Figure 4C (right part) and the corresponding FCS curves are shown in Figure 4C and D on
the right.
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the Atto488-labeled PEX5L(1–335) in the cis compartment
and at the membrane. The diffusion coefficient in solution

calculated from τlat = 175 μs was Dlat ≡ 82 ± 5.7  μm2

s . Consid-

ering the molecular mass of PEX5L(1–335) (Mr = 37.5 kDa),
this value clearly indicates that the PEX5L(1–335) protein
has a much lower density packed conformation, since a
globular protein with this Mr would result in a diffusion time
of τlat ≅ 145 μs (see Materials and Methods for the calcula-
tion). However, when membrane bound (Figure 4C), the
diffusion time of Atto488 labeled PEX5L(1–335) slowed down
drastically to τlat = 140ms (Figure 4D). If the accumulation of
the two proteins on themembrane is determined from an x–z
scan, using the ratio of the area-relatedfluorescence intensity
above the bilayer (cis-compartment) to the area-related
fluorescence intensity in the bilayer, enrichment factors of
f = 50–200 are determined.

In summary, our results with the HLB-technique show
that the labeled PEX5L and the truncated N-terminal
PEX5L(1–335) bind so tightly to the horizontal bilayer
membrane that repeated perfusion of the cis compartment
does not lead to detachment of the fluorescence-labeled
proteins. Both PEX5 variants are strongly bound and
became largely immobilized on the bilayer membrane.
Remarkably, the truncated N-terminal PEX5L(1–335)
was either nearly completely integrated in the membrane
thus drastically slowing down the diffusion rates (see
Table 3) and/or the truncated protein forms very large
oligomers in the membrane.

Binding of PEX5L to the bilayer membrane
induced ion channel activity

WithHLB-system parallel and/or simultaneous optical and
electrical recording from the bilayer are feasible (Bartsch
et al. 2012). We performed high resolution electrical
recordings from HLBs after addition of labeled and
non-labeled PEX5L. In extremely rare cases (≤1%), voltage
drivenmembrane ion currents with a wide range of current
characteristics were observed.

Figure 5A shows current recordings from a bilayer in
response to a voltage-gate (duration 10 s) with the indi-
cated voltage amplitude. Figure 5B shows a current
recording from the same bilayer in response to a voltage
ramp. Bilayer currents were observed after addition of 1 μl
(1 mg/mL) purified PEX5L into a volume of 1.2 mL of the cis
compartment in a classical vertical bilayer setup, see
Bartsch et al. (2013b) for a practical guideline for the lipid
bilayer technique and references (Kramar et al. 2010; Miller
2013; Patlak 1993; Sakmann 2013) for the theory underlying

the analysis of single channel properties. PEX5L has been
produced by heterologous expression in a porin-deficient
Escherichia coli mutant strain BL21(DE3)omp8 (Prilipov
et al. 1998) with subsequent purification to an extent that
no other polypeptides as Pex5 or PEX5 derivatives could be
detected. No other polypeptides beside PEX5 or PEX5 de-
rivatives were be detected (Figure 1B and Materials and
Methods). It is important to note that in all the different
MOK samples, neither with the classical vertical bilayer
setup nor in the HLB-setup, no channel activity was
observed. The expanded current trace at Vcmd = −60 mV
(Figure 5C), the all point amplitude histogram at
Vcmd = −60 mV (Figure 5D) and the mean variance plot at
Vcmd = −60 mV (Figure 5E) allow a first analysis of the
observed pore activity. The histogram (Figure 5D) reveals
three open channel states at Vcmd = −60 mV, i1 = −21 pA,
i2 = −44 pA and i3 = −91 pA, while the mean variance plot
shows that the main gating transition occurred between i2
and i3 with Δimain = 47 pA and a second transition between
i1 and i2 with Δisub = 24 pA. These values correspond to
channel conductance states of Gmain = 780 pS and
Gsub = 390 pS. Both conductance states appeared inde-
pendent of each other and no gating transitions with
ΔG = Gmain + Gsub was observed (see mean variance plot
Figure 5E), indicating that at least two different membrane
pores were formed. The current voltage relation from the
same bilayer revealed in a voltage ramp (Figure 5B) a slight
rectification with slope conductance of Gslope ≈ 380 pS but
only a negative Vcmd.

Figure 5F–H shows electrical current recordings from a
HLB setup after addition of 12 nM Atto488-PEX5L to the cis
compartment. Voltage gates with the indicated Vcmd were
applied (Figure 5F) and the current-voltage relation
(Figure 5G) was calculated from the mean currents in
Figure 5F. The enrichment of the labeled protein on the
bilayer surface is shown in Figure 4B. The slope conduc-
tance in the calculated i/V relation (Figure 5G) was iden-
tical to the one in the current voltage ramp (Figure 5H) from
the same bilayerGslope = 1.5 nS.While the unlabeled PEX5L
displayed rather frequent gating activity with brief channel
closures (Figure 5A, B and D), the Atto488-labeled PEX5L
(Figure 5F–H) remained complete in the open state. The
rather high slope conductance may indicate that several
open channels were present in the bilayer (Figure 5F–H).

The single channel recordings shown in Figure 5 are
not representative of the pore activities observed after
reconstitution of PEX5L or Atto labeled PEX5L in the classic
vertical bilayer or the HLB setup, rather they represent
examples of the endpoints of a wide range of observed
pore activities: voltage induced current recordings with
clearly structured gating events and clearly assignable
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conductances on the one hand – and on the other – current
recordings that only show a sometimes large conductance
with clearly linear current-voltage characteristics across
the membrane. Even if it is not yet entirely clear how PEX5
is integrated into the membrane in detail, it seems
remarkable that PEX5L is integrated into the membrane in
such a way that ion-conducting pores are formed, albeit
with very heterogenous properties. Finally, important to
note is that the truncated PEX5L(1–335) did not show any
ion channel activity, although the protein seems to be even
more deeply embedded in the membrane as shown by the
very slow diffusion rate in/at the membrane.

Discussion

In the present work, we investigated the binding of soluble
PEX5L and the truncated N-terminal PEX5L(1–335) to arti-
ficial lipid membranes using the high-resolution TPSC
fluorescence techniques and electrical single channel
recording. Amajor aim was to examine the extent to which
the binding of fluorescence-labeled and unlabeled PEX5L
to the membrane affects the electrical properties of the
membrane. In all known models for the import of matrix
proteins into the peroxisomes, PEX5 plays a central role as a
cycling receptor. PEX5 shuttles from a cytosolic state to a

Figure 5: Electrical recordings from bilayer experiments after addition of PEX5L to the cis compartment of a vertical bilayer setup (A–E) and
addition of PEX5L-Atto488 (DOL = 1) to the cis compartment of an HLB-setup.
(A) Single channel recording after integration of PEX5L in a vertical bilayer setup, with the given voltage gates. (B) Current-voltage ramp
(Vcmd ± 100mV). (C) Expansion plot of the recording with Vcmd = −60mV. (D) All point amplitude histogram of the recording with Vcmd = 60mV.
(E) Mean variance plot of the recording (C) with Vcmd = −60 mV. (F) Current recordings after reconstitution of PEX5L-Atto488 in response to
voltage gates with the indicated Vcmd-amplitudes. (G) Calculated current voltage relation from the records in (F). (H) Current voltage ramp from
the same bilayer (F).
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central membrane component of the peroxisomal translocon
and back to the cytosol. The assembly of the peroxisomal
translocon involves the transition of a soluble form of the
peroxisomal targeting receptorPEX5 intoamembrane-bound
form, which becomes an integral membrane component of
the import pore for peroxisomal matrix proteins. How this
transition occurs is still a mystery. Regarding this chimeric
property of PEX5 as being water soluble in the cytosol and a
membrane protein as part of the peroxisomal translocon,
there are significant analogies to pore-forming toxins (PFTs).
These PFTs also undergo metamorphosis from water soluble
inactive monomers to transmembrane oligomeric complexes
(Dal Peraro and Van Der Goot 2016). Our data suggest a
primarily monomeric state of PEX5 in solution. This is in
accordance with previous studies on the solution structure of

PEX5L, PEX5L-cargo and PEX5L-Cargo-PEX14 complexes,
demonstrating that PEX5 in solution is a monomer with an
extended, coiledN-terminalpart (Costa-Rodrigues et al. 2005;
Shiozawa et al. 2009). So far only a few binding studies of
PEX5 to model membranes have been reported. Within
the Saccharomyces cerevisiae Pex5p sequence, regions have
been identified that interconnect the receptor-cargo complex
with the docking complex (Kerssen et al. 2006). In the same
study, spontaneous association of the recombinant yeast
and human PTS1 receptors with liposomes could also be
demonstrated. The membrane interactions of the PEX5
N-terminal intrinsically disordered domain (NTD) and PEX14
NTD have been further supported in vitro by membrane
mimicking bicelles and nanodiscs (Gaussmann et al. 2021).
A recent study reports that PEX5 recycling is initiated by an

Figure 6: Principle features of scanning time
correlated single photon counting (TCSPC)
technique delivering fluorescence
correlation (FCS) or cross correlation
(FCCS), fluorescence intensity distribution
and fluorescence lifetime and fluorescence
anisotropy data simultaneously.
(A) Schematic overview of the principal
setup and experimental procedures for the
recording of time-correlated-single photon
events (top) and their analysis using fluo-
rescence correlation spectroscopy (FCS)
(left), analysis of fluorescence intensity
distribution (FIDA) (middle) and confocal-
time-resolved-fluorescence-lifetime-
anisotropy (cFLT, cTRA) (right). (B) Experi-
mental setup of the -confocal-scanning-
single-photon-counting spectrometer with
simultaneous single-channel electrophysi-
ological recording. (C) X–Z scan of a fluo-
rescent doted free-standing horizontal
bilayer with 50 nm z-stepping images (left)
and X–Y scan with 200 nm Y-stepping
images(right).
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amphipathic helix in the N-domain that binds to the luminal
side of the ubiquitin ligase (Skowyra and Rapoport 2022). Our
results support previous studies of membrane-binding of
PEX5 and further add that in an equilibrium situation PEX5
accumulates at themembrane.While thediffusion coefficient
of PEX5 in the solution above the membrane show its free
diffusion in amonomeric state, the diffusion of the protein at
themembrane is drastically slowed down, indicating that the
protein is largely immobilized. Interestingly the truncated
PEX5L(1–335) showed even stronger interaction with the
membrane with nearly complete immobilization. After asso-
ciation of both proteins, PEX5L and truncated PEX5L(1–335)
with the membrane, they remained stably bound at the
membrane. Even upon removal of excess of the protein that
was in contact with the membrane surface by perfusion both
proteins remained stably bound to the membrane. The
increase in the concentration of PEX5L at the membrane
interface could play an important role during the formation
of the functional translocon oligomer.

Single channel recordings with membrane bound
PEX5L and Atto488-conjugated PEX5L in the classical
vertical bilayer as well as in the HLB setup allowed inves-
tigation of pore forming activity of both membrane-bound
proteins. We observed pore forming activity of both full-
length proteins. However, the truncated PEX5L(1–335) did
not show any ion channel activity, indicating that the
C-terminal cargo-binding domain is important for pore
organization. Our data support the notion that PEX5 is the
pore-forming component of the peroxisomal translocon.
This has also been suggested by a study in yeast reporting
that under certain circumstances PEX14 is dispensable
for peroxisomal protein import. Upon overexpression of
PEX5, the receptor can bind to the peroxisomal membrane
and promote import of certain PTS1 proteins in the absence
of PEX14 (Salomons et al. 2000). The observed ion
conducting membrane pores formed by PEX5L displayed a
large variety of conductance properties. At the present
stage this variety does not allow to ascribe this activity to a
particular membrane pore and requires further systematic
investigation. It should be noted that affinity-purified PEX5
complexes from yeast and human cells (Ghosh et al. 2022;
Meinecke et al. 2010) that many consist of PEX5 and PEX14
constitute large dynamic pores in the vertical bilayer
system. Therefore, it seems plausible that Pex5-associated
proteins at the peroxisomal membrane, i.e. he docking
proteins Pex14 and Pex13 fulfill critical functions for proper
assembly of the peroxisomal import pore. However, our
data suggest that PEX5L is the pore-forming component of
the oligomeric human peroxisomal translocon and that
spontaneous PEX5L membrane surface binding might be
an important step in its assembly.

Materials and methods

Heterologous expression and purification of PEX5
variants

E. coli expression plasmids encoding His6-tagged human PEX5L and
PEX5L(1–335) were described previously (Schliebs et al. 1999).
Expression and purification of the His6-tagged PEX5 variants was
performedusingNi-NTA-agarose (Co) prepared in empty Chromabond
columns for solid-phase extraction (Macherey-Nagel) followed by
ResourceQ ion exchange column (GE Healthcare) chromatography
using an Äkta purifier HPLC system according to the manufacturer’s
instructions (GE Healthcare). E. coli lysates were prepared by
EmulsiFlex-C5 High Pressure homogenizer (Avestin) in presence of
protease inhibitor mix containing 8 mM Antipain, 0.3 mM Aprotinin,
1 mM Benzamidin hydrochloride, 1 mM Bestatin, 10 mM Chymostatin,
5 mM Leupeptin, 5 mM sodium fluoride, 15 mM Pepstatin A and 1 mM
phenymethylsulfonylfluoride. The lysate and all washing and elution
buffers at pH 8.0 were supplemented with 1 mM dithiothreitol.

Labeling of PEX5

Chemical modification of both PEX5 variants was performed essen-
tially according to the manufacturer’s instructions (Atto TEC GmbH,
Product Information: Thiol-Reactive Atto-Label (Maleimides). Stan-
dard procedure in brief: 1–2 mg/mL PEX5 in PBS buffer (Phosphate-
Buffered Saline, pH 7.2) was incubated with the reactive fluorophore

( cdye(M)
cprotein(M) = 1.5) for 2 h at room temperature. The labeled protein and

the unbound dye were separated by size-exclusion chromatography
using either a NAP™ 5 (GE Healthcare) column or a Superdex 200 10/
300 GL (GE Healthcare) HPLC column. The degree of labeling (DOL)
of both NEM-Atto647, NEM-Atto665, NEM-Atto488, NEM-labeled
proteins PEX5L was determined using the following relations:

DOL = c(dye)
c(protein) = Amax/ϵmax

Aprotein/ϵprotein
= Amax ⋅ϵprotein

(Amax−Amax ⋅CF280)⋅ϵmax
.

In order to optimize the wavelength dependent confocal-volume
different ATTO dyes (Atto488, Atto647N, Atto655) were used. The
diffusion-times for the differently labeled PEX5L forms in solution were
identical within error limits. Moreover, membrane binding of the differ-
ently labeled PEX5L was within detection limits identical, as obvious
from the z-scan fluorescence profiles as shown in Figure 4A and B.

Optical and electrical recording from horizontal lipid
bilayer

Single-molecule fluorescence methods as well as electrical single
channel recordings have proven themselves as important methods in
study of membrane proteins at a molecular level (Joo et al. 2008;
Weatherill and Wallace 2015). Artificial lipid bilayers have already
served for long time as a well-defined model system for high-
resolution electrophysiological investigations of ion channel and
large pore forming solute channels (porins) functions. Moreover,
suitably designed microchips containing free-standing HLB allow the
combination of electrophysiology with high-resolution nanoscopic
fluorescence techniques thereby enabling the investigation of
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the interaction of integral or membrane attached proteins. The
HLB-technique has been shown to be a suitable technique to investi-
gate the transition of soluble proteins to integral membrane proteins
(Bartsch et al. 2012; Honigmann et al. 2010, 2012). The basic outlines
and features of the combined opt-electrical recording using the
HLB-technique is depicted in Figure 6. With the help of the FCS
analysis of TCSPCdata offluorescence labeledproteins in solution and
at/in membranes, information about their lateral diffusion and thus
on their hydrodynamic properties can be obtained (Betaneli and
Schwille 2013; Ries and Schwille 2012; Smith et al. 2017). The same
applies to fluorescence anisotropy and FIDA analysis (Smith and
Ghiggino 2015; Palo et al. 2002). Like FCS, the fluorescence intensity
distribution analysis (FIDA) technique is based on the fluorescence
fluctuation analysis by particularly monitoring heterogenous bright-
ness profile and thus allowing to discriminate different fluorescent
species according to their specific molecular brightness (Eggeling
et al. 2003; Kask et al. 1999; Palo et al. 2002).

Electrical recording from artificial horizontal and vertical
bilayer

The principle HLB setup used is shown in Figure 6 and the details
and methods for analyzing the experimental data and the used
instrumentation electrical single channel recording from artificial
bilayer in combination with reconstituted proteins are given in large
details elsewhere (Bartsch et al. 2013a, 2013b; Harsman et al. 2011).
The vertical and the horizontal bilayerwere composed of: 1,2-Dioleoyl-
sn-Glycero-3-Phosphocholine (DOPC) and 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) (70/30). Buffer cis/trans: 250mMKCl
and 10 mM HEPES (4-(2-Hydroxyethyl)-1-piperazine ethane sulfonic
acid) pH7.

MOCK-preparations from E. coli cells, which do not express
PEX5Ls, were used as negative controls and showed no detectable ion
channel activity. Also the truncated PEX5L(1–335) did not show any
ion channel activity.

Furthermore, corresponding positive controls with OmpF (Ghai
et al. 2018) and ColicinA (Honigmann et al. 2012) were carried out in
the laboratory to calibrate the bilayer measuring stand, showing that
the ion currents observed with Pex5L were characteristic of the PEX5L
samples.

Hydrodynamic calculations

In order to relate the experimental obtained τlat and τrot values of the
fluorescence labeled PEX5 in solution we can use known hydrody-
namic relationships for a first reliable estimate of the hydrodynamic
shape and size of PEX5 in solution. For this, we first assume that the
PEX5 molecules have a spherical shape and that spherical oligomers
with Ni(i = 1–8) can form from them. For FCS measurements, a cali-
brationmeasurement is first madewith a fluorophore (Atto655) whose
diffusion coefficient is known to determine the focus size. The diffu-
sion coefficient of PEX5 is calculated using the correlation time of
PEX5 and the known focus size.

rfocus =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4DAtto655 ⋅ τAtto655

√
(1)

Dpro = r2focus
4 ⋅ τpro

= kB ⋅ T
f

= kB ⋅ T
6 ⋅ π ⋅ η ⋅ rpro

(2)

rpro = kB ⋅ T
6 ⋅ π ⋅ η⋅

⋅
1

Dpro
(3)

Vpro = 4
3
⋅ π ⋅ r2pro ; ρpro =

mpro

Vpro
;mwpro = mwhsPex5

= 7.0088 kDa ; ρpro = 1.28
g

cm3
     (4)

mwoligom
pro = mwhsPex5 ⋅ i, (i = 1, 2… .8) (5)

τoligomFCS = r2focus
4 ⋅ Doligom

FCS

(6)

τrot = η ⋅ Vprot

kB ⋅ T
= 1
6 ⋅ Drot

; τoligomrot = η ⋅ Voligom
prot

kB ⋅ T
; η = 0.96 ⋅ 10−3  Pa ⋅ s (7)

Using equations (1)–(7) one can calculate τoligomFCS and τoligomrot as a
function of the oligomeric state variable index (i). The results of this
calculation are shown in Figure 3B and C.
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