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ABSTRACT ‘.

The existefhce of a fatty acid de novo biosynthetic pathway in

Acholeplasma laidlawii B (formerly Mycoplasma laldlawii B) Was confirmed '
by demonstrating the production 6f radioactive ‘long-chain fatty acids
(even- and odd-numbered straight-chain saturated acids) from exogenous

radioactive acetate and propionate, respectively. Thisfﬁrganism could

also utilize exogenous even- and odd-numitred ihortrchdin methyl-branched

o

<

carboxylic acids for the production of the cofrespondiné long-chain iso-
and anteiso-bramched fatty acids, The chalin iemgth of -i:atty acids
synthesized by the de novo pathway was altered slightly in reeponse to

~ changes™ in grow;h temperature but was unaffected by the 1ncorporation of
cholesterol into the membrane. Hewever, -the uptake of exogenous fatty
aclds with relatively high melting points, such as 1610, caused the
preferential pfoduction of shorter-chain fatty acidsj incorporation of

| low-melting fatty acids, such as 9-18i1c, resulted in the preferential
biosynthes}s of longer-chain fatty acids, In the presence of some
exogenous fatty acide this organiém excreted a significant f;action of
‘ its biosynthesized fatty acids into the growth medium,

This organism could systematically regulate the extent of
incorporation of exogenous,fatty acids into the membrane %1pids in
response to their physical, but not their clemical, properties. Faity
aclds having moderate melting points Were mos; extensively 1ncorporated
into the membrane’ 11pids '

This organism could regulate the exient of chain elongation of

exoéenous fatty acids ‘primarily in response tpltheir physical nature;.

.



although the chain elongation system also exhibited an intrinsic chain-
length specificity; Generally speaking, exogenous fatty a&ids having_
lower melting uoints were elongated more extensivelyithan ones having‘
higher melting points Alterations in both the growth temperature and .
the amount %f cholesterol present in the growth medium did not signifi-in
cantly affect the extent of chain elongation. However, the simultaneous
1ncorporation of fatty acids having high melting points, such as 16:0,
reduced the extent 6f elongation of the other exogenous.fatty acids; ';;i
'incorporation of exogenous fatty acids with low(melting points, such as »
9 18:1c, increased the extent of elongation of the other fatty acids
The enzyme systems responsible for fatty acid biosynthesis and
ﬁor the incorporation and chain elongation of exogenous fatty acids all
.appear to function 80 as to maintain the fluidity of. the lipids -of the
plasma, membrane of this organism within a certain broad range.
The positional distribution of a variety of fatty acids in two
neutral glycolipids Was studied Fatty acyl groups capable of the
; closest molecular packing have the strongest affinity for the i-position
The .positional - ‘specificities of a series of positiona% isomers of ecis-
octadecenoic acid in phosphatidylglycerol were also investigated The
affinity of the isomers for the 1-position was increased as the position
of the double bond was moved from the carboxyl to the methyl end of the
fatty acid molecule, with the exceptiOn of several fatty acids having
o the double bomd'close to a carboxyl group, "It was also demonstrated that
the positional distr}bution cf any particular fatty acid was not fixed
entirely by its own. chemical or physical nature, but rather was flexible,
depending upon the total fatty acid composition of the membrane ‘polar

a

lipids
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Materials and General Methods

1, Organism: The organisn uséd'throughout these studies

r

was Acﬁoleplasma laidlawii (formerly Mycoplasma.laidlawii), strain»B

originally obtained from D,G, ff. Edward (Wellcome Research Labora-
tories, Beckenham, Kent, Eﬁgland) ’

&
- ' 2, Radioactivo fatty acids and their sodium salts: Sodium
acetate (210)-1,2-c1* (54 nC/mmole), sodium propionate (3:0)-1-c*
(22 nC/mmole) and sodium butifate (430)-1-c1* (11.5 nC/nmole) were
purchased from NewJEﬁgland Nuclear (Boston, Mass., u,s. A, ). Sediun

hexanoate (6:0)- 1-C ,(iomc/mmofé) and octanoic acid (8:0)- 1-Ciu

(3.87 mC/mmole) were obtained from;&aﬁ Isotope & Nuclear Division .

(Irvine, Calif,, U,S,A,), Decanoic acid (10:0)-1- ¢l (21 nC/mmole) was
purchased from Amersham/Searle (Des Plaines, I11,, U,S.A.). Dodecanoic~
acid (12:0)-1-0 (5?.5 mC/mmole), Tetradecanoic acid (1&:0)-1-614 .
(AS mC/mmole), and hexadecanoic acid (i6xO)-1-C1a (9.6 nC/mmole) were
yroducts of Applied Science Laboratories Inc, (State College, Penna,,
U,S.A,). The radiopurity was greoter than 99Aper cent for all of these

materials,

3. Nonradioactive fatty acidss The-nonradioaotin fatty

V acids were obtained from One?of the following companies: -Analabs

(North Haven, Comn., U,S,A,), Nu-Chek-Prep Inc, (Elysian, Minn., U.S.A, ),
Serdary Research Laboratories (London, Ontario Canada) The.purity-

was greater than 99 per cent for all the acids used. Positional isomers
of octadecanoic acld were synthesized and generously donated By A

4

- Dr, P47 Barton, Department of Biochemistry, The University of Alberta,
| < , _



4, Enzymes: The lipase from Rhizopus arrhizus dedemner was

the generous gift of Mr, T, Tomita (Tanabe Seiyaku Co, Ltd.,- Tokyd, * )
Japan),
| 5. Silicic acid: Bio-Sil A, 200-325 mesh (Biorad Co,,
Richmond, Calif,, U,S,A,) was used for the initial coluan chromato-
graphic pdrifice.tion of ‘the total lipidsh Unisil 200-325 mesh
(Claxkson Chemical Company Inc., Uilliamsport Pefina,, U,S,A, ) was used
for the column chromatographic Separation of the total membrane 1ipids
into various”fractions, Silica gel H (E Merk, Germany) ¥as used for .

¥

thin-layer chromatography (TLC) |
B 6, Other chemicals used were ;11 reagent grade, ?
A7;"Preparation of 1lipid-poor growth medium: 120 8 of
tryptose (Difco Laboratories, Detroitf‘Mich.. U,S,A, ) waS/iissolved
in 1200 ml of hot water, cooled and acidified to pH 'Y to 2 with about
50 ml of conc, HCl, The solution was twice extracted with jbo ml of
chloroform to remove most of fheelipoidal material present, 22 2 g of
Tris (buffer) (J. T. Baker Chemical Company, Phillipsburg N.J., U,S,A,)
was added, water Was then added to bring the total volume %0 61, and
the pH was adjusted to 8,0 to 8,2 with MO per cent NaOH, To 1 1 of
the sterilized tryptose nedium were added 10 ml of 25 per cent (¥/v)
t“’-'glucose 1ml of a 100, OOO units/hl solution of Penicillin G (Pfizer,
“-Hontreal Quebec) and 40 ml of 10 per cent (*/v) BSA (bovine serun
albumin), B grade, fatty acid-poor {Calbiochem, San Diego, Calif,,
U.S.A, ), which reduces the 1ytic effect of exogenous fatty acids.
Gluﬁose was added as a sterile aqueOus solution after autoclaving

, The sterile. Penicillin G was prepared by 1n3ect1ng sterilized water’_[:3
L2 .

. = -

<



into a vial containing crystalline Penioillin G. The pH of the BSA
solution was adjusted to 8,0 to 8.2 by addjtion of NaOH and the

solution was sterilized by Seitz filtration,

8. €onditions of growth: Fatty acids were added to the

v

lipid-poor growth medium as sterile ethanolic solutions contain;pg
10 mg or more f fatty acids per ml of ethanol The Tinal concen-
tration of ethanol in the growth medium was 0,5 per cent or less
Cells were grown statically at 3 to 37°% unless otherwise specified,

‘Cell growth Was monitored by measuring the absorbancy dt 450 nm, -

| " 9; Extraction of lipids from the cell membrane: Lipids Were
extradzed by the Bligh and Dyer method (1959) throughout these studies,
The cell Pellet obtained by the gentrifugation (13,000 x gy 15 min)
Wmedium was tritulated with 40 m1 of water, mixed with
150ﬁml’ methanol-chloroform (211), and centrifuged (650 x g, 15 min),
The supernatant was removed and retained and the cell Pellet w
extracted agecond time The combined one-phase chlo form-methanol-
water solution was mixed well with 200 nl of chloroform, 200 ml of‘
water, and Loo ml of chloroform in' that order, and centrifuged
(650 x g, 15 min), This centrifugation resulted in a, clear separation
into two phases The upper methanol-water phase anqh;he interphase
contained non-lipid materials like proteins and the lower chloroform '
phase contained essentially all the lipids present in the cells, The
' upper phase and the interphase were eliminated by aspiration
iy

After reducing the volume by evaporation, the lower chloroform” layer
Was passed through a chromatographic column prepared from 5 g of



‘silicic acld in chloroform, The column was Washed.once with'iOO‘nl of
, methanol, < The volumenof solvents used at each step of the extraction
>procedure was altered pkoportionally when the volume of culture medium/
used wWas less than 11,

10, Preparation of methylesters of fatty ‘acids: Methylesters
of fatty acids were prepared from complex polar lipids by transester- |
ification by heating with acidified anhydrous methanol according te A
the method of Gander et al, (1962) The lipids uere dried in a' screw-
capped test tute (15 x 1,5 em) with teflon liner To the test tube -
Were added 10 ml of methanol and several drops of c0nc. sulfuric acid,
and the tube was heated at 6506 for 2 hours After cooling. the
.contents of the tube were transferred to a 125-ml separatory‘funnel
mixed with 20 ml of water, and the methylesters were extracted twice N
with 10 nl of hexane. The extracted hexane solution was - dried with
anhydrous sodium sulfate, A smaller scale extraction method was also o
successfully psed, especially yhen‘the'volume ofrthe'culture medium ‘ |
-capped test tube (10 x 1,2 cm), 'ff‘\\aj
» ification was done tn

" was less than 250 ml, A small

again with a teflon liner, was used The-
1 nl of methanol and one drop of C. sulfuric‘acid at 65°¢ for 2f
‘hours, TAfter cooling;‘z ml of water and 0,5 ml of hexane Were-added

and the small test tube was shaken well The upper hexane l%ryer was
transferred tg\a conical tube with a Pasteur pipette and thi lower -
phase Was extracted once more with 0, 5 ml of hexane. ‘To the conicai
tube" containing the hexane extracts were added a very small amount of

anhydrous sodium sulfate, and the tube was quickly centrifuged in a



\3"3 o

clinical centrifuge. The supernatant hexane extracts were injected

/" into the gas-1liquid chromatograph (GLC) .elther directly or after

>

concentration by evaporation, . - R _ | B

)
i .

11.“>Analysis of fatty acid COmposition By.gas-liquid chroma-
tography (GLC): The gas-1liquid chromatograph used in these studies
was a H wlett Packard model 57004 (San Diego, Calif - U.S,A.)~equipped~
With Hydrogen flame ionization detectors, a model ?{ZBA'strip chart

© recorder, and a model 3370B eleetronic integrator, The chrOmatograpﬁic

column Stainless steel, 3" x 6! ) Was packed’ with 10 per cent diethylene -
glycol succinate on Anakrom ABS, 70/80 mesh, support (Analabs North
Haven, - Conn., U,S,4, ), Chromatographic conditions Were.as followsz
column temperature, initial - 80 to 12000 final - 210 Cs temperature
raise, 4 or 8° C/min; carrier gas, helium; flow rate, 60 to 100 ml/min;
Tange of sensitivityf 100 or 1000, Fatty acids were identified on the
basis of retention times as compared to knﬁ standards, The proportion

of each fatty acid present in a sample was calculated from the area

under each peak as determined by the electronic integrator

!

12, Analysis of the radioactivity of fatty acids by the radio-
activity monitoring gas-Jiquid chromatography (RAM-GLC) system: The
" GLC was equipped with a splitter capable of shunting variable

proportions of . the gas leaving the chromatographic column into the
flame ionizatiOn detector and the RAM system (Nuclear Chicago Co.,
Des Plaines, Ill., U.S,A;)., The RAM system consisted of three com- N
‘pone?és — a combustion furnace control (model A-603h) a counter
module (model A<6035) and a single channel ratemeter (model 8731)




The stgip,eﬁ//; Tecorder used for the GLC analyses was also connected
.tq the RAM: system The sensitivity ranges used were 100, 000 or_
300 000 cpm, /and the time constant was 1.second, Propane was used\as
. a quench gas and its flow rate was 30 to UO per cent that of the
‘;’helium carrier gas, The radioa.c‘t’ivity of the fatty acids was calcy.
lated from the \areas under each peak as determined by triangulation

Thus the RA&-GLC system proVided a simultaneous analysis of the radio-

o, activity and the mass of each fatty acid

L



~ CHAPTER I

DE NOVO FATTY ACID BIOSYNTHESIS IN ACHOLEPLASMA -LAIDLAWII B

B3]

Introduction

In this introduction, I wish to present a general‘review of

e biosynthesis of the two most common groups of fatty acids found
in living organisms, namely the even-numbered, straight-chain saturated
and unsaturated fatty scidsu Since u;saturated fatty ac%?s often are
derived from their saturated analcgues, the‘biosynthesis of . the
saturated fatty acids will be discussed first, Prior to 1958 it was
thought that fatty acid biosynthesis in animal cells Was accomplished
by a‘reversal of the fatty acid beta-oxidation pathway known to’ be
present in mitochondria, "It is ‘now clear that the de novo biosynthetic

rathway is a completely distinct enzyme system and differs from the

| 'fbeta-oxidation systenm in the following ways:

i

1,, ACP (AcyloCarrier Protein) functions as the intermediate
carrier throughout the blosynthetic sequence, whereas

~ CoA (Coenzyme A) is the intermediate carrier in beta-
‘

)

oxidation.

2, Malonyl ACP provides the two carbon units for the de novo
synthesis, whereas acetyl CoA is liberated in the beta-

oxidation scheme.

3, During bioSynthesisD-beta-?ydroxy acids are produced,
'whereas during beta-oxidationm L-beta-hydroxy acids are

“formed



]

w

4, '.During blosynthesis NADPH, and Possibly KADH, are utilized
v ::.the hydrogen donors, whereas during Eg&g-oxidation NAD
"{ and FAD are used as the h&droven acceptors, '

‘5! The beta-oxidation enzymes are localized in the mitechondria,

-

i whereas the enzymes of de novo biosynthesis are found in the

-

Supernatant fraction of animal cells,

, The de novo synthesis of saturated fatty acids is catalyzéd
by tvwo enzyme systems whigh function sequentially, the abetyl-CoA car-
bo>(y1ase and the fatty acid synthetase complex, Acetyl-CoaA carboxylase
'catalyzes the carboxylation of acetyl-CoA to malonyl CoA which in
‘turn acts as the two-carbon donor for, the chain elongation of a primer

&

‘molecule, typica.lly acetyl- ACP The acetyl-CPA carboxylase }f‘

;".Escherichia coll has been resolved into three functionally distinct

f'f'protein components, BCCP (biotin carboxyl carrier protein), biotin
.carboxyla.se, and transcarboxylase, The reactions cata.lyzed by these
enzymes are Seen” in the following scheme (Alberts and Vagelos, 1968;@,

Alberts et al., 19693 Fall and Vagelos, 1972): E

ADP+Pl . ATP+HCO;
A : o Mn2+ ’
Biotin carboxylase

CO,-BCCP BCCP
: Tronscorboxyiose

L4

Acetyl-CoA Malonyl- Cp'A .



The prosthetic group of BCCP, biotin, is carlgoxyleted in a Mn2+-

.
i

and ATP-dependent react,ion catalyzed by biotin carboxylase to form

co '-BCCP The third protein component the transcarboxylase,

2 -
(\
catalyzes the transfer of the carboxyl group from CO2 -BCCP to acetyl- A

CoA to form malonyl-CoA; this reaction regenerates BCCP which ﬁ then

-

available to accep another carboxyl group. The prosthetic group,

biotin, is known "covalently bdund tovthe epsilon-amino group of

a lysine residue fin the\ protein moiety of BCCP molecules and can accept

-carboxyl biotinyl BCCP:

o) :
I
O .
I\
"0-C-N NH
|
HC——CH o NH e
| | GE | A
H2C\ CH—(CH2)4,—C—N-(CH2)4-CIH o -
s | C=0

a

.

Animal and yeast acetyl-CoA carboxylases have not been successfully

T

separated into functional components, o ‘ | -
b - The second enzyme system, which catilyqes the synthesis of
saturated 1ong-chain fatty aoids from malonyl-CoA and a suitable
primer, is called the fatty acid synthetase complex This system

exists as a multi-enzyme complex which has never been separated 1nto

its active compogghts in yeast and animal cells; however, the individual

protein cOmponents of the fatty acid synthetases of E coldi, : 4

Clostridium kluyverii, and some plants are found notfto be associated

when thesevcells are disrupted, The individual enzymes of the fatty

facid synthetase complex have. thus been 1solated and the details of

o -



The-complete amino acid sequence of E, coli ACP has been determiqﬂd,
3

10

L4

thb‘intermediate reactions elucidated by using these latter organisms,

- However, whether the component proteins exist in vivo as a multi-

enzyme complex in these bacterial and plant systems is not known,

L4

Euglena gracilis, grown 1in ‘the light on mineral media, and

Mycobacterium phleil are  rather exceptional in that they appear to

contain both types of fatty acid synthetase (Delo et al, » 19715

: Brindley et al,, 1969). A central component of the fatty acid syn-

thetase complex is a small, acidic protein called Acyl Carrier‘frotein
(ACP) (Majerus and Vagelos 1967) It contains 4'-phosphopantetheine
as the prosthetic group and is synthesized from CqA by the following —

transfer reaction (Majerus et al,, 1965, Elovson and Vagelos, 1968):

C/oenzyme’ A | ADP
Holo A—\AC P synthetase
’ R
~ Apo-ACP " Holo-ACP ( &

&
14
3
. /7
.
o=

e
and the prosthetic group is known to be linked to a serine residue
of the protein through a phosphodiester linkage (Vanaman et al,, /

1968);
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‘The thiol group of 4'-ph08phopantetheine can form a high energy
thiol ester with fatty acids and this thiol ester serves as the
active intermediate in the various biochemical reactioas catalyzed
by the syntheta.se complex ACP, or a proteilﬂtioning like ACP
.has been identified not .only in E, coli but also in various other
. biologic&l systems capable of the de. novo synthesis of fatty acids,
o The entire sequence of the syn esis and the names, of
the enzymes responsible for each step, are shown in the following

map:



CHyCO-S-Con L
3 ° "7 = >HOOCCH,CO-$-Con
RCOOH ACP-SH
() Nal :
ACP-SH+ (7) CoA-SH 2 ACP-SH
‘ CH3CO-S-ACP NS CoA-SH
H,0 .,»
Voo
"HOOCCH,CO-5-AC
G

NAD(P) <~

NADPH + H*

5.
6.

7.

[
- CH3CH,CH,CO-s-ACP

Acetyl-éc;A-AGP t:;ansac&la.se
Malonyl—CoA-ACP transacylase
(_Igeﬁ-ketoa.qyl-ACP' syntheta‘sé
Egig-ketoaqyl-ACP reductase
E_t;-hydroky-ACP dehydrase
Enoyl sCP reductase

Fatty acyl-aAcp hydrolase

: 3
CO, + ACP-SH

- CH3COCH, CO-S-ACP

( co;idensing enzyme)

12
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Both acetyl-CoA and malonyl-CoA are converted to correspcnding ACP -

iy

thiol estersvby reactions 1 and 2, respectively. Acetyl- ACP and
malonvlqhéP cghdense (reaction 3), and liberate ACP and carbon
dioxlde ftom aoehyl ACP and alonyl ACP, respectively. The beta-keto
acyl- ACP is’ then reduced by NADPH (reaction 4) to form beta-hydroxy
acyl-ACP, This hydroxy compound is then dehydrated (reaction 5) to
crotofiyl ACP, vhich is further reduced by NADFH or NADH (reaction 6)
to butyryl-ACP, a compound two carbon units longer than the primer,
acetyl-ACP, This cycle repeats until the acyl chain reaches the
appropriate length at which time the fatty acyl-ACP is hydrolyzed
to a free fatty acid (reaction 7) The detailed mechanisms for the
component reactions of yeast and animal fatty acid synthetases, which
exist as non-dissociable;multi-enzyme complexes, have not been eluci-
dated. Although some minor differences between these two systems are
known to exist (Kumar et al., 1972), the overall reaction scheme is
expected to be very similar,

o Both the acetyl-CoA carboxylase and fatty acid synthetase‘

A

cgmplexes are known to be subject to biochemical controls, through
both allésteric regulation and adaptive change in enzyme content,
Although allosteric regulation has been demonstrated in vitro with
tricarboxylic acids long-chain fatty acyl CoA's and phosphorylated

sugars, it is st1ll unclear whetherﬁ&hese regulatory mechanisms also

operate in vivo, Adaptive changes in enzyme content in response to gj
) various nutritional states, however, have been clearly demonstrated o

- in vivo by immunochemical techniques (Majerus and Kilburn, 1969), The
Vlevels of acetyl-CoA carboxylase and fatty -acid synthetase are markedly/

~ higher in the livers of animals maintained on fat-free diets as compared

7
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to starve\i animals, due to both the increased_,rate of synthesis and
the decfea.sed rate of degradation of these _e'nzym_wstems.
Straigh(-chain saturated fatty laci“dQ conta}ining an even .
nunber of carbon atoms are often the only major products of the de novo
fatty acid synthetic pathway. Some organisms, however; can synthesize
straight-chain saturated fatty acids containing an odd number ef carbon
atoms by utilizing propionyl-CoA as a primer instead of acetyl-CoA,'pre-
sumably by the same sequence of reactions previously discussed
(Horning et al,; 196131Kaneda, 1963), Other erganisms can also
synthesize even- or odd-numbered isobranched fatty acids and/or odd-
| numbered anteisobranched fatty aclds by using isobutyryl-, isovaleryl-,
Jand alpha-nethyl butyryl-CoA, respectively, as primers (Horning et al,,
19613 Kaneda, 1963), These CoA derivatives are derived from the amino
acids, veline, leucine, and isoleucine, respectively, by transamination
followed by oxidative decarbbxylation.‘ | Q
There exist two different pathwayglfor the blosynthesis of
unsaturated fatty acids, the anaerobic and aerobic pathways, The former

4s found only in members of the class Eubacteriales, There are no.

organisms known to have both the anaerobic and aerobic pathways., Since

the anaerobic pathwey is most closely related to the de novo fatty acid

synthetic pathway, this pathway is discussed first Hofmann et al (1959)

found that cis-unsaturated fatty acids having 12 to 16 carbon atoms all

havingsthe double”ﬁond at the same distance from the methyl terminus of

p’ ;
the molecule as cis-vaccenic acid. can serve as gxpwth factors replacing

cis-vaccenic acid in Lactobacilli. and suggested the existence of an

anaerobic pathway for unsaturated fatty acid synthesis, which 1nvolves
¢
- the chain elongation of preformed shorter-chain unsaturated fatty acids,

P

-
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Goldfine and Bloch (1961) reported that cultures of Clostridium
butyricum extended exogenous radiaactive C8 and QIO saturated acids to
lahﬁled longer-chain monounsatura£€d as well as saturated acids,

whgréas no unsaturated acids arose from substrates longer than C10,

The enzyme or enzymes resboﬁsible for thg synthesis of unsaturated fatty
acid§ in this organism must specifically attack only certain short-chain
fa£ly acid intermediates, The crude fatty acid synthetase from_g. gél;
was shown to contain an enzyme that catalyzed the dehydration of Eéiéf
hydroxydecanoyl-ACP, a normal inteérmediate in the fatty acid synfhesis,
to a mixture of trans-2- and gig-B-decenoatgs'this enzyne also cata-
yzes the interconversion of the two 1somers (Norris et al,, 1964),

e

Trans- oy1<ACP s a normal intermediate of fatty acid synthests,
and can be reduced_by enoyl-ACf reductase to the séturated decanoyl-ACP
and further elongated, Cis-3-decenoate, hoxéver, is different from the

. normal ‘intermediate in the configuration and the position of:the double
bond, and is elongated without being réduced. This cis-double bond 1#,

therefére, retained and lohgschain unsaturated fatty acids are produced

15

by further chain élongation. The ehzyme, beta-hydroxydecanoyl thioester ‘

dehydrase, hag now beép purified to hom6gpneity,,and its mode of action
has been studied (Kass et 51_;, 19673 Brock et al., 1967), Since E, _c_ol_i
.unsaturated fatty acid auxotrophé, vhich lack pgigyhydroxjdecﬁnoyl )
thioester dehyd.ra.ser(Silbert and Vagelos, 1967), can stiil synthesize
the long-chain saturated fatty.acids, t?is'enzyme musi not be required
‘ for the synthesis of long-chaih saturated fatty acids, In fgtt,
altogether three other beta-hydrpxy-ACP dehydrases have now been found
to be 1n§olved‘in saturated fatty acid bio;ynthesiszin E. coli,  They
are beta-hydroxybutyryl-, beta-hydroxyoctanoyle, and beta-hydroxypalsltyl-

" ACP dehydrase, and have a specificity toward short-, intermediaté-, and



.

long-chain b_e_tﬁ-hydro‘xy—acyl-'ACP"s, | ¥espectively (Mizugaki et al.,

1968a, 19685) All of these dehydrases,' however, produce only the normal
trans-2-enoyl intermediates and are essential for the biosynthesis of
long-chain saturated fatty acids, The folloﬂing scheme shows the bio-

synthetic pathways for both saturated-and. unsaturated fatty acids,

Acetyl- ACP

CHy(CHy)5CHyCO-S-ACP » v

/ : Molonyl ACP
COr<

. ’CH3(CH2)5CH2C|{ CH, CO-S-ACP
, . o
CH3(CH2)5QH2 E—CH2CO—S—ACP
o o 5-—Hydrodxydec‘:cn0y|—ACPb
} v}‘HH (‘;/' N B
CH3(CH2)5C C-CHy CO- S—ACP o CH3(CH2)5CH2C=%’CO—S—ACP

— Ma|ony| ACP ' ‘ — ’
- CH3(CH2)5CH2CH2CH2COTS—ACP

-Malonyl -ACP |

-

e CH3(CH2 )sC=C(CHlgCOOH

% S‘dtufated ,dc.ids



All organisms, with the exception of certain bacteria, form

unsaturated fatty acids by the aeroblc pathway, which 1nvolves the

direct introduction of a double bond into the hydrocarbon chain of

preformed fatty acids by an oxygen-nediated abstfaction of hydrogen,

as shown in the following overall reaction (Bloch, 1969):

' CHg(€H)nCHyCHR(CH))mCO-5-CoA(ACP)

O2
2?12()

: NAD(P)H +H*
INAD(P)‘“;
v

. : y
CH3(CHp)n CH=CH(CH2),,, CO-5-CoA(ACP)

Oxygen and NADPH (or NADH)’act as electron acceptor and electron

donor, respectively. The reaction is apparently catalyzed by,a series

of enzymes, which transfer -electrons from reduced pyridine nucleotide

to oxygen by way of flavoproteins and nonheme-iron proteins (Nagai

"and Bloch, 1968), These enzymes exhibit positional- and stereo-~

speci/icity toward the hydrogens to be eliminated and only produce |

the cis-isomers (Bloch, 1969),

bonds fatty acyl thioesters are required substrates.

For the oxidative insertion of double

CoA derivatives

are ‘active in the desaturation systems.of yeast, animal tissues, .

and M, pﬁle { plant systems use the ACP thioesters.

Gurr et al, (1969)

and Talamo et al, (1973), however, have suggested that even the .

I

fatty acids esterified to lecithins can be a substrate for the R

.desaturation reaction. The monounsaturated acids formed can be

el ther elongated (in thioester form) or be further

13
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desaturated to higher polyunsaturated acids by an enzyme sy"tem (ov
- systems) which also requires oxygen and reduced pyridine nucleotide,
The question of whether the Same enzyme system is' involved in these
. Subsequent desaturations as in the synthesis of monounsaturated acids
'remains to be answered. |

It is known that the chain length of the fatty acids Syn-
thesized depends on the location of the fatty acid synthetase complex
The apparent chain length of fatty acids in lipids may be different
depending upon\tneﬁtissue or organ examined,'or even depending ‘upon the
membrane systen in the same cell (Van Deenen, 1966), Many investigators
have been intergs ed 1n the mechanism for the termination- of fatty acid
chain elongation. Greenspan et al, (1970) undertook a detailed study
of substrate specificity of the beta.-ketoacyl-ACP synthetase, which is
responsible for the first condensing reaction in the elongation cycle,
and demonstrated the.importance of ‘this enzyme in the termination of
chain elongation and i the accumulation of specific saturated and
unsaturated fatty acids in the cell, " Fatty acyl-ACP hydrolase, which
is the enzyme responsible for the liberation of the free fatty acid
‘products from their ACP derivatives, may also function. in determining
the chain. length by specifically hydrolyzing ACP derivatives having
the appropriate chain lengths Simoni et al (1967) demonstrated that
-some property of the ACP itself might control the,chain length of the

'ough ACP components from plants and E, coli

, fatty acid product,
functioned int eably in their resPective fatty acid synthetase
systems, the chaln length of the fatty acids produced varied according
. to the source of the ACP added,, In spite of these investigations the

Precise mechanism of the chain termination is still not fully understood
. 4 : :
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‘and remains to be elucidated in future studies,
‘Rottem and Razin (1967) reported the incorporation of sodium

acetate-i,z-Clu into polar 1lipids by washed cells of Acholeplasma

laidlawii (oral strainﬁ. ‘Pollack and Tourtellotte (1967) also,reported.??
the formation of long-chain radioactive fatty'acids by A. laidlawii %E!L
from radiolabeled acetate, and separated these fatty acids into their
molecular species by reversed-phase Thin Layer Chromatography, "Radio-
autographp of'the;TLCﬁchromatoplates revealed that 14;0, 16:0, 18:0 and
possibly 15:0 were radiolabeled although quantitative results were not
obtained due to the inSensitiuity\of the methods used, No radio-
labeled unsaturated.fatty acids were detected, |

Rottem and Panos (19?6) developed a-cell-free system from
.A, laidlawii A for the synthesis of long chain fatty'acids, As is
often noted in cell-free systems, the pattern of fatty acids formed
¥as shifted ‘tovard the longer-chain fatty acids, with 1810 being the
predominaut fatty acid produced (83.2 per cent), whereas 1410 and 16:0
are the predominant products observed ig vivo, In this study it was

clearly shown that there was no synthesis of unsaturated fatty aclds;
only saturated fatty acids were formed when beta-hydroxydecanoic acid
replaced acetate in this fatty acid synthetase system, The addition of
a beta-hydroxy thioester dehydrase Preparation Z;bm wild type E, coli B
to this cell-free system resulted in the formation of both saturated
'and unsaturated acids Recently a partial purification of (ACP from

choplasmas and Acholeplasma was reported (Rottem et al,, 1973)

. In this chapter the author will attempt to determine conclu~

sively whether or not the - de novo biosynthetic pathway is present in the

simple procaryotic microorganism AcholeplaSma laidlawil strain B



(formerly Hycoplasma laidlawii B) and to characterize the produgts of

this pathway, He will also Investigate the primer specif1c1ty of the
fatty acid biosynthetic system in this organism,” In addition, alter-
- ations in the nature and quantity of the fatty acids synthesized by

this pathway, in response to changes in growth temperature and to the

&
+ presence of various exogenous fatty,acids and cholesterol in the growth

medium, will be studied, Finally, some concl\%.pns as to the bio-
¥

chemical mechanisms® underlying de novo fatty acid bidsynthesis and its

'regulation will be advanced, and the possible biological significance -

of these mechanisms will be discussed



A. The de novo biosynthesis of fatty actds by Acholeplasna laidlawii B

1; Materials and Methods
Sodium acetate-1,2-C ( 500 }xC 9,25 ),xmole) or sodium pro-
pionate-1- c ( 50 pC, 2,27 }mole) were \added to 125 ml of lipid-poor
growth medium before_inoculation Cells were harvested in late log

Phase after 20Ahours of growth, Lipids were. extracted and methyl esters

¥vere prepared by the -small scale procedure,

2, Results . ‘ ?
Fattiy a ds containing less than twelve carbon atoms have o

been reported to beiabsent from the membrane lipids of A, laidlawii B
(McElhaney and Tourtellotte, 1969), Hoﬁever, the.significance of this
observation has been questioned, since conventional procedurés fof the
transesterification and recovery of fatty acids may result in extensive
loss of the relatively volatile short-chain fatty acids and their
esters, To test definitiveix‘whether short-chain fatty acids are lost,
from A, laidlawii B membrane lipids during the conventional Preparation
of methyl esters, hexanoic acid'(6:0)-1- 4 was utilized as a short-
chain fatty acid standard Hexanoate radiaactivity was measured with
a liquid scintillation counter (Beckman, Model LS-230) at eachmstep of
the transesterification procedurex before and after 2 hours of incu-.
bation in acidic methanol at 65°C, after cooling and extraction of h
'gié'reaction mixture with hexane, -and after removal of . the hexane
: solvent with a rotory evaporator.~ Hexanoic acid and its methyl ester |
 wWere. quantitatively retained in the acidic methanol solution during ?
the 2 hourlincubation at 65 C, and’ methyl hexanoate was also quanti-

tatively extracted into the hexane phase. Houever; almost 90-per,cent

i3
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“of the fatty acid methyl ester was lost during evaporation of the

hexane solvent, . This loss was partially prevented by using diethyl-
I
ether instead of hexane, and by evaporation of solvent under a stream
I

of nitrogen gas instead of by use of a ratary evaporator However

¢

the loss was still more than 50 per cent with this modified‘procedure
The simplest way to overcome this problem of evaporative loss Wwas to
use the smallest possible volumes of methanol and hexane in the ester-
ification and ester extraction steps respectively. If “the RAM-GLC
system is operated at high sensitivity settings, it is even possible

to analyze tne fatty acid composition directly from the hexane extracts
without any evaporation cf the hexane solvent, Methyl esters of fatty
acids from A, laidlawii B membrane 1ipids from a 250 ml culture were

Wsing various volumes of acidic methano], After the incubatidn

pdded to bring the total volume to 10.ml, the esters were °
;py thevconventional method and analyzed by gas-liquid
fraphy (GLC), With 1 ml of methanol, the smallest volume
"quantitative recovery of esters of fatty acids with more than
fcarbon atoms was obtained, The volume of hexane required to
tatively extract esters from 1 ml methanol plus 2 ml ‘water was
”.;fetermined and quantitative recovery of methyl .esters was obtained
‘ u§lng two extractions with 0.5 ml hexane -each, Using this small-
scale transesterification procedure, no fatty acid containing less ¢ .
than 12 carbon atoms were detected 1in the total membrane lipids of |
A laidlawiiZP indicating that indeed short-chain fatty acids are
absent from the lipids of tbis organism,

Figure 1 shows the RAM-GLC chromatog;am cf féﬁty aclds

~ obtain dhfrom cells‘grown in‘the presence of sodium acetate-i,z-ciu.




Fig, 1 , A RAM<GLC chromatogram illustraiing the Incorporation of
1,2-Cl%_acetate into the fatty acids of the total membrane lipids of
A. laidlawii B, The cells Were grown in the presence of 1,2-clb4_

fatty atid component were determined as described. in the text,
Identification of the major components; -A, solvent; B, 12:0; C, 13:03

D, 14:0; E, 15:0; F, 16:0; G, 17:0; H,"18:0; I, 9-18:1c; Jy 9,12-18:2¢, c,
| mmescee and e are GLC (mass) and RAM (radioactivity) tracings,
reSpectiVely. This is a representative'chromatogram from triplicate
experiments, ‘
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Radiocactive peaks corresponding to 12:0, 1310, 14,0, 15:0 and 16:0

are cléafly demonst;ated, and less obvious peaks for 17:0 and fﬁ:o
are also observed on the shoulder of the 16:0 peak, No‘radioaciivity
is associatediwith the unsaturated fatty acids, 9- 18x1c and 9,12-18;2¢c,
TEFSe two unsaturated fatty acids must then represent exogenous fatty
acids derived from the growth medium, 1In fact, these unsaturated fatty
acids were found to be the maJor residual fatty acids in the 1ipid-~
poor growth medium, along with 1630 and 18:0,

From the RAM-GLC chromatqérams the relative specific activ-
ities for each fatty acid synthesizeq from acetate were calculated by

the following equation:

Radioactivity
Mole Fraction

Relative specific activity =

The relative radioactivity of each fatty acid was taken as the area

under the appropriate RAM peak, The mole fraction of that’acid was

obtained by dividing the area under the GLC peak by the molecular
welght of the fatty acid methyl ester, The relative Specific activity,
t?ereforeﬁ glves the relative radioactivity per molecule in arbifrary
units Although the absolute specific activity (FC/%nble) can be
obtained by carefully calibrating the RAM-GLC system, determination of
the absolute Specifice activity on a routine basis would have been time-
consuming, and would have yielded little additional useful information
If the relative specific activities of a series of biosyn-_

thétically-related fatty acids (even- or odd-numbered saturated fatty

acids, for example) are plotted against the cha.in length. of the fa.tty

. acid produced a single straight line should be obtgined provided that

these acids are synthesized from a single primer by the sequential

25
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addition‘of two-carbon units derived from acetate, Moreover, the
intersect on x-axis should indicate the chain length of the (unlabeled)
primer for that se&ies of fatty acids, Figure 2 cléarly indicates
that even-numbered and odd~-numbered saturated fatty acids are syn-
thesized from radioactive acetate and "cold" gfopionate, respectivelyt
under these‘experimeﬂgal conditions, N | s

| Odd-numbered straight chaiﬂ‘fatty acids are, generally speaking,
rather rare in’ living organisms, It is therefore of interest to note -
that this organism produces about 10 to 20 mole per cent of these fatty |
aclds under these growth conditions, Since odd-chain saturated fatty
- aclds are not detected in the residual fatty acids of ‘the 1ipid-poor
growth medium, they must indeed oe synthesized gggggzg with propionate
eerving as the ;rimer, as has been demonstrated in other systems
(Wakii, 1970). This was confirmed by growing cells in the presence of
sodium propionate-i Cgu. The results of this experiment are presented-
in Figure 3, Thede are no radioactive ‘peaks for the even-numbered
fatty acids although considerahle activity is incorporated into odd-
numbered fatty acids, The relative specifich;ctivities of the odd- ;
numbered fatty aclds were calculated from {E\}data presented in thisnm-ww-——*-‘rr—
figure, The ratio of the relative . specific activities of 13:0 to 15:0 |
1s 1,06, which is reasonably close to the ratio of 1,00 expected if
both fatty aclds were formed exclusively from propionate However,
the question of whether the propionate is produced by the cell or
incorporated from the medium remains to be answered

Table 1 shows the fatty acid.compositions of cells grown in

sodium acetate, sodium propionate or without fatty acid supplemen-

o

tation, The compositions are quite similan 1n each case, excegpifort



Fig, 2 , The relationship between the relative specific activity
and the chain length of the saturated fatty acids biosynthesized by
A, laidlawii B,. Cells were grown in the presence of 1~,2-C1u-acetate,
and both the fatty acid composition and the radiocactivity associated
with each fatty dcid were simultaneously determined by RAM-GLC, as
1llustrated in Fig, 1. The relative specifid activity of each fatty -
acid was calculated as described in ‘the text, and eecmca-o
are the series of fatty acids containing an even and odd number of
carbon atoms, respectively, The values presented are the averages of
triplicate experiments, The variation‘of the relative specific
activity values for each fatty acid is indicated by vertical bars,
However, the absissa intercept values were very similar in each of"
the three experiments, T : '
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Fig, 3, A RAM-GIC chromatogram 1llustrating the incorporation of
i = 14-propignate into the fatty acids of the total membrane lipids of
A, laldlawil B, The cells were grown in the presence of 1-clik. ’
propionate. (504C, 2,27pmoles) in 125 ml of the lipid-poor growth medium
and: harvested’ in late~log phase, Membrane lipids were extracted and
methylesters were prepared by the procedures described in the text, The
fatty acid composition and ‘the radioactivity associated with each fatty
acid were simultaneously determined by RAM~GLC, as deseribed in the text,
Identifications:s A, solvent; B, 12:0; C, 13103 D, 14:0; E, 15303 'F, 16103 ..
G, 17104 H, 18:03 I, 9-18:1c3 J, 9,12-18:2¢,c¢, cmcemecee ANA . —wwwwwe~ aTe the
GLC (mass) and RAM (radioactivity) tracings, res vely, This is 4% .-
Tepresentative chromatogram from triplicate experiments,
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Table 1 , The fatty acid -composition of the total membrane lipids of
A. 1ai#1awii B grown with exogenous sodium acetate or
sodium! propionate : ’ :

i

i

L, e Exogenous acids
RN .

\ Fatty acidifouﬁd' none so&ium acefate sodium propionate

_ - —“—

1210 AT 5 6.6
1310 TR 50 - QB.B
o %,2 o 24,2 - 31.2
1510 5.1 - . 9.0 ; 6.7
16:0 - 3.5 373 36.6
17:0 1,6 3.3° 1.3

80 6 0 7.0
1811 b5 5.0 S sy
9,12-18:2¢, c» | 1.3 | 1.7 ~0 ) 1,8

'® The fatty acid compositional values are ‘expressed in ‘
rmole per cent and are representative values from triplicate
experiments, The fatty acid composition of the total
membrane lipids of A, laidlawii B grown with sodium acetate

™ - and sodium propionate were calculated from the GLC
- chromatogram seen in Figs, 1 and 3, respectively,
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the lower concentration of 14:0 noted for cells grown in the presence

\/ I
of sodium acetate, The exceptionally low level of 1&:0 is’ probably
‘ due to over-growth in this particular experiment (Knivett and Cullen,

1967; Panos and Rottem, .1970), The fatty acid composition,observed

3

for sodium propionate-grown cells is very similar to that obtained
with cells gro%n in the lipid-poor growth medium without fatty acid
supplementation. Although propionate is incorporated and elongated

as is shown in Figure 3, propionate is apparently not incorporated

in large enough quantities under these conditions to change the ovbrall

fatty acid composition by elevating odd-numbered fatty acid levels,
'The ma jor fatty acids SyntheSized de novo are 14:0 and 16:0, with each
comprising about 30 to 40 mole per cent of the total esterified fatty
- acids, Lesser amounts, 5 to 10 mole per cent, of 12:0 are also Syn-
thesized Odd-numbered fatty acids, particularly 1510, are‘also ‘
produced by the-ée novo biosynthetic pathnay, and_comprise 10 to 20
mole per cent of the total fatty acids, B

can be used by A, laidlawii B as primers for the biosynthesis of e n-
" and odd-numbered saturated fatty acids respectively. It is, then, of
_interest to examine whether this organism could utilize any other types
of exogenous shorter-chain fatty acids as primers for de .novo biosyn-
thesis. Short-chain iso- and anteiso-branched carboxylié'acids can
also serve as Primers for the synthesis of their 1onger-chain homo~

logues s is illustrated“in detail in Table 2, However if a

-
=

. short-chain carboxylic acid contains a cis-double bond or more than
one methyl branch it can not serve as a prinmer, Thus acrylie acid

(propenoie a.cid), beta-methylcrotonic acid, 3, 3-dimethyltytyric

EY
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Table 2 , The fatty acld composition of the total membrane 1ipids of
: A. laidlawii B grown in the presence of various methyl-
branched, short-chain fatty acids at 1,2 mM concentrations

—— ‘
' Exogenous fatty acid
Fatty acid found . biog 5104 | 510a1
= -~
12301 - 0,2% - S
12:0 , 0.9 . 0;3 | 0.7
1300 - 7.2 -
13:0ai - . 3.4
Y S : ‘ X
1310 0,3 e -
- ot 13,2 - -
4o 4,5 29 ag
1504 - LB - @
i510a1 - - - b5.9
1510 ] 3.5 - -,
16101 17.1 . - -
1610 19,1 9.8 1,1
17108 e e 13,2 -
17108 e . \'.\ 5.1
o - - am -
1801 B
180 /f - _‘ 3.5 . o 3.3 b,y
181 4,3 A 9.2
w2 1,3 27 3.2

All fatty acid compositional values are expressed in
mole per cent and are the average of triplicate experiments.



-. | } K\'/j

\‘.,-
i

acid and 2,2~ diethylacetic acid are not utilized as primor molecules

by the/'g novo fatty acid biosynthetic system of this organism,

3. Discussion ‘

The plgts of relative_speciiic activity versus the chain
length of the odd- and even-numbered saturated fatty acid§ﬂ8§nthesized
from exogenons radioactive acetate indicate that beth classes of fatty

-acids are synthesized de novo\from (radioactive) acetate and (nonradio-
active) propionate, respectively (Fig 2 ), Since We would expect
) comparable utilization of radiolabeled acetate (in the form of the
malonyl-ACP thioester) for the chain elongation of both even~ and
odd-numbered fatty aclds, dhe plot described above would ‘be expectéd
to yield th parallel straight lines Honever, an inspection of
Figure 2 reveals that £§%§e lines are not parallel, but that the
increase in the specific activity with chain length is significantiy
more marked for the odd-chain fatty acids There are two possible ’
explanations for this observation, The first Possibility is thak the
“lipid-poor" érowth medium may still contain appreciable amOunts of
even-numbered exogenous fatty acids ‘and that A, laidlawii B incor-
porates significant quantities of these nonradiOactive acids into the
membrane lipids If the pattern of incorporation of these exogenous -
ﬁatty acids is roughly similar to the pattern of de novo biosynthesis,
then the apparent specific~activity of he even-numbered fatty acids =
/ézd-chain saturated fatty acids, --

Indeed, an analysis of the lipidtpoor growth medium do€és reveal the’f? .

would be reduced in comparison to .the

presence of even-numbered fatty acids and : an absence of odd-chain fatty
acids (Table 3) Another observation favoring this possibility is the

i
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'Table 3, The fatty acid composition of the "lipid-poor",
8rowth medium , : : K

Fatty acids found ; mole % - - mg/100m1

1010 742 0,07

12:0 . 4,5 ' 0,05

E 2T/ R 10,3 " 0,13
" 1630 15,6 0.22 \ N

18:0 20,4 0,32

9u18:1c 30,8  0.48

5,9-18i2¢, ¢ 11,0 0,17

2 an values presented in this table are representative
of duplicate experimen't:s. :



very low | hetivity of stearic acid noted in other RAM-GLC

chromatog fesented) where this peak is well-resolved fronm

;eof 0dd- and even-numbered fatty acids with time, Since
}m produces large amounts of acetate frOm the glycolysis of
glucose,z "‘specific activity of exogenous radioactive acetic acid is
‘5bntinu4 l i-ing-reduced by dilution with nonradioactive, endogenous
acetate aslk 11 growth proceeds If we assume .that the propionic acid,
which functions as the primer fortodd-chain fatty acid de novo bio-

synthesis, i": rived from a 1imited amount of”this c0mpound in the

growth"med:i _:,én the synthesis of odd-chain saturated. fatty aeids
may occuiﬁpnly at the early stages of growth, when the specific ‘
activity of acetate, and thus of the endogenouS'fatty acid“products,
is relatively high, Due to the progressive depletion of exogenous
propionate, only even-numbered saturates of lower specific activity_
may be produced at 1dter stages of growth, thus'resulting in a generallf N
reduced average specific activity for this class of fatty acids
) Whatever the explanation for the lower specific activity of ithe even-
- numbered saturated fatty acids, it is clear that most of the 12:0, 1&:
"and 1610 found in the membrane lipids of this organism is produced by
de novo\ﬁeosynthesis from an acetic acid primer, '
It is evident from Table 2 that A, laidlawii B can success-
fully use not only acetate and propionate primers for de novo bio-
.8ynthesis, but also isobutyr;te. isovalerate. and alpha-methylbutyrate
(SN . : '

'

————
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for the synthesis of even- and odd-ﬁumber isobranched and odd-numbered
anteisobranq%g% fatty acids, respéctively. This\organiém apparently
is able\ﬁo c&ggért these shori-chéin carbokylic acids to thgér corre-
spondingiEoA derivatives 'through the action of their acyl-CoA s&nthe-.
tase, and are also presumably converted to their correSponding acyl-
ACP derivatives bylohe or ﬁore acyi-CoA:acyl~ACP transacylases,

Butterworth and Bloch (1970) studied the primer specificity for in

vitro fatty acid synthesis by Bacillus subtilis and E. coll fatty acid
synthetase fractions, They found that B, subtilis lacked acetyl-CoAz>

" acetyl:ACP transacylas;, so that it could only utilize acetyl-ACP, o
but not acetyl-CoA for the synthesis of straight chain saturated fatty
acids, 1In fact, if acetyl-AC? iS'prov;ded in the enzyme reaction
mixture, this compourd can be‘éfficie?tly utilized for the production

of straight-chain saturated fattfxacids, althéLgh'éhis{qrganisﬁ Syn-
thesizes'primarily braﬁched-chain éatty acids undexr normal culture
conditions, Tﬁéy also'cOncluded thd£\the E, céli enzyme fraction gg

a whole utilizes branched-chain intermed;ates poorly, but that the
%

transacylase specificity is not the only cyitical factor in this

p

system, In the presence of arrelatively high concentration (19‘yM) ‘
“of isobutyryl-ACP, only 70 per cent of the long-chain fatty acids . |
produced by the E, coli system were isobranched acids " At the same
concentration the presence of iqg@utyryl-CoA results in the production

of only 2 per cent isobranched fatty acids This observation suggests

that the low activity or high. K of the 1sobutyry1-CoA:isobutyryl-ACP
transacylating enzyme is one of the critical factors in the poor

synthesis' of 1sobranchgd‘fatty acids by E, coli under’ normal culture-

- . ! - '(:

/ ' . : , - o
7 : ' o



conditions, It would be of great interest to study the utilization of
various primers as free fatty acidé3§§'@s CoA- and ACP-deriyatives)

by a cell-free‘fatty acid synthetase system from‘ﬂquaidlawii B~

)

B. The effect of exogenous fatty acids on de novo fatty acid

blosynthesis

i, M#terials and Methods

For experimeﬁts performed in tﬁé absence of ;adfbactlve
-acetic acid various concentrations of either 17:0 or 9-18:1c were added
to 125 ml of the lipid-poof growth medihm before inoculation, Cells .
were harvested in late-log phase and lipids were extracted and purified:
as described4previously. Methyl esters of f;tty acids Were prepared
by transesterification of the extracted lipids, and the fatty acid -
composition was analyzed by ch; For radioactive experiments, 0,12 mM
.\of 1610, 17:0, or 9-18:11c were added before inoculation to 10ml of
the 1ipidppdor'groﬁth medium containing sodium acet;té71.~2-c14 .
(62.5‘PC; 0.8 pmole), Cells were’harvestéq in late-log\phase‘by high
speed EentrifugationA(48,000 x g, 20 min,) to ensure that the Quper—
natant did not contain any cell débris- The celﬁﬁgellet obtained from

o
10 m1 of the growth culture by centrifugation Was

f'xsuspended in.

/
‘4 ml water, and 0, 1 mg of 11:0*was added to the susﬁgisio "

vy v

standard. Lipids were extracted from the suspension by a sﬁall scale
Bligh and Dyer (1959) procedure, Lipids were also extracted ?%oméfﬂé
8 ml supernatant as described below ¥hich 1is essentially a modified
" final step of the Bligh and Dyer procedure. Eight ml of supg;natant
was mixed well with 30 nl of methanol-chloreforn (2 1) and to this A

solution-wereyggded 30-ml of chloroform, 10 ml of water, and 0,1 mg of

38
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1110 as an internallstandard. The resgiting suspension was mixed well
aﬁd”éentrifﬁéed_(Gso X g¢ 20 min ). The lower chloroform layer Was
removed and passed through a silicic acid column (1 g), and the column
%3s then washed with 25 ml of methanol, To the eluent was added 200 pl
of 5 per cent KOH in 95 per cent ethanol to convert short-chain fatty
aclds, if there were any, 1nto their less volatile potassiumsalts,
and_the églution was d;ied. The dried lipids were transferredAto small

o

screw-capped test tubes by dissolution in small volumes of chloroform-

methanol (2:1) and subséduently dried under a stream of niirogen, Fatty -

q _
acid methyl esters were prepared from the lipids extracted both from
cqlls’and growth medium, by the small sca%e procedure and analyzed

\

by RAM-GLC,

RN

2, ﬁesults ‘ .
TWo diffeTent fatty acids were utilized in the experiments
where radiocactive acetate aas not added.  These fatty acids are
both incorporated without being elongated (or shortened ) p eciably
and-are not synthesized de novo signifiéantly. The incorporation

of one of them, 17:0, 1ncreases the gel to liquid-crystalline

‘transition temperature of the membrane lipids and makes the hydro- R

carbon core less fluid, Incorporation qf the other, 9~18:;c, acts
. ) o .
in exactly the opposite fashicn, The fatty acid compositions of

the membrane 1ipids from cells. grown in the presence: of'various
}

- concentrations of one of these two exogenous fatty acids were then

analyzed and a quantitative aq&lysis of the fatty acids produced
by de novo-biosynthgsis Was determined,” Fig, ¥ shows the effect
of the 1nco:boratioﬁ\<nto the membrane 1ipids of increasing

@
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Fig. 4 , The effect of the amount of exogenous 1710 incorporated

into membrane lipids on the composition of the fatty acids biosyn- "

thesized de novo by A, laidlawii B and incorporated into the membrane
lipids, Cells were grown in the presence of varying amounts of 17:0
in 125 ml of the lipid-poor growth medium, The membrane lipids were
extracted from late-log phase cells and methylesters of the membrane
1l1pld fatty acids were prepared by the procedures described in the
text, The total fatty acid composition was first analyzed by GLC,

as described in the text; the relative amounts (expressed in mole per
cent) of the various endogenous fatty acids were then calculated by
ignoring the' presence of any exogenous fatty acid, The amount of 17:0
incorporated into the membrane lipids in each case wass A, .0,0;

B, 19,73 C, 40,9; D, 53.3; and E, 67.5 mole per cent, All values
presented here are representative of duplicate experiments,
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amounts of 17:0, Increasing the amount of 17:0 incorporated increases
the mole perycent of 12:0 and 13:0 present with a concomitant dec;ease
in the levels of 16:0, The levels of -14:0 and 15:0 are not changed
significantly. When 67,5 mole per cent of 1730 is incorporated, 12:0
accounts for 31.? mole per cent of the dg novo synthesized fetty acids
¥hile 1610 accounts for only 21,5 mole per cent, 1In the control exper-
iment 12:0 and 16:0 account for 7.0 and 34,8 mole per cent of*'the total
fatty acids, respectijely, Figure 5 shows the effect of the increasing
degree of incorporetion of 9-i831c. In contrast to 17;0, increasing
the amount of 9-18:1c incorporated into the membrane lipids gecreQSes
the mole per cent of 14:0 biosynthesized with the concomitant increase
in the levels of 16:0 When this organism incorporates up to 74,6 mole
rer cent of 9-18:1c 1& :0 and 16:0 occupy 19,3 and 62,1 mole per cent,
respectively, of the fatty acld produced by the de_novo pathway; in
control experiments, 1410 and 16:0 account for 36,7 and Bh 8 mole per
cent of the endogenous fatty acids respectively.

As a more direct approach to this problem, use was mzde of
sodium acetate-i 2- Cih as a*precursor for de novo biosynthesis 1n the
presence of one of the following exogenous fatty acids: 16310, 17:0 and
9-18:1c. Since none of these exogenous fatty acids are significantly
elongated de novo synthesized acids alone are radiolabeled and detected . .
by RAM This method made it possible to use even 16:0 as an exogenous
acid because exogenous 1630 does not interfere with the RAM reading
of 16xO derived from de novo biosynthesis The experiment described
in Figure 1 serves as-a’control, since it shows the pattern of fatty
acids synthesized ggxgg!g in the absence of exogenous fatty aclds,

.

When A, laidlawii’B:incorporates 35,6 mole per cent of 17:0 into the
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Fig. 5. The effect of the amount of exogenous 9-18;1ic incorporated
into membrane 1ipids on the composition of the fatty acid blosynthesized
de novo by A, laidlawii B and incorporated into the membrane lipids,
Cells were grown in the presence of varying amounts of 9-18:;1¢ in 125 ml
of the lipid-poor growth medium, Membrane lipids were extracted from
late-log phase cells and methylesters of the membrane lipid fatty acids
were prepared by the procedures described in the text, The fatty acid
composition was analyzed by GLC, as described in the text; the relative
amounts (expressed in mole per cent) of the various endogenous fatty
acids-were then calculated by ignoring the presence of any exogenous
fatty acids, The amount of 9-18;1c incorporated into the membrane
lipids in each case was: A, 0; B, 24,63 C, 42,8; D, 49,2; E, 74,6 mole
per cent, All values presented here are representative of duplicate
experiments, e ) ‘
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total membrane lipid, a greatly enhanced’production of. 12:0 and 1310
and a dramatically reduced production of 16:0 are observed (Fig 3 )

| Hhen this organism incorporates 53.4 mole per cent of 1610 into the |
cell membrane, a very similar Pattern is again observed On the other
hand when 72, 3 mole per cent of 9-18:1¢c is incorporated into the
membrane 1ipids, 16:0 becomes the major fatty acid synthesiZed (Fig. 7 ).
It is possible to calculate the composition of the endogenous fatty
acids in the membrane lipids from these _Figures simply by comparing the
mole fractions of the fatty acids synthes1zed which are obtained by.
.'dividing the area under RAM peaks by the number of radiocactive carbon
Y.toms in eaoh molecule. The_results are presented in Table 4,

Although there are some minor differences- in the pattern of de novo
biosynthesis revealed by this technique these results essentially
confirm those obtained with the nonradioactive experiments described

‘ previously, (

" In order to fully evaluate the effect of fatty acid supple-
mentation on de novo fatty acid biosynthesis, it 1s necessary to answer
the following questionx in the Presence of exogenous: fatty acids do-
cells. reduce the de novo synthesis in proportion to their uptake of
- exogenous acids, or do they synthesize constant amounts and excrete
excess yroduets into the‘growth'medium? To a;swer this question, lipids
were extracted from the medium as Well as from the cell membranes
which Were separated by high-speed centrifugation De novo synthesized
fatty acids were analyzed by RAM-GLC, From the control experiment
where sodium acetate-i y 2m Ciu alone was added to the culture, no fatty
acid with appreciable radioactivity is obtained from the medium, In
the pmesence of 9-18:1¢ or(Q\iS:it, again no fatty acids with

(M)

L
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Fig, 6. A RAMGLC chromatogram 11lustrating the effect of the
incorporation of exogenous ‘17:0 into membrane 1ipids on the composition
of the fatty-acids biosynthesized de novo by A, laidlawii B and
incorporated into the membrane lipids, Cells were grown in the presence
of both 1,2-Cl4.acetate (6.25 x 104, 0,8umoles) and 1710 (1.2pmoles)
~ in 10 nl of lipid-poor growth medium, The membrane 1lipids were -
extracted from late-log phase cells and methylesters were prepared by )
the procedures described in the text., The composition of the endogenous. -
fatty acids was analyzed by RAM-GLC, as described in the text with 11:0
serving as an internal standard, Identification of the major peaks:
A, solvent; B, 11,03 C, 12:10; D, 13:0; E, 14:0; F, 15:0; G, 16103
H, 17103 I, 18103 J, 9-1Bi1c; K, 9,12-1812¢,C, <e-mammm - and ~eeew~ are
the GLC (mass) and RAM (radioactivity) tracings respectively, This is
a representative chromatogram from triplicate experiments,
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Fig, 7. A RAM-GLC chromatogram 1llustrating the effect of the
incorporation of exogenous 9-18;ic into membrane lipids on the ,
composition of the fatty acids biosynthesized de novo by A, laidlawii B,
Cells were grown in the presence of both 1,2-CI¥_zcetate (5,25 X 154pc,
" 0,8umole) and 9-18:1c (1.2pmoles) in 10 ml of 1ipid-poor growth medium,
Membrane 1lipids were extracted from late-log phase cells, and methyl-
esters were prepared by the procedures described in the®text. The
composition’of the endogenous fatty acids was analyzed by RAM-GLC, as.
described in the text, with 11:0 serving as an internal standard, -
Identification of the major peakss A, solvent; B, 11:0; C, 12104
D, 13:0; E, 14104 F, 15:0; G, 16:0; H, 18:0; I, 9-18:1c; J, 9,12-1812¢,¢c,
-------- and —ewww~— are GLC (mass) and RAM (radiéactivitys tracings,
respectively, This is a representative chromatogram from triplicate -

experiments, -
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v
significant radioactivity were detected in the groMth mediun, On
the other hand, in the presence of 17:0 (or 16,0), substantial amounts
of radioactive long-chair: saturated fatty aclds are detected._;n the
growth medgum, as is 111ustrated in Fig, 8 . Using the same method-
ology previouSly utilized for the cell membrane, the relative quan-
tities of each de novo biosynthesized fatty acid found in the growth
nedium was calculated and the results are presented in Table 5. A
comparison of Tables 4 and 5 reveals that the spectra of fatty acids
present in the total membrane lipids and 1n the growth medium are
markedly different, In “the membrane 1ip1ds 1b:O is the major endogenous
fatty acid, while in the growth medium 1250 is the predominant fatty
acid derived from the de novo pathway. " Thus, fatty acids are not
released Into the growth medium-in a random fashion vwhere cells are
growing in the'presence of certain long-chain saturated fdtiy acids,
It is also 6f interest ‘té’fnbte that although the patteins of endogenous
fatty acids, found in the total membrane 1lipids from cells supplemented
with 16:0 or 17:0 are almost. identical (Table - l&) the composition of
de novo biosynthesized fatty acids found in the growth medi&m of cells
supplemented with these two fatty acids are somewhat different
5

(Table 5), ‘ | P

- Since 11:0 was added as an internal standard to the lipid
extracts fnom both cell membranes and growth medium it is possible to -
*calculate direétly the proportion of the ;otal fatty acld biosynthesized “.
’~/}ch ie preeent in'the cell membrane'and in the greyth medium, The

results of this calculation are pfesented in Table 6, It is clearly

3
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Fig, 8, A RAM-GLC chromatogram 1llustrating the effect of exogenous
1%:0 on the excretion of fatty acids biosynthesized'gg novo by

A, laidlawii B into the growth medium, Cells were grown in the presence
of both 1,2-Cl%.acetate (6,25 x 10 ¥C3 0,8pmole) and 17:0 (1,2pmoles),
in 10 ml of the lipid-poor growth medium, The medium was separated from
the late-log phase cells by high-speed centrifugation as described in
the’text, The 1lipids were extracted from.the resultant cell-free
medium, and methylesters were prepared by the procedures described in
the text, The composition of the excreted endogenous fatty acids was
analyzed by RAM-GLC, as described in the text, with 11;0 serving as an
internal standard, Identification of the major peaks: A, solvent;

B, 1110; C, 12:0; D, 13:0; E, 14303 F, 15:0; G, 16:0; H, 17:0; I, 18:0;
J, 9-1811c; K, 9,12-18:2¢,c. ===-w=-=-=and —ee are the GLC (mass)

and RAM (radioactivity) tracings,. respectively, This is a representative
chromatogram from duplicate experiments, §
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Table 5. The effect of exogenous saturated fatty acids on -
the composition of the fatty acids synthesized de novo
.by A, laidlawii B and.excreted intﬁithe growth medium

e 1

Exogenous fatty"acidsa
Endogenous fatty
acids found

17:0 - 1610

3
1210 | 48,2 .~ 40,0
1310 | 6.7 > -
14:0 19.8 27,6
16:0. 25.4 32,5
e % The amounts-of the exogenous 17:0 and 1610 incorfbratEd into

the total membrane lipids are 35.6 and 53 4 mole per cent,
respectively. -

N

All fatty acid compositional values-are. _expressed in.
' mole per cent and are oWtained from representative
RAM-GIC chromatograms. \
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Table 6 , The effect of various exogenous fatty acids on the
distribution of fatty acids synthesized de novo
by A, laidlawii B betweén the cell membrane
and the growth medium '

Exogenous a ~ Cell membrane Growth medium
fatty acid - (%) - (%)
" none %%.9 5.1
A
9-1811c : 95.0 5.0
> 1710 : 57.7 42,3
1610 %0 24,0
a

The amounts of the various exogenous fatty acids
incorporated into. the membrane lipids are given

in Table 4, The endogenous fatty acid distributional
values shown here are the-representative results of
‘at least duplicate experiments,



shown that cells grown in the presence of acetate alone, or acetate
plus 9-18:1c, do rot excrete de novo biosynthesized fatty acids,into
the growth medium to any appreciabie extent, On the other hand,

cells gr;wn with acetate plus 1650 or 1710 excrete Subétantial‘amoudts
of endogenous fatty acids into thé‘growth medium’(zh.o and 42,3

per cent respectively). | ‘ .

va We assume that‘the/toial aﬁounts of fatty acid (the
numbéf of molecules) present in the membrane of celis grown in the
presence of varitfs exogenous acids, or without fatty acid supple--
mentation, is cgﬁstant,,we can roughlyiéalculate the‘relative amounts

of the total fatty acid produced by the de novo pathway, present in

the membrane by tii/ffiigying—equgtion: e : .

o
The relative amounts of de novo synthesized _
total fatty acids found in the membrane ,

Total area under RAM peaks in the membrane
- - : x 100
Total mole fractions of fatty acids in the membrane

Since.ﬁe already calculated the pr0por£io£ of the de novo synthesizedb
fatty acids found in theléembrane, compared to the total amount bio-
synthesized, when cells were grown in the absence of exogenous faity
acids or in the presence of 9-18;1c,"17}0 or 1630 (Table '6), we can
vﬁlso calcul;fe-the total amount of the gg novo biosynthesized fatty
acid pfbduced gy the eells in each case by measufing thg relative‘
amount of endogenous fattyvégid present in the cell membrane, The
reséits.of.these calculations’ are préséntéd in Table 7. By

. )1 B , - ‘ .
comparing the relative amount of the total de novo blosynthesized

56
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Table 7 . The effect of various exogenous fatty acids on the relative
amounts (expressed in arbitrary units) of fatty\acid
«\\_Ez?thesized de novo by A, laidlawii B cells

‘ = m—
: _ Amount of o ‘Total amount
Exogenousa ‘endogenous fatty acid endogenous fatty acid
T . fatty acid in the membrane - synthesized by the cell
. . : . . b
none 25,40 26,77
'9-1811c 11,41 ol 12,02
1710 13,38 . - 23,20
1610 - 11,48 15,11

2 The amounts of the various exogenous fatty acids incorporated -
into the total membrane 1lipids are given in Table 4,

® e values shown here are the representative results of at
Jleast duplicate experiments, -

A, Jaldlawii B, which are inoculated in 100 ml of growth medium,
synthesize about 2.3 mg of fatty acids in 24 hrs, in the absence
of exogenous fatty acids, If the amount of fatty acyl moiety
in the cell membrane is fairly constant, cells in 100 ml of
growth medium synthesize 2,0 and 1.3 mg and excrete 0.9 mg and

- 0,3.mg of fatty acids in the presence of 1710 and 16:
respectively,
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fatty acids found in the membrane in the presence of an exogenous
fatty acid to the relative amount found in the absence of exogenous
fatty acid, the effectiveness of 9-18:1c, 17:0 and 16:0 in displacing
endogenous fatty acids from the membrane iipids can be determined,

For example, in the presence of 9-18:1c the relative amount of de novo
biosynthesizeqd fatty acids fOund in the membrane is 11,41, compared

to the control value of 25,40, The extent of displacement of the
endogenous fatty acids is calculated as 100 (25.40 - 11 hi)/25 4o =
55.1%, On the other hand, a compariSOn of the relative amount of the
total fatty acid biosynthesized de novo by the cells in the presence
ﬁof exogenous fatty acid to the relative amount blosynthesized in the

absence of exogenous fatty acid would give the effectiveness of the

—

exggenous acid in inhibiting fatty acid blosynthesis, For example, in
the preSence of 9-18:1c the relative amount of gg'ngzg biosynthesized”
total fatty_acids is 12.02'compared to the control value of 26,77, The
extent of inhibition of de novo fatty acid blosynthesis is calculated as
100 (26,77 - 12 02)/26 77 = 55.1%. The results of these calculations -
are presented in Table 8 , which also includes the amount (mole per
cent) of the exogenous fatty acids incorporated into the total membrane
1ipid, after being corrected for the amount of 9-18:1chound in each
experiment to be derived from residual 9-18:1c in the growth medium,

When 9- 18:1c 1s present in the growth medium this unsaturated fatty acid
~accounts for 54, 3 ‘mole per. cent of the: total esterified fatty acid in the

membrane 1ipid The total biosynthesis of eﬁdogenous fatty acids

—
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Table 8 , The effect of various exogenous fatty acids on the extent of
, displacement of endogenous fatty acMs from the cell
membrane and on the extent of inhibition of de novo
fatty acid biosynthesis by A. laidlawii B e

v ¢
Displacement? ,Inhibitionb Incorporation®
Exogenous fatty aciq . (®) (%) (mole %)
: ‘ , | .
9-18s1c 55.1 551 3 .t
170 Sl g35 40,6 C—
1610 .. TH8 oy 534 -
- . _ - \ o
2 ”

fatty acid, | o,

c,The extent of 1ncor§oration is defiﬁé&'és Eze amount of-
-eéxogenous fatty acid incorporated into the ftotal membrane
lig%ds. A . ST '

Thg’values shown here are iﬁé fepresentative results of at
least duplicate experiments, - : :
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as measured by the production of radiocactive long-chain fattyJacids

> °

from 14C-acetate, i1s found to be reduced by 55.1 per cent in the

presence of 18:lc as compared to control cells,

]

Under these conditions
almost no endogenous’ fatty acids are released to the.growth medium, so
1811c appears to reduce de novo fatty ac;d biosynthesis gy a direct
inhibitiory of the fatty acid synthetase coﬁplek, ananot at all by a
displacefient of endogenous fatty acids from the cé}}ﬁlﬁfllipids into

1
the growtﬁ medium, On the other hand, the incorporation of 53.4 and

40,6 mole per ceﬁt of exogenous 16;6 and 17:0, respectively,’into the
plasma membrane reduces the amount of exogenous fatty acid in the |
membrane by 54,8 and 47,3 per cent. However, the jnhibition ofvtdtal
f;tty acid gé novo biosynthesis for the plasma mémbrane and growth
med%um combined is only 43,6 per cent for 16:0 dnd jus£.13.3 pPer cent
for 17}0. Thus these long-chain saturated fatty Acids are not as

poteni as 18:1c in reducing the total output of the gé novo fatty acid
syntﬁetase complex, but appear to function instead by‘ﬁisplacing
endogenous fatty acids, which eOntinue to bé produced in amounts greater
than apparently required for membrane lipid biosynthesis, into the
growth medfum, = - o ' 43F

. In summary, 1f oﬁe can accept the reasonable assumption that
the total quantity of endogénous plus exogenous fatty acid 15 cellﬁl'
remains relafively constant, then these results suggest that‘under:-
cériain'circumstancég‘the'gg novo fétty acld biosynthetic patﬁway iéf
A, laidlawiti B is subject to sfriﬁgent regulation by fhé presence of an
unsaturated faity acid in the growth mediun, Undef‘ofhérAcircumstdncgs,

the inhibition of fatty acid biosynthesis by certain exogenous saturated

60
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fatty acids is not tightly coupled to tn Incorporation of these
fatty acid supplements, since endogenouf fatty acids continue to be
synthesized but are excreted into tne:'rowth medium, instead of being

totally incorporated into the membrane polar lipids. Qyik,*

3. 'Discussion
Differential calorimetrical studies performed on A, lajdlawii

B meﬁﬁranes and membrane lipids have provided ‘evidence for the "bilayer"

struo%}re of 1lipids in the cell membrane of this organism (Steim et al,,

1969)., Reversible, thermotropic transitions from the gel to liquid-

crystalline state, which arise from a cooperative melting of the hydro-
carbon chains of the membrane 1lipids, were detected_in the membranes

s @ )
of this organism, Phase transitions, with similar properties and

which occurred over the same temperature range, could also be domon-

strated in the total liuid extracts of these cells, when tpe extracted
lipid Was dispersed as bilayer'lamallae in'excess'water. The incor- ‘
poration of increasing a.mounts‘of‘D cholesterol into the plasma membrane
bfoadened and eﬁentually abolished the gel to liquid-crystalline phase
transition by(destroying the cooperativity of chain-melting. About
90 per cent of the lipids in the mem;;ane appeared to be involved in
the phase change. These results Suggest that the 1ipids in the mem-

brane of A 1aid1awii B exist primarily in bilayer structure in. which V

' lipid-lipid non-polar interactions, as opposed to lipid-protein "
interactions, are of major importance, The existence of extensive

domains of 1ipid bilayer structure was further substantiated by studies :

utilizing other physical methods including X-ray diffraction (Engelman.

19?0 1971) and electron paramagnetic resonance spectroscopy

~
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(Tourtellotte et al., 1970). "'The forces whicp stabllize the 1ipiq

" bilayer Structure are mainly van der Waals interactions between

profoﬁnd effects op these stabiliéing forces, and on the physical
state of the membranes, Studies with synthetic phospholipids have

revealed that shorténing the chain length or inéreasing the degree of

1967), Biomembranes are known to perform varjoug biologically important

funétionS. Many studies have shown that the Phase state of the

égssociéted enzyme and transport functions‘(McElhaney et al., 1970,
1973; Romijn et al., 19723 Vap Deenen, 1972; Kinelberg and
Papahadjopoulos, 974), |
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presence of exogenous fatty acids would appcar to be one such mechanism,
Others will be discussed elsewhere in this dissertation, By altering
the physical properties of the endogenous fatty acids, A, laidlawii B

can apparently cushion some of the adverse effects of the incorporation

. of certain exogenous fatty acids on membrane 1ipid fluidity,

‘The experiments discussed in this section of the thesis

indicate clearly that the de novo fatty acid biosynthetic system

can make approgriate alterations in the spectrun of the fatty acids

produced im response to the phyeical rroperties of the exogenous

fatty acid, Where the exogenous fatty acid is a high~melting, long-

chain saturated fatty acid, the de novo fatty acid synthesis pattern

is changed to produce preferentially short-chain acids, In the case
where the exogenous acid is a lower-melting cis-monounsaturated acid,
longer-chain fatty acids are preferentially synthesized, Similar
results are also observed when other low-melfing cis-monounsaturated,
polyunsaturated and cyclopropane ring-containing fatty acids

are added to the growth medium These results can be interpreted

as a successful attempt by the cells to compensate for the effects

of exogenously added fatty acids on the fluldity of the membrane
1ipid, 1In the absence of exogenous fatty acids A, laidlawii B bio-
synthesizes roughly‘egyal amounts of 14:0 and 1630 (about 130 to 40
mole per cent each) and smaller amounts of 1210, 13:0 and 1550 (5 to
10 mole per cent each) The incorporation into.-the membrane 1iptd
of 1710, which he.s nore methylene groups than any de 1ovo synthesized
fatty acid,’enhaeces the cohesive attractive forces among fateg»acyl

f.
hydrocarbon chains and decreases. the fluidity of the membrane by

_ increasing the strength of van der Waals interactions, On the other

LS
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hand, the imcorporatiOn of 9-18:1c(): cis-monounsaturated fatty acid,

' ‘w0u1d greatly reduce the cohesive  atfractive forces among fatty acyl.

hydrocarbon chains and increase the fluidity of the membra.nes because

“the cis-double bond creates a "kipk"™ in the hydrocarbon chains, which

disrupts the close packing of faégg acyl ‘chains, thereby decreasing both

van der Waals and hydrophobic interactions (Van Deenen, 1962) The

incorporation of higher-melting exogenous acid is compensated for by . ey

" the increased de novo biosynthesis of fatty acids (12:0 and 13:0) which

tend to reduce the melting point or ;hase transition temperature The

1incorporation of lower melting fatty acid results in the preferential

de 2222 synthesis of the longer-chain endogenous fatty acids, This

: compensatory effect is not confined to 4, laidlawii B; it has been

observed in bacteria, yeast -and eukaryotic cells as well

Escherichia coli is another organisnm whose fatty acid

metabolism has been very extensively studied and which has ﬁé
successfully used to elucidate the structure and function of fatty acyl
residues in biomembranes (Esfahani et al,, 1971a;. Ts agoshi and Fox,
1973; Linden et al., 1973), wild type E, coli synthesizes about 50 to
60 per cent unsaturated fatty acids and. ;ncorporates these moriounsat-
urates into its membrane lipids (Silbert et al,, 1968), E, coli K-12

" wWas showu&!% be capable of regulating the ratio of _unsaturated to-
saturated fatty acid biosynthesis in re3ponse to saturated'and/or
unsaturated fatty acid supplements in the medium, so as- to aintai;

the fluidity of the membrane]lipids within a certain range (Sihensky,
19713 si1 Tt et ali, 1972, 1973a). - Mutants of E. coli which require &

fatty acids for growth were discovered Some of them

"ta-hydroxydecanoyl thioester dehydrase (Silbert and Vagelos,~

2 . y !
/ ! . . \
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19673 Cronan, et al., 1969, 1972), which is a key enzyme in”iQE______,/’*

- anaeroblic biosynthesis of unsaturated fatty acids (Norris et al,, 1964;

Brock et al,, 1966; Kass and Bloch, 1967). These mutants have been used
very ‘successfully, because their fatty acid c0mposition can be more

systematically altered than the wild type strains. E. coli unsaturated

) fatty acid auxotrOphs were pre<groWn in media supplemented with

9-18:10 The culture was harvested, washed, and resuspended in fresh
media to give two separate cultures, only one of which contained

9-18:10 The supplemented and deprived cultures- were again incubated

* for one more generation in the presence of Ciu-acetate The_overall :

fatty acid composition was shifted from 56 pep‘cent saturated and 44 .
per cent unsaturated fatty acids t6 82 per cent saturated and 18 per
cent unsaturated acids in the phosphatidylethanolamine of the starved
cells, This change in saturated acids was due to a very large incor-
poration of 14:0 over 16 0, the latter being by far the major saturated
acid synthesized in the supplemented cells (Silbert, 1970) This

1ncreased production of the shorter-chain saturated acids by the

" starvatien of unsaturated fatty acid can be 1nterpreted as a compen-

satory attempt by the organism to maintain the membrane lipid fluidity

. within a certain range, E, coli double mutants, which lack beta-oxidatign

%

ad

as well as unsaturated fatty acid biosynthesis (similar to A. laidlawii

¥y
L »
ﬁfézr? B in terms of fatty acid metabolism) were grown in the presence of -

ﬁt

various unsaturated fatty acids, and the fatty acid compositions of
phospholipids were analyzed (Esfahani et al,, 1971&) When supplemented
with 18:1, the ratios of 16:0 to 1410 were always higher in cells

supplemented with glg-acids; as compared to those supplemented with the

., R +

| , [
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corresponding t{ani-acids,giég the 16:0 to 14;0 ratios were always
higher in cells supplemented with monounsaturates'éaviné 3 double bond
at position 9 as compared to those having a double bond at position 11
Af the geometrical configurations of the double bonds were the Same,
When supplemented with 11-20;1¢ series increasing the extent of
unsaturation increased gradually the ratio of 16:0 to 1430, These
results can also be interpreted as successful compensatory effects by -
the organism to keep the membrane lipid flui ity within a certain range,

It has been shown that similar mechanisms are a operative in higher f”“

organisms. Meyer and Bloch (1963) found that in anaerobically-grown
yeast, the decrease of unsaturated fatty acids was compensated for by .

an appearance of saturated fatty a01d839f shorter-chain length Van

compensated for by the biosygthesis oﬁ fatty aclids with related degrees
of unsaturation, b 43 }

-The excretion of de novo synthes%%gd fgtty acids into growth
medium in the Presence of certain exogenous saturated fatty acids is a
rather unexpec€§H finding, There is very 11tt1e excretion of de novo '
synthesized fatty acids in the control experiment where acetate alone - \
'is .added to the medium, and when either 9- 18:1c or 9-18:1t is added to
the medium, Hhen 17:0 or 16:0 is added, very substantial amounts of
de novo synthésized fatty acids are .excreted, 42 3 and 24,0 rer cent,
respectively. Why some exovenous fatty aclds produce excretion of
endogenous fatty acids and some do not is not clearly understood,

Whether the excreted radioactive fatty acids are free fatty acids or

¢
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components of some complex 1lipid is not yet known, Some strains of
\

E, coli and Salmonelia tyrhimurium (Knox‘gi al,, 1966, 196%7; Rothfield

and Pearlman-Kothencz, 1969; Silbert et al,, 1972) are known to excrete
fatty acids in the form of lipopolysaccharide- phospholipid-protein com-
Plexes, Rothfield and Pearlman-Kothencz (1969) indicated that membrane,
complexesxwere continuall;?excreted presumably from the 3nter\membrane
(Costerton et al,, 1974) by normally growing bacteria and that increased

]

~excretion of the complexes results from cessatiOn of protein synthesis,
L 1
pdssibly to compensate for the qnbalancedaproduction between proteins

‘and lipids. Some e;ovenous fatty acids, like 9-18 1t, seem able to
inhibit ‘the de novo fatty acid synthetase 50 as to make the ambunt of

total fatty acids An the membrane, including the acids incorporated *

from the medium,’ constant; sbme, like 1610 or 17;0, may not,

Although some;?rganisms can tolerate a substantial imbalance
between membrane 1ipids and proteins under some special aonditions (Min-
dichi, 1970, Henry, 1973) it would be reasonable to assume that the amount°

" of fatty acyl chains in membranes of most cells might ‘be fairly constant,

@l

i Cells utilizing exogenous‘Yatty acids, then, must inh1bit the de novo

synthesis of fatty acids so as to maintain the total amount of membrane

$
fatty acyl chains constant Otherwise, the cells must excrete some ‘excess
fatty acids (or-complex lipids) into’ the medium, With rega{d to the

above speculation it s worth mentioning the study\gf Laétobacilli ™

v Hofmgnn et al, ( 1959) found that L, arabinosus and L, casei failed to

[4

producermeasurable amounts of cis-vaccenic acid/ﬁhen Iactobacillic acid

replaced biotin 1n their culture medium. Henderson and McNeil (1966,

[

1967) found that exogenous monounsaturated andpcycloﬁrd@anoid fatty acids,

but not saturated acids inhibited the long-chain fatty acid §ynthesis

»

¢
B
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in L, plantarum, presumably by the end-product inhibition of acetyliCoA
carboxylase. Birnbaum (1970) suggested the repression of acetyl-CoA
carboxylase synthesis by long-chain unsaturated fatt& acids as the
mechanisn of the inhibition, rather than the end-product ‘inhibition on
the enuyme actlvity, Weeks and Wakil (1970) found that the synthesis
of several components of the fatty acid synthetase complex, as well as
- the synthesis of acetyl-CoA carboxylase, were repressed in L. Elantarum
vhen they were grown with monounsaturated acids, *Thei‘also found a
decreased afbunt of Acyl Carrier Protein (ACP) in the cells grown with
unsaturated acids, Evidence for feedback inhibition has never been
obtained in this system, No evidence is currently available to indicate
whether the Yepressor substance is the free fatty acid the fatty ;cyl-

CoA, the fatty acyl-ACP, or some other fatty acyl derivative, in

L. plantarum the major de novo synthesized fatty acidsuare~ii-18:lc, cis-

11, 12-nethy1ene octadecanoic acid (11, 12 1910 ¢p) and 16:0 'whefeas . .

A, laildlawii B synthesizes strictly saturated acids, This would suggest

that' the same control mechanism present in L, Planta might not be

operative. in é laidlawii B, Because it is more natural to assume that

f the normal products of synthesis (saturated acids). not non-pgeducts

(unsaturated acids) would inhibit the biosynthetic pathway more

effectively. Studies designed to elucidate the mechanism by which &
J

various exogenous fatty acids inhibit de novo biosynthesis in -this

organiSm are currently underway. o , -



C. The effect of variations in growth temperature and membrane

EN

cholesterol content on fatty acid de novo biosynthesis

1. Materials and Methods

The effect of cholesterols A sterile -ethanolic solution of
cholesterol (10 mg/ml) was added to 125 ml of 11ipid-poor growth g
medium before inoculation to bring the final concentration of choles-
terol in the medium to 25 mg/l. Cholesterol was.ULTREX grade from _
Baker Chemical Company (Phill;psburg, New Jersey, U.S{A,). Cells were
harvested in laﬁe-log to early-stationary ﬂﬁaee;'after about 16 hours
of growth, Lipids were extracted, methyl estegs of fatty acids were:
prepared, and the fatty acid composition was deterﬁined as described
previously, |

The effect»of growth temperature: Cells were grown in 250 ml
1ipid-poor media at 2% intervals from 4° tb'hBOC. The cell growth
was followed by the absorbancy at 450 mm, As soon as cell growth

ceased, the cells were collected, lipids were extracted methyl esters

v 69

of fatty acids were pxepa.red and the fatty acid cornposition was deter-

mined as described previously, 4
. /

v
{

F ] - . /

2;'“Results
Although the morphology of the cells is changed to somewhat -
more coccoidal shape when grown in thé\presence of cholesteréi the
fatty acid composition of the total membrane lipids is identical

within an experimental error to the control culture. which was grown

in the absence of.cholesterol, as can be seen in Table 9, The growth

temperature affects only moderately the fatty acid composition of the

& +

¥
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Table 9, The effect of cholesterol on the fatty acid
composition of the total membrane 1lipids of
A. laidlawii B grown without exogenous fatty

>

acids B
: ‘ Vithout cholesterol With cholestero]
Fatty acids found = (mo/le %) (mole %)

12/0 © 6,67 6,42
13:0 2,3 o2
g . BE g
1510 ’ g '4.3 | | o b9
1610 20 - 42,8
' 17:0 o 1.1 1,2
1840 s 5.6
9-1811c Cws 4,

!

v & These fatty acid compositional values are the hverages
of duplicate experiments, ,

L4
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total membrane 1iplds, which is shown in Table 10,

3. Discussion N \ - Y

A, laidlawii B does not biosynthesize cholesterol or require
cholesterol for growth, Thus, when grown without cholesterol supple-
mentation, the membrane of this organism’does not contain cholesterol,
However, when grown with cholesterol, A. laidlawii B can 1ncorporate
this sterol into its membrane lipid bilayer in a chemically unmodified
form, At the concentration of the sterol used, 25 mg/1 culture, this
organism is known to incorporate the sterol to-a maxiﬁﬁm level of about
-8 weight per cent of total 1ipids, which is about 18 mole yer cent of
total lipids assuming an average molecular weight of 1ipid in this
organism of 870 (De Kruyff et al., 1972), ‘ o , -

- Monolayer studies’on the interaction of phosrholipids and ﬁ

cholesterol (Demel et al., 1967) iemonstrate that cholesterol can ) .
interact with certain ;hos;holipids and reduce the mean area per
molecule in the monolayer film (condensing effect) It was shown oj
electron spin resonance spectroscopy. studies (Oldfie1d~§nd Chapman,
: 1971) that cholesterol interacted not only with 1ipids which were in
liquid-cvystalline state to reduce the mobility of the fatty ‘acyl
: chains ‘but also with gel lipids to increase the' mobility of ‘the' fatty {
acyl chains (liquefying effect) Calorimetric studies (Ladbrooke et al

(

1968) revealed that the interaction of cholesterol with lipids in

!

{
- either the gel or liquid-crystalline state decreased the heat absorbedv

at the gel to liquid-crystalline phase transiticns ' : < "/b
Differential scanning calorimetry studies (De Kruyff et al . ﬂ
1973) showed that when cholesterol is mixed with\a codispersion of ';” o %
! ’\ ~,
(4’ ) . i !
: = . . edle

B
i ’
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Table 10, The Fatty acidwcompositiqn of the total membrane lipiQS of-
A. laidlawii B grown without fatty ‘acid Supplementatidn at
various temperatures

Fatty acids ) 4"Te“‘pem?“re of growth. (%) h '
fognd - 4o 35 30 t 25 - .20 ;
1200 48> 5.0 5.9 82 g6
1310 3.4 3.4 b8 62, 6.5
o 302 308% 5, , 28,4 30,1 |
15:0 77 - 2.6' { 8.1 - ".,8..€1 L 7.2
1610 40,8 494 - 39.0. .5 - %.9
S 2.4 L9 g
1810 80 77 w3 6,5 Ry
LRI 1,8 Lz g5 1,2
2 s gy, 10 og

2 a1 fatty acid compositional values are expressed as
mole per cent, : Co .

R
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cent, McElhaney (1974) studied the therpag behavior of the membrane -

/

liquid-crystalline 1ipid (dioleoylphosphorylcholine), and crystalline

lipid (distearoylphosphorylcholine) (1,35:1 mixture), it bound specif-

lcally with the former 1ipid to condense its hydroearbon core, pro-

viding the concentration of cholesterol was less than 23 3 mole per

lipids &F ﬁ. laidlawii ‘and concluded that Et the growth temperature,
34°C 1lipids’ in the membrane from the cells grown without fatty acid
supplementations existed as roughly equimolar mixtures of liquid-

crystalline and gel ‘states, . \

v It is, therefore, reasdnable to assume that cholesterol

incorporated (less than 20 mole per cent) in A, laidlawii B membrane

lipids which are codispersion of liquid-crystalline and crystalline

lipids, binds preferentiallv/ﬁith the 1iquid-crystalline region of the

-membrane -1ipids and reduces the fluidity and mobility of the hydro--

carbon core, In analogy t6 the effect of exogenous saturated long-
chain fatty acids de novo synthesis is expected to compensate for

the "condensing" effect of cholesterol by décreasing the average

kA

chain length However this is not observed E:: cell must respond to

the effect of exogenous fatty acids not simply by their hydrophobic
interactions with membrane lipids but by SOme moxg‘specific inter-

Ve -

action.\

The permissible temperature range for cell growth is 20 to

44 C when cells are grown withouq,any fatty acid supplementation '

(McElhaney, 1974) Hithin this temperature range the ity acid

&~

the synthesis of the shorter-chain fatty acids (12.0 and 13:0) is

. composition of the total membrane lipids is only moderately affected; :

73



slightly increased; and that of the longer;chain fatty acids (16:0,

17:0 and 18:0) is somewhat reduced at lower growth temperatures,

This organism does not seem to have a highly effective control mechanism

to change the fluidity of membrane 1ipids by altering the de novo fatty
acid synthetic pattern in response to changes in the environmental
temperature. In fect. the marimum cell density as well as the grewth
" rate were highly dependent on the growth temperature (McElhaney, 197&),,
The very closely related organism, A, laldlawii A, whi?h requires
unsaturated fatty acid for growth; Was also reported nét {e change its

fatty acid composition when grown at 3?0 and 25°C’(Re;tem and Panos,

1969)l | L ) . . . ’ ‘\t

”

Many reports Have been made aboutdthe effect‘oi‘the growth
temperature on thelie novo synthetic fatty acid pattern in both pro-

karyotie and eukaryotic organisms For example, psychrophilic micro-

organisms generally have more highly unsaturated fatty aclds than ’“'

their mesophilic-counterparts, and thermophilic microorganisms generally'

have more highly saturated fatty acids than mesophiles (Summer and

 Morgan, 1969), Furthermoge,.uhen,the same organism is grown at two .

-

~affPerent temperatures it usually synt:Zsizes more unsaturated fatty ‘

acids at the lower temperature and mo saturated fatty acids at: the

higher temperature.' Isobranched fatty’acids are often synthesized in

larger amounits at higher temperatures; anteisobranched acﬁds are
typically synthesized in decreasing quantities at higher temperatures
., These changes usually can be interpreted as a physiolovicel adaptive

response to changing environmental %emperature, Hhich function to

fﬁcemct the: ‘eifect of the temperature change on the fluidity of the

Y . . . . : T e
. BN LI
.\_. . N JEEEIE N

' . - A
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membrane 1ipid. Recently Sinensky (197&) has introduced the term
"homeoviscous:adaptation". The fluidity of the membrane and the ex-
tracted lipids from E.Aggli K-12 cells grown at various temperatures
was‘determined-by electron épin resonsnce,Spectroscopy at the temper-

. ature offgrowth. He found that the viscosity or fluidity of the hydro-~ '
carbon core of the membrane lipids was very constant as long as the
“measurement,was done at the temperature of growth. This experiment
has?clearly demonstrated that the celis change the‘fatty acid
conposition in;reSanse'to the change of the growth}temperature,.so as
{0 maintain the membrane iipid fluidity constant regardiess of the

growth‘temperature."However, thewnechanism or mechanisms invelved in

'this response seem to he quite complex, and only a few reports have
be%? published which deal with possible molecular mechanisms for the
regulation of membrane lipid fluidity, - |
' " A dramatic effeot of growth temperature on the fatty acid
composition of E, coli hasqseen reported by Marr and Ingraham (1962)
Lowering the growth temperature’ enhances “the synthesis of monounsat- |
urated fatty acids and reduces ‘the production of saturated acids,
“Sinensky (1971) studied the effect of. temperature on the incorpofatiop
~of 16:0 and 9-18¢ic in vivo asgwell as in vitro, when these two fatty
acids constituted about 90 per cent of the total fatty acids‘ From

these studies ‘he concluded that thq'acyl CoA glycero-3-phosphate trans-

75

ferase was the enzyme responsible for changing the fatty acid composition_iﬂ

'_~in phospholipids 1n response to vari&tions in the temperature of growth /

'y 'He-also concluded that thé specifictty of this enzﬁﬁE but not thgk

’

. 'Synthesis of the enzyme. Was changed in response to the change of the sx‘ |

%
- S
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environmental temperature, Whether this mechanisnm is operative. for
the de novo synthesized fatty acids, as well as for exogenously added

fatiy acids, remains to be determined,

Bacillus licheniformis also increases the production of
. o : < ‘ . .
unsaturated fatty acids at lower growth temperatures, -Unlike E. coli,

bacilli synthesize ‘unsaturated fatty acids by the direct oxidative

\

desaturation of saturated acid precursors, One of the two desaturases
present in this organism functions only at low temperatures, apparently
due to the cold-induction of the enzyme as well as tosthe decreaseqd -

Nl .

inactivation of tHe enzyme itself and the enzyme synthesizing systenm
at lower temperatures: (Fulco, 1970 1972), "/

m Generally speakﬁng, organisms respond to a change of growth

. r

temperature mainly by changing the ¥atio between the saturated and the
unsaturated fatty acids in the membrane 1lipid -rather than by changing
- the cha%F length A laidﬂawii B does not synthesize any unsaturated

fatty acids, and can not respond efficiently to tneﬂchange oﬂ the growth

S

temperature Staphylococcus aureus does not synthesize appreéiaﬁie g

-

b
‘amounts of unsaturated fa;ty acids, and also can not change fatty Lcid

composition When grown at .37 and 25 C (Joyce et al,, 1970) | o

'}l /5/ (r.{r . 3 . X
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CHAPTER I1

THE INCORPORATION OF EXOGENOUS FATTY ACIDS

-

INTO THE MEMBRANE LIPIDS

Intreduction L . J

-

A number of microorganisms are capable of takino up exogenous

fatty acids from the growth medium and of incorporating such fatty

&\

acids to some degree into their complex cellular lipids, A, laidlawii B

is known to extensively utilize a number of exogenous saturated un-

Saturated‘or branched-chain fatty \acids for membrane'lipid biosyhthesis

(Mcm;ney and Tourtellotte, 1969; Romijn et al., 1972), A1théugh the
variety of different fatty acids incorporated ‘by this organism is
strikingly large, the extent of incorporation can vary greatly depending
on ‘the chemical nature and chai length of the exovenous fatty acid,
However, the specificity of the zyme.system responsible for the )
uptake and biosynthetic utilization of exogenous fatty acids has yet
to be studied in a detailed and systematic manner. 1In this chapter I

’present data on the levels of . incorporation of a large variety of
exogenous saturated isobranched anteisobranched unsaturated and

cyclopropane fatty acids of- widely varying chain lengths into thextotal

membrane lipid of A, 1aid1awii B, The object of this study is fo-

-

determine what physical and chemical properties determine the suita- G
bility of an exogenous fatty acid for uptak\and incorporation into

the membrane lipids of this organdsm. The possible biological signif-
o, «
‘“icance of the specificity observed for exogenous fatty acid utilization -

AY
is discussed In addition the fatty acid compositions of each of the

! g ‘ ) C : ‘ ??
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ma jor membrane phospho- and glyco-1ipids are compared both wnen
A. laidlawii B is grown without fatty acid supplementation and ‘in the
presence of_various exogeﬁius fatty acids, Tne metabolic significance
of the information obtained from the comparative analysis of the

fatty acid compositions of the various membrane polar lipids is also

discussed

a

A, The effect of the structure of exogenous fatty.acids on -the extent

“of incorporation into the totallmembrane lipids

1, Materials and Methods o

A Y

Ethanoiic‘so}utions containing various fafty acids were

-

" ‘added to 125 ml of lipid-poor growth medium before inoculation to glve

a final fa@ty acid concentration of 0.12‘mM. A, laidlawii B cells

were harvested in late-log or early stationary phase after 16 to. 20

hours of growth Lipids were extracted and methyl esters were prepared

‘either by the small scale procedure (when the exogenous fatty acid
a_ : . ’ W

contained less than 12 carbon atoms) or‘by-the conventional procedure.
P Co e

(when the exozenous acid contained 12 or more carbon atoms); 'The fatty

‘acid composition of the total membrane lipids were determined by GLC

Since this organism continues to synthesize fair amounts of 12:0,- 14:0

i

and 16:0 even in the presence of exovenous fatty acids the proportion

-of these three fatty acids which are either incorporated directly from

\

the-medium or elongated from exogenous short-chain, even-numbered .

;exogenous saturated,fatty aoids must be distiaguished'from-thcse

- derived by de novo-biosynthesis. For this purpose exogenous radioactive

fatty acids ‘of various chain 1ength,were used Radioactive fatty acids

B
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or their sodium salts were mixed with cold carrier acids to bring the
final concentration in the -growth medium to 0,12 mM, The following
are the radioactive compounds: sodium butyrate-1- C (50 ugz sodium
hexanoate-i-C (50 PC)' octanoic acid-l-Clu.(25 PC)' decanoic
acid-1- ¢! (25 PC) dodecanoic acid-1i- ¢! (25 yC), tetradecanoic
a.cidol c““ (25 pc), and hexadecagoic acid-1-Cl (25 JC). Cells were
' grown and the total membrane lipid extracted as before. The fatty
acid composition and the distribution of radiocactivity among the mem~
brane lipid fatty acids were simultaneously analxzed with the RAM-GLC

>
system, ' Small portions, about 4 per cent, of the ethanolic solutions

containing the radioactive fatty agdd and the unlabeied carrier were

directly esterified and analyzed by RAM-GLC‘Pnder the same conditions'

used for the analysis of fatty acids in botal membrane lipids, to

' determine the relative response of the RAM-GLC system to the radio-
activity and the mass of the exogenous fatty a&id precursorS// The
overall fatty acid compositions*in the total membrane lipids which
contain both exogenous and de novo synthesized fatty acids, were
determined first from GLC analysis ignoring the RAM pattern, :The'
amount (expressed as mole per cent) of each fatty acid derived from

the exogenous fatty acid‘precursor in the total membrane lipids can

.‘ be calculated from the following equation: . o %aa,,
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mole & of a fatty acid derived {rom an exogenOUb fatty acid
precursor in the total membrane 1ipids

\\

= Area under RAM peak for the acid in‘queetion

™

Area un er GLC peak §or the precursor

X Area under RAMN peak for the precursor &
X MW of methyl ester of the acid in question

MW of'methyl ester of the precursor L
' mole % of the acid in question T
obtaihed by GLC analysis

Area under GLC peak for the acid in questiﬁv

e . BN
2

.

:
-

The first two terms of the above ‘equation would give an expected area i {

. &4
for the GLC .peak of the acid in question,.derived from the chgin

~ elongation of the precursor, ignoring the difference of the molecular
weight between bhefacid in question and the precursor ﬁhe third

"“term of the eduation, %hgg; would yield the true efpected area for

GLC. peak of the. methyl esger of the acid in~question (derived from the |

chain elongation of the precursor)»having the Sorrected molecular
¢
weight. Hhen the ratio of this expected area. of the acid in guestion

. (derived from the chain elongatiqn of th% precursor) to that observed

J by the GLC analysis (containingfgoth the acid in.question dé novo 7

synthesized -from acetate and elongated from thegg or) are multi-

plied by the mole per cent of the acid in ques,_.'T(containing'ooth
- these factors) in the total membrane lipids obtained by the GLC

\analysis, according to tné,last term~of the equation, the mole per cent

of the acid in question derived from chain elongation of the precursos

'in “the total membrane lipids would be obtained This equation ﬂblds

¢ .
. ‘ [ b T ) g
’s ' te oo S . LY
: : : .
: . ;o . o ‘ A
. . | v Vi

~ even if the precursgg is not elongated whichjis the case for 16:0
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s The concentratloﬁ:of exogenous fatty xcids in the rrowth

¢

medium has been fixed at 0,12 mM for the experiments of this sectlpn.

(
This concentration was closen because the amount of fatty acid incor-

porated into the membrane lipid reaches a maximun value at concenirations

of 0 12.mM or less for all exogencus fatty acids studied, except fg; & -/r-

few of the shortest chain fatty aéids tested, . .

‘2. Results

- '

. It Q;s found that some of the exogenous fatthigfds“were
" eiongated by successive two-carbOn unit/additioqsz thi

ain elonga-~

tion system is discussed in detail elsewhere in this dissertat?on.
The extent of incorporaticgsof exogenous fatty acids by A laiﬁlawii B _

!

» pa
o
’1

1s, theref@re, expressed here in two different _Ways, In the(one case,
L
:xthe extent of ianrporation is considered to be the amount of a
. b 3 ' ' N . -

~ particular exogenous fatty acid which is incorporated into the membrane

-

CoNL ‘ . .

"o {41ipids in a chemically unaltered form (termed direct incorporation).
S E v . .

3 ) - ‘ .

. In the second case, the incorporation is defined as -the total amount
of anvexogenOus fatty acid and its elongation product which are utilized
for complex lipid biosynthesis (termed total incorporation), Fig, 9
> shows the effect of chain'length;on the extent of incorporation of
. ] .
exogenous straight-chain saturated acids of:widely varying chain length,
\ Excluding for tce moment consideration offbossible chain-elongation
products, I find that the short-chain acids (410 to 8:0) are not }
directly incorporated into the membrane lipids at all, increasing
the chain length of the exogenous acids, however, progressively
increases the amount of the acid directly 1nconporated until a maximum

{
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total membrane 1lipids of A. laidlawii B, Cells were grown at %OC
in the presence of one of a series of various straight-chain,

. Saturated fatty acids at a final concentration of 0,12 mM, The
total membrane 1ipids were extracted from late-log or early-

stat%onary prhase cells as
direct incorporation (mole
~* total merfbrane lipids were
—O0—O0— represent the total
respectively, The values

least triplicate experimen

desc

%)
det
and

ribed in the text, The total and

of exogenous fatty acids into the
ermined by GLC op RAM-GLC, —O~0-- and
direct incorporation values,

presented here are the averages of at
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incorporatiOn-is obtafned with 15:0 and 1610, Increasir\bg the chain
length further drastically reduces the extent of incorporation, The
Adata. fogjh'é total amount of exogenous fatty acid including elgngation
products exhibit a somewhat different pattern from that observed when
only direct incorpération is considered, Tﬂ§Se differences can be
summarized as follows: 1, The'éu;ve of tgg extent of incorporation
versus carbon number is broader due to the(very extensive‘gﬁbngation
of the short-chain acids; f?yyhe-makimum arount of inco?p;;atioﬁ is |
obtaiﬁed with fatty acids containing 13 to 15 carbon atonms, instead‘

" of wWith fatty acids containing 15 or 16 carbon atoms; 3. the maximum
amount of short- oxn, intermediate-chain length exogenous fatty actd
1ncorporated is greater due to the chain elongation of these acids to
fatty acids containing 13 to 15 carboﬁ atoms;. L, 430 is incorporated
more extensively than the"nexf three 1nger chain acids of the saturated -
series, The differences observed between the total and direct
:incogporation is most pronounced with shorter chain fattf aéids; due
to fhe extensive chainsélongapion which occurs,  In fact, uhen the
chain length of the exogenous acid is less than nine, essentially all
of the exogenous acid is converted to longer-chain derivatives i Both
is0- and anteiso-methyl branched fatty acids behave very similarly to -
the stralght-chain saturated fatty acids, ‘Da}a on the extent of
1nco;£oration versus chain 1eﬁgth for these two'fatty acid clasées are
presented in Fig, -10 and 1, respecti§e1y. Hére again differences
between-the total and direct 1n;orporatioh are noted due to the
elongation of the shorter-chﬁin acids, As before, the ch#in léngth

i ‘
giving the maximum total incorporation is shifted downward slightly



.

Fig, 10&9- The effect of the chain length of an exogen iso-
"branched fatty acid on the extent of its incorporation total -
membrane 1lipids of A, laidlawii B, Cells were grogﬂhht 340C in the
Presence of one of a series of various isobranched fatty acids at a
final concentration of 0.12 mM, Total membrane lipids were extracted
from late-log or early-stationary phase cells as described ‘in the
text, The total and direct incorporation (mole %) of the exogenous
fatty acids into the total membrane 1ipids were determined by GLC,
—0—0—and —-O—O- represent the total and direct incorporation
values, respectively, All values presented here are the averages
of at least triplicate experiments, -
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\ ,
Fig, 11,  The effect of the chain 1
branched fatty acid on the extent of 1
membrane 1ipids of A, laldlawii B, Ce
Presence of one of a series of various
at a final concentration of 0,12 nM,
extracted from late-log or early~stati
in the text. The total and direst inc
exogenous fatty acids Ipto total membr
GIC, —g=0— and —o—0— represent the t

‘L

-

ength of an exogenous anteiso-
ts incorporation into total '
11s were grown at 3%OC in the
anteisobranched fatty acids
Total membrane lipids were _
onary phase cells as described
orporation (mole %) of the

ane. 1ipids were determined by
otal-and direct incorporation -

values, respectively, All values presented here are the averages of

_at least triplicate experiments,

<
e



88

AW

pP1oD xtom snoudboxs jo ﬁmnE:c comgou...

P S D TR YR 6 / c
ST T —y 0

| B
1 5
3
q0z S
O
o
;y b |
4 - Q
L —_
J Q
o0 g
3
409 O
()]
— ¢°/°.V
| Hos
AN . ~ v

£



- . =
.

relative to the direct incorporatiop values in ithe anteisobranched
N ~

sertes, although in the isobranched acids 16101 exhibits both the

greatest direct and total incorporation - The introduction of® methyl

branches into the exogenous fatty acid increases the maximum amount of
é

incorporation relative to the saturated;fatty acids and also shifts'

the chain length giving the maximal 1ncorgpration upward, This

.phenomenon is more clearly demonstrated 1n Figs 12 and 13, where

data on the effect of the introduction of methyl branching on the

direct and total incorporation,‘respectiveiy, of a series of saturated

&
fatty acids is presented, The chain length’ for maximum direct

incorporation is shifted upward by one ahdftwo,carbon atoms, for the
1so- and anteiso-branched fatty acids, fespectiveiy, as compared to!

the saturated fatty acid series (Fig. 12). The ‘upward shift in the

1ncorporation maxima 1s _even more pronounced when the data for the

total 1ncorporat10n (1ncluding elongation products) are 1nspected for

these three fatty acid classes Ggig. 13), We note ‘also that the

.pr portion of exogenous fatty acid which is converted to 1onger-chain

derivatives tends to 1pcrease in the order saturated.<:isobranched <

: anteisobranched, for a series of fatty acids of comparable chain

\

lengths - Another resuit of interest concerﬁs the minimum values

observed for the total extents of 1ncorporation of the short-chain

saturated isobranched and anteisobranched fatty acids tested The

increased utilization of the very short-chain fatty acids may suggest
that there‘are at least tuo systems for chain elongation 1n

A, laidlawii B; one of them may be responsible for the de novo fatty

~ acids (primers) and ‘the other may be for the chain elongation of

=
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Fig, 12, The effect of the chain length of various straight-chain
saturated, isobranched and anteisobranched exogenous fatty acids on
the extent of direct incorporation into total membrane lipids of

A. laidlawii B, Cells were growm at %°C in the presence of one of
the virious exogenous fatty acids at a final concentration of

0,12 mM, Total membrane lipids were extracted from late-log or

early-stationary phase cells described in the text, The direct-
incorporation (mole %) of the exogenous. fatty acids into the lipids

was determined by GLC or RAM—GLC, —gwr— y —O—O=— and —s—a— represent
straight-chain, isobranched and anteisobranched fatty acids, respectively,
All values presented here are the averages of at least triplicate - '
experiments, - . .
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Fig, 13, The effect of the é@g{i length of various straight-chain
saturated, isobranched and anteiscbranched exogenous fatty acids on
their total incorporation into total membrane *ipids of A, laidlawii B,
Cells were grown at 3%4°C in the presence of one of the various
exogenous fatty acids at a final concentration of 0,12°mM, Total
membrane lipids were extracted from late-log or early-sfationary
phase cells as described in the text, The total incorporation (mole %)
of exogenous fatty acids intd the total membrane lipids was determined
by GLC or RAM-GIC, —O—0—, —0—o— » and  —s—- represent straight-
chain, isobranched, and anteisobranched fatty acids, respectively,
All values presented here are the averages of at least triplicate
experig?nts. 3 S o o
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exogenously added acids of intermediate chain length This 1is further
discussed elsewhere in this dissertation in conjunction with a study
of the chain elongation of exogenous fatty acids by this organism,

" The effect of tne introduction of unsaturation or a cyclo-

:" ‘
Propane ring on the extent of intorporation of an exogenous fatty

naciqvie presen{ed in Table 11.;fQuite a bilg difference between the

direct and total incorporation is again obvious, especially fgr. the

short chain cis-nonounsaturated acids, 9- ibxic and 9-16:1c,‘egain due
to the extensive elongation of. thise acids. When the cis-monounsaé-
urated series of fatty acids are examined the extents of total
1ncorporation are constant (about 70 nole per cent) frOm 9-14:1c to //,’
9-18:1c, 1Increasing the cnain length,beyond_18 carbon atoms abruptly
reduces the ;ncbrporation. The longeet g;g-mhnounsaturated fatty

acld tested, 15-24:11c, is incorporated to only 16 mole per cent, The

amount of 9-1k4:1c directly incorporated is roughly half that observed

. with the corresponding saturated acid, 1410, but the total 1ncorpora-

tion is only slightly less due to the extensive elongation of the
J

former, The 9-16:11c is directly incorporated to a level only about

60 per cent of that of the corresponding saturated acid, 16:0, but the
total incorporation of the former slightly exceeds the latter because
of the high degree of chain elongation of this unsaturate. The longer

chain cis-monounsaturated fatty acids, 9-18:1c and 11-20:1c, on the

~other hand, are directly incorporated to a greater extent than the

- corresponding saturated acids, Tt should be noted that the chain

length of the cis-monounsaturate whicn)gifés maximun direct incorporation

is in the range of 18 to 19 carbon atoms, The presence of a single /

———
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Téble 11, The extenf of direct and total incorporatioﬁ of.éngenous
unsaturated and cyclopropane ring-containing fatty acids
into total membrane 1lipids of A, laidlawii B
) AN
=

Exogenous fatty acid Direct incorporation Total incorpovation

(mole %) (mole %)
gégfmonounsaturated \;\‘ .
9-1411c 28,6° ‘ 72,6%
2?16:10 36.2 69.9 .
9218:1¢ ) 68,9 7.7 Fa
14-20i1¢ 58.3 . 58.3
13-22:1c 36.6 | %46 -
15-2l34c 15.9 - 15.9
Egggg-ﬂgnounsaturated * |
9-1l4;1¢ ’ 64,3 .83.9
9-1611t 78.8< 79.7 . ?
9-1831t - 82,4 8.4
21§gpolyunsaturated/ .
9,12-18:2¢,c w6 57.3
9,12,15-18:3c,c;c . 36.4 56.3
5,8,11,14.20:lc, ¢, ¢, c - 31,7 31,7
_Cyclopropane . _ ' - .
.9,10-1710cp,c 58.3 66,7 |
9,10-19:0cp, ¢ 57.8 57.8 .-
9,10-19:0cp,t - 67.4 67.4 '
" Straight-chain .
140 55.4 ' 77.9 .
1610 60,4 60,4
1810 45,2 45,2 )
2030 | 43,0 | 43,0 *

% These values are the average of at least triplicate 4
experiments,
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cls-doudble bond thus shifts the incorporation optinun to an even .
greater chain iengtn'as compared to the corresponding isobranchgd and
anteisobranched fatty acid series.

| ) All the. trans-monounsaturated fatty acids investigated are
1ncorpd§ated to a greater extent than the corresponding cis-monoun-
saturated acids, the extent of total incorporation belng constant at
about 80 mole per cent, The direct_incorporation of 9-14:1t and 9-16:1t
is more than twice that of the corresponding cis-monounsatﬁrated'

4

acids, due to both'the better incorgoration and the smallgr amount
of elongation of the trgés—unsaturates. The cis-polyunsaturated fatty
aclds tested are relatively poorly incorporated compared to the other
fatty acid classes tested, The imtroduction of increasing numbers
Aof cis-double bonds‘considerably reducesfthe extent of incorporation,
Cyclopropane ring-containing fatty acids are fairly well utilized, and
the amounts incorporated are very close to that of corresponding
cis-monounsaturated acids but considerahly lower than tnat of the
wcorresponding trans-monounsaturates, Comparing cyclopropane ring-
containing acids having the same chain length the trans isomer is
%gain incorporated to a. greater extent than is the cis isomer,

' The effect of the -introduction of various functional groups\J/
into the exogenous fatty acids“on the extent of incorporation is A“
summarized‘in Table 12, When the chain length is 14, the introduction
of isobranching, anteisobranching and trans-monounsaturation 1ncreases
moderately both tne direct and total,incorporation. However, the
introduction of»gig-nonounsaturation’éreatly reduces the direct

1ncorporation, and slightly reduces the total 1ncorporation. When the

T
/
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Table 12, T%e effect of the introduction of various functional groups
; into an exogenous fatty acid on the extent of its
incorporation (mole %) into ‘the total membrane
1ipid of A, laidlawii B- ,

2
o . - Number of caibon atoms in
. the fatty acid moleculg
| S 14 16 18 20
- Exogenous fatty acidd . (mole %) (mole %) (mdle %) (mole %)
' o L .
Stréight-chéin - 55.4 (77.9) 60,4 45,2 _ 43;0
$sobranched 63.8 (6.6) 8.6  69.8 .  su.1
anteisobranched® }'7u.1 (80.8) ¥t 77,4 52,0
¢is-monounsaturated 28,6 (72,6) 36,2 (69.9) 68.5(71.7)3 58.3
irans-monounsaturated 64,3 (83;9)' 78.8 (79.7“? 82,4 -
cis-polyunsaturated S -  4?.6 (57.3)¢ 31.7d' '
| | %.3 (56.3)° .
cyclopropane - i n58.3 (66.%)f 57,88 -
67,4 ’
‘ 2 The figures before the parentheses represent the direct inéorpo-

ration and the figures within the parentheses the total incorpo-

ration, if any chain elongation of the exogenous fatty acid

occurred, Otherwise, one figure represents both the direet and
- total incorporation values, The values presented here are the -\
-, averages of at least triplicate experiments, °

: b The total carbon number of all “exogenous anteisobra;ched fatty
‘acids is.greater by one than is indicated in the table,
A .

: 0.9'12‘1832)0,0 3 - |
N ' d5.8,‘11,14-2o=uc,c,c;c S o )
*4 ® 9,12,15-1813¢c,c,c

f 9,10-1710cp, ¢

€ 9,10-19:0cp, ¢

h 9,10-19:0cp, t
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chainflength is 16 the introduction of isobranching,'anteisobranching,
cis-monounsaturation, trans-monounsaturation and a cycloprapane ring
enhances the total incorporation, whereas both the introduction of °

a cis-double bond or cyclopropane ring reduces the direct incorporatiod,
. When the chain length is 18 the introduction of all ‘of these functional
groups enhances both the total and‘direct incorporation, If thé chain
length 15»20 the introd;ction of isobranching, anteisobranching, and
cis-monounsaturation increases the:incorporation, The’ introduction of

»

£ . L N
f§§f ElEdeubleg?onds, however, gives somewhat reduced incorpotration,

A

so

.3.‘ Discussion o o ‘ h)

The cohesive forcejamong fatty ac§1 chains in thejhembrane ?*
1ipid bilayer is dependent,upon the length and the nathre of the ”
hydrocarbon chain Increaé@gg the number of methylene groups Increases
the cohesive force, Since van der Waals attractive forces are 1n3ersely
proportional to.the sixth power of the distance between the two inter-
acting atoms the introduction of chemical groups, which inhibit the
close-packing characteristic of straight-chain saturated fatty acids
significantly 1owers the cohesive force, The introduction of iso-
branching, trans-monounsaturation anteisobranching, cis-monounsaturation,
a cis-cyclopropane-ring, and cis-polyunsaturation into a straight sat- A
urated acid would disrupt the close packing and progressively lower
ﬂhe cohesive force roughly in that order. The reduced cohesive force
will greatly enhance the fluidity of the\hydrocarbon core of the
membrane ‘ \\

The data for the direct 1ncorporation of exogenous fatty

acids reveals that these aclds must have the proper range of chainr/

o
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lengths in order to be effectively utilized for membrane‘lipid syn-

-

“thesis, When grown in the absence of exogenous acids, this organism

synthesizes roggh}&/equallamounts,of ih:O and 16:0, as discussed in
the first chapter of this dissertation.\ This fatty acid c0mposi§ion
presumably gives a "natural" and proper fluidity to fhe hyd§3;;;bon
core of the membrane, When a whole series of straight-chain saturated

acids are examined, this organism directly incorporates ih:O, 15:0 and

1630 more extensively into membrane lipids compared to fatty.acids

having longer- or shorter-chain lengths, The 1ntroduc£10n of methyl
branching should reduce the "apparent chain length", because the
introduction of methyl branching into thebhydrocaﬁbon portion of a
fatty acid reduces somewhat the nonpolar'attractire forces developed |
between the interacting fattii;cids. The anteisobranching should have’
a larger effect than the corresponding isobranching in reducing the
cohesive forces between fatty acyl chains Therefore oge would
predict that the chain lengths giving maximum incorporatjén would be

" greater for the isobranched and greater still for the anteisobranched

“fatty acids,.which.is exactly what 1s observed in Fig, 13. Altbough a

comparable series of cis- and trans-monounsaturated fatty acids were
not available for testing, a similar upward shift in the optimal chain

length for incorporation would be predicted for the introduction of

s Lo X : N o .
double bonds, Againigh‘the,basis of the magnitude of nonpoldEdcohesive

interactions, one would expect that the cis-double bond would shift

the optinal chain length to the greatest extent, while the trans-

. double borid would produce a shifirroughlyvcompareblé to the intro-

duction of an anteiso-methyl branch, Although theoptimal chain

\> | .
Ce . . : .
y

v -

—~—
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-length of the trans-monounsatrrates can not be determined precisely,
the predictions seen to be borne out by the data (Table 11), If the
chain length is shorter tHan 12 to 14 carbon atoms, the introduction
of any‘oﬁelof these functional groups will reduce the incorporation,
because they will reduce the apparent chaie length, which is already
shorter than the proper range, Whereas if the chain length is more
than 14 ti 16 the introduetion of those grodps will. enhance

the incorporation, because they will reduce the apparent-chain length
| which otherwise would be longer than the proper range, However; the
introduction of two or more cis=double bonds apparently reduces the
apparent chain length of 18 an&'zo carbon fatty ac;;s by too great an
extent, since the uptake of polyunsaturates markedly declines with
increasing unsaturation Apparently an upper as weI& as a. lower 1imit
for the fluidity of the membrane lipids exists 1n this organism. It

As interesting to note that, when the chain length is optimized, the

1s0- and anteiso-branched aqd the trans-monounsaturated fatty acid

T

classes are incorporated more sively than are members of the

other fatty acid classes. It|is tempt

r fo speculatg that this. ?;
behavior is due to the fact that\these classes of fatty acids can ‘
provide a mdderate and optimal level of membrane 11p1d‘f1uid1ty, being
1ntermediate in this regard between the, high-melting saturated a?d
lower-melting cis-monounsaturated cyclopropane and polyunsaturated
fatty acids, - In conjunction with this 1dea, it might be noted that
9-18:1t was the’ only exogenous fatty acid capable of supporting tell -
growth of Mycoplasma strain Y, when this organism, which has an absolute

requirement for\exogenousvfattyiacids, was maintained,on a series of -
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single saturated, or unsaturated fatty a¢1;is-(Rodwe11; 1969). Unfor-
tunately, hranched-chain fatty acids were not tested in these experi-
ments,

The chain length specificity for the total 1ncorporation of .
exogenous fatty acids by A. laidlawii B is wider than that for direct‘
1ncorporation due to the chain elongation, If the chain length of" :
exogenous fatty acids is shorter than 10, 12 and 13 carbon atoms when )
they are straight-chain saturated, isobranched, and anteisobranched -
‘agids reSpectively, virtually all the exogenous acids are elongated .
to fatty acids longer than 10:0, 18:01 and 13:0ai before being |
utilized for oomplex lipid biosynthesis, From the data on the total
incorporation, exogenous fatty acids can be classified into four
different groups. The first group of faﬁ acids seems to have the
Proper range of physicochemical properties without chemical modifi-
caiion. Fatty acids iﬁithis group are directly incorporated nost
extensively into the membrane lipids and are elongated by two carbon
additions little 1f a%,all This group 1nc1udes straight-chain
-saturated acids containing 13 to 1§fcarbon atoms,. isobranched acids of
14 to 18 carbon atoms, anteisobranched fatty acids of 15 to 19 carbon
atoms, and the 14 to 18 carbon trans-monounsaturated acids, The
second group of acids has a potentially large disruptive'effect on’
the, packing and order of the hydrocarbon chains but can be elongated
" t4 reduce this effect by shifting the average chain length toward the
optimum 259 short-chain saturated, branched-chain}and monounsaturated
fatty acids belonging to this second éroup are incorrorated- , i

N

‘moderately to well, The third group of -exogenous fatty acids are also
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, characterized by.high degreeS‘of fluidity but are apperently not
suitable'substrstes forrchain eloééation. Members of this third group
of*fatty acids, which includes the cyclopropane and polyunsaturated
fatty acids, are relatively poorly incorporated. The last group of
acids are\ones.which are cbaracterized by too hiéh or too low a degree
of cobesive interaction, The.long-chain saturated fatty acids and a

R polyunsaturated acid (5,8,11,14-20s4c,c,c,c) which make up this ﬁaurth

group are the least extensively incorporated of all the exogenous fatty

aclids tested,

The chemical natw 9- the exogenous fatty acid does not

seem to be of major importance in determining its suitability for

biosynthetic utilization, since no correlation between the degree of ¢
incorporation and the presence of any particular functional group or

| electronic configuration could be discerned, Also, the marked depend-

ence of incorporation on chain length within any chemical class of

e
exogenous fatty‘acids supports this view, Instead the physical

Q ¥ ¢ -

properties of the exogenous fatty acids, and in particular their
\.’:s) an

meIting points, appear to be the basis of incorporation séleqtivity.

The evolutionary development of an enzyme system capable o} utilizing

a wide variety of. chemically dissimilar but physicochemiéa related
fatly acids for membrane lipid biosynthesis probably.provided a |
significant adaptational advantage to A, laidlawii B, ‘In the presence
of group one fatty. acids, the bulk of the membrane lipid fatty acids
can be directly derived from exogenous sources, so that this organism
can maintain its rate of membrane growth with only a fraction of the.
metabolic energy that would be required in the absence of exogenous

N
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fatty acids. The extensive utilization of{ekogenous fatty acids

belonging to groups one and two does not’excessively alter the physical -

state. of the membran lipids, The incorporation of exogenous fatty

acids belonging to odps three and four is much less extens;;e

probably because extensive utilization of those rather low-melting

and high-melting fatty acids would perturb the physical state of the

'membrane lipids to too great a'degree. Jhus the enzyme system which , {

incorporates erogenous fatty acids in éhis organism hag a broad but

definite specificity, and seems to function to maintain an’ optinal

range'of membrane 1ipid fluidity by controlling the physicochemical

properties of the membrane lipid fatty acyl groups, The ‘degree of

\ ' .
incorporation of exogenous fatty acids which do not Possess the optimal

A ‘. £
physicochemical properties is doubtlessly increased by the compensa- !
tory shifts in the chain length specificity of the de novo fatty
acid biosynthetic system as discussed earlier, The conclusion that

it is the physical and not the chemical, properties of an exogenous

fatty acid which are important in determining its suitability for
biosynthetic utilization strOngly argues against the membrane model
proposed by Benson (1966), This model requires that the hydrocarbon
chain of the membrane 1ipids be specifically complementary to certain\,\
hydrophobic amino acid sequences in ‘the membrane protein and that -each \\
class of 1ipids have a Specific and characteristic fatty acid spectrum,

If this model system were correct for the membrane of A, laidlawii B,

the membrane lipids should not be pble to incorporate such a wide

range of chemically different fatty acyl groups; The discovery of

unsaturated fatty acid auxotrophs of E, coli (Silbert and Vagelos;_1967)

¢



J
suggested thai this organism had an eSsential requirement for certain

" types of fatty acyl groups in its membrane lipid, However, a variety
of fatty acids have been shown to be able to replace cis-mOnounsaturated
fatty acids as essential growth factors for these unsaturated fatty
acid auxotrophs These are gis-polyunsaturated trans-monounsaturated
12-bromostearic, and cyclopropane-ring containing acids (Silbert et al,,
1968; Esfahani et al., 1969, 1971b; Schairer and Overath, 1969;

Fox gt_él., 1970), Further studies by Silbert gt‘al. (1973a) have
demonstrated that even methyl-branched acids, both iso- and anteiso-
branched fatty acids, which have dissimilar electronic COnfiguration,
can replace cis-nonounsaturated fatty acids as the growth factors in

a derivative of this mutant, They have concluded that unsaturated
fatty acids do not rarticipate in a Specific interaction with other
membrane comporients but serve primarily to control the packing of

paraffin chains and the fluidity of the membrane bilayer (Silbert

-«

et al,, 1973a. 1974)
| The incorporation of exogenous f ty acids into membrane
lipids is a result of a very complex serie of biological reactions
including the interaction of free fatty acids with BSA in the medium, -
the transport of fatty acids across the cell membrane into the cell,
the activation of free acids to CoA- or ACP-derivatives, possibly chainl
jfelongation which itself inclydes several steps, and the incorporation
of the actiVated fatty acid to the membrane polar 1lipids, From this
overall in;vivo experiment alone it is very difficult to tell which
:steps are responsible for the specificity pattern observed Further

studies should’be conducted to clarify this point, In connection

!
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With the question of where the observed*specificiiy 1s localized,

Klein et al, (1971) have postulated that fatty acid iransport in

E, ggli might be mediated.by theffatty acld activating enzyme, dcyl-CoA.
synthetase, and have introduced the term "vectorial’ aCylfation" &)
describe the fatty acid transport system in this organism, Theyfhave
shown that E. coli activel transports intermediate- and long-chain
acids including 9-18:1c, bud that the transport of 4:0 and 6:0 are
almost negligible They have also shown that the transport Process

‘s irreversible and very .tightly linked to the fatty acid metabolism, .

The fatty acid transport by Pseudomonas oleovorans (Toscano and Hart-

line, 1973) has been shown to be saturable and chain length-specific~“'
with short-chain fatty acids being excluded, Brindley (1973) has N
shown that in the microsomal fraction from guinea-pig'intestinal |
mucosa there is a fine balance between the activities of 16:0-CoA
syntheiase and glycerol phosphate acyltransferase,

\ It is possible that the exogenOus‘fazzz\acigsrcould be
transported into A, laidlawii B cells via vectorial acylation by /
acyl-CoA synthetase which is closely linked to either the direct
acylation and/br the chain elongation system, if necessary .These
three closely linked activities might cOntrol the fluidity of the
membrane lipids of this organism. On the other hand,;since.the passive
flux of the hydrophobic internediatexang long;chain exogenous fatty
acids acnoss the cell membranevshould beiappreciable,vone,need not
postulate a fatty acid transport system in this ratner siow-growinggi
o:ganism, which also can not oxidize exogenous fatty acids, The
specificity for the incorporation of exogenous fatty acids by A,
laidlawii B probably resides in the activation and esterificatiou

b'S



reactions of the complex 1ipid biosynthetic pathway, "

I3
-

B, Incorporation of exogeggus'fatty acids into various membrane

complex lipids . 9

1. Materials and Methode¢
B Ethanolic solutions of various fatt& acids, which would be
elongated little if at all, were added to 11 quantities of> 1ipid-~
poor growth medium before inoculation to a final concentration of
0,03 to 0,12 mM, such that the exogenous fatty acid wouldnc;mprise
about 50 mole per cent of the fatty acids in the membrahe 1ipids,
The cells were harvested in late~log or early-stationary phase, and
tota; 1lipids were exrracted and separated into individual complex
lipids by a e0mbina§ion of column chromatography and TLC. The total
lipids were firaf Separated into seven fractions by Unisil column
chromatography by a modificatién of the method of Vorbeck and

Marinettti(1965). Unisil (10 gj Wwas packed into a column’ in about

50 m1 of hexane, and nashed successively with 75 nl of hexane, 60 ml of °

diethylether, and 150 ml of chloroform in that order Fifty ml each of
. the following solvents were successively used to elute neutral l§

and fractions I to VII ‘respectively: chloroform (which would elute
neutral 1lipids), chloroform-acetone (2:3,v°l'/vol ), acetone, chloro-
form-methanol (411), chloroform-methanol (3:1) ~chlor0form-methanol
(7:3), chloroform-methanol (6. 513.5), and methanol, The neutral lipids
‘ fraction was. discarded Fractions I to VII were further purified by

T1C, TLC plates 5x 20 em, 0,5 mm thick, ‘Were prepared from silica’

ge: H, The solvent»uSed to‘purify fractions I and II was chloroform- fﬁ

.

o
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@ - me.thanol-.wa.ter (75:25:3) and the solvent used }‘oi' fractions IIT to VIT
‘.»:'{ " was chlorof orm-methanol-water (65:25 t4), The position of the various

;% ‘ lipids on the TLC plates was visualized by briefly exposing the plates

5, to 1odine vapor, After removal of the iodine s)tain by sﬁblimation

'u-‘
..n-
Sy

in a vacuum deswcator areas of gel containing each fraction were

AN
SRy
-
f:‘

scraped from the TLC plates packed into a spall column, and eluted
with 10 ml meth:anol. Five different maJor lipids were obtained from
this purifica.fion procedure Fatty acid' methyl esters were prepared

from each - lipid class\by the conventional procedure and the fatty acid
compositions were ana.lyzed by GLC ' .
@ <0
oL ) T .
: 2, Results . A~ ' '

L 3 ’f'he puity of the five ex{i‘acted lipids was checked by TLC,
and the results are shown in Fig, 14, The solvent system used was
chloroform-methanol-water (65:25 :4), The Rf values obtained are very
close to those previously reported by Shaw et al, (1968) The five -

—_ -~ Classes of lipids are identified asvfollows, ba.sed on my own analytical

data and that of Shaw et al (1968 19721 W

A - Monoglucosyl diglyceride (MGDG)

B - Diglucosyl dfglyceride (DGDG)

c - Phosphatidylglycea:o )

D - Glycerophosphoryld ‘cosyl qigl}ceﬁde (GPpCDG)

E - O-Amino acyl ester of phosphatidylglycerol (0-PG)
. _— O
The chenmical structures of these 1ipids are. shown in Fig, 15,

When cells are grown in the absgnqe of any exogenous fatty

acid the membrane lipid fatty a.cids #hill a.re derived mainly from

t ‘ ) I

/
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Flg. 14, A thin-layer chromatogram i1lustrating f?é separation

of the five major membrane polar lipids of A. laldlawii B on Silica

Gel H, The solvent system used for the development of the TLC
chromatoplate was chloroform-aethanol-water (6512514 by vol, ),

A, B; C,.D and E are the monoglucosyl diglyceride (MGDG), diglucosyl
diglyceride (DGDG), phosphatid lglycerol (G), glycerophosphoryl-
diglucosyl diglyceride (GPDGDGg' and 0-amino acyl ester of phospha-
tidyl glycerol (0-r3), respectively, PFG is a commercial phosphatidyl- )
glycerol standard,

-
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Fig, 15, The chemical structures of the five ma jor membrane
polar lipids of A, laidlawii B, A, B, C, D and E are ‘monoglucosyl
diglyceride; diglucosyl diglyceride, phosphatidylglycerol, glycero-
phosphoryldiglucosyl diglyceride, and 0O-amino acyl ester of
phosphatidylglycerol, respectively,

3
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de novo biosynthesis, are distributed among the various 1lipid classes
in a rather distinctive manner, as shown in Fig, 16. The fatty acid
compositions of the two neutral glycolig}ds MGDG and DGDG, are very
similar and somewhat differentofrom that of the phospholiplids, The
fatty acid composition of-the two phospholipids, FG and O-IG, are

also very similar. However, the mospt;orylated.g'lycolipid,( GPDGDG, .
has a rather different and distinctive_fatty'aeié.composition, although
it morgvclqselygresembles the neutrel glvcolipids; GPDGDG has a much
higher content of 12:6, and less 16:0 and 18:0 than any.sf the other
fractions, In order tg/éetermihe whether or not these differences in
fatty acid composition wouldvpersist when the bulk of" the membrane 1ipid
fatty acids were derived from exogenous sources, the fatty acid '

. cOmposition of each 1ipid class from cells grown in a variety of exog-
enous fatty acid was studied. " The pattern of»fatty aclid composition
noted with the endogenous fatty acids holds with certain exogenous
fatty ac ds, but it does not with ethers. However, any systematic
pattern of distribution of exoge;ous fatty acids among the various
lipid classes has not been diqcernible in the present experiments, .In
. some cases, represented ;;re in Fig,17 by an experiment using 1750 as

' the exogenous acid, the distihctiv flifferences betweenKihe neutral °
“glycelipids and phospholipids are retained, GPDGDG again shows the
very peculiar pattern noted previously. In other cases, represented
'here in Fig 18 by an experiment using 17:0a1 as the exogenous acid,
those distinctive differences between the neutral gI&polipi&s and
phos;hplipids are mno longer observed GPDGDG however, still shpws

the peculiar pattern. S S : .



Fig, 16, The distribution of the major fatty acids within the
five major membrane polar lipids of A. laidlawii B grown in the

absence of exogenous fatty acids, The cells Were grown at 340C in
.the absence of exogenous fatty acids, The five major 1lipid classes

were separated, by the method described in the text, from the total

membrane lipids extracted from the late-log or early-stationary
phase cells, The fatty acid composition (mole %) of each 1ipid
class was determined by GLC, A, B, C, D and E are MGDG, DGDG, FG,

GPDGDG, and O-FG, respectively, The values presented here are the °

averages of triplicate experiments, St

0



5114,

ploD°

0:91

O:vl

A4

ar--
P N
e

oz

N

oL -

0¢

(0} %

ov

0¢

09

a|ow

%



-

Fig, 17,  .The distribution of the major fatty acids within the
five major membrane polar 1ipids of A, laidlawii B grown in the
presence of 1710, The cells Were grown at in the presence of

an exogenous fatty acid, 17:0, at a final concentration of 0,10 mM,
The five major 1ipid classes were separated by the method described
in the text from the total mémbrane 1ipids extracted from Jate-log or
early-stationary phase cells, The fatty acid composition (mole %) of
each 1ipid class was determined by GLC, A, B, Cy D and E are MGDG,
DGDG, PG, GPDGDG and 0-FG, respectively, The values presented here
are representative of duplicate experiments,

} “ . . . f
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Fig, 18, The distribution of the major fatty acids within the
five major membrane polar 1ipids of A. laidlawii B grown in the
presence of 17:0ai., The cells were grown at 34OC in the Presence
of an exogenous fatty acid, 17:10ai, at a final concentration of
0,03 mM,. The five major 1ipid classes were separated by the
method described in the text from the total membrane 1ipids,

- extracted from late-log or early-stationary phase cells, The
fatty acid composition (mole %) of each 1ipid class was determined
by GIC, A, B, C, D and E are MGDG, DGDG, PG, GPDGDG and 0-FG,
respectively, The values presented here are representative of
 duplicate experiments,
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3. Discussion
N e

Unlike most other microorganisms, the cell membrane of

A. laldlawii B does not contain any conventional nitrogen-containing

. \figsgﬁplipids. In fact the three glycolipids (MS8DG, DGDG and GPDGDG)

“r

comprise about 55 £§ 60 per cent of the total 1ipids (Smith, 1968),
The rest, aboutv35 per cent, is compriséd by two fhospholipids, G and
0-FG, with the former predominating, DN
;hosphatidic acid (PA) is believed to play a central role in
the overall 1lipid metabolism.in A, laldlawii B as well as in bacteria
(Lennarz, 1970), PA presumably reacts with cytidinediphosphate, |
derived from cytidine triphosphate (CTP), t& form CDP-IG (eytidine-
diﬁhospho-diglyceride), which in turn serves as a precursor for
pﬁespholipid biosynthesis (Carter and Kennedy, 1966 Carter, 1968),
fA would also be dephosphorylaéed to give 1,2-diglycerides, which are

&

the precursors for glycolilpid synthesis,

‘Smith (1969a) has shown that A, laidlawii B membrane contains

an enzyme or enzymes catalyzing the transfer of glucose from UDFG

(ui'idine-S'-diphosphoglucose) to 1 2-dig-1ycerides to form MGDG, which
in turn accepts another molecule of glueoze from UDFG to form DGDG,

How GPDGDG is synthesized 1n this organism has not been clearly |
elucidated as yet, bgj it probably is synthesized from DGDG, in analogy

to the pathway found in Streptococcus‘faecalis (Pieringer, 1968;

Ambron and Pieringer, 1971) The pathwqy for the biosynthesis of G

" has not been examined in this organism, but 1s(éresumed to be the same

as that demonstrated ‘for bacteria (Cﬂgng and Kennedy, 1967a, 1967b);

phospholipids are probably synthesized by the transfer of diglyceride

l\?19
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from CDP-diglyceride to alpha-glycerophosphate followed by dephos-

phorylation of the terminal phosphate group. Since Macfarlane (1962)

foond‘O-PG in Clostridium welchii;vother bacteria also have been qe-‘ B

ported to contain this rather exotic 1ipid (Macfarlane,: 1964), Koostra

and Smith (1969) have reported that A, laidlawii B membranes can

catalyze the transfer of ;n amino acid from an amln? acyl-tRNA to FG

to form O-FG, Utilizing this and other information, the pathway for

linid biosynthesis in A, laidlawii B can be outlined as in Fig, 19,
Since the fatty acyl groups.in fhe membrane lipids of ﬁ.

laidlswi& B are known to be metabolically stable (McElhaney and

lourtéllotte, 1970a), any fatty acid compositional differences among

1lipid classes in this organism have to)be generated during lipid bio-ﬂ

synthesis, not by dead}lationgreacylai;on reactions, When grown in

the absence of exogenous fdttj acids,\ihe’faﬁﬁy acid conpositions of

the two neutral glycolipids are very similar, as dre the compositions

of the to phospholipids, In addition,. each class of 1ipid, the neutral

glycolipids, ph%spholipids, and’phospnorylated glycoiipids, exhibits

a distinct and different fatty acicl spectrun, This wouwld indicate

that specific PA species are selectively used for CDP-diglyceride and -

b 2-diglyceride synthesis from a common PA pool. or that there are

three different PA pools, The Yatter possibility is pexpaps the less

likely, since all the enzymes 1nvolved 1n‘complex lipid biosynthesis

| “-in thi% organism are membrane-bound and }he exis ence of cellular

compartments in the absence of intracellular membranes 1s difficult

-

to imagine however, these differences in fatty acid composition g
o q

between the three lipid clgsses dlsappear in the presence of some



- Fig, 19, The biochemical pathway for the biosynthesis of five
, major membrane polar lipids of A. laidlawdil B,
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exogenous fatty acids,A Since this organism does not always maintain
the fatty acid compositiOnal differences between its neutral glycolipids
‘and pﬁospholipids the difference in composition between these 1ipids |
sometimes noted is probably not biologically significant At any”&ate,
even the differences in fatty acid composition between.neutral glyco-
1lipids and phospholipids observed under certain conditions are not as£>
striking in A, laidlawii B as they are in plant and Some bacterial
systems (Van Deenen, 1966), It is interesting to note that GPDGDG
maintains in all cases a somewhat unique fatty acid composition diff-
erent from DGIG, from which it is presumably synthesized (Pieringer,
19683 Ambron anf Pierinaer, 1971), The GPDGDG always contains the ‘ -
Smallest amount of exogenous fatty acid and the highest quantity of
de novo synthesized 12:0, This peculiar fatty acid composition of -
GPDGDG has also been reported by DeKruyff et al, ( 1973) These
investigators have also shown’ by ;alorimetric studies that the gel to
‘1liquid-crystalline Phase transition temperature of GPDGDG is almost
identical to that of FG, despite the big difference in fatty acid
composition between thesek\}ipids, although the energy content of
the transition of the latter is greater than,that of the former

The question of why certain organisms have certain kinds of
polar 1ipids in their cell membranes (Van Deenen, -1966) remains to be
answered, Why some organisms like E, coli have such simple lipid ‘
compositions (70 to 80 per cent of lipids beingfkhosphatidyl-
ethanolamine) and why other organisms such as A, laidlawii B have much
fhore complex 1ipid compositions is not understood at Present, This

- diversity of polq"lipids Has led some 1nvestigators to attempt to

-
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the use of varioys Sophisticated phy methods, ~but investigations
a

of the function of the membrane 1lip d' polar head groups remain rather

preliminary, Hd;ever, Polar head ETo¥ps in general are considered to

be responsible at least for holding tbgether the 1lipid-protein frame-

these two 1ipid classes, carotenol glucoside ang GPDGDG, are speéifiéaliy
involved'in'glucbsentranspdrt from the outside to the inside of the
¢ells, However, McElhaney ang Tourtellotte (1970a) were unable to
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conditions, Since Smith performed his experiments in a buffer system
in which the cells were energy-staréed and not capable of growth,
McElhaney and Tourtellotte have claimed that the labeled GFPDGDG
obSeiiéd'in Smith's experiment probably exists as a non-physiological

metabolic pool which is susceptible to degradation during. subsequent

metabolism or growth, °



CHAPTER II

THE CHAIN ELONGATION OF THE EX

Introductio

elongation Systems, both of which are dis

de novo fatty aciqg bioSynthetic system,

Synthetic machinery, but others do not,

extensively incorporating exogenous fatty

I

OGENOUS FATTY ACIDS

n

tinctly different from the

Some microorganisms also seenm

A, laidlawii B is- c?pable of

into. the various membrane lipids This organism has also_been Treported

present in this organism, The effeéz’of varying the concentration of



First elongation =

’

A, The effect of the concentration of exogenous fatty acid on the

extent of chain elongation
q

1, Materials and Methods
Ethanolic solutions containing various fatty acids were added
to 125 ml of liéid-poor growtﬁ medium befofe-1noculation‘t6.a°f;nal
coﬂcgntratio:Jof 0.61 to 0,12 mM, Cells were harQested in late-log or
early-étationary“phase after 18 to 26 hours of growth, Lipidsewere
extracted and  methyl esters of eOmpongnt fatty acids were’prepared by
thé conventional procedure, The fatty acid ;ompbsiinns were deter-

mined by GLC, The extent of "elongation 1s‘obtainéd by fhe following

equations;

total concent}ation of all,eiongation products x 100

concentration of the exogenous fatty acids
+ total concentration of all elongation profucts

I

° concentration of 9longgtion products containing
four or more additiona?} carbon atoms x 100 I
total concentrationfof a11 elongatiti‘froducts

Second elongation =

4

2, Results

p ~In the precedigg'éhaptéi‘of this. dissertation, I pointed out
that certain short- and-intermgdiaté-§§aih'1ength_exogénous fattyA
acids cg: be elongated bj #.flaidlaﬁ;i B tolfhéir longer-cgain homo-. '
logues, while most long-chain fatty acids do not undergo this chain
elongﬁﬁion rééction. This ;hgnomenoh sugéested to me that this
orggdism may utilize the}éhaiq elongation system as another mech;nism
to reéulate4membrane 1ipid fluidity.> In this section, I détermine@.%he

effect of the concentration of the exogenous fatty acid on its degree
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of chain elongation, before comparing the extent of chafn elongation of
an exhaustive variety of exogenous fatty acids which may ‘be incorporated
to different degrees, For this purpose five different.f%tty acids are
used as the represéntativéé. They are 12;01, iijai; 9-19:1c, 9-1611¢
- and 9,12,15-18:13cqc, ATl of them are quite highly elongated, and
easily distinguishable on GLC from the aclds derived fron de novo fatty
acid biosynthesis, The results of experiments designed to determine
the effect of -the concentration of these exogenous fatty acids on the
degree of chain‘elongation are\presented in Tables 13 and 14, When
12:01 or 13:0ai is the exogenous fatty acid, the degree of elongation

1 is remarkably constant regardless of the amount of fatty acid which

is preSent 1n the growth medium or which is incorporated. into the
membrane 1ipids, When 9-14:1c is added in the medium “the degree of

» elongation is again very constant when the amount incorporated varies
from 20 to 65 mole.per cent. 1In this experiment 18:i1c is omitted from
- the calculation of the total fatty acid composition. This was done
because some 9-18:1c is inéorporated into membrane 1ipids from the
residual 9-181c present in the defatted growth mediun, and this
exo;;nous 1811c will not be differentiatéd from the small amount of
9-14s1c elongation prqducf, 13f18:1c, by the GIC analysis, When .
9-16311¢ is added as the exogenous.fétty acid, the extent of elongation
is again quite constant when the amount of the acid indorporated varies
from 35 to 75 mole per cent, When 9,12,15-18:3¢,¢,c is used as an
exogenous ac d, the extent of the chain elongation is again fairly
conétant regardless of the amount incorpq?atea, from410 t0.40 mole

per cent, These experiments clearly demonstrate that the extent of

-
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A

' Extent of Extent of
7 Exogenous Amount incorporated first elongation Second elongation
* fatty acid (mole %) (%) # -
12301 18,9 Comd 3.5%
30,0 9,6 4,7
“ 35.2 | 90,2 - 6.8
\ 42,9 ” 90,3 7.8
51,0 8.2 10,1
60,2 89,6 ° 14,1
1310a1 8,7 839 | -
. 19.7 85,7 v
30,7 8.1 83, R
45,2 B3 g
53.2 ' 84,1 < 10,2
61,3 e 83,5 - 9.9
68.1° 80,7 9.5
w2 81,5 99
i
a Tﬁe valﬁes listed here for the ektent of chaiﬁ eiongation of

these:branched-chain:fatty aclds are a 1ittle larger than

chapter, This is because the data presented here Wasecollected

- at an earlier date, and the activity of thé’ chain elongation

system of" this organism showed a - progressive increase over the
time period encompassed by thesg studies, - '
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Ta‘e 14, The effect of variations in the concentration of several
. - exogenous unsaturated fatty acids on their extent of
chain elongation by A. laidlawii B

Anount incorporated Proporti?njglongated

Exogenous acid ~ (mole %) ‘Z@,
9-th:1c 22,0 ' 76.8*
( . 7.8 . 78,0
- 41,4 - 78,3 |
55,2 x
2 M3
65.6 ] .70.3
CRTISPEE 36,67 " . 6h,b

|  Sh5 ' 77,7
. o~ __
\ 65.6 | 72,7
' 68,5 7}55

75.7 N 69.6
9,12,15:18:3@;6,0 | 9.6 S 3%
I 28,1 3.6
35.4 . o 30.5 o
ru;.'z ) - 35.7

comparable values to'be presented in the next 'section of this

. chapter, This is because the data Presented here was collected.
at an earlier date, and the activity of the chain elongation ‘
system of this organism showed a progressive increase over the -
time period encompassed by these studies, '
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chain elongation of exogenous fatty acids depends very little if at -

all upon the amount of that acid incorporated into the membrane lipids,

3. ’biscussion

It is conclusively démonstrated in these experiments ‘that the
degree of the chain eldngation of exogenous f;tty acids is fairly
constant regardless of the amount of that fatty acid incorforated.
However, it is of interest to notice tgg‘changes in ,the pattern of the
de novo synthesized fatty acids when the amount of exogenous fatty acid
ihcorporated varies over such a wide range, Particularly for the |
exogenous mono- and poly-unsaturated fatty acids, aé tﬁ; degree of
méorpération Wea.ses the spectrim of fatty acids produced by the
de novo pathway shifts toward‘Tﬁ! longer chain length, This can be
clearly seen 1n Table 15, where the preponderance of, for example,
endogenous 16310 over 14:0 increases markedly as the levels of incorpo-~
ration of the exogenous unsaturatés rise, The iso- and anteiso;
‘.brahched exogenous fatty acids, which have highef melting points than
do the ﬁnsafurated fatty;aqidé used in this study, do not induce such
a markeq shift in thé.averhge chain 1ength‘of the endogenqué'fatty
acids, One can interpret this incfeased production of longer;chéiﬁ;
high-meltiﬁg endogehouséspfty acid$ as a compensatory response to thé
utilization quthe 19wé:;me1ting exogenous faftyfaCids and their
elongation products, "Tﬁi; organ1sm might héve been expected to increase
the degree of chain elqﬁgation and maintain the de égxg.synﬁhetic
fattérn constant instead, in fesponse to the incorporation of Iarger
amounts- of exogenous lou-melting fatty acids, This response would also

cOmpensate for the ef?ect of exogenous acid in progressively



F The ratio of 16:0 to 14:0 in the total membrane
' 1ipid of A, laidlawii B and the amount of

| exogenous branched-chain or unsaturated fatty

- acid incorporated into the membrane 1ipid

Ratio of 16:0 to 14;0

~ highest

i lowest
Exogenous fatty acid incorporation  incorporation
1.13 1,21
1.57 1,64
1,50 1,91
9-1631c 1,71 4,40
9,12,15-18:3¢, ¢, ¢ 1,66 6,937
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increasing the fluidity of the membrane 1ipids However, A, laidlawii B

maintains the degree of chain elongation of exogenous fatty acids con-
'\

stant, and changes only the de novo synthetic pattern in response to
the amount and nature of the incorporated exogenous fatty acid, This

result may suggest that the de novo fatty acid biosynthetic system and

e

@

the chgin elongation systen are different from eeph other, and that the

degree of -chain elongati?n is regulated only by the intrinsic properties

a

of its fatty acid substrate, as will be discussed later in this chapter,

e

B, The effect of the structure. of exogenous fatty acids on the extent

L . .
+ . - o

of chain elongation ) - L L
. ’ : Y . B
¢ . " 3 . * ) . . . . "'I! 2,/
1, Materials and Methods N .‘ '
é? Ethanolic solutions containing variéus fatty acids were added

'i

to 125 ml of lipid-poor growth medium before inoculation to give a

N )
final fatty acid concentration of 0. 12 mM, 'é -1aid1awii B cells uere’
‘harvested in late-log or early-stationary phaéeﬁafter 16 to 20 ours of

4

_ v h
‘growth, Lipids were extracted and methyl estersﬂuere pre

by the small scale procedure or by "the conventional proce
on the chain length of the exo;enous fatty acid as was' stated in the ’
preceding chapter. The fatty acid’ composition was determined by GIC, |
The extent of chain elongation was calémlated as before, -«

Since this organism can synthesize de novo fair anpunts of _é;_ﬂ .

4 ” ‘

12:0 1430 and 1610 even in the presence of exogenous fatty acids .:fi‘i
i
fatty acids incorporated directly frOm the media or elongated from th o

.exogenous short-chain, ‘even-numbered fatty acids have to be distin-
guished from those synthesired de novo from acetate. For this purpose

‘radioactive precursors were used, Radioactive fatty acids or their N
? . o : e ;‘ !

£,

”&
S,
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sodiun salts alie mixed with cold carrier aclds to bring ihe final v
concentration to 0.12 mM, The following are the radioactive’precurso;s
useds sodium butyrat!li-ciﬁl(50 pe), sodiumlhexanoate-i-ciu (50 PC)
octanoic acid-i-Ciu (25 HC), decanoic acid-1. C (25 ;C), dodecanoic
acid-1-cl (25‘pc) tetradecanoic acid-i- C (25 pC), and hexadecanoic
acid-1-cl (25 yC) Cells were grown ‘and the total membrane lipid
extracted as before e fatty acid composition and the distribution;
of radioactivity were simultaneously analyzed by the RAM-GLC system
'*The extent -of chain elongation was calculated as before, except . that
the:areas from the radioactivity measgrements were used to quantitate‘T
the amounts’ of the appropriate exogenous fatty acids present, instead
of using the data from the GLC. analysis 2s in previous experiments

.wuhen nonradioactive exogenous fatty acids were being utilized,

g.-, >

P . ‘ . ce f

2, Results . o b

t

" As was briefly discussed in the preceding chapterxof this
‘ dissertation, short-chain exogenous acids are exhaustively elongated
' but the degree of chain elongation,progressively degﬁeases With an

increase in the carbon number of the fatty acid,

of various straight~chaia, iso- and‘anteiso-branched exogenous satu-;

g -
rated fatty acids, This figure also depicts theseffect of the intro-;‘

‘xaductiOn of methyl-branching into straight-ohain fatty acids on the
'_extent of chain elongation. The int;oductiOn of isobranching results
“in more extensive e10ngation of the longer-chain substrate while antea
isobranching Promotes the extent of elongation still further, '

Exogenous short-chain saturated fatty acids undergo essentially complete

134
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{
Fig, 20, (\(‘he effect of the chain length and chenmical structure of
an exogenous fatty acid on the extent of the first %hain elongation
of that fatty acid by A, laidlawii B, Cells were grown at 34°C in the
presence of a single exogenous fatty acid at a final concentration of
0.12 mM, The total membrane 1ipids were extracted from late-log to
early-stationary phase cells as described in the text, The fatty acid
composition was determined by GLC, and the extent of the first chain
elongation (%) was calculated by the method described in the text,
D=y =O=O= and Ayt represent straight-chain saturated,
isobranched and anteisobranched fatty acids, respectively, The values
presented here are averages of at least triplicate gxperiments,

B
L 4

r
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conversion to their longer chain homologues until the carbon number

reaches 10 or 11,‘;t which point a small amount of 10:0 or 11:0 is
1ncorp5rated directly, although ﬁost continues to be elongated to
12:0, 1310, 14:0, 15:0 and 16:0. When the chain lengtg of the
exogenous saturated fatty acid reaches 16 carbon atons, chain
elongation ceases, The minimum chain length for the isobranched

and anteiéogranched exogenous acids,cihich produces less than quanti-
tative elongation is higher, being 12 and‘13 carbon atoms, respectively,
In a&dition, the average chain length of the products of chain elong-
ation was also shifted upward upon the introduction of a methyl-
branch., Again, chain eiongation ceases when the carbon mumber of the
isobranched and anteisobranched fatty acid reéches 16 and i?, d
respectively,

The effe@t of the presence:of c¢is- or trans-double bonds

or a éyclopropane ring in the exogenous fatty acid on the extent
of chain elongation is presented in Table 16, If the extent of
chain elongation is compared within a class of fatty acids having

the same functional group, the following orders are obtained:

Straight chain 430-710 > 810 >-9:10 > 10:8 > 11:0 > 1250

> 1310 > 1410 > 15:0-20:0

- “ |
Isobranched =~ 4301-10:01 > 12:01 > 14;01 > 16101 , 118:01

Anteisobranched  5:0ai-1110ai > 131023 > 15i0ai > 17:0a1

2

«

19:10a1

137
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Table 16, The chdin elongation of various exogenous unsaturated and

cyclopropane fatty acids by A. laidlawii B

Exogenous fatty

acid

Extent of

Extent of

(]

Firstjilgngation Second elongation
Y% ' .

cls-monounsaturated

9-1431c
9-1631c
9-.18:1c
11-20:1c
13.2231c
15-2431c

trans-monounsaturat
9-1431t
9-1631%
9-1811t

gggfpolyunsaiurated
9,12-18:2¢, ¢
9,12,15-18:3¢c,c
5,8,11,14-2034¢, ¢

cyclopropane
~9,10-17:0cp,
9,10-19;0cp,
9,10-19: 0cp,

straight-chain
o 1440
16:0
18:0
2030

ed

o
sC,C

c QJ

c
t

60,6
48,2

23.5
1,1

16.9
35.5

12.5

11,2

© O O o

2 The' value reported ‘here is probably much higher than the real

value for the second chain elongation of 9-14:1t, since the
. 13-18:1t derived from 9-14:1t can not be differentiated by
conventional GLC from the 9-18t1c which i

the 1ipid-poor growth medium,

The values presented in this table are the averages of at
least triplicate experiments,
S N _ .

s incqrporated.fromf
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Monounsaturated > 9-1ile > 9-16:1c > 9-1hi1t > 9.18;1¢
‘ . > 9-1611t > 9-18:1, 11-20,1¢, 13-22:1c,

15-2431c

Polyunsaturated 9,12,£§-18:3q¢p > 9,12-18:2¢, ¢
> 5,8,11,14-20:40,c,c,c

Cyclopropane 9,10-17:10cp, ¢ > 9,10-19:0cp,c ,_ 9, 10-19; 0cp, t

A
té

From the above observation it is quite reasonable to conclude that tﬁo
shorter the chain length the greater the extent of elongation among '
exogenous fatty acids containing the same chemical functional group,
Finally, the effect of the introduction of various functional
groups into an exogenous)saturated fatty acid on the extent of chain
 elongation is shown in Table 17, .¥When the chain length is 12, the
introduction of both iso- and anteiso-branching slightly increases the
extent of chain elongation, When the chain length is 14, the 1ntro-
duction of iso- and anteiso-branching, or a' trans-double bond
slightly redqaps the extent of chain elongation. whereas the intro-
duction of a cis-double bond greatly enhances the chain elongatiOn.‘

» When the chain length is 16, the 1ntroduction of both cyclopropane and

ciS-double bonds increase the extent of chain elongation, whereas the

effect, When the chain length is 18, the 1ntroductlon of isobranching,
Yrans-unsaturations do 39\\enhance the chain elongation. However,
the introduction of . .more than one cis-double bond greatly 1ncreases

the extent of elongation,
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Table 17. The effect of the introduction of various functional groups
into an exogenous straight-chain, saturated fatty acid on
the extent of chain elongation of that fatty acid by
A, laidlawii B . :

Number of carbon atoms in
the fatty acid molecule

Exogenous fatty acids

12 U 16 18 20

(%) (%) (%) (%) (%)

stralght-chain 67.1 28,8 0 0 0

isobranched 7,2 16,8 o o0 0

ante;i;obrahgheda 70,7 8.2 0o - 0 0
_ggg-moqgunsaturated_ - | 60,6 48,2 4,0 0 o

"trans-monounsaturated - 23,5 1,1 | o 0

' gig}polyunsétufﬁted - - - f§;9b 0°¢

35,53
cyclopropane. ’ - - 12.5e ~ 0f -

> .- : 8

2 The fotal.number of carbon atoms in thé exogenous anteisow
branched fatty acids is greater by one than is indicated
in the table, R : '

®9,12-18120,c R

© 5,5;11,14-20:#0,0,0,0 : ‘

49,12,15-181 3,06

'e 9,10-1730cp, c o |

. f 9,10-19:0cp, ¢
€ 9,10-19;0cp, t . . .

The values presented in this table are the averages of at
least triplicate experiments, ' :

.



141

3. Discussion

A. laidlawii B is clearly able to elongate many exogenous

-

? ration into the membrane 1lipids, By the addition of the appropriate

. fatty acids which have melting points too low to permit direct incorpo- )

number of two-carbon units, these lower-melting fatty aclds are con-
verted to their higher-melting analogues, which are then utilized in
tne biosynthésis of membrane 11nids which now have a more optimum
degree of fiuidity. Furthermore, this organism seems to be able to

a regulate the extent of chain elongation depending upon the nature of
the exogenous fatty_acids. it is clearly shown in fig.‘ZO and Table 16
that the extent of elongation is dependent upon the chain length, The
‘shorter the chain length of a fatty acid in ; given chemicaf‘cless,
the greater is the extent of chain elongation; Table 17 also demon-
strates the effect of the introduction of*various chemical groups into
a straight-chain saturated acid on the extent of chain elongation,
Considering a series of fatty acids having the same chain. length, the
introduction of a methyl branch a trans-double bond, a‘cis-cyclopropane
riné,,a cis-double bond, and two cis-doudble bonds progressively Increase
the extent of chain elongation in that order, Interestingly enough oo
the effectiveness of these chemical groups in promoting chain elongation
roughly parallels their effectiveness in disrupting the close packing
of the lipid hydrocarbon chains in a 1ipid bilayer. He can conclude
from these results that, in general, the lower the melting point of an
exogenous fatty acid, the 5reater is the extent of elongation and the
'longer is the chain length of the derivatives produced._ However, this }

"rule does not;q&rictly hold when the extent of*chain elongation of
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‘certain cis-, mono- and poly-unsaturated fatty acids are examinéd.

For example, 5,8,11,14-20s4, which has four cis-double bonds and thus
- a very low melting point,‘is not elqngated at all, Also, we might
have expected that 9-18ilc would undergo quite‘extensi§e cﬁain
elongation because of its relatively low melting point, but.it is
elongated odly a little, It seems, therefore, that thgre is another
specificity for the elongation systenm, Qn intrinsic chain-length
specificity, superimposed over the physicochemica} specificity just
discussed:»shorter-chain fatty acids are elongated in preference to
the loﬁger-chain fétty aclds despite the introduction of very
disruptive cgémical groﬁps on certain longer-chain fatty acids,

‘This lack of elongation of longer-chéin but lowér;melting fatty acids 7
appears to be compensated for by a shift of the pattern of de novo
‘synthesis,‘as was discussed in the preceding chapter of this disser-
tation. This compensatory shift in the average chain length is demon-
étrated in Tablé 18, where the fatty acid composition of the‘total’
1ipids from cells grown with 1110 or 9-18i11c is presented, When 1110
& present in the growth medium, only 23.3 per cent is directly
incorporated into the membrane lipids, and 76,7 per cent of the 11:0
taken up 1s elongated into its longer Mupologues, 1310, 1510 and 1710,
prior to its blosynthetlc utilization; 11:0 itself and these 1onger
homologues altogether comprise about 63 mole per cent of the total
'esterified fatty acids The ratio among de novo synthesized 12:0
1410 and 1610 is 1.00:2.7?:2.47. Hhen 9-18:1c is the exogenous fatty
acid, only'u per cent is elongated and cOmprises about 70 mole per cent

‘of the total esterified fatty acids. However, the ratio amongigg novo

B
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Table 18, The effect of the incorporation of exogenous
1130 or 9-18:1ic on the fatty acid composition
of the total membrane lipids of A, laldlawii B
. N . , Exogenous fatty aclds
Fatty acids found 5
11,0 - 9-18:11c
(mole %) - (mole %)
1110 15,2 .2
12:0 : 5.3 3.3
_ ( -
13:0 | 24,5 /! 1.4
N 14:0 E 14,7 -/ 7.2
150 . 21,2 1.4
16:0 ° 13.1 _ 16.9
1730 T 2,0 o L
11840 28 .0y
9-1811c | 1,0 67,2
11-20:1c L - 2,7
S , p o

¢

& These values are representative bf at least triplicate
experiments, ' ‘
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<
synthesized 12:0, 1410 and 16,9 1s 1.00:2,18:5,12, It 1s clear thaty |
the lack of elongation of 9-18:1¢ is\compensated for by the Preferentia}l
Synthesis of a longer- chain acld, 1610, These results can again be @
interpreted as a'Successful a#témpt by the cells to maintain the f;uggity
of the hydrocarbon core of the membrane withip a certain range, The
mechanism by which tﬁ}s chain elongation system regulates the extent “
of eongation of an exogenous fatty acid Substrate is not understood

| as yet, However, the Specificity of this system s clearly not based

on any specific éhemical properties of the exogénous»fatty acids,

~In the case of monounsaturated fatty'acid#, fhe position of the double
bond should have an effect on the potential disruptive;effect of the _ |
bohd when these mdnounsaturated.acids are incorporated iﬁto'ﬁhe mem- -
brane 1ipids, Fatty acids haQing a do@ble bond ‘close toﬂfhe methyl

end of the molecule have higher melting points than fatty acids"having .
the double bond close to the middle of the éhéin.(cunstone,’196?)n

The effect of doubjilliend position on ihe_extent of chain elongation
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is clearly‘seen if a comparison is mage between the second elongation
from 9-1411c, the conrersion of 11~-16:1c to 13-18xic, and the first |
elongation from 9-16:1c to 11-18:ic, About 50‘per cent of 9-16:1c is
2

elongated 'to 11-18:1c, but only 10 per cent of 11-16:1c is elongated
to 13-18:fe.-r1n fact in‘any other cases where chain elongation does
not affect the relative location of the functional grOup; tgese:
differences are not observed ?t all. For example, the extent of the
second elongation from 12:01, the conversion of 14:01 to 16:01, and
that of the first elongation from 14301 to 16:01, are very close.
The extent of the second elongation from 13:0ai, the conversion of
15:0a1 to 17:0ai, and that of tﬁe first elongation from 15:bai to

. 17:0ai are also very similar, |

Although the amounts of various exogenous fatty acids

incorporqted’are not the eame in each case, this should not affect.the
interpretation of ‘these results, since it has-been clearly demonstrated
in the preceding seetion of this chapter that the degree oflchain
elongation 1s'not very dependent or the amounts of exogenOég fatiy acid
incorporated. The difference in the degree of chain elonéation ob-
served here, therefore, caq§be attributed solely to the nature of the

. . exogenous fatty acids, _\ D

- The exact meehanism_by which the chain elongation -takes place

in A(laidlawii B is not known, Aniﬁal cells contain two different
elongation pathways'orher than the de novo fatty acid synthetic path-
vay; one is located in the microsomes and the other in the mitochondria,

in contrast to the fatty acid synthetase complex and acetyl-CoA car-

boxylase, which are in ‘the cytosol (Wakil, 1970), Microsomal and

.
548
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(
=‘;‘mithochondrial.systems use malonyl- and acetyl-Coa, Tespectively, for
f:the chain elongation. Some difference of cofactor or cofactors
; Trequired for the reduction steps are also suggested Although there‘

is some disagreement over whether CoA or ACP is the preferreq coenzyme
for the microsomal elongation system, only acetyl Coa can serve as

i " two-carbon donor in the nitochondrial system (Wakil 1970) The

mitochondrial System is essentially the reverse of the beta-oxidation

9 proteins as the source of reducing equivalents, Both systems can o~
.é . elongate saturated fatty acids of chain length 10 to 16 carbon atoms,

,at higher rates than shorter-" or-longer-chain saturated acids, and

P

both systems elongate unsaturated acids of 16 and 18 carbon atoms
faster than the corresponding saturated ‘acids (Nugteren, 1965,
_g;; Hakil 1970) - Mycobacterium Egle 1s also known to-'have a chain.

i r
gw?t .elongatiOn System as wéll as a system for de Jovo fatty acid Synthesis

: i(Brindley et al,, 1969 Matsumura et al,, 1970) This chain elongation
d}o; i '
M'Vsystem is:dissociable “into its ‘component enzymes like plant and bacterial

;{ fatty acid Synthetases, and specifically uses 1610-Coa or 18:0-CoA \T;>

% : but notJBxO-CoA for chain initiation, However, the de novo system

X K is a typical non-dissociable, multi-enzyme complex like yeast and

\ (o
Iy

‘lﬂ animal fatty acid Synthetases (Kumer et al,, 1972), ~and uses acetyl-CoA
§ .

e
[P

¥/ exogenous fga

i)
J
I

. as the Priner, Lactobacillus Elgg_____ also appears to elongate some
" b ks and Wakil, 1970), Interesti:ngly enough

E.‘coli di ;tve any activity for chain elongation despite




~

[ 4

the active de novo fatty acid biosynthetic pathway and appreciable
ﬁ%tg-oxidation activity, Weeks and Wakil (1970) have speculated that
the difference between L. plantarum and E, coli might possibly be  *©
explained if only the former has a long chain‘acylfCoA-ACP trensacylase.
enzyme, capable of transferring the acyl gronp of the exogenous- fatty
acid from CoA to ACRy these investigators assumed of course that the
ACP derivative, but not the CoA derivative, can participate in chaingﬁ
elongation, However, Alberts et al, (1972) have shown that beta-

E ketoacyl-ACP synthetase from E, coli can catalyze the fatty acyl CoA-
ACP acyltransfer reaction as well as the condensing reaction, although
it is not known whether this transfer reaction aiso takes place in vivo

or not, In contrast to'E coli' a fatty acid synthetase mutant of

SaccharOmyces cerevisiae which lacks 0nly the condensing activity in

the fatty acid synthetase complex (Schweizer and Bolling, 1970) is able
to elongate some exogenous fatty .acids in spite of its inability to |
synthesize fatty acids de novo fron acetate (Orme et al., 1972). This
_‘yeast mutant is a so-called "petite" mutant and has no functional |
mitochondria. It 1s therefore unlikely that this elongation is
vaccOmplished by the mitochondrin;,elongation system/seen in animal
cel&s The existence of a microsomal chain elongation system has
never beeh demonstrated in S. cerevisiae, This may suggest that there ~
is an independent “thain elongation" -system 'in this organism different
from the de novo synthetic system However, there is a possibility
that there are two different condensing enzymes in wild type cells,
‘one being specific for short-chain and the other- for intermediate~chain

fatty acids, This mutant may ‘have only the condensing enzyme which
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can elongate exogeﬂous intermediate~chain fatty acids, Receﬁ%ly, Wild
type baker s yeast fatty acid synthetase has been reported to be able
. to use both acetyl-CoA and 910~ and 10:O—CoA as primerf‘"' However
neither 4:0- or 610-CoA, nor 1#:0; and 1610-CoA, are good substrates for
,irthe yeast synthetase (Pirson et al., 1973). Two non-sterol requiring

Acholeplasma, A, laidlawii A and A, sp KHS, are also reported to

elongate some exogenous fatty acids (PaﬁBs and Rottem, 1970‘ Panos and
Henrikson, 1969) The effect of the position and geonietry of the double
bond on the degree of chain elongation is "also noticed in these strains

w

Although there certainly are chain eloﬁgation systems in animal cells

¢

different from the’ de’ novo synthesis system, there has not been any

conclusive evidence for the exisgence of distinct chain elongation

systems in any prokaryotic micio rganism,

‘acid biosynthetic s&stem; or whether the de novo synthetic system can
also elongate exogenous fatty acids I favor the former alternative

. because of the following observations; 1, When the £B;ai incorpo-
ration of straight-chain'saturated, 1so- and.anteiso-branched icids
are determined (Fig, 13), the, minimum incorpofation 1s not obtained .
with the shortest chain examined, For example, 4:0 is incorporated
to a greater extent than 5:0, 6:0 and 7:0; 5:0ai is- incorporated more
efficiently than 7:0ai and 9:0ai; 4:01 is more highly incorporated
‘compared to 6301, 8:bi°and lO{Oi. 2, When varied amounts'of the;
eéxogenous fatty acids are incorporated,sthe degree of the chain

elongation of “the exogenoﬁs acids remains constant,_although the pattéin

o~
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of the d¢* novo fatty acid biosynthetic system changes quite dramati-

caiIY. 3. When the exogenous acid is(eithem acetate’or 4:0, the

"ratio of 1450 to 16:0 derived from these exogenous acids is about

0, ? to 0.9, When the cells are grown in the absence of exogenous acids, /
the ratio is also about 0.7 to 0O 9 When the exogenous acid is one of
the‘following acids (8:0, 10:0, 120, 14:0) the ratio of 1410 to 16:0

derived from these acids is 2,4 to 2,7.4:1In other words the de novo

[ )
system ut11121ng the very short-chain exogenous primers, produces fatty

acids with a longer average chain‘length thah does the elongation

system, which utlllzes exogenous intermediate-chain fatty acids How-
ever, it is stil]l a possibllity that some components of de novo fatty
acid synthetic machinery are shared by the chain elongation system and

further work will be necessary to firmly resolve this question,

C. The effect of the ~1corporation of various long-chain exogenous
fatty acids on the degree of chain elongatiOH.of shorter-chain

fatty acids simultaneously added to the growth mediun
T i
*1, Materials and Methods -

~

Ethanolic solutions containino either 13:0 or 13 Oai were
added to 125 ml of 1ipid-poor growth medium before 1noculation to a </f\
final concentration of 0, 06 or . 0,12 mM, To other 125 ml volumes of |
,lipid-poor growth media were added mixtures of either 13:0 or 13:0a1
and either 16:0 or‘9-18 le, with the final concentration of each fatty
acid in thegrowth medium being 0,06 mM, Cells were harvested in

late-log or early-stationary phase after 23 to 26 hours of growth,

A
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The total membrane 1ipids were extracted and methyl esters of component
W ’ N
fatty acids were prepared by the _gonventional pjfocedure, The fatty
acid compositions were determined by GLC, The extent of chain

(s

elongation was obtained sas before, ' )

(0

2. Results
It 1s™of interest to see how the chain elg!gation system of
A. laidlawii B responds:to a sttuation where an acid, which is glongated
when added°alone, is added simultaneously into the growth medium with
anotﬁer%fatty acid, which is elongated little but uhose incorporation
into the membrane 1ipid will either enhance or disrupt the close
packing of the complex 1ipid molecules in the membrane.
- The degree of elongation of either 13:0 or 13:0ai was
determined in the absence or in the’ presence of either 1610 or 9-18;1c,
Incorporation of 16:0 a long-chain saturated fatty acid, reduces the
3

fluidity of the membrane lipids gMcgihaney, 1974). Incorporation of
9-18:1c, on thehother hand, markedly 1ncreases the fluioity‘of the
membrane lipids, Instead of 17:0, 16:0 was used in this‘experiment,
because the former would be difficult to separate clearly from the
17:10ai derived from.the chain elongation of exogenous 1310ai, - The
: results of these experiments arenﬁresented in Table 19, When
A. laidlawii B is grown with 1310ai (0,06 mM or 0,12 mM ) alone, this
. fatty acid (and 1ts elongation products) accounts for 45 3 mole per
cent of the total esterified fatty acids in one case €0, 06 mM) and 66.7 -
moLe‘ner'cent in the other (0,12 mM), Despite this difference in the
amount of 13:0a;»1ncorporated the degree of the chain elongation of

this acid is constant, with about 86 per cent and 13 per cent of 13:0ai



Table 19, The effect of the incorporation of various long-chain

)

exogenous fatty aclds on the degree of chain elongation by
A. laidlawii B of shorter-chain fatty acids simultaneously

added to the growth mediums-

\

AN

e

Fatty acid concentration in the > Extent of elongation
exogonons. tot41 membrane lipid? , of }3:0;1 or 13:0
fatty 1610 or 9-18:1c 13:10al of 13:0  First Second
acids (mole %) ~(m918 %) (%) (%)
1310a1 alone - 45,3 87.7 13,4
- 66,7 85.5 \,////, 12,0
13:10ai + 16:0 42,1 41,7 49,2 5.9
| 4.1 %.1 42,8 4,7
53.4 27.8 25,9 0
131021 +'9-18:1c 57,7 15,5 * 82.6 38,3
61,3 1.1 8.7 3.9
1310 alone - 800" 35.0 5.5
1310 + 1610 ug;3' 42,1 20,0 7.4
hs.2 404 17.6 5.6
48,7 35,6 22,2 6.3
1310 + 9-18s1c 40,4 | 43,5 by 4 7.2
' 46,5 3.9 54,5 9.5
51,2 :29.8 66,1 W2, °

Y
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being elongated to the 15:0ai and 1710ai, respectively, 1In the
/FJ;resense of exogeﬁous 13:10a1, “this organisnm synthesizes mainly 16:0
snd 1430, with the former predominating slightly, and the amount of
‘exogedous 9-18:11c inco?porated 1s less than 5 per cent, Increasing
the amount of 1610 incorporated into the membrane lipids, which is
added simultaneously with 13:0ail in the growth medium results in a
decreased degree of chain elongation of 13:0ai, When 16:0 comprises
' about 50 mole ‘per cent of the total fatty acids in the membrane lipids,
i.only 26 per ‘cent of 13:0ai is elongated to 15:0ai and none to 17:0ai,
compared to 86 and 13 per cent, respectively, when 13:0ai is the only
exogenous fatty acid added, If 9-18ilc instead of 16:0 1s 1ncorporated
into the membranf 1ipids from the growth medium, the degree of the
chain elongatio% of 1310ai is increased, especially the second elon-
gation, from 15:0ai to 17:0ai, Very similar effects of 1610 and

9-18:16 on tﬁe’elougation 6f 13:0 are also observed,

L
3. -Discussion
In the preceding section of this chapter, it has been demon-
’strated that both 1310 and 13:0ai are extensively converted to.their
10nger-chain ‘homologues when they are supplied alone in the growth
medium, This result has be%? interpreted as a successful attempt by
A, laidTawii B to maintain the fluidity of the fatty acyl core of the
cell membrane by converting these 1ower-me1t1ng exogenous fatty acids
“to longer-chain derivatives having more optimal physical properties,
If this interpretation is correct, then one might predict that

A, laidlawii B would be capable of regulating the degree of the chain

152
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‘\:lbngatiOn of these acids in response to the incorporation df other
exogendus fatty acids which greatly enhance or inhibit the close-

» .
Packing of “he membrane lipids, For example, if 16:0 is added to the

growth medium

th either 13:0 or 13:0ai, the degree of the chain
elongation of the .
3 16:0, because 16:0 will iplrease the cohesive forces among fatty acyl
chains, This is exactly what is found experimentally, Furthermore,
it is rather clearly demonstrafed in the experiments with 13:0ai that
the more 16:0 is incorporated in the membrane lipids the less 13:0ai.
is elongated The simultaneous incorporation of 16:0 will compensate
for the potential disruptive effect of the incorporation of 13:0ai,
so that it would no longer be necessary for the cells to reduce the
disruptive effect of 13:0ai by extensively elongating it, On the
otherrhand if 9-18:ic¢ 1s incorporated into the A, laidlawii B cell i
Simultaneously with either 13:0 or 13:0ai, the. degree of the chain
elongation of the latter acids is expected to be increased by the
presence of 9-18:1c, because 9-18; 1c Will greatly disturb the cIOSe-
packing of fatty acyl chains in the cell membrane when incorporated
(van Deenen, 1966)., This 1is again exactly what is found experimentally. -
It 1s also .clearly demonstrated that the more 9-18:1c is incorpo-
rated Anto the membrane lipids, the greater the degree of chain ~-
elongation of both 13:0 and 133:0ai, The simultaneous incorporation of . ’ff~\\\\\\
9-18311c will further enhance the potential disruptive effect 't of exogenous {
13:0 and 13:0a1 and the. cells would have to elongate them more
extensively to reduce this over-all potential disruptive effect of the

on of both pairs of exogenous aclds upon the fatty acyl core
g

incorpo




of the membrane,

- These results conclusively show that the degree of the chain
elongation of any exogenous fatty acid 1s not fixed but instead is
regulated in a coherent manner in response to the incorporation of
otner €xogenous fatty acids, This finding further strengthens the
hypothesis put forth earlier that this organism regulates “the degree
of chain eiongation of exogenous fatty acids according.to their
‘physicochemical Properties, as well as by the intrinsic chain length
specificity of the elongation system in order to maintain the fluidity
of the fatty acyl core of" the membrane 1ipids within a certain range,

The detailed'mechanism of how 16310 and 9-18:10 affect the
chain elongation system remains to be elucidated in future investi-
gations, “However, it is of interest to recall that these exogenous

;aclds also affect the pattern of de novo fatty acid ‘biosynthesis,

-~

D, The effect of: the incorporation of cholesterol and of alterations
in the growth temperature on the chain elongation of the exogenous

- fatty acids

1, Materials and Methods
The effect of cholesterol: Ethanolic solutions of 13:0ai
with and without cholesterol (3.1 mg) were added to 125 ml of 1ipid.
poor growth medium before inoculatiou to a final concentration of
fatty acid of 0,12 mM Cholesterol was the ULTREX grade from Baker
Chemicai Company (Phillipsburg, New Jersey, U.S.A.), Cells were

harvested in late-log or early-stationary phase after 16 hours of ',

154
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growth,

The effect of growth temperature: Cells were grown in 250 ml -

A

volumes of lipid-poor growth medium at 5 degree intervals frOm 20° to
40°C, Cell growth was followed by measuring the change in the absorb-
ancy at 450 nm with time, Cells were again harvested in late-log to
early-stationary phase, Lipids were extracted, meihyl,esters §f

fatty acids were prepared as describedebefgre, and their compositions ¢
Were analyzéd by GLC, The degrée of chain elongation of 13:10ai was

‘ ®
calculated by the equation given in a previous section of this chapter,

2, Results
In the absence of cholesterol 90.3 per cent, of the incorpo-

rated 13:0ai is -elongated to 1510ai, 21,7 per cent of which {s in
turn elongated to 17:0ai, "In the presence of chélesterol, 89.5 per
cent of 13:0ai is elongated to 15:0ai, 19 7 per cent of which is
further elongated to 17:10ai, The incorporation of cholesterol into
the cell membrane therefore affects very little the degree of chain
elongation of exogenous 13:0ai, It is of interest to note that the
extent of the incorporation of the other exogenous aclids is also very
little affected by the 1ncorporation of cholesterol

. Q: illustrated in Table 20, the groyth ﬁémperaturg,affects
only moderﬂéely the degree of chain elongation of the exogenous fatty . .
acids, The degree of elongation of 9-14:1c is lower‘at 20°%¢ than at
25 ’ 30 and 35 Cc. The value at 20°C is somewhat doubtful due to the
.poor‘growth observed at this'temperature. The elongation»of 9-1431t at
40°C 1s higher than at 35°, 30° and 25°, However, it 1s even a Bittre

X
b}
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Table 20, The effect of the growth temﬁerature on the extent of chain
elongation of various exogenous fatty acids by

A, laidlawii B

Temperature of growth (°C)

Exogenous
fatty acid _
W " no 35 30 25 20
110 - 90.2* 88,8 90,9 -
12:08 - 84,7 80.7 81,4 68,4
1310a1 , - 7h.8 78.7 76,6 80,1 N
9-1h11c - 653 68,9 ° 68,5 54,3 J
9-1hitt 47,6 - 29.8° 28,6 31,5 -

& A1l values are given in per cent. and are representative

values from duplicate experiments,

o



157

» >

lpwer at 350 and 30°C than at 25°C. If these values are all correct
the degree of chain elongation of 9-14:1t dfops from 250 to 35°C and
abruptly increases at MOOC. It iéiréther difficult to interpret this
result, and I am rather doubtful of the value at uOOC. The degree of
‘second and third elongations are also very little affected by the
growth temperature, |

§B
3. Discussion

.« \

ﬁﬁ%Elﬁaney ($¥974) has studied the thermal behavior of the

, membrdﬁe lipids of A, laidlawii B and has demonstrated that at the

growth temperature, 3&00, lipids in the membrane from the cells grown

anteisobrénched acids altogethe;)comprise about 70 mole pe;”cent of the
total membrane 1ipid fatty acids, The lipids in this membrane, there-
fore, #re expected to exist exclusizgly dr'prédbminantly in the iiquid-
cr&stalliggfsfate. Cholestefol inéorporated in this membrane (less

than:éo mole per~cent) 1§ ¥easonably assumed to‘interact with liquid-.

c;ystalline‘llpia

ce the fluldity of the h&drocarbbn core, as

was discussed in the first thapter of fhisvdissertatioh. . S
The simultaneou incorp0ra£1$n‘of cholesterol might be

expected to reduce the ggreei;} the chain elongﬁtion5of the exogenous

acid, 13:0ai, in analogy to the effect .of 1610, since bothmgompbunds

reduce the disruptive effect .of the incorporation of lower-melting

7
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fatty aclds, However, the 1ncorporated'cholesterol has no effect at
all on the degree of chain elongation, Therefore, 16:0 probébly redugés R
the degree of the chain elongation of the exogenous fatty acids through
a direct interaction Wwith the chain elongation enzyme system, as

oéposed to exerting its effect indirectly via_a'more complex regulatory

mechanism which ecan Sense the physical state” of the membrane- 1ipids,

A. laidlawii B remains constant regardless of the growth temperature,

~

from 20° to 40°%, 1 fact, this organism does g;%}grow normally

below 20°C or above 40°C,‘and the maximum cell density as well as the

growth rate are highly dependent upon the growth temperature (Méﬁlhaney,
197&). This narro;’range of perﬁissible growth temperatures may -be

due to the lack of the ability of this organism to significantly change
the pattern of fatty acid de novo synthesis or the degree of chain
elongation of exogenous fatty acids, Agaiﬁz if the chain elongation} ->k\

‘system regulates the degree of elongation ohly in :esponse to a changg

in the physical Staté of the membrane lipids, increasing the environ.

meptalitemperatﬁre would be expecteq to increase thp degree of chain
eiongation, which is notbobserved. It is tempting for me to speéulate

- that the enzyme system respopsibie'fbr the chaih/élohgation has an

intrinsic speéificity for the pbysieochemical properties and the - y(\

chain length of the exogenous fatty acid, and that 1t is this B

Specificity which is directly affe‘&d by the presence of other

¥ o4

exogenous fatty acids, ..

Y



- | CHAPTER IV

'B THE POSITIONAL SPECIFICITY OF FATTY ACIDS

Introduction

s

Non-random distributions of fatty acyl groups in various

phospholipids are almost universally observed; with a very few excep-

tions, saturated and unsaturated fatty acids are preferentially

esterified at the 1-position and 2-position, respectively, of the
glycerol moiety (Van Deenen, 1966), McElhadey and Tourtellotte (1970b)

have systematically studied the positional specificity of a number of

- exogenous fatty acids in A, laidlawii B phosphatidylglycerol by success-

fully taking advantage of the fact that the fatty acid composition of

_this organism can be manipulated with-ease., These investigators have

confirmed and extended previous observations on the asymmetric posi-
tional distribution of esterified fatty acids and elucidated the
relationship betﬁeen the structure and chain lenéth of a fatiy acid

and its positioﬁal specificity, In fact, to the best of my knowledgé,
this is the only extenéive and systematic study of fatt; acid positional

specificity in phospholipids thus far reported, The cell membrane of

A. laidlawii B, however, contalns glycolipids as well as phospholipids,

and in fact the glycolipids are quantitatively predominant, The

» po§}tiona1 specifici@y of fatty acyl groups(in the glycolipids in this

organism, however, havé-never been studied,
Most plants eontain glycolipids, and the positional specificity -
of a limited number of fatty acids in some of these glycolipids have

ES

*y
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been studied, However, conflicting.results have been reported with
.the various plant glycolipids in contrast to the rather universal

results obtained with a variety of different phospho}ipids from diverse

sources, Noda and Fugiwara (1967)¥’\uorted that the less-highly
unsaturated acids were esterified mainly at the l1-position and the
more-highly unsaturated acids at the 2~-position of(glycerol in mono- e
galactosyl and digalactosyl diglycerides of leaves, whereas Auling

et al, (19?1} suggested that the posttional specificity of fatty acids
in the monogalactosyl diglycerides of‘various prlants was related mainly
to the chain length rather than to the degree of unsaturation, Further-
more, Safford and Nichols (19?0) demonstrated that the positional
distribution of fatty acids within the monogalactosyl diglyéerideqfrom
various algae was influenced more by fatty acid chain length than by
their degree of unsaturation, but that in the leaves of m?st higher
plants the positional distribution was based Primarily on the degree

of unsaturation of the constituent fatty acids. Glycolipids have also
been found in numerous bacteria as well as in A, lafiggwfﬁgB Here
again ‘some conflicting results have recently been reported The study
of Saito and Mukoyama (1971) indlcated that, in contrast to the ‘usual
situation,dﬁrpger-chain brancped and saturated fatty acids were l
esterified uainly at the 1-position and'shprter-chaiu brauched'and
saturated acids mainly at the é-position intdiglucosyl diglyceridese

of Bacillus cereus. Fidcher et al, (1973a) reported that in the

phos oglucoliplds from Streptococcus hemolyticus, the fatty acids

»
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aclids for the 2-position, regardless of the degree of unsaturation,

In this chapter I will report the results of a systematic
investigation of the fatty acid positional specificity in the two .
maJor neutral glycolipids (monovlucosyl and diglucosyl diglycerides
MGDG and DGDG, respectively) of A, laidlawii B, Essentially the same

approach used.: by McElhaney and Tourtéliotte (1970b) was employed in
this investigation, The goal of this study was to determine if the
fatty acid positional Specificity of the neutral, glycolipids of
A, laidlawii B is similar to that previously reported for phosphatidyIL
glycerol of this organism, and to compare ‘the fatty acid positional
distribution of the glycolipids of this simple procaryotic organism
with that observed in bacterial and plant glycolipids,
The position of the double bond in an unsaturated fatty
“acid can markedly affect the physical properties of that acid, The
incorporation of various positional isomers of a given monounsaturatea
fatty acid into the membrane lipids would thus produce membrane lipids
with a wide range of phase transition temperatures Therefore, the
Positional specificity of various positional isomers of cis-octa-
_decenoic acid in the phosphatidylglycerol of A, laidlawii B were also
investigated in order to gain additional insight into the mechanisnm K
$w'which this organisnm specificially positions fatty acids in this

2

':Iéitzolipid
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specificity of a second @{égenous fatty acid which 1s being simul-
¥

taneously incorporated into the membrane polar lipids,

9

~ Using the results of the above studies, I will speculate as’
to the biological significance of the positional specificity of fatty
acyl groups in membrane lipids, and I will discuss the mechanisms by

which the non-random distribution of fatty acyl groups in A, laidlawii B

membpane lipids may be accomplished,

| % |
A, The positional distribution of various exogenous fatty acids in

the neutral glycolipids

1. Materials and Methods %

A

o

(a) Culture method: Ethanolic solutions confaining various

“quantities of the fatty acid to be tested (final concentration of 0.1 to

0,6 mM) and appropriate agdounts of l6:0%§final concentration of 0,6 to
0,11 mM) were added to 750 ml of lipid-poor»growtn medium before inocu-
lation, The total concentration of exogenod Jf;tty ecids Was always
0.12 mM, and the ratio of the exogenous acids Wwere manipulated such
that 16:0 always gomprised more than 50 mole per cent of the total
fatty acids &n the membrane lipids Cells were harvested in late~log

or early-stationary phase as described previously.
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xed

- Av) 'Purification of the 1ipids: Total membrane Liptds vere -

extracted from the cell pellets and monogluCOSyl- and diglucosyl-
diglyceride (MGDG and DGDG, respectively) were purified by Unisil
column chromatography'followed by TLC using the procedure described

in Chapter II of this dissertation, except that different solvent

Q
S
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~ MGDG* and DGDG were dried overnignt 1n a vacuum chamber and suspended in

. \ 163
S | . )
systems were utilized for TLC, The solvent systems used for the
purification of MGDG was chloroform-methanol-acetic acid (80311034 ny

vol, ), and chloroform-methanol-acetic acid-water (80:13:1411 by vol,)

- for the first and second TLC separations, reépectively. The solvent

.. \
system used to purify DGIG by TLC was chloroformsmethanol-acetic. .
acid-water (70:120:412 by vol, ), ' foa

.‘\

AN

N

(c) Position-specific enzymatic hydrolysis of the gzﬁeolipidsx
0,75 ml of 0, 05 M maleate buffer PH 6. 8 containing 4,5 mg of a deter-
gent{ Triton X- 100 This -suspension was then sonicated for 5 minutes

in an-ice bath using a Biosonik III (Bronwill Seientific, Rochester,
N.X,, U.S.A:);equipped with the snallest probe tip: ;t a sgtting of 25,
To the resulting emulsion were added 0,15 ml of 0,1 M CaCl and

0, 75 ‘ml of a lipase (EC 3,1,1,3) from Rhizopus arrhizus delemer

3
dissolteﬁ in the same buffer but without the detergent The,final

concentratiod of the enzyme was 5 mg/ml and 10 mg/ml for the hydrolysis

of MGDG and DGDG, respectivety, Immediately after the addition of the

enzyme 0, 3 ml of the reaction mixture was withdrawn end the lipids

“

were extracted therefrom by the procedure described below, The reaction
)
mixtures, containing elther MGDG or ‘DGDG, were incubated at room

r

temperature or at 37- C for one or two hours, reepectively.

(d) Separation of the waction products:' The 11pids -were
exiracted from the reaction mixture by a procedure. which was essentially
the last step of the Bligh-Dyer 1lipid extraction procedure (1959)

Vater% chloroform and methanol were agded to the reaction mixtures to

° . . . \
o

(2 .
B - ©



8ive a final ratio of 1,7:4, 0:2,0, and this solution was centrifuged
at 1000 x g for 15 minutes, The lower chloroform layers were taken

to dryness dissolved in a small volume of chloroform-methanol (2:1

by vol,), and applied to a TLC chromatoplate, The solvent systems
employed for development were chloroform-methanol-acetic acid-water
(80:1%:4:11 by vol, ) and (70:20:4:2 by vol.) for the MGDG ahd IGDG,
respectively, The locatlons of the lipids were visualized by exposing
the plates to iodine vapor, After decolorizing, the reaction products
(free fatty aclds and lysoglycolipids) as weI{ as any substrate
remaining were extracted from the silica gels Byjthe procedure .de-
scribed previOusly, Methyl esters of fatty acids were prepared by *
the COnventional Procedure and the fatty acid composition of each

fract;on was analyzed by GLC, -

(e) Calculation of the positional specificity: Since the

lipase from R¥ arrhizus delemer hydrolyzes specifically the ester

linkage at the 1-position of the glycerol moiety, the fatty acids in
the free fatty acid and lysoglycolipid fraction represents the acids
'esterified at the 1- and ‘the 2-position, respectively. of the neut;al
.glycolipid The positional specificity of a fatty acid here expressed
as a ratio of the quantity o§ tnat fatty acid present at position 2,
7relative to position 1 in the neut}al glycolipid Mas calculated by

the following equation. ’ T e

. mole peT cent of the acid in question
Ppsitional speci- \\\in lysoglycolipid fraction

ficity (Pz/Pi) . mole per cent of the acid in question
- . in free fatty acid fraction =

L
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ods: 'Phosphorue was determined by the
prpcedure of Chen et al, (1956) using ascorbic gcid as the reductant,
Fatty acid ester groups were determined by ‘the hydroxylaminolyois

procedure of Snyder and Stephens (1959). Carbohydﬁhte contents were

analyZed by the anthrone method of Radin et al. (1955).
®, Results

(a) Pufity of the glycolipids: MGDG and DGDG fractions’ were .
chromatographed on TLC plates with the solv t %¥stems chloroform-
methanol-acetic acid-water, 80:13:4 1 and 70:20314:2, respectively, to
check the purity of these glycolipids, Chromatograﬁhy reyealed afﬁ
single epot in each case-gith the Rf values of 0,57 and 0.55 for the
MGDG and DGDG, respecti&ely. Chemical analysis gave'a carbohydrate-
fatty acid ester-phosphate molar r‘atio of 1,00:1,99:0,01 for the MGDG
fraction and 1,00:0,94:0.01 for DGDG frastions, consistent with the

expected values of 1,00:2,00:0,00 and 1, 00:1,00:0, 00, respectively,

')
7

(b) Confirmation of the 'positional specifiéity of the lipase.

from Rhizopus arrhizus delemer: This enzyme showed a very high posi-

tional specificitx toward the terminald, ester linkages of synthetic
“triglycerides i 3-dipa1mitolein and 1 2-dipa1mitolein, both of. which
were products of Analabs (North Haven, Conn,,.U,S, A, ). About 97 mole

rer cent of the free fatty a01ds and 99 moieﬂper cent df the mono~ .
‘glyceride fatty acids obtained from 1,3-é;pa1m1tolein were 1610 and
9-18:1c, respectively; about 95 mole per cent of the. monoglyceride fatty
acids obtained from % 2-dipalmitolein were 16: Furthermore, Fischer -

et-al. (1973b) convincingly demonstrated that this enzyme was also

*
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highly specific for the terminal ester linkage in various synthetic
galactolipids, In order to Yevea any erroneous results which might

be caused by the specificity of this enzyme toward any particular

fatty acid located at the 1- §ition, the mole per cent of a fatty
acid in question in the unhydrolyzed glycolipids fraction was compared_
to that in the original sample. In most cases these two figures were

milar within experimental error, suggesting that this enzyme does not

have high specific1ty toward particular fatty acids,

(¢) Hydrolysis of MGDG and DGIG by the lipase from

R, arrhizus delemer: The substrates were sonicatdd before the incu-

Methods "Since

Hauser (1971) reported some. chemical degradatiOn of egglecithin by

sonication, the chromatographic purity of the 8lycolipid samples and

their fatty acid COmpOSi%iOnS were checked by TLC and’ GLC respectively,

!

before and after sonication, using the methods described previously,
There was no deacylation or oxidatlon of unsaturated fatty acids during
the sonication procedure and no detectable hydrolytic degradation of

the glycolipids. After the hydrolysis by the enzyme, the reaction

- products were clearly separated by TLC as described in Materials and
jMethods, and as shown in Fig, 21, Chemical analysis of the unhydro-
lyzed glycolipids gave a carbohydrate-fatty acid ester molpr ratio of .
1,00:1,03 for MGMG (lyso-MGDG) and 2,00:1, ‘ol for DGMG (lyso-DGDu)

U2

consistent with the expected values of 1,00:1, OD and 2,00:1, OO Trespecw

I

tively,

LY

The fatty acyl groups of 2-acyl lyso-compounds are known to
v

undergo chemical migration to the i-position under certain conditiJn



Fig, 21, Tracings of thin-layer chromatoplates showipgs the
separation of MGDG and DSDG and their enzymatic hydrolysis products,
The solvent systems used were chloroform-methanol-acetic acid-water
(803131411 by vol,) and (70320¢4:2 by vol,) for the MGDG and DGDG
reaction mixtures, respectively, Identifications a, free fatty acid;
b, Triton X-100; c, MGDG; 4, DGIG; e, MGMG; f, DGMG. THe last column
of each chromatoplate shows the “separation of the components of the
actual reaction mixture, the first three columns in each chromatoplate
being ?the appropriate standards, ) o ' ‘
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such as alkaline‘pH (Albright et al,, }97}). If this acyl migration
occurs during hydrolysis by the lipase,‘some of the expected reaction
* product, 2-acyl lysoglycolipid,-would be converted to 1l-acyl lyso- &
- 8lycolipid; the 1-acyl lysoglycolipid could in turn be attacked by the
{ilipase, giving rise to additional free fatty acid and reduced levels

of lysoglycolipid. Under these conditionuthe free fatty acid fraction

would thus no longer contain only fatty aclds derived from the 1-posi-

tion, and the rositional specificity data calculated from a comparative

analysis of the fatty acid compositions of the R, . arrhizus delemer

lipase hydrolysis products would produce erroneouo results The
number of fatty acid molecules in the free fatty acid and in the
lysoglycolipid fractions should be equal if there 4is no acyl migration
during the hydrolysis by the lipase, To test if indeed any acyl
migration did occur during the enzymatic hydrolysis a known amount of

- an unnatural fatty acid, 17:0, was added to both the free' fatty acid
and lysoglycolipid fractions as an internal standard and the amount
of fatty acid in each fraction was then calculated from the GLC
chromatogram.. ‘The total molar quantity of fatty acid .was found to be
very similar for’ both the free fatty acid and the f;:oglycolgpid
.fractions, indicating that no significant acyl migratign occurred | !

l.during the enzymatic hydrolysis under the experimental conditions-
described earlier, o o

: . Ideally, it woulad be best to :have the enzymatic hydrolysis :

proceed to completion without significant acyl . migration. @owever, .

- when the hydrolysis was permitted to go to completion by using much

1 10nger incubation times than described previously, very serious acyl

hed &



migration was observed, as revealed by an increased quantity of fatty

acid in the free fatty acid fractlons (FFA) compared to that in lyso-

170

glycolipid iractions (MGMG or DGNG). Under the experimental conditions.

described in' the Materials and Methods section, the reaction went from
70 to 90 per cent conpletion and the fatty acld composition of the
Aresidual glycolipids were similar to those of the original, untreated
glycolipids An eXample of the fatty acid compositional data from
which the fatty acid positional specificities are calculated’is shown
in Table 21, in which the fatty acid compositlon of the products of
__hydrolysis of DGDG enriched in 14:0 (and io:O) was determinéd, From
these data the positional specificity of 14:0 (relative to 10:0) c;n be

easily obtained /13 6 = 7

5 4

’ ‘ (d) The effect of the amount of fatty acid Present in the

glycolipid on its positional specificity: Various concentrations

(o, 01 m to 0,04 mM) of 1430 were added to the growth medium, along
with appropriate amounts of 16:0, SO as to maintain the total concenf‘
' tration of exogenous fatty a01d at '0,12 mM, Table 22 gives the posié
tional specificity of 14:0 in eich case, as well as the mole per cent
Aof this fatty acid present in the substrate DGDG and in the reaction
:products .of the lipase hydroiysis (tnhydrolyzed DGDG, FFA,.and DGMG).
The positional specificity of 1# 10 is reasonably constant regardless of
the content of that acid in the. DGDG ‘as long as the content is less
'than 50 mole per cent When the effect of‘altering the quantity of :
other exogenous fatty acids rresent in both the MGDG and’ DGDG fractions
was"inv ated, reasonably constant positional specificity values |
ﬁtained, rega.rdless of the quantity Of eXOgenous ,ﬁa.tty acid

5 -

N

r\

'\'.
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Table 21, The fatty acid comp%sitions (mole %) of the untreated DCDG,

and of the products of the lipase hydrolysis, from cells
grown in 14:0 (0,04 mM) and 16:0 (0,08 mM)
", :

Fatty acid  Untreated  Unhydrolyzed DGMG + FFA

* found GG GG DGMG  FFA 2
- v . y ‘ a
12:0 3,0 . 1.0 6,8° 1.1... 3.9
1310 0.6 0.4 1.2 - 0.6
Wi . 365 W8 62 13.6 8.9,
1610 - 59.7 60,8 27,8 80,5 542
1810 Q.3° - . 0.9 1,0
.§9f18gic e - - 3.9 2,0 )

® The fatty acid composftjonal values presented in this table
are representative "va,l%ﬁ» from five separate experiments,

o
A S

\
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‘Table 22. The effect of variations in the content (mole %) of 14:0
in the DGDG from A, laidlawii B on the positional
specificity of 1430 .

.

d- i
The content of 1410 in o - Positional /
o ' ~ Specificity
Untreated Unhydrolyzed MG + Fra- - oL W0
DGDG ‘ DGDG DGMG  FFA 7z ——  (F2/p)
‘h . N
17.1 17.6 #.3' 6.5 204 5.3
28,0 N .. 26.67° 4.2 94 293 . 52
32,7 Bl 6Lz 13,9 7.6 g Wb
¢ : . o l AL}":‘_ ‘/f’_-.! o “ i
' N
. ¢ ’ K N
£ n \ ‘. a\
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present in the glycolipids, provided that the fatty acid in question

-

was not present in sufficient quantities to saturate the preferred

position,
N

(e) The positional specificity of various exogenous fattj
N t?y

acids: In order to insure that the positional distributlion yalue
detepmined fom a particular fatty acid is;e valid indicator of its
relative positional specificity, the concentrafion of tnet acid in the
glycolipids under study should be low enough to avoid saturation of ' B
the preferred position. If, for example, a particular fatty acid is-

‘ very\specific for the 27position, it would,k be éstefified mainlyfat -the

. Z-posiiion when present in concentrations of lese—than 50‘mole per cent.
v»Howemer, ii the'Ziposition iS’sa}ura ed with that particular fatty geid, >
any excess.amount of the fatty aciq which is incorporated into the N 3“
glycolipid molecule\mould be fofced into the’flposition, and the |
positionel distgipgﬁion would no‘ionger reflect the actualapbsitional
specificity of the adtd, To avold this situation, the positional
distribution".f all the fatty acids examined in this dissertatlon

Were determi ed under ?onditions where the fatty acid under study‘

represents ess than 50 mole per cent of. the total fatty acids in the

&

~ - ¥

glycolipids) .

depending upo'n the na'ture and concentrat-ion ‘of \he other fafty acid
present in the glycolipid molecule, as will be discussed in more detail N
\j -t

in a 1ater§3e0t10n~of this chapter.. Thus, in order to make valid com~ .

parisons between the positional specificities of a wide variety of fatty

4

acids the total fatty acid composition of the glycolipids must be

” .
N B
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standardized to some degree, In the experiments dedcribed here thio
sgandardizatiOn was accomplished by adding 1610 together Quh the fatty
acid in question to the growth medium in such a way that the concem-

tration of 16:0 always xceeds 50 mole per cent in the total fatty acid

~of the glycolipids, There were several advantages in using 16:0 for

this purpose, Firstly, 16:0 is readily incorporated into the glyco-
lipids and can easily be maintained at levels of more than 50 mole per
cent of the total esterified fatty acid, Secondly, 16:0 is not
elongated by A. laidlawii B and in fact inhibits the elongation of the

other fatty acids, as was shown in a previous chapter of this disser-

q -
1

tation, Thirdly, when 16:0 and any other exogenous acid are added to
the growth medium, the bioﬁynthesis of fatty acids is markedly reduced
and any effect on the positional distribution of the fatty acid in
question due to; competition from minor efidogenous fatty agids tends to
be minimal, An example of the suitability of 16:0 for purposes of fatty

acid standardization is seen in Table 21, where 1430 and 16:0 weTe

1

* added to the growth medium at ioncentrations of 0,04 and 0,08 mM,

4

- respectively, The 1&:0 and 1610 together comprise more than 95\mole
’

per cent of the total fatty acids in the glycolipid DGIG, The posi-'u
tional distributiqn of 14:0 therefore, would accurately reflect the -

competition between 14;0 and 16:0 for ‘each position»in the.glyceroyy

o
4

moiety,
Tables 23 and 24 give the positional specificity values of -

various ekogenous fatty acids in MGDG and DCDG respectively, Ihe

numbers in the second column in these tables represbnt the relative

pqgitional affinity of a fatty acid as compared to that of 1610, The
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Table 23, of various exogenous fatty acids
S in the monoglucosyl diglyceride (MGDG) of A. laidlawii B
< .
/) e Concentrationﬁzzgi; %) of
Positional ‘exogenqus fatty acid
Fatty acid tested spe;%;;;ity Untreated MGDG ﬁ%ﬂgﬁi_zzﬂ |
130 12,9° 3842
14:0 4,7 36.5
= 1530 1.2 P9
17:0 05 23.8
18:0 J 0.5 18.8 ..
16:01 “ 1.8} .t 36,0
18101 1,4 ‘19,2 .
13:0at 146 - 18,6 '
15:0a1 32,0 32,1
17:0a1 2.4 33.3
9-1431¢ 9.9 13.8 -
9-14114 8.4 27.9 W
9-16:1c 5.5 ©o2wy ;
9-1611t 1.8 - 32,7
9-18:1c * - "12).0 21,2 ,
C9-1&t . g¢ 28,5 ’
9,1’2-18:2.1:,’(. 10.? 23,4
9, 12-1817c, ¢ \ 12,7 27,4
9,12,15-1813c,¢,¢ ' 15,1 26,5
9,10;19:Oc§j; | .““ }?.7 29,2
9,10-19:0cp,t Y 32,

& These valugé'are the
experiments,

POl

averages of at least duplicate
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Table 2, The positional specificity 8f various exogenous fatty acids

in the diglucosyl diglyceride (DGDG) of A, Yaidlawii B

Concentration (mole %) of "
_exogenous fatty acid

?ositional o

i specificity” & ' DGMG + FFA
Fatty acid tested P2/py @  Untreated DGDG I
130 10,8% 29,2 29,47
1410 , 49 29.0 316
1510 Lz ~ M0 ' 8
) 1740 0.7 5.1 255
1810 0.7 _ 17.8 93
" 1hi01 ’ 5.5 2.9 30,8
16101 1.7 o g
18:01 34 | 272 p . £9.9
131021 s 2&1\ 87 16,0
- 15:0at 61,07 . 37.8 R
171 0at . b5 TR 50,0
911 1c 12,9 e 11 , h's
Co9lthtt 87 27 031.7 ,
7 o
9-1611c o e 256 25,1
9-16s1t N T T , 3.0
9-1811c 12,3, 30,0 4 ; 3¢+u
" 9-18i1t 9.1 37.4 4,2
9,12-18:2t, t - 1‘3.;3.{\ 29,0 ; : 28,81 - { .
19,12-1812¢,¢ 15,8 39,2 35,6
9,12,15-1813¢c,c,¢ 2,3 . = 31,8 o o 30¢9
- 9,10—19:Ocp, \Q,;, 15,7 oW s
‘ 910-19z0cp. . S 1ou - 369 L 387{’

These values a.re the a.verages of at least duplicate expe‘ments

N
T - ’ \



A\

(.
greater.this.number, the mvre specific 1is a fatty acid for the
2-positions “The third column glves the concentration of aﬁy particular
fatty acid in the untreated glycolipids, as measured experimentally
The fourth column again gives the expected COncentration of a: partic-

ular fatty acid,.as calculated by averaging the fatty acid composition}?

. values obtained from the lipase hjdrolysis products These two columns

a

£y

1

are theorEtically identical -and the values in the last column serve -

. as an internal control,

In general any particular fatty acid exh its a similar
positional specificity in MGDG and DGDG In the series of straight-

chain saturated fatty acids, the shorter the chain length %he greater

. cds the Specificity for the§§ position, The introduction of a single (

N

methylene unit significantly reduces the /P1 value In\the series of
isobranched acids, the affinity for the 2-position is always higher i\

tﬂan for the corresponding straight chain saturated fatty acid Within-

this group the shorter the .chain length, the greater is the specificity

toward the 2-position, with the exception of 18:0% in the DGDG fraction.
The anteisobranched fatty acids show a higher specificity toward the

2-position than the corresponding isobranched acids, 15:0ai has an

’.uunusually high specificity to ‘the 2-position, for reasons which will be

discussed later. In fact, this acid - shows ‘the highest specificity
towa,ni the 2-position andhg all the fatty acids tested, The introduc-
tion of one or mere double bonds markedly Ancreases fatty acid | B
specificit for the 2-position-‘ The cis-double bond ia\more effective
F position director than is the trans-double bonﬁf In both the _

°
4

cis- and trans-monounsaturated series, fattymacids gith eighteén carbon

o«

.
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atoms have unexpectedly high P2/P1 values, the\gg/Pi ratios being
almost the same or sometimes even a little higher than thosg obsexrved
with the monbunsatur#ted fattyfﬁxids having fourteen carbon’atoms.
This will also be discu§§ea later, The introduction of additibnal
double bonds increases the affinity for the 2-positéon to an eve
greater extent, The order of specificit¥/15 as follows;
9,12,15-18:13c, ¢, c > 9,12-18:2¢,c > 9,12-18:2t,t. The introduction
of a cyclopropane ring int; a straight-chain géturated fatty acid has
a very"marked‘effect on the positionalespecificity. - As was noticed
previouslyﬂwith the FG of A, laidlawii P (McElhaney and Tourtellotte,
© 1970b), the introduction of a cyclopropane ring has a more pronounced

effect in increasing the affinity for the 2-position than does the - .

Tl

introduction of a cis-double bord, In this regard it is of interest \

to néte the reduced  total incorporation of exogenous cyclopropéne'fatty
3 acicis. as compared té the correspbndﬁg monoyhsaturated acids, wﬁich

was discussed earlier in thié dissertaticﬁ. In fact; the intréductibn
of a cyclopropane ring has an effect similar to that of . the 1ntro-
duction of two double bonds, ‘on the basis of the ;:sitlonal specificity
values Qetermined here, Thus 9,10-19:0cp,c and 9,12-1812¢,c have very
| sint1ar positienal specificities, as have 9,10-19:0cp,t and 9,12-

»

. 18:2¢,t,

N O

3. Discussion

-The fatty acids tested which have very high positional
specificities to/the 2-posi£ion are the sﬁort, straight-chain saturated,

short- and medium-chain anteisobranched, monounsaturated,
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polyunsaturated, and cyclopropane;ring (\:ontaigling' fatty acids, Medium
chain-length straight-chain and long;chain iaso- arid anteiso-branched
fatty acids have a moderate specificity toward the‘ 2-position, 17310
and 18:Q are the oniyvfatty acids tested which‘can SUCCeSSfully compete -
with 16:0 for the‘lhposition. The effect of fatty a¢id structure on
positional affinity is more clearly seen if one compares a. series of .
fatty acids containing the same number of carbon atoms bug\belonging
to different chemical classes, The/followipg is ‘the order of fatty
wcids arranged according to their affinities for the 2-position:
9,12, 15- 18:3c c,c- > 9,12-18s2¢,¢ , 9,10-19:0cp,c’ >
9,12-18:2¢,t > 9,10-19;0‘cp,t y 9-18:1c > 9-18:1t >
18101 > 18:0 p ‘
Interestingly enough the Same or a very similar order would be
| obtained if these fatty acids Wwere arranged according to their melting
points, with the affinity for position 2 decreasing as the melting
point of the fatty acid increases,
These wbservations led ’soptheaconclusion that the weaker -
the apolar attractive interactions characteristic of a fatty acid, the
greater is‘*ts tendency to- be esterifled at the 2-position, There are
some apparent exceptions to this rule: 1, 15:0ai has an exceptionally
high specificity to the 2-position; and 2, monounsaturated 3£ty
, acids with fourteen and sixteen carbon atoms have a liﬁiig‘iiwer 1
specificity to the 2-position cdhpared to the.monounsafurates with
eithteen carbon atoms. However, these exceptions might be nore apparent

than real, The positional specificity value of 1310al rsported here

- may not represent the real‘posiéional affinity of this fatty acid,

;
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which might be ewen higher than'that of ;5:Oai." A?large portion o}
the 13{Oai incorporated inpo the cells is e;onéated to 15z0a1 as is |
shonn 4n Table 25. Also, the content of 14:0 and 9-18:1c 1n the
.glyqéﬁzpid is relatively high undé¢r these conditions, These factors
might also tend to reduce the actual positional specificlty value of
13:0ai in these experiments, since }BsOai would have to compete for

. N 7
the 2-position not only with 16:0 but also; with othe:ﬁ?atty ac%ds
which have appreciablesggfinitiés.for the é-positibn: _The positional
specificlties of 9-1431c, 9-14:1t and 9-16:1c reported,here maf also
be lower.than the actual values, because all of these acids are quite
extensively elongated to their respective higher homologues enon in
the presence of large a énnts_of exogenous 16:0, Egamples are shown
in Tablc 25. The diffh:ené:s in the :elatine position of the double
bond among .these monounsaturated fatty aclids with different chain
lengths might also make 1t difficult to make a meaningful comparison of
. the relative positional,sPecificity values obtained,

' « Although there are some differences in the conﬁtent of the
various exogenoustfatty acids tested in the glycolipids; it is still
valid to make a comparison between the”position;l specificity values
of the various fatty acids derived'from these experiments, This is .
true bec;use the positional specificity value of a fatty acid was
shown to be constant regaxdless of its content in the glycoliphd, as
long as it was present in less than pdsitiénally-saturating amounts
as illustrated in Table 22, . N ‘

The metabolic pathways fop the biosynthesis of the glyco- = |

lipids and phospholipids by A, laidlawii B were discussed previously
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'Table 25, The fatty acid COmpositioné (mole %) of diglucosyl ' :

' ", diglyceride (DGDG) from A, laldlawii B cells grown in the .
presence of 16:0 plus one of the other exogenous fatty acids-
listed below

Exogenous fatty acid other than 16:0

.F‘atty acid found P ‘ A .1330aj. 9qilisic - 9-14:1¢ . 9-16:"%[\;? :
— — : — —
12:0 . - 2 > 0.8
1}:03.1 : 4,0 ¢ - -\ -
EETRE T 6.8 28 . 350 w6
otlitc - .8 - -
9-1431t - e 33.8 .‘ ‘ -
 1530at - 6.3 - o -
N 1610 oo - sk . sk
" g9-tbite - | - . 23,3
| 11-1611c - 21,0 - . -
14-1611¢ Y -
" 1810 2,9 - e 0.5
| 9-1811e” . 5.1 . - - -
T 1118ie. e - - 16.3
y = ; ; - . N
\ The fatty acid compositional values presented in this table are

representative values from at least duplicaiie experiments,
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| in this diséertation (see Fig, 19), Presumably phosphatidic acid iu

the common precursor for both the glycolipids and phospholipids, ; All

‘of the-polar 1ipids in this organism are metabo%&cally stable~(McElhaney_
and Tourtellotte, 1970a); there is no deacylation nor reacylation of '

the polar 1ipids, Since the positional specificities of the various

fatty acids in the glycolipids-examined here are quite si to the
‘positional specificity values of these fatty acids in the magor phos-

' pholipid CMcElhaney ard Tburtellotte, 1970b), and since no rearrange-
ment of the fatty acids ‘can occur after their esterification into the
membrane polar lipids, the enzymes which convert,glggg-glycerbphosphate
“to phosphatidigjacid must be solely responsible. for the asymmetric
positional distribution'of fatty acids observed in this organism
Romijn et al, (1972) have recently confirmed that the characteristic
asymmetric distribution of exogenous fatty acids is already observed n f}
the phosphatidic acid fraction, The -enfyme (or enzymes) which catalyzes

the positionally specific esterification of algga-glycerophosphate

apparently functions by recognizing the physical nature of the fatty

acid substrate and not by responding to their cﬁemical properties,

since chemically different fatty aclds with similar melting points '

have similar positional specificities. For example, the short-chain

saturated short- and medium-chain anteisobranched cio-monounsaturated,

polyunsaturated and cyclopropane ring-containing fatty acids tested ¢
hexre belong to different chemical groups, yet all of these fatty acids
produciyphospho- and glyco-lipids with relatively low gel to liquid- - : //‘3

crystalline phase transition temperatures and all have high speci-

ficities to the 2-posit10n. Furthermore, within a given group of

. . A ‘ - : -

- /.\

R
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chemically-related fatty acids,  the shorter the chain length of the .
9

fatty acid the greater is its affinity for the 2- position.

Most other organisps have a more complicated fatty acid

I

-

metabqiism than does A, laidlawii B,. and the biochemical reactions
which are responsible fo$ the final asymmetric fatty acid posit10na1

o ( .
‘distribution are rather ambiguous For example, in Chlorella vulgaris

the apparent positional distribution of the fatty acids w tgin the
m0noga1actosyl 8iglyceride was influenced more by fatty acid chain
lquth than by the degree of unsaturatibn, with appreciable amounts
of unsaturated c18 acids accumulating preferentially in the 1-position
and 016 acids in the 2-position (Safford and Nichols, 1970) However,
it was suggested by these investigators that some desaturation of fatty
acids occurred at the leVel of the intact glycolipid and that the .
original glycélipids COntained predominantly 18:0 and 16:0 at the
: i- and the " 2-pos1tions respectively?‘ If this suggestion is correct
* then the "ozuginal" PoSitional distribution of fatty acids in this -
~ glycolipi rather similar to that of other organisms, ‘despite the/'—\\\v/,
_BPparent difference in the distribution of fatty acids in the final )
glycolipid product, Thisfcomplicated sltuation does not occur in
A. laidlawii B, Cyclopropane fatty.acids are generally found prel
dominantly at the 2-position (Van Deenen, 1966). Howev. rk -this agdin
does not reflect a positionally specific esterification of the cyclo- .
propane fatty acids, “Since cyclopropane acids are’ synthesized from :
.smonounsaturated fatty acids at the level of the intact polar lipids
(Thomas “and Law, 1966) The high specificity of cyclopropane acids

for the 2-position is ‘then due to tge rositional specificity of the
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' monouhsaturated fatty acid precursors, unless a significant subsequent

redistribution of fatty acids were to occur In contrast, the apparent

. distribution of\cyclopropane acids in. 4, laidlawii B simply reflects

“the positionally specific esterification of these fatty acids because
this organism does not synthesize cycloprgéane acids,

It is of. interest to note that there are at least two
exceptigns reported to the general rule for fatty acid positional
distribution in phospholipids: phosphatidylethanolamine of Clostridtum

butyricum and phospholipids of Mycobacteria. In C, butyricum unsatu-

rated and cyclopropane fatty acids were - found in more abundance at the _

e

1-position (Hildbrand and Law, 1964), Since this organism synthesizes
unsaturated fatty acids anaerobically via beta-hydroxydecanoyl-ACP and
not by the direct oxidative desaturation at the level of intact phospho-
lipids, this apparent positional distribution should truly reflect the
positional specificity of the fatty acid esterification Step, In.. |

cardiolipin and phosphatidylethanolamine of several.My cobacteria, 16:0
Tt

Was mainly located at the 2-position, while 9-18:1c and 10-methyl-18z
Were esterified at the i-position (Okuyama et al" 1967) However, "*
since these organisms can produce unsaturated fatty acids by direct

oxidatiVe desaturatégn, they may be able to desaturate fatty acids at

the level of intact phospholipids as does Chlorella vulgaris (Gurr

et al,, 1969), If this is, correct ‘the apparent fatty acid positional

specificity observed in certain. ﬂycobacteria does not necessarily

reflect the positional sgecificity of the. initial esterification of

alpga-glycerophosphate, the actual specificity of Which might be rather '

similar‘jo that observed in other organisms It is alse not surprising

T
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.\ ,‘“ ~
that 10-methyl 18:0 showed the Same positional distribution as 9-18:1¢,
because the former is synthesized from the latter by methylation with‘
S-adenosyl methionine at the evel of the intact phospholipid (Akamatsu
and Law, 1970), t : L . |

Hhatever ‘the enzymatic reactions responsible for the fatty
acid positional specificity, the fact remains that a markedly non-
randon distributiOn of fatty acids has been observed in nearly every
" polar lipid which has been studied to date, and in most cases the
relative positional affinities of the component fatty acyl groups seem
to be determined by their physical properties, in particular by their
relative melting points With this knowledge of the physicochemical

principie underlying this phenome&,' He qﬁi now speculate as to. its

-‘~/’“//iaiegical significance, Phillips et al, (1972) have studied the inter-

Q‘

4

4

and intra-molecular mixing of hydrocarbon chains in lecithin-water

systenms by differential scanning caﬁorimetry. These investigatdrs

found that when pure 1 2-diacyl lecithins containing a different type

of hydrocarbon chain in each position of the molecule (intra-molecular

chain mixing) are dispersed in excess water, a single gel to liquid- ' .
crystaIline phase tra sition is observed which 1ies between thé'two

transition temperatures xpected-from;the two pure lecithins containing

exclusively either one of the”two fatty;acyl chains in thé-mixed-chain

molecule When two different lecithins, each containing only one type

T of hydrocarbon chain ‘are mixed (inter-molecular mixing), .two phase

transitions are observed The Ihase transition of the higher-melting

' lecithin ‘becomes broader and occurs at a lower temperature than is

observed if tge higher-melting phospholipid were present alone,

~ X ’ -

s
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4

although the transition temperature of the lower-melting was not
affected by the presence ef the higher-melting lecithin ! If fatty
acids of rather dissimilar melting points Wwere to be randomly positioned ’
in membrane lipids, half of the total 1ipid would be made up of
molecular species which would contain two higher-nélting or two lower-
‘nelting fatty acyl groups and the other half of the membrane lipids
would contain both a higher- and a lower-melting fatty afid In this
case, co-crystallizatlon of these three molecular species would not .
occur at physiologlcal temperatures and appreciable quantities of the
membrane lipid would exist in the gel state Evidence%gﬁgsts that the -
excessive local crystallization of 1lipids in biblogical membranes can’
disrupt normal cellular growth as well as membrane—associated enzymatie
amd transport functions, oOn the other hand, the existence of enzyme
systems which synthesﬁze almost exclusively polar lipids containing

two fatty acids having rather different melting points, results ‘in the
"production of a more physicochemically homogeneous mixture of molecular
species which are largely comiseible within the ;hysiological temper-
aﬁmermge R ﬁfﬁ ' o

B, The effect of the position of the double bond in a monounsaturated

' fatty acid on its positional distribution ina phospholipid

[

1, Material} and Methods

oA

(a) Culture method; This was described in the rirst section

of this'chabter.

A3

(b)  Pyrification of:phOSphatidylrleCerol (B6): Total .
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membrane lipids were extracted from the cel} pdllets and FG was,
purified by Unisil column chromatography followed by TLC by the pro-
cedure de3cribed in Chapter II of this dissertation, except that the

solvent system employed for the TLC Has chloroform~methanol-conc

NH,,OH (65:30:5),

3
(c) Hydrolysis of G py a li}-;asex " FG was dried overnight
in a vacuum chamber, suspended in 1 m1 of 0,05 M maleate.buffer, pH 6.3, )
containing 6 mg of a detergent Triton‘X-100 and sonicated for 30
seconds in an ice bath as described previously, 12)655:;esulting /

/

emulsion were, added 0.2 ml of 0.1 M CaCl2 and iml of lipase from

5. arrhizu§ delemer dissolved in the same buffer without detergent,

The final concentration of the enzyme was 1 mg/ml. Slotboom gt al,

(1970) shosedwthat this enzyme -is also able to hydrolyze the fatty acid

égter bond ‘exclusively at the 1-position of a number of synthetic

nﬁosphoglycerides, including PG, regardless of the nature and distri-

~ bution of the fatty acid c0nstituents *mmedjately after the addition

of the enzyme, 1 ml of.the reaction mixture was removed and placed in

10 ml of isopropanol to stop the enzyme reaction (Fischer et ;i\}

d

1973b) The rest of tﬁe mixture was jsncubam at 37°%¢c for 1 hour with

vigorous shaking, and then transferred to 10 ml of isopropanol Known ,U
I

amounts of 1710 were added to both the zero time’ and 1 houn samples as

© an internal stlndard and both samples #ere evaporated to dryness

Isopropanol not only stops the enzyme reaction, but also facilitates
',Ehe evaporation of water from the reaction mixture by flash evaporation,

. The routine Bligh—Dyer method could'.no_t bé® successfully a;iplied here to

\
-

-extract linids_from the reaction mixture because the lyso-FG (LPG)_

I ' -
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fraction did not paftition well into the chloroform layer,

~

(d) Separation of the reaction‘productsx The dried reaction
>/

products (both zéro time and 1 hour samples).were dissolved in 0.4 ml

of chloroform~nethanol (2:1) ahd Separated by TLC using the solvent

(Y

\system chloroform-methanol-aeetic acid-water (65:125:4:2 by vol, ). The

”~

locations of the lipids were visualized by exposing the plates to

iodine vapor, After decolorizing, the reaction products (FFA, LG,
¢ t
and FG “ t zero time) Wwere extracted from the gels by the procedure

<

described previously. From the TLC plate® on which zero time samples
were Sseparated, areas of the silica gel corresponding to potential
locations of FFA and LPG were also scraped off and'extracted ‘with
methanol, in order to detect the presence of any.lipoidal background
materials which might give erroneous results, A knhown- ‘amount of 1740
was added to the LPG fractions of both zero time and 1 hour samples

~
as an internal standard, Methyl esters of fatty acids were prepared

4

i

from each fraction by the method described pmeviously, and the fatty

acid compositions Were analyzed Jy GLC,

<
2y

(e) Calculation of the positiomal specificity: The small
amounts of fatty acid detected in the zero time FFA and LFG fractions :
which are apparently derived from impurities insthe silica gel, were
subi,acted from tge corresponding fractions of the ‘1 hour sample to
arrive at [a corrected fatty acid composition for these fractions The

<§pec&f{city values were then-calculated as described in a
Preceding section of this’ chapter ’_ | ' o @ .

'l
- \ . ‘
{ : «

positional
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(r): Analytical‘methoBSx The purity of the octadecenoate
isomers was checked by the following procedures: ‘(1> methyl esters of
each sample were checked on- TLC using the solvent systen herane-diethyl
ether-acetic acid (90:10:1 drop by vol,); (2) methyl esters were also
checked by GLC; (3) the positions of dguble bonds were analyied by
the Von Rudloff oxidation methodr (Jones and Davison, 1965) using
NalOu and KinO, as the oxidants, followed by‘a GLC analysis of the
resultant mono- and di-carboxylié acids.{/All the isomers used except
17-18:lc Wwere at least_90 per cent pure.\ The 17-18:1c was about

.

80 per cent pure, and its major contaminant was 16-18:1c, .

2, Results - ﬁ} ‘ A AN

(2) Purity of FG samples: The sample PC was routinely -

-

- checked by 'C, using'the solvent systemuchloroform—methanol-acetic

acld-water (65:25:4:2 by v?l.) to check’its purity, The samples

~ consistently produced the Rf. value of 0, 50, The commercial PG standarq -

: (Serdary Research Laboratories London, Ont., Canada) gave the same Rf

¢ '»r‘

value, The chemical analysis gave a fatty acid ester~phosphate molar -

ratio of 2, 05:1 00, very close® to the expected value of 2 00:1, 00

a (b) Hydrolysis of G by the lipase from R, arrhizus delemerx

'The substrates vere sonicated before the incubation with the . ‘enzyme “as

' described in Materials and. Nethods ' There Was no deacylation*nor

ox1dation of unsaturated fatty acids during the sonication, as checked

by TLC and GLC respectively, '

¥

After hydrolysis by the enzyme, the reaction tproduc}s were
cleanly seggi:ted on TLC as described in ﬂaterials and Methods, The Hf

kY

4
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values for FFKL PG, and Lﬁéxwere 0.96, 0,50 and 0,22, respectively,
The hydrolysis went to compfetion, and there was eo significant acyl .
migration under the experimental conditions described, as confirmed
by tbe\<ery similar tot?i fatty acid mole‘fraction valuesdﬁg the FFA

and LIG fractions, aftei correction to the internal standard,

s
(c) The positional specificities of various octadecenoate

isomers in PG: The distribution of the various positional isomers of
octadecenoic acid between the 1- and 2-positions of FG are presented
in Table 26, The mole per cent of the octadecenoic acid under study

<

innthe substrate K, eznd the ave‘gge between ~the two products (LPC and
;FFA fractions) are also included in the second and third columns in this
table, respectively, The agreement between these two columns is ¢
generally good, suggesting that ;9 significant acyl migration occurred |
during the enzymatic hydrolysis, ‘As a'general rule, the affinity of

an octadecenoate’isomer for the 2-position increases markediy as the
position of the double bond comes closer to the carboxyl end of the
molecule, although there are severai exceptions The positional
spebificity values of the serles of positional isomers frcz ?-18:1c to
17:18 1c are plotted against . the position of the double bonds in Fig, 22, ’
.A very distinctive effect of double bond location on the positional -

' specificity is clearly demonstrated here, The positional specificity
values decrease linearly from 7-18t1c to 17-18:1c, 7-18:1c is very
specific for the 2-gosit10n, with about 95 per cent of ‘this isomer ~ }
; 5eing esterified at position 2, whereas 17-18:1c has a higher affinity
5; for the 1-positioh, cnly'33 per cent of this isomer eeing esterified

~ at the 2-position,



Table 26,

A

The positional specificifies
octadecenoate positional iso

glycerol from A, laidlawii B,

(PZ/PI values) of various
mers in phosphatidyl-

of,acid in question in;

20,1

7

| . Concentration Positional
'Positiee of ‘ LPG + FFA Speg%fici’cy
double ‘bond B¢ 2 2 /p1
3 40,72 38,8 o5
s 8.6 39,0 3
5 35.4 31,3 by
6 %.9 * 35.0 6.4
7 38,6 " 40,1 18,1 /
8 31,0 W1 17,0
9 28,1 285 - 13,0
10 37 27.8 12,7
1" 0.3 7S xe 8.1
12 31,8 3.3 11,5
13 35,1 " 9.2 8.5
o 33.5 %.2 7.5
15 3.8 38,4 5.7
16 33,6 3%.6 3.6
17 20,2 0,48

2 e concentration of fatty acid is expressed in mole % and all

values are the ‘averages

b more than 20

of triplicate experiments

<
§g
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Fig., 22, The effect of the position of the double bond in cis-~
octadecenoic acig on the positional specificity of that ‘isomer in

¥, A, Xgidlawii B cells were grown in the presence of one(of the
various positional isomers of cis-octadecenoic acid Plus 1610 as

the standard competing fatty acid, FG was extracted from the cell
membrane and the positional specificity value (P2/P1 ratio) of each
isomer in the FG was calcilated as described in the text, The values
presented are averages of triplicate experiments, The variatiop in
the results obtained for each isomer are indicated by vertical bars, .
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3. Discussion : 3
" McElhaney and Tourtellotte (1970b) have studied the positional

specificity of a variety of‘fatty acids in the PG of A, laidlawii B

using Ophiophagus hannah vengm as the source of phospholipase A, They

foumﬁ?an apparent correlation between the relative strength of thé>
apolar interaction of a particular fatty acid and its positional
specificityx the stronger the apolar attractive forces, the more
specific was a fatty‘acid for tie 1-position, From this conclusion
it would be ekpected;that the position of the double bond in theifattx
acid molecule would also affect‘its’positional specificity, because ihéf
position of the double bond has somé#§¥tect_on’the physical-properties
of fatty aclds, The relative strengths of the.apolar interactions of
the various octadecenoate isomers, when incorporated into membrane
11pids, might be approximated by their capillary melting points, Thue'
the lower the melting point of the free acid the weaker would be the
apolar interactions of the phospholipid moleculegrwhen these fatty
acids are incorporated into membrane lipids The fatty acid having a -
gig-double bond at the center of the molecule is known to have the
lowest capillary melting point among the octadecenoic acid posi onal
is0mers (Guns#dae, 1967). The graduai decrease of the'positional
specificity values from 9~{8 1c to 17-18:10 correlates with-fye increase .
of the capillary melting points. and confirms the generalized rule

- proposed by McElhaney and Tourtellotte (1970b) ‘The gradual decrease

' of the positional specificity values, however, does not correlate
precisely with the increase of the melting points uhich were found to

alternate between the odd-numbered and the even-numbered positional

%
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Ysomers, These alterations in melting points nere explained by the
diffefential tilts of the hydrocarbon chain with respect to the plane
of the terminal methyl group in the crystalline phase Incidentally,
the decrease in the positional specificity with fncreasing chain
lengthenifig of the straight-chain saturated fatty acids noted in the
first section of this chapter also does not follow the alternating
capillary melting points between odd~- and tyen-numbered fatty acids,
The capillary melting points, which reflect the hydrocarbon chain inter-
ctions in the solid phase, probably are not directly relevant to the

physical situation which occurs during polar lipid biosynthesis in the
plasma membrane\bf A, laidlawii B, The positional specificity value$>
of the octadecenoate isomers from 3—18:ic'to 8-18:1c do not correlate
with the capillary melting points of these isomers at all For example;;“
3-18:1c 1is expected to have &imost the same positional specificity as
1?-18x1c according to its cap lary melting point, However, ‘the former
is almost absolntely specific({for the 2-position, and the latter is
rather more specific for the t-position, I feel that the:capdllary
melting points of the octadecenoicfisomers, which have the double bond .
located in the carboxyl half of the molecule, may no longer necessarily
reflect - the strength of apolar interactions of these acids when incor-
porated into the membrane 11pids under the experimental conditiOns
In a fully hydrated lipid bilayer structure, a cis-double bond in a
fatty acyl chain is expected to give a "kink“ in the fatty acyl chain
which can no longer be as easily accommodated as in the anhydrous, free

; fatty acid crystal, The closer the "kink" to the carboxyl end of the

| fatty acid molecule, the more strongly might it inhibit the apolar

»

4

? i .
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interactions of the lipid molecules in the bilayer Structure, If this
Areasoning is correct, then 3-18:1c would be expected t0 have the highest
| specificity for the Z-pOSition, and the results obtained here would
again confirm the general rule. proposed by McElhaney and Tourtellotte .
(1970b) Of course the validity of" the hypothesis should«b//’ested
by checking the fluidity of chemically synthesized lipids containing
16:0 and the various positional isomers of cis-octadecenoic acid but
preliminary experiments seem to confirm that in mixed-chain Ihospho-
lipids, the c‘s-double bond is most disruptive when located nearest \vfﬁ*.{
the "carboxyl group (.G, Barton, personal communication) The abrupt
change of positional specificity values between 4-18:1c and 5-18x1c is
incidentally, qualitatively correlated with anmegion of abrupt change
in %he capillary melting points However, th° reason for the apparently .
anomalous behav1or of the above isomers is not understood at preSent

The only monounsaturated fatty acid overlapping between the
Present series of experiments and those of McElhaney‘%nd Tourtellotte
(1970b) is 9-18:1c, The agreement between the positional specificity
values of this fatty acid obtained by the two different procedures is'“
very good J ’ - l
) Unlike A, laidlawii BJ most higher ‘organisms as well as .
B, coli can deacylate and reacylate intact phospholipids Lands‘and
" Hart (1965) showed that the liver microsomal acyl-Coenzyne Ax.spho—
lipid acyltransferase has a very distinctive fatty acyl-Coa specificity, _
which depends upon whether the acceptor used is a 1-acy1 phosph?lipid
or a 2-acyl phospholipid, when the former Was the acceptor, 9-18:1c-CoA

"was the best substrate; when the latter was the‘acceptor, 18:O-Coﬁ was

v
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the most suitable: These results correspend to the fatty acid

positional distribution dbserved in thejhatural phospholipids of the

Aliver, and suggest thﬁt this enzyme or enzymes mizht be responsible

for the positional distribution of fatty acids in phospholipids, at
1eaé£ in part To galn a deeper understanding of this enzyme, a series

of experiments have been performed using the chemically synthesized

positi@nal isomers of cis-octadecenoyl- CoA, trans-dctadecenoyl-CoA,

g}iemethylene-octadecanoyl-CoA, and octadecynoyl-Coa (Reitz et al,,

19693 Okuyama et al,, 1969; Okuyama et al., 1972; Tamai et al., 1973).

2 Their chemisal structures are illustrated beléw:

Tm

- ¢-‘>¢
/ .
H H H(C]*Q)rw H
\ / \ / .
. Cc=cC ' c=¢ -
H(CH, ), “(CH, ), co-s-Coa H (CH, ), cO-5-CoA
Y SRS .- .
cis-octadecenoyl~Coa trans-octadecenoyl-CbA
Ho CHa
v/, ‘
C—c. H(CH S C = C(CH2) co-s-co
- / \ - ‘
H(CH2)n &(CH2) CO-5- CoA ’ octedecynoyl-CoA 2

: i
. g;g,me{nylene-octadecanoyl-CoA 6o

1
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The comparisons of Vmax‘valuesiwere'made among isomers using
both 1-acyl and/or 2-acyl phospholipids QS_the acceptors; It was
clearly demdnstrated that the enzyme or enzymes. could distinguish
, between thetpositional‘isomers within a seriesﬂ and that they exhibit
very different Vmax values for the different isomers, However, none
of the‘results showed a gradual lioear deorease or increase of Vmsx
values when the functional group’was movéd from the carboxyl to the
nethyl end/pf the fatty¢acid molecule. -For example, acyl~CoA:1lecyll
glycerophosphorylcholine acyltransferase and acyl-CoA: 2-acy1-g1yoero-
phosphorylcholine acyltransferase activities showed a distinct/{
preference for the 9- and 12-isomers, respectively, when a series of
cls-octadecenoyl-CoA's were examined (Reitz et al,, 1969), 'It%was also
noted that both activities were~extremely low for acyl-CoA's having a

cis-double bond’ closer than 7 carbon atom®*from the carboxyl.end, The
ratio of the Vmax values between these two activities for each isomer
was obtained and compared as an index for the positionel;specificity,
‘Here again po.apparent éradual linear decreaSe or inéressebpas observed
ﬁhen the functional g#oup was'moved'elong the molecule from the |
carboxyl to the methyl end, Of course, as'Okuyama'andannds (1972)
have demonstrated, these specificities might be changed if,different
ooncentrations of the monoacyl phosPholipids'are;used, and they might-.
' not'represent the situation in vivo, However, tﬁe selective recog-
}Qion of fatty ac;ds having double bopds at the 9 and 12 positions
could certainly be relevant for higher organisms which contain
appreciable‘ﬁﬁoqnts of polyunsaturated fatty,acids with the double

bonds located at these positions, o | ;
. v :



€, The relative nature of fatty acid positional specificities
f_

1, Materials and Methods

\

The experimental approach used here is essentially the same
as that discussed in the first section of this chapter, except that
other exogenous fatty acids replace 16:0 as the standard fatty acid -
against nhich the other exogenous fatty acids compete, 1In t@e§first
.‘series of experiments, 16:0 was replaced’by 9-18:1t'and the positional
distribution of various exogenous fatty acids in diglﬁcosyl diglyceride
{DGDG) was examined, In the second series of enperiments, 1610 was
replaced by various different fatty acids and the positional distri-

bution of 1&:0 in DGDG was studied, ‘ C e

< 2. Results ‘ | .

) In the first series of experiments the positional specificity
of several fatty acids n DGDY was defermined under conditions Where
9-18:1t comprised more than 50 mole per cent of the tptal‘%ste§if1ed
4;fatty acid The results of these experiments are presented }n Table 2?

This table also includes the positional specificity values :n theSe

acids when 16:0 is the maJor fatty acid component and~the eoretical“
positional specificity values,” which will be discussed later. The
positional specificity values, defined as the P2/Pi ratios, of all the
acids tested are drastically reduced by replacing 16:0 with 9-18:1t as
the major fatty acid constituent That is? the relative affinities of

all exogenous fatty acids tested for the 1-position are increased when

199

a lower melting fatty acid, 9-1811t, is present-and presumably competing;_

>



Table 27, The positional specificities (PZ/PI values) of various ¥

A 200

exogenous fatty acids in the diglucosyl diglyceride
(DGDG) from A. laidlawii B when 9-18;1t comprises more
than 50 mole per cent of the total esterified fatty agid

ol

3

Concentration (mole %) of - ;}
exogenous fatty acid ' /P{ values
Fatty uclds x 5
tested DGDG DGMG + FFA found 16,02 theoretical
2
L1310 6.2° 5.3 1,7 - 10,8 1,2
1440 17,8 18.2 0.6 49 o052
15:0 . 26,0 30,8 0.1 1,2 = 0.1
i0al 250 2.0 0 156 1.0 6
17:0 31.9 ©355 0.9 2.5 0.3
% The positional specificity values determined experimentally
when 16:0 comprises -more-than 50 mole per cent of the total
fatty acid - ’ S o .
® The Positional specificity values of'eaéh‘fatfy acid in DGDG s ' N

fwAll values presented 1n.this.table‘éré,thevavérageé of o -

expected theoretically when 9-18:1t replaces 1610 as the Cael
exogenous fatty acid standard.calculated:asvdescribed'in the . \\ '
text ST ' J T B a

N

triplicate experiments,

7

2

. . ‘ . . N B
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more effed'tivély for tneZ-position It is of interest to note that
1#?0 15:0 and 17:0ai, which are predominantly located at tbe‘g position
| when large amounts of 1610 are simultaneously incorporated into the
glycolipids, are now found primarily at the 1-position when 9-18:1t is°
present in the growth medium, In the second series of experiments
several fatty acids other than 1610 or 9-18: 1t Wwere used as the maJog
fatty acid constituent, and the positional specificity of 14:0 in ‘DGDG

' was studied in each case, The results of these experiments are shown

in Table 28, This table also includes the "theoretical ¥2/py values,
as will be discussed later, It can be clearly seen that the positional
specificity of 14:0 can vary markedly in response to the physico- “
chemical Properties of the other exogenous fatty acid present in the _
growth medium, The higher the mel}ing point of the major exogenous
fatty acid, the more effectively it competes with 1430 for esteri-
fication at position 1 and the higher the resultant /P1 value of

IU: . o o | .

5

3, Discussion S '
2 \
The positional specificity values obtained in the first

section of this chapter should represent the apparent positional

affinities of a variety of exogenous fatty acids relative to 16x

Since‘the /P1 values obtained are relative ones, I would prddict

~ that the apparent positional affinities of - any exogenous fatty acid {
should be shifted in the appropriate direction by altering the nature .

of the second exogenous fatty acid used as a standard This is of -

course Just what is observed experimentally.. We can go further and
v : ‘ 5 -
/ : -
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-

t P2 . € .
Table 28, The positional specificity ( ~/P1 value) of 1410 in diglu-

cosyl diglyceride (DGDG) when various other exogenous
fatty acids comprise more than 50 mole per cent of the

— total esterified fatty acid ¢
Ll
Concentration (mole %) -
of 14:0 : /P1 ratio
Fatty acids DGDG DGMG + FFA . found theoretical®
tested S ij) ’ ‘
. b . R N . X ’
15:0 25,9 26,4 2.4 4,0
' {

1610 29,0 3.6 4.9 -
1710 31,6 30,8 7.0 6.8
1510ai 23,7 24,2 0,2 0.1
17:0ay, - 22,9’ 25,3 0.9 1.9

. 9-1811t 17.8 18,2 0.6 0.5
® The ‘positional specificity values (F2/P1) of 1410 in-DaDG
expected theoretically when various faity acidS other than
1610 comprise more than 50 mole per cent of the total
esterdfied fatty acid calculated as described 'in the text
b All values presented in this table are the. averages of
duplicate experiments, :
@ . , . - . ,



predict the approximate "theoretical" P2/Pl valJe for any combination “
of tno exogenous fatty acids from our knowledge of/the FQ/PI value of
those acids relative to 16:0, Since, for example, 9-18;1t is roughly
nine times more Specific for the 2£position thanA16zO ‘We can arrive
at a simple-minded prediction of the /P1 value for any acid relative
to 9-18:1t, simply dividing the - /Pi value obtained in the 16 10—
standardized experiments by nine This was in-fact done to generate
the "theoretical" “/P1 values presented in Table 27, T%e agreement

between the actual and “theoretical™ positional specificity value is

5

generally good, especially COnsidering that some error due to a

generally altered total fatty acid composition would be expected to -

»

influence the experimental values, The agreement between the calculated.

and observed values supports the concept that the relative positional
affinity of any given fatty acid is determined primarily by a'simpie
competition with other fatty acids undergoing simultaneous incorporation
into the mem¥rane lipid, - .

o . In the second series of experiments, several other fatty
acids were used instead of 16:0 or 9-18:1t as the major exogenous fatty

adid constituent and the influence of these fatty acids on the

positional specificity of a single fatty acid, 140, Was da{?t
Tn. "theoretical" positional’ specificity values of 14:0 in each
experiment nere again predicted by.simply dividing the positional'
specificity value of '14:0 relative to 16:0 by”that of eacn other major
exogenous fatty acid"again relative to i6:0 The agreement ‘between
the experimental and the predicted values is. generally good,ﬂa}though

again there are .some discrepancies noted, which are probably due to

S KRN

4
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‘differences in the total fatty acid compositions, The positional

specificity of 14:0 changes drastically depending upon the physico-

"

chemical natyre og the major exogenous fatty acid, Nhen ig:O is the
ma jor fatty acid ebout 88 per cent of the 14:0 is found\atfthe 2-posi<
: tion, but when 15:0ai is the major eiogenons fatty acid only 14 per
cent of the lh :0 is found at the 2- p031tion ¥

The results of these two series of experiments strongly
support the COnclusions.reached in the experiments performed with 1630
as the, ;agor eonenous fatty acid, They demonstrdte further that the
positional specificity of any particular fatty acid is not fixed by its
chemical or physical nature but rather is flexible, depending upon the
over-iﬁl fatty acid ce;position of the membrane .1ipids, r)Although these
experiments were done only with DG and a limited number of fatty »
acids were tested, these results are very probably general, at least .

for the other membrane 1ipids of this org%pism. The enzyme system
‘ . .

which catalyzes the acylation of sn-glycerol-}-phoSphate to phosphatidic,

v

acid is both highly specific with regard to pladement of fatty acyl

groups and yet this specificity is WSted in a very flexible
' &

manner, Thus this enzyme system can differentiate'between saturated
s

' fatty acids differing by only a single methylene group and yet is
capable of catalyzing the este:z?ication of fatty acids of intermediate
melting points at either the 1- 6r 2-position, “in response to the

physical properties of the other endogenous or exogenous fatty acids
O

available for complex lipid biosynthesis The flexibility of this

A

system is also manifested in its abi}ity to 1ncorporate significant

i

amounts of exogenous fatty acids in;f the non-preferred pOSition, when

.
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at least two different enzymes has been suggested in E, coli by the

. . ‘ 205

large quantities of that acid are present in the growth medium, - .Thus
9-18i1c, for example, is esterified quite readily into the 1-position
when the 2-position, which is normally greatly preferred, becomes
saturated with 9-18:1c, If this flexibility were lacking, this
organism would not be capable of incorporating more than about 50 mole
per centPof most exogenous fattyla01QS, as was dis;ussed in a previous.
chapter of this dissertation, ’

. _' There are two possible pathways for the synthesis of phos-
phatidic acidﬂ}rom glpgg-glycérophosphafe: in one pathway the first
acylation oceurs at the 1l-position of sn-glygggpl 3-phosphate to form
1-acyl-sn-glycerol 3-phosphate (1-acyl-GP), followed by the acylation
at the 2-position kPathway I); another rathway would utilize 2-acyl-sn-
giyce;ol 3-phosphate as an intermediate (Pathway II), The relative -
importance of thése two pathways in !iigg or in vivo has yet to ‘;
studied in 5; lajdlawii B, In rat liver microsomes Pathway I has been
suggested to 5e the major one (Tamai, 1972). 1In E, coli, however,
there is still some controversy about which pathway is the more
tmportant (Ray et al., 1970; Okuyama and Wakil, 1973). The question
as to whether only one en;yme, which acylates both the 1- and 2-posi-
tions of thecglyceroi moiety, or whether two different enzymes are
involved,-has not been addres;ed in‘ﬁ, laidlawii B, The_eiistence of

-

finding of two different temperature-sensitive mutants which appe@; to
&

affect different acylation steps (Cronan, et al., 1970; Hechemy and

Goldfine, 1971)., It is also possible that more than one enzyne 1is

responsible for each acylation of a single position, although 1t‘seéh3'



unlikely Adr: \ﬁ laidlawii B because of its small genome size and
Ry ‘“v v
simple f‘aftt:f acm, biosynthe}ic pa,mern
. vr L The position*speg fic esterification of glpgg-glycerophosphate
to phosphatidic acid would seem to be the most economical and simplest
‘mechanism by which an organism could insure.proper asymmetric fatty
acid ‘positional distribution, This pathway has been studied in vitro
in order to confirm that it is indeed responsible for the fatty acid
positional specificity observed in vivo, However, the results of
in vitro experiments usually do not fully mirror the situation in vivo
(Hi11 et al,, 1968; Okuyama and Lands, 1972; Okuya.ma and Wakil, 1973)
Okuyama,and Lands (1972) have shown that the.apparent in vitro
specificity of monoacylglycerophosphate acyltransferase in. rat liver
microsomes is variable, depending upon the concentration of the acyl-
acceptor, and have 1ndicated the impbrtance of experimental conditions
on the in ’vitro specifd.city. ‘Whether acyl-ACP or acyl-CoA is the true
substrate in vivo is not known, and this might also create some
discrepancy between in vivo and in vitro experiments
‘ Unlike A, laidlawii B, the higher organisms, as well as

E. c6li, deacylate and reacylate the phoSphciipids, and these Tsity
acld exchange reactions may be respOnsible for at least part of the
apparent specific positionai distribution of fatty acyl groups in phos-
pholipid molecules (Lands andfﬁart, 1965; Van Deenen gilgl., d967; a
Ya.mas‘hi‘ta. et al,, 1973; Okuyama, 1969).

" Almost notning is presently known about the moiecular basis
for the fatty acid positional specificity described in this disser-

tation, Further progress 1n this area must await the development’of

\

o e
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a well-characteri};aed, fully-functional cell-fge'e‘i;"‘ste;n. which
accurately reflects the specificity of the enzﬁne system as it
fungtions in th;ls living organism, I hope that‘the experiments
described in‘this and preceding chapters, in addition to being
useful and significant in themselves, will provide infofma.tion

which will be useful in the development and utilization of

apbropriate in vitro model systems, ) /
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