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Abstract--- Addition to Bacillus acidocaldarius of acids which can act as primers for fatty acid synthesis 
promote the synthesis of corresponding fatty acids competitively. The effective acids are n-C, to -C, (not C4 
or Cs), iso- and anteiso-C, and -C, (not C,), and a range of cyclic acids from cyclobutylacetic and cyclo- 
pentanecarboxylic to cycloheptylacetic. New non-natural o-cyclobutyl-, w-cyclopentyl-, and o-cycloheptyl-fatty 
acids are obtainable. The range of acceptable primers and the range of fatty acids produced therefrom indicate, 
respectively, the substrate specificities of the transacylase which introduces acyl species into fatty acids synthesis 
and the one which removes them. The specificity of the primer transacylase may be similar to that in some 
rumen anaerobes. 

INTRODUCTION 

Bacillus acidoculdarius is an unusual thermophilic acidophilic organism.‘,’ The fatty acid 
mixture from its lipids3 comprises a major proportion of unique acids, ll-cyclohexylun- 
decanoic and 13-cyclohexyltridecanoic, together with acids more typical of BacilEus 
species4 viz iso-C,, to -C1 7, unteiso-C, 5 and -C,, , and n-Cl,. We have shown that 
the cu-cyclohexyl acids are formed by homologation of cyclohexanecarboxylic acid, 
synthesized in B. ucidoculdurius by deoxygenation of shikimic acid.6 The rather complex 
effects of temperature, pH, and aeration on the fatty acid composition are described 
elsewhere.5 

In bacteria generally, the proportions of the biogenetically different types of fatty acid 
reflect competition between the different available acyl-CoA species for a transacylase 
which attaches the “primer” acyl residues to acyl carrier protein. This has been 
demonstrated by studies of fatty acid synthesis in various cell-free systems, but comparable 

I DARLAND, G. and BROCK, T. D. (1971) J. Gen. Microb. 67,9. 
’ DE ROSA, M.. GAMBATORTA, A. and BU’LOCK. J. D. (197 I) Giornalr di Microhiologia 19. 
3 DE Ross, M., GAMBACORTA, A., MINALE, L. and BU’LOCK, J. D. (1971) Chem. Commun., 1334. 
4 KANEDA, T. (1967) J. Bact. 93, 894. 
5 DE ROSA, M., GAM~ACORTA, A. and Bu’LoL-K, J. D. (1973) J. Bact. in press. 
6 DE ROSA. M., GAMRACORTA, A.. MINALE, L. and BLI’Lo~K. J. D. (1972) Biochem. J. 128, 751. 
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evidence can generally be obtained by studying the effects on fatty acid synthesis of adding 
an excess of the primer acids to the bacterial cultures. We have used this approach to 
show that there is only a single transacylase of this type in B. acidoculdarins. and to 

‘establish its specificity for different types of primer including cyclic acids similar to 
cyclohexanecarboxylic. 

RESIiLTS 

The results of GLC analyses of methyl esters from B. ucidocaldarius fatty acids 
following incubations with different fatty acid precursors are presented in Tables J-3. 

Where possible, precursors were tested at 0.5 mM, but some measurements were made for 
0.1 mM additions particularly for the more toxic acids which at 0.5 mM drastically 
reduced cell multiplication. All the tabulated results are actual yields of tatty acids. i.e. in 
mg per g of cells, rather than percentage composition of the mixtures. so that changes 
in the amounts as well as the relative proportions of the different acids can be followed: 
biogenetically homologous acids are grouped together but were of course measured 
separately. 

The following new acids, from prolonged incubations (see below) with cyclobutylacetic 
acid, cyclopentylacetic acid, and cycloheptanecarboxylic acid respectively. were isolated 
as their methyl esters by preparative GLC and characterized spectroscopically (NMR, 
MS) and by GLC (see experimental): 12-cyclobutyldodecanoic, 12-cyclopentyldodecanoic. 
1 l-cycloheptylundecanoic. Other acids were identified by the GLC retention times of 
their methyl esters as read off on straight-line plots of their equivalent chain length (see 
Experimental). 

.Acids recovered (mg,g lyophilized cells) 

Precursor 
added (mM) 

i.\U- 

CL, 

iso- mfci.w- ~~,-cyclohex- 

C,,. C,- C,j. C,, yl-C C -I-. ,‘I 

None (control) I.0 2.0 3.3 
Butyric (0,5) 1.’ I.7 3.4 
Hexanoic (0.5) 19.2 0 XI 
Hexanoic (0.1) 6.7 0.9 2.8 
Octanoic (0.1) 1.5 1,8 4.2 
lsobutyric (0.5) 0.9 I.8 3.6 
lsocaproic (0.5) 0 21.0 0 
lsovaleric (0.5) 0.: 0 30.4 
?-Methylbutyric (0.5) (I.2 0.: I.9 
Cyclohexanecarboxylic (0.5) 0 11 (I 
Cyclohexanecarboxylic (0.1) 0.1 0 0.2 
2Cyclohexylpropionic (0.1) 0 I.1 1.7 

*Grown at 60’, pH 3.5. and harvested at end of log phase; precursors 
significantly more than controls in bold: significantly less in itc~lic,,~. 

7.3 1&9 
7.0 70. I 
1.b 167s 
.??I 183 
19 19, I 
7. I 10~0 
0 IT.3 
I.1 1 x.2 

20.1 Ii.4 
1) 43.1 
W_ 44.2 
j.2 24-l 

added at inoculation. Acids 

Precursors of typical ,fitty acids 

The typical fatty acid composition of B. acidocaldarius is seen in control data: 57:; 
of to-cyclohexyl-C r, and -C, 9 acids, 22:<, of anteiso-C, 5 and -C 17, 10’?,, of iso-Cl 5 and 

-C,,, 6% of iso-C16, and 3”%<1 of n-C,, and -C,, Suitable precursors selectively increase 
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the production of each class of fatty acids as shown in Table 1, and the effects are 
specific for certain chain-lengths in the precursor. Thus hexanoic, but not butyric or 
octanoic, increases the yield of n-C14 and -C,, acids; isovaleric (C,), isocaproic (C,), 
and a-methylbutyric (C,) increase the yields of iso-C, 5 and -Cl,, iso-C,, , and anteiso- 
C15 and C,, respectively, but isobutyric acid (C,) has,no effect. Cyclohexanecarboxylic 
acid has a much larger effect than 3-cyclohexyl-propionic acid as a precursor for the 
o-cyclohexyl-C, , and -C 1 9 acids. 

Precursors of w-natural fatty acids 

Within similar specificity limits, other acids to B. acidocaldurius cause substantial 
synthesis of fatty acids not normally found, as shown in Table 2. Both valeric (C,) and 
heptanoic acids, but not propionic or nonanoic, are converted into the odd-numbered 
n-Cl5 and -Cl7 acids which are normally negligible; similarly cyclohexylacetic acid (and 
to a much lesser degree, 4-cyclohexylbutyric acid) is converted into the non-natural 
even-numbered o-cyclohexyi-C,, and -C,, acids. Other types of cyclic acid can be used, 
as Table 2 shows, giving rise to w-cyclobutyl-, o-cyclopentyl-, and w-cycloheptyl-acids 
of the indicated chain lengths, and there are similar specificity-requirements for these 
precursors, since cyclopropanecarboxylic, cyclopropylacetic, and cyclobutanecarboxylic 
acids are all ineffective. 

TABLE 2. EFFECT OF PRIMERS FOR THE SYNTHESIS OF NON-NATURAL FATTY ACIDS ON FATTY ACID PRODUCTION 

BY Bacillus acidocaldarius* 

Precursor added 

(mM) 

Acids recovered (mgjg lyophdized ceils) 
ant&v- w-cyclohexyl- 

n-c,,, C,, ix-C I 6 iso-C,,, C,, C,,. CL7 CIT. C,, Other 

Propionic (0.5) I.2 I.3 2.9 7.1 19.2 - 
Valer1c (0.5) o-5 I.1 1.9 3.6 I7.0 “-c,s, c,, 14.9 
Valerx (0.1) 0 7 I.9 3.5 7.1 19.1 II-C,s, C,; 1.8 
Heptanoic (0.5) 0.4 1.2 1.6 3x 163 II-C,,, Cl, 20.9 
Heptanoic (0 1) 0.9 21 3.2 7.4 1x4 “CT,,, c,: I.3 
Nonano~c (O-I) I.1 2.0 3.6 7.7 1x4 
Cvclopropanecarboxvlic (0.5) 11 2.1 3.0 76 174 
C;cloprobylacetlc (05) 14 I.9 3.1 
Cvclobutanecarbaxvllc 10.51 1.1 21 2.9 
&lobutylacetic (O-5) ’ ’ 0 2 0.4 0.4 
Cyclopentanecarboxylic (O-5) WI 07 16 
Cyclopentylacetic (0.5) 0.4 0.9 I.4 
Cyclohexylacetic (@S) 0 0 0 
Cyclohexylacetic (0.1) 0 0 1.f 
4.Cvclohexvlbutwc (0 1) 0 1.5 3.1 
Cycloheptaneca;boxylIc (0.5) WI 0.1 0.4 
Cycloheptanecarboxylic (0 I) 11.5 I 0 2.6 
Cyclohcptylacct1c (0 I) 0.7 12 2.6 

71 
7.5 
1)5 
1.9 
2.0 
0 
2.3 
5-2 
0.5 
31 
3.4 

19.5 
18.2 
14-2 
16-i 
17-f 
17-2 
19.4 
IX.2 
10.1 
17.0 
/75 

w-cyclobutyl-C,, .c,, 24.1 
lo-cyclopentyl-C,,, c,, 20.1 
w-cyclopentyl-C, , , C, 9 16.2 
o-cyclobexyl-C,,, Cl0 18.4 
o-cyclobexyl-C,, , Cze 15.2 
o-cycloberyl-C,,. C,, 5.1 
o-cvclobestvl-C,,, C,,, 21.2 
o-cyclobeptyl-C;,, C;, 7.1 
w-cyclobeptyl-C, y , C, 1 8.2 

* Details as Table 1 

Precursor competition efSects 

The data of Tables 1 and 2 suggest that added acids which fulfil the specificity require- 
ments compete with natural precursors in a synthetic system common to all the fatty 
acid types; each increase in the amount of a particular product is accompanied by 
decreases in the yields of all other types. There is however a net increase in fatty acid 
yield in each case, i.e. the increase in one type of product is attained partly by competition 
with other types and partly by an increase in total fatty acid synthesis. 
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If fermentations with added precursor are carried on for a further 24-30 hr after the 
end of the logarithmic phase of growth the Jiield of acids corresponding to the added 
precursor is even further increased and that of the remaining acids lowered; typical 
results are summarized in Table 3. This is ascribed to further competition by unused 
precursor during a phase of fatty acid turnover. By such prolonged incubations, up to 
7Oy< of, e.g. cycloheptanecarboxylic acid added at 0.1 mM can be converted into the 
corresponding 11 -cycloheptylundecanoic acid. 

Cyclobutylacetic cv-cyclobutyl-CT,,. C,, 24.1 15.7 78.5 7.1 
Cyclopentylacetic c+cyclopentyl-C, >. C, 9 16.2 21.8 33.2 4.); 
Cycloheptanecarboxylic cl-cycloheptyl-C I 8. C >zo 252 1 I.2 29~2 .3x 

* Grown at 60 ‘. pH 3.5 and harvested at the end of log phase (data from Table 2) or 34 30 hi- lalcl 
t ,411 co-cyclohexyl-C, i and -C, 9. 

Chain-length of products 

The chain-length of the fatty acids produced in these incubations is specified 
independently of the requirements for precursors, apart from the obvious consequence 
that precursors with an odd number of C atoms give rise to odd-numbered fatty acids. 
Thus both valeric and heptanoic acids give rise to the same mixture of 72-C,, and -Cl7 
acids; other data in Tables 1 and 2 show the same pattern. 

The effect of added a-aminoacids is the same as that of the acids to which they would 
give rise. in the form of CoA esters, by deamination and decarboxylation, i.e. leucine 
and isoleucine increase the formation of the iso- and anteiso-C, 5 and -C, , acids. whereas 
additions of valine have no effect on the yield of the iso-C,, acids. This helps to confirm 
the supposition that the apparent primer specificities relate to the actual acyl-CoA 
transacylase and not, e.g. to the specificity of a system for converting the added acids 
into their CoA derivatives. which would be bypassed by supplying the aminoacids. 

DIscussIoN 

Although in some mammalian systems for fatty acid synthesis the type of fatty acid 
produced is largely determined by the type of acyl-CoA primer available.’ the type of 
fatty acid produced in bacterial systems appears to be mainly determined by the specificity 
of the primer transacylase which first attaches an acyl group to the acyl carrier protein. 
For example, in B. suhtilk the primer transacylase will accept the C’oA derivatives 01 
isobutyric. isovaleric. and 3-methylbutyric acids as substrates. but not acctyl-(‘oA. 
whereas the subsequent stages of fatty acid synthesis will proceed satisfactorily if provided 
with the S-acetyl derivative of the acyl carrier protein: on the other hand in I~.sc~l~r.ic~hitr 

HoK>I\(;. M. G . MAK t I\. D. 13.. KkKMr’\. A. and VAGI I.OS. P. R. (1961 ) .I. Bid Cirm 236, 669. 
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coli the initial transacylase discriminates against branched-chain primers’and in favour of 
acetyl while the subsequent steps are similarly discriminatory but to a less marked extent.* 
In B. subtilis the relative effectiveness of different acyl-CoA as primers closely parallels 
the composition of the fatty acid mixture which the system produces, and conversely we 
feel justified in the present case in using the fatty acid data as an index of the specificity 
of primer transacylation. The apparent competition between all the types of precursor 
used suggests that only one transacylase is involved in our system. 

From the data it is apparent that the B. acidocaldarius system will accept straightchain 
acids with 5, 6, or 7 carbon atoms, branched chain acids with 5 or 6 carbon atoms, 
and cyclic acids with 6-9 carbon atoms (i.e. from cyclobutylacetic and cyclopentane- 
carboxylic to cycloheptylacetic acids). Apparently the cyclic acids of larger carbon 
number can be accommodated in the substrate-binding region of the enzyme because 
they are relatively more compact than the acyclic acids. The utilization of such cyclic 
acids has not been investigated in other bacteria but it is clearly important in B. 
acidocaldarius in which cyclohexane-carboxylic acid is formed endogenously from 
shikimate.6 

The specificity for branched-chain acids is not identical with that of the B. subtilis 
system.8 Both utilise the C, acids isovaleric and 2-methylbutyric, but whereas in B. 
subtilis the iso-C,, product arises from isobutyric acid, the present system only utilizes 
its C6 homologue isocaproic. Isobutyryl-CoA would be available by oxidative decar- 
boxylation of the valine precursor, a-ketoisovalerate,g but no endogenous source of 
isocaproic acid in B. acidocaldarius can be suggested. The comparison with B. subtilis 
shows a similar pattern when the utilization of straightchain acids is considered. 
Additions of propionic, butyric, and valeric acids cause competitive increments in the 
corresponding n-c14 to -Cl7 acids in B. subtilis” whereas in B. acidocaldarius the effective 
range of precursor acids is from C5 to C, . 

It is interesting that the apparent preference for primer acids of intermediate chain- 
length shown by B. acidocaldarius is closely paralleled in Selenomonas ruminantium, a 
Gram-negative rumen anaerobe in which n-C, to -C, acids are the preferred primers 
for synthesis of the normal fatty acids;” the only other source of the o-cyclohexyl acids 
of B. acidocaldarius is from an unidentified component of rumen flora.12 Another 
rumen anaerobe, Bacterioides succinogenes, which like several such species requires primer 
fatty acids for growth, likewise utilizes n-C, to -C8 primers for the synthesis of n-C,, to 
-Cl6 fatty acids but will accept only isobutyric and 2-methylbutyric acids for synthesis 
of branched-chain acids.13 

The chain-length of the “finished” fatty acids in the B. acidocaldarius system is, as 
already noted, determined independently of the size of the primer species. However, as 
with the primer transacylase, the specificity of this terminal step is such that longer 
chains are accommodated when the molecule has a cyclic o-terminal. The preferred 
chain-lengths are: for n-acids, Cl5 and C,, ; for iso- and anteiso-acids, C16 and Cl,, 
for o-cyclobutyl, C,6; for o-cyclopentyl, C1, and C18; for o-cyclohexyl, Cl7 to C19; 

* BUTTERWORTH, P. H. W. and BLOCH, K. (1970) European J. Biochem. 12,496. 
9 KANEDA, T. (1965) Canad. J. Microbial. 12, 501. 

lo KANEDA, T. (1963) J. Biol. Chem. 238, 1229. 
I1 KANEGASAKI, S. and NUMA, S. (1970) Biochim. Biophys. Acta 202,436. 
I2 HANSEN, R. P. (1967) Chrm. Ind. 1640. 
” WEGNER, G. H. and FOSTER, E. M. (1963) J. Bact., 85, 53. 



910 M. DI. Ros,~. A. GAMIIWR II XK! J. D. BI ‘1,0(-h; 

for to-cycloheptyl. C, 8 and C,+ Dimensionally, all these molecules are of approximately 

the same length, a feature which doubtless underlies the specificity of the enzyme which 
removes them from the system of fatty acid synthesis. 

EXPERIMENTAL 

Precursor acids. The precursor acids were purchased commercially except for cyclopropyl-. cyclobutyl, and 
cycloheptyl-acetic acids which were prepared by Arndt-Eistert homologation from cyclopropane-. cyclobutane-. 
and cycloheptane-carboxylic acids respectively: after purification the products gave satisfactory MS and NMR 
spectra. 

Idrnrificatio~~ of~cid~. Cultures of Brrcil/u,\ ncido~,~llt/urilts LWX grou n at 60 m spargcd Basks containing IO0 ml 
~frnediurn’.~ (().I”,, glucose. O.l”;, yeast extract. ammonium and other salts. H,SO, to pH 3.5) plus 0.5 01. 0.1 mM 
precursor acid. At the end of log phase gro\% th the culls \$c‘re centrifuged, Lvashed ~1111 H30. lyophilired and 
welghed (30 -40 mg). After addition ofa reference standard of methyl stearate the cell5 were saponified (IO”,, KOH 
in I : 1 aq. MeOH, S-6 hr reflux), and the recovered acids (30-44 lcg;rng cells) methylated and analysed by 
GLC on a Carlo Erba Fractovap GV using a 2 m x 5 mm silanized column packed with lo:,,, dicthyleneglycol 
succinate on 100 120 mesh Chromosorb P at 200 

Larger-scale rrcocer!, of acids. The organism was grown on 25 I. of the same medium in a 30 1. fermentor 
with 12.5 I’min air sparging and with O-5 mM cyclobutylacetic, cqcloprntylacetic. or cycloheptanecarboxylic 
acid. Some 30 hr from the end of log phase the cells were centrifuged down. washed, Iyophilired. and 
saponified; the recovered acids were methylated and after preliminary purification on a sihca gel column 
the major components were recovered, 97-98:” pure, by preparative-scale GLC (2 m x 10 mm column with 
25”/; DEGS on Chromosorb P 30.-60 at 180’ with N2 at 130 ml,min). The esters obtained all showed no 
C-Me signal in the NMR and ran as saturated esters on silica gel AgNO,. Methyl 12-cyclobutyldodecanoate, 
M+!‘r 268, showed cyclobutane proton signals at 6 = 2.13: methyl 12-cyclopent>l-dodecanoate. M’.‘e 282. 
showed cqclopentanc pl-oto,n signals at (i = 1.5.3: mcth~l I I-c~cloh~pt~lt~ndcc~rn~;rte showed c>cloheptane 
proton signals at d = 1.61. 

Equioalent chain hyrhs. From the GLC data for known esters for the above cyclic esters and for 
homologous esters from the small-scale incubations. plots of log (retention time) vs chain-length were linear. 
and a table of equivalent chain lengths was drawn up. For methyl esters of acid, with I’ carbon atoms in 
the chain the equivalent chain lengths are: lr-series, J‘ + 0.00; iso-series. J’ - O-43: ~nrc?so. _I - 0.37: a)-cyclo- 
butyl series, ,Y + 0.22: c,,-cyclopentyl rerics, J + 0.65; [+cyclohexyl series. I‘ T- 1.90: co-cycloheptyl series. j’ + 2.60. 

Auknow/P[lgeme,lt.s -owe are grateful to E. Esposito and S. Sodano for technical assistance and to A. Milone 
for GLC operation. 


