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The fatty acids obtained from extractable lipids of the anaerobic sulfate
bacterium Desulfovibrio desulfuricans were identified. Saturated and monoe-
noic iso (C,;5-C,¢) and anteiso (C,5, C,,) fatty acids and saturated normal (C,,~
C;» and monoenoic normal (C,e, C,s) fatty acids were shown to be present by
capillary gas chromatography-mass spectrometry. Iso and anteiso B-hydroxy
fatty acids were analyzed as trimethylsilyl ethers in the same way. The position
of methyl branches in the monoenoic fatty acids was determined from character-
istic fragment ions in the mass spectra of their methyl esters. Disilyloxy methyl
esters, prepared by derivatization of the mono unsaturated methyl esters and
analyzed by capillary gas chromatography-mass spectrometry, provided the
position of double bonds. The monoenoic fatty acids identified in this way were
normal (A7-Cyg,1, A9-Cig:1, A9-Cis.1, A11-Cyg.y), i80 (AT-Cy5.1, A9-Cyg.q, A9-Cy.y, All-
Cis.1, A11-Cyy.,), and anteiso (A7-C,s.,, A9-C,+.,). Iso A9-C,,., fatty acid is present
as the major component. The occurrence of these monoenoic fatty acids in this
bacterium is of taxonomical importance.

Desulfovibrio species are omnipresent bacte-
ria in sediments of the marine environment.
Our interest in their fatty acids was aroused
after analysis of a recent marine sediment in
which sulfate-reducing bacteria were impor-
tant links in the final decomposition of the
organic matter. The presence of monoenoic iso
C,s and iso C,; fatty acids (4) and of a set of iso
and anteiso B-hydroxy fatty acids (5) in these
sediments prompted research into the lipids of
Desulfovibrio desulfuricans, seen as a possible
source of these acids in this sedimentary envi-
ronment. Moreover, the occurrence of iso and
anteiso monoenoic fatty acids among the major
fatty acids of D. desulfuricans has considerable
taxonomic and biochemical significance.

The iso and anteiso saturated fatty acids are
widely found in gram-positive bacteria. Gram-
negative bacteria very often contain straight-
chain fatty acids with one double bond. Such
characteristic features in the alkyl chain of
fatty acids are used as a guide to classification
in bacterial taxonomy (23). Unsaturated iso
and anteiso fatty acids are still rare in nature.
So far, they have been found in phospholipids of
the aerobic gram-positive Bacillus cereus (15),
as an excretion product of Myxococcus xanthus
(18), and as an acyl constituant in two antibiot-
ics (25).

Their distribution may prove to be more

widespread in the future, when more advanced
techniques, such as high-resolution gas chro-
matography and combined gas chromatogra-
phy-mass spectrometry, find their way among
taxonomically oriented bacteriologists. An ex-
clusive presence as major fatty acids in Desul-
fovibrio species would point, on the other hand,
to a very special phylogenetic position with re-
spect to other microorganisms.

Desulfovibrio species are thought to be prim-
itive in character. An early offspring from the
phylogenetic tree is indicated by its cyto-
chromes (10) and primitive energy metabolism
(14, 29). Desulfovibrio species are able to bio-
synthesize iso and anteiso precursors for pro-
cessing along the anaerobic chain elongation
pathway, as is indicated by the double-bond
position in their fatty acids. This points to a
dehydrase enzyme system (3) able to handle
branched-chain substrates. The presence of two
enzyme systems in one bacterium which are
found to operate separately in other strains of
bacteria could be another one of those “vestiges
of ancestral biochemistry” that have been enu-
merated for the sulfate-reducing bacteria (17).

MATERIALS AND METHODS

Organism and culture conditions. A strain of the
sulfate-reducing bacteria D. desulfuricans was iso-
lated from the anaerobic black sediment of the
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Dutch Wadden Sea (J. H. Vosjan, Ph.D. thesis,
University of Groningen, Groningen, The Nether-
lands, 1975). The criteria of Postgate and Campbell
(21) were used for identification, and the purity was
checked by using the method of Postgate (20).

The organism was grown in batch culture on the
following medium: NaCl, 20 g; K,HPO,, 0.1 g;
MgCl,-6H,0, 0.1 g; CaCl,-2H;0, 0.1 g; yeast ex-
tract, 1 g; tris(hydroxymethyl)aminomethane, 6.06
g; FeSO;-6H,0, 0.003 g; (NH,),SO,, 3.3 g; Li-lactate,
3.3 g; concentrated HCI, 3.8 ml; dissolved in 1 liter of
water and distilled over KMnO,. The pH was ad-
justed to 7.5. Cultures were grown anaerobically at
30°C. The cells of an 18-liter batch culture were har-
vested by continuous centrifugation at the end of the
exponential growth phase. The bacterial pellets
(16.1 g) were freeze-dried, and the dried bacteria
were stored in vacuum-sealed ampoules.

Extraction and isolation of lipid material.
Freeze-dried bacteria (1.882 g) were extracted by a
modification of the Bligh and Dyer (2) procedure.
The bacterial residue were homogenized subse-
quently in a Waring blender in 20 ml of water, 40 ml
of methanol, and 80 ml of chloroform. After filtra-
tion the residue was extracted with 50 ml of metha-
nol. Centrifugation yielded a pellet, which was ul-
trasonically treated in 30 ml of chloroform. The com-
bined extracts yielded a monophasic solution, which
was separated into two layers by addition of 40 ml of
water. The chloroform layer, containing total lipids,
was washed once with water. A 0.269-g amount of
total lipid extract was obtained by solvent evapora-
tion, using a rotatory evaporator.

Fatty acids and hydroxy acids in the total lipid
extract. A portion of the total lipid extract (34 mg)
was saponified in 1 ml of 1 N KOH in 95% ethanol
under reflux for 30 min. The non-acid fraction was
extracted with diethyl ether. About 13 mg of fatty
acids was obtained after acidification and extraction
with diethyl ether. These acids were methylated by
diazomethane in diethyl ether.

Preparative thin-layer chromatography (TLC)
yielded a monocarboxylic and a hydroxy monocar-
boxylic methyl ester fraction (26). The monocarbox-
ylic methyl esters were analyzed by gas-liquid chro-
matography (GLC) and gas chromatography-mass
spectrometry (GC-MS).

Further characterization was achieved by appli-
cation of the 0sO,-H,S method (see below) for the
derivatization of the unsaturated methyl esters.
Diol methyl esters obtained after TLC separation
of the reaction mixture were treated with bis(tri-
methylsilyl)acetamide (Pierce Chemical Co.) and
analyzed by GC-MS as disilyloxy methyl esters.
The hydroxy fatty acid methyl esters were treated
with bis(trimethylsilyl)acetamide, and the silyloxy
derivatives were analyzed by GLC and GC-MS.

0s80,-H,S method for preparation of diol esters.
About 5 mg of fatty acid methyl esters was taken up
in 2 ml of dioxane-pyridine (8:1, vol/vol) in a centri-
fuge tube. A small crystal of OsO, was added, and
the solution was occasionally swirled by hand. The
yellow solution turned orange-red during 2 h of
reaction in the dark at room temperature (about
20°C). Diol fatty acid methyl esters were produced
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from osmate esters by bubbling gaseous H,S
through the solution until saturation. Excess H,S
was removed by bubbling nitrogen for 1 h. A black
osmium salt was precipitated from suspension by
centrifugation. The supernatant was concentrated
under a stream of nitrogen to a volume suitable
for TLC and/or GC-MS after silylation by bis-
(trimethylsilyl)acetamide.

TLC separation of reaction products. Separation
of reaction products resulting from the 0sO,-H,S
and 0s0,-Na,SO; methods (8, 9) was achieved by
silica gel TLC (0.25 mm) using hexane-ethylacetate
(7:3, vol/vol) as developer. TLC bands were visual-
ized by iodine vapor and/or 0.05% rhodamine 6G in
95% ethanol. In this TLC system diol fatty acid
methyl esters had an R; of 0.20, whereas saturated
methyl esters had an R, of 0.80.

GLC and GC-MS conditions. GC was carried out
on a Perkin-Elmer 990 equipped with 30-m, stain-
less-steel open tubular columns (ID, 0.25 mm)
coated with OV-101. Nitrogen was used as carrier
gas.

Monocarboxylic fatty acid methyl esters were an-
alyzed using temperature programming from 140 to
250°C at a rate of 2°C/min, B-silyloxy fatty acid
methyl esters were analyzed using temperature pro-
gramming from 170 to 260°C at a rate of 4°C/min,
and disilyloxy fatty acid methyl esters were ana-
lyzed using temperature programming from 200 to
300°C at a rate of 2°C/min. Quantitative data were
obtained by applying an Infotronics CRS 101 elec-
tronic integrator to the gas chromatograph.

GC-MS was carried out using a Varian-MAT 111
instrument equipped with either a 21-m, stainless-
steel open tubular column (ID, 0.25 mm) coated with
SP 2250 or a 30-m, stainless-steel open tubular col-
umn (ID, 0.25 mm) coated with OV-101. The carrier
gas used was He. The mass spectrometer was used
under standard conditions at 80 eV. Temperature
programming was carried out under conditions com-
parable to those described above for the GLC analy-
sis.

Accurate mass analysis and metastable analysis.
For accurate mass analysis, the mixture of disilyl-
oxy methyl esters, obtained by the Os0,-NaSO,
method, was used. This mixture, consisting almost
exclusively of iso and anteiso 9,10-disilyloxy-C,,
methyl ester and the normal 9,10-disilyloxy-C,e
methyl ester, was analyzed by direct probe analysis
on a MAT 311 A mass spectrometer.

Accurate masses determined were: mfe 111
= CgH,; (experimental, 111.11712; calculated,
111.117370); m/e 201 = C,H,;0Si (experimental,
201.17187; calculated, 201.174458); m/e 109 = CgH,,
(experimental, 109.10393; calculated, 109.101720);
mle 187 = C,,H;0Si (experimental, 187.15146; cal-
culated, 187.158809).

Metastable analysis was applied to this mixture
to determine the origin of fragment ions m/e 111, m/
e 109, and m/e 97 both with the defocusing technique
and with direct analysis of daughter ions (see Fig.
1).

Standard reference compounds. Some saturated
normal, iso, and anteiso fatty acid methyl esters
were purchased from Applied Science Laboratories.
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A mixture of branched fatty acid methyl esters (5),
prepared from Mackerel (Scromber scombrus) lipids
in our laboratory, was also used for comparison.

Mass spectra and equivalent drain length values
were obtained from a mixture of normal, iso, and
anteiso B-silyloxy fatty acid methyl esters, synthe-
sized from the corresponding fatty acid methyl
esters (5). Normal A9-C,s,, A7-Cyq,, and A5-Cyy,
fatty acid methyl esters were purchased from Ap-
plied Science Laboratories. These were used for
preparation of corresponding disilyloxy compounds,
using the 0sO,-H,S method. Normal A9-C,;.,, iso
A9-C,;.;, 15-deutero-iso A9-C,;.;, and anteiso A9-
C,7, methyl esters were synthesized, and their
mass spectra were used for comparison (J. J. Boon
et al., submitted for publication).

RESULTS

Fatty acids of D. desulfuricans. Figure 2
presents the gas chromatogram of the fatty acid
methyl esters obtained from the total lipid ex-
tract of D. desulfuricans. The numbers indi-

Defocusing DADI
208 \ 185
201 11 201
157 —
187 97 = 187

155 109
Fic. 1. Origin of some fragment ions from di-
silyloxy methyl esters, determined by defocusing and
the direct analysis of daughter ions (DADI) tech-
nique ort a Varian MAT 311 A mass spectrometer.

FATTY ACIDS IN D. DESULFURICANS 1185
cated correspond with those in Table 1, listing
the compounds and their relative abundances.

The identification is based on mass spectral
data of the methyl esters and the disilyloxy
methyl esters, which were prepared to deter-
mine the double-bond positions in the monoe-
noic fatty acid methyl esters. Iso and anteiso
methyl branches in the saturated methyl esters
can be judged from the mass spectral data by
the enhanced intensity of [M*-43] and [M*-57],
the intensity reversal of the fragment ions [M*-
29] and [M*-31], and the fragment ions [M*-61]
and [M*-79] present in the mass spectra of an-
teiso methyl esters (19). Equivalent chain
length values aided in the identification.
Straight-chain monoenoic methyl esters are
characterized by their parent ion and the high-
intensity fragment ions [M*-32], [M*-74], and
[M*-116] (22). Branched-chain monoenoic
methyl esters present a somewhat different
mass spectrum (see Fig. 3A and B). The iso C,,;
methyl ester is also characterized by m/e 227
[M*-55], m/e 195 [M*-87], and m/e 177 [M*-105].
The anteiso C,;., methyl ester mass spectrum
shows a similar set of fra t ions but is 14
mass units lower. This is pointed out by m/e 213
[M*-69], m/e 181 [M*-101], and m/e 163 [M*-
119]. Comparable fragment ions are found in
the mass spectra of iso C,;,,, anteiso C,5,, iso
Cis.1, and iso Cyg;.

The mass spectrum of iso A11-C,;;; methyl
ester isolated from M. xanthus (18) presents the
same characteristics. The explanation for frag-
ment ion [M*-87], considered by these authors

, J

T 1 T 1
230° 220° n® 200°

T T T T
190° 100° 0° 160°

F16. 2. Gas chromatogram of the fatty acid methyl esters obtained from the total lipid extract of D.
desulfuricans. Numbered peaks are listed in Table 1. A 30-m OV-101-coated capillary column was used for
analysis, and column temperature was programmed from 160 to 250°C at a rate of 2°C/min.
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TABLE 1. Fatty acids of D. desulfuricans

J. BACTERIOL.

Compound Systematic name Relative abundance Peak no. in Fig. 2
Normal C, ., Tetradecanoic 0.008 1
Iso A7-Cys.,y 13-Methyltetradec-7-enoic 0.051 2
Anteiso A7-C5, 12-Methyltetradec-7-enoic 0.013 3
Iso Cy5.0 13-Methyltetradecanoic 0.583 4
Anteiso Ci;, 12-Methyltetradecanoic 0.281 5
Normal C,;, Pentadecanoic 0.006 6
Iso A7-Cyg, 14-Methylpentadec-7-enoic 0.002 7
Iso A9-C,q, 14-Methylpentadec-9-enoic 0.028 8
Iso Cye0 14-Methylpentadecanoic 0.058 9
Normal A7-Cq,, Hexadec-7-enoic Untr esolved

race amount 10
Normal A9-Cq;, Hexadec-9-enoic 0.150
Normal C,g¢, Hexadecanoic 0.503 11
Iso A9-C,, 15-Methylhexadec-9-enoic 1.000 12
Anteiso A9-C,;, 14-Methylhexadec-9-enoic 0.260 13
Iso Cy70 15-Methylhexadecanoic 0.447 14
Anteiso C,7, 14-Methylhexadecanoic 0.238 15
Normal C,;., Heptadecanoic 0.027 16
Unknown 17
Iso A11-Cyg, 16-Methylheptadec-11-enoic 0.004 18
Iso Cig.0 16-Methylheptadecanoic 0.002 19
Normal A9-C,q;, Octadec-9-enoic 0.071 20
Normal A11-C,q, Octadec-11-enoic ' 21
Normal Cg, Octadecanoic 0.142 22
Iso A11-Cyg, 17-Methyloctadec-11-enoic 0.004 23
Anteiso A11-C,g,, 16-Methyloctadec-11-enoic 0.002 24
Iso Cy.0 17-Methyloctadecanoic 0.001 25

100 4 s & A
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40 60
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F1c. 3. Mass spectrum of iso A9-C ., fatty acid methyl ester (A) and anteiso A9-C ., fatty acid methyl ester
(B). Both mass spectra were obtained by capillary GC-MS of methyl esters obtained from the total lipid extract

of D. desulfuricans.
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to be loss of CH;OCOCH,CH,, is to be criti-
cized. It does not explain the loss of 101 mass
units in the case of the anteiso methyl ester.
Evidence from direct analysis of daughter ions,
applied to synthetic standards and the 15-deu-
tero-iso A9-C,;., methyl ester points to another
mechanism of fragmentation: the tertiary H or
D (in the 15 position) is transferred to the car-
boxyl end of the molecule (J. J. Boon et al.,
submitted for publication). This initial rear-
rangement is followed by the loss of 55 or 69
atomic mass units dependent on, respectively,
the iso or anteiso structure of the unsaturated
fatty acid methyl ester. This is shown in Fig.
3A and B by fragments m/e 227 and m/e 213.

Methanol and water are lost subsequently
from these fragment ions, thus generating m/e
195 and m/e 177 in the case of the iso compound
and m/e 181 and m/e 163 in the case of the
anteiso compound. In this way the iso and an-
teiso structure of branched monoenoic fatty
acid methyl esters can be determined from the
presence of definite fragment ions, whereas in
case of the corresponding saturated esters in-
tensity differences from some fragment ions
must be used for the identification. It should be
noted that [M*-61] and [M*-79] are also present
in the mass spectra of anteiso mono-unsatu-
rated methyl esters.

Hydroxy acids of D. desulfuricans. Hydroxy
fatty acids were found in the acid fraction ob-
tained after alkaline hydrolysis of the total
lipid extract. Figure 4 presents the gas chro-
matogram of the hydroxy acids analyzed as sil-
yloxy methyl esters. Table 2 lists the com-
pounds identified.

The mass spectra agree with those of stan-
dards (11). Iso, anteiso, and normal B-silyloxy

FATTY ACIDS IN D. DESULFURICANS 1187
methyl esters cannot be distinguished by their
mass spectra (5). Comparison with ECL values,
obtained from a mixture of iso and anteiso 8-
silyloxy methyl esters, aided in the identifica-
tion. The a,B-unsaturated methyl ester identi-
fied is considered to be the result of elimination
of water from the 8-hydroxy methyl esters after
TLC separation. The other methyl esters found
in trace quantity in this fraction are considered
to be impurities resulting from tailing on the
TLC plate. The relative amount of the B-hy-
droxy fatty acids as compared to the fatty acids
is small.

Usefulness of the disilyloxy derivatives. Un-
equivocal determination of the double-bond po-
sition in mono-unsaturated methyl esters is
possible by modification of the double bond with
0sO; and ultimate analysis of the reaction
products as disilyloxy methyl esters by GC-MS.

The orginal double-bond position is marked
by high-intensity mass spectral fragment ion
peaks generated as a result of the cleavage of
the carbon bond between the two silyloxy

TaBLE 2. Hydroxy fatty acids of D. desulfuricans

Compound li):aFki;o‘i
B-OH-180Cis0 -vvvvvvvnenenannnnnnannns 3
B-OH-anteiso Cys0 o ovvvvevennnnennnnnn. 4
B-OH-i180 Cig0 «vvvvvvennniiennnannnn 5
B-OH-normal Cygo ..o ovvvvvvnnninnnnnnn.. 6
B-OH-i80Cir -vvvvvnnnnnnnnnennnnn. 8
B-OH-anteiso Cy7.0 .. .vvvvvvnnnnnnnnnnn. 9
B-OH-normal Cygg ..., 10
a,B-Unsaturated methyl ester ............ 1
Normal C,¢,, methyl ester ................ 2
Normal C,4, methyl ester ................ 7

|

8 3
10 o, 65 AFL __
T T N T T T
70° 250° 230° m° 190° m0°

F1c. 4. Gas chromatogram of the B-hydroxy acids of D. desulfuricans analyzed as trimethylsilyloxy methyl
esters on a 30-m OV-101-coated capillary column. Column temperature was programmed from 170 to 270°C at
a rate of 4°C/min. Numbered peaks are listed in Table 2.
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groups (8, 11). So far, this method has been
applied to single pure compounds of various
kinds (11, 16, 31). We applied this modification
reaction to a mixture of saturated and mono-
unsaturated methyl esters. An important modi-
fication of the earlier procedure used is the
reduction of osmates. The Na,SO;-methanol-
water method was replaced by a reduction with
H,S (1) to avoid the loss of volatile compounds,
to increase ease of handling, and to make possi-
ble a scaling down to small samples. The reac-
tion mixture obtained can be separated by TLC
into saturated methyl esters and diol methyl
esters or, alternatively, can be analyzed as
such. The latter approach saves time and vola-
tile compounds but is dependent on the compo-
sition of the mixture analyzed (unless the mass
spectral data acquisition is computerized). Both
approaches have been used successfully in this
work on Desulfovibrio acids.

In the course of the mass spectral examina-
tion of the disilyloxy compounds, no direct ob-
vious differences were observed between the
mass spectra of normal and branched-chain
compounds. However, in Fig. 5, comparing the
normal and iso 9,10-disilyloxy C,s methyl ester,
an enhancement of fragment m/e 97 is observed
in the mass spectrum of the iso compound.
This phenomenon is also found in the other
branched disilyloxy compounds (Table 3).

J. BACTERIOL.

It could be shown by accurate mass measure-
ments and the application of defocusing and the
direct analysis of daughter ions technique that
m/e 187 and m/e 201 produce, m/e 97 and m/e
111 (see Fig. 1), respectively. Fragment ions m/
e 187 and m/e 201 are ions consisting of the
alkyl part of the disilyloxy compound contain-
ing one trimethylsilyloxy group. Preterminal
branching in this alkyl part is apparently
enough to enhance the loss of trimethylsilanol
(90 mass units) from these fragment ions.

DISCUSSION

D. desulfuricans can be characterized by its
straight-chain and branched-chain fatty acids.
Preliminary results by TLC and field desorp-
tion MS indicate that these fatty acids are pres-
ent in phospholipids, plasmalogens, and as
acylglucosamine derivatives. The phospholipid
composition is in qualitative agreement with
data on other Desulfovibrio species (19). The
branched-chain fatty acids of D. desulfuricans
are the most characteristic part of its fatty
acids. About 34% of all fatty acids present show
the unusual combination of methyl branching
and unsaturation in the alkyl chain.

The determination of the double-bond posi-
tion in these fatty acids was considered neces-
sary to understand aspects of their biosynthesis
and to increase their taxonomical value. There-

100 b
90 A
80 — 155 197
70 259
60
50
40— 97 xS
20 109 [
20 -1
] M 2
0 e
0 60 80 100 120 0 160 180 200 220 240 260 200 300 320 %D &0 430
100 73 97 B
90 —
80 155
70 —
60 —|
50 259
0 109 07 x5
B
20
10 M e
)
0 6 8 00 120 W0 0 180 20 220 260 200 200 300 30 OO &0 &0

Fi1G. 5. Mass spectrum of normal 9,10-disilyloxy C,; methyl ester (A) and iso 9,10-disilyloxy C,; methyl

ester (B).
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TaBLE 3. Major fragment ions and relative intensity of some normal and branched-chain disilyloxy fatty acid

methyl esters
!
Ry § Ry o
: /
? \
(CH3)3$i0 ! 05i(CH3)3 OCH3
R, R,-90 R,
Original compound Fragment Intensity Fragment Intensity R,-90/R, Fragment Intensity
ion (%) ion (%) ion (%)
Branched® A7-Cjs., 201 36 111 69 1.91 231 57
Branched A9-C,q., 187 39 97 91 2.34 259 48
Normal A9-C,q., 187 79 97 33 0.42 259 63
Branched A9-C,,., 201 39 111 60 1.54 259 69
Branched A11-C,., 187 11 97 53 4.82 287 6
Normal A9-C,g., 215 13 125 4 0.31 259 10
Normal A11-C,g., 187 47 97 35 1.34 287 14
Branched A11-C,,., 201 9.7 111 40 4.13 287 11

2 Branched = iso or anteiso.

fore, we modified an existing technique used for
determination of double bonds in single pure
compounds in such a way that it could be used
for mixtures of fatty acids. The anaerobic me-
tabolism of Desulfovibrio species indicates that
the so-called “anaerobic pathway of monoenoic
fatty acid synthesis” is the biosynthetic mecha-
nism to consider. Bloch and co-workers thor-
oughly investigated this pathway for a strain of
Escherichia coli (K-12) (3) and for Clostridium
kluyveri (25). Other microorganisms investi-
gated by using this pathway have been summa-
rized in a review (12).

The usual fatty acid synthesis sequence (30)
is split at the g-hydroxy C,, level by a p-8-
hydroxydecanoyl thioester dehydrase (7) in cis-
B,y-decenoyl-ACP and trans-a,B-decenoyl-
ACP.

The cis-B,y-decanoyl derivative is elongated
and leads to A5-C,,.,, A7-C,,.,, A9-Cq.;, and All-
C,s.1, the so-called cis-vaccenic acid family. The
double bonds in the fatty acids of Desulfovibrio
make certain that this biosynthetic principle is
operative not only on straight-chain, but also
on branched-chain fatty acids in these bacteria.

The presence of the branched-chain vaccenic
acid family in Desulfovibrio must have a direct
relation to the properties of its p-B8-hydroxy-
decanoyl thioester dehydrase enzyme. Assum-
ing that a dehydrase similar to the one in E.
coli and C. kluyveri is present in D. desulfuri-
cans, then an 8-methyl-B-hydroxydecanoyl-
ACP is the precursor for anteiso A7-C,;,, and
anteiso A9-C,7,;. The 9-methyl-8-hydroxydecano-
yl-ACP is the precursor for iso A7-C,s,, iso A9-
Ciz7.1, and A11-C,y.,. The precursors for iso A7-

Ci6.1 and that for iso A9-Cs, and iso A11-Cq,
are the 10-methyl-B-hydroxyundecanoyl-ACP
and the 8-methyl-B-hydroxynonanoyl-ACP, re-
spectively. The E. coli dehydrase (24) was
shown to be highly specific for the straight-
chain B-hydroxydecanoyl-ACP derivative; C,
and C,, were much less active, whereas Cz; and
C,, were almost inert substrates.

In D. desulfuricans the dehydrase preferen-
tially attacks the normal 8-OH-C,, compound,
judged from the preponderance of normal A9-
C,e:: and normal A11-Cq,,. The enzyme is pre-
sumably not hindered by the presence of the
methyl group in the 9-methyl-C,, derivative,
which leads to a large relative abundance of the
odd iso compounds.

The 8-methyl-C,, compound (alternatively
“interpreted” by the enzyme as an 8-ethyl-C,
compound) and the 8-methyl-C, and the 10-
methyl-C,, derivatives are less suitable sub-
strates. Only very small amounts of the normal
A9-C,q.; and normal A7-C,g., are present, which
means that the 8-OH-C,, compound is a very
poor substrate. These conclusions, based on in-
direct evidence, need further confirmation with
the purified dehydrase. The presence of several
dehydrases for the generation of straight- and
branched-chain fatty acids cannot be ruled out.

Little comparative work has been done con-
cerning the fatty acids of Desulfovibrio species,
although there is a trend in bacteriology to use
fatty acid spectra for taxonomical purposes (23).
Unfortunately, extracts from bacteria some-
times suffer from the absence of detailed struc-
tural identification. The excellent GLC traces
of the fatty acids of Desulfovibrio vulgaris Hil-
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denborough, D. desulfuricans Essex 6, and D.
desulfuricans Berre Sol in the work of Han (J.
C.-Y. Han, Ph.D. thesis, University of Califor-
nia, Berkeley, 1970), however, allow compari-
son with our results.

The presence of the anaerobic pathway of
monoenoic fatty acid synthesis was shown in
these bacteria by GC identification of double
bonds in the straight-chain C,; and C, acids,
using the corresponding standards. Although
iso and anteiso C,;,, and C,,., fatty acids were
identified, the identification of several major
peaks, which correspond in our view with the
monoenoic iso and anteiso fatty acids, was not
reported. The GLC trace of the Hildenborough
strain shows close resemblance to our species of
D. desulfuricans. A comparative study of the
fatty acids in several species of Desulfovibrio
and, preferably, also in species of Desulfotoma-
culum (21) would be of taxonomical and bio-
chemical interest. This approach would enable
the evaluation of the ability of these organisms
to use branched-chain B-hydroxy C,, C,,, and
C,; compounds as substrates for their g-hydrox-
ydecanoyl thioester dehydrase. The properties
of the dehydrase enzyme system itself can also
be used as a means to understand the relation-
ship between the bacterial strains that use the
anaerobic pathway of monoenoic fatty acid syn-
thesis.

The distribution of this pathway is not re-
stricted to anaerobic microorganisms but fol-
lows evolutionary lines (24). This pathway has
been shown to occur in aerobic, facultative an-
aerobic, anaerobic, and photosynthetic microor-
ganisms, e.g., Pseudomonas fluorescens (24),
E. coli K-12 (3), lactobacilli (27), pediococei (27),
C. kluyveri (24), Rhodospirillum rubrum (32),
and Rhodopseudomonas sphaeroides (32).
Branched-chain fatty acids have not been re-
ported among the fatty acids of these microor-
ganisms. If their dehydrase enzyme systems
were able to use branched-chain substrates, one
could think of a relationship with Desulfovibrio
species, which are thought to be close to “the”
ancestral mother microbe (17).

The composition of fatty acids present in
phospholipids, which play an important role in
the cell membrane of microorganisms, deter-
mines to a large extent the fluidity of the mem-
brane. This fluidity is necessary for the proper
function of membrane-related metabolic proc-
esses (28). Several bacteria are able to change
the degree of unsaturation of their lipids upon
lowering the growth temperature by enhanced
desaturase activity (13). Another way to lower
the melting temperature of lipids is to increase
the amount of iso and anteiso fatty acids in
these lipids. The amount of branched saturated
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and unsaturated fatty acids in phospholipids of
D. desulfuricans is surprisingly high in view of
the growth temperature in the culture (30°C).
Several explanations for this phenomenon,
such as inability to regulate fatty acid composi-
tion in the cell membrane lipids, a special
structure of the cell wall, the influence of cul-
ture factors, etc., are under investigation.

The branched-chain B-hydroxy fatty acids
present a problem in respect to their origin and
role in the organism. The analytical procedure
points to a free or esterified (via the carboxyl
group) occurrence in the total lipid extract. No
free hydroxy acids have been observed in the
neutral lipids after column chromatography.

B-Hydroxy fatty acids are present in the cell
wall of gram-negative bacteria, usually bound
to the lipid A component (6). This lipid is usu-
ally not extractable by mild organic solvents.
Further work is necessary to pinpoint these
hydroxy acids in the bacterium.
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