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The Biochemistry of Long-chain, Nonisoprenoid Hydrocarbons. 
I. Characterization of the Hydrocarbons of Sarcina lutea and the 
Isolation of Possible Intermediates of Biosynthesis* 

Phillip W. Albrot and John C. Dittmer 

ABSTRACT: The hydrocarbons of an adequately identi- 
fied strain of Sarcina lutea were characterized by a 
combination of thin-layer and gas-liquid partition 
chromatography, infrared spectroscopy, and oxidative 
cleavage of the double bonds. The major hydrocarbon 
fractions had 27, 28, and 29 carbons (18.4, 12.7, and 
65.3% of the total, respectively) and the proportions 
did not vary greatly with the age of the culture. In 48-hr 
cultures, 90% of the hydrocarbons were monounsatu- 
rated and the percentage decreased as the cells continued 
into stationary phase. Only hydrocarbons with cis 
configuration of the double bond were detected. Chro- 
matographic analysis of the hydrocarbons and the fatty 
acids produced by oxidation of the double bonds was 
used to establish the detailed structure of the three 

T wo major pathways for the biosynthesis of long- 
chain nonisoprenoid hydrocarbons have been proposed. 
The first was proposed for the synthesis of hydrocar- 
bons in the wax of Brassica oleracea by Chibnall and 
coworkers (Channon and Chibnall, 1929; Chibnall 
and Piper, 1934; Sahai and Chibnall, 1932), and in- 
volved the condensation of two moles of fatty acid 
with decarboxylation of one of them as follows: 

RCHzCOOH + R'CH-H + CO, + 
RCHzq4)CHtR' + RCHzCH(4H)CHyR + 

RCHtCHSHR' e RCHKHxCHtR' 

In support of this mechanism, they demonstrated 
the presence of the ketone and secondary alcohol that 
would serve as the intermediates in the synthesis of the 
major hydrocarbon, nonacosane, from 2 moles of 
pentadecanoic acid. They were unable to find the alkene 
that would also be an intermediate or pentadecanoic 
acid itself. This mechanism or variations of it have been 
revived and modified to explain hydrocarbon synthesis 
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major fractions. A large percentage o€ these had 
branched methyl groups in either the bo or anteiso 
configuration on both terrninae and the double bonds 
were near the center of the primary chain. This is 
consistent with biosynthesis by head-to-head condensa- 
tion of two fatty acids. Also, because 3 6 x  of the fatty 
acids obtained by oxidation of the double bonds of the 
hydrocarbons were found to be a G 1 4  anteiso fatty 
acid which was not found in the lipid fatty acids, de- 
carboxylation of one of the fatty acids during condensa- 
tion probably occurs. In further support for this bio- 
synthetic mechanism, long-chain ketones and secon- 
dary alcohols that would be expected as intermediates 
in such a pathway were isolated from the nonsaponifi- 
able lipids of S. lutea. 

in Pyrethrum cuticle wax (Wades  et al., 1955) and 
NicotiaM tabacwn (Kaneda, 1968). Kaneda (1967) 
earlier showed that free ketones and alcohols were 
probably not incorporated into hydrocarbons, and he 
has postulated enzyme-bound intermediates to explain 
evidence, primarily based on the incorporation of 
labeled octanoic acid into branched-chain hydrocar- 
bons, that head-to-head condensation of fatty acids is 
involved. Kolattukudy (1966) has presented evidence 
against the condensation mechanism in B. oleracea, 
and he supports a mechanism (Kolattukudy, 1966, 
1967) that has evolved from proposals by Chibnall 
and Piper (1934), Stone and ZoBell (1952), Wanless 
et al. (1955), and Stumpf (1965). In general, the mecha- 
nism involves the elongation of a fatty acid with acetate, 
(Y or B oxidation, decarboxylation, and reduction to the 
hydrocarbon as follows: 

RCHzCHxCOOH + RC(=O)CH*COOH + 
COz + RC(=O)CHs 

RCH~CHICOOH + .1 
RCHzCHO + RCHzCHtOH RCH(4H)CHa 

I/ 
RCHpCHa t- RCHSHx 

The long-range goal of this study is to determine 
whether either, both, or neither of these pathways is 
involved in the biosynthesis of hydrocarbons in Sarcina 
lutea. The hydrocarbons in S. lutea were first described 
by Albro and Huston (1964), and they found in cells 
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TABLE I :  Composition of M73b Medium. 

Ingredient SA. Ingredient msP. 

Vitamin-free Casamino Acids. 17.0 Uracil 3.0 
Bacto-Peptone 3 .O Xanthine 3 .0  
Glucose 3.0 Adenine sulfate 3 .0  
CH-Na. 3H20 2 .0  Guanine hydrochloride 3 .O 
KH2PO4 0 . 5  Riboflavine 0.5 
KzHPO4 0 .5  Calcium d-pantothenate 0 . 4  
MgSOi * 7H20 0.15 Nicotinic acid hydrochloride 0.4 
NaCl 0.012 Thiamine hydrochloride 0 .4  
FeS04 4Hz0 0.007 Pyridoxine hydrochloride 0 .4  
MnSO4. 4Hz0 0.007 Pyridoxal hydrochloride 0.04 

p-Aminobenzoic acid 0.08 
Biotin 0.002 
Folic acid 0.002 

a Difco, Detroit, Mich. 

grown to late stationary phase that the hydrocarbons 
were primarily saturated and the major fractions had 
27, 28, and 29 carbons. Subsequently, Tornabene et al. 
(1967a,b) reported that the hydrocarbons of S.  lutea 
(ATCC 533) in early stationary phase were primarily 
monounsaturated and the major fractions had 25, 26, 
and 27 carbons. We have examined the hydrocarbons 
from a recently acquired culture of ATCC 533 and have 
confirmed their results in regard to the general distribu- 
tion of the hydrocarbons; however, we have found by 
a variety of criteria that the culture obtained from the 
American Type Culture Collection is not S. lutea. 
We report here details of these findings, more detailed 
characterization of the hydrocarbons of an adequately 
identified strain of S .  lutea, and some implication of the 
structure of the hydrocarbons on the biosynthetic 
pathway in this organism. Long-chain ketones and 
secondary alcohols that may be intermediates in bio- 
synthesis have been identified. 

Experimental Section 

Bacterial Strains and Culture. This report is primarily 
concerned with an isoleucine-requiring strain of S.  
lutea obtained from the Department of the Army, 
Physical Defense Division, Fort .Detrick, Frederick, 
Md., and listed in their collection by the designation 
FD-SCC-D-533. This is the same strain used by Albro 
and Huston (1964) and is believed to have originated 
from the American Type Culture Collection, strain 
ATCC 533. This strain will be referred to in this report 
as FD-533. A strain of S .  lutea recently obtained from 
the American Type Culture Collection, ATCC-533, 
and presumably the same strain studied by Tornabene 
et al. (1967a,b) was also studied; this strain is desig- 
nated as ATCC-533 in this report. 

Cells were cultured in 1 1. of media in 2800-ml 
fernbach flasks on a rotary shaker driven at 200 rpm. 
Growth temperature varied from 23 to 25". Each liter 

batch was started with 50 ml of a log-phase culture 
and the growth times given are from the time of inocu- 
lation to harvest. Cells were harvested by centrifugation 
at 4'. Two media were used: trypticase soy broth 
prepared as specified by the supplier (Baltimore Biologi- 
cal Laboratories, Baltimore, Md.) and a semidefined 
medium (Table I) for which the laboratory designation 
was M73b. The trypticase soy broth medium was 
found by extracting the original powder with chloro- 
form-methanol and fractionating the extract as de- 
scribed below to have 0.62 mg of long-chain hydrocar- 
bons/l. No lipid could be detected in extracts of freeze- 
dried M73b media. 

Extraction of Lipids and Isolation of the Hydrocarbons. 
Because of difficulty in obtaining complete extraction 
of all of the lipid with neutral solvent systems, several 
alternative extraction procedures were used. In general, 
harvested cells were either extracted immediately or 
freeze dried for storage. Slow degradation of lipid 
occurred in moist cells even when stored at -20". 
When neutral solvents were used, lyophilized cells 
were extracted as described by Huston and Albro (1964), 
and wet cells were extracted with chloroform-methanol 
(1 : 1 and 3 : 1) essentially as described for brain by Wells 
and Dittmer (1965). The equivalent of 20 times the 
packed volume of cells was used of each solvent and 
the residue was filtered with glass filter paper (Reeve 
Angel 934AH, chloroform washed) after each extrac- 
tion. The combined extracts were partitioned with two- 
tenths volume of 1.19% aqueous KCl (Folch et al., 
1957). 

When the cell residue from either extraction proce- 
dure was saponified and extracted as described by 
Huston and Albro (1964) or simply extracted with 
chloroform-methanol-12 N HCl (124:65 : 1) (Letters, 
1966), additional lipid including hydrocarbon was 
obtained. No further lipid, fatty acids, or hydrocarbons 
could be detected in extracts of the residue left in 
either of the latter two procedures after refluxing with 395 
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6 N HCI. When the harvested cells were extracted 
directly with acidified chlnroCmn-methenol all of the 
lipid which was o'hwwise obtained by extracting in 
successim with neu'lral and acidified chloroform- 
methanol was extracted. The acidified chloroform- 
methanol extracts were routinely washed with 1.19% 
KCI solution as described above. A portion of the lipid 
not ex!racted with neutral chloroform-methanol was 
extracted with chloroform-methanol (2 : 1) if the cell 
residue was treated with lysozyme. The extracted cell 
residue was suspended in 50 volumes of 0.5 % aqueous 
NaCI, 20 mg of crystalline lysozyme (Calbiochem) was 
added, and the suspension was stirred for 2 hr at 30" 
(Herbert, 1955). The mixture was then lyophilized and 
the lipids were extracted with 20 volumes of chloro- 
form-methanol (2: 1). The extract was partitioned with 
two-tenths volume of 1.19 x KCl. 

The hydrocarbons were isolated from extracts by a 
combination of silicic acid and Florisil chromatog- 
raphy. The lipids in hexane were loaded (20 mg/g) 
on a silicic acid (Mallinckrodt, 100 mesh) column made 
up in hexane (Fisher, certified) and the hydrocarbons 
were eluted with hexane (7 ml/g of silicic acid). This 
fraction was concentrated in vacuo and chromato- 
graphed with a loading of 10 mg/g on a Florisil (60-100 
mesh, Varian Aerograph, Walnut Creek, Calif.) column 
made up in hexane. Seven per cent by weight of water 
was added to the Florisil and allowed to equilibrate for 
at least 1 week in a closed container before it was used. 
The hydrocarbons were eluted with hexane (7 ml/g of 
adsorbent). 

Fractionation of the Hydrocarbons. GAS-LIQUID PAR- 
TITION CHROMATOGRAPHY. Several different columns 
were used for the various gas-liquid partition chroma- 
tography fractionations of hydrocarbons, fatty acid 
methyl esters, and long-chain ketones and pertinent data 
for these columns are given in Table 11. Most fraction- 
ations were run on a Barber-Colman series 5000 ap- 
paratus equipped with dual argon ionization detectors. 
It was modified by the addition of a heated outlet port 
which terminated in a male leur fitting. Fractions were 
manually collected in Pasteur pipets packed with Flori- 
si1 coated with 3 x Carbowax 20M (Matheson Coleman 
and Bell). The pipet was fitted with a silicone septum 
and attached by way of a 13-gauge syringe needle to the 
gas chromatograph outlet. Collected fractions were 
eluted from the adsorbent with benzene-chloroform 
(1:l) (8 ml/g of Florosil-wax). Recoveries as deter- 
mined by rechromatography or recovery of W label 
were from as little as 50x for fatty acid methyl esters 
to 95 %for C-22 to C-30 hydrocarbons. 

Fractions resolved from fatty acid methyl ester mix- 
tures were identified by comparison with branched- 
chain fatty acid standards obtained from Applied Sci- 
ences Laboratories, State College, Pa. Similar standards 
were not available for branched-chain hydrocarbons 
and identification of major fractions were made on the 
basis of the chromatographic behavior of normal sat- 
urated and unsaturated alkanes (LaChat Chemicals, 
Chicago), infrared analysis of isolated fractions, the 
behavior of monounsaturated hydrocarbons before and 
after hydrogenation, and the analysis of the fatty acids 
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obtained by oxidation of the double bond of the isolated 
fractions. By a combination of these techniques, it was 
found that the equivalent chain lengths as calculated 
from the relative retention times (Miwa, 1%3) on the 
cyclohexanedimethanol succinate liquid phase (colUmn 
3, Table 11) decreased from that for a normal alkane 
with the number of carbons in the primary aliphatic 
chain of the hydrocarbon by an increment of 0.65 and 
0.75 for each is0 and anteiso methyl branched chain, 
respectively, and decreased by an increment of 0.2 when 
there was a double bond near the center of the molecule. 
Comparison of the increase of the equivalent chain 
lengths after hydrogenation of heptacos-l3ene and 
tricos-Ilene (+0.20) with that of alk-lenes (+0.50) 
and of 1,13-heptacosadiene (f0.70) indicated that the 
change due to unsaturation decreaw to a minimum of 
0.2 as the double bond is found closer to the center of 
the molecule. Essentially the same change in the equiv- 
alent chain lengths due to is0 and anteiso branches was 
found with fatty acid methyl esters on this column. 
THIN-LAYER CHROMATOGRAPHY. Class purity of the 

hydrocarbons and fractionation on the basis of the 
number of double bonds were as described by Albro 
and Huston (1964). In addition, cis and trans isomers of 
monounsaturated hydrocarbons were separated on 500- 
p silica gel G (Merck, Darmstadt, Germany) plates that 
had been sprayed with 10% aqueous silver nitrate and 
air dried (Morris, 1962). Normal hexane was used as 
solvent and cis- and trans-heptacos-l3enes (Lachat 
Chemical Corp., Chicago) were used as reference stan- 
dards. Quantitative data were obtained by reisolation of 
the compounds and gas-liquid partition chromatog- 
raphy with an internal standard (Hornstein et al., 
1960) or by reduction of dichromate (Amenta, 1964). 

Permanganate-Periodate Oxidation. Since 90 % of the 
hydrocarbons from 48-hr ctiltures of FD-533 were un- 
saturated, oxidation at the double bond to form acids 
charac(eristic of the aliphatic groups to either side of 
the bond was particularly useful in  elucidating the struc- 
ture of the parent hydrocarbon. Oxidation was done by 
a modification of the general permanganate-periodate 
oxidation procedure described by von Rudloff (1956). 
Hydrocarbon (5 mg) was dissolved in 4 ml of t-butyl 
alcohol to which was added and mixed 1 rnl of 0.002 M 
Na,CO:,, 2 rnl of 0.01 N sodium periodate-0.0025 N 
K MnO,, and 3 ml of water. The resulling emulsion was 
vigorously stirred for 3 hr at 25" and decolorized by the 
addition of sodium metabisulfite. NaOH (1 ml of 1 N) 

was added and the mixture was concentrated in vacuo 
to rernuve t-butyl alcohol. Water (5 ml) was then added 
and rhr mixture was partitioned twice with 10 ml of 
hexane to remove saturated and unreacted hydrocar- 
bons. Afler acidifying the water phase, the fatty acids 
were extracted from it with two 10-ml aliquots of di- 
etliyl ether. The ether extract was washed with water, 
dried over anhydrous sodium sulfate, and evaporated 
to tlryncss in raciw. 

The efficiency of the oxidation was checked by de- 
termining the recovery of radioactivity in the fatty acid 
fraction after the oxidation of W-labeled unsaturated 
hydrocarbons. Cells (FD-533) were grown up in the 
presence of acetate-2-lT and the hydrocarbons were 

isolated and freed of saturated molecules by the forma- 
tion of mercuric acetate adducts. After oxidation of the 
unsaturated hydrocarbons, 98 of the radioactivity was 
recovered in the fatty acid fraction. 

Results 

Characterization of the Bacteria and General Charac- 
teristics of the Fatty Acids and Hydrocarbons. ChmC- 
teristics of the strain of S. lutea, FD-533, from the Fort 
&trick collection which probably originated from the 
American Type Culture Collection strain 533 and a 
culture of this strain recently obtained from the ATCC 
are summarized in Table III. We have also indicated the 
characteristic where specified in the 7th edition of Ber- 
gey's Manual (Breed et al., 1957) and summarized the 
data on the distribution of fatty acids and hydrocarbons 
as reported for AT=-533 by Tornabene et al. (1967 
a,b). It is our conclusion that these data show that the 
strain ATCC-533 which we have is not S. lutea, and with 
respect to fatty acid and hydrocarbon content, it more 
nearly resembles the organism studied by Tornabene 
et al. than does the authentic culture of S. lutea, FD- 
533. 

Factors Affecting Yield and General Properties Of 
Hydrocarhons. The hydrocarbons extracted from early 
stationary-phase cells with neutral chloroform-meth- 
anol represented only 20% of the total that could be 
extracted with acidified chloroform-methanol Or ex- 
tracted after saponification of the cells. An approxi- 
mately additional 20% of the hydrocarbon could be 
extracted with neutral chloroform-methanol when the 
cell residue was treated with lysozyme. The remaining 
6 0 z  was extracted with acidified solvent or after saponi- 
fication. In general a larger proportion of the hydro- 
carbons was extracted with neutral ch1oroform:meth- 
anol from cells grown in the M73b media than from 
cells grown in trypticase soy broth. The proportions 
indicated above were for early stationary-phase cells 
and showed some variability with different batches of 
cells. The growth phase itself was found to alter the 
proportions and these differences are shown in Figure 1. 

Usually the failure to extract lipids with neutral sol- 
vent is associated with polar lipids as with the polyphos- 
phoinositides in brain ( e x . ,  Dittmer and Dawson, 1%1) 
and phospholipids in yeast (Letters, 1966). In the latter 
case, the extent to which the cells are broken up is also 
a factor (Harrison and Trevelyan, 1963), and the effect 
of treatment with lysozyme suggests that this may also 
be a factor with S. lutea. S. Iutea extracted with neutral 
solvent appeared intact under the microscope although 
the packets or octads of the cells were dissociated. Cells 
extracted with acidified chloroform-methanol appeared 
to have been shredded or broken up. Additional param- 
eters appeared to be involved in this phenomena in S. 
lutea. When "C-labeled octadecane (Nuclear-Chicago) 
was added to log-phase cultures of FD-533, it was taken 
up from the media completely by the cells and was, 
even after 7 hr, completely recovered from the cells by 
extraction with neutral chloroform-methanol. This 
suggested that there may be at least two distinct pools 
of hydrocarbons in the cells that are distinguished by 397 
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TABLE m: Characterization of FD-533 and ATCC-533 Strains of Bacteria. 

Characteristic FD-533 ATCC-533 Published. 

Agar colonies 
Size (mm) 4-5 <1 
Morphology Raised, circular, and smooth Crenulated Raised, circular, entire 
Color Yellow Yellow Yellow 
Tactility Soft Tough Soft 

Broth culture 
Optimum temperature (“C) 25 30 25 
Cell morphology 

Cell diameter &) 

HS produced 
Nitrate reduced 
Indole produced 
Litmus milk 
Isoleucine required 
Pigment released into 

Metabolism 

medium 

C1I-G 

br-13 
n-13 

br-14 
n-14 

br-15 
n-15 

br- 16 
n-16 

br-17 
11-17 

n-18 
61- 1 8 

Spheres in octads Spheres, single and in Spheres in packets 

1 .3  
chains 

0 . 9  

- - 
Coagulated, alkaline Coagulated, acid + - 

Trace 
0 .3  

Trace 
1 . 6  
0.2 

94.1 
0.7 
1.9 
0.5 
0 . 8  

Trace 
0 
0 

0 . 3  
0 .1  
0.9 
1.6 

18.4 
12.7 
65.3 
0 . 4  

Total Lipid Fatty Acids* 
Trace 
0.3 

Trace 
0 . 4  
0 . 9  

89.5 
Trace 

1 . 9  
2 . 0  
2 .8  
0 .1  
1.6 
0.7 

Hydrocarbons* 
1 .3  
3.4 

36.3 
7 . 8  

46.3 
1 . 8  
2 .9  

1 .O-1.5 

+ 
Slight 
Coagulated, alkaline 

f 

0.23 
1.82 

4.14 
6.45 

70.09 

5.97 
5 .4  
4.14 

0.14 

0 . 7  
4 .4  

13.4 
28.6 
24.8 
23.7 
2.5 

~~ 

0 Published characteristics for colonies, cultured cells, and metabolism of S. futea are taken from Bergey’s Manual 
(Breed et af . ,  1957). The published values for fatty acid composition of the lipids and hydrocarbon composition are 
taken from Tornabene et a[. (1967) and are for strain 533 of S. lutea from the American Type Culture Collection. 
b Distribution given in terms of the per cent of the total area under a gas-liquid partition chromatography tracing. 
Fractionations were done on column 2 of Table 11. 

the ease with which they are extracted. The fact that the 
proportion of the hydrocarbon not extracted with neu- 
tral solvent decreased during log phase to a minimum in 
early stationary phase, and then increases again during 
stationary phase (Figure l), was consistent with not only 

physically distinct pools (in terms of extractability) 
but perhaps even metabolically distinct pools. In this 
respect, it was surprising to find that the hydrocarbon 
extracted with neutral solvent with or without lysozyme 
treatment and the “bound” hydrocarbon that could be 398 
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TABLE IV : Gas-Liquid Partition Chromatography of 
FD-533 Hydrocarbons from Cells Grown on Trypticase 
Soy Broth and M73b Medium: 

Distribution. 

Equivalent Chain Trypticase Soy 
Lengthb Broth M73b 

<20 3 . 8  0 . 2  
20.2 Traced 
22.5 0 . 3  0.1 
23.0 0 . 2  0 . 1  
23.5 Trace Trace 
24 .0  0 . 3  0 . 2  
24.5 0 . 6  0 . 4  
25.3 1 . 4  0 . 9  
25.5 Trace Trace 
26.0 10.3 24.0 
26.5 8 . 1  0 . 9  
27 .0  0 0 
27 .3  12.4 14.5 
27.5 0 . 3  0 . 4  
28.4 65.3 57.8 
29.4 0 . 2  0 . 2  
30.2 0 . 2  0 . 1  

>30.2 Trace Trace 

a The hydrocarbons were from cells grown for 48 hr 
and were separated on column 2 of Table 11. * Equiva- 
lent chain length as calculated by Miwa (1963). ~Cal -  
culated on the basis of the per cent of the total area 
under each peak on the gas-liquid partition chromatog- 
raphy tracing. Less than 0.1 %. 

extracted only with acidified solvents when examined 
on SE-52 and XE-60 gas-liquid partition chromatog- 
raphy columns appeared to have the same quantitative 
distribution of components. 

Finally, in regard to other factors affecting the hydro- 
carbons, the growth curves for FD-533 grown in either 
M73b or trypticase soy broth media were essentially 
identical and the curve shown in Figure 1 for trypticase 
soy broth is typical. The hydrocarbons of 48-hr cultures 
in either media showed only small differences when sep- 
arated by gas-liquid partition chromatography on SE-52 
columns (Table IV). One observation that may be of 
some potential interest was that the pH of the media 
changed during growth with either media, and the 
change correlated with hydrocarbon content. The pH 
drops from 7.2 at start of incubation to 6.0 at 30 hr or 
the end of log phase and then rises to pH 8.0 by the 
48th hr. 

Characterization of the Hydrocarbons of FD-533. 

soy broth shake cultures, 9-10% by weight of the hydro- 
carbon, as determined by the distribution of the mer- 
curic acetate adducts, were saturated. This compares 
with 89 saturated hydrocarbons in 84-hr cultures 
grown in the same media aerated with a sparger as re- 

THIN-LAYER CHROMATOGRAPHY. In 48 hr, tryptiCaSe 

0.5 1.1 
I n 

IO 20 30 40 50  60 
TIME (hours) 

J 

FIGURE 1 : Changes in the content of hydrocarbon with growth 
in a trypticase soy broth culture of FD-533. Total hydro- 
carbon extracted with acidified chloroform-methanol (O), 
hydrocarbon extracted with neutral chloroform-methanol 
(A), and weight of dry cells per liter of culture medium (0). 

ported by Albro and Huston (1964) or 22.6% saturated 
when grown in shake flasks. Approximately 1.3% of 
the hydrocarbons were polyunsaturated in log phase 
and this decreased to 0 . 2 4 4 %  in stationary phase with 
cells grown in either trypticase soy broth or M73b media 
in shake flasks. The monounsaturated hydrocarbons 
represented approximately 90% of the total in 48-hr 
trypticase soy broth cultures and when these were 
chromatographed on silver nitrate impregnated silica 
gel plates no trans isomers could be detected. 

INFRARED SPECTROSCOPY, A Perkin-Elmer Model 21 
spectrophotometer was used to examine hydrocarbons 
spread as films on NaCl or AgCl plates or in CC14 solu- 
tion. Spectra of the total hydrocarbon fraction or of the 
saturated and unsaturated hydrocarbons scanned sep- 
arately showed no indication of the presence of t-butyl 
groups, three- to six-membered rings, phenyl groups, 
conjugated unsaturation, carbon-to-carbon triple bonds, 
vinyl groups, or allenes on the basis of the characteristic 
group frequencies given by Szymanski (1967) and Rao 
(1963). The saturated hydrocarbons, freed of unsatu- 
rated ones by two treatments with mercuric chloride 
followed by elution from Mallinckrodt silicic acid with 
n-hexane, gave spectra typical of long-chain branched 
alkanes (Szymanski, 1967; O'Conner, 1960). In par- 
ticular, absorption at 7.25 and 7.35 f i  (1379 and 1361 
ern-'), which was stronger at 7.25 p, indicated the pres- 
ence of both iso and anteiso branching. These assign- 
ments of absorption were confirmed by the presence of 
a peak at 1 2 . 9 ~  (765 cm-1) which indicated the presence 
of an isolated ethyl group (Wheeler, 1954), a band at 7.45 
I.( (1342 cm-l) attributable to a carbon at a branch point, 
and the absence of bands at 13.5 and 8.8 I.' (741 and 
1150 cm-l) which would have indicated the presence of 
n-propyl groups and quaternary carbons, reswctively 
(Wheeler, 1954). Saturated hydrocarbons spread as thin 
films showed a doublet at 13.75, 13.95 P (728, 717 cm-9 
due to orthorhombic packing of polymethylene chains 
of four or more sequential methylene groups (Chap- 
man, 1965). This doublet was found only with solid- 
state spectra. 

The unsaturated hydrocarbons, isolated by regenera- 
tion from their mercuricacetate adducts and by thin-layer 399 
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TABLE v : Comparison of the Distribution of FD-533 Hydrocarbons on SE-30 and Cyclohexanedimethanol Succinate 
Gas-Liquid Partition Chromatography Columns: 

Distribution 

Cyclohexanedimethanol Succinate Reduced SE-30 -- 
Carbon N0.b 0.0 0.1 0.2 0.3 0.4 0.5 0.7 

<20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

2 . 3  
Trace 
0 .5  
0 . 2  
1 . 5  
1 . 5  

18.4 
12.9 
65.3 
0 . 5  
0 . 2  

0 . 2  
Trace 
0 . 8  
0 . 1  
9 . 8  
1 . o  
4 . 0  
0 . 4  
Trace 

0 . 3  
Trace Trace Trace 

1 . 3  0 . 2  
0 . 8  

2 . 0  5 . 9  
1 1 . 3  0 . 6  0 . 4  
1 1 . 3  48.8 Trace 

0 . 2  
Trace 

., The conditions for gas-liquid partition chromatography are given in Table 11, columns 1 and 3, respectively. 
The hydrocarbons were from cells grown in trypticase soy broth for 48 hr. b The whole number portion of the equivalent 
chain length. The fractional portion is indicated in the series of columns to the right. 

chromatography on silver nitrate impregnated silica 
gel plates, gave spectra nearly identical with those from 
the saturated hydrocarbons. In addition, small bands 
at 3.27-3.30, 6.03-6.08, and 14.4 p (3030-3660, 1645- 
1659, and 695 cm-l) indicated the presence of isolated 
cis double bonds (Szymanski, 1967). Since this fraction 
was a liquid at room temperature, the 13.75, 13.95 p 
doublet observed with the saturated hydrocarbons was 
replaced by a broad band at 13.9 p (720 cm-l). 

The infrared spectra were consistent with the hydro- 
carbons being primarily a mixture of saturated and un- 
saturated, long-chain aliphatic compounds with is0 and 
anteisn branch chains and cis double bonds. The pos- 
sibility of the occurrence of ethyl branches cannot be 
ruled out. 

GAS-LIQUID PARTITION CHROMATOGRAPHY AND MOLEC- 
ULAR SIEVE FRACTIONATION. Gas-liquid partition chro- 
matography on SE-30 (column 1 of Table 11) separated 
the hydrocarbons primarily on the basis of the number 
of carbons in the main aliphatic chain and methyl branch 
chains increased the equivalent chain length by 0.5 
unit. Since, as is shown on the basis of the oxidation 
studies described below, most of the hydrocarbons have 
branched chains at both ends, the equivalent chain 
lengths of the major fractions are whole numbers and are 
one unit larger than the number of carbons in the main 
aliphatic chain. Fractionation on cyclohexanedimeth- 
anol succinate (column 3 of Table 11) separated the hy- 
drocarbons further on the basis of the types of branched 
chains present as described in detail in the Methods sec- 
tion. This is clearly seen from the data on the equivalent 
chain lengths and distribution of fractions given in 
Table V. 

When the hydrocarbons were hydrogenated for 16 
hr in n-heptane with PtOz as catalyst and chromato- 400 

graphed on cyclohexanedimethanol succinate, all of the 
components comprising more than 0.2 of the total 
showed an increase in the equivalent chain lengths of 
0.2 unit. This was consistent with the thin-layer chro- 
matography and infrared data which indicated that the 
hydrocarbons were composed predominantly of mono- 
enes. 

Molecular sieve treatment of the hydrogenated total 
hydrocarbons on Type 5A Sieve (Union Carbide) by the 
procedures of Mold et al. (1963) and O’Connor and 
Norris (1960) showed that 95-97z by weight of the hy- 
drocarbon were excluded and presumably had branched 
chains or ring structures. Ring structures were, as indi- 
cated above, found to be absent by infrared spectros- 
COPY. 

These data gave only an indication of the complexity 
of the hydrocarbon mixture and additional information 
was obtained by more detailed examination by thin- 
layer chromatography and gas-liquid partition chro- 
matography of the three major fractions, those with 27, 
28, and 29 carbons, and by oxidation of the double 
bonds of the hydrocarbons. 

Characterization of the C-27, C-28, C-29 Hydrocar- 
bons and Permanganate-Periodate Oxidation Studies. 
Monoenes make up more than 90% by weight of the 
total hydrocarbon fraction from 48-hr trypticase soy 
broth cultures and the data in Tables IV and V show 
that approximately 97% of the hydrocarbons have 27, 
28, or 29 carbons (equivalent chain lengths 26,27, or 28). 
Each of these three “families” of hydrocarbons were 
separately collected by preparative gas-liquid partition 
chromatography (column 6 of Table 11). Rechromatog- 
raphy on cyclohexanedimethanol succinate (column 
3 of Table 11) showed that each fraction was homoge- 
neous with respect to the total carbon numbers. 
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TABLE VI : Distribution of Total Lipid FattyAcids and Fatty Acids from Oxidation of Hydrocarbons: 

% Distribution. 

Total Cn CZ3 C Z 9  

Fatty Acidb Total Lipid Hydrocarbon Hydrocarbon Hydrocarbon Hydrocarbon 

br-10 Trace Trace 0.1 Trace Trace 
n-10 Trace Trace 0.1 Trace Trace 
i-11 Trace Trace 0.1 Trace Trace 
a-1 1 Trace Trace 0.7 Trace Trace 
n-11 Trace Trace 0 .1  Trace Trace 
i-12 Trace 1 .o  5 . 3  2 .5  Trace 

a-12 0 0 . 3  15.7 4 . 8  Trace 
n-12 Trace Trace 0 . 5  5.1 Trace 
i-13 0 . 1  2 .7  26.4 10.7 0 .1  

a-13 0 . 2  1 . 2  6.4 5.6 Trace 
n-13 Trace 0 . 5  0.4 3 . fI Trace 
i-14 1.6 7.8 14.5 17.0 7.1 

a-14 0 36.0 5.6 3.4 43.3 
n-14 0.2 1.5 7.6 3 , :i 0 . 2  
i-15 35.9 7.1 1 . 3  5.5 7.1 

a-15 58.2 35.5 9.3 13,2! 40.2 
n-15 0 . 7  0 . 6  3 .4  1 .3  0 .1  
i-16 1 .9  0 . 7  1 .o  4 .6  0 . 4  

a-I6 0 0 .4  Trace 9.8 0 . 1  
n-16 0 .2  3.9 Trace 5 .6  1 . 2  
i-17 0.1 0 . 8  0 . 2  1 .o  0 .3  

a-17 0 . 7  Trace 0 . 3  2.8 Trace 
n-17 Trace Trace 1 . 1  Trace 0 . 2  
>17 0 0 0 0 0 

a Lipids from 48-hr trypticase soy broth culture of FD-533. Fatty acids analyzed on column 4 of Table 11. * br = 
branched, i = iso, a = anteiso, n = normal. The number given is the number of carbon atoms in the fatty acid. c Cal- 
culated as the per cent of the total area under each peak on the gas-liquid partition chromatography tracing. 

Samples of the total hydrocarbon fraction, total 
rnonoenes isolated by thin-layer chromatography, and 
the C-27, C-28, and C-29 fractions were subjected to 
permanganate-periodate oxidation. The fatty acids were 
converted into methyl esters as described by Metcalfe 
and Schmidtz (1961) and analyzed by gas-liquid par- 
tition chromatography on 3 % cyclohexanedimethanol 
succinate (column 4 of Table 11). The total hydrocar- 
bons and total monounsaturated hydrocarbons gave 
essentially identical results and the average distribution 
of the fatty acids derived from them are given in Table 
VI under “total hydrocarbons.” The fatty acids pro- 
duced by saponification of the total extractable lipid 
from the same culture from which this sample of hy- 
drocarbons was obtained were also analyzed and the 
data are included in Table VI. If one assumes a random 
distribution of the various aliphatic groups as associated 
with each other in the monounsaturated hydrocarbons, 
the data in Table VI are consistent with over 200 differ- 
ent individual components in the hydrocarbons. Ob- 
viously complete isomeric composition cannot be deter- 
mined on this basis but several general observations 
can be made and these have been in part summarized in 
Table VII. 

The C-29 hydrocarbons were resolved into three frac- 
tions on cyclohexanedimethanol succinate (Table V) 
for which the equivalent chain lengths indicated struc- 
tures corresponding to iso, iso’, iso, anteiso’, and anteiso, 
anteiso’ configurations of the two aliphatic terminae. 
The fatty acids produced on oxidative cleavage of the 
double bonds are almost exclusively branched iso- and 
anteiso-C-14 and C-15 acids. Also 98 of these hydro- 
carbons have the double bond at C-13. The acids 
found could be combined in only four different ways to 
give C-29 hydrocarbons meeting these specifications. 
From this it is possible to calculate that the C-29 mono- 
unsaturated hydrocarbons consisted of the components 
indicated in Table VIII. 

Three other observations based on the data in Table 
VI were of particular significance to the possible bio- 
synthetic pathways for these hydrocarbons. Only 6.5 % 
of the fatty acids from oxidation of the total hydrocar- 
bons have straight chains, no fatty acids of greater length 
than the longest fatty acid present in the saponifiable 
lipids were produced by oxidation of the monounsatu- 
rated hydrocarbons, and anteiso, even carbon-numbered 
fatty acids, which were not found in the sapocifiable 
lipids, were found in the hydrocarbon oxidation prod- 401 
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TABLE w: General Characteristics of C-27, (2-28, 
and C29 Hydrocarbons of FD-533. 

Per Cent 
Conliguration and 

Double-Bond Position C-27 C-28 C-29 

Distribution of the Structure of the Aliphatic Terminae 
is0 48.8 37.8 15.0 
antesio 38.1 32.0 83.7 
n 13.2 19.1 1 .3  

Distribution with Respect to the Position of the 
Double Bond in the Primary Hydrocarbon Chain 

A* 0.6 
A lo 1.8 
A 11 28.0 25.0 
A" 55.0 40.0 
Ala 24.0 98.0 
Other 14.0 11.0 2.0 

ucts. The significance of these observations will be 
pointed out in the Discussion. 

Fatty Acidr Produced by Oxidation of ATCC-533 Hy- 
riiorerbons. The data for the distribution of the fatty 
acids obtained by oxidation of the hydrocarbons of a 
48-br trypticase soy broth culture of ATCC-533 are 
given in Table IX. The most striking difference between 
this Micrococcus and S.  lutea is in the much larger pro- 
portions of branched-chain C-13 and C-12 fatty acids. 
Since most of the fatty acids obtained by oxidation have 
branched chains, it must be concluded that most of the 
hydrocarbons have both terminae branched. 

Isolation of Possible Intermediates in the Biosynthesis 
of S. lutea Hydrocarbons. In 48-hr cultures of FD-533, 
most of the hydrocarbons were monounsaturated and 
the position of the double bond was consistent with a 
biosynthetic pathway involving the head-to-head con- 
densation of fatty acids. If this is the pathway, then both 
long-chain ketones and secondary alcohols may be in- 
termediates. Accordingly, FD-533 lipid extracts were 
saponified either by refluxing in 20 volumes of 1 N KOH 
in water-ethanol(3:I) or by heating for 3 hr in a closed 
tube at 100" with 20 volumes of 2 N KOH in 50% aque- 
ous ethanol. The nonsaponihble lipids were extracted 
with petroleum ether (bp 30-60') and the ether extract 
was washed in succession with 1 M NanCOa, water, and 
saturated NaCl, dried over anhydrous NaSO,, filtered 

- ~~ ~ 

TABLE WI: Composition of the C-29 Hydrocarbons. 

Component % __ ~ _ _ _  

2,26DimethyUleptacos-l3ene 6.1 
2fS-Dimethylheptams-13ene 8.7 
3,26-Dimethylheptacos-l3ene 8.7 
3,25-Dimethylheptacos-l3ene 74.0 
other isomers 2.3 402 

TABLE IX: Fatty Acids Obtained by Periodate-Perman- 
ganate Oxidation of ATE-533 Hydrocarbons. 

Fatty Acid Distribution 
~~~~~ ~ 

br-11 
n-11 

br-12 
n-12 

br-13 (iso) 
n-13 

br-14 (is0 + anteiso) 
n-14 

br-15 
n-15 

br-16 (anteiso) 
11-16 

Others 

0 .9  
Trace 
28.1 
Trace 
38.0 
0 .5  

31.3 
Trace 
0 . 4  

Trace 
0 . 3  
0.5 

Traces 

through glass wool, and concentrated in DOCUO. This 
lipid was passed through a column of Florisil in ten vol- 
umes of ethyl acetate-acetone (9:l) to remove any con- 
taminating traces of fatty acids or acidic pigments. 

Two-dimensional thin-layer chromatography on silica 
gel G plates developed in benzene-chloroform (9:l) 
(first direction) and petroleum ether-diethyl ether-acetic 
acid (9O:lO:l) (second direction) were run. Spots were 
visualized by spraying first with 0.4 2,4dinitrophenyl- 
hydrazine in 2 N HCl followed by 0.005 % Rhodamine 
6G and finally with H&O,-HNOa-H20 ( 5  :3 :3) for char- 
ring at 180". A tracing of a typical chromatogram is 
shown in Figure 2. The lipid classes detected were ten- 
tatively identified by means of the in situ functional group 
analyses described by Purdy and Truter (1963) and by 
cochromatography with standards. On this basis spots 
corresponding to hydrocarbons, vitamin K's, aliphatic 
ketones, aldehydes, primary and secondary alcohols, 
and at least two hydroxylated pigments were identified. 

Our attention at this time was concentrated on estab- 
lishing the identity of the ketones and secondary alcohols 
with the possibility of subsequently establishing whether 
they were hydrocarbon intermediates. The ketones were 
isolated in pure form after reaction with 2,4-dinitro- 
phenylhydrazine as described by Cheronis (1954). The 
monocarbonyl derivatives were isolated with the column 
procedure of Schwartz et al. (1963) and the ketone de- 
rivatives were separated from these with Magnesia 2665 
as described by Schwartz et al. (1962) or by first regen- 
erating the free carbonyl compounds (Demaecker and 
Martin, 1954) followed by removal of the aldehydes 
with bisulfite (Cheronis, 1954). The dinitrophenylhy- 
drazine derivatives of these ketones had a A,, at 361 mp 
in 95 ethanol and a peak at 525 mp which was stable 
in 1 ethanolic NaOH (Jones et al., 1958), as did the 
derivative of authentic 12-tricosanone. Infrared spectra 
of CClr solutions of the free ketones showed the ex- 
pected (Rao, 1963; Kawada et al., 1966) bands at 7.10 
p (CHI adjacent to C=O) and 7.31 and 8.90 p (aliphatic 
chain with more than two carbons). Methyl ketones 
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TABLE x: Distribution of Ketones and Hydrocarbons 
from a 48-Hr Trypticase Soy Broth Culture of FD-533. 

Ketones Hydrocarbons 

Dis- Dis- 
No. of tribu- tribu- 

Carbons RRT. tion RRT. tion 

<20 5 0 . 4 8  7 .6  5 0 . 2 8  3.1 
20 0.60 2 . 4  0.36 0 . 4  
21 0.78 1 .6  0.47 0.1 
22 1 04 2.3 0.64 0 . 3  

2 3-24 1.31 1 . 8  0.81 0 . 2  
25 1 70 1 . 8  1.05 0.9 
26 2.11 3 8  1.32  1 . 4  
27 2.76 18.3 1.74 18.4 
28 3.42 10.5 2.16 12.4 
29 4 47 34.6 2.85 65.3 
30 5 51 6 . 7  3.50 0 . 2  
31 6 96 2 . 8  4.10 0 . 2  

0 Relative retention times calculated with n-tetra- 
cosane = 1 at 275". Fractionations were carried out 
on column 1 of Table 11. 

were not detected (absence of bands at 7.39 and 8.60 
1.1). Gas-liquid partition chromatography of the ketones 
on SE-30 (column 1 of Table 11) showed the distribution 
of components given in Table X. Data for the distribu- 
tion of the hydrocarbons from the same preparation 
are included for comparison. The separation factor for 
the corresponding ketone and hydrocarbon was 1.60. 
Under the conditions used, a C=O/CHs was 1.55 and 
a CHCH&H=CH was 1.03. The data were therefore. 
in agreement with a series of aliphatic saturated ketones 
of the general structure R(C=O)R' with both R and 
R' having two or more carbons. The similarity of dis- 
tribution between the ketones and hydrocarbons sug- 
gests close metabolic interrelationship. 

Primary and secondary aliphatic alcohols were iso- 
lated by preparative thin-layer chromatography on 500- 
1.1 silica gel G plates developed in benzenechloroform 
(7:3). Each fraction was scrapped from the plate, eluted 
with chloroform-thanol(1 :l), and purified by column 
chromatography on Florisil. The column was made up 
in benzene and the alcohols were placed on the column 
in the same solvent. After a preliminary wash with 15 
ml of benzene/g of Florisil, secondary alcohols were 
eluted with 15% ether in hexane (8 ml/g) and primary 
alcohols with diethyl ether-hexane (1 :1) (8 ml/g). Both 
alcohol fractions, as well as their acetates (Pietrzyk and 
&lisle, 1966), gave single spots on thin-layer chroma- 
tography in benzene-ethyl acetate (8: 1) and chroma- 
tographed the same as authentic primary (behenyl and 
oleyl) and secondary (12-tricosanol) alcohols and their 
acetates. The secondary alcohols showed the expected 
infrared absorption bands at 2.95, 7.85, and 8.8 I( while 
the primary alcohols absorbed at 2.95, 7.80, and 9.4 1.1 
when scanned as thin films on NaCl. There was an in- 

';I W 

SOLVENT B -- 

FIGURE 2: Thin-layer chronlatogram of FD-533 nowponifi- 
able lipids developed first with solvent A, benzene4dorc- 
form (9:1), and second with solvent B, petroleum ether- 
diethyl ether-acetic acid (90: 10: 1). Standards run above the 
solvent fronts were: (1) behenyl alcohol, (2) tricosan-12-01, 
and (3) tricosan-12-one. Comparison of the S. lutea fraction 
with these standards and the chromatographic behavior of 
the compounds on other plates after treatment with the re- 
agents described by Purdy and Truter (1963) led to the fol- 
lowing identifications: (4 and 5)  yellow, hydroxylated pig- 
ments, (6) primary alcohols, (7) unidentified, (8) secondary 
alcohols, (9) aldehydes, (10) ketones, (11) unidentified, (12) 
unidentified fluorescent compound, and (13) hydrocarbons. 

sufficient amount of alcohols recovered, less than 0.1 
of the total lipid, to do any further characterization. 

Discussion 

The large proportion of monounsaturated hydro- 
carbons in S .  lutea during early stationary phase made 
it possible to obtain information not otherwise possible 
on the nature of the aliphatic groups to either side of 
the double bond. In the case of FD-533 and the Micro- 
coccus, ATCC-533, over 94$ of these aliphatic groups 
have branched chains. This fact coupled with the fact 
that 96% of the fatty acids in both organisms have 
branched chains strongly suggests that the hydrocar- 
bons are synthesized by condensation of two fatty acids. 
Differences in the proportions of certain fatty acids 
found in the oxidation products and total lipids, 
particularly the occurrence of even-carbon-numbered 
branched-chain acids in the former, suggest that decar- 
boxylation of one of the fatty acids participating in the 
condensation occurs. This is clearly supported in S. 
futea by the fact that the two major fatty acids obtained 
by oxidation of the hydrocarbons were branched-chain 
C-14 and (2-15 and the latter was the major fatty acid 
found in the lipids. Condensation of 2 moles of the 
C-15 branched-chain fatty acids with each other and with 
decarboxylation. of one of them would give a C-29 hy- 
drocarbon with the double bond between C-13 and C- 
14 of the main chain. This is the structure of the major, 
monounsaturated hydrocarbon. 

No such correspondence occurs with ATCC-533. 
Here again the major fatty acids are branched-chain 
C-15 but oxidation of the monounsaturated hydrocar- 
bons yields primarily C-12, C-13, and C-14 branched- 403 
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chain fatty acids. The fact that most of the aliphatic 
groups are branched is contrary to what would be ex- 
pected if the hydrocarbons are synthesized by the elon- 
gation of fatty acids. With this mechanism, at least half 
of the fatty acids obtained by oxidation of the hydro- 
carbons should be normal or unbranched unless the 
methyl branches are introduced subsequently to the 
elongation. An alternative explanation which is con- 
sistent with head-to-head condensation is that in ATCC- 
533 there is selectivity as to which of the fatty acids par- 
ticipates in the condensation and the selectivity extends 
to whether the fatty acid undergoes decarboxylation. 
The selectivity most consistent with the data presented 
would be condensation of is&-13 fatty acid (with or 
without decarboxylation) with itself or with anteiso and 
is&-15 fatty acid (with obligatory decarboxylation) 
to yield the major hydrocarbons, C-25 and C-27. This 
requires that the branched-chain C-13 fatty acids, which 
occur in very low concentrations in the total lipid, 
play a major role in hydrocarbon synthesis; but it can 
be argued that the selectivity for C-13 branched-chain 
fatty acids in hydrocarbon synthesis accounts for its 
low level in the lipids. 

The Occurrence of long-chain ketones and secondary 
alcohols in the lipids of S. lutea is also consistent with 
the synthesis of hydrocarbons by head-to-head conden- 
sation of fatty acids. These compounds would be ex- 
pected as intermediates in addition to the monounsat- 
urated hydrocarbons which in 48-hr cultures are the 
major form present. On the other hand, no fatty acids 
in the range of C-22 to C-32 were detected by gas-liquid 
partition chromatography although if synthesis occurred 
by way of elongation, they would be expected inter- 
mediates. Kolattukudy (1967) proposed that in Brassica 
long-chain fatty acid intermediates remain enzyme 
bound until converted into hydrocarbon and are there- 
fore not isolated. Data to be presented in subsequent 
papers of this series on the in vivo and in vitro incor- 
poration of labeled intermediates into the hydrocar- 
bons of S.  lutea support a mechanism involving head- 
to-head condensation; however, long-chain ketones 
and secondary alcohols do not appear to be direct in- 
termediates and a new mechanism for hydrocarbon syn- 
thesis consistent with these labeling experiments will 
be presented. 
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Bile Acids. XXVI. The Metabolism of 12a-Hydroxycholanoic 
Acid-24"C in the Rat' 
R o M  C. Sonders,t S. L. €Ma,$ E. A. Doisy, Jr., John T. Mawhiner, and William H. motti 

ALWRACT: 12a-Hydroxycholanoic acid-24-IC was 
prepared by a nitrile synthesis from the norbromide 
and administered intraperitoneally to each of three rats 
with bile fistulas. Within 24 hr most of the adminis- 
tered I C  was recovered in bile. After alkaline hydrolysis 
of the conjugated bile acids, the free bile acids were 
separated by partition chromatography. Of the chroma- 
tographed IC, 12% was identified as unchanged 12a- 
hydroxycholanoic acid, 26% as 7a,l2adihydroxy- 

T e  ability of the rat to hydroxylate bile acids at 
positions 6/3 and 7a has been demonstrated in several 
previous studies. For example, lithocholic acid is 
metabolized to chenodeoxycholic acid, 3a,6/3-dihydroxy- 
cholanoic acid, and a- and #J-muricholic acids (Thomas 
et al., 1964); and deoxycholic acid is metabolized 
mainly to cholic acid (Bergstrom et ul., 1953) with 3a,- 
6&12a-trihydroxycholanoic acid as a minor product 
(Ratliff etal., 1959). 

Hydroxylation at positions 68 and 7a does not seem 
to be limited to the natural occurring bile acids which 
contain hydroxyl groups at position 3a. In a previous 
study at this laboratory cholanoic acid was found to 
form 7a-hydroxycholanoic, chenodeoxycholic, and a- 
and /3-muricholic acids. Since lithocholic acid was not 
detected among the metabolites, the identification of 
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cholanoic acid, 18% as deoxycholic acid, 15% as 
cholic acid, and a small amount of 6/3,12a-dihydroxy- 
cholanoic acid, a new bile acid. Methods of preparation 
and data for characterization of the new acid are 
provided. These results extend earlier observations on 
the ability of the rat to  oxygenate the nucleus of chol- 
anoic acid at position 7 in the absence of a 3a-hydroxyl 
group and suggest a limited ability to  oxygenate 12a- 
hydroxycholanoic acid in the 6/3 position. 

7a-hydroxycholanoic acid suggested that the metabolic 
process might be initiated by 7a hydroxylation rather 
than 3a hydroxylation (Ray et al., l%l). In an attempt 
to  determine what effects, if any, hydroxylation at the 
12a position of the steroid nucleus may have on the 
course of bile acid metabolism, we have studied the 
metabolism of 12a-hydroxycholanoic acid in the rat. 
This study necessitated the preparation of a series of 
new bile acids. Methods of preparation and data for 
characterization of these new acids are also included 
with results of metabolic studies in this report. 

Experimental procedure' 

Chromatography. Bile acids were chromatographed 
on an acetic acid partition column as previously d e  
scribed (Matschiner et al., 1957). The fractions have 
been designated according to the percentage of benzene 
in hexane. For example, fraction 20-1 represents the 
first fraction of the eluent containing 20% benzene in 
hexane. The procedure of reversed-phase partition 
column chromatography of Bergstrom and Sjovall 

1 Melting point determinations were taken on a Fisher-Johns 
apparatus and are reported as read. Infrared spectra were 
determined in Nujol with a Perkin-Elmer spectrophotometer. 
Model 21, equipped with rock salt optics and ordinate scale 
expansion. Ultraviolet spectra were determined with a Hitachi 
Perkin-Elmer spectrophotometer, Model 139. Optical rotations 
were determined in methanol at a concentration of 1% unless 
stated otherwise with a Rudolph photoelectric spectropolarim- 
eter, Model 2004. Elemental analyses were performed by Gal- 
braith Laboratories, Inc., Knoxville, Tenn. Radioactivity was 
measured with a Packard Tri-Carb Liquid-scintillation spectrom- 
eter, Model 33 14, as previously reported (Ray et al.. 1961). 405 
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