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In humans, defects in peroxisome assembly result in
the peroxisome biogenesis disorders (PBDs), a group
of genetically heterogeneous, lethal recessive diseases.
We have identified the human gene PXAAAI based
upon its similarity to PpPASS5, a gene required for
peroxisome assembly in the yeast Pichia pastoris.
Expression of PXAAAI restored peroxisomal protein
import in fibroblasts from 16 unrelated members of
complementation group 4 (CG4) of the PBD. Consistent
with this observation, CG4 patients carry mutations
in PXAAA1. The product of this gene, Pxaaalp, belongs
to the AAA family of ATPases and appears to be a
predominantly cytoplasmic protein. Substitution of an
arginine for the conserved lysine residue in the ATPase
domain of Pxaaalp abolished its biological activity,
suggesting that Pxaaalp is an ATPase. Furthermore,
Pxaaalp is required for stability of the predominantly
cytoplasmic PTS1 receptor, Pxrlp. We conclude that
Pxaaalp plays a direct role in peroxisomal protein
import and is required for PTS1 receptor activity.
Keywords: AAA protein/expressed sequence tag/protein
import/Zellweger syndrome

Introduction

Peroxisome biogenesis disorders (PBDs), including
Zellweger syndrome, neonatal adrenoleukodystrophy,
infantile Refsum’s disease and classical rhizomelic
chondrodysplasia punctata, are autosomal recessive dis-
orders with an aggregate incidence of approximately
1/50 000 live births. Their phenotypes include moderate
to severe neurological and hepatic dysfunction, often
leading to death within the first year (Lazarow and Moser,
1995). At the cellular level, PBD patients exhibit a defect
in the import of one or more classes of peroxisomal matrix
proteins into the organelle (Motley et al., 1994; Slawecki
et al., 1995). Somatic cell fusion complementation analysis
indicates that the PBDs can be caused by defects in any
of at least 10 different genes (Shimozawa et al., 1993;
Moser et al., 1995). Because these disorders are associated
with a peroxisomal protein sorting defect, a major focus
of PBD research has become the elucidation of the
molecular mechanisms of protein import into peroxisomes.
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Peroxisomal targeting signals (PTSs) are discrete amino
acid sequences capable of directing proteins to the perox-
isome. The majority of peroxisomal matrix proteins contain
PTS1, a C-terminal tripeptide of the sequence SKL-COOH
(single letter code) or a conservative variant (Gould et al.,
1989; de Hoop and Ab, 1992). In contrast, the N-terminal
PTS2 consists of ~10 amino acids and has only been
observed in three peroxisomal proteins (Osumi et al.,
1991; Swinkels et al., 1991; Gietl et al., 1994; Faber
et al., 1995). The only known human PTS2-containing
protein is thiolase. Additional types of PTS have been
reported (Small et al., 1988; Kragler et al., 1993), but
their precise characteristics are not yet known. However,
a PTS is not an absolute requirement for entry into the
peroxisome lumen. Studies by Glover et al. (1994) and
McNew and Goodman (1994) have revealed that proteins
lacking a PTS can be imported by oligomerization with a
PTS-containing protein. The observation that PTS1-coated
gold particles can be imported into the peroxisome (Walton
et al., 1995) also raises the possibility that the translocation
machinery can accommodate fully folded proteins.

Studies of the peroxisomal protein import capabilities
of PBD cell lines (Motley et al., 1994; Slawecki et al.,
1995) and yeast pas/per/pay/peb mutants (Erdmann et al.,
1989; Cregg et al, 1990; Gould et al., 1992; Nuttley
et al., 1993) have enriched our understanding of the
protein import process and led to the description of five
general classes of peroxisome assembly mutants. These
may be defective in the PTS1 receptor (McCollum et al.,
1993; Van der Leij et al., 1993; Dodt et al., 1995), the
PTS2 receptor (Marzioch et al., 1994; Motley et al., 1994,
Slawecki et al., 1995; Zhang and Lazarow, 1995), the
translocation apparatus (Kalish et al., 1995, 1996; Slawecki
et al., 1995; Gould er al., 1996), factors required for high-
efficiency protein import (Heyman et al., 1994; Slawecki
et al., 1995) or factors involved in peroxisome membrane
biogenesis (C.C.Chang, G.Dodt and S.J.Gould, in prepara-
tion). In humans and in the yeast Pichia pastoris, the first
four classes of mutants contain peroxisome ghosts (Santos
et al., 1988). These ghosts consist of peroxisomal mem-
branes containing integral and peripheral membrane pro-
teins, but are unable to import the full complement of
matrix proteins. In addition to the two PTS receptors,
these studies have led to the identification of two AAA
ATPases (Erdmann et al., 1991; Spong and Subramani,
1993; Voorn-Brouwer et al., 1993; Heyman et al., 1994),
a ubiquitin-conjugating enzyme (Wiebel and Kunau, 1992;
Crane et al., 1994), a farnesylated protein (Kunau et al.,
1993; James et al., 1994), three zinc-binding integral
membrane proteins (Tsukamoto et al., 1991; Kunau et al.,
1993; Kalish et al., 1995, 1996; Tan et al., 1995) and
several other proteins involved in peroxisome assembly
(Kunau et al., 1993).

The most extensively studied of these factors has been
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the PTS1 receptor, encoded by PXRI in humans (Dodt
et al., 1995; Fransen et al., 1995; Wiemer et al., 1995),
PpPAS8 in P.pastoris (McCollum et al., 1993) and ScPAS10
in Saccharomyces cerevisiae (Van der Leij et al., 1993).
These orthologs contain eight tetratricopeptide repeats
(TPRs) which comprise the C-terminal half of the protein
and form the PTS1-binding domain (Brocard et al., 1994;
Dodt et al., 1995). In humans, two functionally distinct
isoforms of the PTS1 receptor are generated by alternative
splicing of a single exon upstream of the TPR domains
(Braverman et al., 1996). Both isoforms are capable of
rescuing the PTS1 protein-import defect of cells carrying
mutations in PXRI. However, only the long form is
essential for import of PTS2 proteins. We have found that
the PTS1 receptor in both yeast and human cells is a
predominantly cytoplasmic protein, and only associates
with peroxisomes to a small extent at steady state (Dodt
et al., 1995; Gould et al., 1996; G.Dodt and S.J.Gould,
in preparation). Furthermore, the PTS1 receptor in human
cells cycles between the cytoplasm and peroxisome, sug-
gesting that it may act as a chaperone, recognizing newly
synthesized PTS1-containing proteins in the cytoplasm
and subsequently guiding them to the peroxisome (G.Dodt
and S.J.Gould, in preparation).

PXR1 was originally identified by searching for human
expressed sequence tags (ESTs) similar to the yeast PASS
gene (Dodt et al., 1995). The continued application of
this approach has led to the cloning and characterization
of PXAAAI, a novel human gene. Mutations in PXAAA!
are responsible for complementation group 4 (CG4) of
the PBD. Import of both PTS1 and PTS2 proteins in CG4
fibroblasts is severely impaired, whereas synthesis of
peroxisomal membranes is not affected. The product of
PXAAAI, Pxaaalp, is a member of the AAA family of
ATPases and appears to be a predominantly cytoplasmic
protein. Furthermore, loss of Pxaaalp results in a pro-
nounced destabilization of the PTS1 receptor. These results
suggest that Pxaaalp interacts with the PTS1 receptor and
plays a direct role in peroxisomal protein import.

Results

Identification of PXAAA1 as the probable human
homolog of the Ppastoris PAS5 gene

To identify the genes responsible for the various comple-
mentation groups of the PBD, we used the BLAST
algorithm (Altschul et al., 1990) to screen the database of
expressed sequence tags (Adams et al., 1993) (dbEST) for
human genes similar to yeast PAS (Peroxisome ASsembly)
genes. We identified a 97 nucleotide expressed sequence
tag (GenBank accession number R00950) with the capacity
to encode a protein similar to the product of the P.pastoris
PAS5 gene (PpPasSp) (Spong and Subramani, 1993).
PpPas5p is a putative ATPase of the AAA protein family
(Confalonieri and Duguet, 1995) and is essential for
normal import of proteins into peroxisomes. The deduced
product of EST R00950 shared 16 identical and seven
similar residues with amino acids 1023-1053 of PpPas5p
and was more similar to PpPasSp than any other known
protein. EST R00950 was also similar to the PpPAS5
orthologs from the yeasts S.cerevisiae (ScPAS8) and
Yarrowia lipolytica (YIPAY4) (Voorn-Brouwer et al., 1993;
Nuttley et al., 1994).

Pxaaa1p is required for PTS1 receptor stability
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Fig. 1. PXAAAI is a ubiquitously expressed gene. A multiple tissue
Northern blot (Clontech) was probed with [0-32P]JdCTP-labeled cDNA
corresponding to EST R00950 using standard procedures. An ~3.5 kb
mRNA for PXAAAI was detected in (He) heart, (Br) brain,

(P1) placenta, (Lu) lung, (Li) liver, (Sm) skeletal muscle, (Ki) kidney
and (Pa) pancreas. High levels of 18S and 28S rRNAs were also
detected in the muscle lane (data not shown), suggesting that unequal
loading is at least partly responsible for the much stronger signal for
PXAAAI mRNA in this lane.

Because peroxisomes are constituents of all human
cells (except mature erythrocytes), PBD genes should be
expressed in all tissues. A Northern blot of RNA from
eight human tissues was probed with the 0.6 kb cDNA
corresponding to EST R00950 (Figure 1). A single mRNA
of ~3.4-3.7 kb was detected in all lanes. Next, cDNA
clones for this gene were isolated from a human fetal
brain cDNA library. From these, a cDNA containing the
entire open reading frame (ORF) was assembled (Figure
2). We designated this gene PXAAAI based on (i) sequence
similarity between its deduced product and the products
of the PeroXisome assembly genes P.pastoris PASS,
S. cerevisiae PASS and Y.lipolytica PAY4 (probability of
random match <le ') and (ii) similarity with the AAA
family of putative ATPases. The degree of similarity was
highest over a 250 amino acid segment from the C-
terminal third of the proteins which contain the conserved
ATPase domain (Figure 3). The N-terminus of Pxaaalp
is 120 amino acids shorter than PpPas5p and shares
little similarity. However, the orthologs from S.cerevisiae
(Pas8p) and Y.lipolytica (Pay4p) also differ significantly
from Pxaaalp and PpPas5p over the N-terminal 300400
residues of each protein.

PXAAAT1 is defective in complementation group 4
of the PBD

We utilized a transient transfection assay to test whether
PXAAAI could rescue the peroxisomal protein import
defect in fibroblasts from PBD patients. A fragment of
the PXAAAI cDNA encompassing the complete ORF was
inserted downstream of the cytomegalovirus promoter in
the expression vector pcDNA3. The resulting plasmid,
pTY3, was transfected into fibroblasts from PBD patients.
Two days after transfection, rescue was assessed by
indirect immunofluorescence using an anti-SKL antibody
specific for multiple PTS1-containing proteins (Gould
et al., 1990), or an antibody against thiolase, a PTS2
protein. We found that PXAAA] expression restored perox-
isomal protein import in all 16 CG4 cell lines (Figure
4A-D), but not in fibroblasts from CGl1, 2, 3, 7, 8, 9 or
10 (Table I). Furthermore, PXAAAl expression also
restored the import of thiolase, a PTS2 protein (Figure 4E
and F). No punctate staining for anti-SKL-reactive proteins
was detected in digitonin permeabilized PXAAAI-
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CGATGAAGGTTACTGCCTATCGAGGCACGACGCAAGATCAATCCGAGGCGCAGCTAACCCCCTCAGAGCAAGTTCGCGGCACCCGACGCCC

CTGCTTGGCACCTCGCTGGGGCCTGGGCTCGGACCGCGAGTC

CAGTGCGGCGACTCCAGGGAGTTCTGGGAGGG

'CGTGGCCTTGGCCTCTTCCAGGGCGAATGGGTGTGGGTGGCCCAGGCCAGAGAGTCATCGAACACTTCACAGCCGCACTTGGCT

GGTACTTGGAAGGCTCCATCGCCCCTGAAGACAAAGGAAGC TGCTCATTGCTGCCTGGGCCTCCATTTGCCAGAGAG

CAGTTGGGGAAGCTCCAGATGGACCAGCCAGTGCCTAC

CTCCAGCCAGGGGGTGCCCTGCTGACAGGAACTAGCAGTGTCCTTC TACGGGGCCCCCCAGGCTGTGGGAAGACCACAGTAGTT

CGGCTTTCCTCTCCTGGCTGAGGACTTTGGG

CTGGGCCTGAGACGCTCAGGCCTTCTGCTCCATGGGCCCCCTGGCACCGGCAAGACCCTTCTGGCCAAGGCAGTAGCCACTGAG
TGTGCGGGAAGTGTTTGCCAGGGCCAGGGCTGCAGCTCCATGCATTATC
'CCCAAGCCGGGGGCGAAGTGGAGATTCTGGAGGAGTGATGGACAGGGTGGTGTCTCAGCTCCTTGCCGAGCTAGATGGGCTGCACAGCACTCAG

' TGGGGGCAAATGAGGACCGGGCCTCCCAGCTA

'TAGGAGCCCCCCAGGGTCTGGGACCCCGCTCAGCATGGCTGCAGGTACCTTGATAGCCCA
*

-210
Spe I

-119 CTCCCCTTTTCCTCTGGCCTCCCCTGACGGAAGCGGAAGCGGCCCTCGCGCACACTAGTCTCTGGTTCTCTGGCTCCGGAAGCTGCGCTCCTTCACCCTCCTCGTTGGTGTCCTGTCACC
1 ATGGCGCTGGCTGTCTTGCGGGTCCTGGAGCCCTTTCCGACCGAGACACCCCCGTTGGCAGTGCTGC TGCCACCCGGGGGCCCGTGGCCGGCGGCGGAGCTGGGCCTGGTGCTGGCCCTG
1 M AL AVLRVLEUZPFU?PTETUZPZPILAVLLUZPZPGS GZPWUPAAETLUGTLUVTLA AL
121 AGGCCTGCAGGGGAGAGCCCGGCAGGGCCGGCGCTGCTGGTGGCAGCCCTGGAGGGGCCGGACGCGGGCACCGAAGAGCAGGGTCCCGGGCCGCCGCAGCTACTGGTTAACCGCGCGCTG
41 R PAGESUPAGPALLVAALETGZ?PDA AGTETE QG GZPGT?PZPIQLULVNT RA AL
241 CTGCGGCTCCTGGCACTGGGCTCCGGGGCCTGGGTGCGGGCGCGEGCGETGCGGCGGCCCCCGGCGCTAGGTTGGGCA
81 L RLLALGSGA AWV VR RARAVIRERIRZPZPALGWALILSGTS SULSGU?PG GULGU?PTRYV
361 GGCCCCCTGCTGGTGAGGCGCGGAGAGACCCTCCCAGTTCCCGGACCGCGGGTGCTGGAGACGCGGCCGGCGTTGCAAGGGC TGCTGGGCCCAGGGACTCGGCTGGCTGTGACTGAGCTC
121 G PLL VU RRGETLZPVZPGPRVLETRZPALIGQGTLTLGZPGTH RTILAVTETL
481 CGCGGGCGGGCCAGACTGTGTCCAGAGTCTGGGGACAGCAGTCGGCCCCCACCCCCGCCCGTGGTGTCCTCCTTTGCGGTTTCTGGCA
161 R GRARULTGCPESGDSSURZPZPPZPZPVVS S F AV SGTVR RIRILAOQGVLGSG
601 ACTGGAGATTCACTAGGGGTGAGCCGGAGCTGTCTC!
201 T GD S L GV SRSCLIRGLGILTFAOQGEWVYVWVAQARESSNTSOQPHTLA
721 AGGGTGCAGGTCCTAGAACCTCGCTGGGACCTCTCTGATAGACTGGGACCCGGCTCTGGACCGCTGGGAGAGCCCCTCGCTGACGGACTGGCGCTTGTCCCTGCCACTTTGGCTTTTAAT
241 R VQ VLEZPRWDILSDI RLG?PGSGPLGEZPLADGLA ALV VZPATTLATFN

ECORI
841 CTTGGCTGTGACCCCCTGGAAATGGGAGA(
281 L GC D PLEMGETLU RTIOQRYTLESGS STIA APEDI KSGS ST CSTLTULUZPGUZPUPTFA ARE
961 TTACACATCGAAATTGTGTCTTCTCCCCACTACAGCACTAATGGAAATTATGACGGTGTTCTTTACCGGCACTTTCAGATACCCAGGGTAGTCCAGGAAGGGGATGTTCTATGTGTGCCA
321 L HI EI VS SPHYSTNSGNYDSGVLYZRUHFOQTIUPIZ RVVYVQESGDU VLT CUVP
1081 ACAATTGGGCAAGTAGAGATCCTGGAAGGAAGTCCAGAGAAACTGCCCAGGTGGCGGGAAATGTTTTTTAAAGTGAAGAAAA
361 T I G Q VEIULESGS SU©PEI KTLUPRWREMTFTFI KV VI KI KTVGEA AZPUDGUZPA ASA AY
1201 TTGGCCGACACCACCCATACCTCCTTGTACATGGTGGGTTCTACCCTGAGCCCTGTTCCATGGCTCCCTTCAGAGGAATCCACTCTCTGGAGCAGTTTGTCTCCTCCAGGCCTGGAGGCC
401 L ADTT THTSULYMVVGSTULSU?PVPWILUZPSETESTTLWSSUL S PUPGTULEA-A
1321 TTGGTGTCTGAACTCTGTGCTGTC!
441 L VS EL CAVLI KUPRLOGQPGGALULTS GTSSVULULIRGZPZPGT CGTE KTTUVV
1441 GCTGCTGCCTGTAGTCACCTTGGGCTCCACTTACTGAAGGTGCCCTGCTCCAGCCTCTGTGCAGAAAGTAGTGGGGCTGTGGAGACAAAACTGCAGGCCATCTTCTCCCGGGCCCGCCGT
481 A AACSHLGLHLTLI KV VZPCSSLCAESSGAVETI KU LU QA ATITF SR RATRTR
1561 TGCCGGCCTGCAGTCCTGTTGCTCACAGCTGTGGACCTTCTGGGCCGGGACCGTGATGGGCTGGGTGAGGATGCCCGTGTGATGGCTGTGC TGCGTCACCTCCTCCTCAATGAGGACCCC
521 C RPAVLLLTAVYVDILILGRDIRDGILGEU DA ARV VMAVILRUHEHLTLIULNETDP
1681 CTCAACAGCTGCCCTCCCCTCATGGTTGTGGCCACCACAAGCCGGGCCCAGGACCTGCCTGCTGATGTGCAGACAGCATTTCCTCATGAGCTCGAGGTGCCTGCTCTGTCAGAGGGGCAG
561 L NS CPPLMVVATT SR RAQDTLUPADVYVOQTATFUPHETLTEUVZPALSTESGOQQ
1801 CGGCTCAGCATCCTGCGGGCCCTCACTGCCCACCTTCCCCTGGGCCAGGAGGTGAACTTGGCACAGCTAGCACGGCGGTGTGCAGGCTTTGTGGTAGGGGATCTCTATGCCCTTCTGACC
601 R L S I LRALTAMHTLUPLGU QEVNTLAQLARIRTCAGTFVV GDULVYA ATLULT
1921 CACAGCAGCCGGGCAGCCTGCACCAGGATCAAGAACTCAGGTTTGGCAGGTGGCTTGACTGAGGAGGATGAGGGGGAGC TGTGTGCTGC!
641 H S S RAACTRIIKNSGILA AGGLTETEDTESGETLTCGCAAGT FUZPLTLA AETDTFG
2041 CAGGCACTGGAGCAACTGCAGACAGCTCACTCCCAGGCCGTTGGAGCCCCCAAGATCCCCTCAGTGTCCTGGCATGATGTGGGTGGGCTGCAGGAGGTGAAGAAGGAGATCCTGGAGACC
681 Q AL EQLOQTAHSU QAVGAPI KTIUPS SV SWHDUVGGULIGQEVI KT KTETITLTET
2161 ATTCAGCTCCCCCTGGAGCACCCTGAGCTACTGAGC
721 I QL PLEUHUPEULILS ST LGILIRRSGILILILUHG?PZPGTGI KTULTULA ATZ KA AVA ATE
2281 TGCAGCCTTACCTTCCTCAGCGTGAAGGGGCCAGAGCTCATTAACATGTATGTGGGCCAAAGTGAGGAGAA'
761 C S L TFUL SV KGPETLTINMMYVGQSETENVR REVTFARA ARAAARAPT¢GCTII
2401 TTCTTTGATGAACTGGACTCTTTGGC
801 F FDELDSTLA AP ST RGRSGDSGGVMDHRVYVVYVSQLULAETLUDGTULHSTQ
2521 GATGTGTTTGTGATTGGAGCCACCAACAGACCAGATCTCCTGGACCCTGCCCTTCTGCGGCCTGGCAGATTTGACAAGCTGGTGTTTG
841 DV FVIGATNIR RZPDILLUDUZPALTLURPGR RTPFDI KILVF FUVGANEUDU RASA QL
2641 CGCGTTCTAAGTGCCATCACACGCAAATTCAAGCTAGAGCCATCTGTGAGCCTGGTAAACGTGCTAGATTGCTGCCCTCCCCAGCTGACGGGCGCGGACCTCTACTCTCTCTGCTCTGAT
881 R VL SAITRIEKTPFI KILEUZPSVSLVNVYVLDCCZPZPAQLTG G ADIULYSULUC CSD
2761 GCTATGACAGCTGCCCTCAAACGCAGGGTTCATGACCTGGAGGAAGGGCTGGAACCAGGTAGCTCAGCACTGATGCTCACCATGGAGGACT TGCTGCAGGCTGCCGCCCGGCTGCAACCC
921 A MTA A AL KRRVHDTLEEGLEZPGSSALMLTMETDTILTULUG QAR AA ARTILDQP
2881 TCAGTCAGTGAGCAGGAGCTGCTCCGGTACAAGCGCATCCAGCGC.
961 S V S EQ ELLRY KU RTIUOQRIKTFAA
3001 CAGAGAGATCTGGGAAGGAAGGGCTCCTCCTCAGGCTGCTGCCAACCCACCTGGAGGCCACCTCCCTCCAGGAGATCCCAGGGTGCAAAGTGGCATTGAGACAGCAGCAACAGCTCAAGA

EcoRV

3121 'CTGCCTACTTGCCCCTCCTTCCAGGCCGGCTCTAAGAGAAAGGCCCATCTACTCAGGAAGAGGGCCAGGCCTTGGGT TCTGGGGATTGGGCCCTGAGAGGGCTAGTTCTGTG
3241 ATGTCCCGCCCCCG

Fig. 2. Nucleotide and deduced amino acid sequences of PXAAA! and its product, Pxaaalp. The first in-frame ATG of the open reading frame is

surrounded by a perfect match to the Kozak consensus for mammalian initiator codons, RY YAY YATGG (Kozak, 1992). A consensus polyadenylation

signal is located 16 nucleotides upstream of the site of polyadenylation and is underlined. The first nucleotide of the predicted initiator codon is
designated as position 1 of the sequence. The Spel, EcoRI and EcoRV sites used in subcloning are labeled. This sequence is available under
GenBank accession number U56602.

expressing cells, indicating that matrix proteins were
indeed sequestered within the peroxisome (Figure 4G and
H). Interestingly, cells from CG4 patients normally import
a small amount of both PTS1 and PTS2 proteins (Slawecki
et al., 1995), suggesting that the peroxisome ghosts in
these cells are translocation competent.

The restoration of peroxisomal protein import in all 16
CG4 cell lines led us to search for PYAAAI mutations in
CG4 patients. A gene-specific primer was used to synthe-
size PXAAAI cDNA from normal and CG4 fibroblasts.
Fragments of the PXAAAI ORF were then amplified
by PCR and subjected to single-strand conformational
polymorphism (SSCP) analysis (Michaud et al., 1992).
PXAAA1 SSCP migration variants were detected in nine
of the 13 CG4 patients examined, even though only 40%
of the ORF had been examined. Direct sequencing of RT-
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PCR-generated cDNA fragments revealed that patient
PBD106 was heterozygous for an 8 bp deletion (1962-
1969) and a 20 bp deletion (2398-2417)/single T insertion.
Direct sequencing of amplified genomic DNA revealed
that one allele contained a G—A transition at the -1
position of a splice acceptor site. This resulted in the use
of a cryptic splice acceptor site 8 bp downstream of the
normal site, generating the 8 bp deletion observed in the
cDNA. The father was heterozygous for this splice site
mutation. The mother was found to be heterozygous for
the 20 bp deletion/1 bp insertion found on the patient’s
other PXAAAI allele. This inheritance pattern was consist-
ent with the recessive nature of the disorder. We concluded
that PBD106 is a compound heterozygote for two different
mutations in PXAAAI.

Both of the mutations in PBD106 shifted the reading



Pxaaalp MALAVLRVLE PFPTETPPLA VLLPPGGPWP AAELGLVLAL RPAGESPAGP ALLVAALEGP 6C
Pxaaalp DAGTEEQGPG PPQLLVNRAL LRLLALGSGA WVRARAVRRP PALGWALLGT SLGPGLGPRV 120
Pxaaalp GPLLVRRGET LPVPGPRVLE TRPALQGLLG PGTRLAVTEL RGRARLCPES GDSSRPPPPP 180
Pxaaalp ‘VVSSFAVSGT VRRIQGVLGG TGDSLGVSRS CLRGLGLFQG EWVWVAQARE SSNTSQPHLA 240
Pxaaalp RVQVLEPRWD LSDRLGPGSG PLGEPLADGL ALVPATLAFN LGCDPLEMGE LRIQRYLEGS 300
| 1: NI N R
PpPas5p PISIP'DKRFE ImFHPSICFI MQVI‘IAR VSSPVTLDRT L--QTLFLTN LKT--YFESG (420)
Pxaaalp IAPEDKGSCS LLPGPPFARE LHIETIVSSPH YSTNGNYDGV L\'RHFQIPRV VQEGDVILVP 360
1 0] R
PpPasSp RKVLSKD--Q LIP-IPVDTL LAKSIFST-- YEKLG-VDDS QFPTV-. XPEX; KPDAIAWFKV (473)
Pxaaalp TIGQV'EILEX} SPEKLPRWRE MFFKVKKTVG EAPDGPASAY LADTTHTSLY MVGSTLSPVP 420
I a5 i oo | :
PpPas5p mscnms KSQQFXI DP LKTKHHQS~G WRSPPKN ~SQHCNWANY L-GCG-QMFS (527)

Walker A

Pxaaalp WLPSEESTLW SSLSPPGLEA LVSELCAVLK PRLOFCGALL
zl la:::2] Poexls el
FP----NV- SGUTTSTFE- YAKTLRKLIK ATIDPSRLVN LQ

480

PpPasSp (580)

Pxaaalp 538
PpPasSp (640)
Pxaaalp DGLGEDARVM AVLRHLLLNE DPLNSCPPLM vvm'rsm QDLP----AD -4--VqrAFP 588
SR I | 2| I: : |
PpPasSp EQQQKDS- -L AVKINELIDE YTAKPGVLFV ASTNDSDNLS DELRKFKFAE SEQEMM (698)
Pxaaalp H-ELEVPALS mQR LSILR ALTAHLPL-- GQEVNLAQLA RRCAGFVVGD LYALLTHSSR 644
ol | el I T Y
PpPasSp RFTLIFKYLI DDQR'H'P!M EGTRELSFPR ANDLSLSSLS LQSAGLTPRD LISIVENAKT (758)
Pxaaalp AACTRIKNSG LAGGLTEEDE GELCAAGF-P LLAHJFGQAL BQLQT! AHSQA VGAPKIPSVS 703
I s 2l i) 1 P BRI
PpPasSp LAVDRVESLA KHMNVSFENM V-YSSOGYIK FTPEDVEKSI m‘msos IGAPRIPNVK (817)
Walker A
Pxaaalp WHDVGGLQEV KKEILETIQL PLEMPELLSL GL-RRSGLLL Gt 762
[RE IIIIIII AN SRS IIII:H::
PpPasSp WEDVGGLDVV DM PMKHPELFSN GIKKRSGILF PG LAKATATNFA (877)
Walker B
Pxasalp LTFLSVKGPE LINMYVGQJE ENVREVFARA RAAAPCIIFF D) GRSGDSGGVM 822
NG IR I e i
PpPasSp LNFFSVKGPE LINMYIGEYE RDAKPCVVFF D ‘GNQGDSEGVM (937)
AAA lodul.
Pxaaalp DRVVSQLLAE LDGL---HST QDVFV]] 879
RN ||| e |
PpPasSp DRIVSQLLAE LDGMSGGDGG D ) \' IGVSMWQ (997
Pxaaalp LRVLSAITRK FKLEPSVSLV NVLDCCPPQL TGADLYSLCS DAMTAALKRR VHDLEEGLEP 939
AR R 5|l||||l|||| [ L
PpPasSp SKIMEALSRK FHLHPSVDLD KVAESCPFTF TGADFYALCS DAMLNAMTRI ANTVDEKIKR (1057)
Pxaaalp GSSALMLTME DLLQAAARLQ PSVSEQELLR YKRIQRKFAA C* 980
2|
PpPasSp YNEEL (1062)

Fig. 3. Deduced amino acid sequence alignment between Pxaaalp and
PpPas5p. The two sequences (single letter code) were aligned using
MacVector alignment with pam250 matrix. Vertical lines represent
identities while colons represent similarities. The Walker A and B
ATP-binding motifs and the AAA box are outlined.

frame of the PXAAAI mRNA. The product of the first
allele would lack the C-terminal 326 amino acids of
Pxaaalp and instead contain the three amino acids WLD
(single letter code) in their place. The product of the
second allele would lack the C-terminal 181 amino acids
of Pxaaalp and instead contain the amino acids SLWPQA-
GGEVEILEE (single letter code). Previous studies have
demonstrated that mutations which affect the reading
frame of an mRNA commonly result in mRNA instability
and decreased steady-state levels of mRNA (10-30% of
normal) (Maquat, 1995). We observed that the steady-
state level of PXYAAAI mRNA in PBD106 was below the
level of detection by Northern blot (data not shown).
Furthermore, it is unlikely that the protein products would
be functional since they lack large segments of the most
highly conserved region of Pxaaalp.

PXAAAT1 is located on chromosome 6

To determine the chromosomal location of PXAAAI,
genomic DNA from a panel of mouse—human hybrid cell
lines (Drwinga et al., 1993) was probed with the full-
length PXAAAI cDNA. Hybridizing fragments specific
for human genomic DNA were detected only in the cell
lines containing human chromosome 6 (data not shown).
The PXAAAI cDNA was also used to determine the map
position of the mouse ortholog of PXAAA I. The inheritance
of PXAAAI was followed by RFLP analysis of the BSS
interspecific backcross DNA panel (Rowe et al., 1994)
(The Jackson Laboratories, Bar Harbor, ME, USA). This
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analysis located the murine PXAAA! ortholog on chromo-
some 17 between the markers D17/Mit16 and 1APLS1-3
(data not shown). This region of mouse chromosome 17
has homology of synteny with human chromosome 6p11-
6p22. There are no known disease loci on mouse chromo-
some 17 near PXAAAI.

PXAAAT1 appears to encode a predominantly
cytoplasmic ATPase
In order to determine the cellular localization of Pxaaalp,
a modified form of Pxaaalp containing the c-myc epitope
tag at its C-terminus was transiently expressed in CG4
cells. Indirect immunofluorescence analysis indicated that
Pxaaalp—myc protein was distributed throughout the cyto-
plasm (Figure 5A). This cytoplasmic distribution was
observed not only in cells expressing high levels of
Pxaaalp—myc, but also in cells expressing very low or
intermediate levels of the protein. In contrast, hetero-
logously expressed PMP70myc, an integral peroxisomal
membrane protein, was detected only in peroxisomes
(Figure 5B). The myc-tagged version of Pxaaalp restored
peroxisomal protein import in CG4 cells (Figure 5C and
D) at the same frequency as wild-type Pxaaalp (38%
rescue for PXAAAI-myc, 31% for wild-type PXAAAI).
Amino acid sequence analysis revealed that Pxaaalp is
a member of the AAA family. These ATPases Associated
with diverse cellular Activities (Confalonieri and Duguet,
1995) share a region of ~200 amino acids, including both
Walker A and B nucleotide binding motifs (Walker et al.,
1982) and an AAA box. In order to test the importance
of ATP-binding in Pxaaalp function, we substituted an
arginine for the invariant lysine residue of the Walker
A motif (GXXGXGKT). This residue is essential for
biological activity in other ATPases. The resultant
PXAAAI-K750R cDNA was expressed in CG4 cells and
assayed for its ability to rescue the PTS1 and PTS2 protein
import defects of CG4 cell lines (Figure 6A to D). Unlike
wild-type PXAAAI, the PXAAAI-K750R allele did not
restore import of either PTS1 or PTS2 proteins in CG4
cells.

The peroxisome assembly factor encoded by
human PXAAA1 and P.pastoris PAS5 is required
for stability of the PTS1 receptor
The apparent cytoplasmic distribution of Pxaaalp was
reminiscent of the predominantly cytoplasmic distribution
of Pxrlp, the PTS1 receptor. Furthermore, it suggested
that Pxaaalp might play a role in transporting newly
synthesized peroxisomal proteins from the cytoplasm to
the peroxisome (also the postulated role for Pxrlp).
Although no physical association between Pxaaalp and
Pxrlp has yet been detected, we observed that the levels
of Pxr1p were reduced to <15% of normal in CG4 patients
(Figure 7A) but were not reduced in the CG10 cell
line PBD094 (data not shown). Pulse—chase experiments
revealed a significantly shorter half-life for Pxrlp in CG4
cell lines (Figure 7B; #;, = 1 h in CG4 cells, 6 h in
normal fibroblasts), demonstrating that the reduced steady-
state levels of Pxrlp are caused, at least in part, by an
increased rate of degradation.

If the instability of Pxrlp in CG4 cells is indicative of
an interaction between Pxrlp and Pxaaalp, a similar
interaction would be expected for the yeast orthologs of
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Fig. 4. Heterologous expression of PXAAA/ rescues the PTSI protein import defect of CG4 cell lines. The CG4 cell line PBD108 was transfected
with (A) pcDNA3 alone or (B) pTY3, the PXAAAI expression vector. Two days post-transfection the cells were processed for indirect
immunofluorescence by permeabilizing the fixed cells with 1% Triton X-100 and using anti-SKL antibodies to detect PTS1-containing proteins
(Gould et al., 1990). PBD105 cells were also transfected with (C) pcDNA3 and (D) pTY3 and processed for indirect immunofluorescence with anti-
SKL antibodies. PBD108 cells transfected with (E) pcDNA3 and (F) pTY3 were stained with anti-thiolase antibodies. demonstrating that PXAAA]
also rescued the PTS2 protein import defect of CG4 cells. No punctate staining was found in PXAAA-transfected (G) PBD108 and (H) PBD105
cells processed for immunofluorescence by permeabilization with digitonin instead of Triton X-100. Detection of the fluorescein-labeled goat anti-
rabbit secondary antibodies was performed with an Olympus fluorescence microscope.

these proteins. Wild-type, pas5 and pas6 cells of P.pastoris
(Gould et al., 1992) were incubated in methanol-containing
medium for 16 h. Equal amounts of total cell protein were
separated by SDS-PAGE and the levels of Pas8p were
determined by immunoblot. Steady-state levels of Pas8p
were reduced to <30% of wild-type in the pas5 mutant but
were not reduced in the pas6 mutant (Figure 7C). In order
to further address the issue of functional identity between
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human PXAAAI and P.pastoris PAS5, we expressed human
PXAAAI in the P.pastoris pas5 mutant. Although PXAAA]
was unable to rescue any of the pas5 phenotypes (data
not shown), the significance of this non-complementation
remains to be determined. Cross-species complementation
of pas mutants with PAS or PBD genes has been attempted
in several instances with no success (Heyman et al., 1994,
Nuttley et al., 1994; Dodt et al., 1995; van der Klei et al.,



Table 1. Pxaaal rescue of PBD import defects

Complementation Patient Rescue?
group
Yes/no e
CGl1 PBDI121 no 0
CG2 PBDO005 no 0
PBDO18 no 0
CG3 PBD095 no 0
PBD006 no 0
CG4 PBDO10 yes 21
PBDO!11 yes nd.
PBD039 yes 27
PBDO041 yes 12
PBD048 yes 23
PBD049 yes 28
PBD101 yes 18
PBD102 yes 48
PBD103 yes 32
PBD104 yes 31
PBD105 yes 36
PBD106 yes 26
PBD107 yes 26
PBD108 yes 31
PBDI115 yes 30
PBDI119 yes 28
CG7 PBDO054 no 0
CG8 PBDI11 no 0
CG9 PBD061 no 0
CG10 PBD094 no 0

1995), even between the closely related yeasts P.pastoris
and Pichia angusta (Hansenula polymorpha).

Discussion

We have identified PXAAA1 based on its similarity to the
Ppastoris PAS5 gene. Transient expression of PXAAAI
rescued the peroxisomal protein import defects of cells
from all 16 CG4 patients and led to the discovery that
mutations in PXAAAI are responsible for group 4 of the
PBD. These results demonstrate that PXAAAI, like the
P.pastoris PASS5 gene, is required for normal peroxisome
biogenesis. Yet what is the role of Pxaaalp in this process?
As with any peroxisome assembly factor, it is possible
that Pxaaalp could play a role in peroxisomal membrane
synthesis or protein import. In order to distinguish between
these possibilities, examination of the phenotype of CG4
cells and the properties of Pxaaalp is required.

Previous studies have demonstrated that peroxisomes
exist in many PBD cells, even those unable to import any
peroxisomal matrix proteins (Santos et al., 1988). As part
of an independent study, we have found that CG4 cells
contain >100 peroxisomes per cell (C.C.Chang, G.Dodt
and S.J.Gould, in preparation). Thus, Pxaaalp is clearly
not required for synthesis of peroxisome membranes.

The recent observation that the PTS1 receptor is a
predominantly cytoplasmic protein (Dodt et al, 1995;
Gould et al., 1996) that can cycle between the cytoplasm
and peroxisome (G.Dodt and S.J.Gould, in preparation)
indicates that peroxisomal protein import involves two
separate yet overlapping processes: (i) receptor-mediated
transport of newly synthesized peroxisomal proteins from
the cytoplasm to the peroxisome, and (ii) subsequent
translocation of these proteins across the peroxisomal
membrane. Two lines of evidence argue that Pxaaalp is
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involved in the first process. First, peroxisomes in CG4
cell lines are capable of importing small amounts of
both PTS1- and PTS2-containing proteins, indicating that
Pxaaalp is not required for protein translocation across the
membrane. Second, Pxaaalp appears to be a cytoplasmic
protein and, therefore, is more likely to be involved in
a cytoplasmic aspect of import. Consistent with this
hypothesis, the severe instability of Pxrlp in CG4 cells
suggests that there is an important interaction between
Pxaaalp and the predominantly cytoplasmic PTS1
receptor.

Assuming that Pxaaalp is involved in protein transport
to the peroxisome, there are two possible explanations for
the residual protein import observed in CG4 cells: (i) the
mechanism of protein transport from the cytoplasm to
peroxisomes is the same in both normal and CG4
fibroblasts and loss of Pxaaalp simply reduces transport
efficiency; or (ii) the loss of Pxaaalp abolishes the normal
protein transport process and reveals the existence of a
distinct mechanism for protein transport from the cyto-
plasm to the peroxisome. This second possibility could
be accounted for by diffusion of PTS-containing proteins
(or PTS receptor-ligand complexes) from the cytoplasm
to the peroxisome. Although in vitro import studies have
suggested that cytoplasmic factors are absolutely required
for peroxisomal protein import (Soto et al., 1993; Wend-
land and Subramani, 1993), these assays may simply lack
the sensitivity to detect the residual import observed in
CG4 cells.

The involvement of cytoplasmic factors in protein
targeting to the peroxisome (Dodt et al., 1995), nucleus
(Gorlich et al., 1995), mitochondria (Hachiya et al., 1994)
and endoplasmic reticulum (ER) (Walter and Lingappa,
1986) suggests that diffusion of newly synthesized organel-
lar proteins from the cytoplasm to organelle surfaces is
incompatible with efficient protein import into organelles.
If this is true, there is no reason to believe that diffusional
processes alone could account for the transport of receptor—
ligand complexes to the organelle surface. Thus, the
existence of these cytoplasmic receptors implies that there
is a mechanism for directed transport of cytosolic receptor—
ligand complexes to the organelle. Continued analysis of
PXAAAI may help elucidate this mechanism as it applies
to peroxisomal protein import.

Amino acid sequence analysis indicates that Pxaaalp
is a member of the AAA family of ATPases. We found
that both mutant alleles from patient PBD106 encode
products which lack large segments of the AAA ATPase
domain. Furthermore, substitution of arginine for lysine
in the second Walker A motif of Pxaaalp eliminated
biological activity. Similar substitutions in other ATPases
do not appear to affect protein folding and the effects of
these mutations have been attributed to decreased nucleo-
tide binding (Thomas et al., 1992). The role of the first
putative ATP-binding domain of Pxaaalp remains to be
addressed. It may be that, like the S.cerevisiae PASI gene
which also encodes a AAA protein with two ATP-binding
motifs, only the second motif is required for biological
activity (Krause et al., 1994).

Interestingly, an ATP requirement for protein import
into peroxisomes was demonstrated previously (Imanaka
et al., 1987; Wendland and Subramani, 1993b) but was
attributed to the transmembrane translocation step, rather
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Fig. 5. Pxaaalp is a cytoplasmic protein. The CG4 cell line PBD108 was transfected with (A) the PXAAA/-myc expression vector pTY9 and (B) the
PMP70-myc expression vector pcDNA3-PMP70-myc (S.J.Gould, unpublished data). Two days after transfection the cells were processed for
immunofluorescence with the anti-myc monoclonal antibody 1-9E10 and fluorescein-labeled goat anti-mouse secondary antibodies. The CG4 cell
line, PBD103, was transfected with (C) pcDNA3 and (D) pTY9 and processed for immunofluorescence with anti-SKL antibodies and fluorescein-

labeled goat anti-rabbit secondary antibodies.

Fig. 6. The K750R mutation abolishes the ability of PXAAA! to rescue the PTS1 and PTS2 protein import defects of CG4 cells. The CG4 cell line
PBD108 was transfected with (A and C) the PXAAAI-expression vector pTY3 and (B and D) pTY11, an equivalent vector expressing the K750R
mutant. Two days post-transfection, the cells were processed for indirect immunofluorescence using (A and B) anti-SKL and (C and D) anti-thiolase

antibodies.

than transport of proteins from the cytoplasm to the
peroxisome. Our data suggest that ATP binding and
hydrolysis are likely to be essential for Pxaaalp activity
and that this activity may be involved in protein transport
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from the cytoplasm to peroxisomes. Thus, ATP may be
required at several points in the peroxisomal protein import
pathway. This idea is also supported by the observation
that hsp70 ATPases can play a role in peroxisomal protein
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Fig. 7. Loss of PXAAAI/P.pastoris PASS leads to instability of the
PTSI receptor. (A) Steady-state levels of Pxrlp in normal and CG4
fibroblasts. Equivalent amounts of total fibroblast cell protein from
normal individuals and two CG4 patients (PBD039 and PBD041) were
separated by SDS-PAGE, transferred to nylon membranes and blotted
with anti-Pxrlp antibodies. Relative to GM8333 fibroblasts (N) which
are from unaffected individuals, the CG4 cell lines PBD039 (1) and
PBDO041 (2) contained only 12% and 14% of Pxrlp. (B) Half-life of
Pxrlp in normal and CG4 fibroblasts. The normal fibroblast line,
GMS8333, and the CG4 line, PBD039, were pulse labeled with
(33S]methionine for 1 h and then incubated for 0, 4, 8 and 12 h in
medium containing excess unlabeled methionine. At each time point,
the cells were lysed and subjected to immunoprecipitation with anti-
Pxrlp serum or pre-immune serum. (C) Steady-state levels of Pas8p in
WT. pas5 and pas6 cells compared with levels of Pas4p. Equivalent
amounts of total cell protein from wild-type, pas5 and pas6 strains of
P.pastoris (each induced in methanol-containing medium) were
separated by SDS-PAGE and transferred to nylon membranes. These
samples were blotted with affinity-purified antibodies directed against
Pas8p, the Ppastoris PTSI1 receptor, and Pas4p, a ubiquitin-
conjugating enzyme that is also required for normal peroxisomal
protein import. While the pas5 and pas6 mutants have no effect on
steady-state levels of Pasdp, levels of Pas8p are severely reduced in
the pas5 mutant (<30% compared with levels detected in wild-type
cells).

import (Walton et al., 1994) and that a second AAA
ATPase is required for peroxisome assembly (Erdmann
et al., 1991; Heyman et al., 1994).

An understanding of the roles that AAA ATPases play
in other cellular pathways may provide further insight
into the role of Pxaaalp. AAA proteins are involved in a
wide variety of cellular functions: PAS! and PASS5 are
required for normal peroxisomal protein import; SECI8/
NSF are components of a cytosolic 20S particle required
for vesicle transport from the ER to Golgi; TBP! activates
transcription of multiple target genes, possibly via proteo-
lysis of inhibitory factors; CDC48 is a component of
a ring structure similar to 19S chaperone—proteasome
complexes and is required for progression through the cell
cycle and homotypic ER membrane fusion; and finally,
AAA proteins of the 19S proteasome subunit may regulate
proteasome specificity (Confalonieri and Duguet, 1995;
Latterich et al., 1995). Common features of these proteins
include their association with large multi-subunit com-
plexes and their chaperone-like roles in particle/vesicle
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targeting. These and other features of AAA proteins have
led to the proposal that the AAA module functions as an
ATP-dependent protein clamp (Confalonieri and Duguet,
1995).

Bellion and Goodman (1987) demonstrated that newly
synthesized peroxisomal matrix proteins associate transi-
ently with a high molecular mass complex prior to import.
Furthermore, depletion of ATP trapped these proteins in
the complex, suggesting that an ATPase is involved in
dissociation of the complex. This ATP-dependent transport
of a high molecular mass complex from the cytoplasm to
the peroxisome correlates with the chaperone role proposed
for AAA proteins. We have found that Pxrlp binds PTS1-
containing proteins (Dodt et al., 1995) and can form
multimers via its TPR domains (unpublished observations).
It will be interesting to determine whether a receptor—
ligand complex lies at the core of the putative peroxisomal
targeting particle identified by Bellion and Goodman.
Based on the hypothesis that AAA ATPases may function
as ATP-dependent protein clamps, it is also conceivable
that Pxaaalp could be involved in formation, targeting or
binding of such a complex to the peroxisome membrane,
and/or its dissociation. The next step in understanding the
role of Pxaaalp in peroxisomal protein import will require
determination of whether Pxaaalp interacts directly with
Pxrlp and/or a receptor-ligand complex, as well as
whether any such interactions are regulated by ATP
binding and/or hydrolysis.

Materials and methods

Strains, cell lines and antibodies

All plasmids were propagated in the Escherichia coli strain DH10B
(Grant et al., 1990). The wild-type, pas5 and pas6 strains of the yeast
P.pastoris were originally described in Gould et al. (1992). Skin
fibroblasts were obtained from PBD patients by informed consent.
Culturing and cell fusion complementation analysis of each line was
performed as described (Moser et al., 1995). To obtain transformed
derivatives of these cell lines, each was transfected with the plasmid
pRSV-SV40T (Dodt et al., 1995). Three to four weeks after transfection,
foci of transformed cells were collected and pooled. All transformed
PBD cell lines are referred to by patient number (Table I). Rabbit
polyclonal antibodies directed against the C-terminal tripeptide SKLcooy
recognize multiple peroxisomal proteins (Gould et al., 1990). Rabbit
polyclonal antibodies directed against rat peroxisomal thiolase were a
generous gift from Dr Richard Rachubinski. The monoclonal antibody
1-9E10 which recognizes the c-myc epitope tag was obtained from
BABCO (Berkeley, CA, USA). Affinity-purified rabbit polyclonal anti-
Pas8p antibodies were raised against a bacterially expressed form of
Pas8p (Dodt er al., 1995; Gould et al., 1996). Labeled secondary
antibodies were obtained from standard commercial sources.

cDNA cloning, sequencing and plasmid construction

The original cDNA corresponding to EST R00950 was obtained from
Lawrence Livermore National Laboratories (Livermore, USA). The
0.6 kb ¢cDNA was used to probe a AZAP human fetal brain cDNA
library (Stratagene, San Diego, CA, USA) at high stringency (Sambrook
et al., 1989). Fourteen independent clones that hybridized with the EST
R00950 probe were excised and sequenced from both ends of the cDNA.
Of these, clone 8.2 extended from nucleotides 212 to 2094 and clone
13.3 extended from nucleotides 692-3268. The 942 bp Spel-EcoRI
fragment of PXAAAI was excised from clone 8.2 and inserted between
the Spel and EcoRI sites of pPGEM9 (Promega Co., Madison, WI, USA),
creating pTY1. The 2248 bp EcoRI-EcoRV fragment from clone 13.3
was inserted between the EcoRI and EcoRYV sites of pcDNA3 (Invitrogen,
San Diego, CA, USA), creating pTY2. Next, the 950 bp HindIII-EcoRI
fragment from pTY1 (a HindIll site lies just upstream from the Spel
site in pTYl) was inserted between the HindIIl and EcoRI sites of
pTY2. The resulting plasmid, pTY3, contained nucleotides —67 to 3127
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of the PXAAAI cDNA (containing the entire ORF) inserted downstream
of the strong cytomegalovirus promoter in pcDNA3.

Site-directed mutagenesis of the lysine 750 codon to an arginine
codon was performed by PCR. A non-mutagenic sense primer (5'-
CAGGACCTGCCTGCTGATG-3’) and mutagenic anti-sense primer (5'-
GCTGCACTCAGTGGCTACTGCCTTGGCGAGAAGGGTAMGGCC-
GGTGCCAGG-3') were used to amplify a fragment spanning the unique
Nhel and Dralll sites of the PXAAA] cDNA. This fragment was cleaved
with Nhel and Dralll and inserted between the Nhel and Dralll sites of
the PXAAAI cDNA in pTY3, creating pTYIl. Sequence analysis
confirmed that the K750R mutation in pTY11 was the only mutation
introduced during this procedure with the exception of a silent G—C
transition used to eliminate an Mscl site and allow restriction digest
identification of recombinant clones.

Appending the myc tag to the 3’ end of the PXAAAI! ORF was also
accomplished by PCR. A fragment stretching from upstream of the
unique Mlul site to the end of the PXAAA] ORF was amplified using a
sense non-mutagenic primer (5'-GTGGTAGGGGATCTCTATGC-3') and
a mutagenic anti-sense primer (5'-CGAGGATCCGCAGGCAGCAAAC-
TTGCGCTGGATG-3'). This fragment contained a BamHI site in place
of the PXAAAI stop codon. This fragment was cleaved with Mlul and
BamHI. This 301 bp Mlul-BamHI fragment was combined with the
2720 bp HindIlI-Mlul PXAAAI fragment from pTY3 and the two were
inserted between the HindIIl and BamHI sites of pcDNA3-myc, creating
pTY9. pcDNA3-myc contains 36 nucleotides (5'-GGATCCGAGGAGC-
AGAAGCTGATCTCCGAGGAGGACCTGTAGTCTAGA-3') between
the BamHI and Xbal sites of pcDNA3, which encode the c-myc epitope
followed by a stop codon.

Northern, Southern, RFLP and mutational analysis

A multiple tissue Northern blot (Clontech Palo Alto, CA, USA) was
probed (Sambrook et al., 1989) with the 0.6 kb EST R00950 cDNA.
Southern blot analysis (Sambrook et al., 1989) was used to map the
PXAAAI gene in humans and mice. To identify the chromosomal location
of PXAAAI, genomic DNAs from the NIGMS human-rodent mapping
panel #2 (Drwinga et al., 1993) were digested with a restriction enzyme
that cleaves the PXAAAI locus of each organism into fragments with
distinct sizes. For determining the chromosomal location of the mouse
PXAAAI gene using the BSS backcross panel (Rowe et al., 1994), a
restriction enzyme that would detect an RFLP between C57BL/6J and
Mus spretus genomic DNA was identified. Genomic DNAs from all 94
N2 animals in the BSS backcross were digested with this enzyme and
the presence of the C57BL/6] and M.spretus PXAAAI alleles in each
animal was determined by Southern blot and compared with the
inheritance of known markers. Mutational analysis of PBD106 was
performed as described previously (Dodt et al., 1995). Briefly, 15
overlapping primer sets were used to generate cDNA fragments of the
PXAAAI ORF by RT-PCR from patient nRNA. Mutations were detected
based on altered migration patterns by SSCP analysis (Michaud et al.,
1992).

Transfections and immunofluorescence microscopy

Human fibroblasts were grown in Dulbecco’s modified Eagle’s medium
high glucose (DMEM) supplemented with 10% fetal calf serum and
penicillin/streptomycin (DMEM/10% FCS/PS). Transfections were per-
formed using lipofectamine (Gibco/BRL, Bethesda, MD, USA). Three
micrograms of plasmid DNA were mixed with 250 pl OptiMEM
(Gibco/BRL) and combined with 250 pl OptiMEM containing 30 pg
lipofectamine. After mixing gently, the solution was incubated 1545
min at room temperature. Simultaneously, cells (60-80% confluent on a
25 mm? flask) were washed twice with 5 ml Hanks' balanced salt
solution and once with 5 ml OptiMEM. One milliliter of OptiMEM was
then added to each flask. The 500 pul DNA/lipofectamine mixture were
added to each flask and the cells incubated for 4-6 h at 37°C in a
humidified incubator. The solution was removed, the cells were washed
gently two times with DMEM/10% FCS/PS and then 5 ml DMEM/10%
FCS/PS were added to each flask. The next morning the medium was
changed again. Approximately 2 h later, the cells were trypsinized and
seeded onto glass coverslips in 60 mm dishes. Cells were processed for
indirect immunofluorescence microscopy as described (Slawecki et al.,
1995) using appropriate primary and secondary antibodies.

Immunoblots and immunoprecipitations

Protein samples were prepared from human skin fibroblasts by growing
cells on a 60 mm dish to 80-90% confluency. After washing three times
with 5 ml Hanks’ balanced salt solution, cells were lysed by the addition
of 300 pl H,O and rapidly scraped from the plate. An aliquot was
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removed for protein determination and the remainder was immediately
mixed with reducing SDS-PAGE sample buffer and frozen at —80°C.
Yeast protein samples were prepared by alkaline lysis of intact cells
(Crane et al., 1994). The protocols for immunoblot analysis have been
described earlier (Crane et al., 1994).

Pulse—chase experiments were performed as follows. Skin fibroblasts
from unaffected individuals and skin fibroblasts from various PBD
patients were grown on 60 mm dishes to ~70-90% confluency in
DMEM/10% FCS/PS. The cells were washed twice with DMEM lacking
methionine (DMEM-met) and then incubated for 1 h in DMEM-met/
10% FCS/PS that had been supplemented with 1 mCi [**S]methionine.
The medium was removed, cells were washed once in DMEM/10%
FCS/PS supplemented with 1 mM methionine and then incubated in
DMEM/10% FCS/PS supplemented with 1 mM methionine for varying
amounts of time. The incubations were terminated by removing the
medium and lysing the cells in RIPA buffer containing protease inhibitors
(Harlow and Lane, 1988). Pxrlp was immunoprecipitated from each
lysate using anti-Pxrlp antibodies (Dodt et al., 1995), separated by
SDS-PAGE, and detected by fluorography.

Acknowledgements

We would like to thank Ann Moser and Don Gordon for supplying
many of the CG4 cell lines, Forrest Spencer and the XREF project for
mapping PXAAAI, and Stephanie Mihalik and Rebecca Tinker for their
helpful comments and suggestions during the course of these experiments.
T.Y. is a recipient of a National Science Foundation Graduate Research
Fellowship and N.B. is supported by an NIH postdoctoral training grant
(T32GM07471). D.V. is an Investigator in the Howard Hughes Medical
Institute. This work was supported by grants from the National Institutes
of Health to S.J.G. (DK45787) and HW.M. (HD10981), as well as an
Institutional Research Grant from The Johns Hopkins University School
of Medicine and Department of Biological Chemistry to S.J.G.

References

AdamsM.D., Soares,M.B., Kerlavage,A.R., Fields,C. and Venter]J.
(1993) Nature Genet., 4, 373-380.

Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J. (1990)
J. Mol. Biol., 215, 403-410.

Bellion,E. and Goodman,J.M. (1987) Cell, 48, 165-173.

Braverman,N., Dodt,G., Gould,S.J. and Valle,D. (1996) J. Cell Biol.,
in press.

Brocard,C., Kragler,F., Simon,M.M., Schuster,T. and Hartig,A. (1994)
Biochem. Biophys. Res. Commun., 204, 1016-1022.

Confalonieri,F. and Duguet,M. (1995) BioEssays, 17, 639-650.

Crane,D.I., Kalish,J.E. and Gould,S.J. (1994) J. Biol. Chem., 269,
21835-21844.

Cregg,J.M., Vankiel,1.J., Sulter,G.J, Veenhuis,M. and Harder,W. (1990)
Yeast, 6, 87-97.

de Hoop,M.J. and Ab,G. (1992) Biochemistry, 286, 657-669.

Dodt,G., Braverman,N., Wong,C., Moser,A., Moser,H.W., Watkins,P.,
Valle,D. and Gould,S.J. (1995) Nature Genet., 9, 115-124.

Drwinga,H.L., Toji,L.H., Kim,C.H., Greene,A.E. and Mulivor,R.A.
(1993) Genomics, 16, 311-314.

Erdmann,R., Veenhuis,D., Mertens,D. and Kunau,W.H. (1989) Proc.
Natl Acad. Sci. USA, 86, 5419-5423.

Erdmann,R., Wiebel,EF., Flessau,A., RytkaJ., Beyer,A., Frohlich,K.U.
and Kunau,W.H. (1991) Cell, 64, 499-510.

Faber,K.N., Keizer-Gunnink,I., Pluim,D., Harder,W., Ab,G. and Veenhuis
M. (1995) FEBS Lem., 357, 115-120.

Fransen,M., Brees,C., Baumgart,E., VanhoorenJ.C.T., BaesM.,
Mannaerts,G.P. and Van Veldhoven,P.P. (1995) J. Biol. Chem., 270,
7731-7736.

Gietl,C., Faber,K.N., van der Klei,I.J. and Veenhuis,M. (1994) Proc.
Natl Acad. Sci. USA, 91, 3151-3155.

Giover,J.R., Andrews,D.W. and Rachubinski,R.A. (1994) Proc. Natl
Acad. Sci. USA, 91, 10541-10545.

Gorlich,D., Kostka,S., Kraft,R., Dingwall,C., Laskey,R.A., Hartmann,E.
and Prehn,S. (1995) Curr. Biol., 5, 383-392.

Gould,S.J., Keller,G.A., Hosken,N., Wilkinson,J. and Subramani,S.
(1989) J. Cell Biol., 108, 1657-1664.

Gould,S.J., Krisans,S., Keller,G.A. and Subramani,S. (1990) J. Cell
Biol., 110, 27-34.

Gould,S.J., McCollum,D., Spong,A.P., Heyman,J.A. and Subramani,S.
(1992) Yeast, 8, 613-628.



Gould,S.J.. KalishJ.E.. MorrellJ.C., BjorkmanJ., Urquhart,A.J. and
Crane.D.I. (1996) J. Cell Biol., in press.

Grant,S.G., Jessee,J., Bloom,FR. and Hanahan,D. (1990) Proc. Natl
Acad. Sci. USA, 87, 4645-4649.

Hachiya,N., Komiya,T., Alam,R., Iwahashi.J., Sakaguchi,M., Omura,T.
and Mihara K. (1994) EMBO J., 13. 5146-5154.

Harlow,E. and Lane.D. (1988) Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Heyman,J.A., Mononsov,E. and Subramani,S. (1994) J. Cell Biol., 127,
1259-1273.

Imanaka,T., Small,G.M. and Lazarow.P.B. (1987) J. Cell Biol., 105,
2915-2922.

James,G.L., Goldstein,J.L., Pathak,R.K., Anderson,R.G.W. and
Brown,M.S. (1994) J. Biol. Chem., 269, 14182-14190.

Kalish,J.E., Theda,C., Morrell J.C., Berg,J. M. and Gould,S.J. (1995)
Mol. Cell. Biol., 15, 6406-6419.

KalishJ.E., Keller,G.-A., Morrell,J.C., Mihalik,S.J., Smith,B.,
Cregg.J. M. and Gould,S.J. (1996) EMBO J., in press.

Kozak,M. (1992) Annu. Rev. Cell Biol., 8, 197-225.

Kragler,F., Langeder,A., Raupachova,J., Binder,M. and Hartig,A. (1993)
J. Cell Biol., 120, 665-673.

Krause,T., Kunau,W.-H. and Erdmann,R. (1994) Yeast, 10, 1613-1620.

Kunau,W.H., Beyer,A., Franken,T., Gotte K., Marzioch,M., Saidowsky.J .,
Skaletz-Rorowski,A. and Wiebel, EF. (1993) Biochimie, 75, 209-224.

Latterich,M., Frohlich,K.-U. and Schekman,R. (1995) Cell, 82, 885-893.

Lazarow,P.B. and Moser,H.W. (1995) In Scriver,C., Beaudet,A., Sly,W.
and Valle,D. (eds), Disorders of Peroxisome Biogenesis. McGraw-
Hill, New York, pp. 2287-2324.

Magquat,L.E. (1995) RNA, 1, 453-465.

Marzioch,M., Erdmann,R., Veenhuis,M. and Kunau,W.H. (1994) EMBO
J, 13, 4908-4918.

McCollum,D., Monosov,E. and Subramani,S. (1993) J. Cell Biol., 121,
761-774.

McNew,J.A. and Goodman,J.M. (1994) J. Cell Biol., 127, 1245-1257.

MichaudJ., Brody,L., Steel,G., Fontaine,G., Martin,L., Valle,D. and
Mitchell,G. (1992) Genomics, 13, 389-394.

Moser,A. et al. (1995) J. Pediatr., 127, 13-22.

Motley,A., Hettema,E., Distel,B. and Tabak,H. (1994) J. Cell Biol., 125,
755-767.

Nuttley, WM., Brade,A.M., Gaillardin,C., Eitzen,G.A., GloverJ.R.,
Aitchinson,J.D. and Rachubinski,R.A. (1993) Yeast, 9, 507-517.

Nuttley, WM., Brade,A.M., Eitzen,G.A., Veenhuis,M., Aitchison,J.D.,
Szilard,R K., Glover,J.R. and Rachubinski,R.A. (1994) J. Biol. Chem.,
269, 556-566.

Osumi,T., Tsukamoto,T., Hata,S., YokotaS., MiuraS., Fujiki,Y,
Hijikata,M., Miyazawa,S. and Hashimoto,T. (1991) Biochem. Biophys.
Res. Commun., 181, 947-954.

Rowe,L.B., Nadeau,J.H., Turner,R., Frankel W.N, Letts,V.A., Eppig J.T.,
Ko,M.S.H., Thurston,S.J. and Birkenmeier,E.H. (1994) Mammalian
Genome, §, 253-274.

Sambrook,J., Fritsch,E. and Maniatis,T. (1989) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Santos,M., Imanaka,T., Shio,H., Small,G.M. and Lazarow,P.B. (1988)
Science, 239, 1536-1538.

Shimozawa,N., Suzuki,Y., Orii,T., Moser,A.,, Moser,HW. and
Wanders,R.J.A. (1993) Am. J. Hum. Genet., 52, 843-844.

Slawecki,M., Dodt,G., Steinberg,S., Moser,A.B., Moser,HW. and
Gould,S.J. (1995) J. Cell Sci., 108, 1817-1829.

Small,G., Szabo,L. and Lazarow,P. (1988) EMBO J., 7, 1167-1173.

Soto,U., Pepperkok.,R., Ansorge,W. and Just,W. (1993) Exp. Cell Res.,
205, 66-75.

Spong,A.P. and Subramani,S. (1993) J. Cell Biol., 123, 535-548.

Swinkels,B.W., Gould,S.J., Bodnar,A.G., Rachubinski,R.A. and
Subramani,S. (1991) EMBO J, 10, 3255-3262.

Tan,X., Waterham,H.R., Veenhuis,M. and Creeg,J.M. (1995) J. Cell
Biol., 128, 307-319.

Thomas,P.J., Garboczi,D.N. and Pedersen,P.L. (1992) J. Biol. Chem.,
267, 20331-20338.

Tsukamoto,T., Miura,S. and Fujiki,Y. (1991) Nature, 350, 77-81.

van der KleilJ., Hilbrands,R.E., Swaving,G.J., Waterham,H.R.,
Vrieling,E.G., Titorenko,V.1., Cregg,J.M., Harder,W. and Veenhuis,M.
(1995) J. Biol. Chem., 270, 17229-17236.

Van der Leij,l., Franse, M.M., Elgersma,Y., Distel,B. and Tabak,H.F.
(1993) Proc. Natl Acad. Sci. USA, 90, 11782-11786.

Voorn-Brouwer,T., van der Leij,I., Hemrika,W., Distel,B. and Tabak,H.F.
(1993) Biochim. Biophys. Acta, 1216, 325-328.

Pxaaa1p is required for PTS1 receptor stability

Walker,J.E., Saraste,M.J., Runswick,J.J. and Gay,N.J. (1982) EMBO J.,
1, 945-951.

Walter,P. and Lingappa,V.R. (1986) Annu. Rev. Cell Biol., 2, 499-516.

Walton,P., Wendland,M., Subramani,S., Rachubinski,R. and Welch,W.
(1994) J. Cell Biol., 125, 1037-1046.

Walton,P., Hill,P. and Subramani,S. (1995) Mol. Biol. Cell, 6, 675-683.

Wendland,M. and Subramani,J. (1993a) J. Clin. Invest., 92, 2462-2468.

Wendland,M. and Subramani,S. (1993b) J. Cell Biol., 120, 675-685.

Wiebel, FF. and Kunau,W.-H. (1992) Nature, 359, 73-76.

Wiemer,E.A.C., Nuttley, WM., Bertolaet,.B.L., LiX., FrankeU.,
Wheelock,M.J., Anne,W.K., Johnson,K.R. and Subramani,S. (1995)
J. Cell Biol., 130, 51-65.

Zhang,J.W. and Lazarow,P.B. (1995) J. Cel! Biol., 129, 65-80.

Received on November 22, 1995; revised on January 24, 1996

Note added in proof

While this manuscript was in review, Tsukamoto et al. published the
cloning and sequencing of rat PAF2 by functional complementation of
a peroxisome-deficient Chinese hamster ovary cell line (Nature Genet.,
1996, 11, 395-401). The products of the rat PAF2 and human PXAAA]
genes are 87% identical and expression of rat PAF2 complemented the
peroxisomal protein import defects of PBD group 4 (Japanese PBD
group C) patients. For these reasons, we believe that PAF2 is the rat
ortholog of PXAAAI.
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