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A cDNA encoding 35-kDa peroxisome assembly factor 1 (PAF-1), a peroxisomal integral membrane protein, was
cloned from Chinese hamster ovary (CHO) cells and sequenced. The CHO PAF-1 comprised 304 amino acids, one
residue shorter than rat or human PAF-1, and showed high homology to rat and human PAF-1: 90 and 86% at the
nucleotide sequence level and 92 and 90% in amino acid sequence, respectively. PAF-1 from these three species
contains a conserved cysteine-rich sequence at the C-terminal region which is exactly the same as that of a novel
cysteine-rich RING finger motif family. PAF-1 cDNA from a peroxisome-deficient CHO cell mutant, Z65 (T.
Tsukamoto, S. Yokota, and Y. Fujiki, J. Cell Biol. 110:651-660, 1990), contained a nonsense mutation at the codon
for Trp-114, resulting in premature termination. Truncation in PAF-1 of either 19 amino acids from the N terminus
or 92 residues from the C terminus maintained the peroxisome assembly-restoring activity when tested in both the
765 mutant and the fibroblasts from a Zellweger patient. In contrast, deletion of 27 or 102 residues from the N or
C terminus eliminated the activity. PAF-1 is encoded by free polysomal RNA, consistent with a general rule for
biogenesis of peroxisomal proteins, including membrane polypeptides, implying the posttranslational transport and

integration of PAF-1 into peroxisomal membrane.

Two different aspects of peroxisomes have been extensively
studied in recent years. First, the peroxisome may be used as a
model organelle to investigate the mechanism of protein
translocation and organelle assembly. Topogenic signals spe-
cific to peroxisomal transport have been identified, both in vivo
and in vitro, by several groups of investigators, including our
own (for a review, see reference 24). One type of signal is the
-Ser-Lys-Leu-COOH (SKL) motif located at the C termini of
a dozen peroxisomal enzymes (9, 10, 22, 23), and another
consists of the N-terminal extension peptides of 3-ketoacyl-
coenzyme A thiolase (25, 31). Second, human peroxisomal
disorders are of clinical consequence and are considered to be
excellent model systems for the study of biogenesis and the
physiological significance of peroxisomes. Among such auto-
somal recessive disorders, peroxisome deficiency cerebrohepa-
torenal Zellweger syndrome, a prototype, is the most severe
disease, with patients having an average life span of 6 months
(18). Several lines of evidence are consistent with the notion
that all peroxisomal proteins are synthesized normally but that
the assembly of peroxisomes is impaired in patients with such
disorders (37). Four to nine complementation groups have
been reported in generalized peroxisome deficiency disorders,
implying that several genes are essential for peroxisome bio-
genesis (2, 27, 30, 38). Somatic animal cell mutants defective in
the biogenesis of peroxisomes have been isolated and shown to
be useful for the search for genes responsible for human
peroxisomal disorders such as Zellweger syndrome (29, 34, 40).
By transfection of a cDNA library to cell mutants and then
genetic functional complementation analysis, we isolated a
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c¢DNA encoding 35-kDa peroxisome assembly factor 1 (PAF-
1), comprising 305 amino acids, which restores assembly of
peroxisomes and complements the anomalies in one of the
peroxisome-deficient Chinese hamster ovary (CHO) cell mu-
tants, Z65 (33). Furthermore, recently delineated was the
primary defect in a peroxisome-deficient patient with Zell-
weger syndrome who belonged to the same complementation
group as Z65 (30). In order to search for genes involved in
formation of peroxisomes, yeast mutants defective in transport
of peroxisomal polypeptides have also been isolated (3, 4, 11,
19, 36).

In this report, as a step toward understanding the structure
and function relationship of PAF-1, we have isolated a cDNA
for CHO PAF-1 and compared its sequence with those of rat
and human PAF-1. PAF-1 is revealed to be highly conserved
among these three species and a member of a novel cysteine-
rich sequence, RING finger motif family (20). PAF-1 sequence
of the mutant Z65 contained a nonsense mutation at the codon
for Trp-114 resulting in the premature termination of PAF-1
that affected the assembly of peroxisomes in Z65. Moreover,
deletion analysis of PAF-1 suggested that the N-terminal part
of PAF-1 is essential to the function and that the ~90 residues
at the C-terminal region can be truncated.

MATERIALS AND METHODS

Materials. Oligonucleotides used are AAAGACAGCAT
CAGAGAAGATATG (primer HI1, nucleotides [nt] —21
to 3 of rat PAF-1), ACAGGATCCGAGAAGATATG (prim-
er H2, nt —17 to 3) (rat)y, CGAGGATCCATGGCTG
GCAGA (primer H3, nt —9 to 12) (rat/CHO), GTATGCT
GTGTGCACCATTG (primer H4, nt 312 to 331 of CHO
PAF-1), CAACTTGGTTTCTAAAGAGCATT (primer T1, nt
929 to 907) (rat), CTTGGATCCTAAAGAGCATT (primer
T2, nt 926 to 907) (rat), GACAGAATT CATCCTCCCTCAG
AGGAAACA (primer T3, nt 954 to 925) (CHO), AAGAT
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GCTAAATGACGGTTTC (primer T4, nt 391 to 371) (CHO),
TTCCTCTAACCATCTACC (probe WD, nt 351 to 334 of
CHO PAF-1), and TTCCTCTAATCATCTACC (probe MT,
nt 351 to 334 of Z65 PAF-1), where the initiation codon ATG
(primers H1, H2, and H3) or a termination codon TAG
(primers T1 and T2, in complementary orientation) is under-
lined. Oligonucleotides H2, H3, T2, and T3 contain site
mutations (asterisks above mutations) to create restriction
sites. The oligonucleotides were synthesized on a DNA syn-
thesizer (Applied Biosystems model 380A) by cyanoethyl
phosphoramidite chemistry. A cDNA library of CHO cells in a
pcD vector was a generous gift from M. Nishijima and O.
Kuge.

Isolation of rat and CHO PAF-1 cDNAs. A rat liver cDNA
library in pcD2 vector (33) and a cDNA library of CHO cells
constructed in the pcD vector were screened by colony hybrid-
ization with a [**P]Pvull-EcoRI fragment of rat PAF-1 cDNA
(33) as a probe. Positive clones were excised with BamHI;
cDNA was subcloned into pUC18 or Bluescript SK(—) (Strat-
agene). The nucleotide sequence was determined by the
method of Sanger et al. (28). From a rat liver cDNA library, at
least four independent PAF-1 cDNA clones, J, K, T, and U,
were isolated. Three full-length clones, K, T, and U, restored
assembly of peroxisomes in a peroxisome-deficient CHO mu-
tant, Z65, as previously noted, with a PAF-1 cDNA clone D
(33). Nucleotide sequencing revealed that clone K was exactly
the same as clone D (33) and that clones T and U contained a
110-bp-long additional sequence with an in-frame stop codon
and a BamHI site between nucleotide residues —18 and —17 of
clone K (33). It is noteworthy that human genomic clones for
PAF-1 contain an intron at the same position (28a). In this
report, a BamHI-EcoRI fragment of clone T was used for
deletion analysis.

RNA analysis. Total RNA and free and membrane-bound
polysomal RNAs were isolated from rat liver, as previously
described (26). Isolation of RNA from CHO cells and North-
ern (RNA) blot analysis were performed as described else-
where (30).

PCR amplification (reverse transcription-PCR). In experi-
ment 1, cDNA was synthesized from poly(A)* RNA of CHO
cells with an oligo(dT) primer, by PCR with primers H1 and T1
and Taq polymerase (Boehringer-Mannheim) in a buffer rec-
ommended by the manufacturer. A faint band of ~900 bp was
further amplified by the second PCR with H2 and T2 primers
and then subcloned into Bluescript SK(—).

In experiment 2, the first strand of cDNA was synthesized at
37°C for 60 min with 4 pg of total RNA from CHO cells, 0.1
pmol of antisense primer T3, 0.67 mM deoxynucleoside
triphosphates (dNTPs), and 600 U of Moloney murine leuke-
mia virus reverse transcriptase (Bethesda Research Laborato-
ries) in 30 pl of a buffered solution supplied by the manufac-
turer. A 1/15 aliquot of the cDNA synthesized was used for
PCR amplification with 1 U of Vent DNA polymerase (New
England Biolabs), using 20 puM dNTPs and 10 pmol (each) of
primers H3 and T3 in the supplied buffer. The amplified
fragment was digested with BamHI-EcoRI and subcloned into
a vector, pcD2MCS, that had been constructed as follows.
BamHlI, Clal, and Sall sites of vector pcDV1 and two BamHI
sites of vector pL2 were filled in with Klenow enzyme. Those
ligated were the Kpnl-HindIII fragment of pcDV1 containing
the amp gene, the HindIII-Clal (filled in with Klenow) frag-
ment containing the neo gene, and the Kpnl-Sacl (blunted with
T4 DNA polymerase) fragment of a multicloning site derived
from Bluescript SK(—).

Southern blot analysis. Genomic DNA was prepared from
normal rat liver as previously described (21) and digested with
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several restriction enzymes. The digests were separated on a
1% agarose gel and transferred onto a Zeta-Probe membrane
(Bio-Rad) which was then prehybridized for 4 h at 65°C in 6X
SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)—
0.5% sodium dodecyl sulfate (SDS)-5X Denhardt’s solution
containing 0.5 p.g of salmon sperm DNA per ml. Hybridization
was done at 65°C for 16 h with a rat PAF-1 cDNA Pvull-EcoRI
fragment labelled with [>*?P]dCTP by using a random primer
DNA labelling kit (Takara Shuzo, Kyoto, Japan); washing was
done twice at room temperature and once at 65°C with 2X
SSC-0.1% SDS and twice at 65°C, sequentially with 1X
SSC-0.1% SDS and then 0.1X SSC-0.1% SDS.

PCR with allele-specific oligonucleotide analysis. Genomic
DNA was prepared from the wild-type and Z65 CHO cells as
previously described (30). PCR was performed for 40 cycles of
94°C for 0.5 min, 52°C for 1 min, and 72°C for 1.5 min, in 50 pl
of a solution containing 10 mM Tris-HCI (pH 8.3), 50 mM KCl,
1.5 mM MgCl,, 0.001% gelatin, 1 png of genomic DNA, 10
pmol (each) of H4 and T4 primers, 200 puM dNTPs, and 1.5 U
of Tag DNA polymerase (Perkin-Elmer Cetus). The reaction
mixture was subjected to extraction with phenol-chloroform
and subsequent precipitation with ethanol. The resulting DNA
precipitate was dissolved in 10 mM Tris-HCI-1 mM EDTA,
pH 8.0. The PCR products or cDNA clones were diluted in 0.4
M NaOH and spotted onto a Hybond-N* membrane (Amer-
sham). Hybridization was performed at 30°C with 2.5 pmol of
32p_labelled oligonucleotide probe, WD or MT, in 6X SSC, 5X
Denhardt’s solution, and 0.05% sodium PP;. The membrane
was washed twice in 5X SSC-0.1% SDS at 54°C for 15 min.

In vitro mutagenesis of PAF-1 cDNA. In order to construct
PAF-1 mutants with N-terminal deletions, a Ncol site was
introduced at the initiator methionine of rat PAF-1 cDNA by
site-directed mutagenesis. Fragments from the Ncol site to the
Eco01091, EcoRI1l, BstBI, or Sphl site were cleaved out. Other
mutants were obtained by site-directed mutagenesis with syn-
thetic oligonucleotides (16). All mutations were assessed by
nucleotide sequencing. The resulting mutant PAF-1 cDNAs
were subcloned into a BamHI-EcoRI site of the pcD2MCS
vector and separately transfected into CHO cells and human
fibroblasts and then selected with G418, as previously de-
scribed (30, 33). Peroxisomes in the CHO cells and the
fibroblasts were detected by staining with rabbit antibodies to
rat and human catalases, respectively, and fluorescein isothio-
cyanate-labelled anti-rabbit immunoglobulin G second anti-
body (30).

Nucleotide sequence accession number. The nucleotide se-
quence of a DNA encoding PAF-1 of Chinese hamster was
submitted to the GenBank database, together with those of rat
PAF-1 c¢cDNA clones T and U, under accession numbers
D30618, D30616, and D30617, respectively.

RESULTS

Southern and Northern analysis. In Southern blot analysis
of genomic DNA from rat liver, a single band was noted in all
of the digests with EcoRI, BamHI, HindlIl, and Pstl, suggest-
ing that PAF-1 is likely to be a single-copy gene (Fig. 1).

To examine whether PAF-1 can be induced by peroxisome
proliferators such as clofibrate, a hypolipidemic drug that
induces peroxisomal proteins, including B-oxidation enzymes
(26), total liver RNA from normal and clofibrate-treated rats
was analyzed by Northern blot. By treatment with clofibrate,
the level of acyl-coenzyme A oxidase mRNA increased ~50-
fold, while B-actin mRNA changed 1.1-fold, as assessed by
RNA dot blot analysis with the respective cDNAs (not shown).
Nearly the same amounts of RNA from normal and clofibrate-
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FIG. 1. Southern analysis of rat genomic DNA. Rat genomic DNA
(10 pg) was digested with the restriction enzymes indicated above,
separated, transferred onto a membrane, and probed with a 3?P-
labelled Pvull-EcoRI fragment of rat PAF-1 cDNA. DNA size mark-
ers (in kilobases) are on the left. Exposure, 2 days.

treated rats bound to the PAF-1 cDNA, suggesting that PAF-1
is not noticeably induced by clofibrate (Fig. 2, lanes 3 and 4).
The intracellular site of synthesis of PAF-1 was also studied by
Northern blot analysis of free and membrane-bound polysomal
RNAs from the liver of a clofibrate-treated rat. In vitro
translation of RNA followed by immunoprecipitation of cata-
lase and preproalbumin, marker proteins for synthesis on free
and membrane-bound polysomes, respectively (6, 7, 26), re-
vealed that free and membrane-bound RNAs were 90 and 98%
pure, respectively, confirming adequate separation of two types
of polysomes (not shown). An RNA band hybridized with
PAF-1 cDNA was predominant in free polysomal RNA (Fig. 2,
lanes 5 and 6), strongly suggesting the synthesis of PAF-1 on
free polysomes, in accordance with a general rule for biogen-
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FIG. 2. RNA blot analysis of PAF-1. RNA was separated, trans-
ferred to a nylon membrane, and hybridized with ?P-labelled cDNA
probes for rat PAF-1 (A) and human B-actin (B). Lanes: 1 and 2,
poly(A)* RNA (8 pg) from wild-type and Z65 CHO cells, respectively;
3 and 4, total RNA (20 pg) from the livers of a control (NL) and a
clofibrate-treated (CL) rat, respectively; 5 and 6, total RNA (25 pg) of
free and membrane-bound polysomes, respectively, from a clofibrate-
treated rat. RNA standards are on the left. Exposure: panel A, lanes 1
to 4, 19 days; lanes 5 and 6, 24 days; panel B, 5 h.
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esis of peroxisomal soluble and membrane polypeptides (1, 17,
24).

Deletion analysis of PAF-1. Next, in order to study the
relation of the structure and function of PAF-1, various in
vitro-mutagenized PAF-1 cDNAs were constructed and as-
sayed for restoring activity in peroxisome assembly by trans-
fection to Z65 cells (Fig. 3). Numerous catalase-positive par-
ticles (peroxisomes) were apparent in the wild-type CHO cells,
whereas no peroxisome was seen in the mutant Z65 and
mock-transfected Z65 (Fig. 3A to C). Wild-type rat PAF-1
cDNA evidently failed to restore peroxisome assembly in other
mutants, Z24 (34) and ZP92 (29), consistent with the notion
that these two mutants are in complementation groups differ-
ent from that of Z65 (Fig. 3D and E). Peroxisomes in Z65
transfected with cDNA encoding a PAF-1 mutant with dele-
tion of amino acid residues 2 through 19 at the N-terminal part
were as numerous as in the transfectants with full-length
PAF-1 cDNA, whereas no peroxisomes were seen with several
PAF-1 mutants deleted in residues 2 to 27 or further (Fig. 3F
to H and 4). Partial deletion mutants in the C-terminal region
including that up to amino acid residue 214 from the C
terminus, just after the second putative membrane-spanning
region, did not influence the apparent activity of PAF-1,
whereas truncation of residues from the C terminus, such as
that of residues 204 to 305 and those deleted further, resulted
in a loss of the activity (Fig. 31 and J and 4).

As a clue to search for a peroxisomal targeting signal of
PAF-1, we examined PAF-1 mutants with a site mutation of
lysine 219 to glutamic acid in the sequence Ala-Lys-Leu,
residues 218 to 220, similar to a C-terminal SKL motif that has
been shown to lose the topogenic activity by mutation to SEL
(9, 22). Normal appearance of peroxisomes was evident,
suggesting that this internal AKL is not important for PAF-1
(Fig. 3K). This is compatible with the finding that a PAF-1
mutant deleted in residues 214 to 305 was functional and
presumably localized to the peroxisomal membrane. As a step
to understanding the significance in PAF-1 of the cysteine-rich
RING finger motif (20), cysteine 264 was replaced with serine.
Peroxisomes were formed by this PAF-1 mutant, indicating
that one site mutation of the motif exerts no apparent effect
(Fig. 3L). Moreover, peroxisomes were evident with PAF-1
mutants with deletion of the entire sequence of the RING
finger (Fig. 31 and 4).

Transfection of deletion mutants of rat PAF-1 cDNA was
also done by using skin fibroblasts from a patient with Zell-
weger syndrome who belonged to the same complementation
group as Z65 cells (30) (Fig. 5). The PAF-1 mutants with the
deletion in amino acid residues 2 to 19 or 214 to 305 apparently
restored peroxisome assembly (Fig. SA and C), as noted with
the wild-type PAF-1 cDNA (Fig. 4) (29). No peroxisomes were
detectable in the fibroblasts transfected with the PAF-1 mu-
tants with a deletion in residues 2 to 27, 204 to 305, or 126 to
305 (Fig. 4 and 5B and D). These results were fully compatible
with those obtained with Z65 (Fig. 3 and 4).

Primary defect in CHO mutant Z65. To investigate the
dysfunction of PAF-1 in mutant Z65, Northern blot analysis
was performed (Fig. 2, lanes 1 and 2). An RNA band of ~1.9
kb, similar in size and amount to that from the wild-type cells,
was detected, suggesting that the dysfunction of PAF-1 is
unlikely to be at the transcriptional level. Next, to examine
whether the PAF-1 gene of Z65 is mutated, cloning of PAF-1
cDNA from the wild-type and Z65 cells was carried out by
means of PCR. In experiment 1, amplification of PAF-1 cDNA
was evident with only one preparation of RNA, among several
examined, from the wild-type CHO cells (not shown). Nucle-
otide sequence analysis revealed that all four subclones con-



FIG. 3. Transfection of truncated and site-mutated variants of PAF-1. Peroxisome-deficient Z65 cells were transfected with deleted or
site-mutated variants of rat PAF-1 (A to L) and with Chinese hamster PAF-1 (M and N); the transfectants were stained for catalase. (A) Wild-type
CHO cells; (B) mutant Z65; (C) Z65 with pcD2 vector alone; (D to F) mutants Z24, ZP92, and Z65, respectively, transfected with full-length PAF-1
cDNA; (G and H) Z65 with PAF-1 truncated in the N-terminal region, at residues 2 to 19 and 2 to 27, respectively; (I and J) Z65 with PAF-1
deleted in the C-terminal part, at residues 214 to 305 and 204 to 305, respectively; (K and L) Z65 with PAF-1 site-mutated at residues K-219 and
C-264 to E and S, respectively; (M and N) Z65 transfected with PAF-1 cDNAs isolated from the wild-type CHO cells and Z65, respectively. Bar,

40 pm.
5461
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Transfection

1 100 200 300 305 Activity 765 MM
wr . : U + 1420 12/20
A2-19 - + 16/20 712
A2-27 = — 0/10  0/12
A2-44 - — 0/20
A2-82 = — 0/20
A2-124 = e ——— — 0/20
A2-183 = R — — 0/20
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A126-305 = 020  0/12
C264g S — + 12120
K219-g E + 15/20

FIG. 4. Summary of deletion and mutation analysis of PAF-1. All
truncated and mutated variants of PAF-1, shown by solid bars, were
tested for restoring activity in peroxisome assembly (see Fig. 3 and 5).
Two putative hydrophobic membrane-spanning segments are indicated
by stippled bars. WT, wild-type, full-length PAF-1; deletion mutants
are indicated as Am-n, where m and n represent amino acid residues of
starting and terminal positions of deletion, respectively. Activity,
where peroxisome-positive clones were predominant in 20 G418-
resistant colonies counted, was indicated as positive (+).

tained several misincorporated bases. Accordingly, they were
not tested for complementation assay by transfection to Z65.
Nevertheless, all of the clones contained the 5’'-coding se-
quence ATGGCTGGCAGA.

Subsequently, one positive colony was cloned by screening a
CHO cDNA library with rat PAF-1 cDNA, and its plasmid
apparently contained a cDNA clone with a partial, ~500-bp
sequence of PAF-1. To obtain cDNA clones including open
reading frames, PCR was done with Vent DNA polymerase
and with primers H3, containing the sequence ATGGCTG
GCAGA at the 3’ end, and T3, with a complementary se-
quence of the partial CHO PAF-1 cDNA cloned above but
with one substituted nucleotide to create an EcoRI site. Two
~950-bp fragments from RNA, one from the wild type and the
other from the mutant cells, were noted. Subclones in the
pcD2MCS vector of the cDNA, six from the wild type and five
from the mutant Z65, were sequenced. All of the PAF-1 cDNA
from the wild-type cells showed the same nucleotide sequence,
from which the deduced amino acid sequence of PAF-1
comprised 304 residues (Fig. 6). PAF-1 of CHO cells showed
homology to those of rat and human cells, 90 and 86% in the
nucleotide sequence and 92 and 90% at the deduced amino
acid sequence level, respectively, indicating a high degree of
conservation of PAF-1 among at least these three mammalian
species. All five PAF-1 cDNA clones from mutant Z65 were
found to contain the same nucleotide sequence as the wild
type, except for one base substitution, A for G at position 342,
resulting in the creation of a termination codon TGA instead
of TGG for Trp-114 (Fig. 7A). Both PAF-1 cDNAs from the
wild-type and Z65 cells were separately transfected to Z65
cells. Peroxisomes were apparent only in the wild-type PAF-1
cDNA-transfected cells but not in the cells with the PAF-1
cDNA from the Z65 cells, indicating the dysfunction of Z65
PAF-1, presumably due to a premature termination (Fig. 3M
and N). This is compatible with the findings with truncated
PAF-1 mutants such as that deleted in residues 126 to 305 (Fig.
3 to 5). With these data taken together, the nonsense mutation
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at Trp-114 of PAF-1 appeared to be the cause of peroxisome
deficiency in Z65 cells.

In PCR with allele-specific oligonucleotide analysis of
genomic DNA from the wild-type and Z65 cells, nearly the
same amount of ~80-bp DNA fragments was synthesized by
amplification from both types of cells (not shown), suggesting
that no intron was present in the CHO PAF-1 gene(s) between
the sequences of the primers H4 and T4, in accordance with
the observation of the human genome (30). In the hybridiza-
tion of these fragments with oligonucleotide probes, each
specific for the wild-type (probe WT) and mutant-type (probe
MT) sequences, a strong signal was noted for the wild-type
DNA with probe WT but not with MT, and conversely for the
fragment of Z65 only with MT (Fig. 7B). Probes WT and MT
likewise hybridized exclusively with PAF-1 cDNA clones from
the wild-type and mutant Z65 cells, respectively. This result
strongly suggested that the mutation in the PAF-1 gene of Z65
cells was homozygous or hemizygous and that no wild-type or
no other mutant allele with the wild-type sequence at position
342 was present in Z65. The hemizygosity of PAF-1 appears
more likely in CHO cells, with a notion of rather highly
frequent isolation of the Z65-type mutants (29, 39, 41).

DISCUSSION

Homology higher than 90% among the primary sequences of
PAF-1 from rats (33), humans (30), and Chinese hamsters
implies that PAF-1 is highly conserved through evolution.
Chinese hamster PAF-1 comprises 304 amino acids, one
residue shorter than rat or human PAF-1. The one-amino-acid
deletion is at alignment position 5, where glutamic acid and
lysine are located in the rat and human sequences, respectively.
These three PAF-1s, with an acidic amino acid at this position
in rats, a basic residue in humans, and one deletion in CHO
cells, are all functional, suggesting that the residue at align-
ment position 5 is not essential to the function of PAF-1. This
inference is consistent with the finding in the deletion analysis
of rat PAF-1, in which amino acid residues 2 through 19 at the
N-terminal part can be removed without loss of the activity.
PAF-1s from the three species all also contain two putative
membrane-spanning segments, suggesting the importance of
these regions for the topology and function of PAF-1.

A cysteine-rich region in the C-terminal part of PAF-1, at
alignment positions 244 through 305, contains a RING finger
motif, C;GHC,, C-X-(I,V)-C-X(11 to 30 residues of any amino
acids)-C-X-H-X~(F,I,L)-C-X(2)-C-(I,V,L,M)-X(10 to 18)-C-P-
X(1)-C, common to the sequences of a number of diverse
proteins, including many transcription regulators, and was
thereby thought to interact with DNA (5, 20). However, PAF-1
appears less likely to be involved in DNA binding simply
because of the absence of DNA in peroxisomes (15), which is
compatible with alternative possible function of the RING
finger, i.e., involvement in specific protein-protein interaction
through binding with zinc or divalent metal ions (5). The
RING finger motif was also noted in complementing genes
PAS-4 and PAS-5 for peroxisome assembly-defective pas mu-
tants of the yeast Saccharomyces cerevisiae (12). To our sur-
prise, however, this RING finger does not appear to be
essential to the peroxisome-restoring activity of PAF-1, as
deduced from the truncation studies (Fig. 3I and 4). The
functional significance of this motif is to be investigated. Very
recently, Thieringer and Raetz (32) reported that two types of
point mutations of PAF-1, Arg-124 to a stop codon and
Cys-246 to Tyr, were noted in peroxisome-deficient CHO
mutants apparently belonging to the same complementation
group as Z65. The former mutation is similar to the incident
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FIG. 5. Transfection of rat PAF-1 truncated at N- and C-terminal parts to fibroblasts from a peroxisome-deficient Zellweger patient.
Fibroblasts, from a patient with Zellweger syndrome, that belong to the same complementation group as Z65 (30) were transfected with truncated
forms of rat PAF-1. (A and B) PAF-1 deleted in the N-terminal region, at residues 2 to 19 and 2 to 27, respectively; (C and D) PAF-1 with
truncation at the C-terminal part, residues 214 to 305 and 204 to 305, respectively (see Fig. 3G-J). Bar, 25 pm.

which occurred in Z65 and is consistent with the results of the
deletion study described in this report. The latter disagrees
with our results, which suggest that the cysteine-rich motif
appears to be dispensable, although the possibility of instability
of PAF-1 caused by this mutation cannot be excluded. It would
be worthwhile to examine whether this mutant PAF-1 could
restore the peroxisome assembly.

The primary sequence of PAF-1 with deletion of amino acid
residues 2 through 19 at the N terminus and residues 214 to
305 in the C-terminal part appears to be essential for peroxi-
some-restoring activity, although the possibility of intracellular
degradation, improper targeting, or failure in expression of
several PAF-1 mutants, thereby showing no peroxisome-re-
storing activity, cannot be excluded. However, the results in
transfection to Z65 cells of deletion mutants of PAF-1, partic-
ularly those truncated in residues 2 to 19, 2 to 27, 204 to 305,
and 214 to 305, are unambiguously consistent with the findings
made by using peroxisome-deficient fibroblasts from a Zell-
weger patient, implying that such a possibility is less likely (Fig.
3to5).

Our studies on three mutually distinct, peroxisome-defective
CHO mutants, Z24 (34), Z65 (34), and recently isolated ZP92
(29), suggested that assembly of peroxisomes is impaired in
these mutants, although there is normal synthesis of peroxiso-

mal polypeptides. The formation of peroxisomes was restored
in a mutant, Z65, by expression of the transfected cDNA
encoding PAF-1 (33). In this report, we searched for the
primary defect in the impaired assembly of peroxisomes in Z65
and found a nonsense point mutation in the PAF-1 gene
causing the premature termination at residue Trp-114, which
presumably resulted in synthesis of immature and nonfunc-
tional PAF-1. This finding was assessed by back-transfection of
this mutated PAF-1 cDNA to Z65, in which no peroxisomes
were formed. A nonsense point mutation at Trp-124 in the
PAF-1 gene was noted in a CHO mutant, ZR-82 (32). More-
over, we recently observed in a Zellweger patient, patient 1,
the premature termination of PAF-1 by a homozygous non-
sense mutation at residue Arg-119 very similar to those in Z65
and ZR-82, resulting in the dysfunction of PAF-1, which was
apparently the cause of the Zellweger syndrome (30). Taken
together, the mutation in this region of the PAF-1 gene in
human and CHO cells may not be coincidental but might be
more frequent than those in other parts of the sequence.
Synthesis of PAF-1 on cytoplasmic free polysomes is com-
patible with the general idea of a posttranslational mechanism
of peroxisome assembly (1, 17, 35). As a step toward the
understanding of peroxisome biogenesis, it is important to
study the mechanism of transport and integration of peroxiso-
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FIG. 6. Amino acid sequence of Chinese hamster PAF-1. The
deduced amino acid sequence of Chinese hamster PAF-1 (c) is shown,
in comparison to rat (r) and human (h) sequences; only amino acids
different from those of Chinese hamster PAF-1 are indicated for the
rat and human sequences. Two putative membrane-spanning segments
are underlined; cysteine residues in the novel cysteine-rich RING
finger sequence are highlighted by shading.

mal membrane proteins, particularly those with known func-
tion, such as PAF-1 and Pas3p of S. cerevisiae (13). PAF-1 does
not appear to be induced by a peroxisome proliferator, clofi-
brate, that enhances transcription of several peroxisomal pro-
teins such as B-oxidation enzymes (7, 26). Among other
peroxisomal membrane polypeptides, the 22-kDa integral
membrane protein is not inducible (6), while the 70-kDa
membrane protein, a member of the ATP-binding cassette
transporters (14), is inducible. Of 21 patients of one comple-
mentation group, two point mutations (a donor splice site
mutation and a missense mutation) in the human gene for the
70-kDa peroxisomal membrane protein, one each in one allele
of 2 patients with Zellweger syndrome, were noticed (8).
Functional significance, however, of the 70-kDa membrane
protein in peroxisome biogenesis has not been elucidated.
Membrane proteins essential for assembly of peroxisomes,
some of which (e.g., PAF-1) appear not to be induced in a
chemically significant amount, may function as key proteins, in
a catalytic manner, mediating peroxisomal formation.
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FIG. 7. Nonsense mutation of PAF-1 in CHO mutant Z65. (A)
Sequence analysis of PAF-1 cDNA. cDNA for PAF-1 was isolated
from the CHO mutant Z65 and sequenced. A part of the sequencing
autoradiogram where a point mutation was noted is shown. A point
mutation changes a codon for Trp-114, TGG, in the wild type (open
arrowhead) to a stop codon, TGA, in the mutant Z65 (solid arrow-
head). (B) Allele-specific oligonucleotide analysis for PAF-1 mutation.
PCR products from the wild-type and Z65 genomic DNA (lanes 1 and
2) and PAF-1 cDNA clones from the wild-type and Z65 cells (lanes 3
and 4) were hybridized with *?P-labelled, wild-type and mutant oligo-
nucleotide probes WD and MT. Exposure, 1 h.

MoL. CELL. BIOL.

ACKNOWLEDGMENTS
We thank M. Nishijima and O. Kuge for a cDNA library from CHO

cells, R. Walton and T. Osumi for helpful comments, and Izumi
Kasuya-Arai for technical assistance.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

. Borst, P. 1986. Review: how proteins get into microbodies (per-
oxisomes, glyoxysomes, glycosomes). Biochim. Biophys. Acta 866:
179-203.

. Brul, S., A. Westerveld, A. Strijland, R. J. A. Wanders, A. W.
Schram, H. S. A. Heymans, R. B. H. Schutgens, H. van den Bosch,
and J. M. Tager. 1988. Genetic heterogeneity in the cerebrohepa-
torenal (Zellweger) syndrome and other inherited disorders with a
generalized impairment of peroxisomal functions. J. Clin. Invest.
81:1710-1715.

. Cregg, J. M., L. J. Van Klei, G. J. Sulter, M. Veenhuis, and W.
Harder. 1990. Peroxisome-deficient mutants of Hansenula poly-
morpha. Yeast 6:87-97.

. Erdmann, R., M. Veenhuis, D. Mertens, and W.-H. Kunau. 1989.
Isolation of peroxisome-deficient mutants of Saccharomyces cer-
evisiae. Proc. Natl. Acad. Sci. USA 86:5419-5423.

. Freemont, P. S., I. M. Hanson, and J. Trowsdale. 1991. A novel
cysteine-rich sequence motif. Cell 64:483—484. (Letter.)

. Fujiki, Y., R. A. Rachubinski, and P. B. Lazarow. 1984. Synthesis
of a major integral membrane polypeptide of rat liver peroxisomes
on free polysomes. Proc. Natl. Acad. Sci. USA 81:7127-7131.

. Fujiki, Y., R. A. Rachubinski, R. M. Mortensen, and P. B.
Lazarow. 1985. Synthesis of 3-ketoacyl-CoA thiolase of rat liver
peroxisomes on free polyribosomes as a larger precursor. Induc-
tion of thiolase mRNA activity by clofibrate. Biochem. J. 226:697-
704.

. Girtner, J., H. Moser, and D. Valle. 1992. Mutations in the 70K
peroxisomal membrane protein gene in Zellweger syndrome.
Nature Genet. 1:16-23.

. Gould, S. J., G.-A. Keller, N. Hosken, J. Wilkinson, and S.

Subramani. 1989. A conserved tripeptide sorts proteins to peroxi-

somes. J. Cell Biol. 108:1657-1664.

Gould, S. J., G.-A. Keller, and S. Subramani. 1988. Identification

of peroxisomal targeting signals located at the carboxy terminus of

four peroxisomal proteins. J. Cell Biol. 107:897-905.

Gould, S. J., D. McCollum, A. P. Spong, J. A. Heyman, and S.

Subramani. 1992. Development of the yeast Pichia pastoris as a

model organism for a genetic and molecular analysis of peroxi-

some assembly. Yeast 8:613-628.

Hohfeld, J., D. Mertens, F. F. Wiebel, and W.-H. Kunau. 1992.

Defining components required for peroxisome assembly in Sac-

charomyces cerevisiae, p. 185-207. In W. Neupert and R. Lill (ed.),

Membrane biogenesis and protein targeting. Elsevier Science

Publishers B.V., Amsterdam.

Hohfeld, J., M. Veenhuis, and W.-H. Kunau. 1991. PAS3, a

Saccharomyces cerevisiae gene encoding a peroxisomal integral

membrane protein essential for peroxisome biogenesis. J. Cell

Biol. 114:1167-1178.

Kamijo, K., S. Taketani, S. Yokota, T. Osumi, and T. Hashimoto.

1990. The 70-kDa peroxisomal membrane protein is a member of

the Mdr(P-glycoprotein)-related ATP-binding protein superfam-

ily. J. Biol. Chem. 265:4534-4540.

Kamiryo, T., M. Abe, K. Okazaki, S. Kato, and N. Shimamoto.

1982. Absence of DNA in peroxisomes of Candida tropicalis. J.

Bacteriol. 152:269-274.

Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis

without phenotypic selection. Proc. Natl. Acad. Sci. USA 82:488-

492.

Lazarow, P. B., and Y. Fujiki. 1985. Biogenesis of peroxisomes.

Annu. Rev. Cell Biol. 1:489-530.

Lazarow, P. B., and H. W. Moser. 1989. Disorders of peroxisome

biogenesis, p. 1479-1509. In C. R. Scriver, A. I. Beaudet, W. S. Sly,

and D. Valle (ed.), The metabolic basis of inherited disease, 6th
ed. McGraw-Hill, New York.

Liu, H., X. Tan, M. Veenhuis, D. McCollum, and J. M. Cregg.

1992. An efficient screen for peroxisome-deficient mutants of

Pichia pastoris. J. Bacteriol. 174:4943-4951.

Lovering, R., I. M. Hanson, K. L. B. Borden, S. Martin, N. J.



VoL. 14, 1994

21.

22.

23.

24.

25.

26.

27.

28.

O’Reilly, G. L. Evan, D. Rahman, D. J. C. Pappin, J. Trowsdale,
and P. S. Freemont. 1993. Identification and preliminary charac-
terization of a protein motif related to the zinc finger. Proc. Natl.
Acad. Sci. USA 90:2112-2116.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Miura, S., I. Kasuya-Arai, H. Mori, S. Miyazawa, T. Osumi, T.
Hashimoto, and Y. Fujiki. 1992. Carboxyl-terminal consensus
Ser-Lys-Leu-related tripeptide of peroxisomal proteins functions
in vitro as a minimal peroxisome-targeting signal. J. Biol. Chem.
267:14405-14411.

Miyazawa, S., T. Osumi, T. Hashimeto, K. Ohno, S. Miura, and Y.
Fujiki. 1989. Peroxisome targeting signal of rat liver acyl-coen-
zyme A oxidase resides at the carboxy terminus. Mol. Cell. Biol.
9:83-91.

Osumi, T., and Y. Fujiki. 1990. Topogenesis of peroxisomal
proteins. Bioessays 12:217-222.

Osumi, T., T. Tsukamoto, S. Hata, S. Yokota, S. Miura, Y. Fujiki,
M. Hijikata, S. Miyazawa, and T. Hashimoto. 1991. Amino-
terminal presequence of the precursor of peroxisomal 3-ketoacyl-
CoA thiolase is a cleavable signal peptide for peroxisomal target-
ing. Biochem. Biophys. Res. Commun. 181:947-954.
Rachubinski, R. A., Y. Fujiki, R. M. Mortensen, and P. B.
Lazarow. 1984. Acyl-CoA oxidase and hydratase-dehydrogenase,
two enzymes of the peroxisomal B-oxidation system, are synthe-
sized on free polysomes of clofibrate-treated rat liver. J. Cell Biol.
99:2241-2246.

Roscher, A. A,, S. Hoefler, G. Hoefler, E. Paschke, F. Paltauf, A.
Moser, and H. Moser. 1989. Genetic and phenotypic heterogene-
ity in disorders of peroxisomal biogenesis—a complementation
study involving cell lines from 19 patients. Pediatr. Res. 26:67-72.
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5467.

28a.Shimozawa, N., et al. Unpublished data.

29.

30.

31.

Shimozawa, N., T. Tsukamoto, Y. Suzuki, T. Orii, and Y. Fujiki.
1992. Animal cell mutants represent two complementation groups
of peroxisome-defective Zellweger syndrome. J. Clin. Invest.
90:1864-1870.

Shimozawa, N., T. Tsukamoto, Y. Suzuki, T. Orii, Y. Shirayoshi, T.
Mori, and Y. Fujiki. 1992. A human gene responsible for Zell-
weger syndrome that affects peroxisome assembly. Science 255:
1132-1134.

Swinkels, B. W,, S. J. Gould, A. G. Bodnar, R. A. Rachubinski, and

STRUCTURE AND FUNCTION ANALYSIS OF PAF-1

32.

33.

34.

35.

36.

37.

38.

39.

41.

5465

S. Subramani. 1991. A novel, cleavable peroxisomal targeting
signal at the amino-terminus of the rat 3-ketoacyl-CoA thiolase.
EMBO J. 10:3255-3262.

Thieringer, R., and C. R. H. Raetz. 1993. Peroxisome-deficient
Chinese hamster ovary cells with point mutations in peroxisome
assembly factor-1. J. Biol. Chem. 268:12631-12636.

Tsukamoto, T., S. Miura, and Y. Fujiki. 1991. Restoration by a
35K membrane protein of peroxisome assembly in a peroxisome-
deficient mammalian cell mutant. Nature (London) 350:77-81.
Tsukamoto, T., S. Yokota, and Y. Fujiki. 1990. Isolation and
characterization of Chinese hamster ovary cell mutants defective
in assembly of peroxisomes. J. Cell Biol. 110:651-660.

van den Bosch, H., R. B. H. Schutgens, R. J. A. Wanders, and J. M.
Tager. 1992. Biochemistry of peroxisomes. Annu. Rev. Biochem.
61:157-197.

Van der Leij, I., M. Van den Berg, R. Boot, M. Franse, B. Distel,
and H. F. Tabak. 1992. Isolation of peroxisome assembly mutants
from Saccharomyces cerevisiae with different morphologies using a
novel positive selection procedure. J. Cell Biol. 119:153-162.
Wiemer, E. A. C,, S. Brul, W. W. Just, R. van Diel, E. Brouwer-
Kelder, M. van den Berg, P. J. Weijers, R. B. H. Schutgens, H. van
den Bosch, A. Schram, R. J. A. Wanders, and J. M. Tager. 1989.
Presence of peroxisomal membrane proteins in liver and fibro-
blasts from patients with the Zellweger syndrome and related
disorders: evidence for the existence of peroxisomal ghosts. Eur. J.
Cell Biol. 50:407-417.

Yajima, S., Y. Suzuki, N. Shimozawa, S. Yamaguchi, T. Orii, Y.
Fujiki, T. Osumi, T. Hashimoto, and H. W. Moser. 1992. Comple-
mentation study of peroxisome-deficient disorders by immunoflu-
orescence staining and characterization of fused cells. Hum.
Genet. 88:491-499.

Zoeller, R. A, L.-A. H. Allen, M. J. Santos, P. B. Lazarow, T.
Hashimoto, A. M. Tartakoff, and C. R. H. Raetz. 1989. Chinese
hamster ovary cell mutants defective in peroxisome biogenesis.
Comparison to Zellweger syndrome. J. Biol. Chem. 264:21872-
21878.

. Zoeller, R. A,, and C. R. H. Raetz. 1986. Isolation of animal cell

mutants deficient in plasmalogen biosynthesis and peroxisome
assembly. Proc. Natl. Acad. Sci. USA 83:5170-5174.

Zoeller, R. A, S. Rangaswamy, H. Herscovitz, W. B. Rizzo, A. K.
Hajra, A. K. Das, H. W. Moser, A. Moser, P. B. Lazarow, and M. J.
Santos. 1992. Mutants in a macrophage-like cell line are defective
in plasmalogen biosynthesis, but contain functional peroxisomes.
J. Biol. Chem. 267:8299-8306.



