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Cyclopropanation of the unsaturated fatty acid moieties 

of membrane phospholipids is a commonly observed phenomenon 

in a number of bacterial systems. The cyclopropane fatty 

acids are usually synthesized during and after the transition 

from exponential growth to stationary phase, or under such 

environmental conditions as acidic culture pH, low oxygen 

tension or high salt concentrations. S-Adenosylmethionine, 

the ubiquitous methyl group donor, provides the methylene 

bridge carbon in the reaction catalyzed by cyclopropane fatty 

acid synthase. Also formed in the reaction is S-adenosyl-

homocysteine, a potent inhibitor of cyclopropane fatty acid 

synthase, which is degraded by S-adenosylhomocysteine nucleo-

sidase. 

This work provides evidence for at least two modes of 

regulation of lactobacillic acid synthesis, the cyclopropane 

fatty acid formed from cis-vaccenic acid (cis-11,12-octadecenoic 

acid), in Lactobacillus piantarum. 

One regulatory factor is the de novo synthesis of cyclo-

propane fatty acid synthase during the transition from 



exponential phase to stationary phase when the pH of the 

culture medium is permitted to decrease naturally from pH 

6.5 to pH 4.0. The activity of cyclopropane fatty acid 

synthase increases, thus causing an increase in the synthesis 

of lactobacillic acid. If this decrease in pH is prevented 

by maintaining the pH at 6.5, one does not find an increase 

in the specific activity of cyclopropane fatty acid synthase 

or in cyclopropane fatty acid formation. Administration of 

chloramphenicol, a protein synthesis inhibitor, eliminates 

the low pH response of increased specific activity. 

In tandem with regulation via cyclopropane fatty acid 

synthase, it is found that there is a significant parallel 

rise in the cellular concentration of S-adenosylmethionine 

with lactobacillic acid synthesis. Cells which experience 

a decreasing pH environment are found to produce concentrations 

as high as 3.4 nmol/mg cell protein of S-adenosylmethionine 

after 14 to 16 hours of growth. The S-adenosylmethionine 

level in cells maintained at pH 6.5 remains quite low. The 

low pH associated increase in S-adenpsylmethionine concentration 

does not appear to be a result of increased S_-adenosylmethionine 

synthetase activity since it remains constant, as assayed 

in vitro, using toluene-treated cells. Also, the activity 

of S-adenosylmethionine synthetase is comparable for cells 

grown at pH 6.5 and cells permitted to undergo an uncontrolled 

decline in pH to 4.0. In contrast to cyclopropane fatty acid 



synthase, S-adenosylmethionine synthetase is not affected by 

chloramphenicol and one observes large accumulations of 

S-adenosylmethionine when cells are treated with chloramphenicol. 

This may be due to the cessation of utilization of S-adenosyl-

methionine for cyclopropanation. 

No S-adenosylhomocysteine accumulations were found under 

any experimental conditions tested in this organism, indicating 

that this compound probably does not play a regulatory role 

in the control of cyclopropanation. 

The supplementation of free fatty acids to cell cultures 

produced results one would expect for each fatty acid tested. 

Dihydrosterculic acid, the cyclopropane fatty acid derived 

from oleic acid, causes a depletion in the cis-vaccenic 

acid pool which in turn causes a large accumulation of 

S-adenosylmethionine. The level to which S-adenosylmethionine 

accumulates in cells maintained at pH 6.5 is less than that 

of cells in cultures that decrease to pH 4.0. Addition of 

cis-vaccenic acid or oleic acid causes a depletion of the 

S-adenosylmethionine pool due, perhaps, to greater utilization 

for cyclopropanation. Stearic acid has no affect on 

S-adenosylmethionine levels or lactobacillic acid formation. 

During the course of this work it was also found that 

the S-adenosylmethionine analogs, Sinefungin and A9145C are 

very potent inhibitors of cyclopropane fatty acid synthase 

having K-ĵ 's of 220 nM and 11 nM respectively. These two 

compounds are ineffective in vivo due to L. plantarum's 

impermeability with respect to these two antibiotics. 
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CHAPTER I 

INTRODUCTION 

S-Adenosylmethionine serves as the focal point of a 

myriad of biochemical reactions encompassing everything from 

formation of polyamines (1) via transfer of an aminopropyl 

group to the modification of enzymes by donation of an adenosyl 

moiety (2). However, the most versatile group transfer in 

which £-adenosylmethionine participates is that of trans-

methylation (3,4). 

Chemotaxis in both eucaryotes and procaryotes has been 

found to be controlled by methyl group transfer from S-adeno-

sylmethionine (5,6,7). Histamine metabolism (8) and catechol 

metabolism (9) are also regulated by transmethylation. One 

of the many posttranscriptional modifications of RNA is that 

of methylation of a number of nucleosides (10). The successive 

methylation of phosphatidylethanolamine to phosphatidylcholine 

has been implicated in the transmembrane signalling and cell 

response to hormones, neurotransmitters and mitotic agents (11), 

Unique and perhaps somewhat enigmatic among these trans-

methylation reactions is the creation of a cyclopropane ring 

from the reaction of S-adenosylmethionine and the unsaturated 

fatty acids found in the membrane phospholipids of a number 

of bacteria (12). 

1 



Lactobacillic acid (cis-11,12-methyleneoctadecanoic 

acid) was found to be derived from cis-vaccenic acid (cis-

11,12-octadecenoic acid) by Hofmann et al. (13,14,15) in 

Lactobacillus plantarum. This cyclopropane fatty acid is 

also found in Thiobacillus thiooxidans (16), Pseudomonas 

halosaccharolytica (17,18) and Salmofiella typhimurium (19). 

The conversion of palmitoleic acid (cis-9,10-hexadecenoic 

acid) to cis-9,10-methylenehexadecanoic acid has been observed 

Serratia marceseens (20,21), Escherichia coli (22,23), 

Aerobacter aerogenes (24) and Streptococcus faecalis (25). 

Although these two cyclopropane fatty acids are the most 

commonly found in nature, they are not the only examples of 

fatty acid cyclopropanation. Lower and higher chain homologs 

are found (26,27,28), as well as some multicyclopropanated 

fatty acids (29,30). 

The cyclopropane fatty acids are by no means isolated 

curiosities. Their content in the membrane may comprise a 

significant portion of the total fatty acid composition as 

indicated by the following examples : T. thiooxidans, 50% 

(16); Pseudomonas denitrificans, 30% (31) ; P. ha1osaccharolytica, 

45% (18); S. faecalis, 28% (25); E. coli 35% (32). Cyclopro-

panation generally occurs at the 2-position of the phospholipid 

glycerol backbone, which is the position of the precursor 

unsaturated fatty acid in most bacterial systems (33,20,34). 

One exception is that of Clostridium butyricum, where unsaturated 

fatty acids are located predominantly at the 1-position (34). 



The enzymatic synthesis of lactobacillic acid from cis— 

vaccenic acid, and fatty acid cyclopropanation in general, 

has yet to be studied using homogeneous enzyme preparations 

owing to the relatively unstable nature of the enzyme (35,36) . 

Despite this, cyclopropane fatty acid synthase (unsaturated-

phospholipid methyltransferase, EC 2.1.1.16) has yielded data 

on its properties to a number of investigators. 

Figure 1 illustrates the reaction catalyzed by cyclopro-

pane fatty acid synthase which involves the transfer of a 

methylene group from S-adenosylmethionine to the unsaturated 

double bond of cis-vaccenic acid. There is retention of two 

of the methyl hydrogens of !3-adenosylmethionine; all of the 

hydrogens of the previously olefinic carbons are retained as 

is also the cis configuration (37,23,20,38,39,32,40,41,42). 

In vivo support for the conclusion that iS—adenosylmethionine 

is indeed the enzymatic methyl donor substrate has been obtained 

in E. coli (42). Phage T3, which codes for S-adenosylmethionine 

lyase, an enzyme that cleaves S_—adenosylmethionine into 5'-methyl-

thioadenosine and homocysteine (43,44,45), was used to infect 

E. coli. Formation of cyclopropane fatty acids, as monitored 

by incorporation of radioactivity from methyl labeled methionine 

into phospholipid, was dramatically reduced after infection. 

Mutants of the T3 phage which lacked S-adenosylmethionine 

lyase coding ability did not cause a decrease in cyclo-

propanation. 



Figure 1 

Reaction Catalyzed by Cyclopropane Fatty Acid Synthase 
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Lipid substrates are limited to L-glycerol phospho-

lipids (34,46,47), and the alkyl chains may be attached by 

ester, ether or vinyl bonds. Free fatty acids cannot serve 

as substrates (35). 

Enzymatic specificity also appears to extend to the 

position of the double bond of the ussaturated fatty acid. 

Studies with E. coli mutants unable to synthesize unsaturated 

fatty acids or degrade fatty acids have indicated that upon 

supplementation of the growth medium with a variety of cis-

octadecenoic positional isomers only the cis-9 and cis-11 

isomers exhibited significant cyclopropanation (33,48) . 

The phospholipid head group does not appear to be a limiting 

factor in specificity with the exception of the choline moiety. 

Phosphatidic acid, phosphatidylglycerol, phosphatidylserine 

and phosphatidylethanolamine are all substrates while phos-

phatidylcholine is not (35,36). 

The resulting product of the reaction, S-adenosylhomocys-

teine, is a potent inhibitor of cyclopropane fatty acid synthase. 

The for the enzyme from C. butyricum has been found to be 

2.4 uM (49) while that for E. coli is 220 uM (36). This 

inhibition is relieved in. vivo by S-adenosylhomocysteine nucleo-

sidase which cleaves S-adenosylhomocysteine into ribosyl-

homocysteine and adenine (50). 

Since the lipid substrate of cyclopropane fatty acid 

synthase is actually micellular in nature it would be 



anticipated that detergents may affect the enzymatic 

activity. It has been found that low concentrations of 

anionic detergents are stimulatory while cationic and 

neutral detergents are inhibitory (35,36). 

Synthesis of cyclopropane fatty acids in vivo is 

influenced by a number of environmental factors. It is most 

commonly observed that most cyclopropanation occurs during 

the transition from late exponential phase to early stationary 

phase (25,51,52). Limiting oxygen tension in E. coli (48,51), 

p. fluorescens (53) and P. denitrificans (31) increases 

cyclopropane production, while ample oxygen environments suppress 

synthesis. High growth temperatures appear to stimulate 

production in E. coli (51). The salt content of the medium 

creates elevated cyclopropane levels in E. coli (51) and P. 

halosaccharolytica (17,18). Another parameter controlling 

cyclopropanation is the pH of the growth medium where an acidic 

milieu is conducive to the formation of cyclopropane fatty 

acids, and a relatively neutral or alkaline medium inhibits 

their formation in Sy faecalis (54), E. coli (53) and L. 

piantarum (55). 

The biochemistry controlling the synthesis of cyclopropane 

fatty acids has yet to be clearly discerned. Cyclopropane 

fatty acid synthase appears to be induced by oxygen content 

elevation in P. denitrificans (31) and P. fluorescens (53) 

and this induction is prevented by chloramphenicol addition 



8 

prior to a change in the oxygen concentration. In E. coli 

the specific activity of the enzyme does not seem to vary 

despite the fact that changes are noted in the production 

of cyclopropane fatty acids (36). Studies on mutants of 

E. coli deficient in the synthesis of S-adenosylmethionine 

indicate that cyclopropane fatty acid production is not 

significantly different from that of the parent wild type in 

which there is a 20-fold higher concentration of intracellular 

S-adenosylmethionine (32). Cronan et. â l. also found that 

growth of fatty acid auxotrophs in a medium having various 

levels of supplemental unsaturated fatty acid does not regulate 

cyclopropane fatty acid production. It has also been 

suggested that product inhibition by S_— adenosylhomocysteine 

build-up may perform a regulatory role (56); yet, no evidence 

for S—adenosylhomocysteine accumulations in bacterial cells 

exists to support this idea. 

Adding to this somewhat murky view of regulation is the 

failure to find any physiological role for the cyclopropanation 

of phospholipid-bound, unsaturated fatty acids. The physical 

properties of free cyclopropane fatty acids are more similar 

to those of the trans-unsaturated homolog than they are to 

the cis-unsaturated precursor (12,57). It might be expected, 

therefore, that such phenomena as lipid phase transitions in 

the bacterial membrane may be altered by cyclopropanation to 

resemble those of the trans-unsaturated fatty acids. However, 

when high resolution scanning calorimetry of lipids isolated 

from E. coli having a high cyclopropane fatty acid content 



was compared with lipids isolated from cells containing 

substantial amounts of the trans-unsaturate (palmitelaidic 

acid), it was found that there was no resemblence in the 

thermal profiles. In fact, the differential scanning calori-

metry profiles of the highly cyclopropanated lipids were 

virtually indistinguishable from the lipids having a high 

content of the precursor cis-unsaturate (palmitoleic acid). 

This indicates that there is no significant change in the 

lipid phase transitions in bacterial membranes as a result 

of cyclopropanation. Similar studies employing film 

balance techniques on the lipids of P. fluorescens (57) and 

E. coli also demonstrate that cyclopropanation does not 

appreciably change the lipid phase transitions„(58). 

Since a bulk membrane phenomenon appears unlikely, 

one may speculate that microenvironments may be formed and 

boundary lipid annulus interactions with specific proteins 

occur, thus modifying the functions of these membrane-bound 

or associated proteins. Amino acid transport, which is 

dependent upon membrane-integrated proteins, in E. coli 

mutants deficient in cyclopropane fatty acids is found to be 

similar to that of the parent strain having the full 

complement of cyclopropane fatty acids (59). Phosphate 

uptake in cyclopropane deficient mutants of S. faecalis was 

also found to be similar to the parent strain (54) . Conflicting 

data exist in which E. coli mutants, defective in S-adenosyl-

methionine synthesis, exhibit decreased transport ability of 
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lysine, leucine, proline, aspartic acid, glutamic acid, 

methionine, a-methylglucoside and g-methyl thiogalactoside 

in their cyclopropane fatty acid-poor vesicles (60). Thus, 

the significance of the affect upon transport is unresolved. 

Protection of the unsaturated fatty acids form oxidation 

(61) or degradation (52) has also been proposed as a function 

of cyclopropanation, but this does not correlate with the 

observations that high oxygen tension suppresses cyclopropane 

formation in E. coli (48,51), P. denitrificans (31) and P. 

fluorescens (53). 

The concept of the cell using cyclopropane fatty acid 

production as a means of shunting excess methyl groups from 

S-adenosylmethionine has been expressed but the evidence 

does not seem to support the idea (32) . 

Increased viability of cells containing high amounts of 

cyclopropane fatty acids in the membrane lipids has been observed. 

Under adverse conditions of low pH or high salt concentrations 

the cyclopropanation does appear to lend a considerable advantage 

for survival to those cells containing cyclopropane fatty acids 

as compared to those cells having little or no cyclopropane 

fatty acid content (25,55). There is, however, evidence where 

cyclopropanation does not increase viability under low pH or 

high salt conditions (59). 

To date, none of the plethora of physiologically possible 

roles for cyclopropane fatty acids have been clearly defined and 

the function of cyclopropanation still remains a mystery. 
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Considering the central aspect that S-adenosylmethionine 

assumes in the synthesis of cyclopropane fatty acids it might 

be expected that S-adenosylmethionine synthetase and S-adeno-

sylmethionine levels would be a focus for studies concerning 

the control of cyclopropanation. Other than the observations 

that mutants deficient in S-adenosylmethionine synthetase are 

also deficient in cyclopropane fatty acids (60), no studies 

appear to have been done which correlate either S-adenosyl-

methionine concentrations or S^-adenosylmethionine synthetase 

activity with the onset of cyclopropanation. It has been noted 

by Holloway et al. (62) that the specific activity of S-adeno-

sylmethionine synthetase increases with the age of the culture 

in E. coli. Since the emphasis of this work was on the control 

of the methionine biosynthetic pathway, no data on cyclo-

propanation or on S-adenosylmethionine levels as a function of 

culture age were given. 

Biosynthesis of S-adenosylmethionine involves the utilization 

of ATP (Figure 2). The production of ATP could conceivably 

be controlled by such environmental conditions as culture pH 

and oxygen tension which also control cyclopropanation; yet 

there are no reports in the literature addressing this possibility. 

Thus the objectives of the work detailesd in the following 

chapter were, in general, to explore the regulation of lacto-

bacillic acid formation in L. plantarum which has been well 

characterized in this laboratory with regard to the pH-prompted 

production of cyclopropane fatty acids (55). 
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Specifically, the levels of S-adenosylmethionine and 

S-adenosylhomocysteine were to be quantitated and compared 

at various times during the growth of the organism and under 

PH conditions known to alter the lactobacillic acid content. 

S-adenosylmethionine synthetase from L. plantarum was to be 

characterized and its activity, under conditions which affect 

cyclopropanation, was to be studied. As well, the potential 

relationship of methionine and ATP levels to the control of 

S-adenosylmethionine production was to be investigated. 



Figure 2 

Reaction Catalyzed by S-Adenosylmethionine Synthetase 
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CHAPTER II 

MATERIALS AND METHODS 

Microbiological Techniques 

Lactobacillus plantarum (ATCC 8014) was grown on a 

modified version of the supplemented acid hydrolyzed casein 

medium published by E. M. Lansford et al.(1) as listed in 

Table I. Typical experiments entailed inoculation of 13 

liters of medium contained in 19-liter carboys with a 3 

per cent inoculum. Cells were grown at 37° C until the 

desired density was obtained at which time the cells were 

transferred to 6-liter flasks for subsequent treatment. 

Growth medium pH was adjusted using sterile 2 N potassium 

hydroxide solution or 85 per cent lactic acid. Cultures in 

which the pH was not controlled and typically declined in pH 

from 6.5 to 4.0 are referred to as freely falling or dropping 

pH cultures. Cell growth was monitored by measuring turbidity 

at 540 nm. Samples were obtained by harvesting cells and 

centrifuging at 4000 x g for 15 minutes. The cell pellets 

were then washed twice with 0.85 per cent (w/v) sodium chloride 

solution and resuspended in the saline solution or 50 mM 

potassium phosphate buffer, pH 7.0, and stored at-4 0° C until 

further use. 

L. plantarum cultures were maintained by monthly transfers 

19 



TABLE I 

GROWTH MEDIUM 

Component Amount Added 
for One 
Liter 

Acid-hydrolyzed casein 
Sodium acetate, anhydrous 
L-Asparagine 
L-Cysteine 
L-Methionine 
L-Tryptophan 
Salts Aa . . • • • • • • • • • • • 
Salts Bb 

Vitamin supplement0 

Purine and pyrimidine supplement01. 
Glucose 

7 
6 

100 
100 
100 
100 
10 
10 
2 
4 

10 

g 
g 
mg 
mg 
mg 
mg 
ml 
ml 
ml 
ml 
g 

a Salts A: 
k2hpo4 . . 
kh2po4 . . 
Water . . 

25 
25 
250 

g g 

ml 

b Salts B: 
MgSO4'7H20 
NaCl . . . 
FeSO4-7H20 
MnS04-4H20 
Water. . . 

10 
500 
500 
500 
250 

g 
mg 
mg 
mg 
ml 

c Vitamin Supplement: 
Thiamin 
Nicotinic acid . . . . 
Pantothenic acid . . . 
Riboflavin 
Pyridoxine 
Inositol 
Biotin . . 
p-Aminobenzoic acid. . 
Folic acid 
Boiled distilled water 
95% Ethanol. . . . . . 

3 
3 
3 
3 
50 
15 
v5 
.15 
.15 
15 
15 

mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
ml 
ml 



d Purine and Pyrimidine Supplement: 
Adenine 100 mg 
Guanine 100 mg 
Uracil 100 mg 
Water 
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into Micro Inoculum Broth (Difco) agar stab tubes and stored 

at 5° C. Amino acids, casein, vitamins, purine and pyrimidine 

bases, etc., were obtained from Sigma Chemical Co. 

Preparation of Cell-Free Extracts 

Cells frozen in 50 mM potassium phosphate buffer, pH 7.0, 

were thawed and homogenized by the addition of 25 to 50 per 

cent (v/v) 0.10-0.11 mm diameter glass beads (Thomas) followed 

by grinding for four minutes in a Brownwill MSK cell disruptor. 

Alternatively, cells were broken via sonication with a Branson 

LS-75 sonifier for ten minutes using 30 second pulses followed 

by 30 seconds without sonication. The cell suspension was 

cooled using a salt-ice water bath. After disruption, the 

cell debris was removed by centrifugation at 20,000 x g for 

one hour. The supernatant solution was dialyzed against 

three changes (100 to 1 ratio of buffer to extract volume) 

of 50 mM potassium phosphate buffer, pH 7.0, at 4° C for 20 

hours. Cell extracts were stored at -40° C. 

Determination of S-adenosylmethionine 
and S-Adenosylhomocysteine 

Cells frozen in 0.85 per cent saline were thawed, and 

aliquots containing comparable amounts of cell protein were 

extracted for 1 hour in 30 per cent (w/v) perchloric acid at 

25° C. Cell debris was then removed by centrifugation at 1000 x 

g for 30 minutes and filtration of the supernatant solution 

through 0.45 urn Metricel membrane filters (Gelman). 
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High pressure liquid chromatography of S-adenosylmethionine 

and S-adenosylhomocysteine (2) was performed using an ISCO 

144 0 liquid chromatograph and monitored at 254 nm. A Whatman 

Partisil PXS 10/25 SCX column was used for separation. Three 

different elution systems were used during the course of this 

work. Optimal separation of S-adenosylmethionine and S-adeno-

sylhomocysteine was obtained employing a wash of 10 mM sodium 

phosphate buffer pH 2.3 followed by a linear gradient of 10 mM 

sodium phosphate buffer, pH 2.3, to 125 mM sodium phosphate 

buffer, pH 2.3, containing 0.5 M potassium chloride. The flow 

rate was 2 ml/min, and the total gradient time was 20 minutes. 

A wash of 10 mM ammonium formate Buffer, pH 4.0, followed 

by a linear, 20 minute gradient of 10 mM ammonium formate, 

pH 4.0, to 1 M ammonium formate buffer, pH 4.0, at 2 ml/min 

was also used. This buffer system is easily lyophilized and 

leaves no residue, making further analysis of post-column 

fractions more convenient. However, ammonium formate buffers 

absorb at 254 nm and an increasing gradient strength causes 

a rather large drift in baseline. 

The third buffer system consisted of a wash of 10 mM 

ammonium formate, pH 4.0, to 10 mM ammonium formate, pH 4.0, 

containing 1 M sodium chloride. Flow rate was maintained at 

2 ml/min and the gradient time was 20 minutes. The use of 

an increasing ionic strength composed of UV transparent sodium 

chloride eliminated the baseline drift and was used routinely 

when fraction analysis was not necessary. 
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Quantitation was accomplished by measuring peak heights 

or peak area via peak weight and comparing with standard curves 

of S-adenosylmethionine (Sigma) and £-adenosylhomocysteine 

(Sigma) . 

Assay of S-Adenosylmethionine Synthetase 

S-Adenosylmethionine synthetase was assayed using cells 

which had been permeablized with 20 mM Tris-HCl buffer (Sigma), 

pH 7.4, containing 5 per cent toluene. After a 15 minute 

incubation at 37° C, the cells were washed twice with 20 mM 

Tris—HCl buffer, pH 7.4 (3). The assay mixture contained 

150 mM Tris-HCl buffer pH 8.5; 100 mM potassium chloride; 

15 mM magnesium chloride; 8 mM reduced glutathione; 20 mM 

L-methionine; 10 mM disodium ATP; and 1.5 mg protein in a 

final volume of 1 ml. After incubation at 37° C for 30 minutes 

the reaction was terminated with 100 ul of 30 per cent perchloric 

acid and processed for high pressure liquid chromatographic 

determination of S-adenosylmethionine as previously described. 

Assay of S-Adenosylhomocysteine Nucleosidase 

For the determination of S-adenosylhomocysteine 

nucleosidase activity (4), the reaction mixture consisted 

of 4 mM S-adenosylhomocysteine, 50 mM potassium phosphate 

buffer, pH 7.0, and 0.1 mg protein from cell free crude 

extracts in a total volume of 100 ul. Incubation was at 37° C 

for 30 minutes. The reaction was terminated with 10 ul of 

30 per cent perchloric acid, and precipitated protein was 
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removed by centrifugation. The supernatant solution was 

analyzed for adenine and S-adenosylhomocysteine content by 

high pressure chromatography on a Whatman Partisil PXS 

10/25 SCX column in an isocratic separation scheme consisting 

of 30 mM ammonium formate buffer, pH 4.0f at a flow rate of 

2 ml/min and monitored at 254 nm. Under these conditions, 

S-adenosylhomocysteine has a retention time of 4 minutes, 

while adenine has a retention time of 8 minutes. Quantitation 

was achieved by measuring peak heights and comparing with 

standard curves of adenine and 13—adenosylhomocysteine. 

Assay of Cyclopropane Fatty Acid Synthase 

Cyclopropane fatty acid synthase was assayed by a 

modification of a previously published method (4,5) . Cells 

were toluene—treated in 50 mM potassium phosphate buffer, 

pH 7.0, containing 5 percent toluene for 15 minutes at 25° C. 

They were then washed twice in 50 mM potassium phosphate 

buffer, pH 7.0. The assay mixture contained 0.2 mg protein; 

50 mM potassium phosphate buffer, pH 7.0; 0.1 mM (0.25 uCi) 

S-[methyl-3H]-adenosylmethionine (ICN) and 0.4 mg sonically 

suspended L. plantarum lipid (isolated from cells grown at 

pH 6.5 which assures high levels of phospholipid bound cis-

vaccenic acid) in a final volume of 100 ul. Incubation was 

for 1 hour at 37° C, after which aliquots were plated on 1.5 

cm^ filter paper squares and dried. The filter papers were 

then washed for 30 minutes in cold 10 per cent (w/v) trichloro-

acetic acid, 15 minutes in boiling 5 per cent trichloroacetic 
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acid, and finally for two 15 minute periods in distilled 

water. The papers were then dried and the radioactivity 

counted using a Beckman LS-200 scintillation counter. This 

assay is suitable also for use on cell free extracts, and 

the same kinetic parameters are retained with toluene-

treated cells or cell free extracts. 

Scintillation Fluids 

Heterogeneous counting of toluene soluble radiolabel 

was measured in a fluid containing 5 grams of 2,5-diphenyl-

oxazole (Sigma) and 0.2 grams of 2,2'-p-phenylene bis(5-phenyl) 

oxazole (Mallinckrodt) per liter of toluene. 

Aqueous samples were counted in a cocktail composed of 

5 grams of 2,5-diphenyleneoxazole, 0.2 grams of 2,2'-phenylene 

bis(5-phenyl)oxazole, 333 ml of Triton X-100 (Sigma) and 667 ml 

of toluene (6). 

Fatty Acid Analysis 

Fatty acids were determined by first extracting cells 

with chloroform/methanol (2:1), followed by washing using 

the method of Folch et al. (7). Methyl esters were then formep 

with a boron trichloride-methanol solution (Sigma) (8). 

Separation of the esters was by gas chromatography on a column 

of 15 per cent diethylene glycol succinate polyester on 

Chromosorb W (60/80 mesh) at 180° C, using flame ionization 

detection on a Beckman GC-7 5 gas chromatograph. Peaks were 
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identified by comparision with methyl ester standards (Applied 

Sciences) and quantitated using the method of Carroll (9). 

Free fatty acids were separated from phospholipids 

using acetone precipitation, silicic acid chromatography (10) 

or by silica gel thin layer chromatography (11)• 

Synthesis of Dihydrosterculic Acid 

Dihydrosterculic acid (cis-9,10-methyleneoctadecanoic 

acid) was prepared using the zinc-copper couple of Shank 

et al. (12) and the procedure of Simmons et al. (13). 

Further purification of small amounts was accomplished via 

argentation chromatography (14). Proton NMR demonstrated 

the characteristic peaks for cis-cyclopropanes at 0.61 ppm 

downfield and 0.29 ppm upfield from tetramethylsilane (15). 

Infrared spectroscopy indicated the typical IR absorbtion 

bands at 1020 cm"1 and 3050-1 which are indicative of cyclo-

propane rings (15). Gas chromatography indicated at least 

95 per cent purity. 

Protein Determination 

Bradford's reagent was used to determine protein con-

centrations with crystallized bovine serum albumin serving 

as the protein standard (16). Protein content of whole cells 

or toluene—treated cells was determined after partial 

digestion in 0.5 M sodium hydroxide solution at 100° C for 

10 minutes (17). 
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Methionine Uptake by Whole Cells 

[Methyl-^H]-L-methionine (1 Ci/mM) (ICN) was added to 

whole cells in the typical growth medium or to cells washed 

in 0.85 per cent saline and resuspended into a buffered salts 

plus glucose medium (18). After incubation at 37° C for an 

appropriate time period/ the cells were filtered through a 

0.45 um Metricel filter and washed with 5 ml of buffered salts 

solution. After drying, the filters were counted for radio-

activity or immediately extracted with perchloric acid for 

high pressure liquid chromatography. 

Amino Acid Analysis 

Whole cells were filtered and washed as above and 

extracted for 2 hours in 5 per cent sulfosalicylic acid, 

after which the cell debris and filter were separated from 

the free amino acids by centrifugation. The supernatant 

solution was analyzed for amino acid content using a Durrum 

Amino Acid/Peptide Analyzer Kit employing DC-4A resin for 

microbore single column analysis. Detection was via post 

column derivitization with ortho-phthalaldehyde and 

fluorescence detection. Quantitation was achieved using a 

Perkin-Elmer Sigma 10 Chromatography Data Station. 

Adenosine Triphosphate Determination 

Cells were extracted by adding a 2 ml sample to 0.5 ml 

of cold (4° C) perchloric acid, 3 "M. After 10 minutes the 

extract was neutralized with 1.5 ml of 1 M potassium hydroxide 

and centrifuged to remove debris and precipitated 



29 

potassium perchlorate. If ATP was not assayed immediately 

the extracts were stored at -40° C. 

ATP was measured by adding 20 ul of the extract to 960 ul 

Tris-HCl buffer, pH 7.4, followed by 20 ul of aged, filtered 

firefly lantern extract in arsenate-magnesium buffer (Sigma 

FLE-50). Immediately after agitation, luminescence was measured 

using a Lumitran ATP Photometer (New Brunswick) in the 

integration mode. ATP content was calculated from a standard 

curve prepared from a fresh solution of ATP (19). 

Sinefungin and A9145C 

The analogs of S-adenosylmethionine, Sinefungin and 

A9145C were the generous gifts of Dr. R. Nagarajan (Lilly 

Research Laboratories). 
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CHAPTER III 

RESULTS AND DISCUSSION 

Measurement of S—Adenosylmethionine and. S—Adenosylhomocysteine 

Isolation and quantitation of S-adenosylmethionine and 

S-adenosylhomocysteine via high pressure liquid chromatography 

has been described for mammalian tissue (1,2), but little 

work has been done concerning bacteria. The system utilized 

for measurement of these compounds in L. plantarum is a 

modification of that devised by Hoffman for rat liver (1). 

In the initial studies separation was achieved using a cation 

exchange column employing a gradient of 10 mM sodium phos-

phate buffer, pH 2.3, containing 0.5 M potassium chloride. 

This procedure gave good baseline resolution of S-adenosyl-

methionine and S-adenosylhomocysteine as shown in Figure 3. 

The peaks, monitored at 254 nm, were quantitated initially 

by cutting and weighing the peaks as a measure of area, which 

gave a linear response with increasing amounts of each of the 

compounds, as shown in Figure 4. It was also found that the 

peak heights were linearly proportional to concentration, and 

thus, in later studies this more convenient and rapid means of 

measurement was used (Figure 4). 

A number of extraction solvents have been used for the 
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FIGURE 3 

Separation of S-Adenosylmethionine and S-Adenosylhomocysteine 

High pressure liquid chromatography on a cation exchange 
column of 1 nmole each S-adenosylmethionine and S-adeno-
sylhomocysteine was performed as detailed in Materials ajnd 
Methods using the phosphate buffer system. The arrow 
indicates the start of the gradient. 
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FIGURE 4 

Standard Curves of S-AdenosyMethionine and 

S-Adenosylhomocysteine 

Peaks of varying amounts of S-adenosylmethionine (9) an<^ 
S-adenosylhomocysteine (O) were traced, cut and weighed 
to determine the given linear response plot as a represen 
tation of peak area. Peak heights(absorbance at 254 nm) 
of s-adenosylmethionine (I) and S-adenosylhomocysteine 
( at varying amounts are also illustrated. 
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extraction of S-adenosylmethionine including, cold 70 per 

cent ethanol (3,4), 6 per cent perchloric acid (5), and 

5 per cent sulfosalicylic: acid (1). Table II demonstrates 

that extraction with 30 per cent perchloric acid is the fastest 

and most efficient extraction procedure for L. plantarum. 

Since S-adenosylhomocysteine is more acid-labile than S-adeno-

sylmethionine (5), initial studies utilized the milder 5 per 

cent sulfosalicylic acid extraction for 2 hours at ambient 

temperature. Recovery for both procedures as determined by 

the addition of standards indicated at least 95 per cent 

extraction efficiency for both JS-adenosylmethionine and 

S-adenosylhomocysteine. Ethanol was found to be a very poor 

solvent for extraction of L. plantarum cells, while it 

appears to give quantitative extraction of E. coli (7), 

Yersina pestis (3) and Micrococcus xanthus (4). It was felt 

that the retention on the cation exchange column might have 

been prevented by the relatively higher pH of the 70 per cent 

ethanol. Acidification of the ethanol extract or lyophilization 

and resuspension in 30 per cent perchloric acid did not remedy 

the situation, indicating the poor extraction ability of 70 

per cent ethanol. 

Figure 5 illustrates a typical chromatographic profile 

of an extract in which the culture medium was permitted to 

fall to a pH of 4.0 and was in the stationary phase when 

harvested. 



TABLE II 

EXTRACTION OF S-ADENOSYLMETHIONINE 

Time (rain) PCA(30%) 

SAM(nMoles/rag cell protein)* 

TCA(10%) SULFO(5%) ETOH(7Q%) 

15 2.8 0.8 

o
 • 
o
 

o
 • 
o
 

30 2.8 1.3 2.0 0.6 

60 2.8 1.8 2.8 1.3 

120 2.8 2.5 2.8 1.3 

*PCA-percholoric acid 
TCA-trichloroacetic acid 
SULFO-sulfosalicylic acid 
ETOH-ethanol 
SAM-S-andenosylmethionine 



FIGURE 5 

Chromatographic Profile of Cells Harvested at pH 4.0 

Cells were harvested in stationary phase (14 hours of growth) 
after attaining a pH of 4.0 and were extracted as detailed 
in Materials and Methods. A 10 ml aliquot of the same culture 
was incubated with 10 uCi of [methyl— H]—L—methionine for 
1 hour, washed, extracted and chromatographed as in Materials 
and Methods. The arrow indicates the start of the gradient. 
Met-methionine; SAM-S-adenosylmethionine. 
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As can be seen, S-adenosylmethionine is detectable while 

S-adenosylhomocysteine is not. An aliquot of this culture 

was supplemented with [methyl-^H]-L-methionine and incubated 

at 37° C for 1 hour, extracted and chromatographed. The 

tritiated methyl group appears in fractions which are not 

retained on the column (unreacted methionine) and in fractions 

which correlate with the elution point of S-adenosylmethionine. 

Substantiating evidence for the identity of these peaks was 

obtained by paper and thin layer chromatography of portions 

of each of the fractions with a solvent system of n-butanol: 

acetic acid: water (2:1:1, by volume) or ethanol: water: acetic 

acid (65:35:1). 

The analysis of an extract from cells maintained at pH 

6.5 and harvested at the same time as the low pH culture reveals 

no detectable S-adenosylmethionine or S-adenosylhomocysteine. 

Tritiated methionine incorporation also verifies this finding 

(Figure 6). 

These data indicate a significant difference in the content 

of S-adenosylmethionine in cells grown at pH 6.5 and cultures 

which undergo a natural fall in pH. Further, this experiment 

and all subsequent experiments failed to detect accumulation 

of S-adenosylhomocysteine. Since it has been suggested that 

S-adenosylhomocysteine may serve as a feedback regulator in 

k* Plantarum (7) and E. coli (8), one might expect to see its 

accumulation under certain conditions. The detection limit for 



FIGURE 6 

Chromatographic Profile of Cells Harvested at pH 6.5 

Cells were harvested in stationary phase (14 hours of growth) 
after being maintained at pH 6.5 and were extracted and 
chromatographed as detailed in Materials and Methods. A 10 
ml aliquot of the same culture was incubated with 10 uCi 
of [methyl-^H]-L-methionine for 1 hour, washed, extracted 
and chromatographed as in Materials and Methods. The arrow 
indicates the start of the gradient. 
Met-methionine 
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S-adenosylhomocysteine in this chromatographic system corresponds 

to an intracellular concentration in L. plantarum of 3 uM. 

Since S-adenosylhomocysteine does not appear to accumulate 

above 3 uMr it is evident that the S-adenosylhomocysteine 

nucleosidase efficiently degrades S_-adenosylhomocysteine in 

this system as has been found to be the case in other bacterial 

systems (9). Thus, the regulatory role of S-adenosylhomocysteine 

is apparently negligible for bacterial transmethylations (8,10). 

^-Adenosylhomocysteine may have some regulatory significance 

in mammalian systems, where tissue levels of S-adenosyl-

homocysteine are detectable; however, this compound is usually 

found at much lower levels (10 fold) than is S-adenosyl-

methionine (2). 

S-Adenosylmethionine Synthetase Activity In Vitro 

S-Adenosylmethionine synthetase (adenosine 5'-tri-

phosphate: L-methionine S-adenosyltransferase, EC 2.5.1.6) 

was found to be inactive in cell free extracts prepared from 

L. plantarum using sonic or mechanical disruption. Addition 

of sulfhydryl group protective reagents such as 2-mercapto-

ethanol, glutathione, or dithiothreitol, did not prevent 

inactivation. Further, the addition of glycerol, phenyl-

methylsulfonylfluoride (a protease inhibitor), ATP, methionine, 

potassium chloride, magnesium chloride, or any combination 

of these reagents did not improve the stability of the enzyme. 
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It was found that permeablization by 5 per cent toluene 

resulted in detectable enzyme activity if the assay was 

conducted within five hours of toluene-treatment. This 

behavior is similar to that of S-adenosylmethionine synthetase 

found in a number of E. coli mutants isolated by Greene et al. 

(11): it has been reported that the enzyme from M. xanthus 

is also quite unstable (4). 

Assay of S-adenosylmethionine synthetase in toluene-

treated cells demonstrates a linear production of S-adenosyl-

methionine with respect to time for at least 45 minutes 

(Figure 7); there is linearity with increasing protein 

concentration up to 6 mg/ml (Figure 8). 

The substrate response of the enzyme exhibits typical 

Michaelis-Menten saturation kinetics with both ATP and 

methionine as shown by Lineweaver-Burk plots for methionine 

(Figure 9) and ATP (Figure 10), with K m values of 7.7 mM 

and 2.9 mM respectively. The enzyme was recently purified to 

homogeneity from mutants of E. coli, which hypersynthesize 

S-adenosylmethionine synthetase (12) . It has values of 

0.12 mM for ATP and 0.08 mM for methionine, and also displays 

typical saturation kinetics. It has been reported that the 

enzymes from yeast and rat liver exist in isozymal forms and 

show negative cooperativity with respect to methionine and ATP 

(13,14) . 

S-Adenosylmethionine synthetase from L. piantarurn has a 

fairly constant activity over the pH range of 6 to 9 but is 



FIGURE 7 

Linssrity of the S~Adenosylmethionxne Synthetase 

Assay as a Function of Time 

Details of the enzyme assay are given in the Materials 
and Methods. 
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FIGURE 8 

Linearity of the S-Adenosylmethionine Synthetase Assay 

as a Function of Protein Concentration 

Details of the enzyme assay are given in the Materials and 
Methods section. The protein amounts are given as those 
in a final volume of 1 ml of the assay mixture. 
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FIGURE 9 

Substrate Response Curve of S-Adenosylmethionine 

Synthetase with Methionine 

Lineweaver-Burk plots of the activity of S-adenosylmethionine 
synthetase were performed as in the Materials and Methods 
using a constant ATP level of 10 mM and varying the methionine 
concentration. Velocity (V) is in terms of nmoles/mg/30 min. 





FIGURE 10 

Substrate Response Curve of S-Adenosylmethionine 

Synthetase with ATP 

Lineweaver-Burk plots of the activity of S-adenosvlmethinnino 

u s i n a 6 ^ 8 W J r S P e r f° r m e <? a s i n the Materials and Methods 
2 c oJ s tfnt methionine level of 20 mM and varying the 

P concentration. Velocity (V) is in terms of nmoles/mg/30 min, 





FIGURE 11 

Activity of S-Adenosylmethionine Synthetase as a 

Function of pH 

The enzymatic assay of S-adenosylmethionine synthetase 
was performed as in the Materials and Methods using for 
the pH range of 9.5 to 7.5, 150 mM Tris-HCl buffer? 
pH 8.0 to 6.0, PIPES buffer, 150 mM; and 150 mM sodium 
acetate buffer for the pH region of 6.0 to 4.0. 
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very sensitive to the more acidic conditions below pH 6.0 

(Figure 11)• It should be noted that the kinetic parameters 

and pH response are similar for the enzyme activities from 

cells cultured at pH 6.5 and those in which the culture pH 

was allowed to fall to 4.0. 

Attempts were made to measure the magnesium and potassium 

ion requirements (12) of the enzyme; however, there appeared 

to be no response. This may be explained by a failure to 

totally wash away residual cations which may be bound to such 

cell components as DNA and phospholipid in the toluene-treated 

cell. This residual may be sufficient for maximal' catalyfexs. 

Addition of 30 mM EDTA does, however, abolish all activity 

indicating the necessity for divalent cations. 

Essential sulfhydryl groups also seem to exist on the 

enzyme protein as indicated by a loss of 70 per cent of the 

activity when N-ethylmaleimide at a 1 mM concentration was 

added in the assay mixture. A total loss of activity resulted 

when a 1 mM concentration of bis-1,10-phenanthroline-cupric 

ion complex was added. Glutathione was omitted in these assays, 

Cyclopropanation and S—Adenosylmethionine Levels 

J±' Plantarum growth is characterized by a significant 

production of lactic acid which causes the culture medium 

to drop by 2 or more pH units over the time course from 

inoculation to stationary phase. It has been found in this 

laboratory and others that there is a direct correlation 
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between this drop in pH and cyclopropane fatty acid 

production (16,17). If this decline in pH is prevented, 

by maintaining the culture at a constant pH of 6.5, one 

finds that the dramatic increase in lactobacillic acid, the 

major cyclopropane fatty acid of L. plantarum, does not occur 

(Figure 12). It should also be noted that the majority of 

cyclopropanation takes place after the cessation of growth. 

The ratio of lactobacillic acid to cis—vaccenic acid at 

4 hours of growth is 0.2. This represents 9 per cent 

lactobacillic acid and 44 per cent cis-vaccenic acid content 

of the total membrane phospholipid fatty acid composition. 

This ratio increases when the pH drops from 6.5 to 4.0 to 

2.4 at 14 hours of growth indicating that the lactobacillic 

acid has risen to 45 per cent while the cis~vaccenic acid 

percentage has decreased to a level of 19 per cent. In 

comparison, one observes little change in these ratios when 

the culture is maintained at pH 6.5. 

This difference in lactobacillic acid content can 

partially be explained by the finding that the specific 

activity of cyclopropane fatty acid synthase increases in the 

late exponential phase cultures where the pH is uncontrolled, 

while the specific activity remains relatively constant in the 

controlled pH cultures as in Figure 13. At the eighth hour of 

growth the specific activity has risen from 11 to 26 pmol/mg/min 

in the uncontrolled pH culture while it remains below 11 pmol/mg/min 

in the culture maintained at pH 6.5. 



FIGURE 12 

Variation of Lactobacillic Acid Levels as a 

Function of Culture pH and Age 

A culture was maintained at pH 6.5 until 4 hours of growth 
at which time it was divided into two parts. One part was 
controlled at pH 6.5 ( O ); the other part was permitted 
to fall naturally in pH (0) • The ratio of lactobacillic 
acid to cis-vaccenic acid is expressed as the ratio of the 
gas chromatographic peak areas of the respective methyl 
esters of the fatty acids. Inset: Growth of L. plantarum 
as monitored by turbidity at 540 nm ( A ) and the pH 
profile (£) as a function of growth are shown. Controlled 
pH culture is represented by the unshaded symbols while 
the uncontrolled culture is indicated by the shaded symbols, 
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FIGURE 13 

Cyclopropane Fatty Acid Synthase Activity as a 

Function of Growth Phase and Culture pH 

A culture was maintained at pH 6.5 until 4 hours of growth 
at which time it was divided into two portions; one maintained 
at pH 6.5 ( O)' and the other allowed to undergo a free fall 
in culture pH (0). Cyclopropane fatty acid synthase (CFA 
synthase) was assayed as presented in Materials and Methods. 



00 .-C 

(u!ui/6ui/s6|0uid) 
AiiAjPvesDmuAs vdO 



62 

interestingly, it has been observed that along with 

the increase in cyclopropane fatty acid production as the 

PH decreases, there is a parallel increase in the levels 

of s-adenosylmethionine, as is evident in Figure 14. As the 

growth rate decreases in the late exponential phase a divergence 

in the s-adenosylmethionine levels occurs in cultures maintained 

at different pH values. S-adenosylmethionine levels in the 

cells cultured at pH 6.5 remain very low; contrariwise, 

S - a d e n o s y l m e t h i o n i n e levels in cells cultured at decreasing 

pH increase dramatically, to as high as 3.4 nmol/mg cell 

protein, during the latter growth period. 

A current contention among some workers is that s-adeno-

sylmethionine levels are of little significance in th 

regulatory scheme of cyclopropane fatty acid production (18). 

However, all experiments reported thus far have only compared 

the S-adenosylmethionine levels between different mutant 

bacterial strains at a single time period in the cellular 

growth (19). It has also been proposed that the formation of 

cyclopropane fatty acids is a means of removing excess S-adeno-

sylmethionine (20). In L. Plantarum this is obviously not 

the case since S-adenosylmethionine levels increase with 

cyclopropane fatty acid levels. 

A plausible explanation for the increased content of 

S-adenosylmethionine as a function of pH is an increase m 

the specific activity of S-adenosylmethionine synthetase. 

Toluene-treated cells, washed free of residual S-adenosyl-

methionine, were assayed for S-adenosylmethionine synthetase 



FIGURE 14 

S-Adenosylmethionine Level and S-Adenosylmethionine Synthetase 

Activity as a Function of pH and Growth Phase 

A culture was maintained at pH 6.5 until 4 hours of growth, 
at which time it was divided into two portions; one 
maintained at pH 6.5, and the other allowed to undergo a 
free fall in culture pH. S-Adenosylmethionme (SAM) levels 
at pH 6.5 (O) an<^ f^ee fall an<^ S-adenosylmethionme 
synthetase (SAM synthetase) activity at pH 6.5 (•) and 
free fall (•) were determined as under Materials and Methods. 
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TABLE III 

DEGRADATION OF S-ADENOSYLMETHIONINE 

Sample Harvest pH SAM Recovery (%) 

Toluene-treated cells 6.5 96 

Toluene-treated cells 4.0 95 

Cell free extract 6.5 95 

Cell free extract 4.0 97 

S-Adenosylmethionine was added to an incubation mixture at 
a concentration of 900 uM also containing 6 mg of protein 
in a buffer of 50 raM potassium phosphate, pH 7.0. 
Incubation was for 1 hour at 37°C. S-Adenosylmethionine 
(SAM) was determined as described in Materials and Methods. 
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activity (Figure 14)r the differences in the specific 

activities of the two cultures, one maintained at pH 6.5 

and one permitted to decline in pH, during the growth period, 

do not appear to be of regulatory significance. In the 

same experiment S-adenosylmethionine levels vary greatly. 

Thus, it appears that an increase in s-adenosylmethionine 

synthetase activity is not responsible for the observed 

increases in s-adenosylmethionine levels, and consequently 

in cyclopropane fatty acid levels. It is possible that an 

increased rate of utilization in the controlled pH 6.5 culture 

could explain the low level of S-adenosylmethionine; however, 

cell free extracts and toluene-treated cells from pH 6.5 

cultures and from low pH cultures demonstrated comparably low 

S-adenosylmethionine degradation during a one hour incubation 

with added S-adenosylmethionine (Table 3). The increase in 

S - a d e n o s y l m e t h i o n i n e concentration in the low pH cultures may 

be related to the decreased utilization due to the decrease 

in the activity in cyclopropane fatty acid synthase. 

The cellular concentration to which S-adenosylmethionine 

commonly rises during a natural pH decline is well above the 

S-adenosylmethionine ^ of cyclopropane fatty acid synthase (17). 

Based on data from Figure 14 one may calculate an approximate 

S-adenosylmethionine concentration (at 14 hours of growth) o 

900 uM, which is 27 times as high as the reported K m of 34 uM (17). 

On the other hand, the concentration of S-adenosylmethionine 
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in a culture maintained at pH 6.5 falls below 1.5 uM, well 

below this Km value. Thus, as culture pH falls the rate 

of lactobacillic acid synthesis becomes independent of 

S-adenosylmethionine levels; conversely, at a high constant 

culture pH the rate of lactobacillic acid synthesis should 

be proportional to S-adenosylmethionine levels. 

Chloramphenicol Effects on Cyclopropanation and 
S-Adenosylmethionine Levels 

The data have indicated a probable induction of cyclo-

propane fatty acid synthase activity during the growth cycle. 

This probability was tested by inhibiting protein and cell 

growth with chloramphenicol. The decline in cyclopropane 

fatty acid synthase activity (Figure 15) is reflected by a 

severely decreased rate of synthesis of lactobacillic acid 

(Figure 16), despite an ample supply of S-adenosylmethionine 

in the chloramphenicol-treated culture (Figure 17). 

In E. coli the activity of S-adenosylmethionine synthetase 

from cells treated with chloramphenicol is decreased compared 

to the increase with culture age of the specific activity of 

untreated cells (21). Interestingly, L. plantarum S-adeno-

sylmethionine synthetase does not appear to be affected by 

the chloramphenicol, as illustrated in Figure 18. 

A comparison of chloramphenicol-treated cells maintained 

at pH 6.5 with chloramphenicol-treated cells falling to a 

final pH of 4.0 reinforces the finding that the low culture 

pH is responsible for the increased production of S-adenosyl-

methionine (Figure 17). Chloramphenicol administration causes 



FIGURE 15 

Cyclopropane Fatty Acid Synthase Activity in the 

Presence of Chloramphenicol 

At 4 hours of growth a culture which was maintained at pH 
6.5 was divided into three portions. One was permitted to 
drop freely in pH. Another was maintained at pH 6.5 in the 
presence of chloramphenicol (1 mM) which was added at the 
fourth hour. The third was treated with 1 mM chlorampheni 
col at the fourth hour split and its pH was continual y 
adjusted to parallel that of the freely falling pH culture 
by the addition of lactic acid. CFA synthase activity: 
freelv fallinq pH (#) , pH 6.5 + chloramphenicol (•>, 
and freely falling pH + chloramphenicol (O)' w a s measured 
as under Materials and Methods. 
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FIGURE 16 

Lactobacillic Acid Formation in the Presence of 

Chloramphenicol 

A culture maintained at pH 6.5 was split into three portions 
at the fourth hour of growth. The lactobacillic to cis-
vaccenic acid ratio was measured in cultures maintained at 
pH 6.5 + 1 mM chloramphenicol (•), freely falling pH (0) , 
and paralleling the pH of the freely falling pH culture + 
1 mM chloramphenicol <o>. 
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FIGURE 17 

S-Adenosylmethionine Level as a Function of 

pH and the Presence of Chloramphenicol 

A culture maintained at pH 6.5 was split into three portions 
at the fourth hour of growth. S-Adenosylmethionine (SAM) 
levels were measured in the cultures maintained at pH 6.5 + 
1 mM chloramphenicol (•), freely falling in pH (#) , and 
paralleling the pH of the freely falling pH culture + 1 mM 
chloramphenicol (Q) . 
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FIGURE 18 

S-Adenosylmethionine Synthetase Activity in the 

Presence of Chloramphenicol 

A culture maintained at pH 6.5 was split into three portions 
at the fourth hour of growth. S-Adenosylmethionine synthe-
tase activity was measured in a culture maintained at pH b. 
+ 1 mM chloramphenicol (•)/ one freely falling in pH ' 
and one paralleling the pH of the freely falling pH culture 
+ 1 mM chloramphenicol (Q>-
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an immediate rise in the S-adenosylmethionine levels of both 

cultures. However, in the pH 6.5 culture the rise stabilizes 

just below 4 nmol/mg cell protein while the low pH culture 

rises to an S-adenosylmethionine level of 11 nmol/mg cell 

protein. Again, S-adenosylmethionine synthetase activities 

are relatively constant (Figure 18), the cyclopropane fatty 

acid synthase activity is severely curtailed in both 

chloramphenicol-treated cultures (Figure 15), and lacto-

bacillic acid production is prevented despite the high 

S-adenosylmethionine levels (Figure 16). 

Considering that the K m for S-adenosylmethionine in the 

L. piantarum cyclopropane fatty acid synthase reaction is 34 uM 

and that the S-adenosylmethionine concentration in cells grown 

in the presence of chloramphenicol is about 3 mM at the end 

of 14 hours of growth under low pH conditions (calculated from 

data in Figure 17) and that there is very little lactobacillic 

acid produced in the presence of the inhibitor, it is apparent 

that under these conditions the major factor controlling cyclo-

propane fatty acid synthesis is the activity of cyclopropane 

fatty acid synthase. One may conclude from these data that 

cyclopropane fatty acid synthase is an inducible enzyme or at 

least requires protein synthesis before its activity will 

increase in response to a fall in pH. Induced synthesis of 

cyclopropane fatty acid synthase, under low oxygen tension, 

appears to be one of the regulatory mechanisms in P. fluorescens 

(22) and P. denitrificans (23) as well. 
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Since the addition of chlormaphenicol to L. plantarum 

cultures causes a rapid cessation of growth (within 15 minutes) 

one would expect some of the increase in S-adenosylmethionme 

concentration to be derived from the S-adenosylmethionine 

that would have been used for methylation of RNA and DNA whose 

production is halted by chloramphenicol. This contribution 

would ~ be expected to be similar for a culture maintained at 

pH 6.5 and one in which the pH declines to 4.0 since the 

chloramphenicol causes the same amount of growth inhibition 

in each culture, and the S-adenosylmethionine differences 

after 8 hours of growth (4 hours after chloramphenicol 

treatment) would be expected to be attributable to another 

factor other than lack of DNA and RNA transmethylation. 

Effects of Shifting the pH Fall Time Frame on 
Cyclopropanation and £5-adenosylmethionine Levels 

In view of the observation that the pH to which the 

culture declines determines the extent of S-adenosylmethionine 

formation and thus cyclopropanation, it was of interest to 

determine if young, logarithmically growing cells could be 

forced into producing high levels of S-adenosylmethionine 

prematurely. Figure 19 demonstrates that a lowering of the 

culture medium from pH 6ki5 to pH 4.0 over a one hour time 

period dramatically decreases the specific activity of 

S-adenosylmethionine synthetase as assayed in toluene-treated 

cells. This abrupt pH shock also causes a complete cessation 
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of growth. The S-adenosylmethionine levels do, however, rise 

rapidly (Figure 20) in response to the pH fall and eventually 

decline, possibly as a result of what appeared to be lysis of 

the cells. In the same experiment, cyclopropane fatty acid 

synthase activity (Figure 21) remains constant and then declines 

while the lactobacillic acid content rises only slightly 

(Figure 22), which may be due to the suppression of cyclopropane 

fatty acid synthase synthesis caused by the pH shock. Previous 

work in this lab had indicated that the specific activity of 

cyclopropane fatty acid synthase increases in response to a 

rapid pH decline (17) , however these data do not support that 

finding. 

Since a rapid pH shock appears to be detrimental to L. 

plantarum cells, another approach was considered, in which 

the natural decline in pH would be delayed for four hours, and 

then allowed to commence. The S-adenosylmethionine synthetase 

demonstrates the relatively constant activity one typically 

finds. S-Adenosylmethionine levels were higher in the delayed 

culture (Figure 23). This may be attributed to the observation 

that the culture having a delayed pH drop has a much more 

rapid rate of pH decline (due to the higher cell mass) when 

compared to the natural pH decline in which the pH begins to 

decline at low cell densities. Also, the utilization of S-adeno-

sylmethionine for cyclopropanation is decreased in the pH-delayed 

culture as shown by the time shift in the peak of cyclopropane 

fatty acid synthase activity (Figure 24) and substantiated 
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by the decreased amount of lactobacillic acid formed 

(Figure 25). These experiments add further support to the 

concept of control of cyclopropanation by cyclopropane fatty 

acid synthase activity as well as S-adenosylmethionine 

levels in response to environmental pH. 



FIGURE 19 

Effect of a Rapid pH Drop on S-AdenosyMethionine 

Synthetase Activity 

A culture maintained at pH 6.5 was split into two portions 
at 4 hours of growth. One culture was immediately dropped 
in pH by the addition of lactic acid from pH 6.5 to 4.0 
over the time period of one hour (0). The other culture 
was permitted to undergo a natural fall in pH (Q)• 
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FIGURE 20 

Effect of a Rapid pH Drop on S-Adenosylmethionine 

Level 

A culture maintained at pH 6.5 was split into two portions 
at 4 hours of growth at which time one culture was lowered 
in pH from pH 6.5 to 4.0 with lactic acid over a one hour 
time period ( o > . The other culture was permitted to 
undergo a natural fall in pH (0). 
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FIGURE 21 

Effect of a Rapid pH Drop on Cyclopropane Fatty Acid 

Synthase 

A culture maintained at pH 6.5 was split into two portions 
at four hours of growth at which time one culture was lowered 
in pH from 6.5 to 4.0 with lactic acid over a one hour time 
period ( O ) . The other culture was permitted to undergo 
a natural fall in pH (£) . 
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FIGURE 22 

Effect of a Rapid pH Drop on Lactobacillic Acid 

Formation 

A culture was maintained at pH 6.5 until 4 hours of growth 
at which time it was divided into two parts. One part was 
immediately lowered in pH from 6.5 to 4.0 over an hour time 
period with lactic acid ( Q ) while the other portion was 
allowed to fall naturally in pH (£) . 
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FIGURE 23 

Effect of a Delayed pH Drop on S^Adenosylmethionine 

Level 

A culture was maintained at pH 6.5 until. 4 hours of growth 
at which time it was split into three portions. One was 
permitted to begin the natural fall in pH (0) while 
another was maintained at pH 6.5 an additional 4 hours 
at which time the fall in pH was permitted (•). The final 
portion was maintained at pH 6.5 throughout the entire 
experiment <o>. 
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FIGURE 24 

Effect of a Delayed pH Drop on Cyclopropane Fatty Acid 

Synthase 

A culture was maintained at pH 6.5 until 4 hours of growth at 
which time it was divided into three portions. One was 
permitted to begin the natural fall in pH (0) while 
another was maintained at pH 6.5 an additional 4 hours 
at which time the fall in pH was permitted (•). The final 
portion was maintained at pH 6.5 throughout the entire 
experiment (Q) . 
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FIGURE 25 

Effect of a. Delayed pH Drop on Lact.obaci.llic Acid. 

Formation 

A culture maintained at pH 6.5 was divided into 3 portions 
after 4 hours of growth. One part was permitted to undergo 
a natural fall in pH (0) while another was maintained at 
pH 6.5 for an additional 4 hours and then permitted to fall 
in pH (•). The third portion was maintained at pH 6.5 for 
the entire duration of the experiment (Q)• 
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Effects of Sinefungin and A9145C 

Since it is quite apparent that the pH of the culture 

medium controls, in some fashion, the amount of S-adenosyl-

methionine available for transmethylation, in particular 

cyclopropanation, it would be of interest if one could halt 

the utilization of S-adenosylmethionine in a much more specific 

manner than that of chloramphenicol administration and thus 

determine the full extent to which S-adenosylmethionine 

production is dependent upon a low pH environment. 

A number of transmethylation reactions involving £3-adeno-

sylmethionine have been found to be sensitive to the antifungal 

antibiotics, Sinefungin and A914 5C, which may be considered 

as analogs of S-adenosylmethionine and S-adenosylhomocysteine 

(24,25), (Figure 26). These compounds, isolated from 

Streptomyces griseolus (26), have been tested mainly on a 

number of viral and eucaryotic tRNA methylases and protein 

methyltransfierases, phenylethanolamine N-methyltransferase, 

histamine N-methyltransferase, and to a limited extent on 

procaryotic macromolecular methyltransferase systems (25,26,27). 

The in vitro inhibition of cyclopropane fatty acid synthase 

by Sinefungin and A9145C is demonstrated by Figure 27. 

Inhibition concentrations of 2.65 x 10"^ M to 2.65 x 10 M 

were examined. In the presence of 0.1 mM !3—adenosylmethionine, 

Sinefungin has an I50 of 4.5 x 10 ^ M while A9145C is a much 

- . 3 
better inhibitor having an I 5 0 of 4.9 x 10 M. 
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FIGURE 26 

Structures of Sinefungin and A9145C 



F|H2 

HO2CCH CH 
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FIGURE 27 

Effect of Sinefungin and A9145C on Cyclopropane 

Fatty Acid Synthase Activity 

Plots of percent activity of cyclopropane fatty acid synthase 
S a ^unct^-on °f Sinefungin (£) concentration and 

A9145C (•) concentration in the presence of 0.1 mM S-adeno-
sylmethionine. Experimental details are found in Materials 
and Methods. 
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If the kinetics of inhibition of Sinefungin and A9145C 

are examined it is found that linear competitive inhibition 

occurs when S—adenosylmethionine is the variable substrate. 

Sinefungin has a K± of 220 nM (Figure 28) and A9145C has a 

K of 11 nM (Figure 29). When one considers that cyclopropane 

fatty acid synthase has a for S-adenosylmethionine of 31 uM 

(as calculated from data in Figure 28) it is evident that 

both Sinefungin and A9145C have significantly greater affinities 

for cyclopropane fatty acid synthase than does S—adenosylmethionine, 

S-Adenosylhomocysteine, a possible endogeneous inhibitor, also 

is not as effective as either of these fungal metabolites 

since it has a K^ of 487 uM in this system (Figure 30). For 

comparison, the S_~adenosylhomocysteine for the partially 

purified E. coli enzyme is 220 uM (28) and 2.4 uM for the 

enzyme isolated from C. butyricum (29). 

The inhibition by Sinefungin and A9145C of cyclopropane 

fatty acid synthase is comparable to that found with some of 

the protein carboxymethylases (24) . Calf thymus protein 

carboxymethyltransferase was inhibited by Sinefungin and 

A9145C which had K^s of 220 nM and 24 nM respectively. 

Similarly, competitive inhibition in bovine adrenal protein 

carboxymethyltransferase was exhibited by Sinefungin 

(K±=529 nM) and A9145C (Ki=40 nM). The 10 fold enhancement 

of activity due to the unsaturation of A9145C compared 

with Sinefungin is a common characteristic found in the 



FIGURE 28 

Inhibition of Cyclopropane Fatty Acid Synthase 

by Sinefungin 

Double reciprocal plots of velocity vs. S-adenosylmethionine 
concentration at the various concentrations of Sinefungin of 

o ( O K 1 3 3 n M 5 3 0 ( n ) ' a n d 2 6 5 0 n M 

Velocity =* picomoles/min/mg• 
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FIGURE 29 

Inhibition of Cyclopropane Fatty Acid Synthase 

by A9145C 

Double reciprocal plots of velocity vs. S-adenosylmethionine 
concentration cit the various A9145C concentrations of 0 (O) , 
27 nM (B)/ 53 mM (•), and 133 nM (#) . 
Velocity =» picomoles/min/mg. 
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FIGURE 30 

Inhibition of Cyclopropane Fatty Acid Synthase 

by S-Adenosylhomosysteine 

Double reciprocal plots of velocity vs. S-adenosylmethionine 
concentrations at the various S-adenosylhomocysteine 
concentrations of 0 (A), 250 uM (|), 500 uM (•), and 
750 uM (#) . 
Velocity = picomoles/min/mg. 
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cyclopropane fatty acid synthase in this study and the 

carboxymethyltransferase sensitivity found in other studies 

(24). 

Despite the potent inhibition displayed in vitro, 

Sinefungin and A9145C were found to be ineffective in vivo. 

Neither S-adenosylmethionine levels or lactobacillic acid 

levels were changed by supplementation of cultures, 

maintained at pH 6.5 or freely falling in pH, with a final 

concentration of 0.1 mM of either compound, which is at least 

four orders of magnitude above their Ijq's. Also, no notable 

change in growth patterns was found. 

This is actually not very suprising since S-adenosyl-

methionine and S-adenosylhomocysteine appear not to be trans-

ported into L. plantarum as judged by high pressure liquid 

chromatography of extracts from cells supplemented at 1 mM 

levels of each of the compounds. Analysis of extracts from 

cells grown in the presence of Sinefungin or A9145C also 

indicated that L. plantarum is impermeable to these two compounds 

as well. The chromatographic system is capable of separating 

the fungal antibiotics from £-adenosylmethionine. E. coli 

has also been found to be impermeable to S-adenosylmethionine 

(21). 

Considering the structural similarity to S-adenosylhomo-

cysteine it is possible that Sinefungin and A914 5C could serve 

as inhibitors of S-adenosylhomocysteine nucleosidase. However, 

no inhibition was found at 2 mM concentrations of the analogs 

in the presence of 4 mM S-adenosylhomocysteine. 
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Free Fatty Acid Supplementation 

An alternative method of preventing cyclopropanation 

would be to deprive the reaction of one of its substrates, 

in particular, cis-vaccenic acid. This is easily accomplished 

in L. plantarurn which readily transports exogeneously supplied 

free fatty acids and incorporates them into membrane phospho-

lipids. This supply of free fatty acids depresses the synthesis 

of acetyl-CoA carboxylase, fatty acid synthetase, and acyl 

carrier protein if the fatty acid is unsaturated or a cyclo-

propane fatty acid. This repression results in lipids 

composed primarily of the added unsaturated or cyclopropane 

fatty acid and little or no saturated fatty acid content 

(30,31). 

Dihydrosterculic acid, the cyclopropane homolog of oleic 

acid, has been shown to suppress the synthesis of cis-vaccenic 

acid in L. plantarum (30). It might be expected that an 

accumulation of S-adenosylmethionine would occur upon depletion 

of the phospholipid-bound cis-vaccenic acid. Figure 31 

demonstrates that this is indeed the case. The addition of 

dihydrosterculic acid causes a rapid increase in the S-adeno-

sylmethionine levels in a culture maintained at pH 6.5 as well 

as in one permitted to fall naturally in pH. It should be 

noted, however, that the S-adenosylmethionine concentration 

stabilizes at about 3 nmol/mg in the culture maintained at 

pH 6.5 upon cessation of growth, between 8 and 10 hours. 



FIGURE 31 

S-Adenosylmethionine Levels in the Presence of 

Dihydrosterculic Acid 

A culture was maintained at pH 6.5 for 3.5 hours of growth, 
at which time it was divided into three portions. One 
contained 250 mg/1 Triton X-100 and was permitted to fall 
naturally in pH (•). Another was supplemented with 50 mg/1 
dihydrosterculic acid and 250 mg/1 Triton X-100 (A) and 
permitted to fall naturally in pH. The third was supple-
mented with 50 mg/1 dihydrosterculic acid and 250 mg/1 
Triton X-100 and maintained at pH 6.5 (Q)• 
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The S-adenosylmethionine level continues to rise, after the 

cessation of growth, in the freely falling pH culture, to 

a level of 6 nmol/mg. These data further support the hypothesis 

that the pH of the culture medium controls S-adenosylmethionine 

formation and thus lactobacillic acid formation. There also 

appears to be some suppression of cyclopropane fatty acid 

synthase, caused by the dihydrosterculic acid supplementation, 

when one compares the activity with the unsupplemented 

culture (Figure 32). This does not appear to be due to 

inhibition by residual free fatty acid (dihydrosterculic acid 

in this case) since there is little inhibition in vitro of 

cyclopropane fatty acid synthase by free fatty acids (Table IV). 

The addition of stearic acid showed no effect upon 

S-adenosylmethionine levels, cyclopropane fatty acid synthase 

activity, or lactobacillic acid formation. This correlates 

well with the observation by Henderson et. a_l. (31) that stearic 

acid supplementation causes no change in the fatty acid profile 

of L. piantarum other than it is incorporated at a level 

of 30 to 35 per cent. It normally constitutes less than 5 

per cent of the fatty acids of L. plantarurn. 

Oleic acid and cis-vaccenic acid supplementation resulted 

in 25 to 30 per cent cyclopropane fatty acids and the remainder 

being the unsaturated precursor, under free fall conditions. 

If the pH is maintained at pH 6.5, 9 to 12 per cent of the 

fatty acids are cyclopropanated. Cyclopropane fatty acid 

synthase activity showed the typical pH dependent responses. 



FIGURE 3 2 

Cyclopropane Fatty Acid Synthase Acitivy in 

the Presence of Dihydrosterculic Acid 

A culture was maintained at pH 6.5 for 3.5 hours of growth, 
at which time it was divided into three portions. One 
contained 250 mg/1 Triton X-100 and was permitted to fall 
naturally in pH (Q). Another was supplemented with 50 mg/1 
dihydrosterculic acid and 250 mg/1 Triton X-100 (£) and 
permitted to fall naturally in pH. The third was supple-
mented with 50 mg/1 dihydrosterculic acid and 250 mg/1 
Triton X-100 and maintained at pH 6.5 (0). 
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TABLE IV 

IN VITRO EFFECTS OF FREE FATTY ACIDS ON 
CYCLOPROPANE FATTY ACID SYNTHASE 

Free Fatty Acid Added* Specific Activity 
(picomoles/mg/min) 

None 23 

Oleic 21 

Cis-vaccenic 22 

Dihydrosterculic 19 

Stearic 18 

*Free fatty acids were added as sonicated suspensions 
in 10 per cent ethanol-buffer solution to a typical assay 
mixture as described in Materials and Methods. The final 
fatty acid concentration was 1 mM. The sample labeled None 
contained an equivalent amount of 10 per cent ethanol-buffer 
solution. The assay used cell free crude extract. 
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!S-Adenosylmethionine synthetase activity remained constant 

and similar to unsupplemented controls in all experiments 

involving fatty acid supplementation (stearic, oleic, cis-

vaccenic and dihydrosterculic acids). There was observed, 

however, a depletion of most if not all of the usually 

detectable S-adenosylmethionine found in low pH cultures. 

This may be explained by the complete utilization dfr the 

S-adenosylmethionine for the cyclopropanation of the 

abundant excess of unsaturated precursor. It also appears 

that a significant pool of free fatty acids exists when cells 

are supplemented and this pool contains a fatty acid profile 

similar to that of the phospholipid fraction. A combination 

of acetone fractionation, thin layer chromatography and 

gas chromatography demonstrated that the free fatty acid pool 

in the supplemented cultures may account for about 50 per cent 

of the total fatty acids. Other workers have shown free fatty 

acid pools in cells harvested during log phase to be about 

15 per cent of the fatty acid composition. It, therefore, 

is not unreasonable to find this higher level in cells 

harvested at stationary phase. 

Since cyclopropanation only occurs on phospholipid-

bound unsaturated fatty acids, there must be a mechanism for 

removal of the cyclopropane fatty acids in order to account 

for their presence in the free fatty acid pool. 
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This may be rationalized by the existence of lipases which 

remove the formed cyclopropane fatty acids and the subsequent 

replacement with an unsaturated fatty acid, thus causing an 

exchange between the free fatty acid pool and the bound pool. 

There is evidence for transacylating enzymes (32) and 

lysophospholipid acyl transferases (32) in a number of membranes, 

This may also explain the depletion of the S-adenosylmethionine 

pool since the finite positions in the phospholipid available 

for cyclopropanation are constantly being filled with the 

unsaturated fatty acid during the transesterification 

exchange processes. 

Methionine and ATP Levels 

A possible mode of regulation of £-adenosylmethionine 

levels is through the control of its substrate concentrations. 

Methionine transport is a membrane mediated event which could 

be controlled by pH. The production of ATP is also linked 

with events at the membrane and has been shown to be dependent 

on the pH gradient across the membrane (35). 

Figure 33 illustrates that the transport of methionine 

by cells at pH 6.5 is not impaired, and the rate is somewhat 

faster than in cells at pH 4.0. This result agrees with 

the finding that amino acid transport in L. plantarum is 

more efficient in the pH range of 6 to 7 (36). Amino acid 

analysis of the pool methionine demonstrates that cells grown 

at pH 6.5 and cells at a low pH of 4.0 have similar methionine 

concentrations. This discounts the idea that variations in 



FIGURE 33 

Methionine Transport 

Methionine transport was measured by the addition of 10 uCi 
of [methyl-3H]-L-methionine to cells maintained at pH 6.5 
(£)) and cells permitted to fall in pH to 4.0 • The 
total volume of culture medium for each was 10 ml at a 
cell density corresponding to 0.42 mg/ml cell protein. 
Experimental details are in Materials and Methods. 
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the methionine pool level are responsible for the differences 

observed in S-adenosylmethionine concentration (Table V). 

This does not rule out, however, some type of compartmentalization 

of methionine which could result in local variations in 

methionine concentrations within the cell. 

During exponential growth the ATP pools of cells maintained 

at pH 6.5 and cells in a declining pH environment remain 

constant at 18 nmol/mg cell protein. Once cell growth stops; 

however, the decrease in the pool halts and stabilizes at 

14 nmol/mg cell protein in the low pH culture. In the cells 

maintained at pH 6.5 the ATP pool continues to fall to 4 

nmol/mg. This difference may partially explain some of the 

disparity in the S-adenosylmethionine concentrations; however, 

it does not explain why the S-adenosylmethionine level is low 

prior to cyclopropanation and cell growth cessation. During 

this time period there is ample substrate for S-adenosyl-

methionine synthetase. Nor does it explain the continued 

parallel rise of cyclopropanation and S-adenosylmethionine 

concentration in cells grown to pH 4.0. It must also be 

considered that the higher ATP pool in the low pH cells may 

be necessary to maintain the pH gradient of the cell while 

cells grown at pH 6.5 would not need a large ATP pool to 

maintain the much smaller pH gradient. 

Effects of Spermine and Spermidine 

Polyamine synthesis, particularly spermine and spermidine, 

utilize S-adenosylmethionine as a substrate (37). Although 
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it has been found that L. plantarum and the other lactic 

acid bacteria contain vary low levels of polyamines, they 

will accumulate exogeneously added spermine and spermidine 

(38). To eliminate the possibility that S-adenosylmethionine 

is used for polyamine synthesis under conditions not tested 

by other workers, such as the comparison of cells maintained 

at pH 6.5 and cultures freely falling in pH, supplementation 

with spermidine or spermine was done. At a supplementation 

level of 1 mM, spermidine and spermine had no effect upon 

the level attained by S-adenosylmethionine, or on the amount 

of lactobacillic acid formed, in either the pH 6.5 cultures 

or pH 4.0 cultures (Table VI). If polyamine synthesis were 

occuring in cells at pH 6.5, having low levels of S-adenosyl-

methionine, one might expect to find an S-adenosylmethionine 

sparing effect and thus an elevation in its concentration. 

To substantiate further the findings with spermidine and 

spermine, methylglyoxal bis-(guanylhydrazone) was added to 

cells grown at pH 6.5 and at freely falling pH at a concentration 

of 1 mM. This inhibitor of S-adenosylmethionine decarboxylase 

(37) did not affect S-adenosylmethionine levels or lactobacillic 

acid production. Thus, it appears that polyamine synthesis 

does not serve as a sink for S-adenosylmethionine since sparing 

via polyamine supplementation or inhibition of potential 

polyamine synthesis did not result in increased £-adenosyl-

methionine. 



TABLE VI 

IN VIVO EFFECTS OF POLYAMINES ON S-ADENOSYLMETHIONINE LEVELS 
AND LACTOBACILLI ACID CONTENT 

Sample £-Adenosylmethionine L/V* 
(nmoles/mg protein) Ratio 

Spermine (lmM) 

pH 6.5 cells . . ND . , 0.3 

Free fall pH cells 2.9 2.4 

Spermidine (lmM) 

pH 6.5 cells ND 0.3 

Free fall pH cells 3.1 2.4 

Methylglyoxal bis-(guanyl-
hydrazone) (lmM) 

pH 6.5 cells ND 0.3 

Free fall pH cells 3.1 2.4 

*Lactobacillic to cis-vaccenic acid ratio. 
ND-not detectable. 
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In Vitro Tests of S-Adenosylmethionine 
Synthetase Activity 

Even though S-adenosylmethionine synthetase is to 

unstable to assay in cell free extracts, it was felt that 

perhaps the crude, undialyzed preparations contained some 

activator or inhibitor of the enzyme. In order to test this, 

various combinations of crude, undialyzed preparations and 

toluene treated cells were assayed. No combination resulted 

in a significant activatiort or inhibition of S-adenosyl-

methionine synthetase (Table VII). 

Other known effectors of enzyme systems were tested, 

such as cyclic-AMP, cyclic-GMP, GTP, and ADP. At concentrations 

up to 10 mM none of these compounds changed the activity of 

S-adenosylmethionine synthetase in the typical assay mixture 

listed in Materials and Methods. Added lipid, low in cyclo-

propane fatty acids and high in cyclopropane fatty acids was 

without effect at final lipid concentrations of 3 mg/ml. 

Cycloleucine and ethionine are known to inhibit some 

S>-adenosylmethionine synthetases (39) due to their structural 

similarities to methionine; however, at concentrations up 

to 20 mM in the presence of 20 mM methionine there was no 

inhibition. These two compounds also caused no change in 

S-adenosylmethionine or lactobacillic acid levels iii vivo 

when supplemented at a concentration of 2 mM. 



TABLE VII 

EFFECT OF CRUDE EXTRACTS AND LIPID ON 
S-ADENOSYLMETHIONINE SYNTHETASE ACTIVITY 

Samole* Specific Activity 
Sample (nmol/mg/30 m m ) 

pH 6.5 cells 11.3 

pH 4.0 cells 16.2 

pH 6.5 cells + pH 6.5 extract 15-° 

pH 6.5 cells + pH 4.0 extract 1 4 •7 

pH 4.0 cells + pH 4.0 extract 15•2 

pH 4.0 cells + pH 6.5 extract 14• 8 

pH 6.5 cells + pH 6.5 lipid 15• 5 

pH 6.5 cells + pH 4.0 lipid 15•8 

pH 4.0 cells + pH 4.0 lipid 17.1 

pH 4.0 cells + pH 6.5 lipid 15• 6 

*Crude undialyzed extracts from cells grown at the 
indicated pH were added to a typical reaction mixture 
(Materials and Methods) at a concentration of 6 mg/ml. 
Lipid isolated from cells grown at the indicated pH was 
added at a final concentration of 3 mg/ml. 
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CHAPTER IV 

SUMMARY 

The data presented in this work support two major modes 

of regulation of production of the cyclopropane fatty acid, 

lactobacillic acid, in Lactobacillus plantarum. 

As the pH of the environment decreases, due primarily 

to the metabolic production of lactic acid by L. plantarum, 

there occurs an increase in the de novo synthesis of cyclopro-

pane fatty acid synthase which results in an increase in the 

amount of lactobacillic acid found in the membrane phospho-

lipids. If the fall in pH is prevented by maintaining the 

pH at 6.5, there is no increase in the activity of cyclopro-

pane fatty acid synthase or in lactobacillic acid content. 

Inhibition of protein synthesis by chloramphenicol prevents 

the pH-decline-induced increase in cyclopropane fatty acid 

synthase activity, and one actually observes a diminution in 

the activity in cells under decreasing pH conditions as well 

as at a constant pH of 6.5. 

In concert with the regulation via cyclopropane fatty acid 

synthase, it is found that there is a parallel rise in the 

cellular concentration of S-adenosylmethionine (the methylene 

carbon donor in the cyclopropane fatty acid synthase-catalyzed 
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reaction) and in lactobacillic acid production. Cells which 

experience a decreasing pH situation are found to produce 

concentrations as high as 3.4 nmol/mg cell protein of S-adeno-

sylmethionine after 14 to 16 hours of growth. S-adenosyl-

methionine in cells growing at pH 6.5 remains at very low 

levels. This increase in S-adenosylmethionine content cannot 

be contributed to an increase in the activity of i3—adenosyl— 

methionine synthetase since its activity, as measured in vitro 

with toluene-treated cells, is constant. In contrast to 

cyclopropane fatty acid synthase, S-adenosylmethionine syn-

thetase activity is not affected by chloramphenicol and one 

observes large accumulations of S-adenosylmethionine when 

cells are treated with chlormaphenicol, which may be due to 

the cessation of S-adenosylmethionine utilization by cyclo-

propane fatty acid synthase. The low levels of S-adenosyl-

methionine, found in cells maintained at pH 6.5, do not appear 

to be due to an enhanced rate of utilization or degradation. 

The possibility of S-adenosylhomocysteine accumulation 

serving as a feedback regulatory mechanism for cyclopropanation 

has been negated due to the finding that no detectable S-adeno-

sylhomocysteine was found as a result of the efficiency of 

S-adenosylhomocysteine nucleosidase. 

Implication of polyamine synthesis as a shunt for S-adeno-

sylmethionine has been eliminated upon discovering that cells 

cultured with the ;S—adenosylmethionine decarboxylase inhibitor, 
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methylglyoxal bis-(guanylhydrazone) or with spermine or 

spermidine, which would be expected to spare S_—adenosyl— 

methionine, had no differences in S-adenosylmethionine levels 

or lactohacillic acid levels when compared with control 

cultures. 

Methionine level differences cannot be invoked to explain 

the S-adenosylmethionine concentration differences between 

cells grown at pH 6.5 and 4.0 since the methionine content 

is similar and methionine transport is not defective in cells 

grown at pH 6.5, which are low in S-adenosylmethionine. 

Although there does appear to be a faster depletion in the 

ATP pool in cells maintained at pH 6.5, which may contribute 

to the differences in the total amount of S-adenosylmethionine 

produced as compared to cells at a low pH whose ATP levels 

remain higher, it cannot fully explain the rise in S-adeno-

sylmethionine levels observed in cultures undergoing a decline 

in pH. 

The supplementation of the culture medium with free fatty 

acids produces results one expects for each different fatty 

acid. Dihydrosterculic acid, the cyclopropane fatty acid 

derived from oleic acid, causes a depletion in the cis-vaccenic 

acid pool which in turn results in an accumulation of S-adeno-

sylmethionine . This accumulation occurs in cells cultured at 

pH 6.5 as well as in cultures declining in pH; however, during 

stationary phase the concentration of S-adenosylmethionine 

levels off in the pH 6.5 maintained cells while it continues 

to rise in the uncontrolled pH cultures. This reinforces the 
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controlling role which pH plays in S-adenosylmethionine 

production. If oleic acid or cis~vaccenic acid is added 

one finds a depletion of S-adenosylmethionine presumably 

due to its total utilization by the cell because of the 

presence of excess unsaturated substrate bound in the 

phospholipid. Stearic acid, the saturated horaolog of 

cis—vaccenic acid, has no affect upon cyclopropanation or 

upon S-adenosylmethionine levels as one would anticipate, 

since it does not serve a substrate or product role in the 

formation of cyclopropane fatty acids. 

This work has clearly defined the roles played by 

cyclopropane fatty acid synthase and 13-adenosylmethionine 

levels in the regulation of lactobacillic acid formation. 

There still remains, however, the question of how S-adenosyl-

methionine production is controlled by the external environ-

mental pH. It will be of interest to find out if the 

production of S-adenosylmethionine, in response to such 

factors as pH differences, is a generally observed phenomenon 

in other bacterial systems. If so, a more stable S-adenosyl-

methionine synthetase may be studied in order to answer the 

question of pH regulation of S-adenosylmethionine production. 

Also, the mode in which cyclopropane fatty acid synthase is 

induced remains to be elucidated. 


