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We report  here  the  cloning  and  initial  characteriza- 
tion of PAS4 a  gene  required  for  peroxisome  assembly  in 
the  yeast Pichia  pastoris. The PAS4 gene  encodes  a 24- 
kDa  protein  (Pas4p)  that is located  on  the  cytoplasmic 
surface  of  peroxisomes  and  is  induced  during  peroxi- 
some  proliferation.  Analysis  of  the  Pas4p  sequence  re- 
vealed  a  high  degree of similarity  to  ubiquitin-conjugat- 
ing  enzymes,  particularly  in  the  region  surrounding  the 
putative  active-site  cysteine  residue  with  which  ubiq- 
uitin forms a  thioester  bond. As expected  for a ubiq- 
uitin-conjugating  enzyme,  substitution of alanine or ser- 
ine  for  the  conserved active-site  cysteine  residue 
abolished PAS4 function. In  addition, a small  amount of 
a 32  kDa  form  of  Pas4p (the  predicted  size of a Pas4p- 
ubiquitin  conjugate)  was  detected  both in vivo and in 
vitro. This species was  eliminated  by  reducing  agents 
and  was  not  detected  in  the  cysteine  to  alanine  substi- 
tution  mutant,  suggesting  that  it is a  Pas4p-ubiquitin 
conjugate.  Using  a  yeast  strain  that  overexpresses  a 
Myc-ubiquitin  fusion  protein,  we  demonstrate  directly 
that  this  conjugate  contains  ubiquitin. We conclude 
from these  observations  that PAS4 is a member  of  the 
ubiquitin-conjugating  enzyme  gene  family  and  that  one 
or  more  ubiquitination  reactions  are  required  for  per- 
oxisome  assembly. 

Peroxisomes are   an almost  universal component of eukary- 
otic cells and  are involved in a wide range of metabolic proc- 
esses  including  the P-oxidation of fatty acids, elimination of 
hydrogen  peroxide via  catalase,  synthesis of plasmalogens and 
cholesterol, and  in  yeast,  the glyoxylate cycle and  the oxidation 
of methanol  (Lazarow  and  Fujiki, 1985). Although the wide 
range of processes that occur in peroxisomes makes  it difficult 
to  assign a general metabolic  role to  this organelle, its impor- 
tance  in  cellular  metabolism is underscored by the  severe ef- 
fects of peroxisomal  dysfunction. This  is most clearly demon- 
strated  in  the  human genetic disorders Zellweger syndrome, 
neonatal adrenoleukodystrophy, and  infantile Refsum’s disease 
which are  characterized by mental  retardation,  severe neuro- 
logic, hepatic,  and  renal  abnormalities,  and  premature mor- 
tality. The  central defect in  patients  with  these  disorders  is  an 
inability to  assemble  functional peroxisomes (Lazarow  and 
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Moser, 1989). At the  cellular level, this results in mislocaliza- 
tion of peroxisomal enzymes, loss or reduction of peroxisomal 
enzyme activities,  accumulation of metabolic intermediates 
normally  degraded  in peroxisomes, and a deficiency in me- 
tabolites  normally  synthesized  in peroxisomes. Which of these 
phenomena  actually  causes  the  disease  state  remains  to be 
determined. 

The  currently  held model of peroxisome assembly proposes 
that peroxisomes arise by division of pre-existing peroxisomes 
and  that  they  acquire  their  content by selective uptake of pro- 
teins  and lipids  from the cytoplasm  (Lazarow and  Fujiki, 1985). 
Peroxisomal proteins  are  synthesized on free polyribosomes 
and  imported  post-translationally  into  the peroxisome. The 
peroxisomal targeting  signals (PTSs)’ present  within  these pro- 
teins allow the cell t o  distinguish  them from other proteins. 
Several  PTSs  have  been identified and two have been exten- 
sively characterized.  The  type I PTS  is  present  within most 
peroxisomal matrix  proteins from almost all eukaryotes (Gould 
et al., 1990a;  Keller et al., 1991). This  signal consists of a tri- 
peptide at   the extreme carboxyl terminus of the  protein  and  has 
the sequence serine-lysine-leucine-COOH or a  conservative 
variant (Keller et  al., 1987; Gould et al., 1987,  1988,  1989, 
1990b;  Miyazawa et al., 1989;  Aitchison et  al., 1991; Swinkels et 
al., 1992). The  type I1 PTS  was identified in peroxisomal thio- 
lases  and  consists of 11 amino acids at the  amino  terminus of 
the  protein  (Swinkels et  al., 1991; Osumi et al., 1991). Like the 
PTS-I, this  signal is also involved in  targeting  proteins  to  the 
peroxisomal matrix. No PTS has been  identified that  directs 
proteins to  the peroxisomal membrane. 

To better  understand  the process of peroxisome assembly and 
to  help  elucidate  the molecular basis of human genetic  disor- 
ders  such as Zellweger syndrome, we have  undertaken a ge- 
netic  analysis of this process in  yeast. Peroxisome-deficient 
mutants of Pichia pastoris ( p a s  mutants)  have  been isolated. 
These  mutants  are specifically unable  to grow on fatty  acids 
and  methanol  due to  the  requirement for peroxisomal enzymes 
in  the  utilization of either carbon  source @-oxidation enzymes 
for fatty  acids, alcohol oxidase and dihydroxyacetone synthase 
for methanol).  These enzymes are normally  found within  the 
matrix of the peroxisome and  require  the peroxisomal  environ- 
ment for proper activity in vivo. At least  12  genes  are  required 
for peroxisome assembly  in l? pastoris (Gould et al., 1992;  Liu 
et al., 19921,’ and a similar  number  have been  identified in  the 
yeast Saccharomyces cerevisiae (Kunau et al., 1993). The clon- 
ing,  sequencing,  and  characterization of these  genes  and  their 
products will lead  to a  more  complete understanding of peroxi- 
some  assembly. 
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TABLE I 
Yeast strains  used  and  their  source  or ref: 

Strain Genotype Sourcelref. 

PPY3  arg4-l 
PPY31  pas4-l 

Gould et al., 1992 
Gould et  al., 1992 

SGYl  pas4-1,  arg4-1 
SGY55 his4A::ARG4 

This  study 

SGYlOO  pas4A::ARG4 
Crane  and Gould, 1994 

SGYlOl pas4A:ARG4, his4A:ARG4 
This  study 

SGY348 aox1::Ub lHIS4, his4A:ARG4 This  study 
This  study 

SGY350 aoxl::MycUblHIS4, his4A:ARG4 This  study 

In a  previous report, we described the isolation and charac- 
terization of the pas4-1 mutant (Gould et at., 1992). This  strain 
carries a defect in  the PAS4 gene and,  like  all pas mutants,  is 
unable  to assemble  functional peroxisomes as  determined by 
two independent techniques:  electron microscopy, where mor- 
phologically recognizable peroxisomes were  absent,  and subcel- 
lular fractionation experiments,  where peroxisomal matrix  en- 
zymes were cytosolic, not  organellar (Gould et al., 1992). Here 
we report on the genetic analysis of the PAS4 gene and  the 
characterization of its product, Pas4p. 

MATERIALS  AND METHODS 
Strains  and Media-The P. pastoris  strains  used  in  this  report  are 

presented  in Table I.  SGYlOl  was  created by crossing SGY55 with 
SGY100, sporulating  the  resultant  diploids,  and  screening  haploid prog- 
eny for a strain  with  thepas,  his phenotype.  The  origination of the  other 
strains is described  elsewhere in  the  figure legends or other  articles. 
Media and protocols for  growth,  mating,  and  sporulation of E! pastoris 
have  been  described  (Cregg  et al., 1985; Gould et al., 1992).  The 
Escherichia coli host for bacterial  transformations  and  amplification of 
plasmid DNA was DHlOB (Grant  et  al.,  1990),  with  the  exception of the 
strain  BL21DE3  (Studier  et  al.,  1990)  which  was  used for expression of 
the polyhistidine-Pas4p  fusion from pSG814. 

Yeast Tkansformations-Spheroplast transformation of P. pastoris 
was  performed  essentially as described in Cregg  et  al.  (1985)  and  was 
used  to  isolate  the  original  pas4-complementing clones pSG800 and 
pSG801. 

Electroporation  transformation of P. pastoris  was  performed by pre- 
culturing  the  strain  in YPD (2%  bactopeptone  (DIFCO  Laboratories, 
Detroit,  MI), 1% yeast  extract,  2%  dextrose)  overnight,  diluting  the cells 
intoYPD  the  next  morning to  an  ODsoo  of 0.05, growing the cells several 
hours  to  an ODsoo of 0.5-1, and  diluting  them  into 1 liter of YPD to 
attain  an OD,,,  of 1.3-1.5 the  next day. The  cells  were  harvested by 
centrifugation  (all  spins  were at 4000 x g for 10 rnin),  washed once with 
1 liter of ice-cold  H,O, pelleted,  washed once with 0.5 liters of ice-cold 
H,O, pelleted,  washed once with 20 ml of ice-cold 1 M sorbitol,  pelleted, 
and finally  resuspended  in  a  final volume of 1.0  ml of ice-cold 1 M 
sorbitol.  40  pl of cells were  mixed  with 1 pl of DNA (0.1-1 pg  in H,O), 
incubated  on ice for 5 min,  and  electroporated (0.2-cm gap  cuvette a t  
1.50 kV/129 ohms)  using  a BTX electroporator (BTX  Co., San Diego, 
CA). The  cells  were  immediately  resuspended  in 1 ml of ice-cold 1 M 

sorbitol  and  gently  spread  on  SD  plates (5 g/liter ammonium  sulfate,  1.7 
fliter  yeast  nitrogen  base (Difco Laboratories), 2% dextrose, 2% Bacto- 
Agar (Difco Laboratories))  containing  necessary  supplements  but no 
sorbitol.  Plasmid-bearing  transformants  appeared  after 3-5 days. 

DNA  Recovery from Yeast-DNAwas extracted from yeast  cells  using 
a  modification of the protocol described by Hoffman and Winston  (1987). 
10-ml  cultures  were  grown  to  saturation  in  rich  or  minimal  medium. 
The  cells  were collected by centrifugation,  resuspended  in  1.0  ml of lysis 
buffer (2% Triton X-100, 1% SDS,  100 mM NaCl,  10 mM Tris-C1, pH 8.0, 
1 mM Na,EDTA), centrifuged  immediately  for  30 s in   an Eppendorf 
microcentrifuge, and  the  supernatant  was discarded. 0.2 ml of lysis 
buffer, 0.2  ml of phenol/chloroform/isoamyl alcohol (PC11 (25:24:1), and 
0.3  g of acid-washed  glass  beads  were  added  to the cells, and  the mix- 
ture  was vigorously agitated for 2  min  using  a  vortex mixer. After  a 

ferred to  another  tube and  extracted  with 0.6 ml of PC1 followed by 
5-min centrifugation  in a microcentrifuge, the  aqueous layer  was  trans- 

extraction  with 0.6 ml of chloroform. The  aqueous  layer  was  transferred 
to a fresh  tube,  10 p1  of 4 M ammonium  acetate  and  1.0  ml of 95% 
ethanol  were  added,  and  after  thorough  mixing by inversion, the  tubes 
were cooled on ice for 5 min  and  centrifuged  for 15 min  in a microcen- 
trifuge.  The DNA pellet  was  washed  with 70% ethanol,  dried,  and  re- 

suspended  in  20  pl of TE,  pH 8.0 (10 mM Tris-C1, pH 8.0, 1 mM EDTA, 
pH 8.0). The DNA was  used  to  transform E. coli to  ampicillin  resistance 
for plasmid  rescue or was cleaved with  restriction  enzymes  and  ana- 
lyzed by Southern blot. 

Plasmid  Manipulations  and Sequencing-Nucleic acid modifications 
and  cloning  experiments  were  performed  essentially  as  described  in 
Sambrook  et  al.  (1989). DNA sequence  analysis  was  performed  using  a 
modified version of the dideoxy chain-termination  method  (Sanger  et 
al.,  1977)  utilizing  Sequenase  (United  States Biochemical Co., Cleve- 
land,  OH)  according  to  the  manufacturer's  instructions. 

The  different PAS4 gene  constructs  were  created as follows. pSG802 
was  made by digesting pSG800 with Asp-718, removing  remaining  en- 
zyme by PC1 extraction,  concentrating  the DNA by ethanol  precipita- 
tion, and finally  religating  the  plasmid so that  0.6 kb  was  lost from the 
3'  end of the PAS4 gene. pSG803 was  created by deleting  the  0.5-kb 
EcoRI fragment  using  essentially  the  same  procedure  described for 
pSG802 except that EcoRI was  used  instead of Asp-718. To create  the 
5-bp insertiodframeshift  mutation  carried by pSG804, pSG8OO was 
cleaved with BstEII, Klenow fragment of  DNA polymerase and  dNTPs 
were  added  to  blunt  the  ends,  the  enzymes  were  removed by PC1 ex- 
traction,  and  the DNA was  precipitated  and  religated. To create 
pSG805, pSG800 was  cut  with  HindIII  and  BstEII, Klenow fragment of 
DNApolymerase  and  dNTPs  were  added  to  blunt  the  ends,  the  enzymes 
were  removed by PC1 extraction,  and  the DNA was  precipitated  and 
religated at low DNA concentration,  deleting  0.6 kb  at  the 5' end of the 
clone. 

The  point  mutants  PAS4-Cl33A  and  PAS4-Cl33S  were  synthesized 
by the polymerase  chain  reaction  (PCR)  using pSG803 as template. 
Mutant oligonucleotides for the C133A mutant (5"GGGAATATTGC- 
CTTCAACACAGGAGAAATCGCTCTGGACATTTTG-3') and for the 
C133S mutant (5'-GGGAATATTGCCTTCAACACAGGAGAAATCTC- 
TCTGGACATTTTG-3') together  with  the  universal  forward  primer 
(which  binds  to a site  just  downstream of the EcoRI site of the PAS4 
gene  in  pSG803)  were  used as primers  to  synthesize 418-bp long DNA 
molecules encoding the  COOH-terminal  half of Pas4p.  These PCR prod- 
ucts  were  digested  with SspI and EcoRI and cloned between the  SspI 
and EcoRI sites of the PAS4 gene  in  pSG803  to  create  the  plasmid 
pSG835 (C133A mutant)  and pSG832 (C133S  mutant).  The  primary 
structures of these  mutants  were  confirmed by  DNA sequence  analysis. 

To construct  vectors for in vitro transcriptiodtranslation experi- 
ments,  pSG803  (containing the wild-type PAS4 gene),  pSG835  (contain- 
ing  the PAS4-Cl33A  gene), and pSG832 (containing  the  PAS4-Cl33S 
gene)  were cleaved with  BstUI  and Asp-718. The  resulting 725-bp long 
DNA fragment  carrying  the  entire PAS4 ORF from each  was cloned 
between  the  PuuII  and Asp-718 sites of pSP72  (downstream of the SP6 
promoter)  to  create pSG837 (wild-type  PAS4),  pSG841 (PAS4-C133A), 
and pSG839 (PAS4-Cl33S). 

The  plasmid  used for chromosomal  deletion of the PAS4 gene 
(pSG818)  was  created by inserting  the ARG4 gene  from S. cereuisiae 
between the  PvuII  and Asp-718 sites of PAS4 in pSG806 (pSG806  car- 
ries  the  1.7-kb  HindIII-SmaI  fragment from pSG800 (see  Fig.  2) cloned 
between the  HindIII  and  SmaI  sites of pUC8 (a gift from S. Subramani; 
Messing,  1983)). pSG818 was  then digested  with  Bsu36I and  SpeI  to 
release a fragment that contained the ARG4 gene  flanked by 464  nucle- 
otides  from  the  5'-untranslated  region of PAS4 and  593  nucleotides 
from the  3"untranslated  region of PAS4. 

The  plasmid  used for expression of Pas4p  in  bacteria  (pSG814)  was 
created by cloning the PvuII-Asp-718  fragment of PAS4 between the 
PuuII  and  Asp-718  sites of pRSETB  (Invitrogen,  San Diego, CAI. 

The  plasmids  used  for  generating  yeast  strains that overexpress 
either  ubiquitin  or  Myc-ubiquitin  were  derivatives of PHIL-D2 (Invitro- 
gen), an integrative  vector  designed for inserting  foreign DNA se- 
quences  in  place of the  ORF of the alcohol oxidase  (AOXI)  gene. 
PHIL-D2 contains a gene  cassette  comprised of 1 kb of the  5"untrans- 
lated  region of the alcohol oxidase  gene  (5'AOXl), a unique EcoRI site 
for insertion of foreign DNA sequences,  256  bp of the AOXl  transcrip- 
tional  terminating  sequence  (3'  AOXl TT), the  entire P. pastoris  HIS4 
gene for selection of integrated  transformants,  and  650  bp of the  3'- 
untranslated  region of AOXl  (3'AOXl).  The  entire  gene  cassette  is 
flanked  by Not1 sites so that  it   can be released  from the  plasmid  and 
used for integrative  transformation of his4 P. pastoris  strains. After 
integration  into  the  AOXl  locus, DNA sequences  inserted at the  unique 
EcoRI  site are  transcriptionally  regulated by the AOXl promoter. Ubiq- 
uitin  and  Myc-ubiquitin  genes  were  released  from  YEp96  and  YEpl05 
((gifts from M. Hochstrasser,  University of Chicago), Ellison and Hoch- 
strasser,  1991), respectively, by digestion  with EcoRI and Asp-718, and 
the  ends of each  fragment  were  made  blunt  as  described above. The 
resulting 234-bp fragment from YEp96 (the  ubiquitin  gene)  and  the 
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276-bp fragment from YEpl05  (the Myc-ubiquitin gene) were ligated 
independently with PHIL-D2,  which  previously had been digested with 
EcoRI and incubated with Klenow fragment of  DNA polymerase and 
dNTPs. The resulting plasmids, pJEK49 and pJEK50, express ubiq- 
uitin  and Myc-ubiquitin, respectively. These plasmids were digested 
with NotI, and the 5-kb linear gene cassettes were isolated and used as 
described in the legend  to  Fig.  13. 

Isolation of lbtal Cellular Proteins-Yeast  cells  were  grown (in rich 
or minimal media) to an OD,  of  0.5-1.0 and harvested by centrifuga- 
tion (5,000 x g, 5 min).  Approximately 20  OD,,, units of cells  were 
resuspended in 1 ml  of growth medium and lysed by adding 150  pl of 2 
N NaOH,  1.2 M P-mercaptoethanol, mixing, and incubating for  10 min on 
ice.  150 pl of 50% trichloroacetic acid was added and  after  a 5-min 
incubation on  ice, protein was precipitated by centrifugation at  12,000 
x g  for 1 min. The pellets were washed with 1 ml  of  ice-cold acetone and 
resuspended in 100 pl of 5% SDS. Protein concentrations were deter- 
mined using the BCA protein assay  and bovine serum albumin as stand- 
ard (Pierce Chemical Co.). 

Western Blot AnaZysisSamples were separated by  SDS-PAGE  on 
either precast 6 2 0 %  gradient gels (Bio-Rad) or 12.5% discontinuous 
gels (Laemmli, 1970). Proteins were electrophoretically transferred to 
Immobilon-P membranes (Millipore,  Bedford, MA) in wet transfer 
buffer (25 m~ Tris base, 192 m~ glycine,  20% methanol (v/v)) and 
stained with Ponceau-S (Sigma) to ensure proper transfer of proteins. 
The membranes were  blocked by incubation in 10% nonfat-dry milk 
(Carnation, Nestle Food  Co., Glendale, CAI in TBS (25 mM Tris-HCI,  pH 
7.4, 137 m~ NaCl, 3 mM KCI)  for  1-2 h at room temperature and then 
incubated with primary antibodies in 6.7% non-fat dry milk in TBST 
(TBS containing 0.1% Tween  20) for a t  least 1 h at  room temperature (or 
overnight a t  4 ”C).  After  five washes with TBST (5 min each), the 
membranes were incubated for 1 h at room temperature with horserad- 
ish peroxidase-conjugated goat anti-rabbit or mouse IgG (Sigma) at a 
dilution of  1:7500 in 5% nonfat-dry milkrrBST.  Excess secondary anti- 
body was removed  by five washes with TBST (5 min each) and horse- 
radish peroxidase activity was detected by chemiluminescent exposure 
of x-ray film as per manufacturer’s instructions (ECL reagents; Amer- 
sham Corp.). 

Antibodies”pSG814 was transformed into the strain BL21DE3 
(Studier et al., 1990). This strain was  grown to an OD,,,  of 0.4, isopro- 
pyl-I-thio-P-D-galactopyranoside was added to a final concentration of 1 
mM to induce expression of the poly-histidine-Pas4p fusion protein, and 
the cells  were shaken for an additional 2 h. The polyhistidine-Pas4p 
fusion protein was purified from whole cell extracts on nickel-agarose 
resin (ProBond, Invitrogen, San Diego,  CA) according  to the manufac- 
turer’s instructions. The purified protein was used as antigen for the 
production of anti-Pas4p antibodies in rabbits. 

AEnity purified antibodies directed against Pas4p were generated as 
follows. The bacterially synthesized poly-histidine-Pas4p fusion was 
separated by  SDS-PAGE and transferred to  Immobilon-P membranes 
(Millipore,  Bedford, MA). Strips containing the Pas4p fusion were 
blocked, washed, and incubated with anti-Pas4p  antisera essentially as 
described  for Western blot analysis, with the exception that the  sera 
was used at a dilution 1500 in TBST. After  five washes with TBST (5 
min each), the membranes (approximately 50  em2)  were incubated with 
7 ml  of  ice-cold 100 mM glycine,  pH  2.5,  on  ice  for 2 min. The glycine was 
removed and added to 7 ml  of 1 M Tris-HC1,  pH  7.5. The membranes 
were then incubated another  2 min with an additional 7 ml  of 100 m~ 
glycine,  pH  2.5,  which was pooled with the previous glycine elution. The 
membranes were immediately washed five times with TBST. The entire 
procedure was repeated up to 10 times. The glycine elutions were pooled 
and dialyzed against TBS. The antibodies were tested for their speci- 
ficity as described in Fig.  4. 

The antisera to thiolase was a generous giR from Dr. John Rothblatt 
(Dartmouth College,  New Hampshire). The affinity purified anti-Pas7p 
antibodies are described el~ewhere.~ The monoclonal antibody to hu- 
man-c-myc was derived  from the hybridoma  cell line I-9E10.2 (ATCC, 
Rockville,  MD). 

Subcellular Fractionation and Enzyme Assays-Yeast cells  were 
grown in 1 liter ofYPD or SD media to  an OD,,  of  0.5-1.0, harvested by 
centrifugation, added to either  2  liters of  YPOLT (2% bactopeptone, 1% 
yeast extract, 0.2%  oleic acid, 0.02%  Tween-20) or 2  liters of  YPM (2% 
bactopeptone, 1% yeast extract, 0.5% methanol), and grown  for 18-20 h 
to induce peroxisome proliferation. Cells  were harvested at 4,200 x g  for 
10 min at room temperature (RT), washed with 300  ml  of water, and 
centrifuged at 8,300 x g for 10 min at room temperature. Cells  were 

S. J. Gould, manuscript in preparation. 

resuspended in 250  ml of TrislEDTA/(-c)P-mercaptoethanol (100 mM 
Tris-HC1,  pH  7.5, 50 mM Na,EDTA, ( d l 0  mM P-mercaptoethanol), in- 
cubated for  20  min at room temperature, and centrifuged at 8,300 x g 
for 10 min at room temperature. The cells  were then washed with 300 
ml  of K P ,  (20 mM potassium phosphate, pH  7.5, 1.2 M Sorbitol), centri- 
fuged at 8,300 x g for  10  min at room temperature,  and resuspended in 
a final volume of  120-150  ml  of K P i .  Cells  were  converted  to sphero- 
plasts by the addition of Zymolyase  20T (0.5 p1  of a 12  mg/ml solution/ 
each OD,, unit of cells;  ICN  Biomedicals,  Inc.,  Costa  Mesa, CAI  fol- 
lowed  by a 30-45-min incubation at 30°C with gentle agitation. 
Spheroplasts were harvested by centrifugation at 2,400 x g for  10  min 
at 4 “C and gently resuspended in 35 ml of Dounce  buffer (5 m~ MES, 
pH 6.0),1 M sorbitol, 1 m~ KCl, 0.5 m~ Na,EDTA,  0.1% ethanol). 80 p1 
of 0.1 M phenylmethylsulfonyl fluoride, 100 pl of 10 mg/ml leupeptin and 
100  pl of 10 mg/d  aprotinin were added. The spheroplasts were  ho- 
mogenized  by 10 passes in  a 40-ml  Dounce tissue grinder (Wheaton, 
Millville, NJ) on ice. The samples were immediately centrifuged at 
1,500 x g for 10 min at 4 “C. The supernatant was removed and stored 
in  a clean tube. The pellet was resuspended in Dounce  buffer as above 
(with the exception that half the amount of aprotinin and leupeptin 
were added), rehomogenized, and centrifuged at 1,500 x g for 10 min at 
4 “C. The two supernatants were  combined, and cell debris was removed 
by centrifugation as in the previous steps. The cell-free supernatant 
was then  spun at 25,000 x g for  25-30 min at 4 “C to  yield a pellet 
containing mitochondria and peroxisomes and  a  supernatant contain- 
ing cytosol and low density organelles. 
To prepare organelles for separation on a sucrose-density gradient, 

organelle pellets were resuspended in 7 ml  of  Dounce buffer and reho- 
mogenized in  a Dounce tissue grinder (IO passes on  ice  with a loose- 
fitting pestle). The resuspended organelles were  loaded on a 3240% 
(w/w) sucrose gradient (formed by the sequential addition of 4 ml of 60% 
sucrose and 6 ml  of 50, 45,40, 36, and 32%  sucrose (all in 5 mM MES, 
pH 6.0, 1 mM Na,EDTA,  pH 8.0, 1 m~ KCI, 0.1% ethanol), respectively, 
followed  by a 24-h incubation to  allow the gradient to form  by diffusion). 
The gradient was spun at 100,000 x g for 2.5 h at 10  “C.  1-ml fractions 
were  collected  from the gradient and assayed for catalase activity (Pe- 
ters et al., 19721, succinate dehydrogenase activity (Pennington, 19611, 
and density (refractometry). 

For carbonate extraction of peripheral membrane proteins, an or- 
ganelle pellet was resuspended in 0.1 M Na,lCO,,  pH  11.5, with care 
being taken to ensure that the final protein concentration was  between 
0.05 and 1 mg/ml (Fujiki et al., 1982). The samples were incubated for 
30 min on  ice and  spun at 200,000 x g for  30  min  to separate  the 
membranes from the soluble material. The membrane pellet was resus- 
pended in  a volume equivalent to that of the  supernatant. For hypotonic 
lysis of organelle preparations, the organelle pellet  was resuspended in 
ice-cold 10 mM Tris-HC1,  pH 8.0, and rehomogenized by 10 passes in a 
Dounce tissue grinder. After incubation on  ice  for  30  min, the samples 
were separated into membrane and soluble fractions by centrifugation 
at 200,000 x g  for  30 min. The pellet  was resuspended in  a volume equal 
to  that of the supernatant. 

Protease Protection Assay-An organelle pellet was prepared as de- 
scribed above with the exception that protease inhibitors were omitted. 
The pellet was gently resuspended in Dounce  buffer, and  the protein 
concentration of the organelles was determined. Aliquots of the or- 
ganelle preparation (containing 200 pg of protein each) were incubated 
with 0,5, 10, or  20  pg  of the protease trypsin for  25  min on  ice either in 
the presence or absence of Triton X-I00 (final concentration 0.1%). To 
stop the reaction, a 2-fold mass excess of soybean trypsin-chymotrypsin 
inhibitor (Sigma) was added. Equivalent amounts from each reaction 
were separated by  SDS-PAGE and analyzed by Western  blot using 
antibodies specific  for either Pas4p or thiolase. 

In Vitro Dunslation of Proteins-The plasmids pSG837  (encoding 
Pas4p), pSG841  (encoding Pas4p-Cl33A) and pSG839  (encoding Pas4p- 
C133S)  were incubated in  a coupled in vitro transcription/translation 
reaction (TNT; Promega, Madison, WI) in the presence of [%]methi- 
onine, as per the manufacturer’s instructions. One-tenth of the reaction 
volume  was  mixed with each of two sample buffers,  one containing 5 mM 
P-mercaptoethanol, the other containing 5 m~ N-ethyl maleimide. Each 
sample was  boiled for 5 min and separated by  SDS-PAGE  on 6 2 0 %  
gradient gels  (Bio-Rad). The gels  were incubated in 0.5 M sodium  salic- 
ylate for  30 min, dried onto 3MM paper (Whatman), and detected by 
fluorographic exposure of x-ray film (XAR-5; Kodak). 

Immunoprecipitation-Organellar preparations obtained by differ- 
ential centrifugation were solubilized in TNET (50 m~ Tris-HC1,  pH 8.0, 
150 m~ NaCl, 5 m~ EDTA, 1% Triton X-100) and incubated with 100 1.11 
of Protein A-Sepharose beads (Pharmacia LKB  Biotechnology Inc.)  for 
30 min at room temperature  (to eliminate any proteins that bind  to the 
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show the PAS4 regions of the plasmids listed on the left, all of which are 
FIG. 1. Complementing ability of PAS4 plasmids. These diagrams 

derived from  pSG464. In addition  to the plasmid  number, the descriptive 
name for each follows the slash. The open box represents the P'4 
open reading  frame, the hatched boxes represent the 5' and 3' regions 
flanking the PAS4 ORF. The vertical  line in pSG804 shows the posi- 
tion of the frameshift  mutation. The solid box in pSG813  denotes the 
alcohol  oxidase (AOX1) promoter.  The asterisk in pSG835  and pSG832 
denotes the position of the C133A and C133S substitution mutants, re- 
spectively.  The  ability of the various genes to complement the pas4-1 
mutant is summarized on the right of the figure: + denoting  comple- 
mentation, - indicating an inability to  complement the mutation. 

beads). Following the incubation, the samples were spun for 30 s in a 
microcentrifuge at 5000 x g and the supernatants were transferred to 
new tubes. 10 pl of anti-Pas4p antisera were  added to the samples  and 
incubated  for 90 min at room temperature. Next, 100 pl of Protein 
A-Sepharose  beads  were added to the mixture  and  incubated  for 30 min 
at room temperature. The  samples were spun as described above and 
the pellets were washed three times  with  TNET.  Finally, the pellets 
were  resuspended  in 40 pl of 2X sample  buffer  lacking  P-mercaptoeth- 
anol, boiled  for 5 min,  and spun in a microcentrifuge  for 5 min.  The 
supernatants were analyzed by non-reducing  SDS-PAGE and Western 
blotting  with  anti-c-myc  antibody. 

RESULTS 
Isolation of a Gene That Complements the pas4-1 Mutant- 

The original pas4  strain (PPY31) was backcrossed several 
times to  the  strain  PPY3 (131, a wild-type strain  carrying  the 
arg4-1 allele. The pas4-1 mutation  segregated  as a single re- 
cessive allele and all pas4  phenotypes  (methanol  non-utiliza- 
tion, fatty acid non-utilization,  and absence of detectable per- 
oxisomes) cosegregated in these crosses.  A pad-1, arg4-1 
strain (SGY1) was  obtained  after four  backcrosses, and a P. 
pastoris genomic DNAlibrary  (in  the  replicating vector pSG464 
(Gould et al., 1992)) was  introduced  into this strain by sphero- 
plast  transformation (Cregg et al., 1985). ARG+ transformants 
were  obtained  and  then  transferred  to  minimal  methanol me- 
dium  to select for complementation of the pas4-1 mutant (i.e. 
rescue of the  methanol growth  defect). Several  methanol-uti- 
lizing colonies were isolated, and all were  able  to grow on fatty 
acids  as well. The  methanol  utilization,  fatty acid utilization, 
and  arginine prototrophy phenotypes  were mitotically unstable 
and cosegregated, suggesting that a plasmid-borne gene was 
responsible for complementation of the pas4-1 mutant.  Plas- 
mid DNA was  extracted from the  transformants,  and  each  was 
able  to complement all the defects of the pas4-1 mutant upon 
reintroduction  into  the  strain SGY1. Restriction  mapping of 
these  plasmid DNAs revealed that they  contained overlapping 
DNA fragments.  The  smallest of the complementing plasmids, 
pSG800, was chosen for further  analysis.  In all subsequent 
experiments,  complementation of the pas4-1 mutant  was  as- 
sayed by testing for rescue of the  methanol  and  fatty acid 
growth defects of pas4  strains. 

Deletion and  insertion  mutants of pSG800 were  created, in- 
troduced into  the  strain  SGYl (pas4-1, arg4-11, and  assayed 
for PAS4 activity. The  results of these  deletiodinsertion  mu- 
tagenesis  experiments (Fig. l), in combination with DNA se- 
quence analysis of the clone (Fig. 2), suggested that  a 612-bp 
ORF  was  necessary for complementation of the pas4-1 mutant. 
To test  whether expression of this ORF was sufficient to 

complement the pas4-1 mutant, it was placed under control of 
the P. pastoris alcohol oxidase (AOXl)  promoter (Cregg et al., 
1989;  Koutz et al., 1989) in pSG813 and  introduced  into  the 
strain SGY1. pSG813  complemented thepas4-1  mutant, dem- 
onstrating that this ORF encoded the  pas4-complementing 
gene  product. 

The Complementing Gene Is the PAS4 Gene-A mutant 
strain  lacking  the chromosomal copy of the pas4-complement- 
ing  gene  was  created by DNA-mediated  gene disruption (Fig. 
3). The  desired  structure in this region of the genome was 
confirmed by Southern blot analysis  (data  not shown). The 
disruption  mutant  was specifically unable  to grow on fatty 
acids  and  methanol,  indicating that the gene we had cloned was 
a PAS gene.  This  strain  was  mated  to  the  originalpasl-1  strain 
(PPY311, and  the  resultant diploid was  unable  to grow on fatty 
acids  or methanol,  suggesting that the cloned gene  was  in  the 
same  complementation  group  as  the PAS4 gene. When  the dip- 
loids were  sporulated, no PAS4+ spores  were produced in over 
200 meioses tested,  demonstrating that the two genes  were 
allelic. These  observations provide compelling evidence that 
the cloned gene is the PAS4 gene. 

Pas4p  is  Induced  during Peroxisome Proliferation-Anti- 
bodies directed  against  bacterially  synthesized  Pas4p  were af- 
finity purified and  tested on whole-cell protein  extracts from  a 
wild-type P. pastoris  strain (SGY55) and a strain  lacking  the 
entire PAS4 ORF (SGY101). A  single polypeptide with a molec- 
ular  mass of 24  kDa  was  detected in wild-type cells but  not  in 
the pas4A cells, demonstrating  that  the affinity  purified anti- 
bodies specifically recognized Pas4p (Fig. 4). Next, we tested 
whether  the levels of Pas4p  increased  during peroxisome pro- 
liferation, i.e. during growth  on methanol or fatty acids  (Gould 
et al., 1992). Wild-type cells were grown to  early log phase in 
minimal glucose medium (SD) and  then switched into  either 
methanol (SM) or  fatty acid (SYOLT) media.  Aliquots were 
removed just prior to  the  change of carbon  sources (t = 0 )  or at 
1, 2,  4, 8, or 22 h after  the  shift. Total cellular  proteins  were 
extracted from each  sample  and  analyzed by Western blot. 
Pas4p  was  present in the glucose-grown cells (the 0 time point) 
and  increased only slightly  during  the  first 8 h after  the shift 
into  methanol or fatty acid media (Fig. 5). However, after pro- 
longed incubation  in  either of the two  peroxisome-inducing car- 
bon sources, the levels of Pas4p  increased  approximately 10- 
fold. 

Pas4p Is a Peroxisomal Protein-The induction of Pas4p  dur- 
ing peroxisome proliferation suggested  to us that  Pas4p  might 
be a physical  component of peroxisomes. To address this hy- 
pothesis, the  subcellular  distribution of Pas4p  was examined. 
Wild-type cells grown  on fatty acids were converted to  sphero- 
plasts, homogenized, and  separated  into an organelle fraction 
containing  mitochondria  and peroxisomes and a cytoplasmic 
fraction  containing cytosol and low density organelles. Equal 
amounts of the two fractions  were analyzed by Western blot 
using  anti-Pas4p antibodies. Pas4p  was found predominantly 
in  the  organelle  pellet (Fig. 6). To localize Pas4p  within  the cell 
more precisely, mitochondria and peroxisomes were  separated 
by sucrose-density gradient  centrifugation.  Fractions  were col- 
lected  from the  gradient  and  assayed for catalase  (a peroxiso- 
mal  marker enzyme), succinate  dehydrogenase  (a mitochon- 
drial  marker enzyme),  density, and  Pas4p. Western  blot 
analysis  revealed that Pas4p  was  present exclusively in per- 
oxisomal fractions,  demonstrating  that it is a peroxisomal pro- 
tein (Fig. 7). 

Pas4p Is Peripherally Attached to the Cytosolic Face of the 
Peroxisome-The finding that Pas4p  is  predominantly associ- 
ated with peroxisomes raised  the  question of whether  it  was a 
membrane  protein or a matrix  protein. After hypotonic lysis of 
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U n D I I I  - BamHL - I/GATCCTGAGr,AAATGCTTGGGCCTTMCAGGCCCArM~AACTCACTCTACTGCTAGGAGATACATTAGAGACACCTTGGrTCCCCG~ATAGGCCACC 
B s u 3 6 I  

TGAGACATTGCTAGAATGATTGTCGAGTTTGCTTTTAGGCT~GAAGGCGAGCGAGCGAATATCTGGGGACGATTA~~TGACGGT~GTGGGGAGGGCT~GATG~GGATGTCGA 

ATACGGAGGC7TCCCATAGGGAGGCAACATTAGTTGTCCTTGTGGAACATC~GA~ACAACAG~CCTGTGATTG~GTCTGGGCTGTCTGGGGTTG~AACAGA~TCAT~GTT~ 

AGTACATTTGTTAGTTGCTTCTTTGAACATGACACCTTCATCTACATGTTGTTCT~CCAGTTCCCAC~AACAGTTTCTCTAACACTCTCAACATCTCTCTTTCCCCACTTGATMTCCAAAGAACA 
BstUI 

MetSerA~aG~uLYsArgLeuLeuGlnGluTyrArgSerIleLeuLysGluGlnArgGlnLysGlySerAlaSerThrLeuSerSerAsnGlyIleLeuAspLeuLysProValSerGlu 
ATGT~~GCGTTTGTTACAGGAGTATAGGTCTATCCT~~AACAC~GAC~GGATCGGCATCCACTTTATCCTC~TGGAACATT~GGATTTGAAACCGGTTTCAGAG 

P V U I  I 
AsPAsnPheTyrLysTrpThrAlaLysLeuLysGlyProThrAspThrGlyTyrGlnAspAlaPheTrpGluLeuGlnIleAspIleProSerAsn‘I1.rProThrGlnProProLysPhe 
GATAATTTCTACAACAGTGGACTGCGAACAGC~~GGCCCAACACCGATACT~GTTAC~AGGATGCCTTTTGGGA~TTCAGATTGACATTCCTTCCAACTATCCTACCCAACACCGCCTAACAGTTC 

B s t E I I  
ThrPheIleValSerAspAspIleProAraAsnArgArgGlnArgGlnThrAsnGlnIleGlnAspAspAspGluPheGluGlyAlaGluLysGluValLeuArgHisCysTyrArgMet 
ACATTTATAGTCTCTGATGCTCGTAACATAGAAGGC~GGCAGACCAACATC~TTCAGGATGACGACGAACATT~AAGG~CTGAGAAGGAAGTTTTAACAGGCATTGTTATAGAATG 

ECORV *.. 
CCTCATCC~GCCTTCAACACACAGGAG~TCTGTCTGGACATTTTGCAGGCCAAATGGACGCCAGCTTGGACACTTAGTAGTGCT~GACA~CATTGTTCTCCTGTTGAACGAC 
PrOHisProAsnIleAlaPheAsnThrGlyGluIleCysLeuAspIleLeuGlnAlaLysTrpThrProAlaTrpThrLeuSerSerAlaLeuThrAlalleValLeuI~euLeuAsnAsp 

ssp1 
ProGluProLeuSerProLeuAspIleAspMetAlaAsnLeuMetLysIleAsnAspLeuLysAla~rAsnSerLeuIleGluTyrTyrValGlyArgTyrSerIleGluGluGluVal 
CCAGAACACCACTGTCCCCGCTAGACATTGATATGGCTAACCTAACATG~TCAACACGATTTGAACAGGCTTATAACAC~ATTGATCGAACATACTACGTGGGTCGATACAGTATCGAACAGAGGAGGTG 

TyrIleLeuAsn- 
TATATATTGAATTAGTTAATGCTATTTGAACATCCGA~TTCCTCAATGTCATCAATTTCAAGTTGTTTTTT~ATTCTTTGCGTCACCAATGACTCTTGTATAACTAA~TMTCG 

Asp7 18 
CTTCTTCTTTGCTTCAAGCTCCGACTCTTCTAGCTCAACATTT~TTTACCACGA~AAGTCATCCCGATA~TC~CAGG~TGTTGGAACACTGATAAGGCTTTAGCTTCTCCAA 

EcoRI 
GTAACTGAGAGGAAGATTAACAATAACACTCTGTGTTAT~TGTTGGGTGTTGAGGATGGAATTAGTGA~TCGA~TATATGGCACAAAATGCTGGTCCTTGCTAMATAGGGGTTGTAGTT 

ATCAGTTCTTGAGCTGGTCACTTGGTTTCTCAGCCGATTCC~GACACCTTAAACATTCTTTTAGGC~TCTAGAACATTGAACTTGA7TTTCT~TTGGAGTTAGGAGGG~GAGCAGT 
PVU I I 

TTGGGATCCTGATGATGTACCATGTGTGGATGCGGTCAAGT~TTTGCAACTGGCATTTGTAACAGGGTCTGTA~CATTCATCAATGAACATCCAGCATCAATGAGTTGTGGTTGATA~~ 
SPPI 

~TGAGGGCACTCTGGGTAGACTGATGTATCTCTTCGGGGTCTTCTTTGGAGGGG~AGATC// - -1 - ASD718 - Ec- 

FIG. 2 .  Nucleotide sequence of the I? paston‘s PAS4 gene. The  sequence  was  determined  in  its  entirety on both strands.  The  predicted  amino 
acid sequence is indicated above the  relevant codons of the nucleotide  sequence  in  three-letter code, and  the conserved cysteine  residue  is 
highlighted by asterisks.  The  stop codon is  ouerlined, a potential TATA box upstream of the open reading  frame  is  underlined,  and  relevant 
restriction  enzyme  sites  within  the PAS4 gene  are  also  underlined.  The  slashes offset PAS4 sequences from restriction  enzyme  sites  in  the vector. 

FIG. 3. Diagram of thepas4A disrup- 
tion mutant. The  Bsu36I-SpeI  fragment 
from pSG818 containing  the S. cereuisiue 
ARG4 gene  flanked by sequences from the I PAS4 \ 

5’- and  3’-untranslated  regions of  PAS4 I \ 

was  electroporated  into the arg4-1  strain, I \ 

PPYS. ARG+ transformants  were  ana- 8 ~ 3 6 1  I 

lyzed by Southern blot (data not  shown), I 
and clones were  isolated that contained I 

Bru361 Pvvll BtlEll EcoRV Ss I AI 718 EmRl 

\ EmRl 

the desired  disruption of the PAS4 gene. 

uiT Am 

24kDa - - 
FIG. 4. The anti-Pas4p antibodies are specific for Pas4p. Whole 

cell extracts  were  prepared from wild-type (WT) and pus4A cells in- 
duced on methanol for 22 h. Equal  quantities of protein (50 pg) from 
each  sample  were  separated by SDS-PAGE under  reducing  conditions 
and  analyzed by Western blot with  affinity  purified polyclonal anti- 
Pas4p  antibodies.  Chemiluminescent  development of the blot was de- 
tected by exposure of x-ray  film. 

organelle preparations  to  obtain  membrane  and  matrix frac- 
tions, Pas4p  was predominantly  associated  with the mem- 
brane,  but  the percentage of Pas4p associated with  the mem- 
branes varied from one experiment to another  (data not 
shown). In addition, repeated pelleting and resuspension of 
organelle preparations  appeared  to  release  increasing  amounts 
of Pas4p  into  the  supernatant  (data not  shown). These obser- 

I 
Pvull  ARG4 Arp71R 

vations seemed  inconsistent  with Pas4p being either a matrix 
protein or  an  integral  membrane protein, but  rather suggested 
that  Pas4p may be a peripheral  membrane protein, possibly 
associated  with the cytosolic surface of the peroxisomal mem- 
brane. To address  this hypothesis,  organelles  were  incubated 
with  protease (trypsin)  in  the presence or absence of Triton 
X-100. Pas4p  was extremely  sensitive to digestion by trypsin 
even in  the absence of Triton X-100, and  its susceptibility did not 
increase when organelle membranes were  permeabilized  with 
detergent (Fig. 8). In  contrast, thiolase (a known peroxisomal 
matrix  protein) was resistant to  protease digestion in  the ab- 
sence of detergent  but  was completely digested when the per- 
oxisomal membrane was disrupted with  Triton X-100 (Fig. 8). 

While the protease protection experiment clearly showed 
that  Pas4p was exposed to  the cytosol and  thus was  a peroxi- 
somal membrane protein, it  did not resolve the question of 
whether  the protein was  an  integral component of the mem- 
brane or peripherally  associated  with the  outer surface of the 
organelle. The absence of any hydrophobic region in Pas4p long 
enough to span a membrane  and  the observation that Pas4p 
could be released from the  membrane by simply pelleting  and 
resuspending  the organelles  suggested that Pas4p may be a 
peripheral  membrane protein. To test  this directly, an organelle 
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centrifuged,  washed,  and  resuspended in  either  methanol  or  fatty acid medium.  Aliquots were removed just prior  to ( t  = 0) and at 1, 2,4,8,   and 
FIG. 5. Pas4p is induced  during peroxisome  proliferation. Wild-type cells were grown  in  minimal glucose medium  to early log phase, 

22 h  after  shift of carbon  sources  and  total cell protein  was  extracted.  Equal  amounts of protein (50 pg) from each  sample  were  analyzed by Western 
blot with  affinity  purified  anti-Pas4p  antibodies.  Chemiluminescent  development of the blot  was  detected by exposure  ofx-ray film. The  entire  time 
course of induction  in  minimal  methanol  media  is  shown  whereas  only  the 0 and 22  h  time  points from the  fatty acid induction  experiment  are 
presented. 

Trypin (Pg) - 5.0 10.0 20.0 - 5.0 10.0 20.0 
Trition X-100 (%) - - 0.1 0.1 0.1 0.1 

Pas4p-W -11 
Padp -+ 

FIG. 6. Pas4p is predominantly  associated  with cellular or- 
ganelles. Wild-type cells grown on fatty  acids  were  converted  to  sphero- 
plasts  and homogenized. After  removal of cell debris, the homogenate 
was  separated by differential  centrifugation  into an organellar  pellet 
containing  mitochondria  and  peroxisomes and a supernatant contain- 
ing cytosol and low density  organelles.  Equal  amounts of these  fractions 
were  analyzed by Western  blot  using  affinity  purified  anti-Pas4p  anti- 
bodies. Chemiluminescent  development of the blot  was  detected by 
exposure of x-ray film. Cyt, cytosoVlight density  organelle  supernatant; 
Org, dense  organelle  pellet. 
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FIG. 7. Pas4p is a  peroxisomal  protein. An organelle  preparation 
was  separated by sucrose-density  gradient  centrifugation.  Fractions 
from the  gradient  were collected, and  the  density,  catalase  activity  (a 
peroxisomal  enzyme)  and  succinate  dehydrogenase  activity (a mito- 
chondrial  marker) of each  fraction  were  determined.  The open  circles 
representing  catalase  activity  and  the open squares representing  SDH 
activity are expressed as  a  fraction of the  total  activity  across  the 
gradient.  The dashed  line represents  density.  Every  third  fraction  was 
also  assayed for levels of Pas4p by Western  blot, the  results of which are 
presented  in  the lower  section of the figure.  The arrow points  to  the 
position of the 24-kDa Pas4  protein. 

fraction was  extracted with 100 mM sodium carbonate, pH 11.5, 
and  separated  into  membrane  and soluble  fractions by centrifu- 
gation at 200,000 x g .  This  treatment pellets membrane  and 
integral  membrane proteins, releasing  matrix  and  peripheral 
membrane  proteins  to  the  supernatant  (Fujiki et al.,  1982). 

thiolase-) 

FIG. 8. Pas4p is exposed to the cytosol. Organelles (200 pg ab 
determined by protein  assay)  were  incubated  with 0, 5, 10, and  20  pgs 
of trypsin  in  the  presence or absence of 0.1% Triton X-I00 for 25  min on 
ice. The  reactions  were  stopped by addition of trypsin  inhibitor.  Equal 

Western  blot  using the affinity  purified antibodies  to  Pas4p  and  a poly- 
amounts of the  samples  were  separated by SDS-PAGE and  analyzed by 

clonal  anti-thiolase  antibody.  The upper panel shows the  results of the 
Western  blot  using the  anti-Pas4p  antibodies,  and  the lower  panel 
shows  results of the Western  blot  using  anti-thiolase  antibodies. 

Western  blot analysis of these fractions showed that  Pas4p was 
exclusively in  the soluble  fraction. In  contrast, a known inte- 
gral peroxisomal membrane protein  (Pas7pI3 was found in the 
membrane pellet  (Fig. 9). The combination of these  results  and 
those from the  protease protection experiments demonstrated 
that  Pas4p is peripherally associated  with the  outer surface of 
the peroxisome membrane. 

Pas4p  Shares Sequence Similarities  with Ubiquitin-conju- 
gating Enzymes-A search of protein  sequence data bases  re- 
vealed that  Pas4p  was highly similar  to ubiquitin-conjugating 
enzymes. An alignment of Pas4p  with  several ubiquitin-conju- 
gating enzymes  showing the region surrounding  the active-site 
cysteine residue  is  presented (Fig. 10). Ubiquitin-conjugating 
(E21 enzymes  accept ubiquitin from ubiquitin-activating (El) 
enzyme and  subsequently  transfer ubiquitin to  the lysine  res- 
idue of particular  target proteins, either directly or in conjunc- 
tion  with a ubiquitin-protein  ligase (E31 (Hershko and 
Ciechanover, 1992). Ubiquitin attaches  to E2 enzymes  via  a 
thioester bond between the carboxyl group at the carboxyl- 
terminal glycine of ubiquitin  and  the conserved, active-site cys- 
teine  residue of E2 enzymes. This cysteine  residue (marked by 
an asterisk in Fig. 10) is  essential for enzyme activity  (Hershko 
and Ciechanover, 1992). 

Elimination of the Putative Active-site  Cysteine (Cys-133) 
Abolishes PAS4 Activity-We reasoned that if Pas4p were truly 
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An organelle  pellet was  resuspended  in 10 mhj Tris-HCI, pH  8.0, spun  at 
FIG. 9. Paslp is a peripheral peroxisomal  membrane protein. 

200,000 x g for 30  min,  and  the  pellet  was  resuspended  in 100 mM 
Na,CO,,I pH 11.5, a t  a final  protein  concentration of 0.7 mg/ml. After a 
30-min Incubation on ice, the  sample was spun  again a t  200,000 x g to 
obtain supernatant  and pellet  fractions.  Equivalent  amounts of the 
fractions  were  separated by SDS-PAGE and  analyzed by Western  blot 
using  anti-Pas4p ( a )  and  anti-Pas7p  antibodies ( h  ). Pas7p is an integral 
peroxisomal membrane  protein.2  The arrows point  to the  Pas4p  and 
Pas7p  polypeptides, respectively. 

a  ubiquitin-conjugating  enzyme,  a small  amount of a  32-kDa 
Pas4p-ubiquitin conjugate (the molecular mass of ubiquitin  is 8 
kDa)  might be present  and  detectable in vivo. Because the 
covalent bond between Pas4p  and  ubiquitin would be a  thio- 
ester,  the conjugate would be sensitive to reducing  agent  and 
would not  have been  detected in  earlier Western  blots using 
reduced  protein samples.  Supernatant  fractions  containing cy- 
tosol and  light  density  organelles  and pellet fractions contain- 
ing mitochondria and peroxisomes  were  obtained by differen- 
tial  centrifugation of cell lysates.  Each  was  separated by SDS- 
PAGE under  reducing  and non-reducing  conditions and 
analyzed by Western blot. As previously noted, a single 24-kDa 
species was detected in the reduced samples. However, an ad- 
ditional  species of 32  kDa  was observed in  samples  that were 
not exposed to  reducing  agent (Fig. 11). The molecular mass of 
this molecule (32  kDa)  and  its  sensitivity  to  reducing  agent  is 
consistent  with  it being  a Pas4p-ubiquitin conjugate. 

To further  address  the  question of whether ubiquitin-conju- 
gating  activity  was  important for PAS4 function, we created 
two substitution  mutations at  the codon for the  active-site cys- 
teine  residue (Cys-133). Previous  reports on other  ubiquitin- 
conjugating  enzymes have  demonstrated that  this  cysteine  is 
absolutely  essential for ubiquitin-conjugating activity both in 
vitro and in vivo (Sung et al.,  1990, 1991). The  mutant PAS4- 
C133A (carried by the plasmid  pSG835) and PAS4-Cl33S (car- 
ried by the plasmid pSG832) genes encoded proteins  in which 
the  cysteine at position 133 was replaced by alanine  and  serine, 
respectively. Upon introduction  into  the paslA,  his4A strain 
(SGYlOl),  the PAS4-Cl33A and PAS4-Cl33S genes were un- 
able  to  rescue  the pas4-1 mutant,  demonstrating  that  the con- 
served cysteine residue (Cys-133) is  essential for PAS4 function 
(Fig. 1). 

To ensure  that protein could be produced from the  mutant 
genes,  the PAS4 and PAS4-Cl33A genes  were  transcribed  and 
translated in  vitro in  the presence of ~-["'S]methionine.  The 
products of these  reactions were boiled in  reducing  sample 
buffer, separated by SDS-PAGE, and visualized by fluorogra- 
phy. The  quantity of Pas4p-Cl33A  synthesized, as well as its 
mobility  on SDS-PAGE, was  indistinguishable from that of 
wild-type Pas4p (Fig. 12, lanes a and b) .  

The in vitro synthesized  proteins were also used for address- 
ing  whether  Pas4p could form conjugates with  ubiquitin in 
vitro. Taking  advantage of the  fact  that  rabbit reticulocyte ly- 
sates  are a rich source of ubiquitin,  ubiquitin-activating (El) 
enzyme, and ATP (Hershko et al., 1983), we analyzed  Pas4p 
and  Pas4p-Cl33A by SDS-PAGE under non-reducing condi- 
tions.  A small  amount of a 32 kDa form of Pas4p  was  detected 
under non-reducing  conditions  (Fig.  12, lane c ) .  However, no 
32-kDa  species was observed for Pas4p-C133A(Fig.  12, lane d) .  
These  results  are  consistent  with  the  hypothesis  that  the 32- 
kDa species is a Pas4p-ubiquitin conjugate. 

The Pas4p Conjugate Contains Uhiquitin-The above data 
provided strong  circumstantial evidence that  the 32-kDa Pas4p 
species was a Pas4p-ubiquitin conjugate. To test  directly 
whether  this  high molecular mass form of Pas4p  contained 
ubiquitin,  yeast  strains  containing  either  the wild-type ubiq- 
uitin gene  or the Myc-ubiquitin fusion gene,  integrated  in place 
of the AOXl gene coding region,  were created (SGY348 and 
SGY350, respectively).  Because AOXl is  the most  highly ex- 
pressed gene in I? pastoris during growth on methanol  (ac- 
counting for more than 25% of total cellular protein),  these 
modified strains  express high quantities of either  ubiquitin  or 
Myc-ubiquitin  when  grown on methanol.  The  Myc-ubiquitin 
fusion protein  contains  10 amino  acids from human c-myc pro- 
tein  (the c-myc epitope tag) appended to the NH, terminus of S. 
cerevisiae ubiquitin  and can be detected  with the monoclonal 
anti-c-myc  antibody, I-9E10.2 (Ellison and  Hochstrasser, 1991). 
Furthermore,  this fusion  protein is functionally indistinguish- 
able from wild-type ubiquitin. Peroxisome-enriched fractions 
were isolated from strains overexpressing either  ubiquitin  or 
Myc-ubiquitin. Proteins from these  preparations were sepa- 
rated by non-reducing SDS-PAGE and processed for immuno- 
blotting  with  anti-Pas4p antibodies. In both  cases, the 24 kDa 
form of Pas4p  is  the  predominant species recognized, with a 
smaller  amount of a  higher  molecular  weight  species detected, 
as found in wild-type cells. However, the size of the  higher 
molecular  weight  species is noticeably larger  in cells overex- 
pressing  the Myc-ubiquitin fusion protein  than  in control cells 
overexpressing  wild-type ubiquitin (Fig. 13a). Since the only 
detectable difference between these  strains  is  the  increase  in 
size of Myc-ubiquitin relative to wild-type ubiquitin (approxi- 
mately 1.5 kDa),  this  result  demonstrates  that  the high molec- 
ular weight form of Pas4p  is a Pas4p-ubiquitin  (or a Pas4p- 
Myc-ubiquitin)  conjugate. 

Pas4p  was also  immunoprecipitated from dense  organelle 
fractions of the ubiquitin and Myc-ubiquitin overexpressing 
strains  with  anti-Pas4  antisera. The immunoprecipitates were 
separated by non-reducing SDS-PAGE and  then immunoblot- 
ted with  anti-c-myc antibody. A  protein with  the  same molecu- 
lar weight as  the Pas4p-Myc-ubiquitin  conjugate was detected 
only in cells overexpressing the Myc-ubiquitin  fusion protein 
(Fig. 136).  The  band  present  in both lanes  represents a small 
amount of the  rabbit IgG heavy chain detected by the  anti- 
mouse  IgG  secondary antibody. 

DISCUSSION 

The pas4-1 mutant  was isolated on the  basis of its  inability 
to  assemble functional peroxisomes. Making  use of molecular 
genetic  manipulations  that  are possible in  yeast, we cloned a 
gene that complements this  mutation. Genetic tests revealed 
that  the cloned gene is  essential for peroxisome assembly, is  in 
the  same complementation  group as the pas4-1 mutant,  and 
maps  to  the  same genetic locus as  the pas4-1 allele. Thus, we 
conclude that  the gene we cloned is  the PAS4 gene. 

Subcellular fractionation data  demonstrate  that  Pas4p  is a 
peroxisomal protein. The observation that  Pas4p  is  sensitive to 
protease  in  the absence of detergent  and  is no  more sensitive  in 
its presence argues  quite strongly that  the  protein  is located on 
the cytoplasmic face of the peroxisome. In  addition,  Pas4p  is 
variably  extracted from organelle membranes by mechanical 
disruption  and  is completely extracted by 100 mM Na,CO,, pH 
11.5. Based on these observations we propose that  Pas4p  is a 
peripheral  membrane protein  associated with  the cytoplasmic 
face of the organelle. 

Sequence analysis of PAS4 revealed that  it   is a  member of 
the ubiquitin-conjugating  enzyme gene family. These enzymes 
are involved in  the  attachment of ubiquitin polypeptides to 
target  proteins.  The  general  mechanism of protein ubiquitina- 
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FIG. 10. A restricted  amino acid alignment of Pas4p  with  ubiquitin-conjugating  enzymes. The  alignment  was  limited to  the region 

RAD6 (Reynolds et al., 19851, UBCl (Seufert et al., 1990), UBC4 (Seufert  and  Jentsch,  1990),  and UBC5 (Seufart  and  Jentsch,  1990) encode 
surrounding  the  active-site  cysteine  residue. An asterisk marks  the position of the  active-site  cysteine  residue. PAS2 (Wiebel and  Kunau, 19921, 

proteins  that  were  most  similar  to  Pas4p. Bored positions are  those which are most  similar  among  all  six  proteins. 
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FIG. 11. A putative  Pas4p-ubiquitin  conjugate is present in Pasrlp-MyCUb - 
uiuo. 25,000 x g supernatant  and pellet  fractions  were  prepared as  Pasrlp-Ub - 
described  and  equal  amounts of each  were  separated  under  reducing 
and non-reducing  conditions  and  analyzed by Western blot. Cyt, cytosol/ Pasrlp - 
light  density  organelle  supernatant; Org, dense  organelle  pellet. 
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FIG. 12. Fluorographic analysis of in uitro translated  Pas4p 

and  Pas4pC133A. Pas4p  and  Pas4p-CI33A  were  translated  in a rab- 
bit  reticulocyte  lysate  in the presence of [:"SJmethionine. Equal 
amounts of Pas4p  and  Pas4p-CI33A  were run side-by-side on reducing 
(lanes a and 6, respectively)  and  non-reducing (lanes c  and d, respec- 
tively) gels followed by detection of "S-labeled proteins by fluorographic 
exposure of x-ray  film. 

tion involves three basic steps: 1) the  ubiquitin polypeptide is 
"activated by covalent attachment to ubiquitin-activating (El) 
enzyme via  a thioester bond; 2)  activated  ubiquitin is trans- 
ferred to a  ubiquitin-conjugating (E21 enzyme, again forming a 
covalent thioester bond; and 3) ubiquitin  is  attached  to a target 
protein via a stable  amide bond. In  the second step of this 
process, a thioester bond links  the carboxyl group at the  car- 
boxyl terminus of ubiquitin and a conserved cysteine residue of 
the  E2 enzyme, referred to as  the active-site cysteine. The 
active-site  cysteine residue  in E2 enzymes is found within a 
block of conserved amino  acids present  in  all ubiquitin-conju- 
gating enzymes, allowing us  to identify it  as cysteine 133  in 
Pas4p. 

Substitution of either  alanine  or  serine for the active-site 
cysteine of an  E2 enzyme will abolish its ability to form the 
requisite ubiquitin-E2 intermediate  (Sung et al., 1990, 1991). 
We created analogous mutations  in PAS4, and  as expected for 
a  ubiquitin-conjugating enzyme, substitution of alanine  or  ser- 
ine for cysteine 133 eliminated PAS4 function.  Although Pas4p 
and  Pas4p-Cl33A (synthesized in   u i t ro  in a rabbit reticulocyte 
lysate) were translated with equal efficiency and  appeared  in- 
distinguishable  in  their mobilities on reducing SDS-PAGE, one 
difference between the proteins was  apparent. When Pas4p 
and  Pas4p-Cl33A were run side-by-side on non-reducing  gels,  a 
small  quantity of a 32-kDa polypeptide was detected in  the 
Pas4p  sample  whereas none was observed with Pas4p-Cl33A. 
Four  lines of evidence suggest  that  the  higher molecular  weight 
form of Pas4p synthesized in uitro represents a  Pas4p-ubiq- 
uitin conjugate: first,  rabbit reticulocyte lysates  are a rich 
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Pas4p-MycUb L - .  

Strains  containing  either  the  wild-type  ubiquitin  gene or the Myc-ubiq- 
FIG. 13. Detection of a  Pas4p-Myc-ubiquitin  conjugate in  uiuo. 

uitin  gene  integrated at the AOXl locus were  obtained by transforma- 
tion of a his4 strain (SGY55) with  the  linearized  gene  cassettes from 
pJEK49  and  pJEK50, respectively. HIS4+  transformants  were  isolated, 
grown in YF'D, and  then  incubated  overnight  in YF" to  induce overex- 
pression of either  the  ubiquitin or Myc-ubiquitin gene from the AOXl 
promoter. Dense  organelle  fractions  were  isolated  and  then subjected to 
either  non-reducing SDS-PAGE and Western blot analysis  with  anti- 
Pas4 antibody ( a )  or immunoprecipitation  with  anti-Pas4p  antisera 
followed by non-reducing SDS-PAGE and  Western  blot  analysis  with 
anti-c-myc  antibody ( b ) .  The lanes are headed  with AOXI-Ub which 
represents  dense  organelle  fractions  isolated from the wild-type ubiq- 
uitin  overexpressing strain (SGY348) and AOXI-MycUb which repre- 
sents  dense  organelle  fractions  isolated from the Myc-ubiquitin overex- 
pressing  strain (SGY350). The  abbreviations  to  the  left of the  figures 
are as follows: Pas4p, 24 kDa form of Pas4p;  Pas4p-Ub,  Pas4p-ubiquitin 
conjugate;  and Pas4p-MycUb, Pas4p-Myc-ubiquitin conjugate. 
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FIG. 14. Amino acid  alignment  be- 
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other known ubiquitin-conjugating en- 
zyme to contain insertion element 1. 
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source of the components required for this reaction (ubiquitin, 
El enzyme, and ATP); second, the conjugate is  sensitive  to 
reducing agents  (consistent  with a thioester bond linking  the 
two proteins); third,  the conjugate is 32 kDa,  the size  predicted 
for a Pas4p (24 ma)-ubiquitin (8 kDa) conjugate; and  fourth, 
substitution of alanine for this  putative active-site  cysteine 
abolishes the  ability of Pas4p  to form the 32-kDa  conjugate. 
The  higher molecular  weight form of Pas4p  was also  detected in 
vivo demonstrating  that  this  putative  Pas4p-ubiquitin conju- 
gate  was  not  an  artifact of the  in vitro studies. 

Although these observations  suggested that  the 32 kDa form 
of Pas4p is a Pas4p-ubiquitin conjugate, the evidence was cir- 
cumstantial. Direct evidence that  Pas4p  exists  in a  conjugate 
with  ubiquitin  was  obtained by studies of strains overexpress- 
ing  either  ubiquitin  or a  Myc-ubiquitin  fusion  protein. If the 
higher molecular  weight  form of Pas4p  contains  ubiquitin,  then 
the  relative molecular mass of this conjugate  should be larger 
in cells overexpressing Myc-ubiquitin than  in those overex- 
pressing wild-type ubiquitin.  The fact that  the  experiments 
bore out  this prediction, together  with  the observation that  the 
Pas4p-Myc-ubiquitin  conjugate could be immunoprecipitated 
with  anti-Pas4p antibodies and  then detected by immunoblot 
with anti-c-myc  antibodies, provided conclusive evidence that 
the  higher molecular  weight form of Pas4p was  a  Pas4p-ubiq- 
uitin (or  Pas4p-Myc-ubiquitin)  conjugate.  These experiments 
also  revealed that  the levels of ubiquitin  in  the cell do not affect 
the percent of Pas4p  that is ubiquitinated (compare Figs. 11 
and 13). Either  the  transfer of ubiquitin onto Pas4p  is  not 
regulated by ubiquitin levels in  the cell or any  increase  in  the 
rate of ubiquitination of Pas4p  is  matched by an  increase  in  the 
rate of ubiquitination by Pas4p,  maintaining a constant  steady 
state level of ubiquitinated  Pas4p. 

While this work was  in progress, the identification of a  sim- 
ilar  gene from S. cerevisiae (ScPAS2)  was  reported (Wiebel and 
Kunau, 1992). ScPAS2 also encodes a ubiquitin-conjugating 
enzyme that  is  required for peroxisome assembly and like Pp- 
PAS4, it  is  inactivated by mutations  that  disrupt  its conserved 
cysteine residue.  ScPas2p  was  not detected in wild-type cells or 
in peroxisomes. However, an ScPasBp-LacZ fusion protein  was 
localized to peroxisomes, suggesting  that ScPas2p may also be 
peroxisomal (Wiebel and  Kunau, 1992). Although PpPas4p  and 
ScPas2p  are  similar along  much of their  length (59 identities 
and 38 similarities, giving 29% identity  and 48% similarity 
overall), Pas4p is almost equally similar  to  the product of the S. 
cerevisiae RAD6 gene (Reynolds et al., 1985)  (57 identities  and 
38 similarities, giving 28% identity  and 47% similarity overall), 

a ubiquitin-conjugating  enzyme involved in DNA repair. The 
strongest  structural evidence that  PpPas4p  and ScPas2p are 
homologs comes from the fact that  they  share a 12-13-amino- 
acid insertion  near  their amino termini  that  is  not  present  in 
any  other known ubiquitin-conjugating  enzymes (insertion el- 
ement l; underlined  in Fig. 14). Although preliminary experi- 
ments suggest that ScPAS2 was unable  to complement the J? 
Pastoris pas4A mutant  (data not  shown),  controls to ensure 
that  the protein was being  expressed have  not been performed. 
ScPas2p does not contain insertion  element 2 of PpPas4p  (un- 
derlined  in Fig. 14), and if this region is  required for PAS4 
function it would explain the inability of ScPAS2 to comple- 
ment  the pas4A mutant.  It  is formally possible that ScPAS2 
and PpPAS4 perform different  functions in peroxisome assem- 
bly that  are both  required.  The possibility that two different 
proteins from the  same gene family are involved in peroxisome 
assembly is  not  without precedent.  For  example, two different 
genes from the  SEC18IVCPIPASl  (Erdmann  et al., 1991) fam- 
ily ofATPases are both essential for peroxisome assembly in rl 
pastoris (PAS1 and PM5; Spong and  Subramani, 1993).4 

Given that  Pas4p is associated with  the  outer surface of the 
peroxisome, how does it  attach to the  membrane  and to what 
molecule on the peroxisome surface does it bind? If it  is  as- 
sumed  that  the peroxisomal localization of Pas4p is required 
for its function, a mutation  that  resulted  in loss of the  putative 
attachment molecule from the peroxisome would have  the phe- 
notype of a pas mutant,  regardless of other possible functions 
the molecule may perform. Thus,  it may be that  Pas4p binds to 
the product encoded by an  already identified PAS gene. The 
question of which part of Pas4p  targets  the protein to peroxi- 
somes is also of interest. Two segments  within  Pas4p  (insertion 
elements 1 and 2; Fig. 14)  are not present  in  any  other ubiq- 
uitin-conjugating  enzymes  (except  ScPas2p which contains  in- 
sertion  element 1). These segments  are excellent candidates for 
specifying the peroxisomal localization of Pas4p. 

Another question raised by our  results  is how Pas4p acquires 
ubiquitin from the  ubiquitin-activating (El) enzyme. One pos- 
sibility is that El transfers ubiquitin to  Pas4p on the  outer 
surface of the peroxisome, in which case at  least some amount 
of El enzyme must associate (at least  transiently) with the 
surface of the peroxisome. It  also  may be that  Pas4p cycles 
between the cytosol, where  it picks up  ubiquitin from El, to the 
peroxisome, where it  ubiquitinates  its  targets.  Ifthis were true, 
one would expect to detect at  least some amount of Pas4p  in 

J. Heyman and S .  Subramani, personal communication. 
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cytosolic/light organelle fractions, which was observed (Fig. 6). 
If this  latter hypothesis is correct, the observation that peroxi- 
somal Pas4p is mostly in  the non-ubiquitinated state indicates 
that  the release of Pas4p from the peroxisome must occur  very 
slowly relative to the other steps  in the cycle.  However, the fact 
that Pas4p can be released from the organelle by simply pel- 
leting and resuspending the organelles casts some  doubt as to  
whether the Pas4p detected in  the cytosolidight organelle frac- 
tion represents  a  truly cytosolic  form of the enzyme. It may be 
that  the Pas4p detected in  the  supernatant fraction is an arti- 
fact and represents Pas4p that  is removed  from the outer sur- 
face of the peroxisome by the experimental manipulations. 

Future investigations on the role of PAS4 in peroxisome as- 
sembly  will  focus on elucidating how Pas4p recognizes its sub- 
strates, determining the identity of Pas4p's substrates, and 
examining the effect of ubiquitination on these  substrates. Pre- 
vious studies have demonstrated that ubiquitin-conjugating 
enzymes containing unique extensions or insertions may use 
these regions to specify  biological function. In  the case of 
CDC34p, the unique carboxyl-terminal tail of this protein was 
found to be required for CDC34 function and sufficient for 
conferring CDC34 function on a heterologous ubiquitin-conju- 
gating enzyme  (Kolman et al., 1992; Silver et al., 1992). By 
analogy with CDC34, it may be that  the two insertion elements 
of Pas4p may  specify certain aspects of Pas4p's  biological  ac- 
tivity. In  regards to the  substrates of Pas4p, establishment of a 
Pas4p-based in vitro ubiquitination reaction may allow  for the 
direct detection of Pas4p substrates. A genetic analysis may 
also help to  identify such molecules. As for the effect of ubiq- 
uitination on the substrate(s) of Pas4p, at least one possibility 
is suggested by previous studies. Ubiquitination reactions have 
been identified in  a variety of cellular processes including DNA 
repair  (Jentsch et al., 1987;  Reynolds et al., 19851,  cell  cycle 
control (Goebl et al., 1988), developmental control  (Ciechanover 
et al., 1991; Hochstrasser et al., 19911, and as demonstrated 
here and elsewhere (Wiebel and Kunau, 1992;  Sommer and 
Jentsch, 19931, organelle assembly. The only  known functional 
consequence of ubiquitination on target proteins is to increase 
their  rates of degradation (Hershko and Ciechanover, 1992). It 
follows that a likely fate for substrates of Pas4p may be an 
increase in  their rate of proteolytic degradation. However, it 
has also been demonstrated that some proteins do not undergo 
a change in  their half-life  upon ubiquitination (Hershko and 
Ciechanover, 19921, suggesting that  the functional consequence 
of ubiquitination by Pas4p is not necessarily an increased rate 
of degradation. Instead, ubiquitination by Pas4p may lead to  
changes in  the  target protein's  activity,  specificity, or subcellu- 
lar distribution. 
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