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|, Introduction

The biosynthesis of phospholipids involves an in-
tercsting interplay between ble and membrane-
bound enzymes. The final assembly of phospholipid
molecules is catalyzed by membrane-bound enzymes
{1]:however the Jrecursor substrates, palmitoyl! CcA
and stearoyl CoA -, are synthesized (in ycast) by the
soluble multienzyme complex fatty acid synthetase
(FAS). As is well known palmitoyl CoA assuciates
casily and unspecifleally with a variety of soluble en-
oy mes and cuuses their denaturation |2, 3]. In line
with this, the present study shows that newly svathe-
sied palmitoyl CoA cannot freely dissuciste from the
FAS. Therefare a tree diffusion of individual palmi-
teyl CoA malecules s highly improbable.

Thus the question arises how is patmitayl CoA
tiansferred trom the FAS to the subsequent nem-
branc-bound enzymes. The rate and mechanisim of
this transfer may e important tor the regulation of
the lipid biosynthesis. The simplest mechanism might
be the transfer through dircet collisions between the
FAS and the membranc-bound enzymes. A slightly
mor¢ sophisticated one might involve lipid binding
molecules, like hovine serum albumin (BSA), operat-
ing as carriers of palinitoyt CoA. In both cases the
transfer would be accomplished through the three-
dimensional diffusion of macreomolecules.

.
The term “palmitoy] C'oA™ will be used below 1o denole
beth compounds.

Nowth Holland Pudiishing Company  Anisrerdam

Alternatively, it is conceivable tuat a combined
mechanism operates in which palmitoyl CoA is intro-
duced into target membranes and diffuses in the plane
of the membrane {cf. Adam and Delbruck {4] ).This
mode] presupposes that i} lipid membranes can serve
as rcceptors (and as a reservoirc) for palmitoyl CoA
and ii) that the palinitoy! CoA molecules can rapidly
ditfuse within the plane of the membrane. The pres-
ent paper provides experimental evidence in favour
of this mechanisin.

2. Materials and methods

The assay and puritication of the fuity acid synthe-
tase from yeast followed procedures described in [ S].
Acetyl CoA, malonyl CoA and palmitoyl CoA were
prepared according to {6 9.

BSA, CoASH and NADPH were counmercial prod-
wets from Behringwerke, Marburg and Boehringer,
Maanhieim, respectively. [19C]) Acetic anbydride was
abtained from the Radiochemical Centre, Amersham,
and 1-anilino-napththalenc-8-sulfonate (ANS ") from
Pierce Chemicals.

E. coli K 1062 plasma membranes were kindty sup-
plied by Dr. P. Overath, Ko, They were prepared ac-
cording to Kaback’s method [10].

Dimyristoytlecithin was 4 product from Koch -
Light, The lipids were ultrasonscally dispersed at 30°
for 35 min 1o yield optically clear solutions.

The kinetics of palmitoyl CoA synthesis was mea-
sured by following NADPE consumption using a
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Fig_ 1. Effect of lipid acceptor substances on the Kinctics of
fatty ocid syithesis (25 measured by the NABRPH consnmp-
tion). The incubaticn mixtitre (2 ml) conrtained: 200 zmoles
potassium phosphate pH 7.5; 0.4 umole NADPH; 0.2 pmoles
acetyl CoA and 20 gp Mty acid synthetass (3002 mU/mg).
The reaction wus initiated by the addition of (.2 zmole
mulonyi CeA. Curve (1): Incubytion mixture without accep-
toz substances; {1a): After a prolonged period of szlf-inhibi-
von dimynstovllecithin bilayers were added (2.8 % 100°M
Iipid). Curves (2¥—(6): increasing cancentrations of dimyris-
toyllecithin disgersions: (1131 x 0" M:(3)8.2X 1078 M;
@) 125X 207" M:(5)5 % 107% M;(6)1.E X 107* M. Curve
(7): In the iwesence of 1 mz bovine secum albumin ¢about
75X 1076'1.\[}. Curve (B): En the presence of E. colf plasma
membranes in a concentration corresponding to 2.5 X [0 M
tipid.

Cary 14. A total of 14 NADPH molecules is consumed
for | palmitoyl CoA. The fluorescence data were ob-
tainad with a Fica 55, an instrument allowing the re-
cording of tully corrected differential spectra.

3. Results

Palmitovl CaA and stearoyl C oA, the products of
the FAS, are cffective inhibitcrs of the enzymatic ac-
tivity of FA3 [E1]. This is demonsteated by curves 1
and 7 in fig. 1. These curve< show the kinetics of the
fatty acid synthesis in the presence (curve 7) and in
the absence (curve 1) of BEA which is a powerful a~-
ceptor of fatty acid derivatives. In the absence of
BSA the enzymatic activity is blocked almost com-
pletely after a short period of synthess (rest activity
about 5%); this initial period of synthesis will be de-
noted in the following as the “active period”. In the
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Fiz. 2. Assay for the association of the products of fatty acid
synthesis {long-chain { "*Clacyl CoA) with the fatty acid syn-
thetase {IFAR) and bovine serum albusein {8SA) by sucrosc
density pradient centrifugation. The incubaiion mixture

{2 ml) contained: 200 umoles potassium phosphate pH 7.5;
0.1 amole NADPH; 0.018 umole [ "*Clacetyl Coa (10
#’ifpmole) and 10O uyp fatty acid syrthetase (2000 mU/myg).
Thig reaction was initiated by the addition of 0.2 umale
mzlonyl CoA. Incubation: 3 min at 25°. (A) Incubatiop in
e presence of 2 mg BSA. (BY Withaut BSA (product-inhili
tica occurs soon). Aliguots of the incubation mixtures wers
layered on a linear sucrose density gradient (32065} in =~ -
0.1 M potassium phosphate pH 6.5. After centrifugation fur
5.5 hr at 40 000 rpm and 10° (SW 40, Beckman L 2-65) the
fractions were analysed for long chain ['*Clacyl CoA in the
following way: 0.2 mg BSA and 2 mi 5% trichicroacetic avid
were added to esch fraction; the precipitates were collected
on millipore filters (HAWE 0.45 um) washed 6 times with 3%
trichloroacetic acid and assayed for cadioactivity after drying

presentce of BSA the effect of product-inhibition is
not observed. [t can be shown that the paimitoy|
CoA molecules are readily trausterred from the FAS
to BSA and that they remain quantitatively attached
to the FAS in the absence of BSA. Using
{!14C]acetyl CoA as substrate the synthesis was cur-
ricd out {A} in the presence and (B) in the absence of
BSA and the association and spatial distribution ¢f
{13C] palmitoy]l CoA was anatyzed by sucrase density
gradient centrifugation. The results of this analysis
are plotted in fig. 2. In case (A) the {13C]palmitoy!
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Fiz. 3. Decrease in ANS fluorescence intensity (340 nm,
500 nm) upon addition of palmitoyl CoA to dimyrismyl—
lecithin dispersions; 25° ANS conc.: 1.25 % 107% M 1M
potassium phosphate pH 7.5. (.‘urve (1 125 x 1079 M
lecithin; Curve (23 0.62 x 10~ M lecithin: Curve (3): lnter-
action of ANS™ with palmiioyl CoA.

CoA sediments quantitatively with BSA whereas in
case {B} it remains associated with the FAS. Palmi-
toyl CoA was not found in detectable amounts in
free soletion. This suggests that direct collisions be-
tween the FAS and BSA are necessary to transter the
palmitoyl CoA molecuies from the FAS 1o BSA.
From curve 1 of fig. | one estimates that about 125
150 palmitoyl CoA wolecules are synthesized per
FAS complex (M.W. = 2.3 X 109) in the “active
period”. Thus the nct production of paimitayl CoA
in a given incubation mixture during the “xctive
perind” is expected to increase linearly with the en-
zyine concentration. This is fully supported hy the
relevant experiments {not shown).

Curves 2 to 6 in fig. | demonstrate that natural
membranes and lipid bilayers are afso powerful accep-

tors of long-chain acyl CoA compounds from the FAS.

These curves show the kinetics of the fattv acid syu-
thesis in the presence of increasing amounts of di-
myistoyllecithin bilayers. Cuive 8 shows the result of
wmriogous experiments in which E. colf plasma mem-
buanes served as acceptors. The aet amount of palmi-
toyi CoA that can be synthesized in the “active peri-
od” in¢reases linearly with the lipid concentration, in-
dicaring that a given lipid matrix has a well-defined
capacity for the adsorption of palmitoyl CoA. From
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Fiz- 4. Compurison v1 the kincrics of palmitoyl CoA synthe-

sis (1) and of the incorporation oi palmitoyl CoA into di-
myristoyllecitiun bilavers (2). Curve {2) shows the decreuse

in ANS™ fuorescence intensity (410 mn, 520 am) in the

course of the reaction (cf. fig. 3). ldentical incubation ml\-
fieres were used For both experiments containing (.62 X 1079 M
lipidund 5 x 10~ 5 M ANS in addition to the substeaies used
for experiment | in fig_ 1. The fluorescence decrease was
mcasured against an identical ircubition mixture conizining
no ANS ™ (differential spectrum).

fig. I one estimates that as much as 1720 palmitoyl
CoA molecules can be incorporated per 100 lecithin
molecules.

Fig. | shows that the activity of the preduct-inhib-
ited enzyme can be restored hy the addition of phos-
pholipid vesizles (curve 1a in fig. 1).

Twa experiments were perforied to check whether
palmitoyl CoA is actually incorporaied into the lipid
layers. A substiturion titravion was carried out using
the fleorescence probe ANS™ as a substituent and in-
dicator. Second, the effect of palmitoy! CoA on the
ihermal phuse transition of dimyristoyllecithin was
studied using optical measurements [13, 14}.

it Adsorption of ANS™ to lipid membranes rosults
in a strong enhancement of the fluorescence intensity
(cf. review {12} ). When palinitoyl CoA is addcd to a
lipid dispersion containing ANS™, the tluorescence in-
tensity decreases, indicating the release of ANS™ from
the membrane surface. One obvious reason for this ef-
fect is the electrostutic repulsion of the ANS™ by the
incarporated patmitoyl CoA which carries 5--4 nega-
tive charges per molecule. As showa in fig. 3 the fluo-
rescence intensity reaches i plateau for palmitoyl
CoA concentrations larger thao a value ¢*, character-
istic tor the lipid concentration. From the values of

3
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¢” determined by the curves in fig. 3we estimate that
2 mzximum number of 25 palmitoyl CoA molecules
can be incorporated into the lipid layers per 160 lipid

molecules. The fluorescence decrease accompanying =

the incorporation of palmitoyl CoA can be utilized
to measure ind=pendently the rates of synthesis
(NADPH-consumption)} and incorporation of palmi-
toyl CoA. As demanstrated in fig. 4 these two pro-
cesses are synchromz.d.

. {i} Addition of palmitoyl CoA to dispersions of
d.lmynstoylleczthm causes a significant broadening
and a gradual disappearance of the lipid phase transi-
tion 2: 24°. This effect is characteristic of the incor-

poratimn of foreign molecules into a pure lipid matrix ‘

[15:.

4. Discussio

The products of the fatty acid synthetase, palmi-
tayl CoA and stearoyl CoA, remain attachéd to the
multienzyme complex and inhibit the enzymatic activ-
ity unless lipid accepling molecules, like BSA, or lipid
membranes are present in the solutfon. Bilasers of
dimyyristoyllecithin can incorporate as much as 20
palmitoyl CoA molecules per 100 lipid molecules.
The acceplor capacity of a given membrane is most
probably determined by fixed membrane charges and .
by the nepative charges of .the incorporated palmitoyl
CoA.

"'On the basis of our findings we propose the follow-
ing mechanism for the transfer of palmitoyl CoA from
the FAS to subsequent membrane-bound enzymes.

In a first step the palmitoyl CoA is carried to a place
somewherc on the membrane by its synthesizing en-.
zyne or, perhaps, by another lipid-carrier molecule.
(At present there is no evidence that the FAS is asso-
ciated with membrane surfaces [18] ). Lateral diffu-
sion within the plane of the membrane would be the
mechanismn by which the palmitoyl CoA is transferred
to the subsequent membrane-bound enzymes. The fol-
lowing findings lend support to this hypothesis: i) In
a receni study Adain and Delbruck-[4] have shown
that a transfer mechanism, involving lareral diffusion
in addition to free diffusion permits a much faster
transfer of a molecule from the cell cytoplasma to a
small targei on the cell membrane than.free diffusion
alone. A detailed discussion of this point is given in
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Fig. 5. Cuntnur lines :nclo:lng the regimé in which the cam-
bined 3d-2d diffusion mechahism is more favourable than
free diffusion alone (mll:u!aled accarding to eq. (4), Appendixl
q denotes the ratio v jzy/T, of the respective transfer
umcs,f, is the target arca. Similar contour lines are obtained

if R is considered as constant and incressing values ot‘
D(;lID(-_n} are drawn on the urdmnle scale.

the Appendix. (ii) The occurence of rapid lateral dif-
fusion of lipid soluble molecules in lipid bilayers and’
natural membranes has been established in recent
ESR studies [16, 17] . The coefficients of lateral dif-
fusion for androstane and fatly acids are as high as
(1-3) X 1078 cm2/sec, comesponding to a net dis-
placement of theése molecules by-about 10000 A & in
one second. Therefore pakinitoyl CoA 'molecules are
also expected io be highly mobile wnﬂm:,ﬂw plane of

_ alipid matrix. In addition 10 a higher transfer rate

the combined mechanism would alse avoid complica-
tions due to the uuspemf‘ ic association of palmitoyl
CoA with soluble proteirs within the cell (detergent
properties of palmitoyl CoA). |

According to this l'nodel a nﬂlural membmne con-
taining palmntuyl CoA can be vmuallzed 85 3 resevoir
of substrates for the enzymes mmlved in the further
assembly of lipid molecules (glycemlphos;:hale acyl-
lransferases deaﬂtumses etc) Theemle of fatty acid
blosynlhes:s wnuld then be govemed by the acceplor
capacity and the degme of saturatJon aof the mem:
brane reservmr — in close annlogy to the mveangawd
model systems. Tl'us mterplay may be impurtant t‘nr
the rcgulatlon of the l:pld blosymhems
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Appendix: The advantage of lateral diffusion in the
ransfer of paimitayl CoA ﬁ'_om the fatty acid synthe-
e to membrane bound enzymes.

" We consider a spherical diffusion cell (radius R)
containing randomly diffusing FAS molecules which
ar¢ ideaily reflected by the surrounding membranc. Thus,
Ingcroscoplc concentration gradients do not exist and
the average time 13, required by an FAS molecule to
hit the membrane 15 governed by the self-diffusion of
the FAS. (The index (3} is used for three-dimensional
diffusion). 74y is given by :

o 2 -
1@ = ¢RDg, M

where D4, denotes the coefTicient of free (three-di-
mensionsl) diffusion (D3, (H,0, 25°) ~2 X 1077 cm?/
sec for the FAS). Lower and upper limits for ¢ are
120G and 3/2. These values are chtained by averaging
ovei the shortest and longest times of travel froim all
places In the cell to the enclosing membrane. In the
following a mean value of ¢ = 3/4 will be used.

We are interested in the average time (7 required
for the tranisfer of palmitoyl CoA from the FAS to
target molecules on the membrane for the following
two cascs: i) the transfer is accomplished through di-
rect collisions between the freely ditfusing FAS mole-
cules and the membrane bound targets (75,); if) the
palmitoy] CoA is incorporated randomly into the
membrane (via collisions between the FAS and the
meinbrane) and reaches the target molecules through
lateral diffusion within the plane of the membrane
(7;3m). 1t will be assumed: (1) that the area of all tar-
gets is nepligibly small compared to the rest of the
membrane, {2) that the targets represent “sinks” of
infinite capacity and (3) that following the release of
palmitoyl CoA from the FAS new palmitoyl CoA
molecules are synthesized in a time which is short
compared to the transfer times (7). The average time
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Tez)y required by a freely diffusing FAS molecule io
hit a tasget on the membrane is

) = TR @

where p, denotes the density of target molecules per
cm? of the membrane surface and f; is the surface

-area of one target maolecule,

For the cambined mechanism (free and !ateral dif-
fusion) the average Lime of transfer is

o = 7e * T

where 1y, denotes the average time of lateral diffu-
sion from an arbitrary place on the membrane to a
target molecule. Since the target molecules represent
sinks far tha palmitoy] CoA, concentration gradients
will be established within the plane of the membrane.
For amr exact treatment of the diffusion. problemn with-

'in the membrane one has to start from Fick’s second -

law of diffusion and assumptions must be made about
the distrdbution and density bF sinks and sources.
However, an approximate value for T(3) can be esti-
mdted easily if we consider the lateral diffusion of the
palmitoyl CoA as a random walk problem (self-diffu-
sion) involving a series of successive jumps of length
A within the two-dimensional lattice of lipid mole-
cules.

One derives (cf. [15])

i A
T — -
@ W tnhip, Hry+re Dy,

(3)

where / denotes the integrated diffusional path in 1
se¢ (1= D3/ 2X) and (r +r;) is the sum of the radii of
the diffusing molecule (palmitoy! CeA} and the target
molecule. Using the values Dggy=2X 1077 cm?/sec,
Dy =2 X 1078 ¢cm?/sec, A= 8 A (cf. [16]} and as-
suming {rz + £;) = 50 A we obiain far the warin g of
the rransfer tumes:

T D
om_,., (. A 1 m)~ ( ) )
= — =T e, ¥
@ (l 3argtr) R2 Dy [ '\ 2R
(4)

q:

For a given ratio of the diffusion coefficients
(Dy3y/Dpqyy = 10 in our case)} the ratio of the transfer

times is determined by the area (f,) and density {p,)
of the target molecules and by the radius, R, of the

diffusion space.
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Thc cumbmed transfer mechamsm becomes mone
favorable (g decreases) with decreamg density of ...
targets and incréasing size of the diffusion space. ln
fig. 5 contour lines are dmwn inan R versus p, dia-
gram enclosmg the regmes in which the combined
mecham.sm is more favorable (q < 1) For a gwen area
of the target molecules ) the. combmnd medlamsm
is more favorable if i).the radius of the dit‘fusmn '
‘space is larger than a critical value R* dnd if i) t ‘the

dens:ty of target molecules is Iower than a critical val- .

ue ps”.

Defining the “more fa-vurablc" regime by q < O 1 )

we obtain RS ~ 200 A, pf" = 101! fem? for

£,=10* AZ;and Rer = 80 A py = 1012/cm? for
f=10% AZ, This shows that in the case considered
(D(3y/ Dy = 18) an extremely wide ranpe Ofpara-
meters 0'}, #;. R) exists for whick the combined
mechanism (free and lateral diffuzion) is more favaur-
able than 'ee diffusion alone.

References

i1 WC.McMumyandWL Magee, Ann. 'sz. Blochem. 41
1972) 129.

FEBS I..ETI'ERS

February 1973 -

[2] K.Taketnmd B.H.Png«-.ﬂ,l mal.cmu -zil (l%ﬁ}n‘-
B 7
[31WL.z-m=r R.F.Bardamudww (.'Iehnd.thhjm
i Btophys.a\l:hl&(l%ﬂ)b ST
14] G. Adam and M."Dedbaiick, in: Structural uwmimy and *
 Molechilar bioiogy. 'ods N Pavidson and'A: R.idl(W.H,
- Fréoman, 'Sari Fiancisco, Calif., 1968) b-- 198 ;.0 _ - ..

- [5] F.-Lynen,n: llathudlen:ymol..ed..lu.l.nmmin

(Acad. Pn:u. New York, 1969) H-.p. 17

" [6].EJ  Simon and D. me.mm,J Am.Chem. s«-;'rs (1953

2520 .
[71 H.-Eggererand F Lymm Bim:lmm. Z. 335 (1962) 540.
[B}.T. Wieland, Nam:wiu. 38 (1951) 3845, -
[9] T. Wicland, Ange, G:l.un 65 (1953) l&ﬁ

" (10} H.R. Kaback, in: Mcthods enzym., od. W. .l.kciby (Acad

[“:BH,NBW\'OIE. 1971) 22.p 99

{11] G Lustand F. Lynen; European J. Broehmv(leﬁa:-u

112] G.K. Radda, Curr. Topkct Bioenorg. 4 (1971) BL. -

113] H. Triuble, Naturwiss, 58 (1971} 277.© - .

[14] H. Triubie, in: Biomombranes 3, eds. F. Kreuzer and
J.EG. Shgenfﬂmuml'm. 197D p. 127 . .

[1s] BD. [xd'hrﬂokn.w and D. ﬂlllpm.n:r..Blo- )

. chem Bmphys. Ach lSﬂ(lQSR) 333 T

{16} H. Triabi¢ and E. &chnann 1. Am L'hﬂu Soc.94
(1972 4499. -

{17] P. Devaux and FLM. uec-:mnen.l Am, ﬂwm Soc.94
(1972)4475 :

[lB] w. I'irmn. Doclnml'!'hesl:.ﬂumch 1970.



