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~dated boyle  rod ou~r ~gmen~ and p h o ~ c e p ~ r  ~sks activdy incorporated [1-~C]docosahexaenoate 
(22:~ into phospholipids when ivcub~ed ~ the presence ~ CoA, ATP, and Mg ~+. Abo~ 80% of the 
~te~fied fatty add w~ ~ phosphatidykhd~e (PC). M~msom~ and m i ~ c h o n d ~  f~cfions incorporated 
~ much 22:6 as rod ou~r ~gmen~, but ~ was ~s~ibu~d among va~ous phosphdipids and neural 
~yce~de~ The ~ d a ~ d  photoreceptor membrane ~ s  c o ~ n s  an acyI-CoA ~n~etase  wh~h activates ~e  
fatty a~d and a docosahexaenoy~CoA-~sophosphatidy~h~e a c ~ a n s ~ r ~ e  a c t i ~ .  The specific ~dioac- 
tiviff d PC was ~gher ~ rod outer ~gments than ~ the other s u b c e l l ~  fraction~ About 2 / 3  ~ the ~bd  
~ photoreceptor memb~ne PC w~ ~ ~s ~ p o l y u n ~ r a t e d  m o ~ c ~  spe~es and 1 / 3  ~ hexaene~ 
Dipolyunsaturated PCs showed ~gh turnover ~ s  d 22:6 ~ ~l three subceH~ar membrane~ espe~ally ~ 
m~ochond~ Refin~ membranes ~ ~ o  ~em ~ take up free [~Cl22:6 from ~e  medium by ~m~e 
~ffu~on or partition ~ ~e  membrane lipi& The abili~ ~ ~ e  membran~ ~ ~ctiv~e and e ~ e d ~  
[1-~C[22:6 ind~ates that docosahexaenoate-co~ning m ~ e c d ~  s p e ~  ~ ~fina H~d~ ~du~ng  ~ose ~ 
ph~o~ce~or  membrane~ ~e  su~e~ ~ acylation-deacylation ~actions ~ ~ .  

~ t i ~  

Disk membranes packed in the ou~r segment 
of rod photoreceptor cells ~splay a continuous 
process of renewM, as demon~ra~d by autora~o- 
graphic and ra~ob~chemic~ ~udies [1-5]. The 
fipid and proton components of thee  membran~ 
are assembled at the base of the rod outer seg- 
ment, whi~ ~sks fituated at i~ apex are concom- 
itantly shed and e n g ~ d  by the pigment epi- 

* To whom co~espondence shodd be adduce& 
Abb~afions: [~C]22:~ <Z10,1Xl6,19-[bl~C]docosahexv 
enome; PC, phosphadd~chofine; P~ phosphafid~hanM- 
amine; PS, phosphafid~rine. 

thefium. There is ~so an inUacellular ~affic of 
intact fipid and protein molecules ~ong the rod 
ou~r segment, the molecular replacement of disk 
membrane fipids b~ng fa~er than that of protein 
[2-5]. Disk membranes thus rdy on other subcd- 
lular membrane~ located in the inner segment of 
the rod, for the supply of thor phosphofipid con- 
sfituent~ which is c o n ~ e n t  with the fact that 
~olated rod outer segmen~ ~ck key enzymes for 
the de novo synthe~s of phospholipids like phos- 
phatid~choline (PC) [6]. When 3H~abe~d fatty 
adds are inje~ed in ~vo, a peak of labd tranfien- 
fly appea~ at the ~ of phosphofipid synthe~s 
(the base of the ou~r segmen0, but labds from 
fa~y adds diffuse throughout the disk membranes 
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at rates that are faster than expected from mem- 
brane replacement of intact phospholipid replac~ 
ment mechanisms [2]. This sugges~d that phos- 
phAipid mo~cules in disk membranes may un- 
dergo an active turnover of thor  fa~y ac~ mNe- 
ties [2]. This paper is concerned with the incorpo- 
ration of 4,7,1~lZ16,19-[1-~4C]docosahexaenoic 
acid ~4C]22 :6 )  into hpids of isolated rod outer 
segments and disks, as well as in other retina 
subcdlular fraction~ It is shown that photorecep- 
tot membranes contNm in situ, enzymat~ mecha- 
nisms which lead to the e~efification of 22 :6  in 
thdr  phospholipids, and that the mNn target for 
such reamions is phosphatid~choline. 

Photoreceptor membrane phospholipids are 
made up by a whole range of docosahexaenoate- 
containing mAecular species, f o m  the well-known 
'hexaeneg (e.g., 1 6 : 0 / 2 2 : 6 ,  1 8 : 0 / 2 2 : 6 ,  etc.) to 
various ' d i p o ~ u n s a t u r a ~ (  spedes (e.g., 2 0 : 4 /  
22 : 6, 20 : 5 or 22 : 5 /22  : 6, 22 : 6 /22  : 6, etc.) [7,8]. 
The latter separate as decaenN~ undecaenoic and 
dodecaenoic molecular spedes after argentation 
TLC [8], fince they have a totN of 10, 11, and 12 
doub~ bonds per molecule. In rod outer segment 
phosph~idylcholine these spedes contNn 22:6  
and, in addition to the familiar 20- and 22-carbon 
polyenes, a whole ~ange of fatty adds ha~ng 4, 5 
and 6 double bonds and 24-36 carbon atoms [9]. 
Since PC is shown here to be the phospholipid 
predominantly ~ b d e d  with [~4C]22 : 6 in photor~  
ceptor membranes, it was of in~re~  to investigate 
how this fatty add  is d~tfibuted among the vari- 
ous docosahexaenoate-conta in ing  molecular  
spedes of PC. It is shown that a large proportion 
of the [14C~2 : 6 incorporated in PC is introduced 
into its dipolyunsaturated molecular spedes in all 
retin~ membranes. 

During the devdopment  of this wcrk, the col- 
h~ rM observation was made that an impo~ant  
fraction of the free [~4C~2:6 added to the in- 
cubation media was taken up by all retina subcd- 
lular membranes studie~ ~respectivdy of thNr 
kind, apparently by an energy-independent mech- 
anism. These observations are presented as an 
appendix to this pape~ 

Matef i~s  and Methods 

Bo~ne eyes were obtMned ~om a locM ~augh- 
terhouse and kept at 0 - 4 ° C  in the dark for about 

2 h. The retinas were gently exdsed, swirled in 
tubes contNNng 34% (w/w) sucrose, and briefly 
centrifuged [1~ to ~ p a r ~ e  the floating rod o u t~  
~gments  from the rest of the ~ t ~ a .  The proce- 
d u ~  was repe~ed and rod ou~r  ~gments we~  
~ A ~ e d  f o r e  the comb~ed  supern~an~ ufing the 
• ~ontinuous sucrose denfiff  gra~ent  described 
by Pap~mas~r  [10]. Photo~ceptor  ~sks w~e  ob- 
tNned by suNecting rod outer ~gments from the 
1.11/1.13 and 1.13/1.15 g /ml  i n~ f f ac~  to 
osmotic shock, followed by flotation on a 5% 
Ficoll-w~er interface [11]. Rhodopsin content was 
de~rmined by reaNng the absorbance at 500 nm 
in aliquots treated with buffered 1% EmMphogen 
and ufing a mAar extinction coeffident of 40 000. 
The Azso/Aso o (absorbance ratios) were usually 
2.3 and the phospholiNd/rhodopsin mAar ratios 
were 70-75. The membran~ were pe l l e t& washed 
twice with 10 mM Tris-HC1 (pH 7.~, and resus- 
pended ~ 50 mM Tfi~acetate buffer (pH 7.~ 
contNNng 50 mM KC1 and 5 mM NaC1. When 
~d ica~& rod ou~r  ~gment  suspenfions ~ tNs 
medium w~e  sonic~ed for 5 m ~  m 4°C. 

4,7,10,1336,19-[1-~ C]Docosahexaenoic an d  
~ 4 C ~ 2 :  ~ ,  spedfic acti¼ff 40 Ci/mol ,  was pre- 
pared as described in Re~ 12. Aliquots f o m  mem- 
brane suspenfions were incubmed at 37°C with 
[a4C]22:6 (added as the K + sN0 and the f ~ w -  
ing cofactors: 2.5 mM ATP, 10 mM MgC12, 0.1 
mM CoASH, and 0.1 mM a-D-~thiothrNtol, in a 
totN vAume of 0.5 ml of Tfi~acem~-KC1 buffe~ 
A~er ~cubation,  the membran~ were diluted 20- 
f a d  with c a d  buffe~ and immedimdy pelle~d. 
All procedures were done under dim red light. 

Lipids were extracted from the membrane pel- 
~ts  wilh cNoroform/methanA [13], washe& and 
separated by two-~men~on~  t~n- l ay~  chro- 
matography [1~. ~nce  the ex~ac~ contorted high 
levds of r a ~ o a ~ i v i ~  from une~efified [~4C]22 : 6 
in comparison with the labd es~r i f ied  in fipid~ 
c o n g a s  were prepared to subtract a ce~Nn 
amount of unspedfically adsorbed ra~oact i¼ff  
p re~n t  ~ the fipid ~pots (p~haps ofiNnmed from 
~ailing of Nbded  22:6  Mong the p l ~ .  Al~uots  
contN~ng the same amount of membran~ as the 
expefimentN sampl~ were h e a r d  in a boiling 
water bath for 5 rain. Then [ ~ C ~ 2 : 6  was added 
and incubation, as well as further procedure~ 
were identical to those of the respective sample.  



After chrom~ographic devdopmenL fip~ spots 
were located with ~ n e  vapors and scraped into 
¼~s cont~ning 0.4 ml w~e~ 10 ml of Triton 
X-100/5% Omnifluor in t~uene (New En~and 
Nudea0 were then added, and the samples were 
su~e~ed to fiq~d sdfitiHafion counting. Quanti- 
tafion of hpids was done by phosphorus an~ysis 
of spots after TLC [1~. 

To study [14C]22 : 6 incorporation into m~ecu- 
lar spedes of PC, the fipid, ~ e d  as befog, was 
converted to a c ~ & a c ~ y c e r ~ s ,  which were 
separated by argentation TLC [8]. C~oroform/ 
m ~ h a n ~ / w ~  (65:25:~  by v~.) was used to 
res~ve &p~yuns~ur~ed m~ec~ar sped~. The 
bands w~e ~c~ed  afar  spraying with ~chloro- 
fluorescon in m ~ h a n ~ / w ~  (1 : 1, by v~.), and 
scraped inlo ~als contai~ng 1 ml of 2 M NaC1. 
A~er mi~ng 10 ml Aquasol-2 (New En~and 
NudeaO were added, the contents were mixed, the 
sofids settled down, and the samples coun~d by 
hq~d sdnti~ation. 

Fcr quantitation of phosph~id~ch~ine sped~, 
PC was ~ e d  from u~abded aliquots of the 
corresponding membrane preparation~ converted 
to a Hqabded acetyldiac~ycer~s,  and treated as 
described above. The amount of 3H in spedes was 
used ~o c ~ c ~ e  lhe amount of sped~ as detailed 
in Ref. 8. 

Incorporation of [~4C]22:6 in photo~cept~r 
membranes was compared Io that of oth~ ~ubcd- 
~lar membran~ from retina. A crude mitochon- 
dri~ fraction (~so cont~ning synaptosomeO and 
a microsom~ ~action were obt~ned from the 
retinas ~m~ning after rod outer ~gment sep- 
aration. R~inas were homogen~ed in 0.32 M 
sucrose and centrifuged for 20 min at 3000 × g. 
The first pellet was discarded and the super- 
natan~ were centrifuged ~ 11 500 × g Io ~ a ~ e  a 
second pell~ (P2). A~er separating this pell~, 
microsom~ w~e obt~ned from the supernamn~ 
(60 min centrifugation at 100000×g). Mem- 
branes thus prepared were su~e~ed to identic~ 
procedures as photoreceptor membrane. In all 
cases, at ~ast 95% of the membran~ ori~nally 
added to the incubation tubes was recovered a~er 
incubation with [~4C~2: 6, dilution, and centrifu- 
gation, as determined by measuring fipid phos- 
phorus before and after the experiments. 
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R e s ~  

Labefing of phowrecepwr membrane lipids 
The incorporation of [1-14C]docosahexaenoate 

into hpids of ~olated rod outer segments and 
disks was ~udied in the presence of ATP-Mg 2+ 
and CoASH. In the absence of these cofacto~, 
labeling of hpids was negli~b~. Thus, Oght sam- 
ples incubated for 1 h with no cofactors only 
~dded 0.4 ± 0.1 pmo114C-labeled phospholipids/ 
nmol rhodop~n (not shown) ag~n~ the 25.1 (Ta- 
ble I) obt~ned when cofactors were present. To 
fadfita~ comparison between rod outer segments 
and disk~ initi~ incubations (Tab~ I) used pre- 
sonicated suspen~ons of the former, to ensure 
access of cofactors to thor disk membranes. How- 
eve~ sonication was l a i r  found to be unnece~ar~ 
~nce non-sonicated rod outer segments incorpo- 
rated ~milar amounts of [14C~2 : 6. This indicates 
that the rod outer segment plasma membrane was 
permeable to ATP and CoA from the medium. 
Such permeabilization may have occurred during 
the ~ a t i o n  procedures, which in some s~ps in- 
dude washings with somewhat hypotonic solu- 
tions (10 mM Tri~ac~ate [10~. 

The pat~rn of [14C~2:6 incorporation inlo 
photoreceptor membrane hpids was domina~d by 
phosphatidylcholine (about 80% of the incorpo- 
rated labd, Table I). Phosphatidylethanolamine 
(PE), which was the m~or fipid (Table I), and 
phosphatidylserine (PS), incorporated much less 
fatty add. This is pecufia~ ~nce in these mem- 
branes the proportions of 22 : 6~ont~ning molec- 
ular spedes are higher for PE and PS than for PC 
[8]. In additio~ PE and PS seem to be prefe~ 
enfially located in the outer monolayer of disk 
membranes [15] (the asymmetric di~ribution of 
fipids described by Litman [15] was reproduced 
when his procedure was appfied to our disk pre- 
parations). Thus, the low ~vd of ~beling of these 
fipids is not caused by lack of accessibihty of 
enzymes to cofactors and/or  substrates. LysoPE 
and lysoPS, as well as lysoPC, were present in the 
membranes (Table I). The preferenti~ labeling of 
PC is thus notewo~h~ and suggests that the 
turnover of 22:6 in this hpid may play some 
sped~ role in photoreceptor membranes. 

Phosphafidat~ which amounted to only 1% of 
the hpids, was the third phosphofipid in the order 
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TABLE 1 

LABELING BY O-~C]DOCOSAHEXAENOATE AND 
COMPO~TION OF LIPIDS FROM BOVINE RE~INA 
~ HOTORECEPTOR MEMBRANES 

Rod ou~r ~gment and ~sk memb~ne suspen~ons c o n t ~ n g  
15.4 and 7.2 nm~ rhodopfin, respectively, were incuba~d for 
60 min at 37~C wi~ 6 nm~ [14C]22:6 in the presence of 
AT~Mg 2 + and CoASH ~ ~5 ml of T f i ~ a c ~ K C 1  b u f ~  
A~er incubation, the s a m ~  were ~ t e d  2~fold wi~ c~d 
buffer and pell~ed. ~ d s  were ex~acted from the p d ~  and 
separated by t w ~ m e n ~ o n ~  TLC. R ~  are mean v~u~ ± 
S.D. from ~ght ~ m ~  ~ each case. The average ~stfibution 
of the ~corpora~d a c t i ~  (%) ~ given ~ parentheses. The 
phosphofipid compo~tion was determined ~ ~ur  ~m~es  of 
• e ~spective p~p~ation~ The phospholi~d/rhodop~n m~e 
ratio was 70.9 for ou~r ~gmen~ and 71.9 for &sk~ 

Lipid Rod outer segrnen~ Disks 

pmol[ 14 C]22  : 6/nmol rhodopfin 
PC 2~18± 1~2(80.4) 15~0± 190(7L1) 
PE 3.20± ~43(1Z7) 2.44± 0.65(12.2) 
PS 0.52± &03 (2.1) 0.17± 0~2 (0.9) 
PI 0.13± 0~1 (0.5) 0~9± 0~2 (0.5) 
Phosphatidate 0.96± 0~9 (3.8) 1.30± 0.15 (6.5) 
LysoPC 0.06± 0~2 (0.2) 0.30± 0.10 (1.5) 
LysoPE 0.05± 0.01 (0 .2)  0~7± 0.15 (0.4) 

Total pho~ 
pholipid 25.10± 1.49 1~97± 2.72 

Free fatty add 153~ ± 10.2 309.2 ± 14.5 

Phospholipid compo~tion (%) 
PC 35.8 ± ~6 35.9 ± 0.3 
PE 44.5 ± 0.6 42.8 ± 0.3 
PS 15.3 ± 1.3 14.9 ± ~3 
PI 0.9 ± ~01 1.3 ± 0.3 
Phosphatida~ 0.9 ± 0.13 1~ ± 0.2 
LysoPC 0A ± 0~4 0.7 ± 0.06 
LysoPE 0A ± 0.02 1A ± 0.08 
LysoPS 0.7 ± 0.02 0.7 ± 0.19 
Sphingomyelin 0.4 ± 0.12 ~5 ± 0~4 
Diphosphatidyl- 

~ycerol ~2 ± 0~1 0.2 ± 0~4 
Others (origin, 

unknown, eta) 0.3 ± 0~3 ~6 ± ~04 

of 22:6 ~corporation.  Phosphatidylino~tol, pre- 
sent in f m i l ~  amcum~ ~corporated I ~ M  less 
[~aC]22 : 6 than phosphafida~. LysoPC from ~sks 
cont~ned more ~ b d  than PI, phosph~ i~c  add  
and PS, and more than rod oumr ~gmem lysoPC 
(Tab~ I). The content of lysoPC was appa~nfly  
small, but ~ g ~ f i c a m ~  higher in ~sks than ~ rod 
outer ~gmems, and the spedfic m~oac t iv i~  of 

lysoPC was ~milar in both (299 ± 103 and 224 ± 
60 pmol [14C]22:6/~mol fipid phosphorus), de- 
spi~ the fact that disks incorporated 20% less 
labd. 

The amount of [ t4c~2  : 6 incorporated in fipids 
was fineafly r d a ~ d  to lhe amount of membranes 
(and hence to the amount of protein and fipid 
phosphoru~ in a re~t ivdy small range of mem- 
brane concen~ation~ after which fu~her increases 
in the amount of membranes did not lead Io 
proport ion~ increases in labeled phospholipids, as 
shown in Fig. 1A for PC. This is probably r d a ~ d  
to the fact that for a constant amount of fatty add  
in the sys~m, the actu~ concentration of free 
[14C]22:6 in the membranes decreases as the 
amount of membranes increases, as shown in the 
appendix section. 

E~efification of [14C~2:6 in photoreceptor 
membrane fipids is an energy-dependent proces~ 
f n c e  ~ requires ATP for the activation of the fatty 
a~d, as mentioned before. In the presence of 
ATP-Mg 2+ and CoASH, fipid labeling by 
[14C~2:6 was fineafly dependent on the incuba- 
tion time in the i n~ rv~  0-60 min, ~s shown in 
Fig. 1B for PC. To test wh~her  the labd incorpo- 
rated decreased after remo~ng the cofactors from 
the medium, membranes incuba~d for 30 min 
with [~4C]22 : 6 and cofactors were di lu~d 20-f~d, 
pell~ed, and r~ncuba~d  in p l a n  buffer (no ad- 
ded [~4C]22:6 or cofa~o~).  The lab~ in phos- 
pholipids fgni f icant~  decreased (see PC in Fig. 
1B and in Tab~  II). There was no apparent redis- 
t ~ b u t i o n  o f  [~4C]22 : 6 among phospholipid da~es ,  
since the percentage di~fibution of e~efified labd 
rem~ned con~ant  in the i n ~ rv ~  0-60 min in- 
cubation under these conditions (not shown). The 
~arting concentrations of free [~4C~2 : 6 in mem- 
branes ~so decreased (b~ng recovered in media), 
for the ratio es~f i f ied/unes~f i f ied  [14C~2:6 in 
membranes was ~so appro~mately conslant.  
However, when membranes were f m i h r l y  in- 
cubate& but in the presence of cofacto~, (1) labd 
from free [~4C]22:6 decreased as before, but (2) 
the labd in phosphofipids was m ~n t~n ed  as 
shown in Table II for PC, which resul~d in fig- 
nificanfly higher ratios of estefified versus free 
[14C]22:6 in the presence than in the absence of 
cofactors. The fate of the radioa~i~ty  lost by PC 
could not be detected as an increase in labded 
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Fig. 1. Labeling of photoreceptor membrane phosphatidylcholine by [1-~4C]docosahexaenoate as a function of amount  of membranes  
(A) and incubation time (B). In A, various aliquots ~ o m  a rod outer segment (ro~, or disk, preparation were incubated for 60 min at 
37°C  and at pH 7.4, with [14C]22 : 6, ATP-Mg 2+, and CoASH. In B, equal amounts  of rod outer segments (or disk~ were incubated 
for 30 or 60 min under the same conditions as in A. Resul~ are expressed as percent of the max imum incorporation attained in each 
experiment. Also in B, the decrease in PC label in membranes  incubated with no cofactors is shwon. Membranes  which had been 
incubated for 30 min with [~4C]22:6 and cofactors were diluted with fresh buffeL pelleted, and reincubated at 37°C  in plain buffer 
for additional periods up to 60 min. (do~ed fine). 

~ee 22:6 due to the exceedingly large amount of 
[ 1 4 C ] 2 2 : 6  already present in membranes (Tab~ 
II). Similad~ ~ was ~so undetectab~ as an in- 
crease in free 22 : 6 by gas-liquid chromatographic 
(GLC) quantitations of free fatty a~ds in mem- 
branes. The 'endogenoug ~vd of free 22:6 in 
disks was 0.039 mol/mol fipid phosphorus, i.e., 
about 2700 pmol/nmol rhodopfin. Disks in- 
cubated for 60 min at 37°C (with or without 
cofactor~ did not display significant changes in 
the ~vds of free fatty adds with respect to unin- 
cubated membranes, as measured by GLC. There- 
fore, apparent phospholipid breakdown by phos- 

pholipases A did not occur under the present 
conditions (even though such enzyme activities are 
probably presenL fince rod outer segments in- 
cubated under fimilar conditions in Ca2+-contain- 
ing buffers show a fignificant increase in free fatty 
adds easily measurable by GLC [16]). Even when 
we were unable to detect fipid deacylation under 
the present expefiment~ (and methodolo~c~) 
conditions, the fignificant decrease in PC labd in 
the absence of cofactors (Fig. 1B, Tab~ II) is 
likdy to reflect an unb~ance in the equilibrium 
b~ween deacylation and reacylation reactions (see 
Fig. 2), the acylation s~p b~ng obviou~y depen- 
dent on the presence of cofactors. 

TABLE II 

LABELING OF PHOTORECEPTOR M E M B R A N E  P H O S P H A T I D Y L C H O L I N E  AFTER REMOVAL OF [14C]22:6 FROM 
THE M E D I U M  

Sam~es  of rod ou~r  segmen~ c o n t ~ n g  10 n m ~  rhodop~n were p r ~ n c u b ~ e d  w i ~  6 n m ~  [1-~C]22:6  and c o ~ o ~  for 30 min. 
The m e s a  were ~ d  20-~M with c a d  buffe~ the membranes  were p d ~ d ,  and the s u p e r n ~ a n ~  discarded. Some of the pell~s 
were ~rect ly extracted with c h l o r o ~ r m / m e ~ a n ~  (~.  The rest were ~ c u b ~ e d  for 5 or 30 a d ~ t i o n ~  m i n u ~ s  w i~  ~esh  buffer 
c o n t ~ n g  ( + )  or ~ c ~ n g  ( - )  c o r a c l e .  FFA, free ~ y  a~d.  

Time after Cofactors pmol[14 C]22 : 6 / n m o l  rhodopsin P C / F F A  
prelabeling (min) PC FFA (pmol ratio × 103) 

0 a + 7.1 ±0.8 219± 5.4 3Z4±0 .4  
5 + L3 ± 0.7 200 ± 9.0 4Z0 ± Z5 
5 - 6.4 ± 0.7 196 ± 5.4 32.5 ± 3.6 

30 + 7.2 ± 0.3 117 ± 5.1 61.1 ± 0.8 
30 - 4.2 ± 0.1 125 ± 5.7 33.8 ± 1.3 
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Comparison wi~ o~er subcellu~r membranes 
The d~tribution of [~4C~2:6 among lipids of 

photoreceptor membranes as wall as thor  spe~fic 
radioacti~ties are compared with those of other 
subcellular membranes in Table III. All of them 
incorpora~d fimilar ~vds  of 22:6,  both on the 
bases of pro ton  and hpid phosphorus content. 
Phosphatid~ch~ine c o n c e n ~ e d  most of the labd 
in phospholipids, and phosphatidate had the 
highest spe~fic radioacfi~ty in M1 three mem- 
brane ~a~ion~ Howeve~ both the di~ribution of 
labd and the spe~fic acfi~ties showed marked 
quantitative differences among subcellular frac- 
tions. N e u ~  hpid~ which were not h b d e d  in 
rod outer segments and disks, concentrated about 
1 /3  of the [ t~c~2 : 6 incorporated in m~rosomes 
and in the P2 fraction. Phosphatid~serine and 
phosphafida~ Mso showed fignificanfly higher in- 
corporations in the latter. Labeling of phosphati- 
dylinosit~ was highest in m~rosomes and lowe~ 
in disks. Phosphatid~ethanolamine and -serine 
a t tuned the highest spe~fic radioa~i~ties in the 
P2 fraction. The resuRs in Tab~ III are indicative 

of differences and similarities in the a~ivity of 
a c ~ a n ~ e r a s e s  in each membrane fince, at least 
for the m~or  phospholipids, impo~ant cofactors 
that would be necessary for de novo synthesis or 
other fipid interconverfions are not present. 

The comparison with other subcellular mem- 
branes was o r i ~ n ~  defigned to test wh~her 
phospholipid hbeling in photoreceptor mem- 
branes arose from contamination with fragments 
from other  retinal m em b ran e~  espe~al ly  
mitochondria and synaptosomes. For this reason 
rather crude fractions were prepared from the 
same retina~ and were washed and incubated 
under the same conditions as rod outer segment.  
I n ~ r e s t i n ~  high~ fignificant differences in the 
di~ribution of the fatty a~d among fipids were 
observed in the three fractions. These dissimihri- 
ties, and espe~ally the fact that the tot~ levd of 
incorporation in ~1 fractions was fimilaL make 
the po~ibility of cros~contamination unhkdy as 
an explanation for photoreceptor membrane lipid 
h b d i n ~  For insmnc~ if contamination with mi- 
crosomes were fignificant, some label should have 

TABLE I|1 

LABELING OF LIPIDS F R OM  RETINA SUBCELLULAR MEMBRANES BY O-14C]DOCOSAHEXAENOATE 

S u b c e l l ~  m e m b ~ n ~  ~ a ~ d  from r ~  were ~ c u b ~ e d  and an~yzed  as d~ai led ~ Table I for p h ~ e p t o r  m e m b ~ n ~ .  
Protein content was d e ~ r m ~ e d  from aliqums ~ paral ld of the ~ e c t i ~  m e m b ~ n e  p rep~a t ion~  

M e m ~ e  

rod ou~r  segmen~ disks P2 fraction microsomes 
(11) (8) (3) (3) 

D~tfibufion of [14C]22:6 (%) 
P h o s p h a f i d ~ c h ~ e  82.0 ± 
P h o s p h ~ e t h a n ~ a m m e  12.8 ± 
P h o s p h a t i d ~ f i n e  2.0 ± 
Phosphatidylinofitol 0.5 ± 
Phosphat id~e 3.2 ± 
D i a c ~ y c e r ~  - 
T f i a c ~ y c e r ~  - 

To t~  incorpor~ed 
( p m ~  [ 1 4 C ] 2 2 : 6 / m g p r ~ n )  473 ± 25 
( p m ~  [1~C]22 :6 /~m~  f i~d  P) 405 ± 27 

Specific ra~oacf i~t ies  ( p m ~  [14 C]22 : 6 / ~  m ~  ~ d )  
Phosphatidylchofine 739 ± 53 
Phosphatidylethanolamine 89 ± 9 
Phosphatidy~efine 41 ± 3 
P h o s p h ~ i d ~ i n o f i ~ l  116 ± 19 
Phosphafidme 1148 ±109 

2.5 80.8± 2.0 42.4+ 2.0 36.5± 2.9 
2.3 11.7± 2.2 9.9± 1.2 1.5± 0.8 
0.2 0 .9± 0.1 6.1± 0.3 3.7± 0.1 
0.1 0 .5± 0.1 1.7± 0.6 6.7± 0.03 
0.7 6 .6± 1.0 11.5± 1~ 15.6± 0.5 

- 5 . 9 ±  0 .4  1 . 6 ±  0.8 
- 25.5± 2.1 3~1 ± 1.7 

347 ± 31 348 ± 10 308 ± 1 
296 ± 44 383 ± 11 267 ± 28 

602 ± 82 384 ± 26 239 ±19  
76 ± 17 148 ± 19 22 ± 11 
16 ± 4 246 ± 9 150 ± 8 

I I I  ± 20 147 ± 52 382 ± 0 
1764 ±315 5194 ±486 4810 ±146 



been recovered as t r i ac~yce r~s  in rod outer 
~gment~ which was not the case. If labd in rod 
outer ~gment PC came ~om cross-con~minatio~ 
its spedfic r a ~ o a c t i ~  shodd be much ~wer 
than in the other ~action~ not higher as found. It 
is conceded that enzym~ c o n ~ f i n g  the turnover 
of 22:6 are present in all subcdl~ar fractions 
~om retina. They are active towards various fipid 
s u b s ~ ,  including m~or membrane phospholi- 
pids, and key i n t e r ~ e d i ~  like phosphatidate. 

D~t~bu6on ~ [14C]22 : 6 among do~mhexa- 
~oate-containing phosphatidylcholines 

The ~ f i b u f i o n  of [~4~22:6 among phos- 
phatid~cholin~ (TaNe IV) fig~ficanfly ~f f~ed  
among ~ t in~  membrane, ~pedally betw~n md 
ou~r ~gmems and m i ~ o m ~ .  M~e ~an  h~f 
• e m~o~tivity,  ag~n~ 32%, w~  ~ ~p~yum 
saturated PCs in the ~ r m ~  and the l ~ r ,  respec- 
tivdy. Among d~o~uns~umted ~ e d ~ ,  ~e  ~a~  
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tion at the orion of the argentation TLC plates 
(I), which m~nly cont~ns didocosahexaeno~ 
spedes, was the most h e a ~  labded in photore- 
ceptor membranes. This ~acfion showed the 
highest spedfic radioacti~ty in ~1 subcelluhr 
membranes, whi~ the lowest corresponded to 
hexaeno~ spedes of PC. The turnover of 22 : 6 in 
the dip~yunsatura~d spedes which cont~n olher 
polyenes in addition to 22:6 (m~n~ very long- 
c h i n  hexaene~ pentaenes and tetraenes, in frac- 
tions II, III and IV, respectivdy [9]) was about 10- 
and 3-fold higher in the P2 fraction and micro- 
somes, respecfivd~ than in photoreceptor mem- 
brane~ as indicated by thor spedfic radioa~ivi- 
ties in Table IV. This is in.resting because dipoly- 
unsatura~d m~ecule spedes, including those con- 
t~ning very-long-chin polyenoic fatty adds, are 
spedfic constituents [9] of photoreceptor mem- 
brane~ and are probab~ synthefized in in~acdlu- 
lar membranes of the rod inner segment. How- 

TABLE IV 

DISTRIBUTION OF [1-~C]DOCOSAHEXAENOATE AMONG PHOSPHAIIDYLCHOLINES FROM RETINAL MEM- 
BRANES 

Phosphafid~chofine ~om membmn~ incubated ~ r  60 min with [ ~ C ~ 2 : ~  ATP-Mg 2÷, and CoASH was ~ e d  by TLC and 
converted ~ a c e t y l ~ a c ~ y c ~  The ~uer were ~s~ved ~ fractions of ~milar unsaturat~n by ~ g e m ~ n  TLC. Quantitation of 
speoes ~ each band was done ~ unlabded aliqu~s of ~e ~sp~tNe membrane p~p~afions a~er conver~on of PC ~ 3Hqabded 
a c e t ~ a c ~ y c ~ d ~  w~ch w~e ~par~ed and coun~d as w~e ~e [~4C]22:6-labeled defivative~ a The ~rm ' sup~en~ '  is used to 
d~ign~e speo~ with more ~an ~x douse bonds per m~ecd~ Band I m ~ y  cont~ns ~docosahexaeno~ spedes (90% 22:6). 
Bands If, III and IV cont~n 50% 22 : 6 and 50% hex~, penta- and ~ t~en~c  fat~ acids, respecfivdy ( m ~ y  with very ~ng carbon 
ch ins  [9]). Band V, nona- to heptaenes (mostly heptaenes, 18:1/22: 6). I n c u b ~ n s  were done ~ duplic~e (disk~ mitochondri~ 
mic~somes) or triphcate (rod outer ~gment~, ~ r  w~ch mean v~u~  ± ~D. ~e ~vem Due to ~e  very small amounts of supraeno~ 
speoes ~ ~ and mi~osome~ ~acfions II-IV were c ~ e d  ~ g e ~ ,  and ~action V ~ g ~ h ~  with hexaenes. To allow for 
compari~n b~w~en memb~n~, ~e sum of ~d~acfif i~ ~ ~ e  ~ped~ is ~so p~o~ded ~ r  ph~o~cep~r  memb~n~ (bL c, is the 
sum of ra~oa~i¼~ ~ ~ese sped~ &~ded by the sum of thdr mass. 

Spedes Distribution of [~C]22 : 6 (%) Spedfic m ~ o a ~ i ~  
(pm~ [~C]22: 6 / n m ~  s p e c ~  

rod o ~  ~gmen~ ~sks ~od ou~r ~gments ~sks 

Supraenes a I 38.6 ± 5.6 47.8 5.0 3.2 

IlllI Iv i i i i i i i  ) 1 6 " 8 b  i i ! }  15"6b i ! i }  0"62c 0.08 .03.6 

HexaenV es 13~:~ ~ ~:~) 44-6b 1215:~ ) 36.6 b ~:~) 0"92c 0.25 .6 

P2 ~acfion m~rosomes P2 ~acfion microsomes 

0.46 c 

0.62 c 

Supraenes I 29.0 16.0 5.3 4.8 
II to IV 23.1 16.3 5.5 1.8 

V + hexaenes 47.9 67.7 1.1 1 ~ 
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ev~, fince mi~osom~ and mkochondfia w~e 
obt~ned from entire retina~ o~y a small fraction 
of these membran~ derive from (~e ~ner seg- 
ments oD p h o ~ c e p ~ r  cells, for it is no~wo~hy 
lhat high spe~fic ra~oacfi~fi~ ~e  s~l ma~- 
rested in these s p e ~  of PC, despi~ the confide~ 
able ~ f i o n  with mi~chondfi~ and mi~osom~ 
memb~n~ from many oth~ cell types. 

D ~ c u ~ n  

The resul~ in this paper show that photorecep- 
tor membrane hpids, espeNally phosphatidylcho- 
line, undergo an active turnover of thNr docosa- 
hexaenoyl moires .  The reactions Lading to 22 : 6 
incorporation into PC are independent from the 
fipid biosynthetic processes that occur in the inner 
segment of rods, fince (1) they take place in 
isolated rod outer segments and disks, and (2) 
occur in the absence of cofactors that would be 
necessary for de novo synthefis and/or  N~rnative 
lipid interconverfions. As long as the fatty add is 
only e~efified in the presence of ATP-Mg 2+ and 
CoA, is not utilized in membranes previously de- 
natured by heat, and e~efification depends on 
incubation time and amount of protein, the pro- 
cess is enzymatic. The enzymes involved are neces- 
sarily (1) a membran~bound acyl-CoA synthetase 
which produces docosahexaenoyl-CoA, and (2) a 
docosahexaenoyl-CoA-lysoPC acylUansferase (re- 
actions 1 and 2, Fig. 2). 

In generN, the process of lipid acyl moiety 
turnover may be envisaged as a cyclic event in 
which a third enzyme must intervene to pro~de 
an acceptor lyso compound (Fig. 2). This third 
enzyme may be a phospholipase A (as in the 
Land~ cycle [17], or an acyl~an~erase such as the 
acti~ty ca r ry ing  the CoA-mediated, ATPqnd~ 
pendent breakdown of phospholipids dem- 
onstrated in rat fiver microsomes [18] and in 
lymphocytes [19]. Both wi~ produce lysopho~ 
pholipid~ but only phospholipases A will produce 
in addition free fatty ands. In the presence of 
ATP and CoA, the latter may be rapidly con- 
verted to acyl-CoA esters and recombined with 
lysophospholipids. The two posfib~ ways of acyl- 
CoA ester synthesis (reactions 3 and 4, Fig. 2) are 
not nece~arily exdu~ve of one anothe~ In intact 
ce~s the acylation capadty is Nways greater than 

the degradation of phospholipids by phosphofi- 
pases A, which is bi~oNcM~ senfib~, since 
otherwise the cycle of fatty ac~ moiety turnover 
would resuk in a futile expenditure of high-energy 
phospha~s [2~. 

WhaWver the source of ac~ CoA(~ and ~so- 
compound~ lysophosphatide ac~transferase(~ 
must play a cenuN role (1) in the mNn~nance of 
fipid (and hence of membran~ in~gfity, (2) in the 
mNntenance of the characteristic ac~ group com- 
pofition of fipids, and (3) in mechanisms of fatty 
add replacements to synthesize new m~ecular 
spedes of hpids through inte~ or in~molecular  
rearrangements of lhNr ac~ chNns. By selecting 
spedfic CoA esters from the pool of ac~-CoA~), 
ac~angerases  may be invNved in the control of 
phys~ochemicN p r o p e ~ s  of membranes that de- 
pend on fipid acyl moiety ~ru~urN features such 
as chNn length and unsaturation. The densely 
packed disks of photoreceptor calls, espedally 
those located near the apex of the rod outer 
segments, are quite far from the si~ of synthesis 
to rdy on the resynthefis and Uanspo~ of new 
molecules for rapid replacement, 1~ us say, of a 
'damageff (e.g., hydrolyzed, pero~dized) phos- 
pholipid molec~e. In additio~ locN modifications 
in the physicN properties (e.g., fluidity) of mem- 
branes, brought about by Uanfient changes in 
thor immediate en~ronment (e.g., changes in pH, 
Ca 2 + movement~ era), may be compensa~d by in 
situ rearrangements of fipid ac~ chNns. Acyl- 
transferases involved in p~yunsatura~d fatty add 
turnover may play impo~ant roles in these mecha- 
nisms. 

Studies on the spedfidties of 1Ner acyRrans- 
ferases have indicated that arachidonate and re- 
la~d lon~chMn p~yenes may be e~erified mMn~ 
through the 1-acyl-sn-glycerol-3-phosphocholine 
ac~transferase sy~em (reaction 2, Fig. 2), whereas 
saturated, monoenoic and dienoic fatty a~ds may 
be incorporated mMnly by ~ycerophospha~ and 
1-acyl-sn-glycerol-3-phospha~ acyl~ans~rases 
ffeactions 5 and 6, Fig. 2) [24]. Those enzyme 
activities have been separate& and thor ac~ donor 
spe~fidties have ind~a~d that the ac~ation that 
Dves rise to phosphafidate, and the deac~ation- 
reacyl~Mn cycle operating afar  de novo synthefis 
of hpids are respe~Ndy the most important steps 
in controlling the non-random distribution of fatty 



145 

i- or 2- ( ~inly I-) acyl 
[ glycerophospbolipids ~ 

/ (including acylgly P ) ~ .... 

'I-14C 1 22 :~//~-~T~. ATP' Mg2+' C°A ~ 

~ / ~  " ~ " ' ~  Acyl CoA ~ 
/ / / ~  ~ ~ synthetase(s) ~ /  

Phosphol ipa~s A F l AcylCoA s ~ 
~ ~[ (including 22:6 CoA) [ ~ 

7 
/ 

acyl transferase(s) ~ desaturat~on, et~ / 

l-acyl glycerophosphatide 
acyl transferasels) 

l-acyl glycero P 
acyl transferase { s) 
glycero P 
acyltransferase(s) 

I GLYCEROPHOSPHOLIPIDS ] "~ZZZZZ~ (base Base m°d~ficati°nexchange, methylation of 
~ ~ PE, decarboxylation of PS, etc. ) 

Fi~ 2. Ro~ of acyltrans~rases ~ the turnover of ~t~ ac~ m ~ s  of ~ d s  ~ membrane~ The heavy a~ows ~ c ~ e  the p~hways 
proba~y ~flowed by [ ~ C]22:6 ~ ~e present experiment. The endrc~d numbers refer ~ enzymatic reasons ~ussed ~ the text. 

adds  between the sn-1 and sn-2 pofifions of natu- 
rally occurring ~ycerophospholipids [22,23]. These 
enzymes have not been ~udied in retin~ and fipid 
labeling by [~4C]22 : 6 has not yet been ~udied in 
~ver. Docosahexaenoate is predominantly located 
at the sn-2 position of the ~ycerol backbone in 
the various molecular spedes of fipids which con- 
tain this fatty add  in photoreceptor membranes 
(including hexaenoic and dipolyunsaturated 
molecular species of PC other than didoco- 
sahexaenoyl-PC, which has 22:6 in both pofi- 
t ion~ (unpubfished results). The resul~ presented 
here indicate that all these spedes of PC are 
subject to a continuous turnover of thor  doco- 
sahexaneoyl moieties in sit~ independently of de 
novo synthet~ mechanisms, which is confi~ent 
with the way polyunsaturated fatty adds are intro- 
duced into membrane ~pids in genera. In mem- 
branes potentially able to carry out de novo 
synthefis of fipids, ~ke those of microsomes and 
mitochondfi~ however, phosphatidate ~ ~so ac- 
fivdy labded with [~C]22:6 (Tab~ III). This 
may be consistent with the interpretation [24] that 
22 : 6 ~ mainly introduced early on in the de novo 

biosynthetic sequence, i.e., during the synthesis of 
phosphatidat~ However, under the presbnt condi- 
tions, h b d  in phosphatidate is unlikdy to arise 
from ac~ation of ~ycerophosphate (the first s~p 
in the de novo s y n t h ~  pathway), fince this 
water-soluble precursor was probably lost during 
membrane isolation and washin~ Unless this 
phosphatida~ arose from degradation of other 
labded phosph~ipid~ the present resul~ ind~a~  
that various fipid substrates including phosphati- 
date are po~ntially s u ~ e ~  to undergo deac~- 
ation-reacylation reactions in retin~ membranes, 
and hence that 22 : 6 may be in~oduced in multi- 
ple stops of ~ycerophospholipid m~abolism. 

Appen~x 

Uptake of free [1-14C]docosahexaenoate ~ reanal 
membranes 

During incubations of rod outer segments with 
[14C]22: 6, it was observed that a ~gnificant pro- 
portion of the free fatty add  in the incubation 
sy~em was taken up by the membranes. Howeve~ 
the apparently con~adictory effect that the smaller 
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the amount of membranes used for the incuba- 
tion~ the larger the concenUation of ~ee [~4C]22 : 6 
attained in the membranes was noted as shown in 
Table I for rod outer segments and disks incubated 
under identical conditions. This p romp~d us to 
anNyze in closer detNl how free [~4C]22:6 was 
taken up, which ~d to various observations that 
may be useful to understand one of the posfible 
mechanisms by which free fatty adds are incorpo- 
rated in membranes, and perhaps in calls. The 
totN amount of 22 :6  taken up by rod outer 
segments incubated for 5, 10, 20, 30, or 60 min 
was fimilar (S.D. ± 10% approx., not shown). This 
ind~ates that 22 : 6 uptake is very rapid, since it is 
~ u a l l y  comp~ted in a few minutes, in contrast 
to its esterificafion (Fig. 1B). Free 22 :6  uptake 
occurred to fimilar extents in the absence or pres- 
ence of cofacto~, was ~milar for the three kinds 
of subcellular fractions studie& and even occurred 
in consols  where the native ~ructurN organiza- 
tion of membranes was desuoyed by heating (Ta- 
ble V). This indicates that free 22 :6  is taken up 
by an energy-independent, non-enzymatic proces~ 
and that the fatty add  partitions into the mem- 
branes by fimple diffufion into the lipid matrix. 
The (fipid in the) membranes had a high affinity 
for the ~ee add, since even when smN1 mem- 
b rane /medium volume ratios were used, a large 
proportion of the added [~4C~2:6 (about one 
third, Table V) was recovered in the membranes. 

The quantitative relationship b~ween the 
amount of labded ~ee [~4C]22:6 in membranes 
and the mount of membranes was obtNned indi- 

rectly as follows: when the concentration of free 
2 2 : 6  in membranes (y, expressed as pmol 
[~4C]22:6/~mol fipid P) was represented agNn~ 
the amount of membranes (x, expressed as nmol 
lipid P, or mg protein), a negative hyperbofic 
relation of the form y=f(1/x) was obtained. 
When 1/y was represented against x, a straight 
line resulted from the data in Table V (finear 
corr~ation coefficient 0.999) where 1/y = 0.04 + 
0.00043 nmol fipid P in the membrane (Fig. 3A). 
Therefor~ the amount of labeled 22:6  in mem- 
branes bore the following relationship with the 
amount of fipid P: 

p m o l [ a ~ ] ~  : 6 = nm~ P / ~ 4 + 0 ~ 4 3  nm~ P) (1) 

It may be c~culated that a 2-fold increase in the 
amount of membranes in the range 500-1000 nmol 
fipid P only ~ads to a 7% increase in lhe amount 
of 22 :6  taken up (1960 p m ~  for 500 nmol and 
2100 pmol for 1000 nmol P), which fits with the 
expefiment~ data in Table V. If Eqn. 1 is appfied 
to a wider range of fipid P concentrations it is 
apparent that a 10-f~d increase of membranes in 
the in~rv~  100-1000 n m ~  P leads to a higher 
increase in the pmol of 22 : 6 incorporated than if 
the same increase were ~ahble  in the range 
1000-10000 nmol P (1200-2100 pmol (~  75%), 
and 2100-2300 pmol (~  8%), respectivdy). The 
curve in F~.  3B suggests that there is a ma~mum 
amount of 22 : 6 the membrane can take up when 
the tot~ amount of 22 :6  in the sy~em is kept 
constanU The difference b~ween the to t~  amount 

TABLE V 

PARTITION OF FREE [14C]DOCOSAHEXAENOATE INTO RETINAL MEMBRANE LIPIDS 

The i n c o w ~ n  ~ [14Q~ : 6 imo ~ f i o ~  memb~ne p ~ p a r a t ~  u~d ~ ~ p e r i m ~ 6  de~fi~ed in ~is pap~ (6 nm~ 22 : 6. 0.5 ml 
me~um, p ~ n ~  ~ cofactor9 is compared ~ ~mil~ aliquots from t ~  ~me p~parations wh~h had b~n  ~ e d  at 100°C ~ r  5 
rain b ~ e  the period of incubation in the same con~tions ~ o ~ r ~ .  

Co~r~s  Memb~n~ 

nm~ fi~d P p m ~ Q ~ :  6 p m ~ / ~ m ~ P  nmd fi~d P p m ~  : 6 p m ~ / ~ m ~  P 

Rod outer segments, 60 min 1004±31 (4) 2582±296 
60 min 782 (2) 2 374 
30 nfin 666 (1) 2531 

Disk~ 60 min 481±26(3) 2106±141 
P2 fraction, 60 min 334 (2) 1793 
M~rosome~ 60 min 657 (2) 1960 

2572±295 966±54(8) 2088±138 2162±143 
3036 760±35 (3) 2074±169 2729±222 
3800 682±40(3) 2070±107 3038± 75 
4415±296 433±18 (8) 1865± 87 4307±202 
5368 393±18(3) 1873± 68 4767±172 
2983 766±40(3) 2072± 99 2705±129 
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Fi~ 3. Functions rdating the concentration (A) and the amount (B) of free [~4C~2:6 ~t~ned in membranes and the amount of 
membranes (expressed as nm~ fi~d P). Membranes were incubated 60 min at 37°C and at pH 7.4 ~ the presence of 12 #M 
[~4C~2 : 6. In A, the ~ver~s of pm~ [~C]22 : 6 / n m ~  fi~d P were c~cu~ted from Ta~e V (~us one v~ue from Fig. 1) and plot~d 
ag~n~ nm~ fipid P. In B, the resdt~g function (Eqm 1 described in the ~xt) was applied to ex~nd the relations~p b~ween 
amount of 22 : 6 taken up and amount of membranes to a h y p m h e t i c ~  wider range of membrane concentrations. Expefiment~ d~a 
from Tab~ V are ~ven in the ~set. ~, rod ou~r segment; ©, ~sks; ~, P2 fraction; ~, rnicrosomes. 

added and this maximum should be the amount of 
free 22:6 in the medium in equifibrium with the 
membranes, in this case 6.0-2.3 ~ 3.7 nmol/0.5 
ml medium= 7.4 #M. Ob~ousl~ higher con- 
centrations of 22:6 in the medium should result 
in increased concentrations in the membranes. 

The concentrations of free [14C~2:6 at tuned 
in membranes after 1 h incubation ranged from 
0.002 to 0.005 mol /mol  phospholipid in the pre- 
sent experiments (Tab~ V). It is impo~ant to 
point out here that this is still a trace amount, and 
is fikdy to be less disturbing to membranes than 
other (unavoidab~) factors fike the time taken for 
membrane ~olation, low ~mperatures during the 
proces~ presence of extraneous buffe~ or ionic 
media, etc. For in~anc~ in ~ola~d disks, the 
endogenous amount of free 22:6 was b~ween 8- 
and 20-fold higher than this, namdy 0.039 ± 0.001 
mol /mol  fipid P, as mentioned in the text. When 
membranes ' p rdoade~  with free [~C]22:6 were 
incubated in media lacking [14C]22:6, a fraction 
of the flee fatty add  ofi~nally present in mem- 
branes tended to equifibra~ with 0.e., diffuse to) 
the medium. Thus, 10% and 43% was lost after 5 
and 30 min incubation respecfivdy (Table II), 
regardless of the presence or absence of cofactors. 

Studies dealing with the kinetics of flee fatty 
add  uptake by anim~ cells have prodded efi- 
dence for two modes of fa~y acid transport across 

cell membranes: a saturable, energy-independent 
component is observable at low fatty add  con- 
cen~ations (1-10 ~M) and fimple diffufion at 
higher sub,ra te  concentrations [25]. The present 
resul~ indicate that, using 12 ~M concentrations 
of 22 : 6, a high proportion of the added fatty add  
is rapidly adsorbed onto (or partitions into) the 
hydrophob~ matrix of sever~ in~acellular mem- 
branes 0rrespective of thor  kind) in an energy-in- 
dependent process. This agrees with the propos~ 
[25] that the striking capadty of cells to accu- 
mulate free fatty adds from incubation media 
may resuR from the assodation of substrates to 
lipophi~c intracdlular structures rather than to 
spedfic binding to the rdat ivdy scanty cytosofic 
fatty add  cartier proteins. The curve in Fig. 3B, 
rdating the amount of free 22 : 6 taken up and the 
amount of membranes at constant fatty add  con- 
cen~ation, follows the same pattern as that of the 
function rdating the amount of a solute in the 
stationary phase with the amount of stationary 
phase in chromatographic processes. Thus, the 
~action of molecu~s in the ~ationary phase 
( k ' / 1  + k ')  plus the fraction of molecules in the 
mobile phase (1/1 + k ' )  is equal to 1.0 (k '  bong 
the 'capadty factoF, defined as the ratio, amount 
of a solute in the ~a t ionary /amount  in the mobile 
phase~. Since the volume of medium (0.5 ml) and 
the amount of 22:6 in the sy~em (6000 pmol) 
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TABLE vI 

FRACTIONAL D~TRIBUTION OF [~4C]22:6 BETWEEN 
MEMBRANES AND MEDIA 

k' was obt~ned by ~ n g  the amount of [~C~2:6 in 
memb~n~ (c~cda~d ufing Eqn. 1) by the amou~ of 
[~C~2:6 in media (6000 minus ~is amounO as e x ~ n e d  in 
the text. 

nmd P k' 1/1 + k' k ~ l  + k' 

1 0,004 0.996 0.004 
10 0~39 0.962 0.038 
102 0.251 0~99 0.201 
103 0.549 0.646 0.354 
10 4 0.623 0.616 0.384 
10 ~ 0.63 0.613 0.686 
106 0.63 0.616 0.686 

were kept constan~ ufing Eqn. 1 to cMculate ~he 

amoun t  of 22 : 6 in membranes  (F~ .  3B) and 6000 
minus  this result to ob tNn the amoun t  in medim it 
follows that the ~ac t i onN dis t r ibut ion of mole- 

cules bmween the ' s ta t ionary '  (membranes)  and 
'mobf lC (medium) phases may be asfimilated to a 

pa~ i t ion  process (see Table  VI). 
The amoun t  of a fatty a d d  that is 'solubifizeff 

by membranes  will thus depend:  (1) on the volumes 
of both phases for a constant  amoun t  of fatty a d d  

in the sys~m,  and  (2) on the amoun t  of fatty a d d  
added to the incuba t ion  sy s~m for a constant  

m e m b r a n e / m e d i u m  volume ratio. If phase 
volumes are kept constant  and the same a m o u n t  

of different fatty adds  ( s C u ~  are added, it is 
then p r e d ~ t a b ~  that the concent ra t ion  of each 
solute in the membrane  will differ according to 

the type of fatty a d d  (each wi~ have its own k' ,  
since the ' ~ a t i o n a r y  phase'  will display different 

sdecti¼ties (ratios bmween k 's) towards various 

solutes. The finM concentra t ion  of subsUates in 
the i m m e d i a ~  e n ~ r o n m e n t  (the fipid matrix) of 
m e m b r a n ~ b o u n d  enzymes w h ~ h  h a n d ~  fatty 
a d d s  &ather than the t o r n  amoun t  added to the 
incuba t ion  sys~m)  must  be a ~ u ~ e d  when com- 

par ing the kinetic behavior of such enzymes to- 

wards various substrates. 
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