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ABSTRACT Peroxisomal matrix protein import requires
the action of two AAA ATPases, PEX1 and PEX6. Mutations
in either the PEXI or PEX6 gene are the most common cause
of the lethal neurologic disorders Zellweger syndrome, neo-
natal adrenoleukodystrophy, and infantile Refsum disease
and account for disease in 80% of all such patients. We report
here that overexpression of PEX6 can suppress the phenotypes
of certain PEXI-deficient cells, that overexpression of PEX1
can suppress the phenotypes of certain PEX6-deficient cells,
and that these instances of suppression are allele-specific and
require partial activity of the mutated gene. In addition to
genetic evidence for interaction between PEXI and PEX6, we
find that the PEX1 and PEX6 proteins interact in the yeast
two-hybrid assay and physically associate with one another in
vitro. We previously identified a missense mutation in PEXI,
G843D, which attenuates PEXI function and is the most
common cause of these diseases, present in one-third of all
such patients. The G843D mutation attenuates the interaction
between PEX1 and PEX6 in both the two-hybrid system and
in vitro and appears to be suppressed by overexpression of
PEX6. We conclude that PEX1 and PEX6 form a complex of
central importance to peroxisome biogenesis and that muta-
tions affecting this complex constitute the most common cause
of the Zellweger syndrome spectrum of diseases.

The peroxisome biogenesis disorders (PBD) are a group of
lethal inherited diseases that are characterized by defects in
peroxisomal protein import. Peroxisomal proteins are synthe-
sized on free polysomes, are imported into peroxisomes post-
translationally (1), and contain cis-acting peroxisome targeting
signals (PTSs) that direct them into the organelle (2). To date,
two PTSs have been identified: the C-terminal PTS1 (3) and
the N-terminal PTS2 (4). Two distinct clinical spectra of the
PBD have been recognized (5), and the most common is
referred to as the Zellweger syndrome (ZS) spectrum. ZS is
the most severe form of the PBD and is characterized by loss
of multiple peroxisomal enzymatic functions, severe neuro-
logic, hepatic and renal abnormalities, mental retardation, and
death in early infancy. Neonatal adrenoleukodystrophy
(NALD) and infantile Refsum disease represent progressively
less severe forms of what is essentially the same disease. Cells
from patients with any of these diseases display a defect in the
import of PTS1 matrix proteins although most of these patients
also display defects in PTS2 protein import (6, 7). The other
clinical spectrum of the PBD is represented by classical
rhizomelic chondrodysplasia punctata. This disease also is
characterized by multisystem defects, mental retardation, and
death in early infancy although classical rhizomelic chondro-
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dysplasia punctata patients are defective in only PTS2 protein
import (6, 7). Cell fusion complementation studies have es-
tablished nine complementation groups (CG) for the Zell-
weger spectrum of diseases whereas classical rhizomelic chon-
drodysplasia punctata cells are confined to a single comple-
mentation group (8).

Extensive studies in yeast have identified 17 PEX genes
whose products, peroxins, are required for peroxisome bio-
genesis. Of existing PEX genes, the products of all but PEX1
are required for normal peroxisomal matrix protein import (9).
These include receptors for the PTS1 and PTS2 (PEXS and
PEX7, respectively) and a variety of other proteins involved in
receptor docking and stability, protein translocation, and other
aspects of peroxisome biogenesis. Among these are PEX1 and
PEX6, two AAA ATPases required for normal import of PTS1
and PTS2 proteins and stability of PEX5 (10-12). The basic
aspects of peroxisomal protein import appear to be conserved
between yeast and human cells (13), and the range of pheno-
types of yeast pex mutants closely mirror those of cells from
patients with PBD (6, 7). Consistent with the conserved nature
of peroxisome biogenesis, mutations in human homologues of
yeast PEX genes have been found to cause the PBD (14, 15).
Previous reports have established that PEX6 is the gene
deficient in patients belonging to CG4 of the PBD (10, 16) and
that mutations in PEXT are responsible for disease in patients
with PBD group 1 (12, 17). These two genes are mutated in
80% of all patients in the Zellweger spectrum, with defects in
CG1 alone accounting for 65% of cases of ZS, NALD, and
infantile Refsum disease (18).

During our initial identification and characterization of
PEX] as the PBD group 1 gene (12), several PEX] mutations
were identified in group 1 patients. Of these, a substitution of
aspartate for glycine at position 843 of the protein (G843D)
was found to attenuate PEXI activity in vivo, reducing its
activity by approximately one-seventh. Significantly, the
G843D mutation was found on 30% of PEXI alleles in group
1 patients and is present in half of the CG1 patients, repre-
senting approximately one-fourth of all PBD patients and
one-third of patients in the ZS spectrum. Thus, the G843D
allele represents the single most common cause of the PBD. In
this report, we present genetic and biochemical evidence for
interaction between the peroxins PEX1 and PEX6. We also
find that the PEX1 G843D mutation affects the PEX1-PEX6
interaction, suggesting that disruption of the PEX1-PEX6
interaction is the single most common cause of the PBD.
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Abbreviations: PBD, peroxisome biogenesis disorders; PTS, peroxi-
some targeting signal; ZS, Zellweger syndrome; NALD, neonatal
adrenoleukodystrophy CG, complementary group; AD, activating
domain; BD, binding domain.
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Stephen.Gould@qmail.bs.jhu.edu.
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MATERIALS AND METHODS

Plasmids. Plasmids designed to express PEX! (pBERSI)
(12), PEX6 (pTY3) (10), PEX5 (14), PEX10 (Warren, unpub-
lished material), and PEX12 (19) were derived from pcDNA3
(Invitrogen). The sequence GRSEQKLISEEDLNREQKLI-
SEEDLNGEQKLISEEDLstop is encoded by the 3xmyc vec-
tor (pcDNA3-3xmyc) and lies between the BamHI and Norl
sites of pcDNA3. PEX1-3xmyc carries this sequence at the 3’
end of the PEXI ORF. The PEX1/G843D cDNA has been
described (12), and the two-hybrid and 3xmyc expression
vectors carrying this mutation were created by standard tech-
niques (20). For two-hybrid studies we used the vectors pJL59
for expression of GAL4 DNA binding domain fusions and
pPC86/1.2 for expression of GAL4 transactivating domain
fusions, derivatives of pPC62 and pPC86 (21) in which the yeast
selectable markers TRPI and LEU2 have been exchanged.

Cell Lines, Transfections, and Immunofluorescence. Fibro-
blast cell lines of patients with PBD were cultured and
transfected as described (6). Cells were processed for indirect
immunofluorescence 2 days after transfection by sequential
fixation, permeabilization, and antibody incubation by using
accepted protocols (6). Anti-catalase antibodies were obtained
from The Binding Site (San Diego) whereas Texas Red-
conjugated secondary antibodies were obtained from Kirke-
gaard & Perry Laboratories. All micrographs were captured on
an Olympus fluorescence microscope (Olympus, New Hyde
Park, NY).

Relative rescue activities are expressed as the quotient of the
differences in observed rescue between the cDNA of interest
and vector alone, and the complementing cDNA and vector
alone. Observed rescue is defined as the proportion of cells
importing catalase in each population of transfected cells. In
experiments with PBD108 cells, transfection with the PEX6
expression vector pTY3, the PEXI expression vector pBERS]I,
and the vector control (pcDNA3) yielded observed rescue
values of 22% for pT'Y3 (440 cells importing catalase of 2,022
cells observed), 6.2% for pBERS81 (128/2,052), and 2.2% for
pcDNA3 (45/2,056). The values in the second trial were 23%
(478/2,070) for pTY3, 7.0% (140/1,997) for pBERS1, and
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2.0% (40/2,011) for pcDNA3 and in the third trial were 25%
(508/2,019) for pTY3, 7.0% (142/2,044) for pBERSI, and
2.2% for pcDNA3. For PBD118 cells, rescue was observed in
557 cells of 1,554 observed (36%) in the population transfected
with pBER81, 212 of 2,100 (1.0 X 10'%) for those transfected
with pTY3, and 17 of 1,800 (0.94%) in cells transfected with
pcDNA3. Similar values were observed in trials 2 and 3. For
PBD102 cells, observed rescue was 21% (441/2,089) for pTY3,
9.0% (180/2,000) for pBERSI, and 5.6% (114/2,031) for
pcDNA3. Similar values were observed in trials 2 and 3. Data
was collected by indirect immunofluorescence and visual
inspection of the cells, and import was scored when a cell
showed punctate staining for catalase.

Two-Hybrid Analysis. The two-hybrid reporter strain
MaV99 was used for all experiments (22). Each strain was
grown on selective medium (SC -trp, -leu), was transferred to
a nitrocellulose filter placed on a yeast extract/peptone/
dextrose plate supplemented with adenine (1.0 g/L), was
grown for 2 days, and was lysed by submersion in liquid
nitrogen. Activity of the two-hybrid reporter gene p-galacto-
sidase was assessed by placing the cells filter side down on
paper saturated with 0.1% 5-bromo-4-chloro-3-indoyl B-D-
galactopyranoside in 100 mM sodium phosphate (pH 7.2). The
filters were dried and photographed after overnight color
development.

In Vitro Translation and Coimmunoprecipitations. The
pcDNA3 expression plasmids contain a T7 promoter sequence
upstream of all cDNAs. Plasmid-directed synthesis of proteins
in vitro was performed by using the TNT rabbit reticulocyte
lysate system (Promega), and radiolabeled proteins were gen-
erated by addition of [**S]-methionine to the lysate. For
coimmunoprecipitation experiments, equal amounts of [*S]-
PEX6 were combined with equal amounts of unlabeled PEX1,
PEX1-3xmyc, or PEX1/G843D-3xmyc, respectively, protease
inhibitors were added (0.2 mM phenylmethylsulfonyl fluoride,
25 pg/ml aprotinin and leupeptin), and the volume of each
sample was adjusted to 1 ml with binding buffer (0.2% Triton
X-100/150 mM sodium chloride/0.2 mg/ml sodium fluo-
ride/10 mM ATP/10 mM EDTA/50 mM Tris-HCI, pH 7.4).
After incubation at 4°C for 30 min, 20 ul of monoclonal

FiG. 1. Expression of PEX6 rescues peroxisomal matrix protein import in PEX]-deficient group 1 cells in an allele-specific fashion. Human
fibroblasts from a patient with NALD (PBD118; A-C) and a patient with ZS (PBD009; D—F) were transfected with pcDNA3 (4 and C), derivatives
of this plasmid designed to express the PEX6 (B and E), or PEX1 (C and F) cDNAs. Two days after transfection, the cells were processed for indirect
immunofluorescence to determine the subcellular distribution of catalase, a PTS1-containing protein. Note that PEX6 expression mediated catalase
import in the PBD118 cell line (B) but not in PBD009 cells (E) whereas transfection with the expression vector alone had no effect on catalase

import in either line. Width of each image panel is 190 um.
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Table 1. Relative rescue of PTS1-mediated peroxisomal protein
import for individual cell lines expressing distinct PEX gene cDNAs

Relative rescue activity of PEX

Gene mutated gene cDNAs
Cell line (phenotype) PEX1 PEX6 PEX1-3xmyc
PBD118 PEXI1 (NALD) 100% 25% —
PBD009 PEX1 (ZS) 100% 0 103%
PBD102 PEX6 (NALD) 22% 100% —
PBD108 PEX6 (NALD) 17% 100% —
PBD105 PEXO6 (ZS) 1.0% 100% —

Relative rescue was calculated as described in Materials and Meth-
ods.

anti-myc (1-9E10) (23) conjugated agarose beads (Santa Cruz
Biotechnology) were added, and the suspension was incubated
at 4°C for 2 hr. The anti-myc beads were collected by centrif-
ugation (4500 X g), were washed 10 times with 1 ml of IP buffer
(binding buffer with 0.1% sodium dodecylsulfate), and were
resuspended in 50 ul of SDS/PAGE sample buffer. Equal
amounts of each immunoprecipitate were separated by SDS/
PAGE (7.5%), and radiolabeled proteins were detected by
fluorography.

RESULTS

Genetic Evidence for Interaction Between Human PEX1 and
PEX6. PBD group 1 cells have inactivating mutations in the
PEX] gene and are rescued phenotypically by transient ex-
pression of PEX] (12, 17). However, during the course of
routine controls, we made the rather surprising observation
that overexpression of PEX6, the gene mutated in group 4 of
the PBD, also rescued peroxisomal protein import in the
PEXI-deficient cell line PBD118 (Fig. 1 A-C). In this partic-
ular assay, we examined the import of peroxisomal catalase in
PBD118 cells that had been transfected with vector (pcDNA3),
the PEX6 expression vector pTY3 (10), and the PEXI expres-
sion vector pBERS81 (12). Quantitation revealed that PEX6
was almost one-fourth as active as PEXT in this assay, exhib-
iting 25% relative rescue as compared with 100% relative
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rescue for PEX1 (Table 1). These experiments were repeated
three times, with relative rescue values of 23, 26, and 27% for
PEX6. A critical control for these experiments was to test
whether the punctate structures containing catalase were
actually peroxisomes and to determine whether the catalase
was enclosed within the peroxisome membrane. This was
accomplished by performing double, indirect immunofluores-
cence experiments to localize catalase relative to a known
peroxisomal protein, PMP70, and by differential permeabili-
zation experiments, respectively. These controls were per-
formed and confirmed that PEX6 overexpression did, indeed,
result in catalase import into peroxisomes (data not shown).
The suppression of PBD118 phenotypes was specific to PEX6
because overexpression of the human PEX5, PEXI0, and
PEXI2 genes failed to restore peroxisomal protein import in
PBD118 cells (data not shown).

PBD118 cells have different mutations on their two copies
of PEX]I. One allele contains a splice site mutation, resulting
in aberrantly spliced PEX] transcripts that are not expected to
generate functional PEX1 protein (12). The other PEXT allele
of PBD118 cells carries the G843D mutation and has ~15% of
wild-type PEX1I activity, as determined by functional comple-
mentation. The presence of residual PEX] activity was con-
sistent with the mild clinical phenotypes of PBD118. The
suppression of PBD118 cells suggested that PEX6 may either
bypass the need for PEXI or elevate residual PEXI function
through physical interaction. As a first test between these
models, we examined the ability of PEX6 to rescue the
peroxisomal protein import defects of a PEX]-deficient cell
line that expresses no apparent PEXI activity. PBD009 cells
display the most severe peroxisomal protein import defects of
any group 1 cell line and lack detectable PEXI mRNA (12). We
compared the relative rescue efficiencies of PEX1 and PEX6
in PBD009 cells and observed that PEX6 failed to rescue
peroxisomal protein import in these cells (Fig. 1 D-F; Table 1).
These results indicate that PEXG6 is not able to bypass the need
for PEX] function and that the suppression of PBD118 cells by
PEX6 requires at least some PEXI activity.

To test the generality of genetic interaction between PEX]
and PEX6, we next examined the ability of PEX] to suppress

FiG. 2. Expression of PEX] rescues PTS1-mediated import in selected PEX6-deficient cells. Human fibroblasts from a patient with NALD
adrenoleukodystrophy (PBD102; A-C) and a patient with ZS (PBD105; D-F) were transfected with pcDNA3 (4 and C), derivatives of this plasmid
designed to express the PEXI (B and E), or PEX6 (C and F) cDNAs. Two days after transfection, the cells were processed for indirect
immunofluorescence to determine the subcellular distribution of catalase, a PTS1-containing protein. Note that PEX] expression mediated catalase
import in the PBD102 cell line (B) but not PBD105 cells (£) whereas transfection with the expression vector alone had no effect on catalase import

in either line. Width of each image panel is 190 pum.
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F1G6.3. Yeast two-hybrid and coimmunoprecipitation experiments
confirm a physical interaction between the PEX1 and PEX6 proteins.
Significant B-galactosidase activity was detected by filter assay of
two-hybrid reporter strains coexpressing G4AD-PEX1 and G4BD-
PEX6 (A4, lane 1) but not in strains coexpressing either G4AD-PEX1
and G4BD (4, lane 2) or G4AD and G4BD-PEX6 (4, lane 3).
Significant B-galactosidase activity also was detected in cell lysates of
strains coexpressing S. cerevisiae forms of PEX1 and PEX6 (G4AD-
ScPEX1 and G4BD-ScPEXG6; B, lane 1) but not in strains coexpressing
G4AD-ScPEX1 and G4BD (B, lane 2) or G4AD and G4BD-ScPEX6
(B, lane 3). In an independent set of experiments (C), cell free lysates
containing [33S]-labeled PEX6 and either unlabeled PEX1-3xmyc or
unlabeled PEX1 were subjected to immunoprecipitation with mono-
clonal anti-myc antibodies. The resulting immunoprecipitates were
separated by SDS/PAGE and were assayed by fluorography, revealing
significant amounts of [33S]-labeled PEX6 in the immunoprecipitate
from the lysate containing PEX1-3xmyc (C, lane 1) but not in the
immunoprecipitate from the lysate containing unmodified PEX1 (C,
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the peroxisomal protein import defects of PEX6-deficient
fibroblast cell lines from CG4 of the PBD. Overexpression of
PEX] was able to restore peroxisomal protein import in
PBD102 cells, though not as efficiently as PEX6 (Fig. 2 A-C;
Table 1; relative rescue of 14, 22, and 15% in successive
experiments), and also was able to suppress the import defects
of the PEX6-deficient cell line PBD108 (Table 1; relative
rescue of 21, 24, and 20% in successive experiments). Once
again, import was confirmed by double labeling and differen-
tial permeabilization experiments (data not shown). The
PEX6-deficient cell line PBD105 is a compound heterozygote
for inactivating frameshift mutations in PEX6, lacks detectable
PEX6 mRNA, and is derived from a severely affected patient
with ZS. Overexpression of PEXI could not suppress the
import defects of this cell line (Fig. 2 D-F; Table 1), suggesting
that suppression of PEX6 defects by overexpression of PEX1
is also allele-specific and requires residual PEX6 activity.

Physical Interaction Between the Products of PEX1 and
PEXG6. Allele-specific high-copy suppression is often indicative
of direct physical interaction between the products of the
interacting genes. We first tested this hypothesis for PEX1 and
PEX6 by using the yeast two-hybrid system. Vectors that
express human PEXI1 fused to the GAL4 activating domain
(G4AD-PEX1) and human PEXG6 in fusion with the GAL4
DNA binding domain (G4BD-PEX6) were constructed. These
were used to assess physical interaction between PEX1 and
PEX6 by using a two-hybrid reporter strain, MaV99, which
carries a chromosomal copy of a GAL4-regulated B-galacto-
sidase reporter gene. GAL4 activity was observed in strains
expressing G4AD-PEX1 and G4BD-PEX6, indicating physi-
cal interaction between PEX1 and PEX6 (Fig. 34, lane 1). The
fact that control strains expressing G4AD-PEX1 with G4BD
(Fig. 34, lane 2) or G4AD with G4BD-PEX6 (Fig. 34, lane 3)
failed to activate the GAL4-regulated reporter gene demon-
strated that the reconstitution of GAL4 activity required
coexpression of G4BD-PEX6 and G4AD-PEXI1. Many as-
pects of peroxisomal protein import are conserved among
eukaryotes, including yeast and humans. One approach to
determining the general relevance of the putative PEX1-
PEX6 interaction was to test whether it too might be an
evolutionarily conserved feature of peroxisome biogenesis.
Therefore, we assayed the Saccharomyces cerevisiae forms of
PEX1 and PEX6. High levels of GAL4-regulated B-galacto-
sidase activity were detected in MaV99 strains expressing both
G4AD-ScPEX1 and G4BD-ScPEX6 (Fig. 3B, 1) but not in
control strains expressing G4AD-ScPEX1 and G4BD alone
(Fig. 3B, lane 2) or in control strains expressing G4BD-
ScPEX6 and G4AD alone (Fig. 3B, lane 3). Thus, the PEX1-
PEXG6 interaction does appear to be a conserved feature of
these proteins.

Although these data indicate that PEX1 and PEX6 bind one
another, the yeast two-hybrid system provides only an indirect
measurement of physical interaction. We next examined the
ability of human PEX1 and PEX6 to bind one another in a
cell-free system and to remain associated during copurifica-
tion. We synthesized [*>3S]-labeled PEX6 in vifro and combined
the radiolabeled product with a myc-tagged form of PEXI,
PEX1-3xmyc. This form of PEX1 contains three copies of the
10-aa c-myc epitope tag at its C terminus and can be immu-
noprecipitated specifically by using the mAb 1-9E10 (23). As
a control for specificity, an equal amount of radiolabeled
PEX6 was combined with unmodified PEX1. These two

lane 2). Equal amounts of [**S]-labeled PEX6 in these two lysates
before immunoprecipitation was confirmed by SDS/PAGE and flu-
orography (C, lanes 3 and 4, respectively). Control experiments
confirmed that PEX1 and PEX1-3xmyc are synthesized equally in vitro
and that only PEX1-3xmyc is immunoprecipitated with monoclonal
anti-myc antibodies (data not shown).
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FiG. 4. The high-frequency G843D mutation in PEX] attenuates
the interaction between PEX1 and PEX6. Two-hybrid reporter strains
coexpressing G4BD-PEX6 and G4AD-PEX1/G843D (4, lane 1)
displayed significantly less B-galactosidase activity by filter assay than
strains coexpressing G4BD-PEX6 and G4AD-PEX1 (4, lane 3).
Control strains expressing G4BD and G4AD-PEX1/G843D (A4, lane
2), G4BD and G4AD-PEXI1 (4, lane 4), or G4BD-PEX6 and G4AD
(A4, lane 5) did not display detectable p-galactosidase activity. Simi-
larly, SDS/PAGE and fluorography (B) revealed that anti-myc im-
munoprecipitates from lysates containing [3°S]-labeled PEX6 and
PEX1/G843D-3xmyc (B, lane 1) contained 70% less PEX6 than
immunoprecipitates from lysates containing [3°S]-labeled PEX6 and
PEX1-3xmyc (B, lane 2). Once again, PEX6 was not detected in the
anti-myc immunoprecipitate of lysates containing [3°S]-labeled PEX6
and untagged PEX1 (B, lane 3). Equal amounts of PEX6 (B, lanes 4-6,
respectively) were present in these three lysates before immunopre-
cipitation with anti-myc antibodies.

samples then were subjected to immunoprecipitation using the
anti-myc mAb, separation by SDS/PAGE, and detection of
labeled PEX6 by fluorography. The coimmunoprecipitation of
PEX6 and PEX1-3xmyc indicates that PEX1 and PEX6 are
capable of forming a stable complex in vitro (Fig. 3C, lane 1).
The specificity of the coimmunoprecipitation for only the
myc-tagged protein is demonstrated by the lack of PEX6 in the
immunoprecipitate from the sample with unmodified
PEX1(Fig. 3C, lane 2). The presence of equal amounts of
PEX6 in the two samples before immunoprecipitation was
confirmed by SDS/PAGE and fluorography (Fig. 3C, lanes 3
and 4) and the presence of equal amounts of PEX1 and
PEX1-3xmyc in these samples also was confirmed (data not
shown).
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An assumption of these copurification experiments was that
the addition of the 37-aa 3xmyc tag to the C terminus of PEX1
did not have a significant affect on its activity and, thus, that
its behavior would resemble that of unmodified PEX1. We
tested this hypothesis by examining the relative rescue activi-
ties of PEX1 and PEX1-3xmyc. PBD009 cells, which lack PEX1
mRNA and protein, were transfected with vector alone, the
PEXI expression vector pBERS81, and an analogous plasmid
designed to express PEXI-3xmyc. Rescue of peroxisomal
protein import was detected by indirect immunofluorescence
using antibodies specific for peroxisomal catalase and was
quantitated by counting the number of cells in the population
able to import catalase into peroxisomes. The relative rescue
activity of PEX1-3xmyc was 103%, as compared with 100% for
PEX] (Table 1). We conclude that addition of the 3xmyc tag
did not have a deleterious affect on PEX1 activity.

The G843D Mutation Attenuates the Interaction Between
PEX1 and PEX6. Half of all CG1 patients carry the G843D
PEXI allele, and this mutation reduces PEXI activity by
approximately one-seventh, as determined by in vivo func-
tional complementation (12). Because overexpression of PEX6
suppressed the phenotypes of PBD118 cells and PBD118 cells
carry the G843D mutation on one of their PEX1 alleles (Fig.
1), we hypothesized that the G843D mutation might attenuate
the PEX1-PEX6 interaction. This was tested first in the
two-hybrid system. The G843D mutation was inserted into the
G4AD-PEX1 plasmid to create G4AD-PEX1/G843D. De-
rivatives of the two-hybrid reporter strain expressing G4BD-
PEXG6 and either G4AD-PEX1 or G4AD-PEX1/G843D were
assayed for GAL4-regulated B-galactosidase activity. As evi-
dent from filter assays, the B-galactosidase activity exhibited by
strains expressing G4AD-PEX1/G843D and G4BD-PEX6
(Fig. 44, lane 1) was lower than the activity of strains express-
ing G4AD-PEX1 and G4BD-PEXG6 (Fig. 44, lane 3), sug-
gesting that this mutation may indeed affect the PEX1-PEX6
interaction. If true, this mutation also should affect the ability
of these proteins to form a stable complex in vitro. To test this
possibility, we synthesized [>S]-labeled PEX6 and examined
its binding to PEX1/G843D. Equal amounts of radiolabeled
PEX6 were added to lysates containing equal amounts of
either PEX1-3xmyc or PEX1/G843D-3xmyc. Each sample
then was subjected to immunoprecipitation using mAb to the
myc epitope tag, separation of the precipitate by SDS/PAGE,
and quantitation of PEX6 levels in each precipitate by fluo-
rography. The amount of PEX6 bound by the mutant form of
PEXI1 (Fig. 4B, lane 1) was only 30% of that bound by wild-type
PEX1 (Fig. 4B, lane 2), providing direct evidence that the
G843D mutation affects the PEX1-PEX6 interaction.

DISCUSSION

Peroxisome biogenesis requires the concerted action of mul-
tiple proteins, two of which are PEX1 and PEX6. In this study,
we observed interaction between PEX1 and PEXG6 in the
two-hybrid system, coimmunoprecipitation of PEX1 and
PEXG6 from cell-free lysates, and allele-specific suppression of
mutations in PEXI or PEX6 by overexpression of PEX6 or
PEX1, respectively. Together, these results provide both bio-
chemical and genetic evidence that PEX1 and PEXG6 interact
with one another and that this interaction is biologically
significant. Similar results have been observed independently
for the P. pastoris forms of PEX1 and PEX6 (24). A logical
deduction from these data is that PEX1 and PEX6 participate
in a common aspect of peroxisome biogenesis. If so, loss of
either protein would be expected to cause similar phenotypes.
In human cells, loss of PEX1 results in reduced import of PTS1
and PTS2 proteins and a pronounced decrease in the stability
and abundance of PEXS5 (11); however, these same cells
display normal import of PMPs and contain ~100 PMP-
containing peroxisomes per cell (Chang and S.J.G., unpub-



Cell Biology: Geisbrecht et al.

lished data). These phenotypes are almost identical to those
observed for group 4 PBD cells lacking PEX6 (10). Thus, it
appears that PEX1 and PEX6 are required for common aspects
of peroxisome biogenesis. The significance of congruent pex!
and pex6 phenotypes is underscored by the distinct phenotypes
of cells lacking other peroxins involved in PTS1 and PTS2
protein import. For instance, severe mutations in the human
PEX2, PEX10, or PEX12 genes (in PBD groups 10, 7, and 3,
respectively) block matrix protein import completely but have
no effect on the stability of PEXS (11). In fact, the only other
PBD cells that display phenotypes similar to those of pexI or
pex6 mutants are from CGS8. Although the interaction between
PEX1 and PEX6 in multiple species suggests conserved fea-
tures to their roles in peroxisome biogenesis, there may be
significant differences in the phenotypes of pex! and pex6
mutants in different organisms. Most notably, studies in the
yeast Yarrowia lipolytica have demonstrated that these proteins
play an essential role in protein secretion (25), a phenotype
that is not apparent in the corresponding human mutants.

Because the PEX1-PEX6 interaction is important for per-
oxisome biogenesis, mutations that affect this interaction
would be expected to result in human disease. The G843D
mutation in PEXT is the single most common cause of the PBD
and is present in one-half of all PEX]-deficient patients and
one-third of all patients in the ZS spectrum (12). The original
suppression of a PEX1-deficient cell line by PEX6 overexpres-
sion was observed in PBD118 cells that have one copy of the
G843D allele. The G843D mutation does not inactivate PEX]
but reduces its activity by >80% (12). We observed that the
G843D mutation reduces the amount of PEX6 bound to PEX1
by ~70% (as observed in copurification experiments) and
attenuates the PEX1-PEX6 interaction in the two-hybrid
system. Thus, it appears that disruption of the PEX1-PEX6
complex represents the single most common cause of the PBD.
Although our data for the human PEXI1-PEX6 complex
suggests a specific role in peroxisomal matrix protein import,
we currently are testing this hypothesis more rigorously.
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