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Abstract We have studied Hansenula polymorpha Pex5p and
Pex20p, peroxins involved in peroxisomal matrix protein import.
In vitro binding experiments suggested that H. polymorpha
Pex5p and Pex20p physically interact. We used single particle
electron microscopy (EM) to analyze the structure of purified
Pex5p and its possible association with Pex20p. Upon addition
of Pex20p, a multimeric Pex20p complex was observed to be
associated to the periphery of the Pex5p tetramer. In this
Pex5p–Pex20p complex, the conformation of tetrameric Pex5p
had changed from a closed conformation with a diameter of
115 Å into an open conformation of 134 Å. EM also indicated
that the Pex5p–Pex20p complex was capable to bind native,
folded catalase, a peroxisomal PTS1 protein. This suggests that
the Pex5p–Pex20p complex may be functional as receptor com-
plex.
� 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Peroxisomal matrix proteins are synthesized on free polyri-

bosomes and directed to the organelle by specific peroxisomal

targeting signals (PTSs). The routing of most matrix proteins

depends on one of the two conserved PTSs, designated PTS1

and PTS2, which are recognized by the receptor proteins

Pex5p or Pex7p, respectively.

The PEX5 gene encodes the PTS1 receptor, Pex5p, which

interacts with the PTS1 signal via a series of tetratricopeptide

repeats (TPRs) within its C terminus. A crystal structure has

been determined of a 41 kDa fragment of human Pex5p that

includes six TPR motifs in complex with a small peptide con-

taining a PTS1 sequence [1,2] or the sterol carrier protein [3].

This structure reveals the molecular basis for PTS1 recognition

which is mostly formed by two clusters of three TPRs almost

completely surrounding the PTS1-peptide.

However, whether or not Pex5p functions as an oligomer, is

still a matter of debate. Gel filtration chromatography and

electron microscopy studies indicated that human Pex5p
*Corresponding author. Fax: +31 503634800.
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(HsPex5p) is a homotetramer [4]. Fluorescence spectroscopy

studies on Pex5p of the yeast Hansenula polymorpha

(HpPex5p) indicated that HpPex5p also forms oligomers [5].

Moreover, HpPex5p oligomers were shown to bind PTS1

containing synthetic peptides, suggesting that this is indeed

the conformation of a functional PTS1 receptor [6]. On the

other hand, recent studies on human Pex5p (HsPex5p) using

sucrose density centrifugation revealed that HsPex5p is mono-

meric [7]. The behavior of HsPex5p in gel filtration chromatog-

raphy, which indicated a high molecular weight of the native

protein, was suggested to result from a non-globular shape

of the protein. Studies on the N-terminal domain of HsPex5p

pointed to an unfolded pre-molten globule-like structure,

which may contribute to a non-globular shape of full length

HsPex5p [8].

Pex7p is the receptor for the PTS2 signal. In higher eukary-

otes (plants, mammals), Pex7p associates with Pex5p during

peroxisomal protein import. In lower eukaryotes (yeasts, fun-

gi) Pex7p binds to Pex20p (or Pex18p and Pex21p in Saachar-

omyces cerevisiae; for a review see [9]). For PTS2 protein

import Pex20p’s most likely fulfill a similar function as Pex5p

in higher eukaryotes. Indeed, the N-terminal half of Pex5p’s

and Pex20p’s share a few conserved domains and show similar

dynamics during import [9,10]. Like Pex5p also Pex20p has

been reported to form oligomers [11].

Our understanding of the structure of the peroxins involved

in peroxisomal protein translocation is still limited. For initial

characterization of such complexes single particle electron

microscopy (EM) is a well-established technique to obtain

information at a resolution of 10–20 Å [12,13]. It is attractive

for samples of mixed complexes with a mass above about

200 kDa, because the statistical analysis and classification

procedures used are effective in sorting of (slightly) different

projection views originating from different conformations or

subunit compositions. In this study, the projection structures

of HpPex5p and HpPex5p–HpPex20p complexes were investi-

gated by single particle electron microscopy. The analysis

shows that HpPex5p is a tetramer and that HpPex20p is able

to induce a major conformational change leading to a rather

open space in the centre of the HpPex5p tetramer. In a

successive set of experiments, we show that HpPex5p–

HpPex20p complexes are able to bind folded copies of tetra-

meric catalase at the periphery. Since catalase is one of the

major peroxisomal proteins this indicates that such HpPex5p–

HpPex20p-catalase complexes are functional as receptor

complex.
blished by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Organisms and growth
The Hansenula polymorpha strains used in this study are wild type

(WT), pex5, pex7 and pex20. Yeast cells were grown in a carbon-lim-
ited chemostat culture at 37 �C using 0.25% glucose as carbon source
and 0.2% choline as nitrogen source at a dilution rate of 0.1 h�1. Cells
were harvested from steady state cultures. The levels of Pex5p and
Pex20p were analyzed by western blotting using total cell lysates.

2.2. Expression and purification
Escherichia coli M15 cells containing plasmids pREP4 and pQE60–

Pex20p-His8 [11] or pQE60–Pex5p-His6 [6] were grown as described
before. Expression of the PEX5 or PEX20 genes was induced by the
addition of 1 mM isopropyl-1-thio-b-DD-galactopyranoside as detailed
before [6,11]. Cells were harvested by centrifugation. All subsequent
steps were carried out at 4 �C. Pex5p was purified as detailed [6]. To
isolate the Pex5p–Pex20p complex, Pex5p-His6 and Pex20p-His8 were
isolated by affinity chromatography using Ni-NTA (Qiagen). Cell pel-
lets were resuspended in 40 ml buffer A (50 mM phosphate buffer, pH
7.4, 300 mM NaCl, 1% Tween 20, 10% glycerol, 0.2 mM b-mercap-
toethanol, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium azide,
5 mM sodium fluoride, and Complete� (Roche, Almere, The Nether-
lands). Cells were disrupted using a French Press. The lysates were cen-
trifuged (20 min, 10000 · g), and supernatants incubated for 1 h with
Ni-NTA (Qiagen, 500 mg protein/ml resin). Subsequently, the resin
was extensively washed with buffer B (50 mM phosphate buffer, pH
7.4, 100 mM NaCl) containing increasing concentrations of imidazole
(up to 40 mM). Bound proteins were eluted with buffer B containing
200 mM imidazole. Elution fractions were analyzed by SDS–PAGE
followed by Coomassie brilliant blue staining and Western blotting
using antibodies raised against Pex5p or Pex20p. Fractions highly en-
riched in Pex5p-His6or Pex20p-His8, respectively were pooled. Equal
portions of these fractions were mixed and incubated for one hour
on ice. Then, the Pex5p-His6–Pex20p-His8 mixture was subjected to
gel filtration chromatography (Superose 12) using 50 mM potassium
phosphate buffer, pH 7.4 as running buffer. The elution fractions were
analyzed by SDS–PAGE followed by Coomassie brilliant blue staining
and Western blotting using anti-Pex5p and anti-Pex20p antibodies.
The first fractions that eluted from the column and contained both
Pex5p-His6 and Pex20p-His8 were used for electron microscopy.

Gel filtration experiments to estimate the mass of Pex5p and Pex5p–
Pex20p complexes were performed on a Superose 6 size exclusion col-
umn on an AKTA FPLC system, equipped with a UV detector with
catalase, ferritin, thyroglobulin as marker proteins.
2.3. In vitro binding studies
Pex5p-His6 and Pex20p-His8 were produced in E. coli and purified

using Ni-NTA agarose as detailed above. Fractions containing Pex20p
or Pex5p were diluted 10 times using buffer A and incubated with
Ni-NTA agarose for 1 h at 4 �C. Methanol grown H. polymorpha wild
type or pex7 cells were disrupted using glass beads. Cell homogenates
were centrifuged at 4 �C for 5 min at 20000 · g to remove unbroken
cells and cell debris. Supernatants were loaded onto the Ni-NTA aga-
rose containing either Pex20p-His8 or Pex5p-His6 and incubated for
1 h at 4 �C with continuous rotation. After extensive washing with buf-
fer B containing increasing concentrations of imidazole (from 10 mM
up to 40 mM), Pex20p-His8 or Pex5p-His6 together with the bound
proteins were eluted with buffer B containing 250 mM imidazole.
The elution fractions were analyzed by Western blotting.
Fig. 1. Pex5p and Pex20p levels in cells of H. polymorpha WT and pex
mutants. Shown are steady-state levels of Pex5p and Pex20p in WT
and pex5 and pex20 mutants grown in chemostat cultures on glucose/
choline. Pex5p and Pex20p levels were analyzed by Western blotting
2.4. Preparation Pex5p-Pex20p complexes with catalase
Crystalline catalase from bovine liver (from Sigma-Aldrich) at a

stock concentration of 20 mg/ml was diluted with water to the final
concentration of 33 lg/ml. Pex5p–Pex20p (5 ll) complexes from the
best fractions were incubated with 1 ll catalase for 1 h at room temper-
ature and immediately prepared for EM.
using specific antibodies against Pex5p and Pex20p, respectively. Pex5p
and Pex20p are both evident in WT cells. In pex5 cells Pex5p is absent
as expected. However, in addition the level of Pex20p is strongly
reduced in pex5 cells. Similarly, Pex20p is absent in pex20 cells, but
Pex5p levels are slightly reduced. Equal amounts of protein were
loaded per lane. The cytosolic protein pyruvate carboxylase (Pyc1p)
was included as a loading control.
2.5. Electron microscopy and single-particle analysis
Negatively stained Pex5p, Pex5p–Pex20p and Pex5p–Pex20p com-

plexes mixed with catalase were prepared with 2% uranyl acetate on
glow-discharged carbon-coated copper grids. Electron microscopy
was performed on a Philips CM12 FEG electron microscope operated
at 120 kV. Images were recorded with a Gatan 4 K slow-scan CCD
camera at 80000· magnification with a pixel size (after binning the
images) of 3.75 Å at the specimen level, with ‘‘GRACE’’ software
for semi-automated specimen selection and data acquisition. About
6000 images were recorded and about 7520 single particle projections
from Pex5p, 6071 projections from Pex5-20 complexes, 1300 from
Pex5-20p-catalase and 5800 single catalase projections were selected,
respectively. Single-particle analysis was performed with the Gronin-
gen Image Processing (‘‘GRIP’’) software package on a PC cluster. Se-
lected single-particle projections (128 · 128 pixel frame) were aligned
by a multireference alignment and reference-free alignment procedures
according to [13,14]. Next, particles were subjected to multivariate sta-
tistical analysis, followed by hierarchical ascendant classification
(HAC) [13]. The resolution of the class averages was measured by Fou-
rier Ring Correlation according to [15]. After several cycles of multire-
ference alignments, statistical analysis and classification the best
projections from each set were averaged.
3. Results and discussion

We recently performed a detailed comparative study on H.

polymorpha pex mutants, which were identically grown in che-

mostat cultures [16] (Koek and Van der Klei, unpublished re-

sults). Unexpectedly, in samples of steady state cultures we

observed that the levels of HpPex5p were reduced in cells lack-

ing Pex20p (H. polymorpha pex20 cells), whereas HpPex20p

levels were lower in the absence of Pex5p (in H. polymorpha

pex5), as shown in Fig. 1. This indicates that HpPex5p and

HpPex20p may stabilize each other in vivo. To analyze

whether this apparent stabilization is related to a physical

interaction between both proteins, we performed in vitro inter-

action studies. Crude extracts of H. polymorpha wild type cells

were loaded onto columns containing either immobilized His-

tagged HpPex5p or HpPex20p, purified from E. coli. As shown

in Fig. 2A (lane 2), Pex20p from the H. polymorpha extract co-

eluted with Pex5p-His6. The cytosolic enzyme pyruvate car-

boxylase (Pyc1p), used as a negative control, did not co-elute

with Pex5p-His6. Moreover, Pex20p was not detected in the

eluate when an empty column was used (Fig. 2A, lane 1). In

a reverse approach, using a column containing Pex20p-His8,

Pex5p from the H. polymorpha extract co-eluted with

Pex20p-His8 (Fig. 2B, Lane 2). Again, the Pyc1p control pro-

tein did not co-elute with Pex20p-His8 and no Pex5p was pres-

ent in the elution fraction when an empty column was used



Fig. 2. H. polymorpha Pex5p and Pex20p physically interact in vitro.
(A,B) Pex5p-His6 (lanes 2 and 3 in (A))or Pex20p-His8 (lanes 2 and 3 in
(B)), produced in E. coli, were immobilized on Ni-NTA columns.
Empty Ni-NTA columns (lane 1) were used as controls. Crude extracts
of H. polymorpha WT (lanes 1 and 2) or pex7 cells (lane 3) were loaded
onto the columns. After washing with buffer, the His-tagged proteins
together with bound proteins were eluted using imidazole. Equal
portions of the elution fractions were loaded onto an SDS–PAGE gel
and subjected to Western blot analysis using antibodies against
pyruvate carboxylase (Pyc1p), Pex5p or Pex20p as indicated.

Fig. 4. Electron micrograph of negatively stained Pex5p–Pex20p
complexes. The black arrowhead points to a Pex5p tetramer in the
closed conformation; the white arrowheads indicate Pex20p in the
open conformation, either attached to Pex5p or as single complexes.
The bar indicates 50 nm.
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(Fig. 2B, lane 1). Co-elution of Pex5p with Pex20p and vice

versa was also observed when crude extracts of H. polymorpha

cells were used in which the PTS2 receptor Pex7p was absent

(H. polymorpha pex7 cells), indicating Pex7p is not required

for association of Pex5p with Pex20p (Fig. 2A, B, lane 3).

In order to study the structure of Pex5p and its association

with Pex20p, both proteins were produced in E. coli, purified

(see Fig. 3A and B) and analyzed by electron microscopy

(EM). EM of negatively stained purified Pex5p complexes indi-

cated high numbers of tetrameric particles in one type of pro-

jection (not shown). In specimens of the Pex5p–Pex20p

mixture small numbers of the same type of closed tetramer

were observed (black arrowhead, Fig. 4), but the vast majority

of the tetramers was slightly expanded. Many of these open

tetramers had one and occasionally two or three globular

masses attached (white arrowheads, Fig. 4). A total number

of about 14000 projections of the Pex5p, Pex5p–Pex20p and
Fig. 3. Purification of Pex5p-His6 and Pex5p-His6/Pex20p-His8 complexes. H
Lane 1 shows a Coomassie brilliant blue stained gel of the protein fraction
Pex5p, as is evident from the Western blot decorated with anti-Pex5p antibod
represents Escherichia coli hsp70 as was evident from mass spectrometry anal
most likely represent Pex5p degradation products as they are recognized by t
and Pex20p containing fraction obtained upon gel filtration of a mixture of P
blue. Lane 2 shows the corresponding Western blot decorated with anti-Pex5p
antibodies. The Pex5p degradation bands are indicated by d.
Pex20p particles were analyzed by single particle electron

microscopy. Analysis shows that the purified Pex5p forms a

closed tetramer with a diameter of 115 Å (Fig. 5A). This four-

fold symmetrical top-view is almost the only type of projection

and side-views were very rare. Apparently molecules cannot at-

tach to the carbon support film in any stable side-view posi-

tion, which indicates that the tetramer should be rather flat

(see also below for the shape of catalase). Thus it is very likely

that each 1/4 of the tetramer is compatible to a monomer of

Pex5p, if compared to other multi-subunit complexes with

known composition and exact mass. With an estimated height

of 50–70 Å, a diameter of 115 Å and a mass of a tetramer of

4 · 67 kDa, the tetramers are for instance compatible with
. polymorpha Pex5p-His6 and Pex20p-His8 were produced in E. coli. (A)
containing HpPex5p. The major protein band at �67 kDa represents
ies (lane 2). The higher protein band of approx. 80 kDa visible in lane 1
ysis (data not shown). The few minor bands of lower molecular weight
he anti-Pex5p antibodies (lane 2, indicated by d). (B) A gel of a Pex5p
ex5p and Pex20p. Lane 1 shows a gel stained with Coomassie brilliant
antibodies and lane 3 the corresponding blot stained with anti-Pex20p



Fig. 5. Single particle image analysis of Pex5p, Pex5p–Pex20p and Pex5p–Pex20p-catalase complexes. (A) Average projection map of purified Pex5p
in the closed conformation. (B) Average projection map of purified Pex5p in the open conformation. (C) Main view of the Pex5p–Pex20p complex.
(D) Average map of a small class of Pex5–Pex20p complexes in which the upper Pex20p multimer is displaced. (E) Another class of Pex5p–Pex20p
complexes in which a Pex20p multimer second multimer is binding to the left side of the Pex5p tetramer. (F) Main class of Pex5p–Pex20p-catalase
complexes (G,H) main views of purified catalase tetramers. (I) High-resolution catalase X-ray model in a position similar to the EM projection of
image G, in which it is slightly tilted out of its fourfold symmetrical view. (J) Side-view of the X-ray model [20] in which two monomers are almost in
overlap with two others. Fourfold symmetry was imposed on images of (A) and (B) after completion of analysis. The bar equals 10 nm.
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the a3b3 F1 ATP synthase subcomplex (6 · �55 kDa; 110 Å

diameter; height �85 Å) [17]. Indeed, the behaviour of

HpPex5p in gel filtration chromatography (not shown) also

suggests that the protein is not monomeric, because it eluted

in the same range as the marker proteins catalase and ferritin

(440 kDa). However, it is in general impossible to draw firm

conclusions from size exclusion chromotography about the ex-

act number of copies of a multimeric protein such as Pex5p.

The EM analyses also revealed that in the Pex5p–Pex20p

sample about 75% of the Pex5p tetramers is complexed with

a globular mass of about 80 Å in 1–3 copies (Fig. 5C–E). Addi-

tional EM experiments with purified Pex20p revealed similar-

shaped 80 Å globular densities (not shown), indicating that

these globular densities are composed of a Pex20p multimer.

In the majority of the Pex5p tetramers the Pex20p multimer

binds at the interface between two monomers (Fig. 5C), in

small subsets it is displaced (Fig. 5D and E). Previous fluores-

cence correlation spectroscopy experiments have indicated that

the 35 kDa Pex20p protein forms multimers with a mass of

about 200 kDa, probably hexamers [11]. Unfortunately, the

data did not resolve the inner features of Pex20p, probably

due to multiple orientations. The resolution in the EM maps

of Fig. 5A and B is about 20 Å, but in the one of Fig. 5D only

about 30 Å. However, the binding of most of the Pex20p mul-

timers to the Pex5p tetramer is rather specific (Fig. 5C). Bind-

ing of Pex20p leads to an unexpected increase in the diameter

of the tetramers from 115 Å to 134 Å and a pronounced

change of the overall conformation. The increase was observed

in 98% of the tetramers from the Pex5p–Pex20p batch, even if

no Pex20p was bound (Fig. 5B), which was the case in 25% of

the tetramers. Probably, such tetramers had lost the Pex20p

multimer after the conformational change upon preparation

for EM, because in 5% of Pex5p–Pex20p complexes the Pex20p

multimer is almost detached (see upper multimer in Fig. 5E).

About 15% of the Pex5p tetramers has a second or third

Pex20p complex attached (Fig. 5E and not shown).
The Pex5p–Pex20p complexes eluted from the gelfiltration

column before the marker protein thyroglobulin (669 kDa),

confirming that both proteins are present in complexes that

are larger than the Pex5p tetramers.

Subsequently, we aimed to study the binding of potential

cargo to the Pex5p–Pex20p complexes. To this end, the PTS1

protein catalase was used. Single catalase tetramers could be

averaged with reasonable detail after statistical analysis and

classification (Fig. 5G and H). Fig. 4G shows a class-sum

which matches the high-resolution X-ray structure of catalase

of Fig. 5I. Side-views of the catalase tetramer, such as pre-

sented in Fig. 5J, were not observed. Samples of Pex5p–Pex20p

complexes incubated with catalase were inspected for larger

complexes. Small numbers of Pex5p–Pex20p-catalase com-

plexes could be observed. Classification indicates only binding

of catalase at the periphery of the Pex5p tetramers, preferen-

tially next to a Pex20p multimer. An averaged sum of the best

153 complexes shows, however, a fuzzy appearance of the

Pex20p multimer (left) and the catalase tetramer (Fig. 5F).

The assumed catalase density has the expected overall dimen-

sions deduced from the purified catalase, but can not be as-

signed more positively. However, we do not consider the

second density to be another Pex20p multimer, because we

did not find any significant numbers of such particles with

two Pex20p multimers at one side of the Pex5p tetramer before

admission of catalase. The blurred circumference of the cata-

lase in Fig. 5F strongly suggests that it is bound at slightly dif-

ferent positions within the Pex5p–Pex20p-catalase complexes.

Hence no further conclusions on the precise binding of catalase

(in top- or side view orientation) can be drawn.

Our data convincingly demonstrate that H. polymorpha

Pex5p is arranged as a tetramer. Also, the conformational

change of the Pex5p tetramer associated with Pex20p binding

is clearly resolved. The widening of the tetramer most likely oc-

curs via a major rearrangement of protein domains. This rear-

rangement could lead to replacement of the hinge region,
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which has been assigned in the atomic structure [1] and which

could lead to a movement of TPRs1–3 in respect to TPRs 4–6.

It would be tempting to fit the atomic X-ray structure into the

EM map of Pex5p. However, the fact that the X-ray structure

only contains a fragment of Pex5p and that the EM map has a

much lower (20 Å) resolution makes it impossible to relate them

at the current stage. This prevents speculating about domains of

Pex5p which might be important for cargo transport at the

atomic level. Further research will be necessary to clarify if

the open centre has this specific function, or if it is a secondary

effect of a conformational change in the centre of each Pex5p

monomer. Nevertheless, the lower-resolution EM data clearly

indicate that the peripheral binding of Pex20p and catalase to

the Pex5p tetramer appears to be relevant. Since also folded pro-

teins can be translocated over the peroxisomal membrane [18],

we speculate that the Pex5p–Pex20p-catalase complex is a struc-

tural entity that can be transported over the membrane. This

would suggest that – like in higher eukaryotes – import of

PTS1 and PTS2 proteins also converges at the level of the recep-

tor complexes in lower eukaryotes, as recently suggested [9].

The H. polymorpha Pex5p–Pex20p complex is one of the few

complexes involved in the transport of folded proteins which

has been structurally characterized. Another system is the

twin-arginine (Tat) translocation system of bacteria, but this

system has no structural similarity to the Pex5p–Pex20p com-

plex [19].
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