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AUISTRACT, The qualitative occurrence and quantitative proportion of very-long-chain fatty
acids (above Cte), mainly in lower organisms and briefly in higher plants and animals is described.
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1 Introduction

The quantitative proportion and qualitative composition of fatty acids
in various organisms is charaoteristic for every given species and genus and
depends also on the environment. In microbial cells fatty acids are mostly
bound in lipids. Their qualitative composition is richer than in higher plants
or animals and reflects the biological and biochemical role they play in the
cell. Microbial fatty acids usually contain 10—20 carbon atoms (most often
16—19) and can be divided into five types:

1. saturated with straight chain
2. unsaturated with straight chain (rarely found in bacteria, more

abundant in photosynthesizing microorganisms)
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3. branched
4. with cyclopropane ring
5. with oxygen in the molecule (mostly 2-hydroxy acids).
In most bacteria and other microorganisms the major acid is palmitic,
followed by oleic and myristio acids, and then by other acids typical of the

species. Saturated and unsaturated fatty acids with carbon chains shorter
than ten and longer than twenty atoms are less common.

TasreE I. Nomenclature of the common very-long-chain fatty acids

Nurnerical Systematic name Trivial name
symbol (ncid) (noid)
24:0 tetracosanocic lignoceric

15-24:1 15-tetracosenoic nervonio
26:0 hexacosanoic oerotio
28:0 octacosanoic montanio
30:0 trincontanoic melissic

2 Nomenclature

Because in the beginning of organic chemistry fatty acids were among the
most intensively studied compounds they have been given, and still retain,
trivial names: the same holds for very-long-chain fatty acids (Table I).
Systematic names are formed by appending the suffix -oic acid to the stem

of the name of the parent hydrocarbon; the carboxyl carbon is taken as
number 1.
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Fia. 1. Numbering and designation of fatty acids: fop: octacosanoic acid (mon.
tanic acid; 28 : 0), middle: 8,12-hexacosadiencic acid (9,12-26:2), boflom:
4,7,10,13,16,19,22-cotacosalieptaencic aocid (4,7,10,13,16,19,22-28:7).

According to the usual designation, 26:2 stands for an acid with 26 carbon
atoms and with two double bonds (Fig. 1). Numerals preceding the hyphen
give the position of the double bonds (e.g., 5,0—26:2) beginning from the
carboxyl. The double bonds are assumed to be in cis-configuration (i.e.
Z-configuration; IUPAC 1970). The letters br denote branching (usually
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with methyl group), ¢ or ¢y a cyclopropane ring, prefix i (s0) or as (anfciso)
denote a methyl group substitution on the w-1 or w-2 end (precursors valine,
leucine or isoleucine; ¢f. Table XI). The prefix w denotes tge position of the
double bonds from the methyl end, the double bonds being assumed to be
isolated (CH;—CH=CH—-CH:—CH=CH—CH3) (Thiele 1979).

This review deals particularly with fatty acids with 23 and more carbon
atoms, usually called very-long-chain faty acids.

3 Isolation, separation, identification

The conventional separation of very-long-chain fatty acids includes the
hydrolysis of total lipigs or their parts (e.g. phospholipids, glycolipids) and
conversion to methyl esters (for GLC, GC—MS) or phenacyl esters (HPLC).
This operation is sometimes preceded by a preliminary separation and accu-
mulation of acids according to the number of double bonds (Hg adducts,
impregnation of silica gel with AgNOj) or according to the chain length
(TLC, RP-TLC, RP-HPLC, CC on Sephadex LH-20). Separation of very-
long-chain fatty acids is acoomplished by HPLC or GLC on capillary or
packed ocolumns. Identification makes use of GLC (comparison of elution
times with standards, use of Kovacz indexes) or mass spectrometry (GC-—MS
or a direot inlet into the mass spectrometer after isolation of individual
components). The GC—MS method provides a much more complete infor-
mation and makes a full identification of the acids possible. The position of
double bonds is determined by their oxidative cleavage (with ozone or a
permanganate —periodate mixture) or by means of conversion of the acids
to p{:rolidides. Before the cleavage of double bonds individual compounds
can be isolated by, e.g., preparative GLC or by HPLC. In simpler mixtures
the double bonds can be cleaved directly without previous isolation of indi-
vidual compounds but the procedure yields a mixture of oxidative fragments.

In the separation of a complex of fatty acids with high molar mass the
GLC ocan be used with methyl esters up to Cye. Fatty acids with Cgo—Css
and mycolic acids can be separated by RP-HPLC (Takayama et al. 1979;
Qureshi et al. 1978). HPLC can be employed to separate acids having a
difference of two CH;3 groups but the separation of the homologues is not
always complete. Takayama et «l. (1979) published a fundamental scheme
of separation, isolation and identification of individual fatty acids of the
non-myoolioc type. Extraction of a myecelium with a chloroform —methanol
mixture and a subsequent extraction of the evaporation residue with acetone
transfers triacylglyoerols into acetone and precipitates phospholipids (Walker
et al. 1970), 14C-Labelled fatty acids are ndded to facilitate detection
and hydrolysis is performed to obtain free acids. The fractions of very-
-long-chain fatty acids are enriched on a silica gel column, the acids
are separated according to the chain length on Sephadex LH-20 and de-
rivatized to 4-bromophenacyl esters. Further scparation is carried out by
TLC with AgNO, impregnation, another TLC step, and RP-HPLC is finally
used for separating the acids according to the chain length. Individual peaks
are collected and very-long-chain fatty acids are identified by their mass
spectra. The following types of acids were separated by this procedure
(Takayama et al. 1979):
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CHs(CHs)s— CH=:CH—(CH3),—CH=CH—COOH  a + b = 18, 20, 22
Cﬂa-—((;'ﬂ:).-—CH=CH—(CH:).—COOH a+ b= 18-24, 26,
29, 35
Hl
CHs—(CHj)e—{— (CH—YCH),— | —(CH3).—COOH
—(CHg)a— a +b+c= 26—38
—(CH=CH), — z, y =1,2

The second of these three types included the longest monoenoic fatty acid
identified so far, 39 : 1 (for ¢ + b = 3§).

The advances in GLC achieved at the end of the seventies and the beginning
of the eighties marked the routine use of capillary columns with programmed
temperature regime and a suitable stationary phase up to 360 °C and the
appearance on the market of sophisticated and routinely applicable GC—MS
instruments. The wide-spread use of HPLC also contributed to the separation
and identification of very-long-chain fatty acids. For instance, Litchfield
e al. (1976) were still using preparative GLC whereas Ayanoglu et al. (1983)
already used HPLC for separation of individual acids.

Fatty acids were analyzed as 3-methuxyphenaocyl esters by HPLC (detec-
tion at 264 nm). Elution was performed with a water —aoetonitrile gradient
up to pure acetonitrile for 200 min; during this time acids of up to Cy; were
eluted from a column with phase p-Bondapak C-18 (Busell et al. 1979).
Aveldano et al. (1983) separated very-long-chain fatty acids either free or
as methyl esters from phospholipids on phase RP-8, with elution using pure
acetonitrile and detection at 192 nm. The method yielded both saturated
(ug‘to 28 : 0) and monoenoioc (up to 32 : 1) acids. -

he positions of double bonds were determined both by classical oxidative
cleavage (Morales and Litchfield 1976) and by MS of pyrrolidides (Anderson
1978: Ayanogiu et al. 1982) and chemical ionization (Lankelma et al. 1083).

A novel approach to the determination of the double bond position made
use of the MIKES/CID method (Cervilla and Puzo 1983) for identification
of monoenaic acids from Mycobaclersium phies.

4 Occurrence

4.1 Auwtotrophic lower organisms

Among photosynthesizing microorganisms the largest variability in the
chain length of fatty acids is displayed by photosynthesizing protozoa (Table
I1). The marine protozoan Emiliana huzley was found to contain two unusual
acids, 36 : 2 and 36 : 3 (Volkman et al, 1981), the nearest lower homologues
having 14 less carbon atoms. The marine diatom Siauroneis amphioxys (Gillan
el al. 1981) contains acids of up to 30 : 0, the freshwater protozoan Buglena
gracilis possessee fatty acids up to Cse (Rosenberg 1963) and the fresh-water
green alga Bolryococous braunss has unsaturated acids 26 : 1, 28 : 2 (Douglas
e al. 1989). Rezanka ef al. (1983) deacribed saturated fatty acids of up to
Cgq in the alga Scenedesmus acuminatuas, acids of up to 28 : 0 in autotrophic-
ally ocultivated alga Chlorella kessleri and 30 : 0 in the blue-green alga Spiru-
lina platensis. Comparison of the occurrence of very long fatty acids in
C. kesslers cultivated under autotrophio and heterotrophic conditions yielded
interesting results (Rezanka and Podojil 1984) in that monoenoic acids up
to 36 : 1 were found under the latter circamstances.
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4.2 Helerolrophic lower organisms

The genus Mycobacterium is characterized by a broad spectrum of non-
myoolic acida C1¢—Cs¢ (Takayama e al. 1978) with a major proportion of
pelmitic asid. In myoobacteria, relatively shart chain fatty acids (Cie—Csq)
are an integral part of neutral lipide — triacyglyserols (Walkor o af. 1970),
A» compared with other organisms, the phospholipids eontain shorter-chain
fatty acids than triacylglycerols do. The sslectivity of position in the triacyl-
glycerols is marked since in Mycobnciersium bovis 76 %, of acids with more
than 20 carbon atoms are bound to carbon 3 of glycerol. The function of
other fatty acids (above Cgs) which were discovered in the last decade is
as yet unknown and 80 is their association in- the lipids. The monoenoic
acids with the highest proportion are those with Cs—Css.

The position. of double bonds in monoenoic fatty adids of the genus Myco-
bacterium was studied by several® suthors' with highly controversial results
(Table III). Asselineau et al. (1970) found the double bands in poditions 5,
«-16 sand «w-18, Takaysma ¢f al. (1978) in positions w-18 and «w-19; the latter
suthors also repaorted on an enryme that introduces & daouble bond inta
pasition § of & 24 : 4 acid, and an slongation of Yhis acid by C;-unite. Bong
and Welker (1970) found double bonds in positions 13, )5 and 17, s.e. in
position w-0 for 22 :1, 24 : 1 and 26 : ) acids. These results correspond to
a simple elongation of palmitoleic avid (8-16:1) by Cy-units. Theee data stress
the obvionsly incomplets knowledge of biosynthesis of monoenoic asids and
also the probably large variability of enzyme systems in mycobacterial
speocies.

peM . phlei was found to contain unusual very-long-chain polyenoic fatty
acids, e.g. 4,8,12,16,20-36:5 or 4,8,12,16,20,24-40:6 (Asselineau e al. 1969).
In coutrast to these polyenoic acids the presence of branched (methyl-sub-
stituted) acids is common. Asselineau et al. (1959) found 2,4,0,8-tetramethy-
lactacossnaic acid formed by s gradusl elongation of eicosanocic acid by four
propionate unita (Ratledge 1974). Another type of branched fatty acida are
homologues of tuberculosteasic atid, ¢.9. Y4-methyidovosanoic and )8-methy)-
tetracosanoic avids (Campbel) and Nawora) )p6B).

In 198) Bergmann and Swift (195)) firet desoribed the presence of acids
with bigh molar mass in two marine sponges, SphAeciospongia vesporsa and
Suberites compacia. Fraction distillation was used to isolate 17,20-28:2 and
9-26:1 acids from the former and 28:3 and 28:1 acids from the latter. A logical
extengion of this work was the examination of other genera of marine sponges
from the class Demospongiae.

From the sponge Microciona prolifera (Jeffers et al. 1074; Morales and
Litchfield 1976) tens of fatty acide have been sucocessfully isolated; they were
called demospongic fatty acids by Litchfield (Table IV). They are highly
unsaturated very-long-chain fatty acids with typical positions of double
boanda (mostly isalated) 6,8-264:2 and 27:2,9,19-24:3 and 6,9,21.28:3 acids with
voesible thain branshing {Tabiee IV and V).

A simple acreening was used 1o determine the proportion of very-long-
chein fatty acids in subclasses of the clasa Demospongiae (Litchfield e al.
1976). Extraction of total lipids, isolation of acids and GLC after preceding
hydrogenation was performed in 17 fungal species. Fatty acids with Cs3—Cso
made up 34—79 9, of all fatty acids (Table V) with major proportion of
a Cye-acid. Cge-acids (8—17 9%,) were present in four genera, Cyo-acids have
a relative proportion of up to 38 9, in the genus C. rilla and 11 9% in
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Tamim VII. Content of branched fatty acids (%) in phospholipids of the marine sponge Stron®
gylophora durissima®

Aocid Total PL P+ P8 PO ra PE
bris-28: 0 0.5 0.5 - 0.7 0.9
brie-5-20:1 5.0 5.2 10.1 24 2.7
brye-26: 0 4.7 4.5 2.8 2.2 2.5
brye-8-27 : 1 19.3 24.7 30.¢ 2.9 11..3
brip-27:0 1.5 5.3 4.1 7.7 13.0
brye-5-28 : 1 7.8 5.5 8.2 7.1 - 121
brie-28 : 0 12.3 10.4 10.8 11.8 12,9
bryy.51-290: 0 2.9 3.9 — 3.0 4.5
brae-20 : 0 1.9 2.8 —_— 2.3 2.7
bree,23-30 : 0 1.9 1.8 3.1 0.9 2.0

& For abbreviations see Table IV, footnote a.

the genus Cliona. The major part of the 3—8 %, branched fatty acids with
equivalent chain length (ECL) 28,41 —28,47 is due to 1-24:0 acid whioh is
present in five genera.

Dembiteky (1981a,b), Dembitaky and Nebyliteyn (1980) and Dembitsky
et al. (1977) found in marine sponges from the Asiatic coast of the Pacifio
ooean similar proportions of fatty acids as reported by other authors from the
Atlantic (Tables IV and VI) with major amounts of 5,9,19-26:3, 5,9-26:2 and
5,9-28:2 acids. Interesting resulte were obtained with sponges from the
Baikal lake; these sponges contain more odd-number fatty acids 23:0 and

Taniz VIII. Content of very-long-chain fatty acids (%®) in S. cere-

visiae in different growth phases
Growth phase
Aocid mid log Iate log oarly late
stationary stationary
23:0 — - - —
23:1 ]  ; 1 0.8
24:0 ] 4 2 b ]
24:1 1 1 1 tr
25:0 4 1 4 4
25:1 2 1 1 tr
26:0 38 64 49 58
26:1 3 tr 4 tr
27:0 L 4 4] 6
27:1 3 1 0.5 tr
28:0 4 ] 12.5 12
28:1 3 1 tr tr
20:0 1 1 1 1
30:0 1 0.5 0.5 2
Cn | 3 0.5 0.5 tr
Css 4 0.8 0.5 tr
Css tr tr tr tr
Cae tr tr r tr

* 100 % = Cj9—Css (Weloh and Burlingame 1973).
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Tazis X. Content of very-long-chain fatty acids in heterotrophic microorganisms
Orgsnisn Aeoid (%) Reference
Abernaria lenuis 23:0(1.8),24:0(3.0),85:0 Figher o al.
(1.3), 28 : 1 (¢txr), 36 : 0 (tr), 1072
28 :1 (0.8)
Botrytis fabaes 23:0(16.3), 23: 1 (8.4),
24 : 0 (3.5)
B. fabae® 23:0(2.1), 34 : 0(!4).25:0
(3.4),26:1(1.2),26:0(2.1),
28:] (1.6)
Cachliobolus miyobeanus 26#:0(4.8),0:0() Waseo! 1977
Crypilocoocus albidus 23 :0(3.3), 24 : 0 (6.9) Zviaginteseva
of al. 1078
Cwroularia sp. 24:0(24,24:1 (90 Wassef 1977
Erysiphe graminie 24 : 0 (7.6), 24 : 1 (6.8)
Pomes igniarine 23:0(1),34:0(26),45:0 Waasel (977
(4.4),20:0(16.4), 27 : 0
(1.9}, 28 : 0 (33.9), 30 : 0
(tr), 32 : O (te)
Lactobacillus hetere- 24:0(1.9),17-24:1 (3.6), Uochida 1974
Miocks H} 28 :0(0.2), 19-26: 1 (W)

L. heterehiochi 814

Lipomyces anomalue
L-386

Newurospors orassa®

N. orosso®
Penicills toill
Phycomyoces blakss-
leonus

Rhodstorula
A.328

R. rubra 1527

24
24

:10(4.3), 17-24 : 1 (4.9),
:0(1.4), 19-28:1 (0.7),
: 0 {0.8), 21-28: 1 (0.3),
:0(0.32), 33-30: 1 (0.1)

£ 0 (4.9), 17-34 1 1 (4.0),
: 0 (1.1), 19.26:1 (0.3),
: 0(0.3), 21-28:1 (tr)

190 (3.3), 24 : 0 (6.9)

0(1.6), 24 :0(1.2),
) (1.8)

: 0 (1.8)
:0(1), 24:0(4.9),20:0

—
=B B
.
vy ov

1)

24:1(29),20:0(13),
20 :1 (4.9)

23:0(3.7), 34:0(8.3)

24 :0(0.4)

Zviaginteeve of
al. 1978

Fisher et al. 1972

Waseef 19077

Shaw 19066

Zviagintesva o
of. 1976
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R. rubra 1649 24:0(2.2),26:0 (1.9)

R. rubra 1836 24 :0(2.5),20:0 (2.4)

Streptomyoss 23:0(0.1), 24 : 0 (0.1) Rezanka et al,
cinnamonensss 1984

8 Cell wall.

b Burface.

27:0, otherwise the relative proportions of fatty acids are the same as in
samples from other locations. This indicates that there may be no difference
between marine and fresh-water sponges. The group of Djerassi (Walkup
et al. 1981; Ayanoglu ef al. 1982) separated individual types of phospholipids
and determined the content of acids in each type, in spongal genera Aplysia
and Petrosia. No marked changes were observed in Petrosia whilst Aplysia
exhibits an uncommonly low content of the fatty acids under study in
phosphatidylcholines and phosphatidylglycerols. Table IV points out the
main types of desmospongic acids. In genus Aplysia they include C(ag-
and Cap)-methyl substituted diencic acids Cy¢ and Css or the typical
5,9,21-28:3 and 5,9,23-28:3 acids. The sponge Higginsia tethyoides was found
to contain 2-methoxy acids in addition to common demospongic acids (Ayano-
glu et al. 1083) whereas the sponge Calyx niceaensis oontains a cyclopropanoio
acid ¢-19-27:0 (Lankelma ef al. 1983). Litohfield and co-workers (1979) found
in the sponge Cliona celata tetra- and pentaenoic Cyp-acids double bonds in
positions atypical (i.e. isolated) for sponges but otherwise commonly found,
t.e. w-6 30:4 and w-3 30:85.

The data obtained by Dasgupta e al. (1984) in their study of very-long-
chain fatty acids, mostly branched, from the marine sponge Strongylophora
durissima are summarized in Table VII.

The content of fatty acids in yeasts and yeast-like organisms was investi-
gated in the genera Lipomyces, Saccharomyces and R orula. 8. cerevisiae
was reported to contain, apart from the common fatty acids C1o—C,s, also
very-long-chain fatty acids (Table VIII) which make up about 1—2 9,
of all fatty acids. Up to 64 %, of fatty acids with chain length above C,s was
found to be represented by a 26 -0 acid. Baraud ¢ al. (1970) and Nurminen
and Suomalainen (1871) determined the proportion of very-long-chain fatty
acids and 2-hydroxy acids up to Cse in different parts of the cell and in
different lipid fractions (Table IX). The major acid is again 26:0 even though,
e.g. in sphingolipids, the 2-OH-26:0 acid makes up 68.3 %, of all fatty acids
longer than C,s. The highest amount of very-long-chain fatty acids is obvi-
ously found in phospholipids or glycolipids. Of interest is the occurrence of
very-long-ohain fatty acids in the form of esters with sterols (Baraud e al.
1970) which are known to form an important part of the yeast oell wall.

The presence of other hydroxy acids (e.g. crylbro-2,3-dihydro.x_ym
sanoic acid) was reported by Prostenik e al. (1973). The genus Rhodotorula
was found to contain frequently acids above Cjys (Table X). All studied
species of genera Rhodotorula, Lipomyces and Cryptococcus contain very-long-
chain fatty acids Css—Cse. Acids with more than 22 carbon atoms are most
often found in Saccharomyces, to be followed by Rhodotorula, Lipomyces and

Cryplococcus.
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Fatty acids were detected on the surface of conidia and sporangiospores
of various fungi from genera Alernaria, Bolrytis and Neurospora. They
include usually saturated even-number acids up to Cgs. Very-long-chain
fatty acids up to Css were found in Fomes igniarius (Epstein e al. 1966).

Both saturated and monoenocic fatty acids up to Cso are found also in
Lactobacillus heterohiochi (Table X) (Uchida 1974) whereas the related species
L. homohiochi does not contain acids above Csy.

Nichols et al. (1985), found that Franchisella tularensiz an important
pathogenic bacterium ocontains monoenoioc fatty acids up to Cge. The position
of the double bond was determined elegantly by means of cis- and trans
dihydroxylation and also a Diels-Alder addition to the double bond. The
resulting derivatives were analyzed by GC—MS. The double bonds were
shown to be in position cis-9. The proportion of the corresponding acids (in
per oent) was: 23:0 (tr), 9-24:1 (9.8), irans-15-24:1 (tr), 25:0 (tr), 9-26:1 (0.3),
26:0 (0.5).

The studies of Dormaar (1982) and Ketola et al. (1981) document the fact
that little attention has been paid to the ocourrence of very-long-chain
fatty acids in soil microorganisms. Soil extracts contain acids up to Cso,
peat was found to contain acids C14—Cso (Ketola e al. 1981).

4.3 Higher plants

Waxes from higher plants contain very-long-chain fatty acids mostly
saturated either oonjugated as esters with long-chain aliphatic aloohols
(up to Cs3 in the wax from Cecropia adenopus; Neidlein and Koch 1980) or
as.esters of sterols e.g. in lemon fruit which was used to isolate 24 : 0, 24 : 1,
+-25:0,25:0 ¢-26:0,26:0, 26:1,$-27:0, as-27 :.0, 27:0,4-28 : 0,28 : 1,
6i-29 : 0 and 29 : 0 acids (Nordby and Nagy 1974). The wax of sunflower
seed coate yielded acids in the range of 24 : 0 to 30 : 0 (Popov and Stefanov
1968).

Cutin from spinach membranes (Holloway 1974) was found to contain
even-number saturated acids up to Css.

Plant-seed oils were found to contain fatty acids to & maximum of Cags
(erucic acid) (Miller e al. 1966). Exception is represented by, e.g., genera
Tropacolum (Litchfield 1970) and Ximenia (Ligthelm 1954) which were
found to contain monoeno:s avids w-9 Cgq—so.

Schmidt et al. (1984) found in the bark of Schefflera ociophylla esters of
3ax-hydroxylup-20(29)-ene-23,28-dioic acid with very-long-chain fatty acids,
mostly brsnoﬂed in position 2, with the major proportion {in per cent) of
24 : 0 (50.6), bra-25:0 (29.1), 20 : O (4.8), brs-27 : 0 (5.2), brs-20 : 0 (1.3).
In their study of tissues of 18 kinds of higher plants (potato, oat, wheat,
maize, cucumber) Murate ef al. (1984) found higher fatty acids (saturated u
to C3¢ and monoenoic up to Cy4) in trace amounts bound in phosphatidyl-
serines. In a condensate of marijuana smoke Maskarinec et al. (1978) ident-
ified 23 : 0, 24 : 0, 26 : 0, 26 : 2, and 28 : 0 acids.

Study of very-long-chain fatty acids in garlic (Agrawal et al. 1984) revealed
that the elongation system is localized in microsomes and only saturated
acids can be utilized as acoeptors of malonyl-CoA as Cs-donor in the presence
of this compound.

4.4 Animals
Kishimoto and Radin (1963) deacribed unsaturated fatty acids in bovine
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brain sphingolipids. They succeeded in identifying 24 monoenoic and dienoic
acids up to Cge and determining their preoursors (Ci¢-1s acids).

Cerebrosides and sulfatides isolated from bovine brain were hydrol
to obtain fatty acids and 2-hydroxy’acids in the elution sequence (capillary
column with OV-101 phase): 23:0, OH-22:0, 24:1, 24:0, OH-23:0,
26:0,0H-24:1,0H-24:0,26:1, 26:0, OH-25:1, OH-25: 0, OH-26: 1,
OH-26 ;: 0 (Abe and Tamai 1982).

Ox and human eye glands were found to oontain fatty acids up to Css
(Nioolaides et al. 1884) including n-, ts0-, anteiso-acids, both saturated and
monoenoie.

In the blood of patients suffering from adrenoleucodystrophy, HPLC
was used to determine very-long-chain fatty acids 24 : 0—26 : 0, this assay
was methodologically applied to the diagnosis of this disease (Kobayashi
et al. 1983; Antoku et al. 1984). Very-long-chain fatty acids were also found
in humans with other congenital metabolio disorders, e.g. the Refsum disease
(Poulos and Sharp 1984) or the Zellweger syndrome ( eren ¢f al. 1984;
Govaerts ef al. 1985; Poulos et al. 1986).

GC—MS was employed to identify fatty acids, saturated, with both straight
and branched chain (1s0-, antetso-) up to Cay, and monoenoic acids (15-24 : 1,
17-24 : 1) in the meibomian gland (Harvey and Tiffany 1984). Even-number
monoenoic acids up to Csq were found on the surface of mouse skin (Wil-
kinson 1970).

Autotrophic algae serving as nutrition for higher animals can be traced as
a direct source of very-long-chain fatty acids in the fat of sea fishes. Ferguson
- (1976) documented the direct dependence of the presence of fatty acids in the
fat on the nutrition of the fish EcAinaster sp. (algae to fish, %,:4-28:0 0.4/1.6;
4,7,10,18,16,19-24:6 1.1/0.5; 16-25:1 0.9/0.1; 16-26:1 8.5/16.6). The herring
(Clupea Aarengus) was found to contain very-long-chain polyenoic fatty acids
(12,15,18,21-24:4 1.3 %; 9,12,15,18,21-24:5 1.4 %,; 6,9,12,15,18,21-24:6 0.9 9,;
11,14,17,20,23-26:5 0.6 %, 8,11,14,17,20,23-26:6 0.7 %, 4,7,10,18,16,19,22-28:7
0.4 9%,; the formula of the last acid is given in Fig. 1) (Linko and Karinkanta
1970).

The insect species studies so far are very few; in oontrast to plants very-
long-chain fatty acids are found predominantly as a component of waxes,
e.g. in beeswax. Beeswax was found to contain esterified acids Cy¢-34 (Downing
et al. 1961; Stransky e al. 1872).

5 Biosynthesis

Bioeynthesis of very-long-chain fatty acids prooeeds in two stages:

1. synthesis of the “basic” fatty acid (usually Ci¢—Cis);

2. elongation of this fatty acid by a gradual extension of the chain with
Cs-unita.

5.1 Biosynthesis of C1¢—C1s-fally acids

This stage includes the biosynthesis of common fatty acids on a multi-
enzyme complex (fatty acid synthase; Vagelos 1973a). The basic building
unit — in unbranched even-number acids the only one — is acetylcoenzyme
A whioh is inoor'Poratod into the acid chain in the form of malonyl-[acyl-
carrier protein]. The first step of synthesis was originally thought to be the
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simple carboxylation of acetyl-CoA to malonyl-CoA, catalyzed by acetyl-
CoA carboxylase (EC 6.4.1.2) (Utter 1961):

AoSCoA + COg —=313% | MaSCoA

Actually, the reaction is far more complex and involves, apart from biotin,
at least three other entymes (Dimroth e al. 1870; Guchhait et al. 1971)

biotin
6.2.1.11
CoASH bietinyl-CoA
ccp
€0, blotinyt-CCP 6412
63418 6.2.4.15
carboxybiotinyt-CCP “apo-8b.l.2

Fio. 2. Larboxylation of acetyl-CoA to malonyi-CoA; thick arrows
denoto the actual resuiting resction; COP — carboxyl-carrier protein;
6.2.1.11 — biotin-CoA ligase,

6.3.4.14 — biotin carbo:

xylase,
6.3.4.18 — biotin-[acetyl-CoA-carboxylase] ligase,
6.4.1.2 — acetyl-CoA carboxylase.

(Fig. 2). The next step includes the transfer of malonyl from aoe:{l-coA to
acyl-carrier protein (ACP) catalyzed by acyl-carrier-protein malonyl tra-
ferase (EC 2.3.1.39):

MaSCoA + ACP —2412 ., MaACP + CoASH

This acyl-carrier protein is the site of a repeating ‘“merry-go-round” of four
reactions and represents the actual “‘body” of fatty acid synthase (Fig. 3).
The four reactions include:

1. condensation of MaACP (under its concomitant decarboxylation) with
a “starter” unit; in the case of the first round and if the ensuing acid is
an unbranched even-number acid, the starter unit is AcACP;

2. reduction of a keto group to hydroxy group;

3. dehydration (removal of hydroxy group) giving rise to a double bond;

4. reduction of the double bond.

During the synthesis of palmitic acid the cycle is repeated seven times, in
stearic acid eight times.
Whereas the elongation unit during the building of Cis—Cys-acids is
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CH,CH,CH,COS-ACP ~ _

butyryl-ACP ,’."'\~
,3.1.10 MaACP -
a1 “a Fio. 3. The first round of
CH,COS-ACP 2nd turn  synthesis of unbranched even
- number fatty acids;
acelyl-ACP 2.3..41 2.3.1.41 — l3r-w:n:oocyl-[so:yl-
-carrier-protein]
synthase,

CH,CH«CHCOS-ACP CH4COCH,COS-ACP 1.1.1.100 — 3-oxoacyl-[acyl-
-carrier-protein
cerotonoyl- ACP 3-oxobutyryl-ACP reductul;. :

4.2.1.58 — crotonoyl-[acyl-
-carrier-protein)
1.1.1.100 hydratase,
42158 1.3.1.10 — enoyl-[acyl-

-carrier-protein]
CH,CHOHCH,COS-ACP reductase

3-hydroxybutyryl-ACP (NADPH).

always malonate (incorporated as a Cy-unit), the starter unit may be acetyl,
propionyl, isobulyryl, (arriving from valine degradation), iscoaleryl (from
leucine) or 2-methylbutyryl (from isoleucine). The type of the starter unit
determines the type of the ultimate C,s—Cis-fatty acid (Table XI).

5.2 Chain elongation

The chain of palmitoyl-ACP formed after the seven-fold repetition of the
fatty acid synthase cyocle cannot be further elongated by this enzyme system
(Vagelos 1973b); it is apparently converted to palmitoyl-CoA which is then
elongated sequentially by Cj-units till the final length of the very-long-chain
fatty acid. Examples in Table XII point to the possible formation of a wide
spectrum of very-long-chain fatty acids found in nature.

All these exa.mEles are based merely on a generally valid hypothesis (Thiele
1979) supported by a.nnl(ztioa.l data about the presence of homologues (Table
XII). Only very few studies, however, have been devoted to the investigation
of biosynthesis of very-long-chain fatty acids by incorporation of radio-
active precursors. Thus Morales and Litchfield (1977) derived the course of
biosynthesis of unsaturated Cse fatty acids from the inocorporation of 1-14C-
acetate into the marine sponge Microciona prolifera. The presumed precursors
of 5,9-26 : 2 and 5,9,19-26 : 3 acids exhibited a high radioactivity, indicating
t}.lille biosynthetic pathways of formation of Cs¢ acids summarized in Table

1.

Degradation of these acids at the site of the double bonds showed that the
radioactive parts of the chain were localized near the carboxyl end. This
confirms the hypothetical picture of the biosynthesis of very-long-chain
fatty acids by elongation of existing C,¢-1s chains.

Incorporation of radioactive precursors was further used to study the
biosynthesis of myocolic acids (Qureshi e al. 1978) whioch form the main
component of the cell wall of mycobacteria.

From the incorporation of different 14C-precursors (acetate, malonate,
palmitate, S-adenosylmethionine) into very-long-chain fatty acids (Cze—Cso,
Cs0—Cuo, Cis—Cse¢) from the homogenate of Mycobacterium tuberculosis
oells, Qureshi et al. (1984) inferred that the resulting meromyoolic acids
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Cus—Cpse are direct precursors of myocolio acids formed by their alkylation
in position 2. From the analogy of the presence of the cyclopropane ring
in- position «©-19 of mycolic acids and some very-long-chain fatty acids (e.g.
ci8-3,4-cis-15,16-dimethylenetetratriacontanoic acid) Qureshi ¢ al. (1880)
assumed that very-long-chain fatty acids of this type are precursors of
myoolic acids. Similar considerations form the basis of the proposed acheme
of biosynthesis of very-long-chain fatty acids in Lactobacillus heterohiochss
with double bond in position w-7 from cis-vaocenic acid (cis-11-18:1)
(Uchida 1974).

As shown by Rosenthal and Hill (1984), in vasoular endothelial cells from
human umbilical vein incorporation of 14C-labelled fatty acid, i.e. admi-
nistration of w-0 20 : 3 acid, leads to elongation as well as desaturation which
yields oligoenoic acids (24-:4,.24 : 5, 26.: 4 and 26 : 5).

14C-Arachidonic acid incorporated into rat testicles serves as a precursor
for the synthesis of fatty acids with double bonds in position «w-6 (24 : 4,
24 : 5, 26:4,26:5, 28 :5 and 30 : 5) (Grogan 1984).

Rainwater and Kolattukudy (1085) described the purification and char-
acterization of an enzyme responsible for fatty acid elongation (or hexanoyl-
CoA to eicosanoyl-CoA). The enzyme has two subunits, each with molar
mass of 238 kg/mol, and a total molar mass of 480 kg/mol. The enzyme is
specific for methylmalonyl-CoA (or $Hs-methylmalonyl-CoA); malonyl-CoA
is not a substrate and the resulting acid is thus only the 2,4,6,8-tetramethyl-
ootacosanoic acid.

After centrifugation at 105 000 g the supernatant from Mycobaclterium
smegmatis desaturates lignoceroyl-CoA to the corresponding 15-monoenoic
derivative. Separation on DEAE oellulose, salting-out, gel filtration and
affinity chromatography yields three components: NADPH-oxidase, ferre-
doxin fraction and desaturase (Kikuchi and Kusaka 1986).

6 Significance in organism

The quantitative occurrence of very-long-fatty acids cannot be taken
as a species- or genus-specific feature. Their percent proportion in the sum
of fatty acids ranges from tenths of perocent to tens of perocent, the latter
ocontents being similar to those of common fatty acids with 16 and 18 carbon
atoms.

The maximum qualitative frequency of very-long-chain fatty acids in.the
whole plant and animal realm is displayed by bacteria. Welch and Burlin-
game (1973) published the degendenoe of changes in the fatty acid oontent
on the ageing of the culture. The absolute amount increases with age whereas
distribution acoording to the chain length decreases. The authors explain
the presence of these acids by their participation in membrane functions
or in hormone and regulatory activities. The content and type of fatty acids
is also regulated by temperature. Thus in the marine diatom Stauronesis
amphiozys (Table II) — in keeping with the general knowledge of the mem-
brane structure and the types of acids found in phospholipids — the chain
length decreases and unsaturation increases at 3 °C while at 20 °C the situ-
ation is opposite (Gillian et al. 1981). Hence the very-long-chain fatty acids
bound in phospholipids can affect membrane permeability by their chain
length and unsaturation.

he significance of very-long-chain fatty acids in lower organisms has so
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far received only marginal attention and the pertinent oonsiderations are
based on analogies and hypotheses. It is not yet clear why the acids are
synthesized. In marine sponges and probably also in fresh-water sponges

eir synthesis appears to be striotly genus-specific. In myoobaocteria, very-
long-chain fatty acids appear almost certainly to be precursors of myoolio
acids. In higher plants they are a component of waxes und inorease thereby
the hydrophobioity of the plant body surfaoce. ‘

Acoording to Murata et al. (1984) the looalization and biologioal role of
very-long-ohain fatty acids in plants is not yet clear. On the basis of analyses
it is assumed that phosphatidylserines containing these acids could serve
as precursors or a transport form of epidermal lipids (waxes).

As seen from the above survey, fairly many data exist on the occurrence
of very-long-chain fatty acids, less being known about their biosynthesis and
still less about their functions in the organism.
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The phospholipids of the sponge Polymastia gleneni contain Ces—Cse 2-acetoxy fatty acids
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also ssparated by means HPLC on & phase RP-1 (Rezanka and Podojil 1985). Long chain satu-
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et al. 1980).
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