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Various fatty acids of branched nature possess fungistatic and bacteriostatic
properties. Some of these, particularly those of iso-configuration, strongly en-
hance the effect of conventional antimicrobial agents that act inside the cell
membrane. A relation between this biological effect and the collapse properties
of the corresponding monomolecular surface film on water has been observed. In
this work, a series of fatty acids with a slightly smaller end group than iso-
propyl, the c-cyclopropane fatty acids, as well as one possessing a somewhat
larger end group, the neo-branched fatty acids, have been examined. The w-

cyclopropane fatty acids were found to be more fungistatic than the iso-acids
studied earlier. Furthermore, both cyclopropane and neo-fatty acids of short
chain lengths exhibited synergistic effects in combination with tetramethylthiu-
ramdisulfide.

The antimicrobial activity of various simple
lipids and a model study of their mode of action
have earlier been reported (8). The strongest
biological effects were observed with branched
fatty acids. The swelling ofhyphae ofFusarium
roseum by iso-fatty acids was intexpretated as
evidence for an increase in the permeability of
the plasma membranes. An expected conse-
quence of this would be the possibility ofobtain-
ing a synergistic effect in the presence of other
antimicrobial substances which act inside the
plasma membrane, and such enhancement ef-
fects were also observed.

This paper concerns the antimicrobial activ-
ity of other fatty acids, selected with the guid-
ance of our earlier results. The previous work
showed that the strongest effect was obtained
when the branches were located near the end of
the hydrocarbon chains. It was also evident
that the size of such an end group should not
differ much from an iso-methyl configuration.
A series of compounds with a slightly smaller
end group, c-cyclopropane fatty acids, as well
as one possessing a somewhat larger end group,
neo-branched fatty acids, therefore was exam-
ined.

MATERIALS AND METHODS
Preparation of lipids. Since the fatty acids (ex-

cept 9-cyclopropanenonanoic acid) have not been pre-
viously reported in the literature, their preparation
is given in some detail. Detailedphysical and chemi-
cal characteristics will be published elsewhere.

Neo-fatty acids. A series of fatty acids, the neo-
isomers of the acids with 16, 18, 20, 22, and 24 car-

bon atoms, has been synthesized by Sobotka and
Stynler (15). The mono-ethyl ester aldehydes of the
appropriate dibasic acids were condensed with neo-
hexyl magnesium chloride. Using a different route,
involving monoalkylation of methyl pivaloylacetate
with e-iodoesters, Arosenius et al. (1) prepared two
members of the series with odd numbers of carbon
atoms. Some physical data of 14,14-dimethylpenta-
decanoic and 20,20-dimethylheneicosanoic acid are
given. Since ethyl pivaloylacetate is commercially
available, alkylation of this /8-keto ester was chosen
for the chain-lengthening.

12,12-Dimethyltridecanoic acid. The alkylating
agent, methyl 9-iodononanoate, was prepared from
methylhydrogen decan-1,10-dioate via the method
devised by Barton and Serebryakov (3) and Odham
(12). The half-ester (35.6 g [0.165 mol]) yielded 42.2 g
ofcrude methyl 9-iodononanoate. Ethyl pivaloylace-
tate (21.4 g [0.124 mol]) (Fluka AG, Buchs, Switzer-
land) was alkylated by refluxing it with 42.2 g ofthe
iodoester in the presence of 76 g ofpotassium carbon-
ate in 100 ml of dry methyl isobutylketon for 18 h.
The reaction mixture was acidified with diluted hy-
drochloric acid and extracted with ether. After wash-
ing, drying, and evaporation, 38 g ofcrude alkylated
keto ester was obtained. Hydrolysis and ketonic
cleavage of the alkylation product was effected by
adding a solution of 35 g of potassium hydroxide in
45 ml of water and 100 ml of ethanol and refluxing
the mixture overnight. The reaction mixture was
acidified and extracted with ether. The residue ob-
tained after evaporation of the solvent (25 g) was
triturated with 800 ml of light petroleum (boiling
point, 40 to 60 C) and 15.3 g of crude keto acid was
dissolved.
The keto acid (15.0 g), 15.0 g of potassium hydrox-

ide, 15 ml of 85% hydrazine hydrate, and 125 ml of
diethylene glycol were refluxed for 2 h. The con-
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denser was removed, and the temperature in the
flask was maintained at 230 C for 4 h. After cooling
the reaction mixture was acidified and extracted
with ether. The extract was washed with water,
dried, and evaporated to dryness.
The crude 12,12-dimethyltridecanoic acid was trit-

urated with 200 ml of light petroleum (boiling point,
40 to 60 C) and the soluble material was distilled.
The fraction boiling at 150 C (1.3 mm) proved 98%
pure by analytical gas-liquid chromatography (GLC)
(yield, 5.3 g; melting point, 30.5 to 31.0 C [re-
melted]).

18,18-Dimethylnonadecanoic acid. The acid was
prepared via a mixed anodic coupling (Kolbe electro-
synthesis) of 12,12-dimethyltridecanoic acid and
methyl hydrogen octan-1,8-dioate (see reference 8).
One gram (4.14 mmol)of the neo-acid and 0.84 g (4.14
mmol) of the half-ester were electrolyzed. The crude
methyl ester obtained (953 mg) was chromato-
graphed on 25 g of silicic acid (Mallinckrodt, 100
mesh) with ether-light petroleum (boiling point, 40
to 60 C) (1:50 vol/vol). After a forerun ofhydrocarbon
character (148 mg) 300 mg ofmethyl 18,18-dimethyl-
nonadecanoate was obtained as a viscous liquid.
Purity was 97% as indicated by GLC. The free acid
had a melting point of 56.0 to 56.6 C (remelted).

c-Cyclopropane fatty acids. Cyclopropane fatty
acids occur frequently in nature, particularly in bac-
teria (13), protozoa (10), and plants (4). The cyclopro-
pane ring is usually remote from the hydrocarbon
end group of the fatty acid. The preparation of a
series of such compounds is described by Christie et
al. (5, 6), and the mass spectrometric behavior by
McCloskey and Law (9). Fatty acids with cyclopro-
pane hydrocarbon end groups are, however, very
rare. 9-Cyclopropanenonanoic acid appears to be the
only such acid reported in the literature.

9-Cyclopropanenonanoic acid. This acid was pre-
pared from undec-10-enoic acid essentially as de-
scribed by Christie et al. (5, 6). Methyl 9-cyclopropa-
noate (9.0 g) at a boiling point of 112 to 114 C (1 mm;
purity, 98%, GLC) was obtained from 36.9 g (0.186
mol) of methyl undec-10-enoate. The free acid was
crystallized from acetone at -20 C (melting point,
39.8 to 40.5 C).

12-Cyclopropanedodecanoic acid. Undec-10-
enoic acid (51.5 g [0.280 mol]) and 41.0 g (0.280 mol)
of methyl hydrogen pentan-1,5-dioate were electro-
lyzed (8). The reaction product was distilled and
methyl tetradec-13-enoate (20.8 g), boiling at 140 to
150 C (1 mm), was collected. Methyl 12-cyclopropane-
dodecanoate (5.5 g; boiling point, 175 to 180 C, 2
mm) was prepared from 20.8 g of the unsaturated
methyl ester as described. Hydrolysis afforded the
free acid which was crystallized from acetone in the
cold (melting point, 54.2 to 55.2 C).

17-Cyclopropaneheptadecanoic acid. 9-Cyclopro-
panenonanoic acid (1.5 g [0.0076 mol]) and 3.3 g
(0.0152 mol) of methyl hydrogen decan-1,10-dioate
were electrolyzed (8). The crude methyl 17-cyclopro-
paneheptadecanoate was purified by chromatogra-
phy on 100 g of silicic acid (Mallinckrodt, 100 mesh)
with ether-light petroleum (boiling point, 40 to 60 C)
(1:20 vol/vol) as eluant. An ester (858 mg) of satisfac-
tory purity (98% by GLC) was obtained. Hydrolysis

afforded 720 mg of the free acid which was crystal-
lized from acetone (melting point, 69.4 to 70.2 C).

Activity measurements and surface film tech-
nique. A detailed description of these experimental
procedures was given in the earlier paper of the
series (see reference 8).

RESULTS AND DISCUSSION
The biological activity, mainly with regard to

the test organism F. roseum, and the collapse
properties of the surface films formed on water
will be described below. The surface film behav-
ior was discussed in our previous paper. Thus,
there is usually a strong tendency to form a
triple molecular layer, and the instability ofthe
condensed monolayer at compression to small
molecular cross-section areas is shown by the
reduction in pressure after the collapse point,
or when the compression is stopped until equi-
librium is reached. In the previous paper it was
suggested that there is a relation between the
biological activity and the degree of instability
of the monolayer, expressed by the reduction in
pressure when the triple layer is formed from
the monomolecular layer.

Neo-acids. The inhibitory effect of acids of
neo-configuration on the germination of conidia
ofF. roseum was tested as described earlier (8).
12-Methyltridecanoic acid, the behavior of
which is known from previous work, was used
for comparison. In the experiments, 12,12-di-
methyltridecanoic acid in amounts of 50, 100,
and 200 ug per ml of nutrient solution and
18,18-dimethylnonadecanoic acid (100 and 200
,ug/ml) were used alone and in combination
with the fungicide tetramethylthiuramdisul-
fide (TMTD) (0.5 ,uIml). The results, summa-
rized in Fig. 1 and Table 1, indicate that the
short neo-fatty acid behaves very similarly
to the fatty acid of iso-configuration, although
the former, when used alone in the concen-
tration of 100 ,ug/ml, produces somewhat lower
inhibition indices after 3 h of incubation.
However, in both cases a prolonged incubation
reduces the effect considerably. One reason for
the reduced effect in the case of longer incuba-
tion time might be that these compounds only
have fungistatic effect in concentrations, so that
the difference in inhibition illustrates the
growth during the prolonged incubation time.
Furthermore, 12,12-dimethyltridecanoic acid
enhanced the inhibitory effect of TMTD as ef-
ficiently as did 12-methyltridecanoic acid. On
the other hand, the long neo-fatty acid, 18,18-
dimethylnonadecanoic acid, had hardly any ef-
fect when used alone, and only a moderate
effect when used in combination with TMTD.

The surface film behavior of 12,12-dimethyl-
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A B C D E F
FIG. 1. Inhibition of the germination ofconidia of

Fusarium roseum, incubated at 25 C in nutrient
solution, supplemented with 100 pg of iso-, neo-, and
cyclopropane fatty acids per ml. The filled portion of
the columns represents the inhibition indices after4 h
ofincubation, and the total height corresponds to 3 h
of incubation. Relative number of germinating co-
nidia in the nutrient solution is equal to 10(). (A) 12-
Methyltridecanoic acid; (B) 12,12-dimethyltrideca-
noic acid; (C) 18,18-dimethylnonadecanoic acid; (D)
9-cyclopropanenonanoic acid; (E) 12-cyclopropanedo-
decanoic acid; (F) 17-cyclopropaneheptadecanoic
acid.

tridecanoic acid is illustrated in Fig. 2. In the
investigated temperature range of 5 to 35 C, it
forms a liquid-condensed phase only. An unu-
sual property of this liquid-condensed phase is
that it does not show the usual type of sharp
collapse point. The collapse starts at an area of
about 32 to 31 A2 per molecule, and this is also a
remarkably high value. Therefore, this com-

pound should be expected to show an expansion
effect on a lipid bilayer in which it is incorpo-
rated. The expansion effect on a monomolecu-
lar surface film ofpurified egg lecithin on water
was studied (experimental conditions given in
reference 8). Up to about 2 molecules ofneo-acid
per lecithin molecule can be dissolved in the
liquid-condensed lecithin phase. The average
area per hydrocarbon chain at the collapse
point was plotted as a function of composition,
and a nearly linear increase in hydrocarbon
chain cross-section area resulted from 28.0 A2 in
the pure lecithin film to 29.5 A2 at a molecular
lecithin/neo-acid ration of 2:1. This short neo-
acid shows a strong synergistic effect in combi-
nation with TMTD (Table 1).

18,18-Dimethylnonadecanoic acid shows, as

does the shorter homologue, only one mono-
layer phase in the temperature range of 5 to 35
C. This phase is also of liquid-condensed type,
but the collapse point of the monolayer is better
defined, and it has a somewhat smaller value
(30.2 A2/molecule at 20 C). There is a considera-

TABLE 1. Synergistic effect ofTMTD and the lipid components according to the inhibition ofthe germination
ofFusarium roseum conidial

Inhibition index

Lipid component added to the nutrient Amount Lipid com- jpid pl Syneris-
solution (9g/ml) ponents pgD()-5 TMTD (0.5 ticeffect

alone pgM/Ami)

12-Methyltridecanoic acid 100 14 9 60 ++
12,12-Dimethyltridecanoic acid 50 6 8 43

100 8 8 58 ++
200 8 8 75

18,18-Dimethylnonadecanoic acid 100 6 14 37 +
200 6

9-Cyclopropanenonanoic acid 25 14 9 29
50 31 9 79 ++

100 85 14 99
200 99

12-Cyclopropanedodecanoic acid 25 20 9 13
50 26 9 35

100 55 14 95 +
200 82

17-Cyclopropaneheptadecanoic acid 25 11
50 12 9 15 (+)

100 14 14 37
200 27

a The incubation was for 4 h at 25 C. The relative number ofgerminating conidia in the nutrient solution
is equal to 100.
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ble decrease with increasing temperature in the
collapse pressure and the equilibrium pressure
at the monolayer-to-triple layer transition,
which can be seen in Fig. 3. There is also a
slight reduction in pressure after collapse at
20 C. This neo-acid shows a moderate synergis-
tic effect (Table 1). The results given here and
in the previous paper are interpreted as indi-
cations of two types of surface film behavior
which can simulate the permeability effect on
the plasma membrane. The first is the collapse
behavior of the film in the liquid-condensed
state (as the hydrocarbon chains in biomem-
branes). A reduction in pressure indicates that
the two-dimensional phase is unstable, and a
tendency to form three-dimensional aggregates
therefore might be expected even in a mem-
brane environment. The second is based on the
expansion effect on a monomolecular film of a
membrane lipid, and an increase in permeabil-
ity should be expected in an expanded lipid
film.
Cyclopropane acids. The same biological ac-

tivity measurements were performed on the se-

60

so50 - 39. 6A/M
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¶30
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ries of c-cyclopropane fatty acids. Their effect
in relation to the iso- and neo-fatty acids is
illustrated in Fig. 1, and the effect as a function
of concentration can be seen from Fig. 4.
Clearly these acids are considerably more inhib-
itory than the neo-fatty acids of the correspond-
ing chain length. In fact, 9-cyclopropanenona-
noic acid in concentrations above 100 ,ug/ml
functions like a fimgicidal agent. Thus, in a nu-
trient solution containing 200 ,ug of this fatty
acid per ml, only a small number of conidia ger-
minated; even after 6 h of incubation the inhibi-
tion index was 82, and after 24 h of incubation
few diminutive rosettes ofabnormally thick hy-
phae were produced (Fig. 5 C). Furthermore, in
growth experiments carried out in a nutrient
solution containing 100 ,g/ml, no measurable
growth occurred within 11 days. On the other
hand, the two longer cyclopropane fatty acids
used in the same concentration merely caused a
prolonged lag phase, as did 12-methyltrideca-
noic acid. However, abnormally thick hyphae
were also formed in the presence of 12-cyclopro-
panedodecanoic acid, 200 ,ug/ml, but in this case

21.3A2/M

l-

FIG. 2. Xr-A isotherm of12,12-dimethyltridecanoic acid at20 C. The molecular area is given in linear form
along the x axis by the values in two calibration points.

33.4 /M 2ZA/
35.i25Az/M 24.4Az/0
;401 1 / I%. RA /9 4

0

FIG. 3. 7r-A isotherm of18,18-dimethylnonadecanoic acid at 6 C (A) and at 21 C (B).
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FIG. 4. Inhibition of the germination ofconidia of
Fusarium roseum, incubated at 25 C in nutrient
solution, supplemented with various amounts of cy-
clopropane fatty acids. The total columns represent
the inhibition indices after 3 h and their filled por-
tion represents the inhibition indices after 4 h of in-
cubation. Relative number ofgerminating conidia in
the nutrient solution is equal to 100. (A) 12-Methyl-
tridecanoic acid; (B) 9-cyclopropanenonanoic acid;
(C) 12-cyclopropanedodecanoic acid; (D) 17-cyclo-
propaneheptodecanoic acid.

the distortion was overcome and apparently nor-
mal hyphae emerged from the abnormal strains
(Fig. 5 D). The effect of the longest cyclopro-
pane fatty acid tested was still less pronounced
and only very few thick hyphae appeared (Fig.
5 E). The effect in combination with TMTD is
shown in Table 1. All acids give an enhance-
ment of the effect of TMTD which is higher
than their effect when used alone. Obviously,
the best synergistic effect is produced by 9-
cyclopropanenonanoic acid. 9-Cyclopropanenon-
anoic acid does not show a condensed monomo-
lecular phase on water, as the disordering effect
in the water surface prevents condensation of
such short chains. The possibility of studying
the expansion effect in surface film phases
therefore is limited. Efforts to solubilize this
acid in monomolecular films of lecithin were
unsuccessful.

12-Cyclopropanedodecanoic acid shows a
solid-condensed monolayer phase below 10 C,
with a collapse area of about 23.9 A2/molecule.
Above this temperature there is only a liquid-
condensed monolayer phase with a very low
collapse pressure, as can be seen in Fig. 6. The
molecular area at collapse of about 28
Al/molecule at room temperature is in good
agreement with that of iso-tetradecanoic acid,
and there is also a similar reduction in pressure
after collapse ofthis phase. The pressure reduc-
tion after collapse is about 5 and 2.5 dynes/cm
for the iso-fatty acid and w-cyclopropane fatty
acid, respectively (see Fig. 6 and reference 8).

ANTIMICROB. AGENTS CHIMOTHER.

The synergistic effects of these two acids with
TMTD are as shown in Table 1.
The surface film behavior of 17-cyclopropane-

heptadecanoic acid was examined in the range
of5 to 35 C. A very remarkable feature is that it
forms solid-condensed phases with vertical
chains over the whole temperature range. They
are in this respect similar to normal fatty acids,
and this illustrates the significance of the size
of the end group. Although an iso-methyl end
group is not much larger, these acids do not
form phases with vertical molecules. The jr-A
isotherm (Fig. 7), corresponding to 20 C, shows
that there is no liquid-condensed phase. A
solid-condensed phase, which according to vis-
cosity properties and molecular area seems to
be an LS-phase, is formed from the gas phase,
and at 19.4 A2/molecule there is a first-order
transition into a CS-phase. At temperatures
above 30 C the CS-phase is no longer formed,
and collapse of the monolayer starts at about
19.5 A2/molecule. Although there is a considera-
ble reduction in pressure after collapse of the
monolayer, there is still a stable monolayer
phase which is quite condensed (LS). This
might explain why there is no significant syner-
gistic effect with TMTD (Table 1), as the earlier
reported relation between post-collapse reduc-
tion in pressure and synergistic effect with
TMTD was only observed when the lipid ex-
hibited a liquid-condensed phase (8).
Of the two homologue series studied, the

strongest antimicrobial effect is obtained from
9-cyclopropanenonanoic acid. When used alone
the effect is in fact so high that it can be classi-
fied as a fungicide and drastic morphological
changes ofthe test organisms are obtained (Fig.
5).
The effects of these lipids on gram-positive

and gram-negative bacteria were also studied
using Staphylococcus aureus and Escherichia
coli. As in the previous study it was found that
only the gram-positive organism is inhibited,
and the various lipids possess the same relative
effect as against the fungus F. roseum. The
minimal inhibitory concentrations against S.
aureus are (methanol was used as solvent): 9-
cyclopropanenonanoic acid, 500 ,ug/ml; 12-cyclo-
propanedodecanoic acid, 500 ,ug/ml; 17-cyclopro-
paneheptadecanoic acid, >500 ,ug/ml; 12,12-di-
methyltridecanoic acid, 100 pg/ml (which can
be compared with 12-methyltridecanoic acid,
100 pg/ml); and TMTD (dissolved in polyethyl-
ene glycol), 10 ,ug/ml. The most interesting com-
pound with regard to pharmacological applica-
tions is 9-cyclopropanenonanoic acid, which
also has been tested against fungi other thanF.
roseum. The minimal inhibitory concentration

25 50 100 Z100100 25 50 100 200 MVW 50 IDO 2DO
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FIG. 5. Micelles formed from germinating conidia, incubated for 24 h in nutrient solution supplemented
with various fatty acids in a concentration of200 pg/ml. Magnification x 320. (A) No supplement (control).
Normal hyphae. (B) 12-Tridecanoic acid. A dense micelle with somewhat thicker hyphae than in the control.
(C) 9-Cyclopropanenonanoic acid. Few diminutive rosettes with abnormally thick hyphae. (D) 12-Cyclopropa-
nedodecanoic acid. Micelle with thick hyphae, from which normal hyphae are emerging. (E) 17-Cyclopro-
paneheptadecanoic acid. Loose micelle with single strands of thick hyphae.
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FIG. 6. Nr-A isotherm of 12-cyclopropanedodecanoic acid at 20 C.
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FIG. 7. rr-A isotherm of 17-cyc1,

values against Candida albicans and Aspergil-
lus niger are both 500 ug/ml, whereas the corre-
sponding values obtained by 12-methyltrideca-
noic acid are >1,000 and 1,000 yg/ml, and by
TMTD, 5 and 50 ,g/ml, respectively.

Polyene antibiotics have been extensively
studied (see reference 7), and it has been shown
that they act by changing the membrane perme-
ability. They have effect only when the mem-
brane contains sterols, and recent studies indi-
cate that they form a stoichiometric complex
with cholesterol (11). The effect of the fatty
acids examined in the present work on the mem-
brane permeability cannot be due to the same
kind of interactions. This is evident from the
fact that they give the same effect against
gram-positive bacteria as against fungi, al-
though the former organisms have no choles-
terol in their plasma membrane.

17. 812/M

I

lopropanedodecanoic acid at 20 C.
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