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Complementation s tudies ,  u s ing  fused  cell lines from pat ients  with peroxisomal 
d i so rders ,  have shown correct ion of defective plasmalogen syn thes i s  and phytan ic  
acid oxidation as well as an increase  in the number  of peroxisomes.  At least six 
complementation groups  have been repor t ed .  We demonst ra te  here  tha t  
complementing cell lines also acqui re  the abil i ty to oxidize v e r y  long chain f a t t y  
acids (VLCFA), and that  complementation groups  defined with this technique are  
identical to those r epo r t ed  p rev ious ly  when plasmalogen syn thes i s  was used  as the 
cr i ter ion for  complementation. This VLCFA complementation technique is of 
par t icu lar  value in the s t u d y  of  pat ients  in whom defect ive VLCFA is the only or  
major enzymatic  defect ,  and we show complementation between cell lines from 
two pat ients  each with an isolated defect  in one of the peroxisomal f a t t y  acid 
beta-oxidat ion enzymes.  ~, 199o Aoad~m~o Press, ~no. 

Disorders of peroxisomal biogenesis ,  inc luding the Zellweger syndrome,  

neonatal a d r e n o l e u k o d y s t r o p h y ,  infantile Refsum syndrome and hyperpipecol ic  

acidemia are  charac te r ized  b y  an absence  or diminution in the number  of 

morphologically detectable  peroxisomes in t i ssues  from af fec ted  pa t ien ts .  The 

absence of peroxisomes in these  pat ients  is associa ted with a number  of 

biochemical abnormalit ies ( reviewed in re fe rence  1) inc luding impaired be ta-  

oxidation of v e r y  long chain f a t t y  acids (VLCFA), impaired syn thes i s  of 

plasmalogens,  and accumulation of bile acid intermediates ,  pipecolic acid and 

phytan ic  acid. The biochemical and clinical dis t inct ions between these 

pheno types ,  however ,  a re  unc lear  and it is not known whe the r  these d iverse  

d i sorders  r e p r e s e n t  allelic or  non-allelic mutations of peroxisomai biogenesis .  

Complementation analysis  has  been used to examine the relat ionship between 

pheno type  and  geno type  in the peroxisomal d i so rde r s .  Fibroblasts  from two 

di f ferent  pa t ients ,  both  deficient  in a peroxisomal metabolic p rocess ,  a re  induced 

to fuse ;  the resu l t ing  mult inuclear  cells are  examined for  the i r  abil i ty to c a r r y  out  

this metabolic funct ion (2).  Restorat ion of ac t iv i ty  can only  occur  if each 

parenta l  cell line provides  the gene p roduc t  defect ive in the o ther .  Other  

inves t iga tors  have used  d__ee nov____0_o plasmalogen b iosynthes i s  (3) ,  d ihydroxyace tone  

phosphate  acy t t r ans f e r a se  ac t iv i ty  (4) ,  part icle bound  catalase (4 ,5)  or  phy tan ic  

acid oxidase ac t iv i ty  (6) as c r i te r ia  fo r  complementation. 
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3ingh et al. (7) showed tha t  be ta-oxidat ion of VLCFA, e . g .  l lgnoceric acid 

~.C24=o) takes  place in peroxisomes r a the r  than mitochondria.  The p re sen t  s t u d y  is 

the f i r s t  to use  beta-oxidat ion of VLCFA as the cr i ter ion for  complementation 

when g roup ing  cell lines from pat ients  with peroxisomal d i sorders .  Many of the 

cell lines used  in this s t u d y  were also used  b y  Roscher  and coworkers  (3) in 

complementation s tudies  where plasmalogen b iosynthes i s  was the cr i ter ion for  

complementation. I t  was of in te res t ,  t he re fo re ,  to compare complementation 

groups  obtained u s i n g  both  beta-oxidat ion of VLCFA and plasmalogen b iosynthes i s  

as indices of  complementation to see i f  the same genet ic  defect  affects  bo th  

metabolic pa thways .  

Complementation analysis ,  u s ing  be ta-oxidat ion  as the cr i ter ion for  

complementation, may be useful  in the s t u d y  of pat ients  who are suspec ted  of 

having  a single enzyme defect  in the peroxisomal beta-oxidat ion pa thway.  In 

many of these pa t ients ,  all th ree  beta-oxidat ion enzyme prote ins  (acyl-CoA 

oxidase,  bifunct ional  enzyme and beta-ketothiolase)  are  detectable b y  immunoblot 

analysis  (McGuinness and Watkins, unpubl i shed  obse rva t ions ) .  These pat ients  may 

have an inact ive form of one of the enzymes which could be de tec ted  b y  

complementation s tudies  us ing  cell lines known to be deficient  in each of the 

beta-oxidat ion enzyme activi t ies.  

MATERIALS AND METHODS 

Materials: Cell cu l ture  r eagen t s  were obtained from GIBCO Laborator ies  
(Grand Is land,  NY). [1-~4C]IAgnoceric acid (54.0 mCi/mmol) was obtained from 
Research  P roduc t s  In ternat ional  Corporat ion and  [ 1- ~4C ]palmitic acid (58.0 
mCi/mmol) from New England Nuclear.  Ficoll 400 was obtained from Pharmacia 
Fine Chemicals (Piscataway,  NJ) and polye thylene  glycol 4000 from Merck 
(Rahway,  NJ).  All o ther  reagen ts  were of analyt ical  grade  and were obtained 
from commercial sources .  

Cell l ines: Cul tured  skin f ibroblas ts  from twelve pat ients  with d i sorders  of 
peroxisomal biogenesis  were original ly obtained for  diagnost ic  pu rposes .  They  
were maintained in Eagle 's Minimum Essential Medium with 10% fetal bovine 
serum, 1% gtutamine and penic i l l in /s t reptomycin .  Clinical f indings  for  pat ients  
SED1 and SED2, with single enzyme defec ts ,  have  been r epor t ed  p rev ious ly  b y  
Watkins et al. (8) and  Pol l -The et  al. (9) r espec t ive ly .  The major clinical f indings  
of pat ients  Z2, Z4, Z5, Z6, ZT, N7 and  N8 included in this  s t u d y ,  where Z and N 
rep resen t  Zellweger and  neonatal  a d r e n o l e u k o d y s t r o p h y  pa t ien ts ,  r espec t ive ly ,  were 
repor ted  b y  Roscher  et  al. (3) .  Skin f ibroblas ts  from pat ients  Z9, Z10 and Zl l  
were also s tudied.  

Cell fus ion:  Two paren ta l  cell lines (1.5 X 10 e cells each) were seeded in 
10cm dishes in a 1:1 rat io and fused  with po lye thy lene  glycol 4000 us ing  the 
method of Roscher  et  al. (3) .  Multi- and mono-nucleated cells were separa ted  on 
a discont inuous Ficoll g rad ien t .  Af te r  separa t ion  of the cells, "fused" and 
"unfused"  cell f rac t ions  were examined microscopically.  In the p r e sen t  s t u d y  at 
least 80% of the cells in the fused  cell f rac t ion  were multinucleate.  The un fused  
cell f ract ion contained g r e a t e r  than  95% mononuclear  cells. This f rac t ion was 
equivalent  to cocu l tu red  cells. Fused cells and  those  tha t  failed to fuse  were 
recul t iva ted  and  be ta-oxidat ion  measured a f t e r  a 48-h r e c o v e r y  period.  
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Fat ty  acid oxidation:  Oxidation of [1-14Clpalmitic acid and [1-14C1 
l ignoceric acid to water  soluble p roduc t s  was measured as p rev ious ly  descr ibed  
(10). 

RESULTS AND DISCUSSION 

Fa t ty  acid be ta-oxidat ion  was measured in f ibroblas ts  from controls  and 

from two pat ients  known to be deficient  in one of the peroxisomal be ta-  

oxidation enzymes (Table 1). The rat io of oxidation of l ignoceric acid (C24:o) to 

palmitic acid (C16:o) was taken as an indication of the  abi l i ty  of the cells to 

oxidize VLCFA (8 ,10 ,11) .  VLCFA oxidation in SED1 (immunologically deficient  in 

peroxisomal bifunct ional  enzyme) and SED2 (immunologicaUy deficient  in 

peroxisomal acyl -CoA oxidase) was 11 and 16% of control ,  r espec t ive ly  (Table 1),  

in agreement  with p rev ious ly  publ ished resul t s  (8 ,9 ) .  

To determine whe ther  complementation analysis  could be used in the s t u d y  

of pat ients  with peroxisomal be ta-oxidat ion  d i so rde r s ,  we inves t iga ted  the abil i ty 

of celt lines SED1 and  SED2 to complement each o the r .  Fibroblasts  were br ie f ly  

TABLE 1 

B e t a - o x i d a t i o n  of V L C F A  in f ib rob las ts  before  and af ter  fusion 

Beta-Oxidation of Fatty Acids 
Ls24~Cls % of Control 

C++ C2, 
(pmol/mg/min) 

Ct 62.9 14.3 0.228 (100) 

C2 61.9 15.2 0.245 93 

C1XC2 cc 49.8 11.1 0,222 91 

C1XC2 fused 57.1 14.5 0.253 103 

SED1 55.7 1.4 0,026 11 

SED2 82.9 3.1 0.038 16 

SED1XSED2 cc 72.6 4.1 0.056 23 

SED1XSED2 fused 64.3 14.3 0,223 91 

Oxidation of palmltlc acid (Cle) and Ilgnocerlc acid (C24) was measured In 
parental fibroblast cell lines, fused and cocultured (cc) cells as described in 
Methods. In the last column, the C241 C+e ratio is expressed as percentage 
of control C1. C1 and C2, Controls; SED1, bifunctional protein single enzyme 

defect; SED2, acyI-CoA oxidase single enzyme defect. 

366 



Vol. 172, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE 2 

Complementat ion analysis of fibroblasts from patients with peroxisomal disorders 
using beta-oxidation of VLCFA as the criterion for complementation 

1 2 3 4 

z2 zs N71zol   
. . . .  - -  

[ /  

_ _ z 7  _ 

81 

~ Z l l  

f f  

J ' l f  

% Y  

6 

N 8  

Y 

Y 
Y 

The ratio of oxidation of lignoceric acid (C24) to palmitic acid (C16) is 
expressed as percentage of a control measured in the same experiment. Numbers 
above the diagonal represent cocultured cells and those below this line 
represent fused cells. Z, Zellweger syndrome; N, neonatal ALD. The numbers 
above the brackets refer to the original group numbers of Roscher et aL (3). 

i n c u b a t e d  w i th  p o l y e t h y l e n e  g l y c o l  to i n d u c e  ce l l  f u s i o n .  B e t a - o x i d a t i o n  of  

VLCFA in  t h e  c o c u l t u r e d ,  m o n o n u c l e a t e  ce l l  f r a c t i o n  a n d  t h e  f u s e d ,  m u l t i n u c l e a t e  

cel l  f r a c t i o n  was  m e a s u r e d .  C o c u l t u r e d  SED1 a n d  SED2 f i b r o b l a s t s  h a d  a low 

o x i d a t i o n  r a t i o  b u t  t h e  f u s e d  ce i l s  o x i d i z e d  VLCFA a t  91% of  t h e  c o n t r o l  r a t i o  

( T a b l e  1 ) ,  i n d i c a t i n g  t h a t  c o m p l e m e n t a t i o n  h a d  o c c u r r e d .  

H a v i n g  d e t e r m i n e d  t h a t  r e s t o r a t i o n  o f  V L C F A  o x i d a t i o n  was  a v a l i d  

i n d i c a t o r  o f  c o m p l e m e n t a t i o n ,  we i n v e s t i g a t e d  t h e  a b i l i t y  o f  f i b r o b l a s t s  f rom 

p a t i e n t s  w i th  d i s o r d e r s  o f  p e r o x i s o m a l  b i o g e n e s i s  to  complemen t  ( T a b l e  2 ) .  

R e s u l t s  a r e  e x p r e s s e d  a s  a p e r c e n t a g e  of  t h e  o x i d a t i o n  r a t i o  in  c o n t r o l  c e l l s .  

T h e  n u m b e r s  a b o v e  t h e  d i a g o n a l  r e p r e s e n t  c o c u l t u r e d  ce l l s  a n d  t h o s e  be low th i s  

l ine  r e p r e s e n t  f u s e d  ce l l s .  O x i d a t i o n  r a t i o s  in  p a r e n t  cel l  l i ne s  ( d a t a  n o t  s h o w n ) ,  

c o c u l t u r e d  ce l l s  o r  n o n - c o m p l e m e n t i n g  ce l l  l i n e s  w e r e  g e n e r a l l y  l e s s  t h a n  30% of  

t h e  r a t i o  o f  n o r m a l  c o n t r o l  c e l l s .  A n  i n c r e a s e  o f  a t  l e a s t  2 . 5 - f o l d  in  t h e  

o x i d a t i o n  r a t i o  o f  f u s e d  ce l l s  o v e r  c o e u l t u r e d  ce l l s  was  c o n s i d e r e d  to  i n d i c a t e  
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complementation. Fusion of control  cells (Table 1) or  pa t ien ts '  cells (Table 2) 

with themselves did not af fec t  the oxidation rat io.  

Cell lines r e p r e s e n t i n g  five of the six complementation groups  r epor t ed  b y  

Roscher  et al. (3) were s tudied .  As can be seen from Table 2, complementing 

cell lines u s i n g  VLCFA oxidation as the cr i ter ion s eg rega t ed  into g roups  that  

were identical  to the g roups  obtained p rev ious ly  ( indicated b y  bracke t s  at  the 

top of Table 2) when plasmalogen syn thes i s  was used  as the cr i ter ion for  

complementation (3) .  Unfor tuna te ly ,  f ibroblas ts  from pat ient  Z8 

(complementation g roup  5 of Roscher  and coworkers)  were no longer  available.  

Complementation analysis  was also per formed on cell lines from three  

Zellweger pat ients  which were not  included in the s t u d y  of Roscher  et al. (3) 

(des ignated Z9, Z10 and Z l l ) .  Both VLCFA oxidation and plasmalogen syn thes i s  

were measured in fused  and  cocul tured  cells. Pat ient  Z9 and pat ients  Z10 and 

Zl l  were found  to be long to complementation g roups  1 and  4, respec t ive ly ,  of 

Roscher  and colleagues when both  be ta -oxida t ion  of VLCFA (Table 2) and 

res tora t ion  of plasmatogen syn thes i s  (data  not  shown) were used  as cr i ter ia  for  

complementation. 

To date ,  no correlat ion between genotype  and pheno type  has been found in 

s tudies  of f ibroblas ts  from pat ients  with peroxisomal d i so rders .  Roscher  e t al. (3) 

showed that  all known pheno types  were r e p r e s e n t e d  within thei r  complementation 

group 1 and the most common pheno type ,  classical Zellweger syndrome,  was found  

in five of the i r  six complementation g roups .  There  is genet ic  he te rogene i ty ,  

therefore ,  not  only  within the g roup  of  peroxisomal d i so rders  bu t  also between 

di f ferent  Zellweger cell lines. Complementation g roups  obtained in the p r e sen t  

s t udy ,  when be ta-oxida t ion  of VLCFA was used  as the cr i ter ion of 

complementation, were found  to be identical to the complementation groups  

obtained b y  Roscher  and coworkers ,  s u p p o r t i n g  the hypothes i s  tha t  defects  in 

peroxisome assembly affect  bo th  VLCFA oxidation and plasmalogen b iosynthes i s .  

Imanaka et al. (12) have shown that  import of peroxisomal matrix prote ins  

requi res  the p resence  of cer ta in  membrane p ro te ins ,  poss ib ly  ac t ing  as r ecep to r s .  

It is p robable ,  t he re fo re ,  tha t  a single import mutation may affect  bo th  metabolic 

pa thways .  

Complementation analys is ,  u s ing  be ta-oxida t ion  of VLCFA as the cr i ter ion 

for  complementation, will p rove  useful  in the s t u d y  of pat ients  who, based on 

clinical diagnosis ,  a re  suspec ted  of hav ing  a single enzyme defect  in the 

peroxisomal be ta-oxida t ion  pa thway .  The l abora to ry  f indings  common to these  

pat ients  include e levated plasma VLCFA, impaired VLCFA oxidation in f ibroblas ts  

and normal plasmalogen syn thes i s  (8 ,9 ,13) .  Some pa t ien t s ,  with suspec ted  single 

enzyme defec t s ,  were found to be immunologically posi t ive for  all th ree  be ta -  

oxidation enzymes (11, and  McGuinness and  Watkins, unpubl i shed  obse rva t ions ) .  
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These pat ients  presumably  have an inactive form of one of the oxidation 

enzymes. 

Fusing f ibroblasts  from pat ients ,  with suspected  single enzyme defects ,  with 

f ibroblasts  from pat ients  SED1 and SED2 will allow identification of pat ients  who 

are likely to be deficient in the third peroxisomal beta-oxidat ion enzyme, be ta-  

ketothiolase. A beta-ketothiolase deficient cell line, along with the two lines 

known to be deficient in acyl-CoA oxidase and bifunctional enzyme activi t ies,  will 

enable us to s t u d y  and classify f ibroblasts  from pat ients  who are  suspected  of 

having a single enzyme defect  in the peroxisomal beta-oxidat ion pathway.  
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