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S j ogren-Larsson syndrome : Genetic studies and b iochemical 
character i z at ion o f  human fatty a ldehyde dehydrogenase 

ABS TRACT 

A d i ssertat ion submitted in part i a l  ful f i l lment of the 
requ irements for the degree o f  Doctor o f  Phi l os ophy at 
Virginia Commonwea lth University . 

Todd L .  Kelson 

Virginia Commonwealth Univers ity 

Advi sor : W i l l iam B .  Ri z z o ,  M . D .  

S j ogren-Larsson syndrome ( SLS ) is an autosoma l 

recess ive disorder due to defic iency of the fatty a ldehyde 

dehydrogenase ( FALDH ) component of fatty a lcoho l : NAD+ 

ox idoreductase ( FAC ) . We invest igated the enzymat ic defect 

in SLS in order to e lucidate the role of FALDH in fatty 

a ldehyde and fatty a lcoho l metabo l i sm .  

Genetic stud ies were performed to invest igate carr i er 

detect ion for SLS . Cu ltured skin f ibroblasts from norma l 

contro l s , SLS obl igate heterozygotes , and SLS homo zygotes 

were assayed for FAC and FALDH activities u s i ng 1 8 -carbon 

substrates . In SLS homo zygotes , mean FAC and FALDH 

activities were 8% of norma l ,  and there was no over lap 

between the homozygote and heterozygote range s . We 

demonstrated that mean FAC act ivity in SLS obl igate 

heterozygotes was 78 ± 1 6 %  o f  norma l ( mean ± S D ) ; whereas 

mean FALDH activity was 6 0  ± 15% o f  norma l .  Using both FAC 



and FALDH assays in concert , none of the SLS obl igate 

heterozygotes ( n= l l )  had both FAO and FALDH activities 

whi ch overlapped the normal range ( n= 1 2 ) .  Therefore , we 

conc lude that measurement of FAO and FALDH activities in 

cultured skin f ibroblasts using la-carbon substrates i s  

useful for SLS carr ier detect ion . 

x i  

Prenata l diagno s i s  was undertaken t o  monitor FAO and 

FALDH act ivities in four pregnanc ies at-risk for SLS . 

Enzymati c  results in one case using cultured amn iocytes 

obtained dur ing the second trimester predicted an a ff ected 

SLS fetus , wh ich was con f irmed at terminat ion o f  the 

pregnancy . Another at-r i sk fetus was pred icted to be 

a f fected with SLS using cultured chorionic v i l l i  c e l l s  

obtained during the f irst trimester , and fetal skin 

f ibroblasts obta ined a fter terminati on o f  the pregnancy 

conf i rmed a profound deficiency o f  FAO and FALDH 

activit ies . Two other fetuses were correct ly pred icted to 

be unaffected . These results demonstrate that SLS can be 

diagnosed prenat a l ly during e ither the f irst or second 

trimester of pregnancy using enzymatic methods . 

I n  order to better understand the role o f  FALDH in 

fatty a lcoho l oxidation , we determined the subcel lular 

l oc a l i zation o f  FALDH in human l iver , a human cultured 

hepatocyte c e l l  l ine ( HepG2 ) ,  and human cultured skin 

f ibroblasts . D i f ferent i a l  centr i fugation and density 

gradient centrifugation in Nycodenz were ut i l i z ed to 



x i i  

separate subc e l lular organe l les . Organe l l e-spec i f ic enzyme 

markers con f i rmed the subce l lular separations that were 

atta ined . FALDH activity was primar i ly loca l i z ed to the 

m icrosomes in human l iver , a cu ltured HepG2 c e l l s , and 

human cultured skin f ibroblasts . 

FALDH was solub i l i z ed from human l iver m i crosomes and 

pur i f ied 1 6 7 -fold by column chromatography . Pur i f ied FALDH 

had a subunit molecular we ight est imated by SDS-PAGE to be 

5 4 , 0 0 0  da ltons . Gel f i ltration and nondenatur ing 

po lyacrylamide gel e lectrophores i s  of pur i f ied FALDH 

indicated that the enzyme formed large , polymeri c  protein 

aggregates with a molecular weight greater than 5 0 0 , 0 0 0  

daltons . FALDH was NAD + -dependent , had opt ima l cata lyti c  

activity at pH 9 . 8 ,  and w a s  thermol a b i l e  at 4 7 ° C .  � and 

Vmu values were determined for saturated and unsaturated 

a l iphat ic a ldehydes ranging from 2 to 2 4  carbons in l ength , 

as we l l  as dihydrophyta l ,  a 2 0 -carbon branched cha in 

a ldehyde . FALDH was act ive towards l ong-chain fatty 

a ldehydes greater than 6 carbons in length . FALDH was 

sens itive to inhibition by disu l f iram ,  iodoacetamide , 

iodoacetate , a , p-dibromoacetophenone , and p­

chloromercur ibenzoat e ,  but it was unaffected by magnes ium 

ions . These invest igations represent the f irst 

pur i f i cation and character i z ation o f  human m icrosoma l 

FALDH . 



CHAPTER 1 

Introduction 

SJOGREN-LARS SON SYNDROME 

H I STORI CAL BACKGROUND 

I n  1 9 5 7 , two groups of investigators independent ly 

descr ibed a genetic syndrome that was subsequent ly cal led 

S j ogren-Larsson syndrome ( SLS ) ( S j ogren and Larsson , 1 9 5 7 ; 

Soderh j e lm and Ene l l , 1 9 5 7 ) . Sj ogren and Larsson r eported 

2 8  pat i ents f rom northern Sweden with congenital 

i chthyos i form erythrodermia , low-grade o l igophrenia ( mental 

retardation ) ,  and spastic pyramidal symptoms ( spasticity ) . 

Soderhj e lm and Ene l l  descr ibed three other ch i ldren f rom 

northern Sweden who had s imi lar symptoms to those descr ibed 

by S j ogren and Larsson . Prior to th is time , a pat i ent with 

ichthyos i s  and spastic diplegia was descr ibed by P isani and 

Cacchione in Italy in 1 9 3 5  ( P isani and Cacchione , 1 9 3 5 ) , 

a lthough the c l inical features of that patient were not 

typ i ca l  of SLS . I n  1 9 4 0 ,  Bredmose in Denmark probably 

reported the f irst pat ients with typical SLS ( Bredmose , 

1 9 4 0 ) . To date , over 2 0 0  cases of SLS from throughout the 

1 



world among many ethnic and racial groups have been 

descr ibed ( Jage l l  et al., 1 9 8 1 ) . 

CLINICAL FEATURES 

2 

SLS is characte r i z ed by a tr iad o f  cardinal symptoms : 

congenital ichthyos i s ,  menta l retardation , and spast icity . 

Congenital ichthyos i s  was present in a l l  of the 2 8  cases 

stud ied by S j ogren and Larsson ( S j ogren and Larsson , 1 9 5 7 ) . 

The characteristic pattern o f  scal ing is usua l ly apparent 

at birth , but in some cases ichthyosis did not deve lop 

unt i l  the patient was several months old . Affected 

individua l s  demonstrate varying degrees of ichthyos i s  from 

m i ld to moderate in severity . The distr i bution o f  the skin 

l e s i ons are genera l i z ed ,  with predi lection for the neck , 

e lbows , knees , and lower extremities . These les ions do not 

usua l ly occur on the central face , hands , and feet ( Chaves­

Carba l lo ,  1 9 8 7 ; W i l l iams , 1 9 9 0 ;  W i l l iams and E l i a s , 1 9 8 6 ) . 

Inte l l igence was studied in a cohort o f  3 5  Swed i sh 

pat ients (Jage l l  and He i j be l , 1 9 8 2 ) . A l l  were moderately 

retarded with an IQ lower than 7 0 .  The maj or ity had IQs 

below 50 and were thus class i f ied as severely menta l ly 

retarded . There was no h istory indicating a progres s ion o f  

the mental retardation in these pat ients . 

Spastic para lys i s  ( spastic di- or tetraplegia)  i s  

usua lly man i fested by three years o f  age ( Chaves-Carba l lo , 

1 9 8 7 ; The i l e , 1 9 7 4 ) . The pat ients ' gait i s  severe l y  



3 

disturbed with pronounced contractures in the hip and knee 

j o ints , thus g iving these patients the appearance that they 

are wa lking on the i r  toes . About 7 5 %  o f  patients with SLS 

are unable to walk without a s s i stance . SLS is not a 

neurodegenerat ive di sorder because neurologic funct ion of 

the upper and l ower extremities and mental retardation do 

not worsen with increas ing age ( Jag e l l  and He i j be l , 1 9 8 2 ) . 

I n  addition to the three card inal symptoms there may 

be other c l inical s igns and symptoms . These inc lude 

g l i stening wh ite dots on the retina , speech defects , 

sei zures , kyphos i s  o f  the thoracic spine , and short stature 

( Chaves-Carba l l o , 1 9 8 7 ) . Ret ina l g l i stening white dots and 

other changes in retinal p igmentation have been reported in 

about ha lf of the pati ents ( The i l e , 1 9 7 4 ) . Speech defects 

consi sted of stammering and s ingle , often incomprehens ible , 

syl lables ( Chaves -Carba l l o , 1 9 8 7 ) . It i s  not known i f  the 

speech abnorma l ities are due to menta l retardat ion or to a 

separate neurological abnorma l ity . Ep i l eptic s e i z ures or 

convu l s ions ( not due to febr i l e  i l lnes s )  character i z ed by 

abnormal e l ectroencepha lograms were noted in some pat ients 

( Chaves-Carba l l o , 1 9 8 7 ) . Kyphos is and sco l iosis were seen 

in a sma l l  number of pat ients , with muscu lar weaknes s  not 

be ing a contr ibut ing factor ( The i l e , 1 9 7 4 ) . Most o f  the 

pat ients with SLS are shorter than average for the i r  

population , in part due t o  leg contractures ( Chave s ­

Carba l lo , 1 9 8 7 ) . Height may be d i f f icult to measure 



4 

accurately because of the hip and knee j oi nt contractures . 

PATHOLOGY OF SLS 

The dermatopathology o f  SLS is we l l  character i z ed 

( Go ldsmith e t  al., 1 9 7 1 ;  Matsuoka e t  al., 1 9 8 2 ; Jage l l  e t  

al., 1 9 8 7 ; I to e t  al., 1 9 9 1 ;  W i l l i ams , 1 9 9 0 ) . Affected 

infants show vary ing degrees o f  erythroderma , f ine s c a l ing 

a long with larger , p late - l ike scales ; or f o l l icular 

hyperkeratos i s  without scales ; however , a true c o l l od i on 

membrane rarely occurs . There i s  acantho s i s  and 

pap i l lomato s i s . The epidermis is hyperpro l i ferat ive and 

the stratum granu losum is thickened . Go ldsmith e t  al. 

( 19 7 1 )  observed a sma l l  degree o f  vasod i l atation and 

per ivascular infi ltration o f  round c e l l s  and f ibrobl a st s . 

Studi e s  o f  the skin by e l ectron microscopy revealed within 

keratinocytes prominent Golgi apparatus and increased 

numbers o f  mitochondr ia (Matsuoka e t  al., 1 9 8 2 ) . I n  both 

a ff ected and unaf f ected skin , lam inated membranous 

inclusions were present in corn i f ied c e l l s  of the epiderm i s  

( Ito e t  al., 1 9 9 1 ) . 

Pathologic examinat ion o f  the central nervous system 

in c l inica l ly typ ical SLS patients has been reported in two 

autops ies ( Baar and Gal indo , 1 9 6 5 ; Sylvester , 1 9 6 9 ) and has 

been summar i z ed in two other Swedish SLS patients ( Wester 

e t  al., 1 9 9 1 ) . Baar and Ga l indo ( 19 6 5 )  f ound a symmetr ical 

atrophy o f  the caudate and demyel inat ion in the front a l  



lobes . I n  contrast , Sylvester ( 1 9 6 9 )  found no apparent 

loss of neurons in the caudate or hypothalamus . 

Cons iderable loss o f  mye l i n  was noted in the centrum 

semiova l e . Astrocytes were increased in number . Both 

medul lary pyramids showed poor mye l in content . Wester e t  

al. ( 19 9 1 )  reported one patient with mild loss o f  

cerebel l ar cortical neurons , whereas another patient , who 

developed Parkinsonian s igns , showed widespread loss of 

mye l in and the presence of macrophages conta ining mye l in 

breakdown products .  Mental retardation and spasticity in 

SLS may be a resu lt o f  demyelination as evidenced by 

neuropatho logical examinat ions . 

GENETICS AND PREVALENCE 

5 

SLS i s  inherited as an autosoma l recess ive trait with 

1 0 0 %  penetrance ( S j ogren and Larsson , 1 9 5 7 ) . The 

preva lence of SLS in a l l  of Sweden ( based on 52 patients 

born between 1 9 0 1- 1 9 7 7 )  is 1 in 1 6 7 , 0 0 0 . The preva lence is 

1 in 3 7 , 0 0 0  in Norbotten county , a ne ighboring county where 

this di sorder was f irst descr ibed ; 1 in 1 0 , 0 0 0  in 

Vasterbotten county where all o f  the cases orig inated ; and 

1 in 6 , 0 0 0  in a subregion of Vasterbotten and Norbotten 

counties . Jag e l l  e t  al. ( 1 9 8 1 )  reported that 5 0  o f  5 8  

patients i n  the i r  study were e ither born i n  the regi on o f  

Vaster bot ten and Norbotten counties o r  had ancestors born 

ther e . The SLS gene frequenc ies estimated from the 
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preva lence rates are 0 . 0 0 2  in the who le of Sweden , 0 . 0 0 5  in 

the county of Norbotten , 0 . 0 1 0  in the county of 

Vasterbotten , and 0 . 0 1 3  in the SLS region of Vasterbotten 

and Norbotten ( Jage l l  et al . , 1 9 8 1 ) . The heterozygote 

frequenc ies calculated from these f igures are 1 in 2 0 0 in 

Sweden , 1 in 1 0 0  in Norbotten county , 1 in 50 in 

Vasterbotten county , and 1 in 39 in the SLS reg i on ( Jage l l  

e t  al . ,  1 9 8 1 ) . 

The h igh frequency of SLS in northern Sweden may be 

due to a founder ef fect . The ma j or mutat ion o f  the SLS 

gene may have been introduced into th is population from a 

sett ler moving into the area or may have ari sen as a new 

mutation from an inhabitant of this reg ion ( I s e l ius and 

Jage l l , 1 9 8 9 ) . Census records dating to A . D .  1 4 1 3  indicate 

that there were about 6 0 0  persons l iving in thi s  region . 

Because o f  the geographic iso lat ion of northern Sweden , 

consanguineous marr iages and , hence , inbreeding may have 

been more cornmon and therefore contr ibuted to the h igh 

inc idence of th is recess ive di sorder . 

Cytogeneti c  studies , inc luding chromosome G-band ing , 

were norma l on primary cell cultures from a skin b i opsy o f  

an a f fected ma le ( Book e t  al . , 1 9 6 3 ) . No chromosoma l 

abnorma l ities were found in blood cultures from one other 

ma l e  proband ( Hooft et al . , 1 9 67 ) . 



TREATMENT 

Treatment of SLS is mainly support ive . Phys ica l 

therapy and orthopedic care may prolong mob i l ity , but most 

pati ents sti l l  requ ire leg braces or whee lchai r  a s s istance 

( Chaves-Carba l l o , 1 9 87) . 

Seven SLS pat i ents treated with etretinate , a 

synthetic retino id , showed improvement o f  the i r  ichthyo s i s  

a fter o n e  month ( Jage l l  and Liden , 1 9 8 3 ) . The use o f  thi s  

drug , however , i s  l imited to adu lts because i t  has potent , 

growth- inhibiting s ide effects in chi ldren . 

7 

D i etary therapy has a l so been i nvest igated ( Hooft e t  

al., 1 9 6 7 ;  Chaves-Carba l l o  e t  al., 1 9 8 1; Maaswinkel-Mo o i j  

e t  al., 1 9 9 3 ) . Hooft e t  al. ( 1 9 67 )  descr i bed an 8 -year-o ld 

SLS pat i ent with exudat ive enteropathy who was g iven a d i et 

cont a i ning only 8 -carbon to 1 0 -carbon fatty ac ids a s  fat . 

The exudative enteropathy d i sappeared w ith i n  the f irst few 

weeks on the diet . A marked improvement i n  psychi c  and 

motori c  condit ion were noted . Furthermor e , the 

ichthyos i form rash comp letely d isappeared . Thi s  

improvement per s i sted after more than a year o n  the diet . 

Chaves-Carba l l o  et al. ( 1 9 8 1 )  reported an 8 -year-old 

SLS patient who was placed on a diet con s i st ing o f  2 0% o f  

tota l da i ly caloric intake as the 8 -carbon a n d  1 0 -carbon 

saturated fatty acids , wh ich was increased to 4 0 % of tot a l  

d a i ly ca loric i ntake after 5 months on t h e  diet . Dur ing 

the 1 2 -month peri od of treatment , skin scal iness and 



dryness markedly improved ; but there was no improvement in 

neur o l og i c  dysfunction . 

8 

Maaswinkel-Moo i j  e t  al . ( 1 9 9 3 ) recently descri bed the 

c l inical results of dietary treatment in f ive SLS pat ients 

rang ing in age from 5 months to 8 year s . The pat i ents were 

treated for about one year with a d iet that was restricted 

in fat ( 1 5 - 2 0 %  o f  tota l caloric intake)  and supp l emented 

w ith medium-cha in triglyceride o i l  to a tota l fat caloric 

i ntake o f  4 5 % .  Cl inical examinat ions showed no improvement 

of the skin les ions or the neurological symptoms in any o f  

t h e  f ive pat ients a fter o n e  year on th is diet . Moreover , 

in two patients ( aged 5 and 8 months at the start o f  

dietary therapy ) , mental retardat ion and spastic ity 

deve l oped progress ively in the second year o f  l i f e  wh i l e  on 

thi s  d iet . 

These results indicate that a low fat diet 

suppl emented with med ium-cha in fatty acids showed 

incons i stent and negative results in severa l  SLS patients . 

The d ietary therap ies reported to date were attempted 

before the pr imary defect in SLS was e lucidated. Now that 

the biochemica l defect is known , an appropr iate diet 

selectively def ic ient in fatty a lcoho l should be devised . 

METABOLIC STUDIES IN SLS 

Sever a l  d isorders of ichthyos i s , such as Ref sum 

di sease , X - l i nked recess ive ichthyos i s , Chanar in syndrome , 
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infant i l e  Gaucher disease , and autosomal recess ive 

rhi z ome l i c  chondrodysp l a s i a  punctata , are caused by defects 

in l ipid metabo l i sm (Wi l l i ams and E l ias , 1 9 8 6 ) . The 

i chthyosis of patients with SLS has some f eatures in common 

with that seen in pat ients with essent ial fatty acid 

deficiency . To determine i f  there was an abnorma l ity in 

essential fatty acid metabo l ism or absorption , Herne l l  e t  

al. ( 1 9 8 2 ) stud ied the fatty acid patterns of p l asma 

phospho l ip ids , cholesteryl esters , tr iglycerides , and free 

fatty ac ids in 11 SLS patients . The i r  f i nding s  indicated 

that a l l  1 1  SLS pat ients had decreased products of delta-6 

desaturat ion . Avigan e t  al. ( 1 9 8 5 )  subsequent ly reported 

that the relat ive concentrations o f  1 8 : 3  ( n 6 ) , 2 0 : 3  ( n 6 ) , 

and 2 0 : 4  ( n 6 )  fatty acids , and the activity o f  delta-6 

desaturase were normal i n  cu ltured skin f ibroblasts f rom 

SLS patients . No errors in amino acid , organ i c  acid , or 

carbohydrate metabo l i sm were found ( Ho lmgren et al., 1 9 8 1 ) . 

Because o f  the distinct ive association o f  cardinal 

symptoms ( ichthyosis , mental retardation , and spasti c ity ) , 

Ri z z o  et al. ( 19 8 9 )  suspected a defect in fatty a l coho l 

metabo l ism in SLS . Plasma fatty a lcohol concentrations 

were mea sured in eight SLS patients ( R i z z o  et al., 1 9 8 9 ) . 

The concentration o f  tetradecano l ( 14 -carbon)  was norma l i n  

a l l  but one pati ent ; whereas the mean concentration o f  

plasma hexadecanol ( 1 6 -carbon ) was increased two-fold above 

normal and plasma octadecanol ( 18 - ca rbon ) was increased 
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a lmost three-fold above norma l .  In order to understand the 

role of fatty a lcoho ls and the ir accumu lation in SLS , fatty 

a lcoho l synthes i s  and degradation were investigated . 

FATTY ALCOHOL METABOL I SM 

Fatty a lcoho ls ( carbon cha in length � 1 2 ) have been 

detected in bacteria ( S inger and Finnerty , 1 9 8 5 ;  Naccarato 

et al . , 1 9 7 2 ; Day et al. , 1 9 7 0 ) , insects ( Tu l l och , 1 9 7 0 ) , 

plants ( Moreau and Huang , 1 9 7 9 ; Kolattukudy , 1 9 7 0 ) , and 

mamma ls ( Takahash i ,  T .  and Schmid , 1 9 7 0 ) . Wax esters are 

abundant in germinating seeds in some p lant species . These 

wax esters are catabo l i z ed to provide carbon ske letons and 

energy for growth ( Moreau and Huang , 1 9 7 9 ) . I n  marine 

organi sms , free and esterif ied fatty a lcohols are very 

abundant and p lay an important role in energy storage 

( Neven z e l , 1 9 7 0 ) . Long-cha in fatty a lcoho ls and a ldehydes 

are components of sex pheromones in insects and p lay a role 

in spec ies attract ion ( B latter e t  al . , 1 9 9 0 ) . 

Fatty a lcohol s  are synthe s i z ed from either fatty acid 

or a lkane precursors . The ma in pathway for generat ing 

fatty alcohol i s  through the enzymat ic reduct ion o f  fatty 

acids ( Riendeau and Me ighen , 1 9 8 5 ) . Based on studies in 

human cultured skin f ibroblasts , a fatty a l coho l cycle has 

been proposed to describe fatty a lcoho l metabo l ism ( R i z z o  

e t  al . ,  1 9 8 7 )  ( F igure 1 ) . 
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Figure 1 .  The fatty alcoho l cyc le in mamma l s . The enzymes 
shown are as fol lows : 1 )  acyl -coA synthetase; 2a and 2 b )  
acyl -CoA reductase; 3 a )  fatty alcohol dehydrogenase 
component of FAO; and 3 b) fatty aldehyde dehydrogenase 
component of FAO . 
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In the fatty alcoho l cycle , fatty a lcoho l synthes i s  

begins with the activation o f  fatty acid precursors 

obtained either from the diet or endogenous sources , such 

as tr iglycer ide stores . Fatty acid i s  act ivated to fatty 

acy l-CoA via the enzyme , acyl-CoA synthetase ( see F i gure 1 ,  

enzyme 1 ) . Thi s  react ion requires ATP and CoA . 

Fatty acyl -CoA , the product o f  acy l-CoA synthetase , i s  

the substrate for acyl -CoA reductase ( see Figure 1 ,  enzyme 

2a and 2 b ) , resulting in the format i on o f  fatty a lcoho l . 

Acyl-CoA reductase i s  NADH-dependent i n  cytosol , and NADPH­

dependent in membrane fract ions . Fatty a ldehyde i s  an 

i ntermed iate in the reduction o f  fatty acyl -CoA to fatty 

alcoho l ;  however , fatty aldehyde i s  not released as a free 

intermed iate because aldehyde-trappi ng agents ( such as 

semicarba z ide ) and excess unlabe led aldehyde have l itt l e  

ef fect o n  the comp lete reducti on o f  labeled fatty acyl-CoA 

to fatty alcoho l ( B i shop and Haj ra , 1 9 8 1 ) . The enzyme i s  

particularly active with 1 6 - and 1 8 - carbon acyl -CoA 

substrates , and is not inhibited by fatty a lcoho l . 

Fatty a lcohol can be ut i l i z ed i n  the synthes i s  o f  

hydroxy fatty alcoho l ,  wax esters ( prom i nent i n  ski n ) , and 

g lyceryl ether l ipids ( abundant in nerve t i s sue ) . The 

metabol i sm o f  hydroxy fatty alcoho l ( M iura et al., 1 9 8 7 )  

and wax esters ( Ko lattukudy and Rogers , 1 9 8 6 ;  Wykl e  e t  al., 

1 979 ) i s  not we l l  characteri z ed . 

G lyceryl ether l ip ids ( inc luding plasmalogens ) are 
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synthes i z ed f rom fatty a l cohol b y  the enzyme a lkyl ­

dihydroxyacetone phosphate synthase . G lyceryl ether l ip ids 

are catabo l i z ed to release fatty a ldehyde , wh ich i s  

subsequently oxidi zed t o  fatty acid v i a  a n  NAD+ -dependent 

enzyme system . Thi s  react ion occurs via a free fatty 

a ldehyde intermediate . Therefore , fatty alcohol can be 

i nd irectly oxi d i z ed to fatty acid via glyceryl ether l ipid 

synthes i s  and degradat ion . 

Fatty a lcohol is directly ox idi z ed to fatty acid by 

fatty alcoho l : NAD+ oxidoreductase ( FAO , see F igure 1 ,  

enzyme 3 a  and 3 b ) . FAO activity has been demonstrated i n  

human cultured s k i n  f ibroblasts ( R i z z o  et al. , 1 9 8 7 ,  1 9 8 8 ) , 

human l eukocytes ( Ri z z o et al. , 1 9 8 9 ) , and i n  rat l iver 

( Lee , 1 9 79 ) . FAO activity i s  present in most t issues o f  

rat , a n d  i s  h ighest in l iver ( Lee , 1 9 79 ) . FAO i s  membrane­

bound ( R i z z o  and Craft , 1 9 9 1 )  and shows an absolute 

requirement for NAD+ ( Lee , 1 9 79 ) .  The results i n  rat l iver 

suggest that fatty a ldehyde i s  an i ntermed iate in the 

ox idat ion o f  fatty alcohol to fatty ac id . Fatty a ldehyde 

produced by FAO in rat l i ver is not released as a free 

intermediate because semicarba z ide , an a ldehyde trapp ing 

agent , inc luded i n  the in vi tro react ion buf fer did not 

i nh ib i t  oxidati on of fatty alcoho l to fatty acid ( Lee , 

1 9 79 ) .  Aldehyde trapp i ng could also not be demonstrated i n  

human f i broblast homogenates ( Ri z z o ,  persona l 
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communication) . 

The demonstration of a fatty a ldehyde intermediate in 

the rat l iver in vitro assay suggests that FAO may con s i st 

o f  an enzyme compl ex with one enzyme functi on ing a s  a f atty 

a l cohol dehydrogenase ( FADH ) and the other enzyme 

functioning as a fatty aldehyde dehydrogenase ( FALDH ) .  

I ch ihara e t  al. ( 19 8 6a )  solub i l i z ed and chromatograph i ca l ly 

separated FADH from FALDH in rabbit intestinal mucosal 

cel l s. I n  reconstitution experiments , they found that both 

enzymat ic components are necessary for the compl ete 

oxidat ion o f  fatty alcohol to fatty ac id. 

SUBCELLULAR LOCAL I ZAT ION OF FATTY ALCOHOL-METABOLI Z ING 

ENZYMES 

The enzymes invo lved in fatty alcohol metabo l i sm have 

been loca l i z ed us ing e ither d i f f erent i a l  centr i fugation 

( wh ich separates organe l les based on s i z e )  or dens ity 

gradient centri fugation. separation by dens ity i s  more 

preci se and less contam inat ion between subc e l lu lar 

organe lles i s  demonstrated. 

Fatty acids der ived from the diet or triglycer ide 

stores are activated in the f atty alcoho l cyc le. Fatty 

acid B -oxidati on occurs in the m itochondr ia ( Bremer and 

Osmundsen , 1 9 8 4 ) and peroxisomes ( La z arow and de Duve , 

1 976 ) . 

Fatty acids are activated to acyl -CoA by acy l -CoA 
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synthetase . Acyl -CoA synthetase act ivity has been 

demonstrated in rat l iver mitochondr ia ( Tanaka et al., 

1 9 8 1 ) , rat l iver peroxisomes ( s ingh , H .  and Poulos , 1 9 8 8 ) , 

and rat l iver microsomes ( S ingh , H .  and Poulos , 1 9 8 8 ) , as 

wel l  as in rat bra in microsomes ( S ingh , I. e t  al., 1 9 8 5; 

Reddy e t  al., 1 9 8 4 ) . 

The enzyme cata lyz ing the reduct ion of fatty acy l-CoA 

to fatty a lcoho l , acyl-CoA reductase , is loca l i z ed to the 

so luble fract i on of bacteri a  ( Naccarato et al., 1 9 72 ;  Day 

et al., 1 9 70 ) , brocco l i  l eaves ( Ko lattukudy , 1 9 7 1 ) , and 

bovine cardiac muscle ( Johnson and G i lbertson , 1 9 72 ) ;  the 

microsomes of f i sh ( Gr i f f ith et al., 1 9 8 1 ) , b irds 

( Kolattukudy and Rogers ,  1 9 78 ) , rat bra in ( B ishop and 

Haj ra , 1 9 8 1 ,  1 9 78 ) , bovine meibomian g lands ( Ko lattukudy 

and Rogers , 1 9 8 6 ) , and mouse preput i a l  gland tumors ( Wykle 

e t  al., 1 9 79 ) ;  and the peroxisomes o f  gui nea p i g  intestinal 

mucos a l  cells ( Burdett e t  al., 1 9 9 1 ) . 

Fatty a l coho ls can be used as substrates for the 

synthes is o f  g lyceryl ether l ipids . Th is step is cata lyzed 

by the enzyme a lkyl -dihydroxyacetone phosphate synthase . 

This enzyme was init i a l ly described in microsoma l 

preparations of rat bra in ( Nataraj an and Schmid , 1 9 78 ) , rat 

l iver ( Lee et al., 1 9 8 0 ) , and two rat tumors :  sarcoma and 

hepatoma ( Lee et al., 1 9 8 0 ) . However , more recent studies 

us ing densi ty grad ient centr i fugat ion indicate that a lkyl ­

dihydroxyacetone phosphate synthase activity sediments w ith 
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peroxisoma l-enr i ched fract ions of rat and guinea pig l iver 

( Ha j ra and B i shop , 1 9 8 2 ; S i ngh , H .  et al., 1 9 9 3 ) . 

Fatty a l cohol oxidation , cata lyz ed by FAO , has been 

demonstrated in rat l iver microsomes ( Lee , 1979 ) . 

ENZYMAT I C  DEFECT IN BLB 

Fatty a lcoho l accumulation has been f ound in p l a sma 

from SLS pat ients ( R i z z o  et al., 1 9 8 9 ) . SLS patients a l so 

show symptoms invo lving both the skin and the nervous 

system , s ites where wax esters and glycerol ether l ip ids 

are abundant , r espect ive ly . The fatty a lcohol accumu lation 

in SLS patients is not due to a block i n  g lycer o l  ether 

l ip id synthes is nor is it due to an increase in fatty 

alcoho l  synthes i s  ( R i z z o  e t  al., 1 9 87 ) . Rather , intact 

cultured skin f ibroblasts from SLS patients show imp a i red 

oxidat ion of fatty a lcohol to fatty acid ( R i z z o  e t  al., 

1 9 8 8 )  . 

The enzyme cata lyz i ng the oxidation o f  fatty a lcohol 

to fatty acid , FAO , is deficient in SLS patients . Us ing 

hexadecanol ,  a 1 6 -carbon saturated fatty alcoho l , a s  

substrate , mean FAO activity in cultured skin f ibroblasts 

from 8 SLS pat ients was 18% o f  normal and enzyme act ivity 

in per ipheral blood leukocytes from three patients was 2 2 %  

o f  norma l ( R i z z o  e t  al., 1 9 8 9 ) . Using a h i stochemi c a l  

staining technique , deficient fatty a l coho l oxida t i on was 

con f i rmed in epidermis and j ej unal mucosa from seven SLS 



patients ( Judge e t  al. , 1 9 9 0 ;  Lake e t  al., 1 9 9 1 ) . 

F i broblasts and leukocytes from SLS heterozygotes showed 

mean FAO activities that were intermediate between those 

activities seen in SLS homo zygotes and norma l contro l s  

( R i z zo e t  al., 1 9 8 9 ) .  

1 8  

FAO i s  bel i eved t o  con s i st o f  2 enzyme moieties: FADH 

which oxi d i z e s  fatty a l cohol to fatty aldehyde , and FALDH 

which oxid i z es fatty aldehyde to fatty ac id. To determine 

wh ich enzymati c  component was responsible for FAO 

def ic i ency in SLS , activities o f  FADH and FALDH were 

assayed separately in seven unrelated SLS pat ients ( Ri z zo 

and Craft , 1 9 9 1 ) .  Us ing 1 6 -carbon substrates , the mean 

FADH activity in cultured skin f ibroblasts from SLS 

patients was 9 2 %  o f  the mean activity measured in norma l 

controls , whereas mean FALDH activity in the SLS c e l l s  was 

reduced to 1 8 %  o f  the mean act ivity seen in normal 

contro l s. FALDH deficiency o f  the FAO enzyme complex has 

been demonstrated in all SLS patients studied to date 

( R i z z o  and Cra ft , 1 9 9 1 ) . FAO def ic iency has also been 

demonstrated in a mutant Chinese hamster ovary c e l l  l ine 

( James et al., 1 9 9 0 ) .  This mutant strain was a l so 

deficient in FALDH activity. 

Fatty alcohol metabo l i sm has been investigated i n  

cultured skin f ibroblasts from SLS patients ( R i z z o  and 

Craft , 1 9 9 1 ) .  When intact f ibroblasts from SLS pat i ents 

were incubated w ith radioa ct ive- labeled long-cha in fatty 
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a lcoho l , there was a defic iency in the production o f  

radioactive- labe led fatty acid , but no accumulation o f  

radi oactive- labeled long-chain fatty a ldehyde was seen . 

Intact f ibroblasts from SLS patients were incubated in the 

presence of radioactive-labeled fatty a ldehyde and its 

oxidat i on to radioact ive- labe led fatty acid was measured . 

oxidati on o f  free fatty a ldehyde was not impaired i n  SLS 

f ibroblasts . These results suggest that fatty a ldehyde 

oxidati on occurs by more than one mechan ism , since FALDH 

defic i ency in SLS f ibroblasts did not lead to an 

accumulat ion of fatty a ldehyde der ived from fatty a lcoho l . 

FALDH in cultured sk in f ibroblasts can uti l i z e  a broad 

spectrum o f  a ldehyde substrates . When saturated a ldehydes 

and a lcoho ls of different carbon cha in l engths were used as 

substrate for FALDH , R i z z o  and Craft ( 1 9 9 1 )  found that mean 

FALDH act ivity in SLS f ibroblasts was reduced to 6 2 %  o f  

norma l using 3 -carbon substrates , 3 0 % o f  norma l us ing 6 -

carbon substrates , 2 5 % o f  norma l using 8 - carbon substrates , 

2 7 %  o f  norma l us ing 1 2 - carbon substrates , and 8 %  o f  normal 

using 1 8 -carbon substrates . A s imilar trend was seen for 

FAO activity . These results suggest 2 poss ible s i tuations : 

1 )  there are multiple a ldehyde dehydrogenases ( ALDHs ) i n  

human f i broblasts with over lapp ing substrate spec i f i cities , 

only one o f  which is deficient in SLS , or 2 )  a s ingl e  FALDH 

is responsible for oxidiz i ng short- , medium- , and long­

cha in a l iphatic a ldehydes and the mutant FALDH in SLS is 



more impa i red in oxid i z ing long-cha in substrates than 

medium- and short-cha in substrates. 

ALDEHYDE-METAB OL I Z ING ENZYMES 

2 0  

Aldehydes are react ive molecules that can be generated 

from a large number o f  endogenous and exogenous s ources. 

Many organ isms have evo lved enzyme systems that w i l l  

metabo l i z e  a ldehydes t o  less reactive forms . I n  mamma l s , 

a ldehydes can be metabo l i z ed by three d i f ferent enzyme 

systems : a ldehyde oxidase , a ldo-keto reductase , and 

a ldehyde dehydrogenases ( ALDHs ) .  These three systems have 

broad and sometimes overlapping substrate requ irements 

( Lindah l , 1 9 9 2 ) . 

ALDEHYDE OXIDAS E 

Aldehyde oxidase , a speci f i c  isozyme o f  the oxidase 

fam i l y , i s  a mo lybdenum-containing hydroxylase that uses 

oxygen as the e l ectron acceptor , generating the oxid i z ed 

products , H202 and 02 ( B eedham , 1 9 8 7 ) . I t  is a l arge , 

cytoso l i c  f lavoprote i n  with a molecular mass o f  

approximately 3 0 0 , 0 0 0  da ltons con s i st ing of two apparently 

identical SUbunits. The phys i ol og i c a l  function o f  a ldehyde 

oxidase in vivo is be l ieved to be the oxidati on of purines, 

pyrimidines , and other n i trogen-conta ining heterocycl ic 
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compounds . 

ALDO-KETO REDUCTASE 

Aldo-keto reductase consists of a family o f  enzymes 

that r educe a var iety of a ldehydes and ketones to their 

corresponding a lcohols ( F lynn , 1 9 8 2 ) . They are sma l l ,  

monomer i c  ( 3 0 , 0 0 0 -4 0 , 0 0 0  da ltons ) ,  NADPH-dependent enzymes 

loca l i z ed to the cytoso l . There are three fam i l ies o f  

reductase known , with multip le isozymes within each fami ly . 

The f irst fami ly , a ldehyde reductase , cata lyzes the 

reduct ion of a ldehydes , especia l ly the a ldehyde form o f  

uronic acid , semialdehydes , and ketones . The second 

fami ly , a ldose reductase , has overlapping substrate 

speci f i c i ty with a ldehyde reductase , but preferenti a l ly 

reduces a ldohexoses . structur a l ly ,  the a ldehyde and a ldose 

reductase fam i l i e s  are c l os e ly related . The third f am i l y ,  

carbonyl reductase , cata lyzes the reduction of qu inone s , 

prostagland ins , and ketosteroids . Thi s  third fam i ly i s  

structura l ly more distinct from the other two fami l ies . 

ALDEHYDE DEHYDROGENASE 

ALDHs are a family of NADP+- and NAD+ -dependent 

enzymes that oxid i z e  a wide variety of aromatic and 

a l iphatic a ldehydes to the i r  corresponding carboxy l i c  ac ids 

by an irrever s i b l e  reaction ( Lindah l , 1 9 9 2 ; Yoshida et al., 
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1 9 9 1 ) . Several iso zymes have been pur i f i ed and 

character i z ed from different spec ies inc luding bacteri a , 

p lants , moth , mouse , rat , rabbit , sheep , p i g ,  horse , and 

human ( for review see Yosh ida et al . , 1 9 9 1 ;  Lindah l , 1 9 9 2 ; 

P i etruszko , 1 9 8 3 ; Weiner , 1 9 8 0 ) . The enzymes are 

di stributed in most tissues with i n  these organisms and have 

been found in virtually every subce l lu lar compartment . 

HUMAN ALDHs 

In humans , ALDH fami l ies exist wh ich d i f f er from one 

another in subc e l lular loca l i z at ion , k inet ic propert ies 

( low or high � for acetaldehyde or propi ona ldehyd e )  , 

isoelectrophoretic mobi l ity , ti ssue distr ibut ion , 

disulf iram sensit ivity , and molecular structure ( see Tables 

1 ,  2 ,  and 3 ) . Recently , a nomenc lature was estab l i shed 

wh ich clas s i f ies ALDHs by their kinet ic and phy s i c a l  

propert ies . 

Sens itivity to disul f iram and other compounds has been 

used to d i f f erentiate ALDH isozymes and to e lucidate s ome 

o f  the amino acid res idues imp l i cated in enzyme catalys i s . 

Spec i f i ca l ly ,  disulf iram , iOdoacetamide , iodoacetate , N­

ethy lma l e imide , and p-chloromercur ibenzoate are a l l  

sul fhydry l reagents which spec i f ica l ly react with cysteine 

res idues . Bromoacetophenone reacts with a spec i f ic 

g lutamic acid res idue thereby inhibit ing enzyme act ivity o f  



2 3  

Table 1 .  B i ochemical propert ies of human ALDH isozymes . 

Sub-
cel la Maj or 

Class Location Tissues 

1 cyto l iver 

3 cyto stomach , 
lung 

gamma cyto l iver 

cyto cornea 

cyto sa l iva 

2 mite l iver 

4 mito l iver , 
kidney 

2 a  mito bra in 

2 b  mito bra in 

mito test i s , l iver 

micro leukocytes 

a cyto - cytosol , 
mito - m itochondr ia , 
micro - microsomes 

b i soe lectr ic po int 

subunit MW 
plb (# subun its ) 

5 . 1  5 4  ( 4  ) 

5 . 9 - 5 4  ( 2 )  
6 . 4  

5 . 3 ,  5 4  ( 4 )  
5 . 4 5 

6 . 8  5 4  ( 1 )  

6 . 5 - 4 8  (?) 
7 . 0 

4 . 9  5 4  ( 4 )  

6 . 8 ,  70 . 6  ( 2  ) 
6 . 9  

4 . 9  5 4  ( 4 ) 

5 . 0  5 4  ( 4 )  

5 4  (?) 

C Greenfield and Pietrus zko , 1 9 77; Ikawa e t  al., 
d yin e t  al., 1 9 8 9  
e Kurys e t  al., 1 9 8 9  
r Gondhowiardj o e t  al., 1 9 9 1; King and Holmes , 1 9 9 3  
I Harada e t  al., 1 9 8 9  
b Greenf ield and P ietrus zko , 1 9 77; Ikawa e t  al., 1 9 8 3  
i Forte-McRobbie and Pietrus zko , 1 9 8 6  
j Ryz l ak and P ietrus zko , 1 9 8 7 ,  1 9 8 9  
k Hsu and chang , 1 9 9 1 
I Sutyak e t  al., 1 9 8 9  

Ref . 

c 

d 

e 

f 

g 

h 

i 

j 

j 

k 

I 



Table 2 .  Kinetic propert ies of human ALDH isozyme s . 

C l a s s  

1 

3 

gamma 

2 

4 

2 a  

2 b  

Maj or 
Tissues 

l iver 

stomach , 
lung 

l iver 

cornea 

s a l iva 

l iver 

l iver , 
k idney 

bra in 

brain 

test i s , l iver 

leukocytes 

acet­
a ldehyde 

2 2  J1.M 
( 7 . 5 )  

8 3  roM 
( 8 . 5 ) 

5 0  J1.M 
( 7 . 4 )  

67 roM 
( 7 . 4 )  

1 0 6  J1.M 
( 8 . 0 ) 

4 J1.M 
( 7 . 5 )  

2 . 3  roM 
( 8 . 5 ) 

1 J1.M 
( 9 . 0 ) 

1 J1.M 
( 9 . 0 ) 

� (pH)  

optima l 
substrate 

11 J1.Mb 
( 8 . 5 ) 

1 4  J1.W 
( 7 . 4 )  

1 roMf 

( 8 . 5 ) 

1 0 0  J1.W 
( 7 . 0 )  

0 . 5  J1.Ml 
( 9 . 0 ) 

1 . 0  J1.Ml 
( 9 . 0 ) 

3 J1.M" 
( 6 . 5 )  

2 4  

Ref . 

a 

c 

e 

g 

h 

i 

k 

m 

m 

n 

P 

cont inued on next page 



Table 2 ( cont inued from previous page ) . 

• Greenf ield and P i etruszko , 1 9 77 ;  Ikawa e t  al . ,  1 9 8 3  
b heptana l 
C yin e t  al . ,  1 9 8 9  
d gamma-aminobutyra ldehyde 
e Kurys e t  al . ,  1 9 8 9  
f benz a ldehyde 
, Gondhowiard j o  et al . ,  1 9 9 1 ;  King and Ho lmes , 1 9 9 3  
h Harada e t  al . ,  1 9 8 9  
i Greenf ield and P ietruszko , 1 9 77 ;  Ikawa e t  al . ,  1 9 8 3  
j g lutamic-gamma-semia ldehyde 
k Forte-McRobbi e  and Pi etrus zko , 1 9 8 6  
I 3 , 4 -dihydroxyphenyl acetaldehyde 
m Ryz lak and P ietrus zko , 1 9 8 7 ,  1 9 8 9  
o Hsu and Chang , 1 9 9 1  
o 2 0 -carbon a ldehyde leukotriene B4 
P Sutyak e t  al . ,  1 9 8 9  
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Table 3 .  Disulf iram sensit ivity and thermosta b i l ity o f  
human ALDH isozymes . 

D isul firam Sens it ivity 

2 6  

Class 
Ma j or 
Ti ssues 

% Activity 
Rema ining Conc . 

Thermo­
stab i l itr 

1 l iver 5 - 1 0 %  2 0  J.LM + 

3 stomach , 
lung 

gamma l iver insens itive 

cornea insens itive 

sal iva 

2 l iver 5 0 %  2 0  J.LM 

4 l iver , 
kidney 

2 a  brain 0 %  3 . 3  J.LM 

2 b  bra in insensit ive 

testi s ,  l iver 

leukocytes 

I + indicates greater than 7 0 %  activity rema ining after 
incubation at 5 5 ° C  for 5 minutes 
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some ALDH isozymes . 

I n  this dissertation , subc e l lular loca l i zation i s  

di scussed at l ength . In a l l  d iscus s ions , we refer to 

microsomes as cons i st ing o f  the rough endop lasmic 

reti cu lum , the smooth endoplasmic ret icu lum , and the Golgi 

apparatus . 

Class 1 ALDH cons i sts o f  a cytoso l i c , low � 

( aceta ldehyde as substrate ) NAD+ -dependent form ( Yoshida e t  

al . ,  1 9 9 1 ) . I t  is const itut ive ly expressed and 

ubiqu itously distr ibuted ( except in erythrocyte s ) . I t  is 

inhibited by disulf iram ( 9 0 - 9 5 %  inh ibition at 20 �M ; Hempel 

e t  al. , 1 9 8 2 ) , iodoacetamide ( 9 0 %  inh ibition at 33  �M ; 

Hempe l and P i etruszko , 1 9 8 1 ) , and bromoacetophenone ( 9 3 %  

inh ibition at 1 0  �M ; MacKerr e l l  e t  al. , 1 9 8 6 ) . I t  i s  

thermostable a t  5 5 ° C .  Retinaldehyde is oxidi z ed 

exclus ive ly by this isozyme and not by members o f  c l a s s  2 

or 3 ( Yosh ida e t  al. , 1 9 9 2 ) , and the � o f  c l a s s  1 isozymes 

for ret inal is 6 0 0  t imes less than for aceta ldehyde , 

suggesting that retinal i s  the maj or phy s i o logical 

substrate . 

The c l a s s  2 ALDH i s  a mitochondr i a l , l ow � NAD+ ­

dependent enzyme that i s  a l so constitutively expressed and 

d istr ibuted ubiqu itously ( except in erythrocytes ) ( Yoshida 

e t  al. , 1 9 9 1 ;  Pietruszko , 1 9 8 3 ) . Thi s  isozyme is not 

comp letely inhi bited by d i su l f iram ( 5 0 %  inh ibition at high 



2 8  

concentrat ions ; Hempel e t  al . ,  1 9 8 1 ) , bromoacetophenone 

( 5 3 %  inh ibition at 10 �M ; MacKerrel1 et al . ,  1 9 8 6 ) , or 

i odoacetamide ( 8 0 %  inh ibition at 3 1  �M ; Hempel and 

P i etruszko , 1 9 8 1 ) . Deficiency o f  the class 2 isozyme has 

been imp l i cated in a lcohol sens itivity in oriental and 

Nat ive American populations ( Goedde et al . ,  1 9 8 3 ) . The 

symptoms of alcohol sens it ivity include facial f lush ing , 

palpitation , d i z z iness , and increased skin temperature 

( Goedde et al . ,  1 9 8 3 ; Agarwa l and Goedde , 1 9 8 7 ) . H igher 

blood acetaldehyde concentrations have been demonstrated in 

individua ls experiencing these symptoms . The frequency o f  

ALDH c l a s s  2 isozyme deficiency in these populations ranges 

from 2 5 - 4 4 %  in Orienta ls , 4 1 -4 3 %  in South Amer ican I ndians , 

2 - 5 %  in North Amer ican Indians , and 0 %  in Europeans and 

Midd le Easterners ,  as determined by enzyme assays . This 

ALDH variant appears to be responsible for the l ow 

inc idence of alcohol ism in those populations with a high 

frequency o f  enzyme defic iency ( Yoshida et al . ,  1 9 9 1 ) . 

Class 3 ALDH represents a cytosol ic- induc ible isozyme 

w ith a high � for aceta ldehyde ( Yoshida et al . ,  1 9 9 1 ) . 

Thi s  enzyme has been ident i f ied fol l owing exposure in rats 

to certain xenobiotics , inc luding drugs and carc inogens , 

the two most s ignif icant compounds being phenobarbital and 

2 , 3 , 7 , 8 -tetrachlorodibenz o-p-dioxin ( TCDD ) . Thi s  isozyme 

can uti l i z e  both NAD+ and NADP+ as coenzyme ; however , NAD +  
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i s  requ ired i n  lower concentrat ions . The opt ima l 

substrates are benz a ldehyde and heptana l .  It i s  r e s i stant 

to inhibition by disulf i ram . 

The class 4 isozyme i s  a mitochondr i a l , induci b l e  high 

� enzyme which is also induced by xenobiotics ( Forte­

McRobbie and P i etruszko , 1 9 8 6 ) . It can ut i l i z e  NAD+ or 

NADP +  as coenzyme as does the class 3 i so zyme above , and it 

requ ires NAD+ in sma l ler quantities . It is irr ever s ibly 

inhibited by iodoacetamide , and act ive ly uses benz a ldehyde 

and heptanal as substrates , but it is most act ive with 

g lutamic-gamrna-semialdehyde . As a resu l t , it has been 

class i f ied as g lutamic-gamma-semia ldehyde dehydrogenase . 

Other ALDH isozymes have been character i z ed whi ch 

d i ffer from those c lasses previously described . An ALDH 

has recently been pur i f i ed from l iver cytosol that has a 

low � for gamrna-aminobutyra ldehyde ( GABA ) as substrate at 

phys io logical pH ( Kurys et al . ,  1 9 8 9 ) . At pH 9 . 5 ,  thi s  

same isozyme a l so oxidi z es propionaldehyde , albeit to a 

lesser extent than GABA . I t  uses NAD+ as cofactor and i s  

res istant t o  disulf iram inh ibit ion . I t  reacts with ant i ­

class 1 and ant i -class 2 antibodies thereby having s ome 

structura l s imilarities to these ALDHs . 

Human corneal extracts conta in one prominent ALDH 

( Gondhowiardj o e t  al . ,  1 9 9 1 ) . This soluble isozyme i s  

NADP +-dependent , uti l i z ing benz a ldehyde and hexanal a s  



substrates .  Th is ALDH is abundant in the cornea l 

epithe l ium and i s  thought to be important in detoxify i ng 

l ipid peroxides generated by UV l ight . 

An ALDH i s o z yme has been pur i f ied and characteri z ed 

from human s a l iva ( Harada e t  al. , 1 9 8 9 ) . I t  a l so i s  

present in l iver and k idney , but to a lesser extent . The 

l imited informat ion reported , based on i soelectr i c  po int , 

subunit molecular we ight , and � values , suggests that it 

i s  a nove l isozyme . 

3 0  

Two mitochondr i a l  ALDH iso zymes have been pur i f i ed 

f rom the bra in ( Ry z l ak and P i etruszko , 1 9 8 7 , 1 9 8 9 ) . Their 

k inet i c  and i soe lectric focusing propert ies are a lmost 

ident ical to the class 2 isozyme , but , one o f  these 

i s ozymes is comp letely inhibited by disulf iram at a 

concentration o f  2 0  �M , whereas the other is not . Both 

isoz ymes uti l i z e  aceta ldehyde , but the substrate � i s  

l owest with the dopamine der ivat ive 3 , 4 -

d ihydroxyphenylacetaldehyde ( DOPAL ) as substrate . One 

i s o z yme has a s l ightly lower � for thi s  substrate than the 

other . These isozymes are ma inly found i n  the cerebel lum 

and corpus striatum of the brain . 

A new ALDH isozyme cDNA was recently cloned by 

screening a human testis cDNA l ibrary us ing a c l a s s  2 ALDH 

DNA probe ( Hsu and Chang , 1 9 9 1 ) . When expressed i n  Chinese 

hamster ovary cel l s , this ALDH was capable o f  oxid i z ing 



propionaldehyde , but not benz a ldehyde or gamma­

aminobutyraldehyde . 

3 1  

An ALDH has been described in the m icrosomes o f  

polymorphonuc lear leukocytes that catalyzes the conversion 

o f  the 2 0 -carbon a ldehyde of leukotr iene B4 to its 

carboxy l i c  acid ( Sutyak e t  al . ,  1 9 8 9 ) . This isozyme has a 

spec i f i c ity f or NAD + over NADP+ as coenzym e , and acts at 

the terminal step o f  inactivation for the LTB4 metabo l i c  

pathway . 

MOLECULAR STRUCTURE OF HUMAN ALDHs 

Class 1 and 2 mature ALDHs are homotetramer i c  proteins 

with subunits composed of 5 0 0  amino acid res idues ( Yoshida 

e t  al . ,  1 9 9 1 ) . The genes encoding the human class 1 and 2 

l iver ALDHs have been cloned and sequenced ( Hsu e t  al . ,  

1 9 8 8 ;  Hsu e t  al . , 1 9 8 9 ) . Both conta in many introns . 

Although the amino acid sequences are h ighly homologous 

( 6 8 % ) , no homology is found in the f irst 2 1  amino a c id 

res idues . An intron exists between the bases coding for 

the 2 0th and 2 1st amino ac ids . Thus it appears that a 

common ancestor could have existed and that a gene 

rearrangement occurred at the 5 '  end o f  the gene s o  that 

one ex on was rep laced by another that coded for the f irst 

2 1  amino acid res idues , as wel l  as a m itochondri a l -

targeting s igna l  pept ide . The mitochondri a l  c l a s s  2 
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enzyme i s  synthes i z ed with a 1 7  amino acid res idue s igna l 

peptide that i s  c leaved upon insertion in the mitochondria . 

Mamma l ian class 1 and class 2 isozymes share a large 

degree o f  amino acid sequence homo logy between and within 

species ( see Table 4 ) . I n  a l l  cases there i s  more homology 

between amino acid sequences of the class 2 isozyme 

iso lated from d i f ferent spec ies ( 9 3 -9 6 % )  than between class 

1 and c l a s s  2 isozymes isolated from the same species ( 6 3 -

6 6 % )  . 

The hydropathic property d i f f erences between class 1 

and 2 isozymes are greatest in amino acid posit ions 2 4 9 -

2 5 5 ,  3 3 5 - 3 4 0 ,  and 3 9 0 - 3 9 4  ( Yoshida e t  al . ,  1 9 9 1 ,  Hempel e t  

al . ,  1 9 9 3 ) . I t  is thought that possible subunit 

interact ions occur at these res idues s ince heterotetramers 

have not been found between class 1 and 2 subunits . Cys-

3 0 2 o f  mamma l i an class 1 and 2 ALDHs has been imp l icated to 

have a catalyt ic a l ly essent i a l  role because iodoacetamide 

( Hemp e l  et al . ,  1 9 8 2 ; Hempe l  and Pietrus zko , 1 9 8 1 ;  Hemp e l  

e t  al . ,  1 9 9 3 )  and disulf iram ( Santisteban e t  al . ,  1 9 8 5 )  

mod i fy enzyme act ivity . O f  the many cysteine res idues 

f ound in ALDHs thi s  is the only one strictly conserved both 

within and among species ( Hempel et al . ,  1 9 9 3 ) . The horse 

l iver c l a s s  2 mitochondri a l  isozyme conta ins 2 cysteine 

res idues ( cy s - 4 9  and cys- 1 6 2 ) that are reactive towards N­

ethylmal e imide and , therefore , may also play a role in 

catalys i s  ( Tu and Weiner , 1 9 8 8 ) . Af f inity labe l i ng w ith 



Table 4 .  Compar ison o f  amino acid sequences 
of mamma lian class 1 and c lass 2 ALDHs . 

human horse bovine 

human 9 4 %' 9 3 %' 

horse 9 4 %' 

bovine 

rat 

, F igures l i sted are the percentages of 
ident ity in the class 2 ALDH from 
d i f ferent species . Reproduced from 
Yoshida e t  al . ,  1 9 9 1 

rat 

9 6 %' 

9 5 %' 

9 4 %' 

b F igures l i sted are the percentages o f  
ident ity between c l a s s  1 and class 2 ALDHs 
from the same species . 

3 3  
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bromoacetophenone suggested that glu-2 6 8  was a n  important 

res idue for catalys is ( Abr i o l a  et al . , 1 9 8 7 ; MacKer r e l l  e t  

al . , 1 9 8 6 ) . The characteri s t i c  g lycine di str ibution at 

pos itions 2 2 3 , 2 2 5 ,  2 2 9 , 2 4 5 , and 2 5 0  has been imp l i cated 

in the NAD-binding doma in ( Hempe l et al . , 1 9 8 4 ) . Sequence 

a l ignments across spec ies provide some useful information 

to def ine consensus sequences and ident i fy putative 

res idues important in ma inta ining structural stab i l ity and 

providing enzyme catalys i s ; however , X-ray crysta l lography 

and tert iary structural model s  would be opt ima l  in 

understand ing the ALDH structure-functi on relationships . 

MAMMALIAN MI CROSOMAL ALDHa 

Microsoma l ALDHs have been pur i f i ed and character i z ed 

from rat l iver ( Nakayasu e t  al . ,  1 9 7 8 ; Mitchel l  and 

Petersen , 1 9 8 9 ; L i ndahl and Evces , 1 9 8 4 )  and rabbit 

intest ine ( I chihara e t  al . ,  1 9 8 6 a ,  1 9 8 6 b ) , but never from 

human tissues . Nakayasu e t  al . ( 1 9 7 8 )  f irst reported the 

pur i f i cat ion of a rat l iver membrane-bound microsoma l ALDH . 

Thi s  enzyme has a mo l ecu lar weight o f  5 1 , 0 0 0  da ltons , as 

determined by sodium dodecyl sul fate po lyacrylamide gel 

electrophores is ( SDS-PAGE ) . Sucrose density grad ient 

centr i fugation revea led large , po lyme r i c  aggregates with 

apparent mo lecu lar weights above 3 6 0 , 0 0 0  daltons . Th i s  

enzyme showed l ittl e  activity towards a ceta ldehyde as 

substrate , but required straight-cha in a l iphatic a ldehydes , 
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at least up to 1 2 -carbons i n  length . 

Mitchel l  and Petersen ( 1 9 8 9 ) , us ing the same 

pur i f ication scheme as Nakayasu et al . ( 19 7 8 ) , isolated the 

same i s o z yme . The � o f  the pur i f i ed enzyme decreased from 

8 0 0  �M to 3 �M as the substrate cha in length increased f rom 

three carbons to n ine carbons . They d id not characteri z e  

the enzym e  for substrates longer than n ine carbons . 

Lindah l and Evces ( 19 8 4 ) demonstrated two rat l iver 

microsomal isozymes wh ich d i ffered from each other by the 

inabi l ity o f  one ( isozyme I )  to bind D EAE-ce l lulose at 1 roM 

phosphate , pH 7 . 3 .  Isozyme I had an i soelectr i c  po int ( p I ) 

o f  pH 6 . 4 ,  and isozyme I I  has a pI of pH 5 . 6 .  Both 

isozymes were s im i lar in molecular we ight , � for NAD + , � 

for substrates ( octana l having the h ighest max imum 

velocity ) , inh ibition to p-chloromercuribenz oate , and 

thermo lab i l ity ( less than 1 0 %  activity a fter incubat ion for 

5 minutes at 5 5 ° C ) . They were not inhibited by d i su l f iram 

or chloral hydrate . 

The cDNA for the rat l iver microsoma l ALDH was 

recent ly c l oned and sequenced (Miyauchi e t  al . ,  1 9 9 1 ) . The 

deduced amino acid sequence , 4 8 4  amino acid res idues , 

revea led a hydrophobic segment at the carboxy terminus 

which may be important in s igna l ing insertion into the 

microsomal membrane . The deduced amino acid s equence o f  

the c loned DNA shares 6 4 %  homology with the rat l iver class 
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3 induc ibl e ,  cytosolic ALDH amino acid sequence , but only 

2 3 %  homology to the human l iver class 1 and 2 ALDHs ( Hempe l 

e t  al . ,  1 9 9 3 ) . 

A rabbit intest ina l microsoma l ALDH has a l so been 

pur i f ied and character i z ed ( I chihara et al . ,  1 9 8 6a , 1 9 8 6b ) . 

Thi s  isozyme did not elute from a 5 ' AMP-Sepharose a f f inity 

co lumn with NAD + , where NAD + is used to e lute the rat l iver 

microsoma l isozyme . It did elute with 2 0 0  roM phosphate 

buffer . The relat ive enzyme act ivity was determined for 

a ldehyde substrate cha in lengths ranging from 1- to 1 2 -

carbons . The enzyme had its highest re lat ive activity with 

1 0 - and 1 2 -carbon substrates . The subun it molecular weight 

was estimated to be 6 0 , 0 0 0  daltons by SDS-PAGE , and the 

apparent nat ive mol ecular we ight was est imated to be 

3 6 0 , 0 0 0  da ltons as determined by gel f i ltration . 

D i s u l f iram , MgC12 , and CuS04 did not af fect enzyme act ivity 

( MgC12 and CuS04 inhibit the rabbit intest ina l class 1 

cytoso l i c  ALDH ) . 

PHYSI OLOGI CAL ROLE OF ALDHs 

The phys iological roles of ALDHs have not yet been 

c lear ly establ i shed . The class 1 enzyme has a low � for 

acetaldehyde and is thought have a role in the oxidat ion of 

acetaldehyde , a product o f  ethanol oxidati on during a lcoho l 

ingestion . Recently it has been suggested that 



3 7  

retinaldehyde i s  the maj or physiolog ical substrate o f  this 

isozyme , implying that its primary biological role i s  the 

generation of retinoic acid , result ing in modulation o f  

c e l l  d i fferent iation ( S iegenthaler e t  al . ,  1 9 9 0 ;  Dockham e t  

al., 1 9 9 2 ; Yoshida e t  al . ,  1 9 9 2 ) . The gamma c l a s s  ALDH 

catalyzes gamma-aminobutyraldehyde , a metabo l ite o f  

putrescine , t o  gamma-aminobutyri c  acid , a wel l - studi ed 

neurotransmitter ( Kurys e t  al., 1 9 8 9 ) . Putrescine i s  

metabol i z ed t o  spermidine dur ing pro l i feration in chi ck 

embryo brain , but it is preferent i a l ly converted to gamma­

aminobutyr ic acid dur ing d i f f erent iation ( Kurys e t  al . ,  

1 9 8 9 ) . Therefore , it is poss ible that this isozyme has a 

regu latory effect on c e l l  metabol i sm .  Microsoma l ALDHs are 

part icularly active against medium- and long-cha i n  

substrates and are espec i a l ly suited t o  lipid peroxidation 

because these membrane-bound enzymes are compartmenta l i z ed 

i n  a membrane- l ipid b i l ayer microenvironment , where l ip id­

so luble a ldehydi c  products of l ip id peroxidation are 

produced ( Antonenkov e t  al . ,  1 9 8 7 ; Mitche l l  and Petersen , 

1 9 8 9 )  . 

The primary obj ective of this dissertation proj ect was 

to investigate the role of FALDH in fatty a l cohol and fatty 

a ldehyde metabo l ism to ga in a better understanding of the 

b iochemical defect in SLS . The maj or a im o f  my proj ect was 

to purify FALDH from human t issues and character i z e  it w ith 

r espect to its b iochemical propert ies . Because the rat 
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l iver microsoma l ALDH had previous ly been pur i f i ed by other 

investigators ( Nakayasu et al . ,  1 9 7 8 ) , I mod i f ied the i r  

pur i f ication scheme to iso late a fatty a ldehyde 

dehydrogenase from human l iver . I a l so wanted to determine 

the subce l lu lar loca l i z ation of FALDH in s everal d i f ferent 

human t issues in order to better def ine the role of FALDH 

in f atty a lcohol oxidation as it relates to the overa l l  

regu l at ion o f  cel lular fatty a l coho l leve l s . Dur ing the 

course of my studies , I ana lyzed FAO and FALDH activities 

using cultured skin f i broblasts obtained from norma l 

contro l s , SLS pat ients and the ir obl igate heterozygous 

parents in order to improve carrier detection for SLS . 

Fina l l y ,  I a l so assayed FALDH in cultured chorionic v i l l i  

c e l l s  and cultured amniocytes t o  diagnose SLS prenata l ly i n  

pregnanc ies at-r isk for this d i sease . 



CHAPTER 2 

Carr ier Detect ion for Sj ogren-Lars son Syndrome 

SUMMARY 

S j ogren-Larsson syndrome ( SLS ) is an autosomal 

recess ive disorder associated with reduced activity o f  the 

fatty a lcoho l : NAD + oxidoreductase compl ex ( FAO ) . Recent 

stud ies indicate that SLS patients are spec i f ica l ly 

deficient in the fatty a ldehyde dehydrogenase ( FALDH ) 

component of FAO . To investigate the pos s i b i l ity o f  

carr ier detection f o r  SLS , FAO and FALDH activities were 

measured in cultured skin fibroblasts from normal contro l s , 

obl igate SLS heterozygotes ,  and SLS homo zygotes using the 

1 8 - carbon substrates ,  octadecano l and octadecana l .  FALDH 

activity ( nmo l /min/ mg protein)  in normal controls was 8 . 5  ± 

1 . 2  ( mean ± SD ; range 7 . 0 - 1 1 ;  n=1 2 )  and in SLS 

heterozygotes was 5 . 1  ± 1 . 3  ( r ange 3 . 3 -7 . 0 ; n= l l ) , or 6 0  ± 

1 5 %  o f  mean norma l activity . Three of 1 1  SLS heterozygotes 

had FAO activities that were within the norma l range . One 

o f  1 1  SLS hetero zygotes had FALDH activity within the l ower 

range o f  norma l ; this hetero zygote had FAO activity below 

3 9  
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norma l .  None o f  the 1 1  SLS heterozygotes had FAO or FALDH 

activities within the range of SLS homozygotes .  These 

resu lts indicate that measurement o f  both FAO and FALDH 

activities in cultured skin f i broblasts us ing 1 8 -carbon 

substrates is useful for SLS carr ier detect ion . 

INTRODUCTION 

S j ogren-Larsson syndrome ( SLS ) i s  an autosoma l 

recess ive di sorder character i z ed by congenital i chthyos i s , 

ment a l  retardat ion , and spasti c  d i - or tetrap leg i a  ( Sj ogren 

and Larsson , 1 9 5 7 ; Chaves-Carba l l o , 1 9 8 7 ) . SLS patients 

have been reported to have macu lar degenerat ion , g l i stening 

white dots in the opt ic fundus , speech defects , s e i z ures , 

kypho s i s  o f  the thoracic spine , bra i n  atrophy , and short 

stature ( Chaves-Carba l lo , 1 9 8 7 ; Jag e l l  et ai ., 1 9 8 1 ) . 

Genera l i z ed hyperkeratosis is present at birth and i s  

usua l ly the f irst s ign o f  SLS . commonly , the diagno s i s  o f  

SLS i s  made i n  pat ients who present with congen ita l 

i chthyo s i s  and show s igns o f  spast icity and ment a l  

retardat ion bef ore 3 years o f  age ( Jage l l  and He i j be l , 

1 9 8 2 ) . 

Pat ients with SLS are deficient in fatty a lcoho l : NAD+ 

oxidoreductase ( FAO ) , an enzyme which catalyzes the 

oxidat ion o f  fatty a l cohol to fatty acid ( R i z z o  e t  ai . 
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1 9 8 8 , 1 9 8 9 ; Judge e t  al . 1 9 9 0 ) . It has been postulated 

that FAO is an enzyme complex : one component functioning as 

a fatty alcohol dehydrogenase ( FADH ) necessary for the 

oxidati on o f  fatty alcohol to fatty a ldehyde , and another 

enzyme c lose ly assoc iated with FADH which funct ions as a 

fatty a ldehyde dehydrogenase ( FALDH ) cata lyz ing the 

oxidati on o f  fatty a ldehyde to fatty acid ( Ichihara et al . ,  

1 9 8 6 ) . Recent invest igations have ind icated that the 

primary biochemical defect in SLS pat ients is a def i c iency 

of the FALDH component of FAO ( R i z z o  and Craft , 1 9 9 1 ) . In 

SLS f ibroblasts , the extent of FALDH and FAO def i c i ency is 

distinctly more profound with 1 8 -carbon substrates than 

with shorter chain substrates .  

The demonstration of part ial FAO defic iency in some 

obl igate SLS heterozygotes raises the pos s i b i l ity of us ing 

this test for SLS carr ier detect ion . However , heterozygote 

detection for SLS is unre l iable when FAO act ivity i s  

measured in cultured f ibroblasts using the 1 6 -carbon 

substrate , hexadecano l ( R i z z o  et al . ,  1 9 8 9 ) . The present 

study was undertaken in an ef fort to improve carr ier 

detection by measuring tota l FAO and FALDH act iviti e s  us ing 

1 8 -carbon substrates . We investigated both crude 

homogenates and subcel lular f ractions in cultured skin 

f i broblasts from normal controls , obl igate SLS 

heterozygotes , and a ffected homozygous patients . 
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MATERIALS AND METHODS 

CHEMI CALS 

[ l _14C ]  stearate ( 5 8 mCi /mmo l )  was obta ined from I CN 

Radiochemica l s , Irvine , CA . [ l-�C ] Octadecano l  was 

synthes i z ed from [ l -�C ] stearate and pur i f i ed by th in- l ayer 

chromatography as described ( Ri z z o  et al . , 1 9 8 7 ) . Thin­

layer chromatography plates composed o f  s i l ica ge l G were 

obta ined from Whatman Inc . , C l i fton , NJ . Organic solvents , 

either reagent-grade or h igh-performance l iquid 

chromatography-grade , were from J . T .  Baker I nc . , 

Phi l l ipsburg , NJ . n-Octadecana l was prepared f rom 

octadecanol according to the Ferre l l  and Yao method 

( Ferr e l l  and Yao , 1 9 7 2 ) . Unless otherwise spec i f i ed , a l l  

other biochemica l s  were purchased from S igma Chemica l Co . , 

st . Lou i s , MO . 

CELL LINES 

Cultured skin fibroblasts were grown from skin punch 

biops ies taken from norma l contro l s , parents of a ffected 

pat ients who are obl igate heterozygotes for this autosoma l 

recess ive di sorder , and a ffected homozygous patients . 

C e l l s  were rout inely grown at 3 7 ° C  in an atmosphere o f  5 %  

CO2 , 9 5 %  a i r  in Dulbecco ' s  MEM supp lemented with 1 0 %  heat­

inact ivated fetal bovine serum , pen ic i l l in ( 10 0  U/ml ) , and 



streptomycin ( 1 0 0  �g/ml ) . A l l  exper iments were performed 

on c e l l s  at passage 2 through 1 2 . 

ENZYME ASSAYS 

4 3  

Human skin f ibrob lasts were grown to near conf luence 

on 1 0 0  rom t i s sue culture d i shes , and harvested by 

tryps i n i z ation . The c e l l s  were pel l eted by centri fugat i on 

at 1 5 0 0g for 5 m inutes and washed twice with phosphate­

buf fered s a l ine . The f ina l cel lu lar pel let was resuspended 

in 2 5  roM tris-HCl ( pH 8 . 0 ) , 0 . 2 5 M sucrose and homogen i z ed 

with 1 0  strokes us ing a motor-dr iven , glass-teflon 

homogen i z er . These crude homogenates , in some cases , were 

further pur i f ied as fol lows . Homogenates were centr i fuged 

at 1 0 0 0g for 10 minutes to pel let unbroken c e l l s  and 

nuc l e i . The supernatant was removed and centr i fuged at 

1 2 8 , 0 0 0g for 30 minutes . The pellet was resuspended in the 

above homogeni z ation buf fer prior to assay . 

Total FAD act ivity , which cata lyzes the comp lete 

conversion o f  radioactive fatty a lcohol to the fatty acid , 

was assayed as descr ibed ( R i z z o  e t  al . ,  1 9 9 0 ) , except that 

1 2  �M [ l -�C ] octadecanol was used as substrate . The amount 

of [ 1 _14C ]  octadecana l accumulat ing in the FAD assay was 

determined after extracting and pur i fy ing the reaction 

products by th in-layer chromatography ( R i z z o  and Craft , 

1 9 9 1 ) . Protein was determined by the method o f  Lowry 
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( Lowry e t  al . , 1 9 5 1 ) . 

Fatty a ldehyde dehydrogenase act ivity was assayed 

f luorometr ica l ly by measuring the fatty a ldehyde-dependent 

product ion o f  NADH ( R i z z o  and Cra ft , 1 9 9 1 ) . 

STATISTI CAL ANALYS IS OF DATA 

Results were expressed as mean ( pmo l / min/mg prote i n )  ± 

standard deviation and d i fferences between means were 

eva luated by Student ' s  t test . The correlat ions between 

enzyme activity , donor age , and age of f ibroblasts in ce l l  

culture were analyzed by l inear regress ion . 

RESULTS 

No s ign i f icant corre lation was observed in norma l 

controls between enzyme act ivities and either the age o f  

the donor at the time the s k i n  punch biopsy w a s  taken o r  

the number o f  passages ( 2 - 1 2 ) o f  the f ibroblasts in t i s sue 

culture . 

F igur e  2 i l lustrates the FAO activities measured i n  

crude f ibroblast homogenates from norma l contro l s , obl igate 

SLS heterozygotes , and SLS homozygotes .  The mean FAO 

spec i f ic activity in affected SLS pat ients was reduced to 

8% o f  normal when an 1 8 -carbon substrate ( octadecan ol )  was 

used . Mean FAO activity in crude homogenates from SLS 
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Figure 2 .  FAO act ivity i n  crude f ibroblast homogenates 
from normal control subj ects , SLS obl igate heterozygotes , 
and SLS homozygotes .  Each cell l ine was assayed between 1 
and 4 times on separate occasi ons and the average value was 
expressed . Hor iz ontal l ines correspond to the mean FAO 
activit ies (pmo l/min/mg protein) which were 7 5  in normal 
contro ls , 55 in obl igate SLS heterozygotes , and 6 in SLS 
homozygotes . 
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heterozygotes was 7 3  ± 1 6 %  o f  mean norma l act ivity . 

A l though the mean FAO activities in norma l s  and SLS 

heterozygotes were statistica l ly d i f f erent ( p< O . O I ) , 3 of 

1 1  hetero z ygotes had FAO activities wh ich ove r l apped i nto 

the norma l range . 

4 7  

FAO i n  rat l iver ( Le e , 19 7 9 )  and human s k i n  

f ibrob l a sts ( Ri z z o , unpubl i shed observa t i ons ) i s  a 

membrane-bound e n z yme . Some of the res idua l FALDH a c t ivity 

measured in crude f i broblast homogenates from SLS 

homo zygotes i s  due to the presence o f  cytoso l i c  e n z yme 

( R i z z o  and Craft , 1 9 9 1 ) . To e l iminate a s  much o f  t h i s  

res idua l activ ity a s  poss i b l e , w e  mea sured FAO a c t ivity i n  

12 8 , O O Og p e l l ets from cultured f ibrobl a s t s  ( Ta b l e  5 ) . I n  

t h i s  part i c u l ate fract ion , t h e  mean res idua l FAO activity 

in SLS homo zygotes was further reduced to 1 . 5 %  o f  norma l ,  

and the heterozygotes had a mean activ ity o f  5 8  ± 1 6 %  o f  

norma l .  Neverth e l ess , 3 o f  8 heter o z ygotes had a ct iv i t i e s  

wh ich over lapped the low norma l range . 

FAO s equent i a l ly oxid i z es fatty a lcoho l to f a tty 

a ldehyde and fatty acid . S i nce SLS pat i ents a r e  

s e l ectively d e f i c i ent in t h e  FALDH component o f  FAO , a s s ays 

for FAO may show both accumu l at ion o f  f atty a ldehyde and 

d e f i c ient product ion o f  fatty acid in SLS heterozygotes and 

homo zygotes a s  compared to norma l contr o l s . We therefore 

determined whether the rat i o  o f  octadecan o i c  acid to 

octadecan a l  produced in the FAO assay wou ld better 



Tab l e  5 .  Fatty a lcoho l : NAD+ oxidor eductase ( FAO ) activ ity and rad ioact ive f atty 
a c i d / f atty a ldehyde r a t i o s  in membrane fract i ons f r om human cultured s k i n  
f ibroblasts . 

Rat i o  of 
FAO [ 14C J -Octadecano ic Ac id 

Ce l l  Line N Act ivity' to [ 14C ] -Octadecana 1 

Norma l Contr o l s  9 6 7  ± 2 6  4 . 1 9 ± 1 . 59 
( 3 7 - 1 1 1 )  ( 2 . 2 6 -7 . 4 0 )  

SLS Hetero zygotes 8 3 9  ± 1 1  1 . 6 2 ± 0 . 7 4 
( 2 4 - 5 6 )  ( 0 . 8 0 - 2 . 6 7 )  

SLS H omozygotes 5 0 . 7 1 ± 1 . 5 9 0 . 0 1 4 ± 0 . 0 3 1  
( 0- 3 . 5 6 )  ( 0 -0 . 0 7 4 ) 

• data a r e  expres sed a s  pmo l / mi n / mg prote in , mean ± standard deviat i on . Numbers 
i n  parentheses represent the range of va lue s . 

of>. 00 
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discriminate SLS heterozygotes from norma l contro l s . To 

e l iminate as much FAO res idua l activity as pos s i b l e , 

f i broblast 1 2 8 , 0 0 0g pel lets were used as enzyme s ource . 

These data are expressed in Table 5 as the rati o  o f  

radioact ive octadecano ic acid t o  octadecana l produced when 

c e l l  fractions were incubated with [ 1_14C ]  octadecano l .  

Overa l l , the fatty acid to fatty a ldehyde ratios better 

distingui shed SLS heterozygotes from normal contro l s  than 

did the measurement of FAO act ivity alone . The mean fatty 

acid to fatty a ldehyde rat io in membrane fract ions from SLS 

heterozygotes was 3 9 %  of norma l ,  but 2 of 8 heterozygotes 

had ratios that f e l l  within the lower range o f  norma l . 

Thi s  overlap o f  SLS heterozygote rat ios into the l ow normal 

range was a lso observed when crude homogenates were tested 

( data not shown ) . 

S ince the pr imary defect in SLS is def ic i ency o f  the 

FALDH component of FAO , FALDH act ivity was measured in 

crude homogenates from norma l contro ls , obl igate SLS 

heteroz ygotes , and SLS homo z ygotes ( Figure 3 ) . Mean FALDH 

act ivity in SLS heteroz ygotes was 60 ± 1 5 %  of norma l and 

mean activity in SLS homo zygotes was 8 ± 5% of norma l . The 

d i fference between norma l s  and heterozygotes was 

stat istically s ign i f icant (p< O . O O l ) . FALDH activ ity from 

one heterozygote was with in the lower range o f  norma l 

( Figure 3 ) . This subj ect , however , had an FAO act ivity 
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Figure 3 .  FALDH act ivity in crude f ibroblast homogenates 
from norma l control subj ects , SLS obl igate heterozygotes , 
and SLS homozygotes . Each cell line was assayed between 1 
and 4 times on separate occas ions and the average va lue was 
expressed . Hori z onta l l ines correspond to the mean FALDH 
activities ( nmol /min/mg prote in) which were 8 . 5 4 in norma l 
contro ls , 5 . 1 2 in obligate SLS heterozygotes , and 0 . 6 9 in 
SLS homozygotes .  
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that was below the norma l range . 

DISCUSSION 

Although FAO and FALDH def iciency may be d iagnosed in 

SLS homo z ygotes us ing 1 6 - carbon substrates ( R i z z o  e t  ai . ,  

1 9 8 8 , 1 9 8 9 ; Judge e t  a i ., 1 9 9 0 ;  Ri z z o  and Cra ft , 1 9 9 1 ) , 

overlap between FAO activities measured i n  f i broblasts from 

normal controls and SLS heterozygotes has precluded 

rel iable carr ier detection . There are severa l poss ib l e  

reasons f o r  t h i s  over lap . F irst , other dehydrogenases that 

act on fatty a ldehydes up to 1 2 -carbons in length ( Nakayasu 

et ai ., 1 9 7 8 ; I ch ihara et ai . ,  1 9 8 6 )  may act on 1 6 -carbon 

substrates and could contr ibute to the res idua l FAO 

activity measured in SLS heterozygotes and homo z ygotes 

( R i z z o  e t  ai ., 1 9 8 9 ) . uti l i z ing an 1 8 - carbon substrate in 

enzyme assays led to a decrease in the res idual activity 

measured in SLS homo zygotes , and a l lowed better 

di scrimination between norma l control s  and SLS 

heterozygotes . Second , FADH appears to be the rate­

l imiting enzyme for the FAO complex ( R i z z o  and Cra f t , 

1 9 9 1 ) . As a result , the var iation in FAO activity among 

heterozygotes may largely r e f l ect variation in FADH 

activity . Thi s  may exp l a i n  why FAO act ivity a lone 

discr iminates SLS heterozygotes from norma l contr o l s  less 

we l l  than does FALDH activity . Third , mutant a l l e les may 
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vary in the amount o f  res idua l en zyme act ivity present i n  

both SLS homoz ygotes and hetero zygotes . Fina l ly , the 

var iation in enzyme activity may be due to biolog i c  

var iat ion in the human population or t o  nongeneti c  f actor s , 

such as cell culture cond it ions . 

I n  summary , we found that carr ier detect ion for SLS 

can best be made when both FAO and FALDH act ivities are 

determined in f i broblast crude homogenates using l 8 -carbon 

substrates . Carrier detect ion may be useful for s ib l ings 

o f  SLS homozygotes and the i r  parents because these s ib l ings 

are at an increased r isk for being heterozygous for SLS . 



CHAPTER 3 

Prenata l d iagno s i s  for s j ogren-Lar s son syndrome 

us ing enzymatic methods 

SUMMARY 

S j ogren-Larsson syndrome ( SLS ) is an autosoma l 

recess ive di sorder character i z ed by the presence o f  

congenital ichthyos is , menta l retardat ion and spastic ity . 

The pr imary b iochemical defect in SLS has recent ly been 

identi f i ed to be a defic iency of fatty aldehyde 

dehydrogenase ( FALDH ) , wh ich is a component of f atty 

a lcoho l : NAD +  oxidoreductase ( FAO ) . We mon itored f our 

pregnancies at-r i sk for SLS by measuring FAO and FALDH in 

cultured amniocytes or cultured chorionic vi l l i  ce l l s . 

Enzymatic results in one case us ing amniocytes obtained 

during the second tr imester pred icted an affected SLS 

fetus , whi ch was conf irmed at terminat ion of the pregnancy . 

Another at-risk fetus was predicted to be af fected with SLS 

using cultured chor ionic v i l l i  cel ls obtained in the f irst 

trimester , and fetal skin f i broblasts obtained a fter 

term i nation of the pregnancy conf irmed a profound 
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d e f i c iency o f  FAO and FALDH . Two other pregnanc i e s  were 

correct l y  predicted to be una f fected . These results 

demonstrate that SLS can be d iagnosed prenata l ly e ither 

during the f irst or second tr imester o f  pregnancy u s ing 

enzymat i c  methods . 

INTRODUCTION 
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S j ogren-Larsson syndrome ( SLS ) i s  a neurocutaneous 

d i s order character i z ed by the presence of i chthyo s i s , 

mental retardation and spas t i c  d i - or tetrap l e g i a  ( s j ogren 

and Larsson , 19 5 7 ) . The ichthyos i s  i s  usua l ly present at 

b i rth , whereas the neuro log i c a l  symptoms deve lop l ater 

dur ing i n f ancy . Ment a l  retardation i s  o ften moderate to 

profound , and the spastic ity typ i ca l ly imp a i r s  or prevents 

ambu l a t i on . SLS i s  inher ited in an autosoma l rece s s ive 

fashion . 

Recent stud i e s  i nd icate that SLS i s  an inborn error o f  

l ip i d  metabo l i sm . A f f ected pati ents have imp a i red fatty 

a l coho l ox idation due to d e f i c i ent act ivity o f  fatty 

a ldehyde dehydrogenas e  ( FALDH ) , a component of f atty 

a lcoho l : NAD + oxidoreductase ( FAO ) ( R i z z o  and Cra f t , 19 9 1 ;  

Ri z z o ,  1 9 9 3 ) . Measurement o f  FAO and FALDH act i v i t i es i n  

cultured s k i n  f ibrob l a sts provides a re l i a b l e  means to 

d i agnose SLS postnata l ly .  
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Prenatal d iagnos i s  o f  SLS has been accomp l i shed by 

detecting h istological evidence of ichthyos i s  in a fetal 

skin biopsy obtained by fetoscopy at 23 weeks gestati on 

( Kousseff e t  al . ,  1 9 8 2 ) . These investigators removed 4 

p ieces o f  skin f rom the back of the fetus and under l ight 

microscopy demonstrated hyperkeratos is and pap i l l omatos i s . 

The pregnancy was carried to term and an a f f ected f emale 

was subsequently born . Fetoscopy i s  compl i cated by a 

relatively h igh ( 4 -5 % )  r isk of fetal loss ( El ias , 1 9 8 7 ) . 

Furthermore , the t iming of the skin biopsy may be critica l 

for proper diagnos is . Feta l skin kerat i n i z at ion norma l ly 

occurs at the end o f  the second tr imester ( Ho lbrook , 1 9 7 9 ) , 

and , in one case , multiple fetal skin biops ies obta ined at 

1 9  weeks gestat ion f a i led to detect an a ffected SLS f etus 

( Tabsh et al . ,  1 9 9 3 ) . Moreover , fetal skin biopsy may not 

be a r e l iable method for diagnosis even when performed 

later dur ing pregnancy because the ichthyos i s  is not 

invar iably present at birth ( Ito et al . ,  1 9 9 1 ) . 

We now report our init i a l  exper ience with prenatal 

diagno s i s  o f  SLS using enzymat ic methods . Our results show 

that prenata l diagnos is can be accompl i shed in the f irst 

and second trimester by measuring FAO and FALDH activities 

in cultured chor ionic vi l l i  cells and amn iocytes . 
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MATERIALS AND METHODS 

CELL LINES 

Amn iocyte cultures were grown from amn iotic f luid 

c e l l s  obta ined at 1 6  to 1 9 . 5  weeks gestat ion . C e l l s  were 

grown in minimal essent i a l  medium containing 1 0 %  f etal 

bovine serum , penici l l in ( 1 0 0  Ujm l )  and streptomycin ( 1 0 0  

�gjml ) under a n  atmosphere o f  9 5 %  a i r , 5 %  CO2 , Cultured 

chorionic v i l l i  cells were grown f rom chor ionic v i l l i  

biopsies obtained at 9 t o  1 1  weeks gestat i on . Control 

amn iocytes and chor ionic v i l l i  cells were obta ined from 

women undergo ing amniocentes is or chorionic v i l lus sampl ing 

( CVS ) for advanced maternal age . Feta l skin f i broblast 

cultures were estab l i shed and grown using standard methods 

as descr ibed ( R i z z o  et al . ,  1 9 8 8 ) . 

ENZYME ASSAYS 

FALDH activity was measured f luorometr i ca l ly us ing n­

octadecana l as substrate as descr i bed in the Mater ials and 

Methods section of Chapter 5 ( R i z z o  and Craft , 1 9 9 1 ) . FAO 

was as sayed by Dr . W .  R i z z o  us ing [ 14C ] -octadecanol as 

substrate as descr ibed ( see Mater i a l s  and Methods , chapter 

2 ,  R i z z o  et al . ,  1 9 8 9 ) . Acyl-CoA reductase was assayed 

us ing palmityl-CoA as substrate accord ing to the method o f  

R i z z o  e t  al . ( 19 9 3 ) . The prote in concentrat ion o f  ce l l  
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homogenates was assayed according t o  Lowry et al . ( 1 9 5 1 )  

RESULTS 

We have previous ly shown that FALDH activity in 

cultured skin f ibroblasts from 1 8  SLS patients var i ed from 

2 %  to 1 7 %  o f  mean normal activity using octadecan a l  as 

substrate ( see Chapter 2 ;  Kelson e t  al . ,  1 9 9 2 ) ; FAO 

activity us ing octadecano l as substrate showed a s im i lar 

def i c iency . The range o f  FAO and FALDH activity i n  SLS 

heterozygotes does not overlap with the range o f  FAO and 

FALDH activity in SLS homoz ygotes ( see Chapter 2 ) . S ince 

FAO and FALDH activities were read i ly measured in cultured 

amniocytes and chor ionic vi l l i  cells obtained from contr o l  

pregnanc ies , we attempted prenata l diagnos is b y  measuring 

the activities o f  these enzymes in cultured ce l l s  f rom 

pregnancies at-ri sk for SLS . 

S ECOND TRIMESTER D IAGNO S I S  USING CULTURED AMNI OCYTES 

Fam i ly 1 :  The c l in i c a l  deta i l s  o f  this case have been 

previou s ly reported ( Tabsh et al . ,  1 9 9 3 ) . Brief ly , a 

Lebanese mother presented to the Univers ity of Ca l i fornia , 

Los Angeles Medical Center w ith a history o f  having two 

sons with SLS ; both were con f irmed to have FAO d e f i c i ency 

in cultured skin f ibroblasts . Us ing fetoscopy at 1 9  weeks 

gestation , feta l skin biops ies were taken from 6 d i f ferent 
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s ites and amn iocyte cu ltures were establ i shed . The feta l 

skin h isto logy was norma l .  As shown in Table 6 ,  however , 

amni ocytes were profoundly def i c ient in FAO ( 9 %  o f  mean 

normal act ivity us ing octadecano l as substrate ) ;  FALDH was 

5 %  o f  mean norma l act ivity . Activity of a control enzyme , 

acyl -CoA reductase , was s l ightly be low the norma l range 

( Table 6 ) . An a f f ected fetus was pred icted . The woman 

returned at 2 3 . 5  weeks gestat ion , at wh ich t ime repeat 

feta l skin biops ies were taken and a fetal skin f ibroblast 

culture was establ ished . The skin biops ies at this t ime 

showed hyperkerato s i s . The pregnancy was terminated and 

the fetus was observed to have ichthyosis . Fetal skin 

f ibroblast cultures showed 2% o f  mean normal FAO activity . 

Family 2 :  Thi s  fami ly presented to the H6p ital Necker 

in Par is when the mother was 6 weeks pregnant . There was a 

h istory o f  an a f fected 1 9  month o ld boy , who was born with 

ichthyos i s ,  and subsequent ly deve loped mental retardation 

and spastic diplegia . FAO act ivity in h i s  cultured skin 

f ibroblasts was 5 %  o f  mean norma l activity , con f i rming the 

diagnos i s  o f  SLS . The mother underwent amn iocentes i s  at 1 6  

weeks gestation . As shown i n  Table 6 ,  the FAO activity in 

cultured amniocytes was norma l ,  and an unaf fected fetus was 

predicted . A normal infant was subsequently born , and the 

FAO activity in cultured skin f ibroblasts from thi s  chi ld 

was con s istent with a heterozygote ( 5 6 %  o f  norma l ) . 
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Tabl e  6 .  Enzyme activities measured i n  cultured amni ocytes 
and cultured chor ionic v i l l i  cells from pregnanc ies at-risk 
for SLS 

Speci f ic Activity' 

Cel l s  FAO FALOH 

AMNI OCYTES 

Fam i ly 1 
At-r i sk fetus 4 67 

Fam i ly 2 
At-r i sk fetus 4 5  NTb 

Normal Controls 
Mean 4 7  1 2 2 7  
SO 1 3  4 1 9 
Range 2 6 - 7 8  5 9 1 - 1 5 6 1  
N 1 6  5 

CHORIONIC VILLI CELLS 

Fam i ly 3 
At-r isk f etus 4 8 4  

Fam i ly 4 
NTb At-risk fetus 7 4  

Norma l controls 
Mean 8 8  1 0 3 1  
SO 2 5  2 1 9 
Range 4 1- 1 1 9  7 3 0 - 1 3 5 8  
N 1 9  8 

• data are expressed as pmol /min/mg protein 
b not tested 

Acy l-CoA 
Reductase 

4 . 9  

NTb 

9 . 8  
2 . 4  

6 . 6 - 1 2 . 9  
6 

7 . 6  

5 . 0  

6 . 4  
1 . 7  

4 . 6 - 8 . 7  
8 
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Fami ly 3 :  These consangu ineous Italian parents 

presented to the I nstituto G iannina Gas l ini with a son who 

had congenital ichthyos is , mental retardat ion , spastic 

tetrap legia , kyphos i s  and g l i stening white dots on the 

retina . FAO act ivity in cu ltured skin f ibroblasts f rom the 

propositus was reduced to 9% of mean norma l act ivity . H i s  

mother was 1 0  weeks pregnant . CVS was performed at 1 0 . 5  

weeks gestation . cultured chor ionic vi l l i  c e l l s  were 

profoundly deficient in FAO and FALDH activities , whereas 

the contro l  enzyme ( acyl-CoA reductase)  was norma l ( Table 

6 ) . The pregnancy was terminated at 1 8 . 5  weeks . The f etus 

d id not show i chthyos is on physica l examination . cultured 

skin f ibroblasts obta ined from the fetus , however , 

conf irmed a profound def iciency of FAO ( 2 %  o f  mean norma l 

activity ) . 

Fam i ly 4 :  Thi s  fami ly presented to Chr istchurch 

Hosp ita l in New Zealand w ith a h istory of having a 6 year 

old daughter w ith congenital ichthyos is , spastic dipleg i a , 

and norma l inte l l igence . Her f ibroblast FAO activity was 

7% of mean normal act ivity . The mother was pregnant and 

underwent CVS at 1 0 . 5  weeks gestat ion . The FAO activity i n  

cultured chorionic v i l l i  c e l l s  was normal ( Table 6 ) , and a 

hea lthy infant was subsequently born . 



D I S CUSS ION 

Our init i a l  exper ience indicates that the enzymat ic 

measurement o f  FAO and FALDH in cultured fetal-derived 

c e l l s  was capable of detecting 2 affected SLS fetuses . 
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Thi s  method permitted the d i agnos i s  o f  SLS in the f irst 

trimester us ing chor ionic v i l l i  cells and in the s econd 

tr imester us ing amni ocytes . The enzymat ic approach should 

provide a cons iderably safer and ear l ier method for 

prenatal diagno s i s  than can be achieved us ing feta l skin 

biopsy . The use of fetal c e l l s  obtained by CVS has the 

advantage of permitting the diagno s i s  o f  SLS in the f irst 

trimester , and i t  a l so a f f ords the pos s i b i l ity o f  f o l l ow-up 

amni ocentesis if initial results are ambiguous . The t ime 

from CVS to enzyme assay was several weeks , which cons i sted 

entirely o f  time required for cell culture . E l imination o f  

the period for chorionic v i l l i  cell culture w a s  not 

possible , because enzymat i c  assay o f  uncultured control 

v i l l i  gave h igh ly variable results . The direct a s say o f  

uncultured chorionic vi l l i ,  therefore , cannot be 

recommended . 

The r e l i ab i l ity o f  the enzymatic approach f or prenata l 

d iagnos is of SLS i s  st i l l  not establi shed and w i l l  require 

more exper ienc e . s ince enzyme activities in cultured skin 

f ibroblasts from heteroz ygotes for SLS do not overlap with 

those measured i n  SLS homoz ygotes ( see Chapter 2 ) , f a l s e  
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pos itive results based o n  misd iagnos i s  o f  a heterozygous 

fetus should be minimi z ed . Conf irmation of the correct 

d i agnos i s , however , wi l l  rest on hi sto logical and enzymatic 

examination of aborted feta l ti ssues . I n  fam i ly 1 ,  the 

d iagno s i s  of an affected SLS fetus was hi stologica l ly and 

c l inica l ly evident when the pregnancy was terminated . 

Cultured skin f ibrob lasts were used to enzymat ica l ly 

con f i rm the diagnos is . In case 3 ,  however , the fetus was 

aborted at a gestational age that preceded the onset of 

skin d isease i the age of onset of histolog ical changes in 

the nervous system in SLS is unknown . In such cases of 

prenatal diagno s i s  using c e l l s  der ived by CVS or 

amniocentes is , the diagnos i s  o f  an a f fected fetus prior to 

the end of the second tr imester can only be conf i rmed by 

performing enzymatic studies on feta l ti ssues or cultured 

c e l l s . 

I n  a l l  attempts at prenatal diagno s i s  o f  SLS by 

enzymatic methods , it is important to establ i sh that the 

pregnancy is truly at-r isk for FAO defic iency . This enzyme 

def i c i ency appears to be spec i f i c  for SLS and is not seen 

in other forms o f  ichthyos i s  or neurological d i sease 

( R i z z o , 1 9 9 3 ) . Cl inically atyp ical SLS patients with FAO 

def ic iency exist , and some " SLS-l ike di sorders "  have 

c l in i c a l  features that resemble SLS , inc luding the presence 

of ichthyos i s ,  menta l retardation and spastic ity , but are 

assoc iated with norma l FAO activity ( Koone e t  al . ,  1 9 9 0 ;  
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Sca lais e t  ai . ,  1 9 9 2 ) . For those SLS - l ike di sorders that 

are not def i c ient in FAO activity , the h i stological 

examination o f  a fetal skin biopsy rema ins a potenti a l  

method f o r  attempting prenatal diagno s i s  ( Arno ld and Anton­

Lamprecht , 1 9 8 7 ) . 



CHAPTER .. 

Subce l lular loca l i z ation of human fatty a ldehyde 

dehydrogena s e  in l iver , a cul tured hepatocyte c e l l  l ine 

( HepG2 ) ,  and cul tured skin f ibrob lasts 

SUMMARY 

S j ogren-Larsson syndrome ( SLS ) is an inborn error o f  

fatty a lcoho l ox idat ion due t o  deficiency of fatty a ldehyde 

dehydrogenase ( FALDH ) , a component of the fatty 

a l coho l : NAD + oxidoreductase ( FAO ) enzyme complex . To 

better understand fatty a l cohol oxidation , we determ ined 

the subce l lular loca l i z ation o f  FALDH in human l iver , a 

cu ltured human hepatocyte c e l l  l ine ( HepG2 ) ,  and i n  human 

cultured skin f i broblasts . Subcellular organ e l l e s  were 

separated by d i f ferent i a l  centri fugation and by density 

grad ient centri fugation in Nycodenz .  FALDH was assayed 

us ing a saturated 1 8 - carbon a l iphatic aldehyde substrate 

and subcel lu lar separations were monitored us ing organe l le 

spec i f i c  marker enzymes . In human l iver , cultured 

hepatocytes , and cultured skin f ibroblasts , FALDH activity 

co-sed imented largely w ith the microsoma l marker . These 

6 5  
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results were con f irmed with stud ies performed o n  rat l iver . 

There was no FALDH act ivity in the peroxisomes and very 

l ittle activity in cytosol . 

INTRODUCTION 

S j ogren-Larsson syndrome ( SLS ) is an autosoma l 

recess ive disorder character i z ed by congenita l i chthyos i s , 

mental retardation , and spastic d i - or tetrap legia 

( Li ndahl , 1 9 9 2 ) . SLS results f rom an impa irment in fatty 

a lcohol oxidat ion due to the defic iency of fatty 

a lcoho l : NAD + ox idoreductase ( FAO ) ( R i z z o  et al . , 1 9 8 8 ) . 

FAO catalyzes the oxidat ion of fatty alcohol to fatty acid 

via a fatty a ldehyde intermediate and consists o f  two 

components : a fatty alcoho l dehydrogenase and a fatty 

a ldehyde dehydrogenase ( FALDH ) . Ri z z o and Craft ( 1 9 9 1 )  

have previously demonstrated that patients with S j ogren­

Larsson syndrome are sel ect ive ly deficient in the FALDH 

component of FAO . 

FAO i s  invo lved in a metabol i c  pathway referred to a s  

the fatty a lcoho l cyc le ( R i z z o  e t  al . ,  1 9 8 7 ) . I n  this 

cyc le , fatty acid is reduced to fatty alcoho l via an acy l 

CoA intermed iate . Fatty alcohol is a substrate for the 

b iosynthesis of 2 maj or l ip id c lasses : wax esters and 

g lycerol ethers . Wax esters are prominent in the skin , and 
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g lycerol ether lip ids ( espec i a l ly p lasma l ogen ) a r e  abundant 

in mye l i n . FAO comp letes the fatty a lcoho l cycle by 

oxid i z ing fatty alcoho l to fatty acid . 

The subc e l lular location o f  the enzymes invo lved in 

the fatty a lcohol cyc le have not been unambiguous ly 

esta b l i shed . In order to better understand the role o f  

FALDH in the regul ation of fatty a lcohol leve l s  in humans , 

we determined the subcel lular loca l i z ation of FALDH i n  

l iver , a cultured hepatocyte ce l l  l ine ( HepG2 ) ,  and 

cultured skin f ibroblasts . D i fferent i a l  centr i fugation and 

dens ity gradient separation of subce l lular organ e l les i n  

Nycoden z , a n  iodinated dens ity gradient media , were 

ut i l i z ed to separate peroxisomes , mitochondria , and 

m icrosomes . 

MATERIALS AND METHODS 

A l l  chemica l s  were purchased from S igma Chem i c a l  Co . 

( st .  Lou i s , MO ) unless otherwise spec i f i ed .  Potass ium 

phosphate ( di- and mono-bas i c )  was obta ined f rom 

Ma l l inckrodt ( Paris , KY) . Nycodenz ( now sold as Accudenz ) 

was purchased from Accurate Chemical Co . ( Westbury , NY ) . 

Nycodenz was disso lved in homogen i z ation buf fer to a f inal 

concentrati on o f  5 0 %  (w/v)  ( se e  below ) . C e l l  culture 

materi a l s  were the same as those descr i bed in Mater i a l s  and 

Methods , chapter 2 .  Protein concentrations were determ i ned 



6 8  

us ing the method o f  Lowry ( Lowry e t  al . ,  1 9 5 1 )  o r  the Bio­

Rad m i crotiter plate protein assay ( Bradford ) according to 

the manufacturer ' s  instructions . Tios04-H2S04 was prepared 

by d issolving 3 g T ios04-H2S04-H20 (Ma l l inckrodt , Par i s , KY ) 

in 0 . 3  l iters o f  1 N H2S04 (Ma l l inckrodt , Par i s , KY ) . 

Enzyme act ivity data were expressed as re lat ive 

activity o f  the enzyme assayed . For the Nycodenz 

gradi ents , enzyme re lative activit ies were calculated by 

d ividing the total enzym e  activity in each fract ion by the 

mean act ivity of each fract ion as if no separation had 

occurred (mean activity divided by the number of f ract ions 

c o l l ected ) . I n  the d i ffer ent ial centri fugation 

experiments , the re lative spec i f ic act ivity was determined 

by d ividing the percent total activity for each fraction by 

the percent tota l protein for that same fract ion . 

PREPARATION OF CELL HOMOGENATES 

Human l iver was rece ived from 2 d i f ferent transpl ant 

donors and was homoge n i z ed separate ly in 3 volumes of 

homogeni zation buf fer ( 0 . 2 5 M sucrose ,  1 roM tri s -HC l , pH 

7 . 4 ,  1 roM EDTA ) with 10 strokes in a Dounce homoge n i z er ( A  

and B pestles , Corning , NY ) . The homogenate was 

centri fuged twice at 5 0 0g for 10 minutes . The post - 5 0 0 g  

supernatants were further fractionated b y  dens ity 

centri fugation on a 1 2 -m l , bottom- l oaded l inear Nycodenz 
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gradient ( 2 0 - 4 0 % ) with a 1 ml 5 0 %  Nycodenz buffer at the 

bottom . The gradient tube was centr ifuged using a Beckman 

vert ical tube rotor (VTi 6 5 . 1 ) at 9 4 , 0 0 0 g  for 2 5  minutes at 

4 ° C w ith low acce lerati on and deacce lerati on . The gradi ent 

fract ions were col lected in 0 . 5  ml a l iquots by punctur ing 

the bottom o f  the centri fuge tube . 

Cultured hepatocytes ( HepG 2 ) were prepared as f o l l ows : 

C e l l s  from four conf luent f l asks ( 1 5 0  cm2 ) were tryp s i n i z ed 

and sedimented at 5 0 0 g  for 5 minutes . After 

centr i fugat ion , the pel l ets were washed i n  PBS three t imes 

and then homogen i z ed in 1 ml homogenization buffer ( 0 . 2 5 M 

sucrose , 1 roM Tr is-HC 1 , pH 7 . 4 ,  1 roM EDTA , 0 . 1 % ethano l ,  

0 . 0 5 �g/ml leupepti n ,  0 . 7  �g/ml pepstatin A ) . Ce l l s  were 

lysed using a Dounce homogen i z er (B pest l e )  unt i l  about 9 0 %  

o f  the ce l l s  were broken as determined by phase-contrast 

m icroscopy . The homogenate was centri fuged twice at 5 0 0g 

for 1 0  minutes . The post- 5 0 0g supernatant was layered onto 

a 1 2 -ml , bottom- loaded Nycodenz gradient ( 2 0 - 4 0 % )  with a 1 

m l  5 0 %  Nycodenz buf fer . The gradient tube was centri fuged 

us ing a Beckman vertical tube rotor ( VT i  6 5 . 1 ) at 9 4 , 0 0 0g 

for 2 5  minutes at 4 ° C with l ow acce lerat i on and 

deacce leration . The gradient fractions were col l ected in 

0 . 5  m l  a l iquots by puncturing the bottom o f  the tube . 

Cultured skin f ibroblasts were prepared as f o l lows : 

C e l l s  from 1 0  or more conf luent f lasks ( 1 5 0  cm2 ) were 
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tryp s i n i z ed and sedimented at 5 0 0g for 5 minutes . The 

c e l l s  were incubated at 3 7 ° C for one hour in medium 

supp lemented w ith 5% feta l calf serum . The c e l l  pel let was 

washed in PBS three times and then homogeni z ed in 1 ml of 

homoge n i z ation buffer ( 0 . 2 5 M sucrose , 1 roM Tris-HC I , pH 

7 . 4 ,  1 roM EDTA , 0 . 1 % ethano l ,  0 . 0 5 �g/ml leupeptin , 0 . 7  

�g/ml pepstatin A )  us ing a Dounce homogen i z er ( B  pest l e )  

unt i l  about 9 0 %  o f  the cel ls were broken as determined by 

phase-contrast microscopy . The homogenate was centri fuged 

at 5 0 0g for 5 minutes and the post- 5 0 0g supernatant was 

aga in centri fuged . 

For gradient dens ity centr i fugat ion of cultured skin 

f ibroblasts , the f ina l post-nuclear supernatant was l oaded 

onto a 4 0 -ml , bottom- loaded Nycodenz grad ient ( 0 - 3 0 % )  with 

a 4 ml 3 5 % Nycodenz buf fer at the bottom of the tube . 

Gradi ents were centr i fuged in a Beckman vert ica l tube rotor 

(vti 6 5 . 1 ) at 9 4 , 0 0 0 g  for 25 minutes at 4 ° C with low 

accelerat i on and deacceleration . The gradi ent fract ions 

were col l ected in 0 . 5  ml a l iquots by puncturing the bottom 

of the tube . 

For d i f ferent i a l  centri fugation of cultured skin 

f ibroblasts , the post-nuc lear supernatant vo lume was 

increased to 5 ml w ith homogen i z at ion buf fer and 

u l tracentr i fuged in a SW5 0 . 1  swinging bucket rotor 

( B eckma n )  at 1 0 , 0 0 0 g  for 3 0  minutes . The supernatant was 

careful ly r emoved and recentr i fuged under the same 
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cond it ions . The 1 0 , 0 0 0g pe l l ets ( labe led a s  mitochondr i a l ­

enr iched ) from both preparations were combined and 

resuspended in 0 . 5  ml homogeni z at ion buf fer . The post-

1 0 , 0 0 0g centr i fugation supernatant was centr i fuged at 

1 0 0 , 0 0 0 g  for 3 0  minutes . The supernatant was carefully 

removed and recentri fuged under the same condit ions . The 

1 0 0 , 0 0 0g pel lets ( labe led as microsoma l - and perox isoma l­

enr iched ) were combined and resuspended in 0 . 5  ml 

homoge n i z ation bu ffer . The post- 1 0 0 , 0 0 0g centr i fugation 

supernatant was designated cytoso l i c . 

ENZYME AS SAYS 

Cata lase , a marker for peroxisomes and cytosol , was 

assayed by combining 1 0 0  � l  o f  each fraction with a 

reacti on m ixture conta in ing 1 0  �g/ml BSA , 2 0  roM imida z o l e  

buf fer , p H  7 . 0 ,  0 . 1% Triton X - 1 0 0 , and 0 . 0 6 %  hydrogen 

peroxide in a f inal volume of 1 ml ( storr ie and Madden , 

1 9 9 0 ;  with some mod i f ications ment ioned above ) . The 

react ion was run at room temperature for 15 minutes and 

stopped by the addit ion of 0 . 5  m l  o f  saturated t itanium 

oxysul fate-sul fur ic acid comp lex hydrate ( TiOS04-H2S04-H20) 

f o l l owed by 2 ml of water . I n  thi s  assay , TiOSo4 reacts 

with H202 forming a ye l l ow comp lex . The loss of yel l ow 

color over t ime indicates the hydrolys i s  of H202 by 

cata lase . The react ion was quant itated by measur ing 
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Lomb Spectroni c  1 0 0 1 , Mi lton Roy Co . ,  Rochester , NY ) . 
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Succinate dehydrogenase , a n  inner mitochondri a l  

membrane enzyme marker , was assayed b y  combining 1 0  � l  o f  

each fraction with a react ion buf fer cont a i n ing 1 5  roM 

sodium succinate , 2 5  roM sodium phosphate , pH 7 . 7 ,  and 0 . 5  

mg/ml p-iodonitrotetrazol ium vio let i n  a f inal volume o f  

0 . 5  ml ( Davis and B loom ,  1 9 7 3 ) . The reaction was run at 

3 7 ° C for 30 minutes and stopped by the addition of 1 . 5  ml 

ethyl acetate/ ethano l / 1 0 0 %  tr ich loroacetic acid ( 5 : 5 : 1 ) . 

The react ion was quant itated by measuring absorbance at 4 9 0  

nm on a spectrophotometer . 

Monoamine oxidase , an outer m itochondr i a l  membrane 

enzyme marker , was assayed f luor imetr ica l ly by mixing 10 � l  

o f  each fract ion with 1 m l  o f  1 0  roM potass ium phosphate ,  pH 

7 . 2  (Morinan and Garratt , 1 9 8 5 ) . The react ion was 

initiated by the addition of 30 �l o f  a 1 mg/ m l  kynuramine 

stock solution and was incubated for 3 0  m i nutes at 3 7 ° C .  

The react i on was stopped with the addit ion o f  1 m l  o f  2 N 

HC1 . The tubes were briefly centri fuged ( 9 , O O Og for 5 

minutes ) to pel let any precip itated prote ins , and the 

supernatant was carefully transferred and m ixed with 2 ml 

o f  1 N NaOH . The f luorescence was measured on a Perkin­

E lmer LS 50 lum inescence spectrometer ( Perkin-Elmer Ltd . , 

Beacons f ield , England ) at an excitation wavel ength o f  3 15 

nm ( s l it length = 1 0  nm ) and an emi s s ion wavel ength o f  3 8 0  
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4 -hydroxyqu i n o l ine ( 2 - 1 0 0  nmo l ) .  
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NADPH cytochrome c reductase , a microsoma l enzyme 

marker , was assayed by combining 10 �l o f  each fract ion 

with a reaction buffer containing 4 0  roM sod ium phosphate , 

pH 7 . 4 ,  3 2  roM niacinamide , 0 . 2 5 roM sod ium cyanide , and 1 2 4 

�g oxidi z ed cytochrome c in a f inal vo lume of 0 . 2  ml 

( Beaufay e t  al . , 1 9 7 4 ) . The reaction was init iated by 

add ing NADPH to a f inal concentrat ion o f  2 2 . 5  �M and 

monitored at 5 5 0  nm on a spectrophotometer (MAXl ine 

microplate reader , Molecular Devices Corp . , Men lo Park , 

CA ) . The rate o f  the react i on was f o l l owed for 1 0  minutes 

with the f in a l  results expressed as the reduction of 

cytochrome c per unit o f  t ime . 

FALDH activity was measured fluorometr ica l ly by 

assaying 1 0  � l  o f  each fraction and fol lowing the fatty 

a ldehyde-dependent product ion of NADH us ing n-octadecanal 

as substrate ( see Materi a l s  and Methods , chapter 5 ;  Ri z z o  

and Cra ft , 1 9 9 1 ) . 

RESULTS 

By us ing density gradi ent centri fugat ion of ce l l  and 

tissue homogenates in Nycodenz , we hoped to adequately 

separate subc e l lular organel les . Enzyme markers were used 

to con f irm the e f f ic iency o f  organel l e  separat ion : cata lase 
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( particul ate ) for peroxisomes and free cata lase for 

cytosol ; succ inate dehydrogenase for the inner 

mitochondr i a l  membrane ; monoamine oxidase for the outer 

mitochondr i a l  membrane ; and NADPH cytochrome c reductase 

for microsomes . Intact peroxisomes sediment at the h igher 

dens ity of the gradient and cytosol at the lower dens ity 

( hi gh to low ,  left to r ight ) . Between 9 0  and 1 1 0 %  o f  the 

marker enzymes and FALDH were recovered in each of the 

grad i ents assayed and in the fractions from d i f ferent i a l  

centri fugat ion . 

The subce l lular distri bution of FALDH and marker 

enzymes is shown in f igure 4 for human l iver . 

Mitochondri a l  ( peak in fraction 1 3 )  and microsoma l ( peak i n  

fraction 1 8 )  markers are we l l  separated , and FALDH co­

sed iments prima r i ly with the microsoma l marker . S ome FALDH 

activity ( 1 3 %  of total FALDH activity) in the peak 

mitochondr i a l  fract ions ( 1 3 and 1 4 ) can not be comp l et e ly 

accounted for by microsoma l contamination wh ich contr i butes 

6 %  o f  total microsoma l marker enzyme act ivity in these two 

fractions . The microsoma l and cytoso l i c  markers overlap . 

There i s  no FALDH activity in perox i s omes . 

The subcel lular di stribution of m itochondr i a l  and 

microsoma l marker enzymes as we l l  as FALDH is shown in 

f igure 5 for a human cultured hepatocyte ce l l  l ine ( HepG2 ) .  

The mitochondr i a l  enzyme marker showed the greatest 

activity in fract ions 16 and 1 7 , whereas the microsoma l 
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Figure 4 .  D i str i bution of FALDH in human l iver fractions 
separated on 2 0 - 4 0 %  Nycodenz grad ients ( fract ionation of 
the post-nuc lear supernatant and a l l  enzyme assays are 
described in the text ) . The r e l ative act ivity was p l otted 
against fraction number . Homogenates from 2 d i f ferent 
l iver samples were separated on gradi ents with both 
gradients showing similar results ; therefore , only the 
results from one gradient are shown . The enzyme markers 
used are as f o l l ows : cata lase a s  a perox isoma l and 
cytos o l i c  marker , succ inate dehydrogenase as an inner 
mitochondr i a l  marker , and NADPH cytochrome c reductase as a 
microsoma l marker . 
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Figure 5 .  Distribution of FALDH in human cultured 
hepatocyte fractions separated on 2 0 -4 0 %  Nycoden z gradients 
( fractionation of the post-nuc lear supernatant and a l l  
enzyme assays are descr ibed i n  the text ) . The relative 
act ivity was plotted aga inst fraction number . The enzyme 
markers used are as follows : succinate dehydrogenase as an 
inner mitochondr ial membrane marker and NADPH cytochrome c 
reductase as a microsoma l marker . 
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enzyme marker peaked in fractions 2 0  and 2 1 .  FALDH 

activity was primar i ly found in the microsoma l fracti ons . 

Some FALDH activity , however , in fractions 1 6  and 1 7  ( 1 1 %  

o f  total activity ) could not b e  tot a l ly accounted f o r  by 

microsoma l contamination in these fractions ( 6 % of total 

NADPH cytochrome c reductase activity in fractions 16 and 

1 7 )  . 

7 9  

F igure 6 i l lustrates the organe l le-enr i ched fractions 

o f  cultured skin f ibrob lasts separated by di f f erent i a l  

centr i fugat ion . FALDH act ivity co-sed imented predominantly 

with the microsoma l enzyme marker . Al l of the FALDH 

act ivity in the mitochondria-enr iched fraction ( 4 1 % )  could 

be accounted for by microsomal contamination ( 4 5 %  o f  total 

microsoma l enzyme marker ) . Ha l f  o f  the FALDH act ivity in 

the cytosol ( 3 2 % )  could be accounted for by m icrosomal 

contaminat ion ( 1 6 % ) . 

Cu ltured skin fibroblasts were harvested , homoge n i z ed , 

and l oaded onto Nycodenz dens ity gradi ents in an attempt to 

get an adequate separation o f  subce l lu lar organe l l e s . 

Us ing 2 1  gradients , we were unable to separate organ e l l e s  

adequately . The results from one such gradient are shown 

in f igure 7 .  The mitochondr ial enzyme marker activity 

peaked i n  fractions 5 through 7 .  6 %  o f  the total FALDH 

activity was found in fractions 5-7 . The microsoma l 

contaminat ion in these fractions con s isted o f  2 %  o f  the 

total m icrosomal enzyme marker activity . In contrast to 
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F igure 6 .  D i s t r i but i on of FALDH in human cu ltured skin 
f i broblast fract ions separated by d i ff erent i a l  
centr i fugat ion . The r e l ative enzyme act i v i t i e s  were 
plotted aga inst the enr iched fract ion type , be ing enr iched 
for e ither m itochondr i a , perox i s omes and mi crosomes , or 
cytosol . The enzyme markers used are as f o l l ows : 
succ inate dehydrogena s e  as an inner mitochond r i a l  membrane 
marker , monoam ine oxidase as an outer mitochondr i a l  
membrane marker , cata l a s e  a s  a peroxi soma l marker , and 
NADPH cytochrome c reductase as a mi crosomal marker . 
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Figure 7 .  Distribut ion o f  FALDH i n  human cultured skin 
f ibroblast homogenates separated on a 1 0 - 3 0% Nycodenz 
gradient . The relat ive enzyme act ivity was p lotted against 
fraction number . Two experiments involving d i fferent 
norma l cell l ines were performed and the results from one 
experiment are shown . The enzyme markers used are as 
fol lows : succinate dehydrogenase as the inner mitochondri a l  
membrane marker and NADPH cytochrome c reductase as the 
microsomal marker . 
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the mitochondri a l  enzyme marker , the microsoma l enzyme 

marker did not have a c lear peak in any region o f  the 

gradient . FALDH appeared to fol low the same pattern as 

that o f  the microsoma l marker without any c lear peak . 

DISCUS S I ON 

8 4  

Enzymes invo lved i n  fatty a lcohol metabol ism have been 

descr ibed in several subcel lular compartments ( Tanaka e t  

al . ,  1 9 8 1 ;  B i shop and Haj ra , 1 9 8 1 ;  1 9 8 2 ; Burdett e t  al . ,  

1 9 9 1 ;  Lee e t  al . ,  1 9 8 0 ; S ingh e t  al . , 1 9 9 3 ) . Fatty a lcoho l 

metabo l i sm in general occurs via membrane-bound enzymes . 

Fatty a lcoho l synthes is requires the reduct ion o f  f atty 

acid to fatty a lcohol via acyl -CoA . Both o f  the enzymes 

( acyl-CoA synthetase and acyl-CoA reductas e )  i nvolved in 

fatty a lcohol synthes i s  are particulate . Acy l-CoA 

synthetase has been described in the microsomes , 

mitochondria and peroxisomes of the rat ( Tanaka e t  al . , 

1 9 8 1 ) . The three acyl -CoA synthetase enzymes in these 

compartments are indist inguishable based on severa l 

phy s icochemica l ,  catalytic , and immuno logical propert i e s  

( Tanaka e t  al . , 1 9 7 9 ) . Us ing d i f ferent i a l  centri fuga t i on 

methods , acyl-CoA reductase has been descr ibed as a 

microsoma l enzyme in rat bra in ( B i shop and Haj ra ,  1 9 8 1 ) , 

bovine mei bomian gland ( Kolattukudy and Roger s , 1 9 8 6 ) , and 

mouse preputi a l  g land ( Wykle et al . ,  1 9 7 9 ) , but a 
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peroxi s omal enzyme location was reported i n  guinea pig 

intestine when dens ity gradient organe l l e  separat ions were 

performed ( Burdett et al., 1 9 9 1 ) . Subcel lular loca l i z ation 

based on density gradient centri fugat ion appears to be more 

pre c i s e  in separating organe l les than d i f ferenti a l  

centri fugat ion which separates organel les according to 

s i z e .  

Using d i f ferent ial centr i fugation methods , the 

synthes is of glycery l ether l ip ids from fatty alcoho l has 

been reported to occur in the microsomes of rat l iver ( Lee 

e t  al., 1 9 8 0 ) , rat bra in ( Nataraj an and Schmid , 1 9 7 8 ) , rat 

sarcoma ( Lee et al., 1 9 8 0 ) , rat hepatoma ( Lee et al., 

1 9 8 0 ) , and rabbit intestinal mucosa c e l l s  ( Soodsma e t  al., 

1 9 7 2 ) . However , more ref ined techniques of subcel lular 

fractionat ion us ing dens ity gradient separations have 

clearly shown that the enzyme responsible for ether l ip id 

synthesis ( a lky l dihydroxyacetone phosphate synthas e )  is 

only present in the peroxisomes of rat l iver (Haj ra and 

B ishop , 1 9 8 2 ; S ingh et al., 1 9 9 3 ) . Thus , different i a l  

centri fugation , wh ich separates organelles according to 

s i z e , appears to be an inadequate method for prec ise 

determination of the subc e l lular loca l i z at ion of enzymes , 

because it does not permit the unequivocal separat ion o f  

organel les . 

Studies of FAO and FALDH in rat l iver , rabbit 

intest ine , and human cu ltured skin f ibroblasts have 
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cons i stently demonstrated that these are particulate 

enzymes ( Lee , 1 9 7 9 ; Ich ihara e t  al . ,  1 9 8 6a ; Mitchell and 

Petersen , 1 9 8 9 ; R i z z o  and Craft , 19 9 1 ) . Our results in 

human l iver , HepG2 ce l l s , and cu ltured skin f ibroblasts 

demonstrate that the maj ority o f  FALDH activity para l le l s  

t h e  m i crosomal enzyme marker . These results on human 

l iver and cultured hepatocytes are supported by Nycodenz 

grad ients in rat l iver ( data not shown ) . Although we did 

not separate the cytosolic and microsoma l fractions in the 

f ibroblast gradi ent , we know from prior results that very 

l itt l e  FALDH act ivity in fibroblasts is so luble ( Ri z zo and 

Cra ft , 1 9 9 1 ) . I t  is sign i f icant that FALDH was not present 

in the peroxisomes o f  l iver or HepG2 c e l l s . 

I n  a l l  gradients analyzed above , there was a sma l l  

amount o f  FALDH act ivity i n  the mitochondr ial peak 

f ractions that could not be fully accounted for by 

microsoma l contaminat ion . The enzyme marker used to 

determine the mitochondrial peak fract ions ( SDH ) was 

spec i f i c  for the inner mitochondr ial membrane . I f , dur ing 

the homogeni zation process , we had di srupted some o f  the 

m itochondria such that the outer membranes were removed and 

had the same dens ity as microsomes , and if FALDH were 

loca l i z ed to the outer membrane of mitochondria , then one 

m ight see 2 peaks of act ivity -- one co-sedimenting with 

m i crosomes ( broken m itochondri a l  outer membranes ) and the 

other with mitochondria ( intact outer membranes ) .  I n  the 
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f ibroblast d i f f erent i a l  centr i fugat ion exper iment , we 

included an outer m itochondr i a l  membrane marker , monoamine 

oxidase , and demonstrated that this enzyme marker 

para l l e led act ivity o f  the inner membrane enzyme marker and 

did not se lective ly appear in the microsoma l -enri ched 

fract ion . Therefore , the loca l i z ation of FALDH to the 

outer mitochondri a l  membrane could not account for FALDH 

activity seen in the microsomal and perox isoma l -enr i ched 

fract ion of cultured skin f ibroblasts . 

There are at least 2 reasons to exp l a i n  FALDH activity 

in the mitochondri a l  fraction being greater than can be 

exp lained due solely to microsoma l contaminat ion . First , 

FALDH may be predominantly loca l i z ed to the microsomes with 

a subpopul at ion o f  enzyme loca l i z ed to the m itochondr i a . 

There i s  no precedent for one ALDH isozyme loca l i z ed to 2 

d i f ferent subce l lu lar compartments in humans or other 

organisms . Theoretica l l y ,  alternat ive spl ic ing o f  one gene 

product cou ld account for the same isozyme being f ound in 

d i f ferent subce l lular compartments . Mitochondr i a l -targeted 

proteins conta in a leader signa l peptide at the N term i nus 

( Hurt and Schat z , 1 9 8 7 ) , whereas a protein loca l i z ed to the 

microsomes has been shown to contain a regi on of 

hydrophobic amino acid res idues at the carboxy terminus 

that may be important for insertion and anchoring into the 

endoplasmic reticulum (Miyauchi et al . ,  1 9 9 1 ) . Takagi et 

al . ( 19 8 5 )  have demonstrated that rat l iver microsoma l ALDH 
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mRNA i s  translated o n  free polysomes and the mature enzyme 

becomes membrane-bound only in the rough and smooth 

endop lasmic ret icu lum . The ir in vi tro expression system 

demonstrated that the authent ic and mature enzyme have the 

same subunit molecular weight as determined by SDS-PAGE . 

These results f rom rat l iver microsomes suggest that ALDH 

is loca l i z ed to the microsomes . 

Second , other ALDH isozymes may exist in mitochondr ia 

that ut i l i z e  octadecanal as substrate . ALDHs have been 

loca l i z ed to virtua l ly every subcel lular compartment w ith 

s ome degree of over lap between substrate specif icities 

( Lindah l ,  1 9 9 2 ; Yosh ida et al . , 1 9 9 1 ) . The FALDH activity 

seen in the mitochondr i a l  peak is more l ikely due to other 

m itochondr i a l  ALDHs with over lapp ing substrate 

spec i f i c i t i e s . 

I t  i s  wel l -known that biochemical pathways may i nvo lve 

enzymes l ocated in more than one subcel lular organe l le .  

Fatty acid B-oxidati on occurs in the mitochondr ial and 

peroxisomal matr ices o f  mamma l s  ( Bremer and Osmundsen , 

1 9 8 4 ; Laz arow and de Duve , 1 9 7 6 ) . Long-cha in fatty acids 

are comp l etely oxidi z ed to acetyl -CoA in the mitochondria , 

whereas long-chain and very long-cha in fatty ac ids are only 

oxidi z ed to medium-chain fatty ac ids ( 8 -carbon cha i n  

length ) a n d  acety l-CoA in peroxi somes . These medium-chai n  

products o f  peroxisoma l B-oxidation are then transferred to 

mitochondr ia for subsequent oxidation . Thus , interactions 



between subcel lular compartments occur in fatty acid B ­

oxidat ion . S im i larly , act ivat ion o f  tr ihydroxy 

cho lestano i c  acid to its acyl-CoA ester occurs at the 

microsoma l membrane and it is then transported , pos s ibly 

via a carr i er protein , to the peroxi s ome to be B-oxid i zed 

( Prydz e t  al . ,  1 9 8 8 ) . 
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Enzymes that partic ipate i n  fatty a lcohol metabo l i sm 

have been loca l i z ed to d i f ferent subce l lu lar organel les . 

This is logical because synthes i s  and degradation o f  fatty 

a lcoho ls in one subce l lu lar compartment would seem 

counterproduct ive . Activation o f  f atty acid to its acy l ­

CoA occurs i n  the m itochondr ia , peroxisomes , and 

microsomes . It is probable that r eduction o f  the acyl -CoA 

to fatty a lcohol is peroxisoma l ( Burdett e t  al . ,  1 9 9 1 )  

where the f atty a l cohol could be used for glyceryl ether 

l ip id synthe s i s . oxidation o f  fatty a lcoho l to fatty acid 

i s  microsoma l . Thi s  would require that fatty a lcoho l be 

transported between subce l lu lar organel les in those ce l l s  

in wh ich i t  i s  both synthes i z ed and degraded . Fatty 

a l cohol transport may be mediated by carrier proteins , but 

there is no evidence as yet for such proteins . 

Tissue spec i f i c  regu lation o f  enzymes invo lved in the 

fatty a lcoho l cycl e  might a l so occur . Thi s  wou ld permit 

fatty a lcoho l synthes i s  to occur in t i ssues where f atty 

a lcoho ls are used as bui lding blocks ( for examp l e , the 

brain where g lyceryl ether l ip ids are abundant ) .  I t  i s  
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pos s ible that fatty a lcohols are transported via the blood 

to other ti ssues where enzymes respons ible for fatty 

a lcoho l degradat ion are expressed . 

Although the synthes i s  and degradat ion of fatty 

a lcoho l by enzymes in d i f ferent organe l les may seem 

complex , fatty a lcohol metabo l i sm can be regulated by 

organe l le spec i f i c  factors . The enzymes in the fatty 

a lcohol metabo l i c  pathway may be regulated together , 

possibly by key control enzymes or carrier proteins whi ch 

shuttl e  the f atty a lcoho l s  between the microsomes and 

perox i somes . Future investigations into the regulation o f  

fatty a lcoho l leve l s  in the c e l l  may e lucidate the factors 

cru c i a l  in contro l l ing the enzymes invo lved in the fatty 

a lcohol cyc l e . 



CHAPTER 5 

Pur i f icat ion and biochemical character i z a t ion of mi crosoma l 

fatty a ldehyde dehydrogenase from human l iver 

SUMMARY 

Fatty a ldehyde dehydrogenase ( FALDH) was so lubi l i z ed 

f rom human l iver microsomes and puri f ied by chromatography 

on columns cons isting of omega-Arninohexy l-Agarose resin and 

5 ' AMP-Sepharose 4B resin . The enzyme has an apparent 

subunit s i z e  of 5 4 , 0 0 0  kDa as determined by SDS-PAGE . 

FALDH requ ires NAD + as coenzyme , has optima l activity at pH 

9 . 8 ,  and is thermo lab i le at 4 7 ° C .  The enzyme has h igh 

activity towards saturated and unsaturated al iphat i c  

a ldehydes ranging from 6 to 2 4  carbons in length , as we l l  

as dihydrophyta l ,  a 2 0 -carbon branched cha in a ldehyde . I n  

contrast , acetaldehyde , prop ionaldehyde , crotona ldehyde , 

glutara ldehyde , benza ldehyde , and retina ldehyde are poor 

substrates . FALDH is inhibited by disulf iram , 

i odoacetamide , iodoacetate , a , p-dibromoacetophenone , and p­

chloromercur ibenzoate , but is unaf fected by magne s ium .  

Comparison of the k inet ic and phys ica l propert ies o f  this 

9 1  
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microsoma l FALDH to other human ALDH isozymes ( classes 1 ,  

2 ,  3 ,  4 ,  and others ) suggest that FALDH represents a 

d i f ferent class of ALDH isozyme . These studies const itute 

the f irst pur i f i cation and character i z ation o f  a human 

fatty a ldehyde dehydrogenase and suggest a role for this 

enzyme in fatty aldehyde metabo l ism . 

INTRODUCT I ON 

Aldehyde dehydrogenases ( ALDHs ) comprise a fam i ly o f  

enzymes that exhibit substrate speci f icities toward a wide 

var iety of a l iphat ic and aromatic a ldehydes ( Lindah l , 1 9 9 2 ; 

Yoshida e t  al . ,  1 9 9 1 ) . Most ALDHs are constitut ive ly 

expressed , but two ALDHs are induced in rat l iver by 

treatment with phenobarbital or 2 , 3 , 7 , 8 -tetrachlorod ibenz o ­

p-dioxin ( TCDD ) ; one o f  these is a tumor-assoc iated rat 

l iver ALDH that is a l so expressed dur ing carcinogenes i s  

( Y in e t  al . , 1 9 8 9 ; Forte-McRobbie and P i etruszko , 1 9 8 6 ) . 

Mamma l ian ALDHs have been class i f i ed according to 

the ir subce l lu lar loca l i zat ion , and biophysical and k inetic 

properties . ALDHs have been ident i f ied in mitochondr i a l , 

microsoma l , and cytoso l ic compartments o f  the ce l l . 

Cytos o l ic and mitochondr i a l  iso zymes have been extens ive ly 

studied ( Yoshida e t  al . ,  1 9 9 1 ;  P i etruszko , 1 9 8 3 ) , whereas 

l ittle is known about microsoma l ALDH . A human microsoma l 

ALDH that cata lyzes the conversion o f  2 0 -CHO- leukotr iene B4 
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(LTB4) to 20-COOH-LTB4 has been reported in 

polymorphonuclear leukocytes (Sutyak et al., 1989). 

Microsomal ALDHs have also been reported in rat liver and 

rabbit intestine (Ichihara et al., 1986a, 1986b; Mitchell 

and Petersen, 1989; Nakayasu et al., 1978; Lindahl and 

Evces, 1984), and are capable of oxidizing medium- and 

long-chain fatty aldehydes to the corresponding fatty 

acids. Although little is known about their physiological 

role, microsomal ALDHs may be important in the oxidation of 

aldehydes formed during fatty alcohol metabolism and in the 

detoxification of aldehydic products of lipid peroxidation. 

Fatty alcohol is oxidized to fatty acid by action of 

fatty alcohol:NAD+ oxidoreductase (FAO). This enzyme 

complex consists of separate activities that sequentially 

oxidize fatty alcohol to fatty aldehyde catalyzed by fatty 

alcohol dehydrogenase (FADH), and finally to fatty acid 

catalyzed by fatty aldehyde dehydrogenase (FALDH). Genetic 

deficiency of FALDH has been demonstrated in Sjogren­

Larsson syndrome (SLS) , an autosomal recessive disorder 

characterized by the presence of congenital ichthyosis, 

mental retardation, and spastic di- or tetraplegia (Rizzo 

and Craft, 1991). Deficiency of FALDH activity causes 

deficiency of FAO activity, and the accumulation of fatty 

alcohol in patients affected with SLS (Rizzo et al., 1988; 

1989) . 
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Subce l lular loca l i z at ion studies i n  human l iver and 

cultured skin f ibroblasts have indicated that FALDH i s  

loca l i z ed t o  the microsoma l compartment ( see Chapter 4 ) , 

and prior studies us ing d i f f erent i a l  centri fugation have 

shown that cultured skin f ibroblasts from SLS patients are 

most profoundly def i cient in the 1 2 0 , O O O g  pe l l et ( R i z z o  and 

Craft , 1 9 9 1 ) . These f indings suggest that SLS i s  due to a 

def ic i ency of microsoma l FALDH . 

To provide ins ight into the biochemical abnorma l it i es 

that may be associated with SLS and understand fatty 

a lcohol and fatty a ldehyde metabo l ism , the pur i f i cation and 

character i z ation o f  human l iver microsoma l FALDH was 

undertaken . comparison o f  the k inet i c , structura l ,  and 

b i ophys ical propert ies of FALDH with other human ALDHs 

suggests that th is FALDH is a nove l isozyme . 

MATERIALS AND METHODS 

MATERIALS 

Thin-layer chromatography plates composed o f  s i l ica 

gel G were obtained from Whatman Inc . , C l i fton , NJ . 

Organic so lvents , e ither reagent-grade or h igh-per formance 

l iquid chromatography-grade , were from J . T .  Baker I nc . , 

Phi l l ipsburg , NJ . Potass ium phosphate ( monobas i c  and 

diba s i c )  was obta ined from Ma l l i nckrodt ( Par i s , KY ) . a , p­

dibromoacetophenone was purchased from Aldr i ch Chemica l 
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Co . ,  I nc . (Mi lwaukee , WI ) . a , p-dibromoacetophenone , p­

chloromercur ibenz oate ( p-CMB ) , and disulf iram were 

resuspended in 1 0 0 %  dimethyl sul foxide . omega-Am inohexyl­

Agarose and 5 ' AMP-Sepharose 4 B  were purchased from S igma 

Chemical Co . A l l  other chemicals were of analytical grade 

and purchased from S igma Chemical Co . ( s t .  Louis , MO ) , 

unless otherwise noted . 

A p-hydroxyacetophenone a f f inity l igand co lumn was 

constructed according to the method described by Ghenbot 

and Weiner ( 19 9 2 ) . p-Hydroxyacetophenone was coup led to 

Sepharose 4B through an epoxy l i nkage . 

The nomenc lature used in naming the a ldehydes is 

der ived f rom " De f initive Ru les for the Nomenclature o f  

Organic Chemistry" . Aceta ldehyde , octana l ,  dodecana l ,  

tetradecana l ,  and crotona ldehyde were purchased from 

Aldr i ch Chemical Co . They were di luted in 1 0 0 %  ethano l to 

the f inal desired concentrat ion ( 8 0  roM) . G lutara ldehyde 

( grade 1 ,  7 0 %  aqueous ) ,  propi ona ldehyde , hexana l , 

benz a ldehyde , decana l ,  and ret ina ldehyde were purchased 

from S igma Chemical Co . and were di luted in 1 0 0 %  ethano l to 

the f in a l  des ired concentrat ion ( 3 5 . 2  roM for retina ldehyde 

and 8 0  roM for a l l  other a ldehyde s ) . Technical grade phyto l  

( 3 , 7 ,  1 1 ,  1 5 -Tetramethyl-2 -hexadecene- 1 -o l )  was obtained from 

Ana labs , The Foxboro Co . ,  North Haven , CT . 

Adult male wistar rats ( 2 0 0 - 2 5 0  g )  were k i l l ed by 

decapitation without any anesthesia and the organs were 
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used immed iately . Human l ivers that , for one reason or 

another , could not be transp lanted into pat ients were used 

for enzyme pur i f ication . Livers were stored at -7 0 ° C .  

ENZYME AS SAYS 

FALDH was as sayed fluorometrically by measur ing the 

fatty a ldehyde-dependent production of NADH . The react ion 

was monitored us ing a f i lter f luorometer (Model 1 1 1 : Turner 

Des igns , Sunnyva le , CA ) ; or by measuring f luorescence with 

a microt iter p late reader ( LS5 0 : Perkin Elmer Ltd . , 

Beaconsf ield , England) . The excitation wavelength was 3 6 5  

nm and the emi s s ion wavelength was 4 6 0  nm . In the Turner 

f luorometer , primary f i lter 7 - 6 0  was used , and secondary 

f i lters 2A and B 4 4 0  were used ( Baxter D iagnostics I nc . , 

McGaw Park , I L ) . 

Reaction tubes ( 6  X 5 0  mm disposable g lass test tubes , 

Baxter ) conta ined 5 0  mM g lycine-NaOH buf fer , pH 9 . 8 ,  1 0  mM 

pyra z o l e ,  0 . 5  mg/ml fatty acid-free BSA , 1 . 5  mM NAD + , 0 . 1 % 

Tr iton X-1 0 0 ,  and less than 6 �g of homogenate protein in a 

f inal vo lume of 0 . 2  ml ( for the microtiter plate reader ) or 

0 . 4  ml ( for the Turner f luorometer ) .  Reaction tubes were 

preheated for 2 minutes at 3 7 ° C ,  and the assay was 

initiated by the addit ion of 3 - 5  �l of aldehyde substrate 

disso lved in 1 0 0 %  ethanol .  I n  control incubations , the 

reactions were init iated by the addition of ethanol lacking 
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a ldehyde . The react ion was stopped by the add it ion o f  p­

chloromercur ibenz oate ( so lu bi l i z ed in 1 0 0 %  d imethy l 

s u l f oxide to a f in a l  concentration o f  1 . 2 5 roM )  a nd the 

f luorescence was measured . The a ldehyde-dependent act ivity 

was ca lcul ated by subtrac t i ng the change in f luorescence 

measured in the absence o f  a ldehyde ( control react i o n )  from 

that measured in the presence o f  a ldehyde . 

FALDH act ivity us ing aceta ldehyde , prop iona ldehyde , 

ben z a ldehyde , g lutara ldehyde , and crotona ldehyde could not 

be a s s ayed under the same react i on cond it ions a s  l ong-ch a i n  

a l dehydes , because these substrates caused a n  increase i n  

f luorescence even in the absence o f  added enzyme . I nstead , 

activity was measured using 2 5  roM Tr i s -HC I , pH 8 . 8 ,  in 

p l ace o f  g lyc ine-NaOH buf fer without any Tr iton X - 1 0 0  i n  

t h e  reaction mixture . 

FAO activity was a s s ayed by measur ing the oxidation o f  

radioact ive octadecano l t o  radioactive stearate ( R i z z o  e t  

al . ,  1 9 8 8 ; 1 9 8 9 ) . Act ivity was mea sured in a total volume 

o f  0 . 2  m l  conta i n i ng 50 roM glycine-NaOH buf fer , pH 9 . 5 , 2 . 5  

roM NAD + , 0 . 5  mg / m l  fatty a c i d - free bovine serum a l bumin , 1 2  

�M [ l -14C ] -octadecano l  ( 2 2 0 , 0 0 0  cpm added i n  3 � l  ethano l ) , 

and 1 0 - 6 0  �g o f  ce l l  homogenate prote i n ; contro l  

incubat ions lacked homogenate . After 3 0  minutes a t  3 7 ° C ,  

react i ons were stopped by the add i t i on o f  2 m l  hexane , 2 m l  

wate r , and 2 m l  0 . 3  M NaOH in 9 5 % ethano l . Reac t i o n  tubes 
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were agitated for 1 minute in a vortex mixer and 

centri fuged for 5 minutes at 2 7 00g . The upper phase was 

d iscarded and the lower phase was extracted again with 2 ml 

hexane . One m l  o f  2 N  HC l was added to the rema ining l ower 

phase , and [ �C ] -stearate was extracted twice with 2 ml 

hexane . The combined extracts were dried , and labe l ed 

stearate was i s o lated by thin- layer chromatography ( TLC ) . 

To each lane o f  a s i l ica gel G p late , 1 5  �g o f  carr ier 

pa lmitate and hexadecanol were app l ied . The dried l ip ids 

were d isso lved in ch loroform/methano l ( 1 / 1 )  and spotted on 

ind ividua l lanes on the plate . Fatty acid was separated 

from fatty a lcohol by chromatography in hexane/ d iethyl 

ether/ water ( 6 0 / 4 0 / 1 )  so lvent . The fatty acid spot was 

visua l i z ed under UV l ight a fter staining the p late with 

rhodamine 6G ( 1  mg/ml methano l ) . The areas o f  s i l ica gel 

containing pa lmitate were s craped into scint i l l ation via l s  

and measured f o r  radioact ivity . The background 

radioactivity from contro l  incubat ions was subtracted from 

that in incubation react ions contain ing homogenate protein 

to determine actual enzyme activity . 

Protein concentrations were measured according to 

Lowry e t  al. ( 19 5 1 ) , absorbance at 2 4 5  nm ( co lumn 

chromat ography ) us ing a spectrophotometer ( Bausch and Lomb 

Spectroni c  1 0 0 1 ,  Mi lton Roy Co . ,  Rochester , NY ) , or by the 

B io -Rad DC protein assay when detergent was present in the 
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protein m ixture . succinate dehydrogenase and NADPH 

cytochrome c reductase were assayed by the method descr ibed 

previous ly in this text ( see Chapter 4 ,  Mater ials and 

Methods ) . 

ALDEHYDE SYNTHESES 

Long-cha in a ldehydes ( 1 5 to 2 4  carbons ) were 

synthes i z ed by oxidation o f  the pr imary alcoho l to the 

fatty a ldehyde . The saturated a ldehydes were synthes i z ed 

according to the method of Ferr e l l  and Yao ( 1 9 7 2 ) . 

Br i e f ly , 5 mg fatty a lcoho l was reacted with 4 mg 1 -

ch lorobenz otr i a z o l e  i n  4 0  � l  dich loromethane and 1 5  � l  

pyr idine overnight i n  a 6 0 ° C  water bath . The fatty 

aldehyde product was separated from unreacted fatty a lcohol 

by TLC using two d i f f erent so lvent systems . The f irst 

system consisted o f  hexane/ isobutano l / methanol ( 1 0 0 / 3 / 3 ) . 

The fatty a ldehyde was loca l i z ed by staining the p late w ith 

rhodamine 6G and examining under UV l ight . The fatty 

a ldehyde and fatty alcohol migrate to the midd l e  of the 

plate , with the fatty a ldehyde be ing the band with an � o f  

0 . 5 .  The fatty a ldehyde spot was carefu l ly s craped and 

e luted from the s i l ica gel by extract ion with 5 ml 

hexane/ benz ene ( 3 / 2 ) . The hexane / benz ene extract was dried 

under a stream o f  nitrogen , and the fatty aldehyde was 

pur i f ied on a second TLC p late us ing a so lvent system 
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c on s i s t ing o f  hexane / ch l orof o rm / metha no l ( 7 3 / 2 5 / 2 ) . I n  

th i s  system , the f atty a ldehyde m i grates near the top o f  

the p l at e  w i th a n  � of 0 . 8 .  The pur i f i ed fatty a l dehyde 

band was v i s ua l i z ed ,  scraped , and e luted f rom s i l i c a  g e l  as 

d e s c r i bed a bove . The f i n a l  f atty a ldehyde concentrat i on s  

were determined b y  gas l i qu id chromatography w i t h  f l ame 

ion i z at i on detection us i ng r e sponse factors for f atty 

a l c oho l standards o f  s im i l a r  carbon cha i n - l ength as that of 

the a l dehyde s . The r e sponse f a ctors were determined by 

measur ing the l i ne a r  r e l a t i onship of the system r e sponse a s  

a funct i o n  o f  the amount o f  standard inj ected . 

Uns aturated a l coho l s  ( c i s - 9 -hexadecene- 1 - o l  ( 1 6 : 1 ) , 

c i s - 9 - o ctadecene - 1 - o l  ( 1 8 : 1 ) , a nd c i s , c i s - 9 , 1 2 -

octadeca d i ene - 1 - o l  ( 1 8 : 2 »  were oxid i z ed to a l dehyd e s  v i a  

the i r  mesy l a t e  intermediates ( Bauma nn a n d  Mango ld , 1 9 6 4 ; 

Mahadeva n ,  1 9 6 5 ) . B r i e f ly , mesylate synthes i s  was 

accomp l i shed by d i s s o l v i ng 2 0  mg of the fatty a l coho l i n  

1 0 0  � l  pyr i d i n e , the tube was ch i l l ed o n  i c e  f o r  1 0  

m i nute s . Then , 1 0  � l  methanesul fonyl chlor ide was added . 

The m i xture was aga i n  i ncubated on i c e  for 1 hour , a nd then 

r emoved f rom the ice bath and left at room temperature for 

5 hour s w i th shak i ng . De ion i z ed water and d i ethy l ether ( 1  

m l  o f  each ) were added . After vortexing for 1 minut e ,  the 

ether pha s e  ( upper layer ) was removed and extracted w ith 1 

m l  o f  the f o l l ow i ng so lutions ( i n th i s  order ) : d e i o n i z ed 
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water ; 2 N H2S04 ; de ionized water ; 1 %  pota ss ium carbonate 

solut i on ; and f ina l ly deion i z ed water . The ether layer was 

dried under a stream o f  nitrogen . The mesylate product , 

thus formed , was then di sso lved in 1 0 0  � l  d imethyl 

su l f ox ide to wh ich 10 mg solid sodium bicarbonate was 

added . The mixture was cl osed in a nitrogen atmosphere and 

immersed in a 1 7 0 ° C  o i l  bath . The react ion was comp lete 

within 5 minutes and the tube was coo l ed to room 

temperature , a fter wh ich 1 ml ice water was poured into the 

tube . The mixture was extracted with 1 ml diethy l ether , 

and washed with deion i z ed water . The organ ic ether layer 

was dried under n itrogen and the fatty a ldehyde was 

d i sso lved in 1 0 0 %  ethano l .  The fatty aldehyde was 

quant itated by gas l iqu id chromatography and disso lved in 

ethanol to a concentration o f  8 0  rnM. The f i nal yield was 

between 9 %  and 1 5 % . 

Phytol ( 3 , 7 ,  1 1 ,  1 5 -Tetramethy l-2 -hexadecene - 1 -o l )  was 

used as starting mater ial to synthes i z e  dihydrophyt a l  

( 3 , 7 ,  1 1 , 1 5 -Tetramethy l-hexadecana l )  . The techn ica l grade 

phytol was f irst pur i f ied by TLC in a so lvent system 

cons ist ing o f  hexane / ch l oroform/methano l  ( 7 3 / 2 5 / 2 ) . The 

TLC p l ate was sprayed with rhodamine 6G and visua l i z ed 

under UV l ight . The phytol spot with an � o f  0 . 3  was 

scraped and eluted from s i l ica gel us ing hexane/benz ene 

( 3 / 2 ) . D ihydrophyto l was synthes i z ed from phytol by 
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hydrogenat ion i n  the presence o f  Raney n icke l a s  cata lyst 

( Je l lum et al . , 1 9 6 6 ) . Approx imate ly 1 0 0  mg o f  TLC­

pur i f i ed techn ical grade phyto l  was d i s s o lved in 8 ml 

ethanol and 1 0 0  �l o f  a s lurry of Raney nicke l  was added . 

The reaction proceeded under an atmosphere o f  hydrogen on a 

shaking platform at room temperature overnight . The 

ethanol conta ining d ihydrophytol was caref u l ly removed so 

as to avoid the Raney nickel and then the ethano l was dried 

under n itrogen . D ihydrophytol was pur i f ied by TLC and 

deve loped in hexane / ch l orof orm/ methanol ( 7 3 / 2 5 / 2 ) . 

Dihydrophytol migrated near the midd le o f  the plate with an 

� o f  0 . 4 ,  and was loca l i z ed by spraying the p late with 

rhodamine 6G and examining under UV l ight . The 

dihydrophytol spot was scraped and e luted with 

hexane / benz ene ( 3 / 2 ) . A 2 0 %  y i e ld o f  d ihydrophytol was 

obta ined . Dihydrophytol was oxid i z ed to dihydrophytal 

using the method of Ferre l l  and Yao as descr ibed above 

( Ferr e l l  and Yao , 1 9 7 2 ) . The y i e ld o f  dihydrophytal from 

dihydrophytol was 5 0 % , therefore , the overa l l  y i e ld o f  

dihydrophytal from phytol was 1 0 % . 

ENZYME PURIFICATION 

Human microsoma l FALDH was pur i f ied by mod i f ication o f  

the procedure described by Nakayasu e t  al . ( 1 9 7 8 ) . A l l  

steps were performed a t  4 ° C .  Potass ium phosphate buf fer 
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used i n  thi s  pur i f ication was pH 7 . S  and contained 1 roM 

EDTA , 1 0  roM B -mercaptoethano l , and 1 roM 

phenylmethylsul fonyl f luoride ( PMSF ) , except where noted . 

Three vo lumes o f  homogeni z ation buf fer ( 0 . 2 5 M 

sucrose , 1 roM Tri s-base , pH 7 . 4 ,  1 roM EDTA ) were added to 

each gram o f  wet human l iver . The t issue was homogen i z ed 

with a Tissum i z er ( Tekmar , Cinc innat i ,  OH) having a coarse 

probe for s everal m inutes unt i l  the large chunks o f  t issue 

were dispersed , and then was further homogen i z ed us ing a 

motor-dr iven tef lon-g l a s s  homogeni z er attached to a 

rheostat ( set at 7 0 %  power ) , for 1 0  strokes . The 

homogenate was centr i fuged at 5 0 0g for 10 minutes . The 

supernatant was collected and centr ifuged again for 1 0  

minutes a t  5 0 0g . The supernatant was then poured through 4 

layers of gau z e  and centr ifuged at 1 9 , 0 0 0g for 3 0  minutes 

( L5 - 5 0  Ultracentri fuge , Beckman I nstruments , I nc . , Palo 

Alto , CA i SW2 7 swinging bucket rotor ) . The supernatant was 

decanted and then centri fuged at 1 0 0 , 0 0 0g for 3 0  minutes . 

The pel let from this centr i fugat ion step was enr i ched for 

microsomes . The cytoso l i c  supernatant was carefu l ly 

removed with a trans fer p ipet . The microsoma l pel let was 

re-suspended in homogen i z at ion buf fer and centr i fuged a 

second t ime under the same condit ions . The pur i f i ed 

microsoma l pel let was re-suspended at a final concentration 

o f  5 - 8  mg protein/ml in so lubi l i z at ion buf fer consisting o f  

1 0 0  roM potass ium phosphate , p H  7 . 5 ,  1 roM EDTA , 1 0  roM B-
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mercaptoethanol ,  1 roM PMSF , 2 0 %  g lycero l , and 0 . 5 % sodium 

cho late . The microsomes were solub i l i z ed by gently 

stirr ing at 4 ° C for one hour and then were centr i fuged at 

1 0 0 , 0 0 0g for one hour . The supernatant ( so lubl e  

microsome s )  was carefully removed with a trans fer p ipet . 

The solub i l i z ed microsomes were s l owly loaded ( 2 5 - 3 0  

m l j hour ) onto a n  omega-aminohexy l-agarose co lumn ( 2 . 5  X 8 

cm ) previou s ly equ i l ibrated with solub i l i z at ion buf fer . 

The column was washed extens ively ( 1 0 bed vo lumes )  w ith 

solub i l i z ation buf fer lacking g lycero l . FALDH was then 

e luted with 1 0 0  roM potass ium phosphate , pH 7 . 5 ,  1 roM EDTA , 

1 0  roM B -mercaptoethano l ,  1 roM PMSF , 0 . 3 % sod ium cho late , 

and 0 . 2 % Tr iton X - 1 0 0 . After e luting for approximately 1 

bed vo lume , the salt concentration was increased to 5 0 0  roM 

potass ium phosphate , w ith the concentration of a l l  other 

ingredi ents rema in ing the same , in order to e lute FALDH 

activity . The fractions col lected after e lution began that 

conta ined the most FALDH act ivity were poo led and 

des ignated the hydrophobic co lumn eluate . The e luate was 

d i a l y z ed against 10 vo lumes o f  1 0 0  roM potass ium phosphate , 

pH 7 . 5 ,  1 roM EDTA , 1 0  roM B -mercaptoethano l , and 1 roM PMS F  

f o r  2 4  hours w ith a t  least two changes o f  buff er . 

The hydrophobic column e luate was l oaded onto a 5 ' ­

AMP-Sepharose 4 B  a f f inity co lumn ( 1 . 5  X 4 cm ) previously 

equ i l ibrated with the 100 roM potass ium phosphate d i a ly s i s  

buf fer . The a f f inity column was loaded at a f low rate o f  
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0 . 5  m l /minute , washed with 2 5  mM potass ium phosphate 

buf fer , pH 7 . 5 ,  for 5 - 1 0  bed vo lumes , and e luted with 2 5  mM 

potass ium phosphate buf fer conta ining 0 . 2  mM NAD + . Column 

fractions were assayed for FALDH act ivity and the e luate 

fractions containing the maj ority of act ivity were pooled 

and des ignated as puri f i ed FALDH . 

Regenerat ion of columns The omega -aminohexy l-agarose 

hydrophobic column was regenerated by wash ing with 3 - 5  bed 

vo lumes o f  the fol lowing solutions in th is order : 0 . 0 5 M 

NaOH ; 0 . 1 M sodium acetate , pH 4 . 5 ; deion i z ed water ; and 2 

M NaCl . The 5 ' AMP-Sepharos e - 4 B  a f f inity column was 

regenerated by washing with 3 -5 bed vo lumes o f  the 

fol l owing so lutions in the order given : 0 . 0 5 M Tr i s-HC 1 , pH 

8 . 5 ,  0 . 2 5 M NaC l ; 0 . 0 5 M sodium acetate , pH 4 . 5 ,  0 . 2 5 M 

NaCl ; deion i z ed water ; and 2 M NaCl . I f  the co lumns were 

not to be reused within a month , they were stored in 2 M 

NaCl with thimerosa l ( 1 0 mg/ 1 0 0  m l ) . 

KINETIC AND THERMOSTAB ILITY STUDI ES 

Enzyme kinetic studies were performed using 

approximately 1 2 . 5  ng of pur i f ied FALDH and assaying for 3 0  

minutes with varying concentrations o f  substrate ( range : 6 0  

nmol - 5  mmol ) . Lineweaver- Burk p l ots were generated and 

ana lyzed us ing the software program Enz f itter ( Biosoft , 

Cambr idge , united Kingdom) to determine � and Vmn • 



Inhibition and activation studies were performed by 

assaying pur i f ied microsoma l FALDH ( 1 2 . 5  ng ) us ing 

octadecanal as substrate with var ious i nh i bitors or 

activators at the f inal concentrat ions indicated . 
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Thermostabi l ity o f  FALDH was studi ed by incubating 

pur i f ied enzyme in 2 0 0  roM glycine buf fer , pH 9 . 8  i n  a water 

bath at the var ious temperatures for var ious t imes . The 

enzyme was removed and immed iately chi l l ed on ice . After 5 

minutes on ice , FALDH activity was as sayed at 3 7 ° C  for 3 0  

minutes using n-octadecana l as substrate . 

MOLECULAR WEIGHT DETERMINAT ION 

Sod ium dodecyl sul fate discont i nuous po lyacrylamide 

gel electrophores i s  ( SDS-PAGE )  in 10% gels ( B io-Rad 

Laborator ies , Richmond , CAl was performed accordi ng to 

Laemm l i  ( 19 7 0 ) . Nat ive ( nondenatur ing) gel el ectrophores i s  

w a s  performed in 6 %  l i near and 4 - 2 4 %  gradi ent 

po lyacrylam ide gels ( B io-Rad Laborator i e s ) . Ge ls were 

stained either with Coomass i e  Br i l l i ant B lue R-2 5 0  or 

s i lver nitrate ( B io-Rad ) according to manufacturer ' s  

instruct ions . 

SDS-PAGE gels were scanned and i ntegrated by 

dens itometry on an LKB 2 2 2 2 -0 2 0  UltroScan XL Laser 

Dens itometer ( Pharmaci a , Uppsala , Sweden ) . 

Gel f i ltrat ion was performed by low pressure 

chromatography us ing B io-Rad B io-Gel A-0 . 5m ( 1 . 5  X 1 0 0  cm) 
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and B io-Rad B io -Ge l A- 1 . 5m ( 1 . 5  X 5 0  cm and 1 . 5  X 1 0 0  cm) 

with a Ra inin Rabbit per i staltic pump ( f low rate 2 5  

m l j hour ) ; and by high-pressure l iqui d  chromatography ( HP 

1 0 9 0 ,  Hewlett Packard , Avonda l e ,  PA) us ing a Ra i n i n  

Hydropore-5-sec column ( 1 0 mm X 2 5  cm ) with 8 3 -S 1 3 -C 5  as a 

guard column . The column buf fers conta ined 2 0 0  roM 

potass ium phosphate buf fer , pH 7 . 5 ,  and e ither 0 . 2 % Tr iton 

X-1 0 0 ,  1 . 0 % Tr iton X - 1 0 0  or 0 . 5 % sodium cholate . 

RESULTS 

ENZYME DISTRIBUT I ON IN RAT T I S S UE 

FAO and FALDH were assayed in crude homogenates from 

var i ous rat t i ssues in order to determine the t i ssue enzym e  

d istr ibution ( Table 7 ) . Each enzyme was as sayed in 

dup l icate and the average va lue was expressed . FAO and 

FALDH activities were highest in the l iver . FALDH spec i f i c  

act ivity was a t  l east 2 0 - f o ld h igher than FAO in every rat 

tissue , but there was not a lways a d i rect corre lation 

between FAO and FALDH activit ies . Oxidation o f  fatty 

alcoho l to fatty a ldehyde by FADH is the rate - l imit ing 

react ion in the FAO comp lex ( R i z z o  and Cra ft , 1 9 9 1 ) , and 

FAO act ivity may therefore ref lect FADH activity more than 

FALDH act ivity . Thi s  may exp l a in why FAO and FALDH 

activities do not correlate in every t issue . There may 

a l so be other non-microsoma l ALDHs with overlapp ing 



Tabl e  7 .  T i s sue d i str ibution of fatty a ldehyde 
dehydrogenase ( FALDH ) and f atty alcoho l : NAD + 
oxidoreductase ( FAO ) speci f ic activity in the rat 
using 1 8 - carbon substrates' . 

Rat T i ssue FALDH FAO 

nmo l /m i n / mg pmo l /min/ mg 

Liver 4 0 . 9  1 8 0 0  

Mus c l e  1 8 . 8  5 

Heart 1 3 . 2  1 0  

I ntestine 1 2 . 0  6 0 0  

Kidney 7 . 4  9 0  

stomach 6 . 2  2 0  

Lung 6 . 1  1 4 0  

Test i s  4 . 1  1 3 0  

Bra i n  1 . 7  5 

Skin 1 . 3  2 0  

The results from one rat are given . 

1 0 8  
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substrate spec i f icities i n  the crude homogenates of those 

rat tissues studied . These non-microsoma l ALDHs may 

contribute to FALDH activity but not FAO activity . 

HUMAN LIVER FALDH 

The opt ima l assay cond itions for measuring FALDH 

activity were initia l ly establ i shed using crude l iver 

soluble microsomal protein as enzyme source and octadecana l 

as substrate . Figure 8 shows that FALDH activity i s  l inear 

with respect to protein concentration up to at l east 6 �g 

per assay . F igure 9 demonstrates the time course of the 

enzyme assay us ing a protein concentration of less than 5 

�g . FALDH act ivity increases l inear ly with time up to 1 5 0  

minutes . A l l  subsequent FALDH assays were , therefore , 

performed with protein concentrations and incubation t imes 

within the l inear range . 

D i f ferent i a l  centrifugation of l iver homogenates 

demonstrated that 6 0 %  of FALDH activity using octadecana l 

as substrate was located in the 1 9 , O O Og pe l let . Th i s  

1 9 , O O Og pe l l et was sonicated t o  release organ e l l e  matri x  

prote ins into the supernatant . After re-centri fugation at 

1 9 , O O O g ,  most of the FALDH act ivity ( 9 5 % )  was conta ined in 

the pel let . FALDH act ivity in the 1 9 , O O O g  pel l et cou ld be 

solub i l i z ed with 1 %  Triton X - 1 0 0 . These resu lts suggest 

that FALDH i s  a membrane-bound prote in in the 1 9 , O O O g  

pel l et . 
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Figure 8 .  FALDH activity with respect t o  protein 
concentrat ion . Human l iver microsomes solub i l i z ed with 
0 . 5 % sodium cholate were assayed for 60 m inutes . The 
results are expressed as nanomo les of NADH formed per 
minute . 
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Figure 9 .  FALDH activity with respect t o  time o f  
incubat ion . Human l iver microsomes ( 1 . 6 3 �g) solubi l i z ed 
with 0 . 5 % sodium cholate were incubated for vary ing lengths 
of t ime . The results are expressed as micromo les of NADH 
formed per mi l l igram soluble prote in . 
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In order t o  determine the extent o f  subce l lular 

organe l le contaminat ion in these p e l l ets , organ e l l e ­

spec i f ic enzyme marker assays were perf ormed on the 1 9 , 0 0 0 g  

pe l l et , the 1 0 0 , 0 0 0 g  pel let , and the 1 0 0 , 0 0 0g supernatant 

( Table 8 ) . Succinate dehydrogenase ( SDH ) , an inner 

mitochondri a l  membrane enzyme , and NADPH cytochrome c 

reductase , a microsoma l enzyme were uti l i z ed as organe l l e  

spec i f ic markers . In the case o f  SDH , 5 0 %  o f  total enzyme 

activity was located in the 1 9 , 0 0 0  g p e l l et and 2 5 %  was 

f ound in the 1 0 0 , 0 0 0  g pe l let . For NADPH cytochrome c 

reductase , 5 5 %  o f  the total act ivity was f ound in the 

1 9 , 0 0 0  g pel let and 4 5 %  o f  the tota l activity was f ound in 

the 1 0 0 , 0 0 0  g pel let . FALDH activity in these fract ions 

closely mirrored that o f  the microsoma l marker . Prev i ou s  

results u s i ng Nycodenz gradi ents ( see Chapter 4 )  indicated 

that FALDH is mainly a microsoma l enzyme . FALDH was 

pur i f ied separately from both the 1 9 , 0 0 0g and 1 0 0 , 0 0 0g 

pel lets , and the enzyme in either pel let was f ound to be 

ident ical with respect to subunit molecular we ight ( 5 4 kDa )  

and substrate spec i ficity ( a s  def ined by the rati o  o f  

spec i f i c  activity between 3 -carbon and 1 8 -carbon a ldehyde 

substrates which was 0 . 2 3 in both pe l lets ) . Taken 

together , these results strongly suggest that the FALDH 

activity in the 1 9 , 0 0 0g pel let was due to microsoma l 

contaminat ion . 

Our goal was to pur i fy a microsoma l ALDH that was 



Tab l e  8 .  D i fferent i a l  centr i fugation of human 
l iver . Each f ract ion was assayed for the enzyme 
indicated and results are expressed as 
the % tota l activity . 

1 9 , 0 0 0g 1 0 0 , 0 0 0g 1 0 0 , 0 0 0g 
Enzyme pel let pel let supernatant 

SDH· 5 0 %  2 5 %  2 5 %  

NADPH cytochrome 
c reductaseb 4 5 %  5 5 %  0 

FALDW 5 3 %  4 7 %  Od 

m itochondri a l  inner membrane enzyme marker 
m icrosoma l enzyme marker 

1 1 5  

FALDH was assayed us ing octadecanal as substrate 
The a ldehyde- independent act ivity was equal to the 

a ldehyde-dependent activity , so the over a l l  
activity is z ero . 
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act ive aga inst long-cha i n  substrates ,  such a s  octadecana l ,  

because previous studies indicated that the enzyme that i s  

d e f i c i ent in SLS i s  act ive against longer-cha i n  substrates 

( Ri z z o and Cra ft , 1 9 9 1 ) . A key to thi s  enzyme pur i f icat i on 

was the abi l i ty to detect FALDH activity in column e luates . 

Our experience with the FALDH assay suggests that detergent 

is required in the reacti on mixture in order for FALDH to 

opt ima l ly oxid i z e  long-cha in a ldehydes . Table 9 shows the 

e f fects of 0 . 1 % Triton X- I O O  in the react ion buffer when 

e i ther soluble microsoma l homogenates or pur i f ied FALDH 

were assayed . FALDH ut i l i z es med ium-chain a ldehydes 

( dodecana l )  equa l ly wel l  in the presence or absence o f  

detergent . However , the enzyme assay requires the presence 

of detergent to measure activity aga inst the more 

hydrophobic long-chain fatty aldehydes ( octadecana l ,  

d ihydrophyta l }  , espec i a l ly when pur i f ied FALDH i s  used . 

Addit ion of detergent may be necessary to solub i l i z e  the 

long-chain fatty a ldehyde substrates so as to make them 

ava i lable to the en zyme for oxidat ion . I f  there was no 

Tr iton X- I O O  in the react ion buf fer , then FALDH activity 

could not be eas i ly detected when long-cha i n  a ldehyde 

substrates were used . Therefore , a l l  fractions through- out 

the pur i f ication process were assayed in the presence o f  

0 . 1% Tr iton X - 1 0 0  using octadecana l as substrate . 



Table 9 .  FALDH activity us ing med ium- and long-cha in substrates in the presence or 
absence o f  detergent in the reaction buffer . 

Soluble Microsomes' Pure En zyme 

Substrate + 0 . 1 % Tr iton X- 1 0 0  n o  detergent + 0 . 1 % Triton X - 1 0 0  n o  detergent 

n-dodecana l 5 4 0  

n-octadecanal 5 9 0  

d ihydrophytal 1 0 0  

4 7 0  

1 0 0  

2 4  

microsomes were solub i l i z ed with 0 . 5 % sodium cholate , 
data expressed as nmo l / m in / mg prote in 

4 1 , 1 0 0  3 6 , 5 0 0  

4 6 , 9 0 0  3 , 7 0 0  

8 , 0 0 0  1 , 6 0 0  

� � -.J 
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PUR I F I CATION OF HUMAN LIVER MI CROSOMAL FALOH 

FALOH act ivity was read i ly solub i l i z ed using two 

d i f ferent classes o f  detergents : Triton X - 1 0 0  ( non- ioni c )  

and sodium cho late ( anionic ) . Triton X- 1 0 0 ,  a t  a f inal 

concentrat ion o f  0 . 2 % ,  solub i l i z ed 57 ± 2 7 %  ( n=4 ) o f  tota l 

FALDH activity from the 1 9 , O O Og pe l l ets , whereas sodium 

cho l ate , at a f inal concentration of 0 . 5 % ,  solubi l i z ed 8 0  ± 

2 7 %  ( n=8 ) o f  total FALDH act ivity from both the 1 9 , O O O g  and 

the 1 0 0 , O O O g  pel lets . Sod ium cho late was used rout inely to 

so lubi l i z e  microsoma l FALDH . 

Pur i f ication of the hydrophobic , NAD + -dependent 

microsoma l FALDH requ ired the use of two chromatography 

co lumns , an omega-aminohexyl -agarose ( hydrophobic )  column 

f o l l owed by a 5 ' AMP- Sepharose-4 B  a f f inity column . F igure 

10 shows the bind ing and e lution of FALDH from the 

hydrophobic and 5 ' AMP a f f inity columns . FALDH binds to the 

hydrophobic co lumn and begins to e lute when the detergent 

concentration is changed so that the potass ium phosphate 

buf fer conta ins 0 . 3 % sodium cholate and 0 . 2 % Triton X - 1 0 0  

( FALDH a lso e lutes i n  the presence o f  0 . 1 % Triton X - 1 0 0  and 

0 . 4 % sodium cholate ) . FALDH elutes as a very broad peak , 

so in order to decrease the elution volume , the e lution 

buf fer was changed to 5 0 0  roM potass ium phosphate with no 

change in detergent concentrations a fter the f irst peak o f  

protein e luted from the co lumn ( approximate ly o n e  bed 
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Figure 1 0 .  Chromatography on omega-aminohexy l -agarose ( A )  
and 5 ' AMP-sepharose 4 B  ( B ) . Human l iver s o lubi l i z ed 
microsomes ( soluble in 0 . 5 % sod ium cho late , see description 
in the Mater ials and Methods section) were loaded onto the 
omega-aminohexy l-agarose column (A) , washed free of unbound 
protein , and eluted f irst with addition of 0 . 2 % Triton x-
1 0 0  ( beginning at fraction 1 1 0 ) , and f inally with the same 
e lution buffer above but with 5 0 0  roM potass ium phosphate 
buf fer , pH 7 . 5  ( beginning at fraction 1 5 0 ) . Fract ions were 
col lected ( 8  m l )  and assayed for FALDH activity (---) using 
octadecana l as substrate and protein absorbance (-- - -) at 
2 4 5  nm . 

The fract ions containing the most FALDH activity were 
pooled , dialyzed against 1 0 0  roM potass ium phosphate buf fer , 
pH 7 . 5 , and loaded onto a 5 ' AMP-Sepharose a f f inity co lumn 
( B ) . The co lumn was extens ively washed , and FALDH activity 
was eluted with 2 5  roM potassium phosphate buf fer , pH 7 . 5  
and 0 . 2  roM NAD+ beginn ing at fract ion 4 2 . Fractions were 
collected ( 2  m l )  and FALDH was assayed ( ___ ) us ing 
octadecanal as substrate . Prote ins could not be detected 
in the eluate fractions due to the low concentrat ion of 
proteins present in each fract ion . 
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volume ) . Some FALDH activity f lowed through the 

hydrophob i c  column . When this f low-through activity was 

reapp l ied to a regenerated co lumn , FALDH bound to the resin 

and elute w ith Triton x- 1 0 0  i n  the buffer . Th is suggests 

that protein overloading occurred w ith the hydrophobi c  

column . 

FALDH bound to the a f f inity resin 5 ' AMP-Sepharose 4 B  

and was e luted by NAD + ; however , a large amount o f  FALDH 

act ivity f lowed through the co lumn . Thi s  f low-through may 

have been due in part to overload i ng the column . When 

f l ow-through fractions were pool ed and reloaded onto the 

column , FALDH activity bound to the res i n  and was e luted 

with NAD + . Thi s  recyc l ing process was cont inued in one 

instance up to 5 t imes , and FALDH activity was e luted with 

NAD + each t ime . A l l  e luates conta ined s im i lar spec i f ic 

activities o f  FALDH and a s imi lar subuni t  s i z e  on SDS-PAGE . 

The molar binding capacities for this a f f inity co lumn were 

determined to be suf f ic ient for the amount o f  FALDH 

activity l oaded onto the column assuming that every binding 

s i te in the a f f i nity resin was ava i lable for protein 

interact i on . Res in pack ing in these columns may have 

resulted in some 5 ' AMP molecules being too c l ose together 

in the column to a l low sto ichiometr ic binding o f  FALDH 

molecules . Therefore ,  we conclude that the 5 ' AMP column 

overf low may have been due to insu f f ic ient binding capacity 
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o f  the co lumn resin . 

Attempts to pur i fy FALDH with a f f i n ity resins other 

than 5 ' AMP- S epharose 4 B  in order to get more e f f i c i ent 

binding were not successful . FALDH did not bind to any o f  

the f o l lowing B -NAD+ -Agarose a f f inity res ins : attached 

through C-8 ( 6  or 9 carbon spacer arm ) , attached through 

r ibose hydroxyl s  ( 6  or 1 1  carbon spacer arm ) , or attached 

through N-6 ( 8  or 1 1  carbon spacer arm ) . In addit ion , 

FALDH d i d  not b ind to any o f  the fol l owing colored dye 

resins : red 1 2 0 ,  yel low 3 ,  yel low 8 6 , green 1 9 , green 5 ,  

brown 1 0 , blue 4 ,  blue 7 2 , or blue 3 GA .  FALDH was l oaded 

onto these columns in 10 roM or 1 0 0  roM potass ium phosphate 

buf f er s , pH 7 . 5 , pH 9 . 0 , or pH 9 . 5  with or without 

detergents , sodium cholate or Tr iton X- 1 0 0 . 

When 5 ' AMP- Sepharose 4 B  pur i f ied FALDH was d i a lyzed 

aga inst 10  roM potass ium phosphate , the enzyme could be 

bound to hydroxyapatite , washed with 1 0 0  roM pota ss ium 

phosphate , and e luted with 3 0 0  roM potass ium phosphate . 

Extens ive washing of the protein bound to the column was 

undertaken in an attempt to remove res i dua l detergent and 

NAD+ associated w ith FALDH . Thi s  hydroxyapat ite column 

a l so concentrated the enzyme , but did not appear to improve 

the pur ity of FALDH . 

Other chromatographi c  columns were used in an attempt 

to pur i fy FALDH . Pur i f ied or part i a l l y  pur if ied FALDH did 
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not bind t o  D EAE-cel lu lose i n  1 0  mM potass ium phosphate 

buf fer , pH 7 . 5 ,  in the presence o f  buffer and 0 . 2 % Triton 

X - 1 0 0 . However , detergent-free pur i f ied FALDH in 1 0  mM 

potass ium phosphate buffer bound to DEAE-ce l lu lose , and was 

e luted with 5 0 0  mM potass ium phosphate , pH 7 . 5  and 0 . 1 % 

Triton X - I O O  i n  the e lution buf fer . Th is step tended to 

e l iminate some minor protein contaminants . 

FALDH d i d  not bind to a spec i f i c  a f f inity column 

conta ining the l igand p-hydroxyacetophenone coupled to 

Sepharose 4B via an epoxy l inkage . Th is a f f inity column 

was used previously to puri fy the rat mitochondr i a l  c la s s  2 

enzyme ( Ghenbot and Weiner , 1 9 9 2 ) . p -Hydroxyacetophenone 

inhibits rat l iver class 2 ALDH act ivity and has a s l ight 

inh i bitory e f fect on human FALDH as wel l  ( see Table 1 3 ) . 

Pur i f i ed FALDH was loaded onto a concanava l in-A 

column . Concanava l in-A is a lectin which preferent i a l ly 

binds a - l inked mannose sugars . The detergent solubi l i zed 

FALDH did not bind to concanava l in-A . These results 

suggest that mature FALDH does not conta in a - l inked 

mannoses . 

Tabl e  1 0  summa r i z es the results of a typ ica l 

pur i f ication o f  FALDH from human l iver microsomes . The 

procedure used in these experiments resulted in a 1 6 7 - fo l d  

pur i f ication ( range : 1 6 7 - 3 2 2 - fold for a l l  f ive 

pur i f ications ) . 



Table 1 0 . Pur i f ication of fatty a ldehyde dehydrogenase from human l iver 
microsomes . 

Total Spec i f i c  
Protein Act ivity Activity Y i eld Pur i f ication 

Step ( mg )  ( J.Lmo l / m i n )  ( J.Lmo l / min/mg )  ( % )  ( - f o l d )  

crude 7 , 7 8 0  1 , 3 5 0  0 . 2  1 0 0  1 

microsomes 7 4 0  3 4 0  0 . 5  2 5  3 

0 . 5 % sodium 
cholate soluble 
microsomes 3 8 0  2 1 0 0 . 6  1 6  3 

hydrophobic 
column eluate 5 0  1 5 0  3 . 0  1 1  1 5  

5 ' AMP co lumn 
e luate 0 . 1 5 5 3 3 . 3  0 . 4  1 6 7  

� IV � 
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MOLECULAR WEI GHT 

As shown in Figure 1 1 ,  SDS-PAGE of FALDH pur i f ied from 

human l iver microsomes exh ibited one ma j or po lypeptide band 

when the gel was sta ined with Coomassie bri l l iant blue . 

S i lver staining revealed the presence o f  several minor 

contam inating po lypeptides sma l ler than 3 0  kDa in s i z e .  

These minor bands const ituted less than 2 0 %  o f  the tota l 

protein based on densitometry of the s i lver sta ined SDS 

gel . Subun it molecu lar we ight o f  the pur i f i ed enzyme was 

estimated to be 5 4 , 0 0 0  daltons ( Figure 1 2 ) . 

Gel f i ltrat ion was investigated using three d i f ferent 

resins , B io-ge l A- 0 . 5m ,  B io-ge l A - 1 . 5m ,  and Hydropore-5-

sec , in the presence of 200 roM potass ium phosphate and 

e ither 0 . 2 % Tr iton X- 1 0 0 , 1 . 0 % Tr iton X - 1 0 0 , or 0 . 5 % sodium 

cho late . I n  a l l  cases , a large proport ion o f  the enzyme 

activ ity e luted in larger mo lecular we ight fract ions near 

the void vo lume . The results from the Hydropore- 5 - sec 

chromatography co lumn ( HPLC ) are shown in Figure 1 3 . 

S evera l attempts at electrophores ing pur i f ied FALDH on 

nondenatur ing PAGE (us ing either a concentrati on o f  6% 

po lyacrylamide or a concentration grad ient from 4 - 2 4 %  

po lyacrylamid e )  were undertaken t o  determine the nat ive 

molecular we ight of FALDH pur i f ied from human l iver 

microsomes . I n  a l l  cases , a fter staining the gel with 

e ither Cooma s s i e  or s i lver , a smear was apparent at the 

interface of the stacking and separating gels and in the 
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Figure 1 1 .  Electrophores is o f  pur i f ied FALDH o n  SDS­
po lyacrylamide gels for subunit mo lecular we ight 
determinat ion . The gel ( 1 0 % )  was run according to Laemm l i  
( 1 9 7 0 ) . FALDH ( approximately 1 � g )  pur i f ied from human 
l iver microsomes was precip itated with 1 0 0 %  trichloroacetic 
acid , resuspended in 0 . 5  M Tr is-Hel , pH 6 . 8 ,  and loaded 
onto lanes 1 and 2 .  Lane 1 was stained with coomassie 
br i l l iant blue . Lane 2 was s i lver sta ined . Lane 3 was 
also s i lver stained and conta ins a mixture of prote in 
standards , with bands start ing from the top of the gel 
corresponding to myosin ( 2 0 5 kDa ) ; B-ga lactos idase ( 1 1 6  
kDa ) ; phosphorylase B ( 9 7 . 4  kDa ) ; bovine serum albumin ( 6 6  
kDa ) ; egg albumin ( 4 5  kDa ) ; and carbonic anhydrase ( 2 9  
kDa )  . 
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Figure 1 2 . The subunit molecular we ight versus mob i l ity 
plot . The protein standards are ident i f ied as , from top to 
bottom , B-ga lactos idase ( 1 1 6  kDa ) i phosphorylase B ( 9 7 . 4  
kDa ) i bovine serum albumin ( 6 6 kDa )  i egg a lbumin ( 4 5  kDa )  i 
and carbon ic anhydrase ( 2 9  kDa ) . FALDH molecular we ight 
( 0 )  was determined to be 54 kDa . 
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Figure 1 3 . Gel f i ltration o f  pur i f ied human l iver 
microsomal FALOR . FALOR was puri f ied and concentrated i n  a 
buf fer conta in ing 2 5  roM potassium phosphate , 1 roM EOTA , and 
0 . 2 % Triton X- 1 0 0 .  Approximately 5 0  �g o f  pur i f ied protein 
was loaded onto an RPLC s i z ing column . The upper f i gure 
(A)  demonstrates the standards run separately on thi s  
column . The peak retent ion t ime for each standard was 
determined from the prote in absorbance at 2 4 5  nm . The 
standards used were ferritin ( 4 5 0  kOa ) , cata lase ( 2 4 0  kOa ) , 
yeast a lcohol dehydrogenase ( 1 50 kOa ) , and bovine serum 
albumin ( 6 6 kOa ) . The lower figure ( 8 )  shows the e lut i on 
pattern of FALOR . 0 . 5 - 1 . 0  ml fractions were col lected and 
an a l iquot from each fract ion was assayed for FALOR 
act ivity . 
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h igh mo lecular weight region o f  the gel ( > 5 0 0  kDa ) . The 

results from one nondenatur ing gel ( 6 % polyacrylamide) 

demonstrated 2 protein bands and a smear in the high 

molecular weight region of the gel . One of the protein 

bands noted on the sta ined gel had a native mo lecu lar 

we ight of approximately 2 5 0  kDa and the other one had a 

molecular we ight of approx imately 5 0 0  kDa . In this one 

instance , however , the pur i f ied prote in had been 

precip itated with 1 0 %  trich loroacetic acid and resuspended 

in electrophoresis buffer ( 0 . 5  M Tris-HCl , pH 6 . 8 ) prior to 

gel e lectrophores i s . 

Altogether , these f indings indicate that the subun it 

molecular we ight of FALDH i s  5 4  kDa . FALDH forms large , 

po lymeric aggregates which have an apparent mo lecular 

we ight much larger than 5 0 0  kDa . The native mo lecular 

weight , therefore , could not be determined . 

pH OPTIMUM 

The e f fect of pH on the enzyme act ivity ( us i ng 

octadecanal a s  substrate)  was studied by uti l i z ing severa l  

biologica l buf fers with pK. va lues ranging from pH 6 . 1 to 

pH 9 . 7 .  As shown in Figure 14 , microsoma l FALDH had an 

optima l enzyme act ivity near pH 9 . 8  in glycine buf fer . A l l  

subsequent FALDH assays were performed i n  the presence o f  

glycine buf fer , p H  9 . 8 .  
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Figure 14 . FALDH activity a s  a funct ion of pH . Human 
l iver m icrosoma l FALDH ( 1 0 ng ) was assayed in the presence 
of 50 roM of each of the f o l l owing biologica l buffers : 
MES (A ) ; MOPS (0 ) ; TES (4 ) ; Tris-HCl ( . ) ; AMPSO ( . ) ; 
AMP (� ) ; and Glyc ine ( e ) . 
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STAB ILITY O F  FALDH ACTIVITY 

Puri f i ed FALDH , stored in 2 5  roM potass ium phosphate , 

pH 7 . 5 ,  5 %  g lycero l ,  and 0 . 2  roM NAD+ , reta ined 6 7 %  o f  its 

origina l activity when stored at 4 ° C for 1 month , whereas 

more than 8 0 %  o f  FALDH activity was reta ined after storage 

at - 2 0 ° C  for 3 months . 

FALDH is a thermolab i l e  enzyme . After 5 minutes at 

4 7 ° C ,  microsoma l FALDH retained only 1 3 %  of its original 

activity ( Figure 1 5 ) . At 5 2 ° C ,  all FALDH act ivity was lost 

with i n  the f irst 5 minutes . 

S UBSTRATE SPECIFIC ITY 

Microsomal FALDH requires NAD+ as cofactor in a ldehyde 

oxidat ion . The comparat ive kinetic parameters o f  FALDH 

with NAD+ or NADP+ and a s ingle reference substrate 

( octadecanal with 0 . 1 % Tr iton X - 1 0 0  in the assay buf fer) , 

are presented in Table 1 1 . These data demonstrate that 

FALDH has greater speci f i c ity for NAD+ as cofactor than 

NADP + . A l l  subsequent enzyme assays were performed with 

saturating concentrations of NAD + as the cofactor to 

determine the kinetic parameters of mi crosomal FALDH . 

Var i ous a ldehydes with d i f ferent cha in lengths were 

tested for substrate spec i f ic ity . The range o f  substrate 

concentrat ions used to determine the k inetic parameters 

var i ed from 1 / 8  o f  the � to e ight t imes the � for each 
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Figure 15 . Therma l stabi l ity of human l iver microsoma l 
FALDH . FALDH was incubated at the temperatures indicated 
for the t imes shown , chi l led on ice for 5 minutes , and 
assayed as outl ined in the Mater ials and Methods section . 
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Tabl e  1 1 . Apparent coenzyme k inetic properties 
o f  human l iver microsoma l FALDH . 

Coenzyme 

2 8 0  

8 , 7 0 0  

Vmax 
( ",mo l / mi n )  

3 9 0  

1 2 0  

1 .  4 0  

0 . 0 2 

1 3 8  



substrate .  Each substrate was assayed on at least two 

d i f ferent occas ions and the mean apparent � ,  Vmu , and 

Vmu/ �  are shown in Table 12 . FALDH showed no activity 

towards retina ldehyde as substrate ( f ina l concentrat ion 

ranging from 6 0  nM to 9 7 0  �M) . 

1 3 9  

FALDH ox idi z ed med ium- and long-cha in aldehydes 

( ranging from 6 to 2 4  carbons in length ) with greater 

spec i f i c ity than the short cha in aldehydes ( 2  or 3 

carbons ) ,  as measured by the spec i f ic ity constant Vmu/ � .  

I t  i s  noteworthy that the unsaturated 1 8 -carbon a ldehydes 

had a lower apparent � than the saturated aldehydes of the 

same carbon cha in length . D ihydrophyta l ,  a 2 0 -carbon 

branched cha i n  a ldehyde , appeared to be a good substrate 

for FALDH . Pur i f ied microsoma l FALDH , when assayed in 

Tr i s -HCl buf fer , pH 8 . 8 ,  had a very high apparent � for 

aceta ldehyde , prop ionaldehyde , crotonaldehyde , 

g lutara ldehyde , and benz a ldehyde . 

Pur i f ied FALDH was unable to oxid i z e  [ �C ] -octadecano l 

to fatty acid . Th is suggests that the pur i f ied FALDH 

requ ires fatty a lcohol dehydrogenase for oxidation o f  fatty 

alcohol to fatty acid . 

EFFECT OF ACT IVATORS AND INHIBITORS 

The ef fects of known ALDH activators and inhibitors 

were studied on microsoma l FALDH ( Table 1 3 ) . FALDH 



Table 1 2 . Substrate k inetic properties o f  human l iver 
m icrosomal FALDH . 

Apparent 
A ldehyde 

saturated 

2 

3 

6 

8 

1 0  

1 2  

1 4  

1 5  

1 6  

1 8  

2 0  

2 2  

2 4  

Unsaturated 

1 6 : 1" 

1 8 : 1b 

1 8 : 2< 

Other 

Apparent 

Dihydrophyta l 

Benza ldehyde 

Crotona ldehyde 

G lutara ldehyde 

c i s - 9 -hexadecena l 
b c i s - 9 - octadecena l 

2 , 5 0 0  

1 , 3 0 0 

5 0  

3 2  

2 3  

19 

2 3  

2 8  

3 2  

2 1  

3 8  

3 6  

18 

12  

1 1  

6 

6 

5 1 0  

8 0 0  

1 , 7 0 0  

c i s , cis-9 , 12 -octadecadienal 

Vmax ( J.£mo l /m i n )  

2 0 . 0 1 

1 2  0 . 0 1 

2 9  0 . 6  

6 3  2 . 0  

7 3  3 . 2  

4 5  2 . 4  

4 2  1 . 8  

4 3  1 . 5  

4 0  1 . 3  

4 6  2 . 2  

5 5  1 . 4  

2 5  0 . 7  

1 2  0 . 7  

4 0  3 . 3  

3 9  3 . 5  

3 5  5 . 8  

8 1 . 3  

2 0  0 . 0 4 

6 0 . 0 1 

2 0 . 0 1 

1 4 0  
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Table 1 3 . Inf luence of var ious effectors on human l iver 
microsoma l FALDH activity . 

Effector 

none 

cyanamide 

ch loral hydrate 

a , p-d ibromoacetophenone 

p-hydroxyacetophenone 

N-ethylma l e imide 

iodoacetate 

iodoacetamide 

disulf iram 

p-ch loromercuribenz oate 

concentration 

1 roM 
4 roM 
1 roM 

2 5  roM 
1 0  J.LM 
3 1  J.LM 

1 0  J.LM 
3 1  J.LM 

2 5 0  J.LM 

0 . 5  roM 
1 . 0  roM 
2 . 0  roM 

0 . 5  roM 
1 . 0  roM 
5 . 0  roM 

1 0 . 0  roM 
0 . 5  roM 
1 . 0  roM 
5 . 0  roM 

1 0 . 0  roM 
1 2  J.LM 
2 5  J.LM 
5 0  J.LM 

1 0  J.LM 

% Uninhibited 
FALDH Activity' 

1 0 0  

9 0  
8 8  

1 0 5  
7 1  

2 0  
o 

1 0 2  
8 4  
5 4  

8 9  
7 5  
5 7  

1 0 0  
8 6  
7 8  

8 

7 3  
1 5  

4 
4 

2 5  
1 6  
1 2  

o 

• % Uninhibited act ivity is the activity determ ined in the 
�resence of effector relat ive to act ivity measured under 
1dentical cond it ions in the absence of effector . 
Octadecanal was uti l i z ed as substrate in a l l  assays . 

( cont inued on next page ) 
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Table 1 3  ( continued from previous page ) . Inf luence of 
var i ous e f fectors on human l iver microsomal FALDH act ivity . 

Effector 

potass ium cyan ide 

sodium a z ide 

z inc ch lor ide 

magnes ium chlor ide 

cupric sul fate 

concentration 

1 roM 

1 roM 
5 0  roM 

0 . 1  roM 
1 . 0  roM 

0 . 1  roM 
1 . 0  roM 

0 . 1  roM 
1 . 0  roM 

% Un inhibited 
FALDH Act ivitT 

6 7  

9 0  
8 9  

8 4  
5 3  

1 3 5  
1 2 7  

1 0 8  
9 2  

• % Uninhib ited act ivity is the activity determined in the 
presence of effector relative to act ivity measured under 
identical condit ions in the absence of effector . 
Octadecana l was uti l i z ed as substrate in a l l  assays . 
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act ivity was s igni f icantly inhibited by disulf iram at 

concentrat ions less than 2 5  �M ( F igure 1 6 ) . p­

Chloromercuribenzoate ( p-CMB ) was a l so a potent inh ibitor 

of FALDH act ivity ( Table 1 3 ) . Cyanamide and chloral 

hydrate , in vivo inhi bitors o f  rat l iver class 1 and 2 

ALDHs , did not signi f i cantly a f f ect the activity o f  FALDH 

in vi tro . Potass ium cyanide and sod ium a z ide at f inal 

concentrat ions of 1 mM did not inhibit FALDH act ivity . N­

ethy lma l e imide did not inh ibit FALDH act ivity at 

concentrat ions less than 0 . 5  mM ,  but inh ibited FALDH 

act ivity by 4 3 %  at 2 mM .  The heavy meta l s , Zn + +  Mg+ + ,  

and Cu+ + ,  did not inhibit FALDH activity at 0 . 1  mM in a pH 

9 . 8  reacti on buf fer , rather , Mg+ +  stimu lated FALDH activity 

s l ight ly . 

Bromoacetophenone and iodoacetamide have been 

imp l i cated in binding ALDHs at glutamic acid and cysteine 

res idues , respectively . These amino acid res idues may be 

critical for enzyme catalys is , thereby inhibiting enzyme 

activity when bound by these compounds ( Hempel e t  al . , 

1 9 8 2 ; Hempel and Pietruszko , 1 9 8 1 ;  Abriola e t  al., 1 9 8 7 ; 

MacKerre l l  e t  al . ,  1 9 8 6 ) . p-Hydroxyacetophenone , Q , P­

d ibromoacetophenone , iodoacetamide , and iodoacetate had an 

inhibitory effect on FALDH act ivity ( F igure 1 6 ) . 
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Figure 1 6 . I nhibition o f  FALDH by a , p-dibromoacetophenone ,  
p-hydroxyacetophenone , iodoacetate , iodoacetamide , and 
disul f iram .  Human l iver microsomal FALDH ( 1 2 . 5  ng ) was 
assayed for 30 minutes in the presence of the compounds at 
the f inal concentrat ions indicated . % FALDH act ivity 
rema ining is the act ivity determined in the presence of 
inhibitor relat ive to activity measured under identical 
conditions in the absence of inhibitor . Octadecana l was 
ut i l i z ed as substrate in a l l  assays . 
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DI SCUSS ION 

Numerous studies have provided evidence for multiple 

ALDH i so zymes in mammal s  ( Greenf ield and Pietruszko , 1 9 7 7 ; 

Ikawa e t  al . ,  1 9 8 3 ; yin e t  al . ,  1 9 8 9 ; Forte-McRobbie and 

Pietrus zko , 1 9 8 6 ;  Ryz lak and P i etruszko , 1 9 8 7 , 1 9 8 9 ;  Guan 

et al . ,  1 9 8 8 ; Fe ldman and Weiner , 1 9 7 2 ) . These isoz ymes 

have been loca l i z ed to var i ous subc e l lular organ e l l e s  

within each t i ssue . Microsoma l ALDHs have been descr ibed 

in rat l iver (Mitche l l  and P etersen , 1 9 8 9 ; Nakayasu et al . ,  

1 9 7 8 ; Lindahl and Evces , 1 9 8 4 ) , rabbit intestine ( I chihara 

et al . ,  1 9 8 6a , 1 9 8 6b ) , and human po lymorphonuclear 

leukocytes ( Sutyak et al . ,  1 9 8 9 ) . Human microsoma l ALDH 

has not previously been pur i f i ed .  

Nakayasu e t  al . ( 1 9 7 8 ) and Mitchel l and Petersen 

( 1 9 8 9 ) pur i f ied rat l iver ALDH by f irst sUbj ecting the 

microsomes to ammon ium sul fate precipitat ion . The 

precip itate formed between 3 0  and 7 0 %  ammonium sul fate 

saturation was solubi l i z ed in 0 . 5 % sodium cholate . The 

soluble microsoma l proteins were chromatographi ca l ly 

separated on omega-am inohexyl-Sepharose 4 B .  Lindahl and 

Evces ( 1 9 8 4 ) solub i l i z ed rat l iver microsomes with 0 . 5 % 

Triton X - 1 0 0  and 0 . 3 % sodium desoxycho late . The so lub l e  

microsomes were d i a lyzed in phosphate buf fer , p H  7 . 3  

containing 0 . 2 % Triton X - 1 0 0 . They chromatographi ca l ly 

separated the s o luble microsomes on a DEAE-cel lulose 
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co lumn . They pur i f ied two ALDHs that were act ive against 

octanal as substrate . They found that one isozyme bound to 

the DEAE-ce l lulose res i n ,  whereas the other isozyme did not 

bind . These isozymes d i f fered in isoelectr ic point ( pH 6 . 4  

versus pH 5 . 6 ) and cofactor spec i f i c ity ( one isozyme having 

a l ower � for NADP+ as coenzyme ) . Ichihara e t  al . ( 1 9 8 6b) 

pur i f i ed rabbit intestinal ALDH by f irst solub i l i z ing 

microsomes with 0 . 4 % sodium cho late . The soluble 

microsomes were separated on an aminohexy l-Sepharose 

column . A l l  microsoma l ALDH pur if icat ions reported above 

used a 5 ' AMP or NAD+ a f f inity resin for the f inal 

pur i f ication step . 

Our pur i f i cation of human microsoma l FALDH involves , 

f irst , the separation of FALDH from ALDHs loca l i z ed to 

other subce l lular organe l les . Th is step resulted in a 

large loss o f  FALDH activity , but we separated FALDH from 

other ALDHs in cytosol and mitochondria . Subsequent 

chromatography of FALDH on a hydrophobic and 5 ' AMP a f f in ity 

column resulted in a pur if ied protein . 

The pur i f ied human FALDH appeared as one maj or 

polypeptide band at 5 4  kDa on SDS-PAGE with a few minor 

protein bands less than 30 kDa in molecu l ar weight . These 

po lypeptides may e ither be unrelated to FALDH or m ight 

represent proteo lytic products of FALDH . 

To characteri z e  the substrate spec i f i c ity o f  FALDH , we 
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stud ied a wide var iety o f  a ldehydes : a l iphat ic ( saturated 

and unsaturated ) , branched , and aromatic . other microsoma l 

ALDHs have not been invest igated with respect to a ldehyde 

substrates longer than 12 carbons . FALDH was inact ive 

against retinaldehyde , and showed l ittle act ivity towards 

the shorter cha in substrates , aceta ldehyde , 

propiona ldehyde , crotona ldehyde , glutara ldehyde , and 

benz a ldehyde . Because of their increased f luorescence , 

short-cha in aldehydes were assayed in Tri s-HC l buf fer , pH 

8 . 8 .  This pH is not opt ima l for FALDH activity . When 

FALDH was assayed in Tr is -HC l buf fer , pH 8 . 8  using 

octadecana l as substrate , we found that the apparent � did 

not d i f fer from that measured at pH 9 . 8 ;  however , the 

apparent Vmu decreased from 4 1  �mo l / min at pH 9 . 8  to 1 3  

�mo l /min a t  pH 8 . 8 .  Ther efore , we are not able to 

accurately compare the apparent Vmu o f  short-cha in and 

longer cha in a ldehydes because they were assayed under 

d i f ferent condit ions . 

Human microsoma l FALDH had a low apparent � and a 

re latively high apparent Vmu for 6 - 2 4 -carbon aldehydes . 

The decreased apparent � for long-cha in fatty a ldehydes 

( > 1 6  carbon s )  as compared w ith medium-cha in aldehydes ( 1 2 -

1 6  carbons ) could be attri buted t o  a n  increase i n  

hydrophobic ity o f  the long-cha in a ldehydes , thereby 

enhanc ing the binding of the substrate w ith the hydrophobic 
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regions o f  FALOH , o r  t o  l imitations i n  substrate solub i l ity 

with increas ing carbon cha in length . 

FALOH uti l i zes dihydrophyta l  as substrate and may , 

there fore , be invo lved in phytol metabo l i sm .  FALOH has a 

relatively l ow apparent � for dihydrophyta l ,  a 2 0 -carbon 

branched cha in aldehyde , as compared to hexadecana l or 

e icosana l , the saturated 16- and 2 0 -carbon a l iphatic 

a ldehydes , respectively . Phytol , a 2 0 -carbon 

monounsaturated , branched cha in fatty alcoho l , has been 

shown to be oxidi zed to phytanic acid in rat l iver 

( Mural idharan and Mura l idharan , 1 9 8 6 ) , bov ine rumen ( Patton 

and Benson , 1 9 6 6 ) , and human t issues ( ste inberg et al . ,  

1 9 6 5 ) . The phyto l -phytanate convers ion may invo lve a 

d ihydrophytal intermediate being formed (Mura l idharan and 

Mur a l idharan , 1 9 8 5 ) . The phyto l -phytanate convers ion 

act ivity was reported to be present in the mitochondr ial­

enr i ched and microsoma l -enr iched fract ions obtained by 

d i f ferent i a l  centr i fugat ion of rat l iver (Mural idharan and 

Mur a l idharan , 1 9 8 6 ) . Our results have demonstrated that 

human cu ltured skin f ibroblast mitochondr ia and microsomes 

are not separated we l l  by dif ferent ial centr i fugation . We 

f ound that FALOH is loca l i zed to rat l iver microsomes ( see 

chapter 4 )  suggesting that the activity found in the 

mitochondri a l -enr iched fraction of rat l iver separated by 

d i f ferent i a l  centr i fugation by Mural idharan and 



Mur a l idharan ( 19 8 6 )  may have been due to microsoma l 

contaminat ion . The involvement of m icrosoma l FALDH in 

dihydrophytal oxidat ion imp l icates a role for FALDH in 

phyto l  oxidati on in humans . 

1 5 0  

S ome ALDH isozymes are read i ly inhibited by 

d i su l f iram , whereas others are not ( see Table 3 ) . 

D i s u l f iram i s  bel ieved to be a general reagent for the 

mod i f ication of protein sul fhydryl groups ( Val lari and 

P ietrus zko , 1 9 8 2 ; Sanny and Weiner , 1 9 8 7 ; Kitson , 1 9 8 3 ; 

Your ick and Fa iman , 1 9 9 1 ) . One report has shown that 

a lthough it inhibits horse l iver cytosolic ALDH act ivity , 

d i s u l f iram i s  not an active s ite-directed reagent ( Va l lari 

and Pi etruszko , 1 9 8 2 ) . Our results showed that human 

microsoma l FALDH was inh ibited 8 8 %  by 50 �M disulf iram . 

I odoacetamide , i odoacetate , p-CMB , and N­

ethylma l e imide a l so interact with protein sul fhydryl groups 

( Tu and Weiner , 1 9 8 8 ; Hempel and Pietrus zko , 1 9 8 1 ;  Hempel 

e t  al . ,  1 9 8 2 ) . Human FALDH was inhibited by p-CMB ( 1 0 �M ) 

and iodoacetamide ( 1  mM ) , but not s igni f i cantly by N­

ethylma l e imide (2  mM )  or i odoacet ic acid (5  mM) . Studies 

o f  ALDHs using those sul fhydry l reagents in other organi sms 

suggest that there are critical cysteine res idues in or 

near the active s ite of ALDH . To date , important cysteine 

res idues have been l ocated at the conserved amino acid 

pos itions 4 9 , 1 6 2 , and 3 0 2  ( Hempe l  et al . ,  1 9 9 3 ) . 

Sulfhydryl react ing reagents that inhibit FALDH activity 
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may bind t o  cysteine res idues important for substrate 

interactions , cofactor interact ions , or enzyme structura l  

stabi l ity . 

Acetophenone compounds are known to inhibit class 1 

and class 2 human ALDHs (MacKerre l l  e t  al . ,  1 9 8 6 ;  Abr i o l a  

e t  al . ,  1 9 8 7 ; Woenckhaus e t  al . , 1 9 8 7 ) . Labe l ing studies 

have indicated that a spec i f i c  amino acid res idue , glutamic 

acid- 2 6 8  o f  human l iver class 1 and 2 ALDHs , is 

spec i f ica l ly label led with radioact ive bromoacetophenone 

( MacKerre l l  et al . ,  1 9 8 6 ) . These authors suggest that glu-

2 6 8  is involved with ALDH catalytic activity . We found 

that FALDH was comp letely inhibited by a , p­

dibromoacetophenone ( 1 0 �M) and part i a l ly inhibited by p­

hydroxyacetophenone ( 2 5 0 �M) . Human FALDH may therefore 

contain g lutamate res idues that , when bound by 

bromoacetophenone , interfere with FALDH cata lytic funct i on 

or substrate / cofactor binding . 

Cyanamide ( 2 0 0  �M f ina l concentrat ion) inact ivates rat 

l iver class 1 and 2 ALDHs in vivo but not in vi tro 

( Prunonosa e t  al . , 1 9 9 1 ;  Deitr ich e t  al . ,  1 9 7 6 ) . It i s  

be l i eved that ALDH inhibition is not due t o  the presence o f  

cyanamide , but rather t o  the presence of i t s  metabo l ites . 

Our in vi tro studies of human FALDH demonstrated that 

cyanamide did not inhibit enzyme activity at concentrat ions 

up to 4 mM .  

Meta l ions have dif ferent effects on ALDH iso zymes 
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( Venteicher e t  al . ,  1 9 7 7 ; Takahashi , K .  and Weiner , 1 9 8 0 ) . 

Magne s ium ions have a stimul atory e f fect on rat 

mitochondr ial ALDH pur i f ied f rom test i s  as we l l  as the 

class 2 horse l iver ALDH ( Bedino et al . ,  1 9 9 2 ; Takahashi ,  

K .  and Weiner , 1 9 8 0 ) . In the presence o f  less than 4 0  �M 

Mg+ + , the tetrameric enzyme d i ssociates into dimers that 

subsequently have greater over a l l  enzyme activity . 

Magnes ium ions have no e f fect on microsoma l ALDH from 

rabbit intestine ( I chihara e t  al . ,  1 9 8 6 b )  and have an 

inhibitory e f fect on horse l i ver class 1 ALDH ( Vente icher 

et al . ,  1 9 7 7 ) . Human FALDH was s l ight ly stimu lated in the 

presence of 1 roM magnes ium chlor ide . 

Tabl e  1 4  summari z e s  the d i ff erent microsoma l ALDH 

iso zymes pur i f ied and character i z ed , as we l l  as the isozyme 

descr i bed in human leukocyte microsomes . A l l  of the 

enzymes are act ive aga inst a l iphat ic substrates ,  but the 

range of substrates tested var ied among reports . Human 

l iver FALDH d i f fers sign i f icantly from human leukocyte ALDH 

in its pH pro f i l e  and coenz yme spec i f i c ity . Rabbit 

intestina l ALDH has a subunit molecular s i z e  and pH optimum 

d i f f erent from human l iver FALDH . ALDHs iso lated from rat 

l iver d i f fer from each other in the ir cofactor and 

substrate spec i f icities , and these isozymes are d i f f erent 

f rom human l iver FALDH in cofactor spe c i f ic ity and its pH 

optimum . A s igni f icant f inding is that human l iver 



Table 14 . Compari son of mamma l ian microsoma l ALDHs . 

Molecular We ight 

Microsomal 
Source 

RAT LIVER 
Nakayasu , 
Mitche l l  

Subunit 
( kDa ) 

5 1  

Lindahl1 54  

Lindahl2 54 

RABBIT INTESTINE 
Ichihara 6 0  

HUMAN LEUKOCYTESb 
Sutyak ? 

HUMAN LIVER 
Kelson 5 4  

Native 
Protein 

( kDa ) 

> 3 6 0  

2 5 0  

2 5 0  

3 7 0  

? 

? 

NAD+ 

7 0  

1 0 0  

1 0 0  

? 

2 5  

2 8 0  

K.n ( J..LM )  
Aldehyde 

Range 
NADP+ (# carbons ) 

2 0  5 - 1 2  

4 4 0  3 - 8  

2 7 0  3 - 8  

? 4 - 1 2  

7 0  2 0  

8 , 7 0 0  6 - 2 4  

pH 
optimum 

? 

8 . 8  

8 . 8  

9 . 0  

6 . 5  

9 . 8  

Sens itivity 
to Disu l f  irarna 

? 

? 

+ 

( + )  sign i f ies greater than 8 0 %  inhibition o f  enzyme act ivity at a final concentration 
o f  50 J..LM disulf iram 
b assays were performed in crude m icrosomes , not with a pur i f ied enzyme .... Ul W 
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microsoma l FALDH is inhibited by disulf iram and the other 

microsomal ALDHs are not ( no results are ava i lable for the 

rat l iver microsoma l isozyme pur i f ied by Nakayasu and 

Mitchel l ) . D i sul f iram sens itivity and its pH optimum 

suggest that the human l iver microsoma l FALDH is d i stinct 

from the human leukocyte microsoma l ALDH descr i bed by 

Sutyak et al . ( 1 9 8 9 ) . 

Microsomes are involved in the metabo l ism o f  long­

cha in fatty alcohols and fatty a ldehydes ( Lee , 1 9 7 9 ;  B i shop 

and Haj ra , 1 9 8 1 ;  S ingh , H .  and Poulos , 1 9 8 8 ) . ALDHs 

iso lated from microsomes are bel ieved to have phy s i o logical 

roles in peroxidation of microsoma l membranes (Mitche l l  and 

Petersen , 1 9 8 9 ; Nakayasu et al . ,  1 9 7 8 ; Antonenkov et al . ,  

1 9 8 7 ) . We have demonstrated that FALDH isolated f rom human 

l iver microsomes oxid i z ed saturated , unsaturated , and 

branched cha in a l iphatic a ldehydes . Further investi gat ion 

is requi red to better def ine its phys io logical role in 

fatty a lcohol and fatty a ldehyde metabo l i sm .  



CHAPTER 6 

Conclus ions and future directions 

SLS is an inborn error of metabo l i sm character i z ed by 

the presence of congen ital ichthyosis , menta l retardation , 

and spasti c ity . SLS patients are defic ient in the FALDH 

component of FAO ( Ri z z o  and Craft , 1 9 9 1 ) . FAO p lays a 

maj or role in the fatty a lcohol cyc le ( Ri z z o  e t  al . ,  1 9 8 7 ) 

by cata lyz ing the oxidat ion of fatty a lcohol to fatty acid . 

Consequent ly , SLS pat ients accumulate fatty alcoho l ,  

part icularly octadecana l and hexadecana l ,  in p lasma ( Ri z z o  

e t  al . ,  1 9 8 9 ) . One hypothes is is that the symptoms seen in 

SLS may result from l ipid accumu lation in skin and nerve 

tissue . 

The mechan i sm by which fatty al cohol accumulation 

might cause the symptoms in SLS is not establi shed . The 

maj or c l inica l symptoms in SLS involve the skin ( congenital 

ichthyo s i s )  and nervous system ( menta l retardation and 

spasticity ) . The neuropatho logy in SLS has not been we l l  

def ined ( Baar and Ga l indo , 1 9 6 5 ; Sylvester , 1 9 6 9 ; wester e t  

al . ,  1 9 9 1 )  and l ittle is known about the neuro logica l 

e f fects o f  fatty alcoho ls . However , the dermatopathology 

1 5 5  
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h a s  been documented i n  SLS ( Go ldsmith e t  al . ,  1 9 7 1 ;  

Matsuoka e t  al . , 1 9 8 2 ; Jage l l  e t  al . ,  1 9 8 7 ; I to e t  al. , 

1 9 9 1 ) , and it is wel l  known that the l ipid compo s ition o f  

the ep idermis i s  important in the pathophy s i o l ogy o f  

i chthyo s i s  ( W i l l iams , 19 9 1 ) . Advances in knowledge o f  the 

biochemical abnorma l ities underlying other l ipid d i sorders 

that cause ichthyosis may provide ins ights into 

understanding the sk in pathology in SLS . Therefore , I w i l l  

br i e f ly review what is a lready known about these other 

ichthyot ic disorders . 

The ep idermis of the skin consists o f  severa l 

d i f ferent cell layers . At the outer most layer o f  the 

epidermis resides the stratum corneum , a compartment that 

serves as a barr ier to water loss - the most important 

function of the skin . The stratum corneum i s  portrayed a s  

a two-compartment system composed of bricks ( corneocytes ) 

and mortar ( intercel lular mater ial ) (Wi l l iams and E l ias , 

1 9 8 6 ) . The corneocytes are largely dead proteinaceous 

cel ls . Protein abnorma l ities have been descr ibed for some 

i chthyotic disorders (Wi l l iams and E l i a s , 1 9 8 6 ; W i l l i ams , 

1 9 9 0 , 1 9 9 1 ) . The intercel lular mater i a l  consists o f  l ipid 

l ame l lae which is largely composed o f  neutral l ip ids and 

sphingo l ipids . Lipid abnormal ities have been descr i bed in 

severa l  inherited disorders o f  ichthyo s i s , inc luding Refsum 

di sease ( phytan ic ac id storage disease ) , X - l i nked recess ive 

i chthyos i s  ( steroid sul fatase deficiency ) , Chanarin 
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syndrome ( neutra l l ipid storage disease ) , infant i l e  Gaucher 

d i sease ( g lucocerebros idase def iciency ) , and autosoma l 

recess ive rhi z ome l i c  chondrodysplasia punctata ( multiple 

peroxisoma l enzyme defects ) .  

I n  order to better comprehend the relationship between 

FAO defic iency in SLS and the pathology of the skin and 

nervous system , it may help to understand how abnorma l 

l ipid metabol ism in two of the i chthyotic disorders , Refsum 

di sease and X - l inked recess ive ichthyos i s ,  resu lts in the 

pathogenesis of these diseases . 

Refsum disease is an inborn error o f  phytan ic acid 

metabo l ism ( Steinberg , 1 9 8 9 ) . The c l inical man i festat ions 

of this di sorder include per ipheral neuropathy , cerebe l lar 

atax i a , and i chthyo s i s . Phytanic acid accumulates in blood 

and t i s sues of Re f sum disease pat ients due to a defic iency 

in f atty acid a-oxidation . Phytanic acid is a branched 

cha in 2 0-carbon f atty acid der ived from phyto l .  

Three hypotheses have been advanced to account f or the 

pathogene s i s  of the skin di sorder in Refsum disease 

( W i l l iams , 1 9 9 1 ) . F irst , phytanate accumu lat ion may 

incorporate into membrane l ip ids in p lace of the norma l 

stra ight-cha in fatty ac ids . Abnorma l accumulation o f  

phytanate may upset the membrane structure and funct ion . 

Second , phytanate accumulation may sUbst itute in the 

membrane l ip ids and result in a relative deficiency o f  

essent i a l  po lyunsaturated fatty ac ids norma lly present in 
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the ep idermal layer of skin . Third , Refsum d isease i s  

caused by a defect in a-hydroxy lat ion o f  phytanate , and 

perhaps def i ciency of a-hydroxylation may be important for 

metabo l i sm o f  other fatty ac ids that make up the stratum 

corneum bi layer . 

X-l inked recess ive ichthyosis ( XLRI ) i s  an inborn 

error of steroid sul fate metabo l i sm w ith accumulat ion o f  

cho lestero l sul fate reported i n  serum , skin , and red blood 

c e l l  membranes ( Shapiro , 1 9 8 9 ) . Deficiency o f  the enzyme , 

steroid sulfatase , results in ichthyos i s  and m i l d  cornea l 

opac ities . Cholesterol sul fate i s  norma l ly a minor 

constituent in many mamma l ian tissue membranes . I t  may 

p lay a critica l role in maintenance of the intercellular 

l ip i d  bilayers in the stratum corneum . Cholesterol sul fate 

hydrolys is in the stratum corneum o f  the skin is necessary 

for normal desquamation ( W i l l iams , 1 9 9 1 ) . Cho lesterol 

sul fate is l oca l i z ed within the interce l lular membrane 

region of the stratum corneum . I n  norma l epidermis , 

steroid sul fatase hydrolyzes cho lesterol sul fate , a l lowing 

for destabi l i z at ion of the l ipid lame l lae between the outer 

layers of the stratum corneum . Thi s  destabi l i z at ion , in 

turn , results in desquamation o f  the stratum corneum . 

However , in XLRI , absence of steroid sul fatase activity 

l eads to accumulation of cholesterol sulfate i n  the stratum 

corneum and f a i lure of norma l desquamation (Wi l l i ams and 

E l ias , 19 8 6 ) . Abnorma l desquamation leads to loss o f  
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epiderma l integrity , which results in dry skin because the 

epiderma l water barrier is no longer ma inta ined . I ndeed , 

top i c a l  appl ication of cho lesterol sul fate to the skin o f  

norma l m i c e  produces ichthyos is ( Wi l l iams and E l i a s , 1 9 8 6 ) . 

From the two examples described above , one may begin 

to understand the importance o f  the l ipid compos ition of 

the stratum corneum for the patho logy of the skin . The 

membrane l ipid constitution is vital to the funct ion and 

stabi l ity of the membrane . Acute perturbations in the 

membrane structure may result in the loss of normal water 

barrier function , caus ing the skin to dry out and become 

i chthyotic . Studies in XLRI suggest that an overabundance 

of cho lesterol sulfate destab i l i zes stratum corneum 

membrane structure . In Refsum di sease patients , phytanate 

accumul at ion may result in a def iciency o f  other l ip ids 

norma l ly present in the ce l l  membrane that are cru c i a l  to 

proper membrane structure and function . Together , these 

results suggest that mo lecular sUbstitution of one l ip id 

for another may a lter the structural and functiona l 

properties o f  the epidermis . 

The pathological changes in skin and nerve t issue in 

SLS may a l so be caused by accumulation of free fatty 

a lcoho l or related l ip ids coinciding with norma l membrane 

consti tuents . Fatty a lcohols are const ituents o f  wax 

esters and ether l ip ids ( including p lasma l ogens ) .  Wax 

esters are synthes i z ed predominantly by sebaceous g lands in 
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the sk in , however , these glands do not seem t o  be the locus 

for the cutaneous phenotype because the ichthyos i s  in SLS 

i s  pres ent at birth , an age when sebaceous g lands are 

norma l ly qu iescent ( W i l l iams , 1 9 9 1 ) . Wax ester products 

have not been measured in SLS pat ients . Ether l ip ids are 

prominent in mye lin and may functi on as both membrane 

components and as cel lular regulators . Erythrocyte 

g lycerol ether linkages der ived from hexadecano l were 

measured in 4 SLS pat ients and found to be e ither norma l or 

s l ight ly elevated ( Ri z z o ,  1 9 9 3 ; R i z z o e t  al . ,  1 9 8 9 ) . The 

bl ock in fatty a lcoho l oxidat ion in SLS does not appear to 

lead to accumu lat ion of fatty al coho ls in erythrocyte 

glycerol ether l ip ids . Whether ether l ipids accumu late in 

mye lin of skin is not known . 

The menta l retardation and spast icity in SLS may 

result from neurona l membrane instabi l i ty . Although we 

have not found fatty alcohol accumu lat ion in erythrocyte 

g lyceryl ether l ip ids , there may be fatty al coho l 

accumulat ion in nerve tissue membrane l ip ids . An abnorma l 

accumulat ion of these l ipids may poss ibly lead to membrane 

instab i l ity and , hence , neuro logica l dysfunct ion . 

Fatty a l cohol accumu lation has been demonstrated i n  

pl asma from S L S  pat ients ( R i z z o  e t  al . ,  1 9 8 9 ) . FALDH 

deficiency might be expected to lead to fatty a ldehyde 

accumulat ion , but fatty a ldehydes have not been found to be 

elevated ( R i z z o ,  1 9 9 3 ) . Because FADH activity , a component 
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o f  FAO , i s  norma l i n  SLS pat ients ( R i z z o  and cra ft , 1 9 9 1 ) , 

one m ight expect to see normal leve ls of fatty a lcoho l in 

SLS , whereas fatty a ldehyde leve ls may be increased . Fatty 

a ldehyde accumu lat ion could not be demonstrated in intact 

f ibroblasts from SLS patients grown in vivo in the presence 

o f  excess radioact ive fatty alcohol ( Ri z z o  and Cra ft , 

1 9 9 1 ) . However , under FAO assay condit ions , SLS 

f ibroblasts did accumu late fatty a ldehyde der ived from 

fatty a lcohol substrates . These results suggest that in 

intact f i broblasts from SLS pat ients , fatty a ldehyde 

der ived from fatty a l cohol oxidation may e ither 1 )  be 

reduced back to fatty alcohol by reversal of FAOH in the 

presence of NAOH , 2 )  react with other mo lecu les in the c e l l  

and become incorporated into other molecules , o r  3 )  may not 

accumulate because FAOH is inhibited under cond it ions where 

FALOH is not act ive . Fatty a ldehyde is a potent ia l ly 

r eact ive molecu le and may form stable adducts with other 

molecules inc luding lys ine res idues of prote ins , or be 

further converted to other metabo l ites (Austin and 

Fraenkel -Conrat , 19 9 2 ; Tuma et al . ,  1 9 8 7 ) . Current ly , we 

are unable to distinguish between any of the 3 

pos s i b i l ities presented above . 

Resu lts from th is dissertation research he lp to 

understand one of the roles of FALOH in human metabo l i sm . 

FALOH oxid i z e s  long-cha in a l iphatic a ldehydes ,  inc luding 

saturated , unsaturated ( 1 6 : 1 , 18 : 1 , and 18 : 2 ) , and branched 



cha in mo lecules . These may arise from fatty a lcoho l 

oxidation , wax ester metabo l i sm ,  and catabo l ism o f  

sphingo l ipids and g lycerol ether l ip ids . I n  addit ion , 

microsoma l FALDH may play a role in l ip id peroxidat ion 

(Mitche l l  and Petersen , 1 9 8 9 ; Nakayasu e t  al . ,  1 9 7 8 ) . 
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FALDH may b e  invo lved in the oxidation of other 

classes of fatty a lcoho ls not studied in this research 

pro j ect , inc luding dol ichols ( 8 0 - 1 1 5  carbons ) , l ong-cha in 

omega-hydroxy carboxy l i c  ac ids ( carboxy l ic ac ids that 

contain an omega-terminal alcoho l wh ich can be ox idi z ed to 

g ive a dicarboxy l ic acid) , leukotr iene B4 ( the 2 0 -carbon 

a lcoho l ) ,  and phytol ( the precursor o f  d ihydrophytol , 

conta ining a double bond at the 2 , 3  carbon pos i t i on ) . 

FALDH def ic iency may theoretica l ly result i n  the loss 

of spec i f i c  fatty ac id products o f  this enzymat i c  react ion . 

I f  FALDH oxid i z es a spec i f ic class of a ldehyde to fatty 

acid and this fatty acid c lass is synthes i z ed by FALDH 

oxidation alone , then a defic iency of FALDH may result in a 

def i c iency o f  one class of fatty ac ids . 

The FALDH that I pur i f ied from human l iver m icrosomes 

has not been positively ident i f ied as that same enzyme 

which is defic ient in SLS pat ients . To date , FALDH 

act ivity has not been demonstrated to be defic ient in the 

l iver o f  an SLS pat ient . However , puri f ied microsoma l 

FALDH has character istics cons istent with the enzyme that 
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i s  d e f i cient i n  SLS . FALDH act ivity is loca l i z ed t o  the 

microsomes in human l iver , rat l iver , human HepG2 c e l l s , 

and probably cultured human f ibroblasts . Both the l iver 

FALDH and the f i broblast enzyme deficient in SLS pre f er 

l ong-cha in and branched chain fatty aldehydes as 

substrates .  However , there rema in yet other ways to 

definitively show that the puri f ied human l iver microsoma l 

FALDH i s  the same FALDH def ic ient in SLS f ibroblasts . 

F i rst , an ant ibody raised aga inst human l iver microsoma l 

FALDH could be used as a probe to investigate the presence 

o f  cross-reacting mater ial in normal and SLS f ibroblasts . 

Prote ins separated by either SDS or isoelectric focusing 

po lyacrylamide gel e l ectrophores is could be probed using 

thi s  FALDH-spec i f i c  polyclonal antibody . I f  f ibroblast 

proteins from SLS patients did not demonstrate cross ­

reactive material or i f  cross-react ive mater i a l  were shown 

to have a subunit s i z e  or i soelectr ic point different from 

norma l control f ibroblast FALDH , this wou ld const itute 

strong proof that the puri f ied l iver microsoma l FALDH was 

the same enzyme a f f ected in SLS . 

Mo lecular genetic studies w i l l  soon be underway to 

c lone the SLS gene . The cDNA of the SLS gene may be c loned 

us ing a traditi ona l approach . The amino acid sequence o f  

puri f ied FALDH c a n  be determined . compar ison o f  the FALDH 

s equence with that reported for other ALDHs may indicate 

regions o f  the protein that are not conserved in other 
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isozymes . These sequences unique t o  FALDH can b e  uti l i z ed 

to construct DNA primers . A cDNA l ibrary can be produced 

from human l iver cells that have been induced for the 

synthes is of microsoma l prote ins . The pr imer could then be 

used to probe th is l ibrary in search of p laques harboring 

the SLS cDNA . Sequencing the cloned DNA would then g ive a 

putat ive amino acid sequence for the encoded trans lation 

product of FALDH . Comparison of this sequence to the known 

ami no acid sequence would help to veri fy that the SLS gene 

has been c loned ( and not another ALDH ) . By sequenc ing the 

SLS cDNA in a number of d i f f erent norma l contro l s  and 

comparing these sequences to DNA in SLS patients , it may be 

possible to demonstrate mutations in SLS patients and 

dist ingu ish these from po lymorphisms present in the norma l 

popu lation . s ite-directed mutagenesis and in vi tro 

express ion studies of the SLS cDNA may demonstrate that 

these mutations in SLS pat ients do indeed cause loss of 

FALDH activity . 

The SLS cDNA can be further ut i l i z ed in in vi tro 

expres s i on studies and in transgenic anima ls to further 

e luc idate the role of FALDH in fatty alcohol oxidat ion as 

we l l  as in the pathogenes i s  of the skin and the nervous 

system in SLS . 
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APPENDIX 



FAO and FALDH enzyme activities assayed in cultured 
skin fibroblasts ( passage 2 - 1 2 ) from normal contro l s ,  
SLS heterozygotes , and SLS homo zygotes using 1 8 -carbon 
substrates . 

Name status' FAOb FALDHb 

Brian n l  7 3 . 9  7 6 4 9  
Drucker nl NT' 8 3 9 9  
Eaton n l  6 6 . 8  8 6 1 0  
Gendreau nl 1 0 7 . 0  NT 
Harty nl 8 1 . 8  9 5 7 6  
Kel son nl 7 0 . 9  7 7 2 0  
Non ie nl 6 6 . 0  6 9 5 0  
RaI l  nl 6 9 . 8  8 7 6 8  
R i z z o  n l  9 0 . 7  8 8 6 7  
Sam nl 6 1 . 0 9 9 7 5  
Sorg n l  67 . 4  NT 
Taylor n l  9 3 . 4  7 0 0 8  
Trent nl 7 4 . 1  NT 
W i lde n l  6 7 . 0  8 19 7  
Zenger n l  6 2 . 0  1 0 7 7 2  
BBledsoe hetero 7 6 . 3  4 9 4 8  
TB ledsoe hetero 4 7 . 3  5 1 8 8  
AmB ledsoe homo 5 . 3  1 0 5 4  
AnBledsoe homo 5 . 1  2 1 2  
I Larsonneau hetero 4 4 . 6  3 2 8 4  
YLarsonneau homo 7 . 9  1 1 6 7  
ESmithSr hetero 5 8 . 5  6 9 1 6  
CSmith hetero 5 7 . 0  6 4 2 7  
ESmithJr homo 6 . 3  8 5 3  
D Z ahr hetero 6 0 . 6  3 3 7 0 
P Z ahr hetero 4 6 . 9  4 0 6 9  
AZahr homo 4 . 1  7 3 6  
CBrown homo 1 . 6  5 9 1  
ECooper homo 6 . 2  5 4 5  
ACross homo 5 . 8  7 8 7  
CEerden homo 5 . 0  NT 
DEerden homo 7 . 1  2 8 3  
BHanita homo 9 . 1  1 3 7  
NWafa homo 6 . 1  3 2 5  

n l  = normal contro l , hetero = SLS heterozygote , 
homo = SLS homozygote , NT = not tested 

enzyme act ivity expressed as p icomoles /min /mg 
protein 

1 8 0  

( cont inued o n  next pag e )  



( continued from previous page ) 

FAO and FALDH enzyme activities assayed 
in cultured skin f ibroblasts ( passage 2 - 1 2 ) f rom 
norma l contro l s ,  SLS heteroz ygotes , and 
SLS homo zygotes us ing 1 8 - carbon substrates . 

Name· Statusb FAOe FALDR" 

HAl evik hetero 5 9 . 0  4 5 1 7  
AAlevik homo 5 . 1  9 9 6  
MrJohansson hetero 3 2 . 3  6 9 6 2  
MlJohansson homo 4 . 2  5 1 0  
ENystrom hetero 5 7 . 2  4 6 7 3  
LNystrom homo 7 . 3  2 13 
BSandgren hetero 6 4 . 3  5 9 6 7  
RSandgren homo 7 . 3  1 0 7 8  
ELovgren homo 7 . 0  14 6 1  
EN homo 4 . 1  3 19 
TJ homo 3 . 6  1 1 9 6  

swed ish fami l ies , presumably descended f rom a 
common ancestor 

hetero = SLS heterozygote , homo = SLS homo zygote 
enzyme activity expressed as p icomo l e s /min/mg 
protein 

18 1 
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