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INTRODUCTION 

For many years lipid metabolism received little attention from 

biologists and biochemists. Bacteria and other microorganisms were 

thought to contain minor quantities of unremarkable lipid compounds 

which were metabolized in a manner similar to that of higher animals 

and plants. Recent developments in the area of lipid research showed 

that lipids in bacteria are different in their nature and metabolism 

from those of higher organisms. Furthermore, these lipid components 

differ within different bacterial groups to the extent that general¬ 

izations that apply to all bacteria cannot be made. 

Because of the abundance of triglycerides in Mycobacterium 

smegmatis under the culturing conditions, this investigation was 

undertaken to study the structure, function and biosynthesis of 

triglycerides in this organism. An attempt at understanding the 

regulatory mechanisms involved in the synthesis of these compounds 

was also made. 

t 



LITERATURE REVIEW 

Although triglycerides (TG) are a major lipid component in myco- • 

bacteria, little is known of the structure, function or mode of forma¬ 

tion of these cell constituents. One hypothesis regarding the function 

of TGs in Hycobacterium smegmatis is that they act as storage products 

analogous to poly-B-hydroxybutyrate and glycogen in Eubacteria. This 

hypothesis is based on the observation that the TG content of cells 

grown in carbon-rich media is high, whereas the concentration is low 

when cells are grown in carbon-poor media (Walker, unpublished data). 

This is in contrast to other generalizations that the lipid content of 

most bacteria usually increases with age or when the cells are under a 

stress (47). 

Mycobacterial TGs exhibit certain unique properties which in fact 

reflect the uniqueness of the fatty acids (FA) that are synthesized in 

the cells. One such property is the presence of long-chain fatty acids 

(C-20 and C-24) in concentrations of 15-20$ of the total TG fraction 

(69), which suggests that these fatty acids might be stored in the TGs 

at the 3-position (69), to be donated later to mycolic acids (3) and 

♦Abbreviations used in this thesis: TG (triglyceride), LG (diglyceride), 

KG (monoglyceride), FA (fatty acid), PA (phosphatidic acid), PE 

(phosphatidylethanolamine), CL (cardiolipin), PIM (phosphatidyl inositol 

mannoside), a.-GP (alpha-glycerophosphate), A.CP (Acy3. carrier protein), 

CFE (Cell-free extract). 

2 
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eventually be incorporated in the coll wall (3?)* Tuberculostearic 

acid (12~methylstearic) is found in low concentrations (less than 5/®) 

in the TG fraction. This acid is synthesized from oleic acid by 

receiving a methyl group from S-adenosyl methionine (SAM) probably while 

the ol.eate is attached to a phospholipid molecule (2), The fact that 

tuberculostearic acid is found in low concentrations in TGs suggests 

that there is little turnover of the acyl groups from the phospholipids 

to the TGs, 

Biosynthesis of Fatty Acids 

It was long believed that the biosynthesis of fatty acids was 

probably the reversal of B-oxidation, How, however, biosynthesis has 

been proved to proceed via a pathway which distinctly differs from that 

of degradation in several ways. In biosynthesis the basic adding unit 

is malonyl-CoA, not acetyl-CoA which is the major "splitting unit" in 

degradation; KADPH (TPNH) is the reducing agent in biosynthesis not iJAD 

(BP ft); and most importantly, acyl moieties are acylated to protein (acyl 

carrier protein, ACP) in the biosynthetic pathway not to CoA (47), 

Biosynthesis of long-chain saturated fatty acids involves two major 

steps: 

1, Carbon dioxide fixation which produces rnalonyl-CoA from 

acetyl-CoA. 

2, Elongation, where the basic adding unit is malonyl-CcA. 

Although the details of the mechanisms involved in the synthesis 

of these fatty acids were arrived at from working with mammalian and 

avian systems, there is extensive evidence that the malor^yl-CoA. pathway 
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occurs widely in bacteria (33» 39» 48). 

In mammalian cells, COg fixation occurs in what is known as the 

non-mitochondrial fraction, whereas the elongation sequence takes place 

in the mitochondria. In microorganisms the two processes probably take 

place in the membrane systom. The sequence of steps involved in long- 

chain saturated fatty acid synthesis, the details of which have been 

worked out mainly through the work of Vagelos (62) and Wakil (68), are 

the fol3, owing: 

HCOo”. + ATP + biotin-enzyme —CO^-biotin-enz + ADP + Pj_ 

CC^-biotin-enz + Ac-CoA —--—.-•*» Biotin-enz + Mal-CoA 

++ 
The enzyme, carboxylase, requires both biotin and Mn ions for the 

catalysis of the reaction* 

Elongation 

After the acetyl- and. malonyl-CoA derivatives are formed, the acyl 

groups are transferred to ACP tin*ough the catalytic action of acetyl 

and malonyl transferases to yield acetyl-ACP and malonyl-ACP respectively. 

The produced compounds condense together to form a 4-carbon compound, 

acetoacetyl-ACP, with a concomitant release of one molecule of CC^. 

Acetoacetyl-ACP produces butyryl-ACP through a series of reactions in¬ 

volving reduction, oxidation and dehydration. Butyryl-ACP then condenses 

with another malonyl-ACP to give rise to a 6-carbon fragment, and so on 

until palmitic acid is formed. The first carbons of palmitic acid are 

derived from acetyl-ACP and the rest of the carbons from malonyl-ACP. 

The net reaction is: 
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1 Ac-ACP + 7 mal-ACP + 14 NADPH + 14 H+ —--> 

1 paDunitate + 7 CC>2 + 8 ACP + 14 NADP + 6 E^O 

One important factor in this pathway is ACP which is now recognized 

to play a major role in lipid biosynthesis. It is a very stable protein 

(withstands temperatures of 90°C for 5 minutes), and has a molecular 

weight of approximately 10,000, Its functional group is very similar 

to that of CoA (39). 

ACP has been isolated and purified from E, coli (41), Arthrobacter 

viscosus (58), Clostridium butyricum (1) and Mycobacterium phlei (44, 45). 

Matsumura et, al, (44) have found that ACPXI . differs from other 
M, phlei 
mmim wi hi ,n 

bacterial ACP in its content of proline per mole of protein (4 moles 

proline / mole protein in contrast to one proline residue / mole protein 

in ACP col i) • Furthermore, Matsumura (45) found that ACP ^ £hlci 

supports the malonyl-CcA-COp exchange reaction in E, coli extracts vdth 

an activity about half that of ACP E con* ACPM, phlei* however, was 

found to inhibit the fatty acid synthatase system of E. coli, ACP.. 
~ E, coli 

and ACPa viscosus* on ^he other hand, were functionally indistinguish¬ 

able (58). 

ACPs from different bacteria differ in their location in the cell. 

acpe. coli was Pourid to be located in the plasma membrane or very near 

to the cytoplasmic side of the membrane and can be easily isolated (64). 

ACP ^ Dvxcm on ^h0 °th©r hard is located in a particle free extract but 

is found in ciose association with a nultienzyme complex (fatty acid 

synthetase) (9). This multionzyme complex is dissociated in solutions 

of low ionic strength. 
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One other way through which bacteria can make certain long-chain 

saturated fatty acids is the hydrogenation of unsaturated fatty acids. 

This activity has been studied in certain rumen bacteria (52). The main 

fatty acid converted by biohydrogenation to saturated fatty acids is 

linolenic acid which is introduced into the rumen in the diets of 

ruminants. This is converted in a step-wise fashion into linoleic, 

oleic and finally stearic (?0), 

Generally, microorganisms synthesize unsaturated fatty acids in two 

major ways (32, 47): elongation of unsaturated short-chain inter¬ 

mediates, and dehydrogenation of long-chain saturated fatty acids. In 

mycobacteria, biosynthesis of unsaturated FAs has been studied in rela¬ 

tion to specific reactionss desaturation of stearate to oleate and 

palmitate to ^-hexadecanoate (24); the condensation reactions of 

3.ong-chain keto, hydroxy and unsaturated FAs (stearate and tetraaco- 

sanoate) to form the C^q and Cg^ of mycolic acids (2), Hung and Walker 

(25) showed that the long-chain unsaturated FAs of M, smegmatis and M. 

9 
bovis BCG are related and reflect a common origin from the “ ^18 

fatty acid., with two-carbon elongations. These authors suggest that 

long-chain FAs (C-20, C-22, C-24) might arise by a combination of de- 

saturation and elongation together. 

In addition to the saturated and unsaturated fatty acids, there are 

groups of fatty acids that are unique and characteristic of certain 

bacteria. Such FAs include the cyclopropane FAs, branched FAs and cer¬ 

tain FAs characteristic of one group of organisms such as corynemycolic 

acids in Corynebacterium diphtheria and smegmanycolic acid in H. 

l 



smeginatis. The cyclopropane FAs and some branched FAs derive their 

extra carbon unit from SAK (2, 38) in order to form the cyclopropane 

ring or branching unit. It was found that the carbon and two of the 

hydrogens are donated from SAM whereas the third hydrogen comes from 

another source (50, 51). Neither the reason nor the significance of 

such a mechanism is understood. 

Other branched fatty acids arise either from isovalerate (derived 

from leucine) or 2-methylbutyrate (derived from isoleucine) and are 

elongated in this fashion: 

CH^ 0 

CH-CH-CH^- C-S-CoA 

Isovalerate 

CHo 
I 

ch3ch-(ch ) - 

0 
12 
C-S-CoA 

CH 0 
I 3 11 

CH^-CH-(CH^)^-C-S-CoA 

CH3-CH2- 

CHo 0 
I 3 11 

CH -CH -CH-(CH ) -C-S-CoA 
3 2 2 10 

CHo 0 
i 3 11 

Cllj-CH -CH(CH2) 12-C-S-CoA 

2-mothylbutyrate 
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The elongation mechanism involved in these pathways is the malonate 

scheme (33). The fatty acid intermediates involved in the branching 

process are ACP esters rather than CoA esters (47). 

Biosynthesis of Triglycerides 

In mammalian systems, and prior to the esterification of the dif¬ 

ferent fatty acids to glycerol, the fatty acids have to be converted to 

acyl-CoA thioesters by the action of various thiokinases (19, 23, 41). 

Three different kinases catalyzing the phosphorylation of fatty acids 

in relation to their chain length have been identified. The general 

reaction proposed by Berg (5) for such a process is: 

R-C-OO” + ATP--R-CO-AMP + P-O-P 

R-CO-AMP + CoASH—-R-CO-S-CoA + AMP 

A similar mechanism operates in bacteria for the activation of the fatty 

acids. However, another activation step involving the transacylation of 

the acyl moiety from acyl-CcA to AC? was found to occur in bacterial 

systems (62), 

Tietz and Shapiro (6l) were among the first investigators to study 

the mechanisms of triglyceride synthesis in mammalian systems. They 

found that ATP was required for the incorporation of FAs into the 

triglycerides of rat liver homogenates. One pathway proposed for the 

synthesis of TGs in the liver is the a-glycerophosphate pathway: 
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Glycerol 

Glycerokinase 
(a) 

i" •AT?+ 
hg 

a-glycerophosphate 

(b) 
Acyl-CoA 

Lys ophosphatidic 
Acid 

(c) 

(d) 

(e) 

I- Acyl-CoA 

Phosphatidic Acid 

I 
1,2-Diglycerides 

■Acyl-CoA 

Triglycerides 

Reaction (a) is catalyzed by glycerokinase and requires ATP and 

magnesium ions. The reactions of a -GP vrith acyl-CoA (reactions (b) 

and (c) ) have been studied by Lands et, al, (35* 3b), These workers 

used guinea pig liver microsomes to form diacylglycerophosphate (PA) 

from glycerophosphate and CoA esters of stearate and linoleate, 

Lysophosphatidic acid did not accumulate as an intermediate since it 

was very rapidly acylated to form PA, The two acylation reactions are 

controlled by different enzymes. The first acylation was found to be 

sensitive to SH inhibitors but the second acylation was not. 

Reaction (d) is catalyzed by PA-phosophatase (39) to yield DG and 

P^, The DG is then esterified with acyl-CoA to yield TG (reaction (e) ), 

A pathway similar to the a-GP pathway seems to operate in bacterial 

lipid synthesis. Evidence for the existence of lyso-PA and PA as inter¬ 

mediates was obtained when E, coli mutants defective in the acylation of 
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a-GP (14) and lyso-PA (22) were isolated. Early work done by Goldfine 

et. al. (18) demonstrated the involvement of ACP in the pathway. These 

workers showed that the conversion of a-Gn to lyso-PA, in the presence 

of a particulate fraction from Clostridium butyricum, was dependent on 

the addition of ACP isolated from Ch butyricum or E, coli. Moreover, 

chemically synthesized %-palmityl-ACP stimulated the acylation of a-GP 

in the same particular fraction. Recent work (65) with E, coli, how¬ 

ever, proved that the first acylation of a-GP requires either acyl-CoA 

or acyl-ACP as donors of the acyl group, but synthesis of PA from lyso- 

PA requires acyl-ACP, 

Reports of the synthesis of phosphatidylserine and phosphatidyl- 

glycerol (30, 34) in E. coli and other bacteria suggest that PA (in the 

coenzyme form, CDP-EG) is an important precursor of bacterial lipids. 

This prompted a study by Pieringer and Kunnes (49) of the biosynthesis 

of PA in E, coli. These workers found that the particulate fractions of 

E. c°bd catalyze the phosphorylation of DG by ATP to form PA in a typical 

phosphorylation reaction: 

. . ^ , Kinase 
ATP + 1,2-dipalmitin-PA + ADP 

Kg++ 

The same particulate fraction was found to catalyze the synthesis of 

lyso-PA from monopalnitin. 

It is thought that CDP-DG is the obligatory intermediate in the de 

novo synthesis of all lipids in E, coli, Chang and Kennedy (11) have 

shown by pulse-labeling experiments in intact E. coli that PA is rapidly 

formed and has a high rate of turnover. Presumably, it serves as a 
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precursor for other lipids by first reacting with CTP to form CDP-DG 

(IDs 

PA + CTP->- CDP-DG + P 

Carter (10) described an enzyme in the membrane fractions of E. coli 

that catalyzes the above reaction. Hutchinson and Cronan (27) and 

KcCaman and Finnerty (46) demonstrated the synthesis of CDP-DG in the 

membrane fraction of Saccharomyces ccrivisiae and Micrococcus cerificans 

respectively. 

Another pathway that is operative in TG synthesis in mammalian 

systems is the monoglyceride pathway. This pathway was shown to operate 

in rac mucosa (23) and adipose tissue (29), In 19^0# Clark and Hubscher 

(12, 24) provided the first evidence for the biosynthesis of TGs from 

monoglycerides. These authors demonstrated that the addition of MGs 

markedly stimulated the incorporation of ^'C-palraitic acid into TGs under 

conditions where the a-GP pathway was inhibited. Senior and Isselbachor 

(57) j.urther showed that ^C-glycerol-labeled monopalmitin was incor¬ 

porated into DGs and TGs. The final confirmation of the existence of 

tlia MG pathway was provided by an experiment where a doubly labeled MG 

-glycerol and ^C-fatty acid) was incorporated intact into DGs and 

TGs (28). The steps involved in this pathway are the following: 
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Acyl-CoA synthetase 
FA + CcA --—— ---—Acyl-CoA 

MG transacylase 

Acyl-CoA + MG--—-->- DG 

DG transacylase 

Acyl-CoA + DG- --————>- TG 

Kao and Johnston (5*0 have purified the enzymes involved in the MG 

pathway from hamster intestinal mucosa. During the process of purifica¬ 

tion, acyl-CoA synthetase, MG transacylase and DG transacylase were 

purified simultaneously, suggesting that the enzymes of the MG pathway 

are grouped in a raultienzyme coraplex. This enzyme complex has been 

termed "triglyceride synthetase". Other findings suggest that these 

enzymes are confined to the membrane fraction of the endoplasmic reticu¬ 

lum. 

The intermediate common to the a-GP pathway and the MG pathway is 

1,2-DG. Since both pathways occur in the microsomal fraction of mammal¬ 

ian cells, the question as to whether or not the 1,2-DGs synthesized by 

each pathway equilibriate was examined by Johnston (28), Ke concluded 

that the DGs formed by the two pathways do not equilibriate and that 

only the DGs synthesized via the a-GP pathway are precursors of more 

complex phosphplipids (such as phosphatidyl choline). Recent work by 

Johnston et. al, (29) showed that the DGs synthesized by both pathways 

have a 1,2- configuration but differ in the nature of the fatty acids 

esterified to the DGs, 
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Tho different, lipids isolated from M, smegmatis show the same 

specificity in the nature and distribution of the fatty acids. In a 

recent study aimed at investigating the positional distribution of FAs 

in the phospholipids and triglycerides of H, smegmatis and M, bovis BCG, 

Walker et, al, (69) showed that these lipids of both species are asym¬ 

metric molecules. These authors showed that the alpha carbon of glycerol 

is predominantly esterified with or a derivative of it 

and l-he beta carbon is esterified with or a derivative of it, 

(^17.-branched^ *n ^he ^Gs anc* phospholipids of M, smegmatis. This may 

suggest that both the TGs and phospholipids of M. smegmatis may be 

derived from a common intermediate. 

Regulation and Control 

Like any other cell component, lipid synthesis and degradation are 

governed by the different physiological states that the cell may pass 

through such as availability of nutrients, enzyme induction or repres¬ 

sion, age and the accumulation of toxic products, etc, 

Marinetti et. al. (43, 16) have investigated the control of lipid 

synthesis in the liver by using ^ C-glycerol as a marker and examining 

the effects of varying concentrations of ATP, CTP, and Kg++ ions. They 

found that the optimal concentration of ATP and Mg++ ions for lipogenesis 

was 10 mM. Increasing ATP concentration to 100 mM eliminated labeling 

of alx lipids except an unidentified acidic phospholipid which was sus¬ 

pected to be phosphatidyl glycerol phosphate. 

Although ATP was found to be required for labeling all the lipids, 

the pattern of lipid labeling was influenced by Mg++ and CTP. Increasing 



14 

tho magnesium ion concentration to 10 mi-1 caused the labeling to appear 

mainly in the phospholipids, especially lecithin. This was done at the 

expense of labeling the TGs. However, increasing the CTP concentration 

to 10 inM, in the presence of both ATP and magnesium, shifted the 

labeling in favor of the di~ and triglycerides. 

More recently, Possmayer and Kudd (53) showed that the presence of 

CMP, CDP or CTP markedly decreased the incorporation of ^C-glycer01-3- 

phosphate into phospholipids but had no effect on glycerides in rat 

brain. The decrease in the incorporation of glycerol-3-phosphate into 

phospholipids was related to a decrease in the synthesis of PA, These 

results indicate that cytidine nucleotides, particularly CTP, can modify 

the acylation of a-GP, 

Other regulatory mechanisms of TG synthesis in higher organisms 

have been ascribed to the concentration of acetyl-CoA and citrate in the 

tissue and of possible effectors of acetyl-CoA carboxylase (long-chain 

acyl-CoA as an inhibitor, (7) and citrate as an activator (63) ), In 

one study, Denton and Halperin (15) have shown that the rate of TG 

synthesis could not be correlated with the concentration of either 

glycerol~3-phosphate or long-chain fatty acyl-CoA in rat adipose tissue. 

In addition, no correlation was observed between the rate of FA synthesis 

and to whole-tissue concentration of acety-CcA, citrate or acetyl-CoA 

synthetase. They suggest that the control of fatty acid and triglyceride 

synthesis resides in some additional factor. 

It is evident from the above that the details of the control and 

regulation of TG synthesis are not well worked out yet in either the 

higher organisms or the bacteria. 



MATERIALS AND METHODS 

1. Organism. Mycobacterium smegmatis ATCC 19^20 was used in this study. 

The organism was usually grown in Youman's medium and its growth curve 

was determined as fol3.ows: 

Ten mis of the cell suspension was ultrasonicated for 15 seconds 

to break cell clumps. Turbidity of the homogeneous suspension was read 

in a Klett-Summerson Colorimeter (Red filter, Ca 660 mu) (Klett Manu¬ 

facturing Compary, New York), The generation time as determined from 

the growth curve (Figure 1) is approximately 9 hours, 

2, Media, 

a. Modified Youman's Medium, 

Unless indicated otherwise, the growth medium used during the 

course of this study for culturing M, sms gratis was modified Youman's 

medium (60), The composition of the medium is: 

Per Liter 

kh2P04 5 g 

Glycerol. ^o g 

Asparagine 5 g 

Sodium Citrate 2.5 g 

Ferric Ammonium Citrate 0.05 g 

0.5 g Magnesium Sulfate was added after adjusting the pH to 7,0, 

b, Kaneshiro and Harr's medium (31) was used when a salt medium 

was required for growth. Its composition is: 

15 
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Per Liter 

KCl 

k2hpo4 

KH2P04 

(^4)2^04 

HgCl2.6H20 

CaCl2,2H20 

Both MgCl2.6H2C 

1.00 g 

12.20 g 

9.40 g 

1.50 g 

0.64 g 

0.02 g 

and CaCl2»2H20 were added after the pH was adjusted 

to 7.0. 

Glucose 10.00 g 

Sterilized and added separately, 

c. Basal medium (21): 

This medium was used in certain experiments. Its composition is as 

follows: 

Holes Per Liter 

Nad 8 x 10-2 

FeCl2 2 x 10~6. 

KCl 2 x >
-»

■ 

0
 

Tris-HCl (pH 7.5) 1.2 x 10"1 

NH4CI 2 x icf2 

Glucose 1.2 x 10~2 

MgCl2 1 X 

1 0
 

T
—( 

a-glycex-ophosphate 1.4 x 
-4 

10 

Na2SC'4 5 x 
, -4 
10 

Eacto-’peptone 0.04$ 
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3. Materials. The radioisotopes were purchased from Searle-Amersham, 

ICN, Tracer Laboratories or Applied Science, ^C-24 fatty acid was pre¬ 

pared in this laboratory and had a specific activity of 1 nCi/mH, Other 

compounds were of reagent grade purchased from Fisher, Calbiochem or P-L 

Laboratories. Lipid standards were products of Hormel Institute (Austin, 

Minnesota), Analytical grade glycerokinase was purchased from Calbiochem. 

It was prepared from Candida nycoderraa and had a specific activity of 

83 EU per mg protein. 

4, Preparation of Cell-Free Extract. Cells were collected by centri¬ 

fugation at 12,000 x g at the desired stage of growth, usually 72 hours. 

The pellet tras then resuspended in phosphate buffer (0.05 Mj pH 7.4) 

which contains dithiothrsitol (10”-^i), The mixture was ultrasonicated 

for two minutes at full speed in order to suspend the cells homogeneously 

in the buffer. The cells were then disrupted by passing them twice 

through a French pressure cell (American Instrument Company, Silver 

Springs, Maryland) at 20,000 psi. Unbroken cells and ce!3. debris (large 

cell fragments) were removed by centrifugation at 5»000 x g for 15 

minutes. The supernatant solution was recovered and its protein con¬ 

centration determined. 

5. Determination of Protein Concentration. Protein concentration was 

determined by the biuret method (55). One ml of the sample was mixed 

wdlth 4 mis biuret reagent (one liter solution contains 1,5 g CuSO, *5Ho0 
4 2 

6.0 g NaXC^HjjO^ - sodium potassium tartarate - 10^ carbonate free NaOH 

stored in a polyethyl.ene bottle), After incubation for 30 minutes at 

» 
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room temperature, the optical density of the mixture was read at 550 run. 

The protein content of the sample was determined by comparing its 

opticaj. density with a standard curve obtained by using bovine serum, 

albumin, 

6. Preparation of Crude ACP. Cell free extract was prepared from cells 

grown in 600 mis Youman’s medium. The cell free extract was centrifuged 

at 5»000 x g for 10 minutes. The supernatant fraction was recovered, 

heated at 90°C for 5 minutes then cooled in ice. The mixture was 

centrifuged at 16,000 x g for 15 minutes and the pellet discarded. The 

supernatant fraction was then precipitated with 70# ammonium sulfate, 

centrifuged and the supernatant fraction discarded. The pellet was 

dialyzed against 5 liters of buffer (containing mercaptoethanol) over¬ 

night, The dialysate was diluted to 150 mis with distilled water. This 

fraction was centrifuged at 20,000 x g for 10 minutes. The supernatant 

solution was recovered and freeze-dried. The protein content of the 

preparation as determined by the biuret method was 272 mgs of a total of 

896 mgs. 

7. Thin Layer Chromatograph?/. Plates were prepared by suspending the 

gel in water and then spreading the slurry on 20 x 20 eras plates to the 

desired thickness. The plates were activated at 120°C for one and a half 

hours. For the isolation of neutral lipids, Adsorbosil-1 (CaSOjj, binder) 

(Applied Science Laboratories,Inc., University Park, Pennsylvania) was 

used whereas Adsorbosil-3 (MgSiO^ binder) (sane source as Adsorbosil-1) 

was used for isolating polar lipids. The neutral lipids were separated 
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by spotting the sample and a standard about one inch from the bottom of 

the plate and developing it in one of these solvent systems: 

ether:benzenes ethanol:acetic acid (40:50:2*0,2) (17); or hexane:ether: 

acetic acid (70:20:7), Both systems gave good separation of the neutral 

lipids which were located by comparison with the standard after spraying 

the plate with rhodamine 6-G and viewing it under ultra violet light. 

The phospholipids were separated on Adsorbosil-3 plates by develop¬ 

ing the plates in one of these solvent systems: chloroform:methanol: 

water (65:25:4), drying the plate for one hour, then redeveloping in 

petroleum ether:ether;acetic acid (80:20:2); or chloroform:methanol: 

J acetic acid:water (80:20:8:0,3)» drying then developing in ether:acetic 

acid (95:5). Along with the sample, a standard was routinely spotted. 

The standard was sprayed with Vaskovs Icy and Kostetsky spray (66) 

(phospholipids turn blue) and the rest of the plate was sprayed with 

rhodamine 6-G, Bands of the sample that corresponded to the standard 

were located by examining the plate under UV, 

8, Measurement of Glycerol Utilization, In order to determine the 

amount of glycerol utilised, proper dilution of the growth medium was 

first performed. To a two ml sample of the medium (containing between 

3 and 5 ug glycerol after dilution), 0.1 ml of 10 ii ^ and 0,5 rol of 

0,1 M sodium periodate wore added. The mixture was left to stand for 5 

minutos at room temperature, then 0.5 nil o^ 10/O sodium bisulfite was 

added. One ml of the above solution was then mixed with 5 nils of 

chromotropic acid solution (l;o chromotropic acid to which 450 mis 

4 Ii HgSO/j. was added). The tube was then heated for 30 minutes in a 



20 

water bath, cooled to room temperature, then 0.5 mis of 5$ thiourea 

(half saturated solution) was added to remove the dark color. The op¬ 

tical densit’r was then read at 5?0 nm and J*he concentration of glycerol 

determined by comparison with a standard curve, 

9. Determination of Triglyceride Content of the Cells. Cells were grown 

in louman's medium under varying conditions—time, g3.ycerol concentration 

in the medium, etc,—collected by centrifugation then freeze dried. 

Fifty mgs of the freeze-dried cells were ultrasonicated for 5 minutes in 

15 mis of chloroformsmethanol (2il) and then centrifuged at 15»000 x g. 

The solvent was collected, the pellet resuspended in the same solvent, 

and the mixture centrifuged again. The solvent fractions were pooled, 

then the solvent was evaporated under reduced pressure, A measured 

sample of the total lipid fraction was then streaked on Adsorbosil-1 

plates and the triglycerides located as previously described. The TG 

band was collected in tubes containing 15 mis chloroform;methanol (80{10), 

centrifuged, and the solvent fraction recovered. This procedure was 

repeated twice to insure complete recovery of the TGs, and the TGs 

were weighed on a microbalance. This procedure was found to give 99»5p 

recovery of a predetermined amount of TGs, 

10, Measurement of Radioactivity, Radioactivity measurements were per¬ 

formed by using a 2-channel liquid scintillation counter, Five-Ten mis 

modified Bray's solution (8) were added to a scintillation vial contain¬ 

ing tho sample and the mixture thoroughly mixed. The. modified Bray's 

solution consists of the following{ 
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Per Liter 

Naphthalene 60 g 

2,5 Diphenyloxasole (PP0) 4 g 

P-BIS /2-(5-phenyloxazolyl)_/ - 

Benzene (P0PCP) 0.2 g 

Methanol 100 mis 

Ethylene glycol 20 mis 

Toluene 100 mis 

Dioxane was added to make 1 liter* 

When the different lipid classes were separated on TLC, they were 

scraped from the plates into scintillation vials and counted* There was 

little interference from the gel with counting as determined by control 

experiments where known amounts of labeled lipid were spotted on plates, 

scraped, and counted, 

11, Preparation of Doubly Labeled Konog-lyceride, Doubly labeled mono¬ 

glyceride was prepared according to the method of Hartman (20) with some 

modification. The procedure was as follows: 

0,5 gm of glycerol and 500 uCi ^H-glycerol (3p, Act= 420 mCi/mm) 

were refluxed with 3.0 rils acetone, 4,0 mis alcohol-free chloroform, aid. 

0,015 gm tolu3ne-p-sulfonic acid (catalyst for the reaction) for 100 

14 
minutes. Five hundred mgs palmitic acid and 100 uCi C-palmitic acid 

(Sp, Act, 5mCi/miI) were then added, and the mixture was alio vied to reflux 

for an additional 3 hour period. After this time, the catalyst was 

removed by adding 0,05 gm anhydrous sodium acetate. The mixture was then- 

washed 3 times with water, and the chloroform was evaporated under 
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reduced pressure. Scission of* the isopropylidene-glycerol-palnitate was 

done by dissolving the ester in 12 mis of 2-methoxy ethanol and heating 

with finely powdered boric acid (lg) on a boiling water bath for 30-40 

minutes. The mixture x>jas then taken up in ether, washed three times with 

water, and dried over Na SO,., 
2 4 

The precipitate was then dissolved in 20 mis hexane:ether (3*1 v/v) 

and. applied to a 3.1 x 20 cm column of Flcrisil (Fisher Scientific Com- 

pany. Fair Lawn, New Jersey) which had been deactivated with 7/° ( w/w ) 

added water, DGs and TGs were eluted with 300 mis (2 column volumes) 

hexane:ether (3:1). The MG was eluted with 400 mis of ether containing 

2$ methanol (42), The MG gave one spot by TLC, Ten ml of the synthesized 

MG was counted in the scintillation counter set up to count two isotopes 

at once. The ratio of -hli^ in the MG was determined, 

12, Experiments with Doubly Labeled MG. Crude cell free extract was 

prepared from young cells grown in Xouraan's medium. Half a ml of the 

extract was incubated with the following: 

0,?5 na buffer (0.05M Phosphate buffer containing lCf^-I DTT; pH 7,4) 

25 urnoles NaF 

10 moles MgCl 
2 

1 u mole palmityl-CoA 

1 u mole doubly labeled monopalmiti.n suspended in 0,1 ml of 10$ 

Tween-80. 

The monoglyceride had total counts of 74,280 cpm n and 211,540 cpm 1/fC. 

The reaction mixture was identical to that used by Johnston (28), who 

showed thQ existence of the MG pathway in mammalian systems. 
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Tho reaction tube was shaken on the i-Iickle shaker for 30 seconds 

to allow for complete homogeneity of the contents* The reaction, which 

was allowed to proceed for 60 minutes, was stopped by the addition of 

3 mis of chloroform:methanol (2:1). The tube was shaken vigorously and 

centrifuged for 15 minutes. Tho chloroform layer containing the lipids 

was carefully removed and the soD.vent evaporated under a stream of 

nitrogen. The lipids were dissolved in 100 ul chloroform. Fifty ul 

was spotted on Adsorbosil-1 plates and developed in hexane:ether:acetic 

acid (70:20:7). The remaining 50 ul of the sample was spotted on 

Adsorbosil-3 and developed in chloroform:methanol:acetic acid:water 

(80:20:8:0,3)» dried for 1 hour, then redeveloped in ether:acetic acid 

(95s5). The neutral and phospholipids were isolated and counted. 

In another experiment the cell free extract was fractionated into 

pellet and supernatant fractions by centrifugation at ^-0,000 x g for 1 

hour. Both fractions were retained and used in the following incubation 

mixture: 

1,00 ml of pellet or supernatant 

0,60 ml Buffer 

2 umoles doubly labeled monoglyceride 

5 umoles oleic acid 

5 umoles ATP 

0,2 umoles CcA 

20 umoles ilgC^ 

The monopalmitin used in this experiment was a mixture of the 

chemically synthesized monopalmitin and monoglyceride isolated from 
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cells after they had been incubated with H-glycerol and -palmitic 

acad. This preparation had a ratio of 3h/14C of 0.3 (10 ul sample had 

245 cpm ard ^C 738 cpm). 

lhe procedure ana conditions used for this experiment were identical 

to the previous one with doubly labeled monopalmitin. 

^>arva Llori -'Xoerinent. Three-day old cells which had been grown in 

Iouman's medium were aseptically harvested and washed twice with sterile 

distilled water. The cell paste was resuspended in the salt medium 

(Kaneshiro ard Karr's medium without glucose) containing 12.26 uCi 

14 
C-palmioic acid (Sp, activity= 1?,4 mCi/nil) by shaking. The flask was 

incubated au 26°C for 31 minutes, The cells were harvested aseptically 

ar*-‘ cashed twice with sterile distilled water, and then were resuspended 

in the salt medium without palmitic acid. After complete suspension in 

the new i-iedium, an 8 mis sample was mixed with chloroform:methanol in 

order to make solvent ratios of 1:2:0.8 (C:M:H20). The cells were left 

in the aoo/e extractant for 1 hour, then more chloroforra ard water were 

added to make the final chloroform:methanol:water ratio 2:2:1,8, The 

suspension was loft at room temperature overnight to allow for the 

chloroform layer to separate completely from the aqueous layer. The 

chloroform layer was tnon removed, filtered to remove coll debris, and 

dried. The same procedure was repeated with cells incubating in the salt 

medium after 12, 24, and 36 hours. Tho lipids were then isolated ard 

counted for radioactivity. 
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14. Pulse-Labelling Whole Cells. Three-day old cells, grown in 100 mis 

Younsan's medium, were harvested by centrifugation and resuspended in 50 

14 
mis basal medium. To this suspension, 5 uCi C-glycerol (Sp. Act=20 

ECi/idl) wore added, and the flask was incubated at room temperature for 

5 minutes with shaking. The cells were then collected by millipore 

filtration and were washed once with 20 mis basal medium. Over a clean 

flasic, the cells were washed again with 30 mis cold distilled water. 

This procedure has been reported (21) to leach small molecules from 

bacterial cells and has been observed to release more than 95b of the 

cold-trichloroacetic acid-soluble fraction. The filtrate was then 

evaporated under vacuum and then applied to Whatman number 1 filter 

paper along with glycerol arid a-glycerophosphate standards. The filter 

paper was developed (descending) in methy]-cellosolvesmethyl ethyl ketone; 

3-• iK^OH (7i2;3: y/v ) overnight ( 21), The standards were located by 

using the folio*.ring sprays; a-glycerophosphate; Haynes-Isherwood (4) 

indicated G? as a blue spot over a white background. Glycerol; the 

part of the filter paper containing glycerol was sprayed with 0,5/3 

I.alO^ until it became damp. The paper was allowed to stand for 5 minutes 

then was sprayed with 0.5/3 benzidine in ethanol;acetic acid (4;1) (6), 

Glycerol appears as a white spot over a dark gray background. 

The region of the filter paper where the sample was applied that 

correspond to the a-GP spot was cut in small pieces and. directly counted 

in Bray's solution. 

The filter paper with the colls on it was suspended in 100 ml 

chloroformsnethanol (2:1) overnight. The suspension was then filtered 
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ana the solvent removed by evaporation under vacuum. The lipids were 

dissolved in 2 mis Folch solvent (CsMiHgOj 86:14:1) and spotted on 

plates. The :eutral and phospholipids were scraped from the plates and 

counted, 

j-with 2 Isotopes. Throe-day old ceils grown in 100 

ml louman's medium were incubated with the following: 

a. 12.5 mgs palmitic acid suspended in 2.5 ml of 5p bovine serum 

albumin and 2.4 uCi ^C-palmitic acid (Sp, Act. 17.4 raCi/mM) 

b. 5 uCi JH-glycerol (Sp. Act. 420 roCi/mH) (lots of glycerol in 

the medium), 

The suspension was incubated at room temperature with shaking. Five 

ml aliquots were removed after 1, 5, 10, 30, and 60 minutes of incuba¬ 

tion with the isotopes. The aliquots were filtered through Whatman 

i.o, 5 filter paper and washed with 10 rnls cold distilled water. The 

filter paper v^as then transferred into 30 ml CiM (2:1). The next day 

the mixture was filtered, and the solvent evaporated. The lipids wore 

taken up in 5 mis ether and transferred to another vial. After the ether 

was evaporated the lipids were dissolved in 100 ul Folch solvent and 

spotted on TLC plates. The different lipids were located, scrapod, and 

counted. 

FylSeont. Cells from 100 mis louman's medium wore 

collected after 3 days of growth, washed with KM medium without glucose, 

and then resuspended homogeneously in 50 mis of tho samo modium. To tho 

now suspension, 100 uCi h-glycorol (Sp. Act. 420 mCl/mM) was add.od, and 



27 

the mixture was left to incubate at room temperature for 20 minutes with 

shaking. Sight mis of this suspension were then mixed with chloroforms 

methanol in order to make solvent ratios of 1:2:0.8 (CsHsH 0). More 

chloroforms water was added after one hour to make the final CsMsH^O 

ratio equal 2s2s1.8, The suspension was left at room temperature over¬ 

night, then the chloroform layer was removed and filtered. The solvent 

was evaporated and the lipids isolated and counted. 

The rest of the sample was centrifuged, and the cells were washed 

twice with the salt medium. The pellet was resuspended in Youman*s 

medium containing 1$ glycerol to chase the label. Eight ml samples were 

taken at 0, 10, 30, and 60 minute intervals and were treated as the 

previous sample. The lipids vie re isolated aid counted, 

17. Assay and Inhibitors of ATPase. The assay method for ATPase in a, 

snermntis is a modification of that reported in ilethods of Snzymology 

j 

(40). The assay procedure involves the measurement of inorganic phosphate 

that is liberated from ATP when it reacts with molybdate in an acidic 

medium. 

Equal parts of 5 md AT? and buffer (Tris, 0,03 M; 2-ar.iino-2-methyl- 

1,3-p-opardiol, 0.03k; KC1, 0.03 M; HgCl^, 2 raM) were mixed. In an ice 

bath, 25 1 cell free extract and 100 ul of the ATP/buffer mixture 

were added. The test tubes we re then incubated at 3S°C for 30 minutes. 

The reaction was stopped with 20 ul of 30$ TCA, To each test tube, 2 

mis of freshly nixed phosp’nate reagent /containing 2 mis of 2.5$ ammonium 

molybdate, 46 ul acetate buffer (0.1 ml acetic acid ard 0,065 M sodium 

acetate); 2 ids l/> ascorbic acid] were added and allowed to react for 15 
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minutes at room temperature. The tubes were centrifuged, and the optical 

density rear, at 870 nn. The blank was a test tube containing the above 

reagents at 0 time. Each tube contained 5 25 ul of 15 mi-1 phosphate as 

an internal standai'd, 

either nicke3. or fluoride ions were included in the assay mixture in 

oraer to examine the effect to these ions on ATPase. Both ions were 

reported as inhibitors of the enzyme (13). 

IS. Experiments with Cell Free Extract. In order to elucidate the path¬ 

ways an TG synthesis, the majority of the experiments were done with a 

ce—1 f**e© system. ±n most of these experiments, one general procedure 

was used. The cells were broken and a cell free extract which contained 

between 10-20 ngs protein/ml was prepared without any further fractiona¬ 

tion, unless indicated otherwise. 

Since all the experiments with the CFE involve acqueous systems, 

water-a.nsoluble material that was concurrently used was solubilized by 

attaching it to albumin. Thus when long-chain fatty acids vjere used, 

tney were either ultrasonicated or shaken with a relative amount of 5;i 

bovine serum albumin (depending on how much FA was used) on a Mickle 

shaker for one minute at full speed, then adjusted to a pH of 8.5-9. 

These procedures v/ere found to be satisfactory for suspending the fatty 

acids in water. 

14 

The reaction mixture which allowed ac< op table incorporation of 

C-iavty acids in the different lipid classes contained, in addition to 

the cell free extract, CcA, ATP, a-GP, Mg4* and ions. In order 

to optimize the conditions necessary for best incorporation of fatty acids 
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into neutral and phospholipids, the concentrations of the above-mentioned 

factors were varied. Further experiments on the effect of incubation 

time, C-SH air CTP concentration, were performed, 

19. Lipase Hydrolysis of TGs. In these experiments the crude cell free 

extract was incubated with the necessary factors required for optimal 

TG synthesis, but the reaction was scaled up 5 times. After the reaction 

was allowed to proceed for 60 minutes, the synthesized TGs, labeled with 

the added C-fatty acids, were scraped from the plates and eluted from 

the gel with Csii (80:10). The collected TGs (3 mgs) were then incubated 

with 1 ml Iris buffer (0.5*1 pH 7M), 0.2 ml 22$ CaCl2, 0.3 ml 0.2^ bile 

salts, and 0,50 ml deactivated steapsin (crude steapsin which had been 

heated for one hour at 3S°C and pH 9#. This treatment destroys a con¬ 

taminant (lipase) which hydrolyses the fatty acids on the 2-position of 

the glycerides,) The reaction mixture was incubated at 3?°C for 2 hours 

with shaking. The reaction was stopped by the addition of 1 ml 1H HCl. 

The lipids were then taken up in ether, separated on TLC plates, and 

counted. 



RESULTS 

Effect of Glycerol Concentration on MT Smegmatis 

In the following experiments, 500 mis of Xouman's medium in 2,8 1 

i-ernback flasks which contained varying glycerol concentration, were 

inoculated with 10 mis of log-phase M. smegmatis cells. The flasks were 

incubated at co C for 5 days with shaking. The cells were harvested and. 

washed once with distilled water. The procedures for investigating the 

different parameters were covered in Materials and Methods, 

Table I shows the effect of varying the glycerol concentration on 

pH, total cell yield, amount of glycerol utilized per gram of cells, 

percentage of total lipids and percentage of TGs relative to the cells 

dry weight. As can be seen from the table, growth of the organisms does 

not markedly affect the pH of the medium. However, the effect of glycerol 

on cell yield is distinct. The cell yield increased some 20 fold upon 

addition of glycerol to growth medium. This implies that glycerol 

acts as both a carbon and energy source for the cells, hence the increase 

in the yield. 

Increasing the concentration of glycerol boyorrl 1$ in the growth 

medium does not increase cell yield. Both the coll yield and the amount 

of glycerol utilized remained constant betweon 1 and 10^, Examination 

of the yield of total lipids and TGs, howevor, shows a relative increase 

in both with increasing glycerol concentrations. This may suggest that 

the cell3 have the ability to take a certain limited amount of glycerol 

from the medium, part of which is metabolized as a source of carbon and 

energy and the rest is used in making total lipids and TGs. Thus with 

30 
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increasing concentrations of glycerol in tho growth medium, the total 

lipias arc the TGs content increase although there was no concomitant 

increase in cell yield. 

Table 2 shows the relation between incubation tine and cell yield 

and TG content, when the cells were grown in different glycerol concen¬ 

trations. In the two incubation media, the cell yield increases with 

tin- significantly, but the percentage of TG does not show a relative 

increase. The rG content, however, is higher in the medium containing 

glycerol. This is in agreement with the previous experiments. 

Furthermore, Table 2 shows that TG synthesis is synchronous with growth 

contrary to the general belief that organisms first utilise nutrients 

for syntnesis of major products for growth and then use the excess of 

nutrients fcr making storage products. 

Function of Triglycerides 

in the previous experiments evidence was presented that the total 

lipids and T3 content of whole cells increased when the concentration 

of nutrients (eg. glycerol) in the growth medium was increased. This 

nay suggest that TGs are storage products. If TGs are truly storage 

products, then depleting the growth medium of the carbon source should 

lead to their consumption upon prolonged starvation. 

In older to verify the last hypothesis cells were incubated with 

14 - 
12.2c uCi of ‘ C-oleic acid for 30 minutes, collected and washed twice 

with distilled water, (This procedure was followed in order to label 

the TGs). Unpublished, experiments have shown that 50^ of the added 

facty acids are incorporated directly into TGs under thsso conditions, 



33 

CM 

© 

tf Eh 

I 
C 
O 

o 

'S 
cd 

"d 
H 
© 

•H 
iH 
H 
rH 
© 
O 

o 
© 

5 Eh 
£ 
O 

•H 
-P 
cJ 
-§ 
o 
c 

M 

'S 
cS 

c 
o 

•H 
•P 
c3 

-P 

© 
© 
C 
o 
o 

rH 
O 
U 
© 
© 

H* 
O 

O 

-P 
© 
© 
-H 
«H 

H 
O 

© 
© 
!>> 

CO 

g- 

H 
O 

© 
o 
>5 

O 

© -P 
O ^ 

O Q 
&H 

© 

o 
o 
rH 

—« 

$ VA CA O CO O rH CM CO 
CM nA 

A- tA 
« •H CM CA ON CA tN- O tN-^t 

rH T5 rH rH CM CM -3- 'A NO NO NA tN- 
H 
© 
O 

m 
to 

© 
KH 
-H 

rH • 
© -P 
O S 

In 
U 

p Q 

O 
o 

M 
rH 
rH 
© 
O 

•H 
T3 
© 

W 
b.0 
E 

01 c 
O Pi •H cj 
V3 
'd O 

M £h 

On CO O CA 
• • • • 

00 ON w O 

CNnO CM u~\ 

H tH 
'•A r—{ 
rH rH 

NO *A 
« • 

CM rH 

On On rH (N- • • • • 
CN- N- On CO 

CJ £N- 
• • 

On On 

no ^ 
• o 

O O 
NO rH 

• • 

O rH 

CA CO 
-3" CM 
rH rH 

-3- NO 
CA 
CA 

NO t>- 
CAi£ VA iA 

CA On 
O CA 
O-nO 

CO 'A 
CO C- 
CN A- 

CM CA VA 



34 

iho pellet- was t-hen resuspended in a carbon free salt medium (KM with- 

out glucose), A sample was taken immediately after the cells were 

suspended in the salt medium (0 time) and the counts were determined in 

the IGs, mqual samples were taken after 12, 24, and J>6 hours and 

analyzed for TG content. As Figure 2 shows, the radioactivity in the 

IGs decreased with increased starvation time, but the counts increased 

simultaneously in the phospholipids then levelled off. This experiment 

shows that TGs are storage products. When the cells are starved, the 

ies are broxen down to release free fatty acids (decrease in radio- 

activity). The fatty acids are then incorporated either in toto in the 

more important structural phospholipids (increase in radioactivity) or 

they are used as an energy source being degraded by B~oxidation. The 

2-caroon units that are produced could be incorporated in the p-lioids, 

This point merits further investigation but is beyond the scope of this 

work. 

The cell free extract seems to resemble whole cells in that it 

synthesizes excess TGs in the presence of excess nutrients. When the 

crude cell free extract from 3-day old cells was incubated with excess 

glycerol and increasing concentrations of ^C-palmitic acid, there was 

a concomitant increase in TG content (Figure 3), 

Biosynthesis of Triglycerides 

The monoglyceride pathway. As was mentioned earlier, the monoglycer¬ 

ide pathway essentially involves the direct acylation of monoglycerides 

(hG) by acyl-CoA derivatives. If triglycerides are synthesized via this 

pathway, t.hor. the original MG molecule should be incorporated intact 
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into TGs with very little or no change in its basic structure. Thus if 

a doubly labeled MG, where the ratio of counts of the two radioisotopes 

is known, is added to a cell free system, end the same ratio of counts 

is recovered in the TGs, then this is a clear indication that the MG 

molecule is incorporated intact into the TGs by being directly acylated 

without disturbing the original ratio. Furthermore, if the MGs are in¬ 

termediates in either a major or a minor pathway, addition of MGs to a 

cell free system supplemented with the necessary cofactors for TG syn¬ 

thesis should enhance such a synthesis. 

To verify whether the MG pathway operates to any extent in M, 

smegmatis, and to see if MGs are intermediates in any pathway, the fol¬ 

lowing experiments were done! 

To 0,50 ml cell free extract from young cells, 1 umole palrnityl- 

CoA, 1 umole chemically synthesized doubly labeled MG /the MG had 7^,280 

cpm of ^H-glycerol and 211, $k0 cpm -palmitic acid (%/^C ratio of 

25 urn MaF, 10 urn KgC'J^ and 0,1 ml of 10jo Tween-80 were added, 

Tween-80 was added because it is assumed to inhibit the a -GP pathway 

(59) thus making the HG pathway more prominant in the synthesis if such 

a pathway exists. Table 3 shows the ratio of counts in all the corapound 

isdated. The ratio of -%/^C in the TGs is nearly doubled implying 

that there is significant hydrolysis of the FA of the MG. Furthermore, 

high counts of in the FA fraction suggest that probably after hydroly 

sis of tho MG, the glycerol fraction of the molecule was metabolized to 

make more fatty acids. 
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In another similar experiment and in an attempt to minimize hydroly¬ 

sis, the crude CFE was fractionatod by centrifugation at 40,000 x g for 

one hour. Both the supernatant fraction arJ the pellet were used in 

this experiment. The conditions of the reaction wore essentially the 

same as the previous one except that the doubly labeled MG was isolated 

from cells that had beon incubated with ^H-glycorol and ^C-palraitic 

acid. The total counts added were ^H-3,^30 and 1/*C-10,322j and the ratio 

of *^H/* in the MG was 0,31. Table 4 shows that the ratio of counts in 

the TGs and the FAs in both the pellet and supernatant fractions are al¬ 

tered. 

To determine whether MG acts as an intermediate, crude CFE and tho 

pellet fraction were separately incubated with ATP, CoA, a-GP, Mg4*, 

ar}8 KGs, As a control, the same roaction mixtures were incubated 

with diolein. Table 5 shows the results. In the presence of dioloin, 

the incorporation of ^'C-oloic acid in the crude cell free extract was 

high. Substituting monolein for dioloin, however, did not produce the 

same effect. No noticeable effect is soon whon monolcin is incubated 

with and without Twoon-20 in the roaction mixture. This suggests that 

monoglycerides are not intermediates in either tho rnonoglyceride pathway 

or the a-G-P pathway. The role of diolein will be discussed in another 

part of this thosis, 

Tho a-Glycerophosphato Pathway. Previous experiments showed that 

the rnonoglyceride pathway doos not contribute to TG synthesis in any 

measurable way. This implies that TGs are synthesized through another 

pt.th»*a^, bince M, smegma.tis grows well on glycerol and since it wa3 



39 

Table 3 

Utilization of (^H, -monopalinitim in Crude Cell-Free Extracts 

Compound cpm ^C cpm Ratio 3h/14C 

TG 532 865 0.61 

FA 22170 60310 0.39 

DG 2462 5290 0,46 

MG 1101 2701 0,40 

CL 1055 159'+ 0.66 

PA 746 8?0 0,46 

PE 639 646 0.98 

PIM 521 324 1.60 

The incubation mixture contained 1 umole doubly l.abeled inonopalmitin 
(contains 3h, 74,280 cpm and l^C, 211,540 cpm with a ratio of 0.35)» 
0,5 ml 0,05 M phosphate buffer, 10 umoles MgCl2» 25 umoles ilaF, 1 mole 
palmityl-CoA, 0,1 ml 10;£ Tween-80 solution and 0.5 ml ceDJL-frco extract. 
Total volume was 1.8 ml. Incubation was for 1 hr. Reaction was stopped 
by the addition of 3 ml CiM (2:1), 
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shown that, glycerol is necessary for TG synthesis, it was chosen to be 

used as a marker to trace synthesis. 

Young cells were collected by centrifugation and resuspended in 

50 mis of basal medium. To the suspension 5 uCi of l4C-glycerol (Sp, 

Act. 20 mCi/mM) were added and the suspension was incubated at room 

temperature for 5 minutes with constant stirring. The cells were 

col'lectea my millipore filtration, washed, and the lipids extracted as 

was described in Materials and Methods. 

Table 6 shows the results of pulse-labeling the cells with 

14 
C-glycerol. Of significance are the counts in a-GP and PA suggest¬ 

ing that iGs are synthesized through the a—GP pathway. The low counts 

in a-GP may be explained by the fact that this compound is the first 

compound in the pathway derived from glycerol and has a high rate of 

turnover. It is suspected that the moment a-GP is synthesized, it is 

acylated to produce lyso-PA, Lyso-PA was not isolated because no system 

for separating it from other phospholipids was found. The fact that 

counts were c.etected in the PA fraction shows that it is an intermediate 

in the patnway, Altnougn it has been shown that PA has a very high rate 

of turnover Jn mammalian systems, it seems that its turnover rate in 

M. smegmatis is not as high as that of a-GP or lyso-PA. 

If a-GP, lyso-PA and PA are intermediates in the synthesis of TGs 

with a relatively high rate of turnover, then pulsing whole cells with a 

radioisotope for increasing time intervals should show a concomitant 

decrease in the counts cf these compounds. To check this hypothesis, 

young cells were incubated with 4 uCi of -^H-glycorol (Sp, Act, 420 mCi/mH), 



Table 6 

Pulse-Labeling Whole Cells With 

14 
C-glycerol for 5 Minutes 

Compound Counts/Minute 

TG 7,500 

DG 2,000 

FA 1,160 

MG 4,004 

aGP 2,086 

CL 4,700 

PA 26,960 

PE 60,000 

PIK 22,560 



44 

Equal samples were taken after 1, 2, 10 and 30 minutes, treated as was 

described previously and the isolated compounds counted. The results 

in Table 7 show that intermediates with a high rate of turnover showed 

either decreasing counts with increasing time of pulse or low counts 

throughout the time of pulse. End products, like CL, PBi, and TGs, on 

the other hand, showed an increase in incorporation of glycerol and had 

the hignest counts after the longest time of exposure to the isotope, 

ihe fluctuating, but high counts, in PE could be due to the fact that PE 

itself turns over and acts as an intermediate in a very strict sense, 

Pulse-Ch3.se with Glycerol 

In order to determine which D.ipid compounds have the highest rate 

of turnover and be able to establish which ones aro intermediates and 

which are end-products, a pulso-chase experiment, the details of which 

were previously described, was performed. Table 8 shows the results. 

It is evident that PA has the highest rate of turnover followed by PE, 

This is in agreement with the original hypothesis that PA is an inter¬ 

mediate and that PE, although not an intermediate per se, shows some 

turn over. End.products like cardiolipin and PBi show little turnover 

thus abiding to their role as basic structural compounds and building 

blocks of the cells, TGs are also stable and show little turnover in¬ 

dicative of a role as storage compounds, 

Pulso-Labeling Whole Cells xjith Two Isotopes 

Table 9 shows the results of pulse-labeling whole cells with 2 iso¬ 

topes simultaneously, and Figure 4 shows the incorporation of "4C-pal- 

mitic acid in TGs and DGs, The noticeable low counts in most compounds 
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Table 7 

Pulse-Labeling Whole Cells for Different Time Intervals 

with glycerol 

Compound 1 Min. 2 Min. 10 Min. 30 Min. 

TG .58 0 477 667 2017 

DG 560 431 460 565 

FA 520 552 588 659 

aGP 568 428 348 288 

CL 525 510 756 2021 

PA 575 542 486 565 

PE 4191 2923 3334 318? 

PIM 680 526 648 8 99 
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Figure 4 

Incorporation of ^C-palnitic Arid in th9 TGs (-D—d- ) and 

DCs (c-a) 

Whole cells were pulse-labeled with ^H-glycerol and 

^ 'c-palmitic for different times. Conditions of the 

experiment are covered in the text. 
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is due to dilution c-f both isotopes in the medium. Contrary to previous 

experiments, incorporation of th9 isotopes in the end products is not 

high even after long exposure to the isotopes. However, glycerol is ir - 

corporate! to a greater extent than th9 fatty acids in the phospholipids. 

The different degree of incorporation of glycerol and fatty acids could 

be related to differences in their rate of turnover. The fatty acids are 

physically more accessible to the catalytic activity of enzymes such as 

lipases and transacylases and could be easily interchanged with non- 

lab©?,.ed fatty acids. Glycerol, on the other hand, is liable to turnover 

much less than the fatty acids since it acts as a backbone for the syn¬ 

thesis of the p-lipids. 

Experiments with Cell-Free Extract 

From previous experiments both in cell-free extracts and vhoD.e 

cells, evidence has been presented that th9 -GP pathway, and not the 

MG pathway, is the pathway involved in TG synthesis in M« smegmatis, 

GP and PA were shown to be intermediates in that pathway as evidenced 

by the pulse labeling and chase experiments. 

In order to study th3 different reactions that lead to TGs and to 

determine what regulatory mechanisms are involved in such a synthesis, 

it was important to reconstruct an in vitro system that could resemble 

the whole cells. Theoretically, the best system which would resemble 

whole cells is the cell-free extract since it contains the same enzymes 

that the cell contains, provided that the cofactors required for optimal 

catalysis are known and are added to the CFS, However, when the cell is 

disrupted, it loses its integrity and organization. Thus instead of 
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having certain reactions "compartmentalized" in certain regions of the 

celD. where they world bo more easily controllable, a chaotic situation is 

generated. The result is a loss of control of certain enzymes and a 

disturbance in related reactions. This situation occurred in the in 

yttro system of M, smegmatis. ATPase was found to be very active and 

destroyed the endogenous as well as the exogenous ATP, particularly in 

CFE prepared from young cells. It was found that 0e27 umoles ATP are 

hydrolyzed/20 minutes/mg protein in CFE from 3~day old cells; 0,14-0,25 

umoles AT? are hydrolyzed/20 minutes/mg protein in CFE from 4-day old 

cells; 0,03 umoles ATP are hydrolyzed/20 minutes/mg protein from 7-day 

old coll-free extract. To inhibit ATPase, fluoride and nickel ions ware 

tried. Fluoride ions inhibited ATPase up to 52$ whereas nickel ions 

exerted a 100$ inhibitory effect of ATPase at a concentration of 10 

umoles or higher. Consequently, in most experiments conducted with the 

cell-free extract, 10 umoles of NiCl2 wera routinely added to the in¬ 

cubation mixture. 

Several attempts were made to construct a cell-free system that 

resembles whole cells. The best working model was found to require ATP, 

CoA, aGPt magnesium ions, nickel ions and diolein. Table 10 shows the 

dogree of incorporation of ^ rC-oleic acid in such a system. In the 

presence of all the factors mentioned above, 42$ of the added oleic acid 

was incorporated into the TGs, whereas there was loss than 1$ incorpora¬ 

tion in the absence of these factors, Onutting aGP from the reaction 

mixturo resulted in 26$ incorporation of the labeled fatty acid, whereas 

eliininating Mg** ions did not have a great effect. Addition of Tween-20 
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Incorporation of 

Table 10 

14 
C-oleic Acid in Glycerides 

in the Working Cell-Free Extract Model 

Compound 
All 

Factors 
No 

Factors 
All + 

Tween-20 
All (-) 
a-GP 

ah (-: 
Mg++ 

TG 40,8* 0.83 21.9 27.2 35.7 

DG 1.35 0.72 1.21 0.99 0.85 

MG 0.32 0,28 0.47 0.45 0.59 

0 1.11 0.32 2.13 1.13 1.30 

The control tub© contained 1 ml CrS, 10 unoles ATP, 0,25 unoles CcA, 
7 unoles a-GP, 10 unoles Kg4'*, 10 unoles 2ii++, 96 moles • Choleic acid 
(0,48 uCi) and 5 unoles diolein in a total volume of 1,8 ml. The 
reaction tubes were incubated at 37°C for 1 hr, and the reaction was 
stopped by adding 3 nls CiM (2:1) containing 0,025 rol 2 N HC1, 

* nmoles oleate incorporated. 
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to tho incubation mixture allowed only 21# of the added ^C-fatty acid 

to be incorporated into the TGs, Tween-20 inhibits the aGP pathway at 

the PA level. The fact that there was incorporation of tho isotope in 

the TGs suggests that Tween-20 partially inhibits the pathway. To 

further examine the effect of detergents on TG synthesis and hence 

deduce the role of PA in such a synthesis, several detergents -were 

separately included in the incubation mixture, and the results are shown 

in Table 11. These experiments support the hypothesis that PA is an 

intermediate in the pathway that leads to TGs, Inhibiting the pathway 

at the PA level, reduces incorporation of the labeled fatty acid tre¬ 

mendously. 

The role of diolein that was included in the original reaction mix¬ 

ture in TG synthesis was investigated further. In one experiment, in- 

corporation of ' C-oleic acid was studied in the presence and absence of 

diolein, and the results are shown in Table 12, Incorporation of the 

isotope in the incubation mixture that did not contain diolein was 

higher than the incorporation in the mixture containing diolein. This 

implies that diolein (which is mainly 1,3~DG) is not a direct precursor 

of TGs, possibly because it does not have the correct configuration 

necessary for direct acylation. This experiment led to investigating 

the identity of the direct precursor of TGs. Other possible precursors 

were included in tho reaction mixture where all the factors necessary 

for TG synthesis wore included. However, instead of using ^C-oleic 

acid as a marker, ^C-24-CoA ^chemically synthesized) was used because 

it was shown from previous- work (Walker, et. al, (69) ) that C-24 is 
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Table 12 

Effect of Diolein on the incorporation of 
14 

C-oleic Acid 

in Cell-Free Extracts 

Compound 
All Factors 

+ Diolein 
All Factors 
(-) Diolein 

TG 316,655* 384,596 

DG 28,718 15,804 

MG 11,316 6,464 

0 16,016 23,687 

Conditions of this experiment were the same as those mentioned in 
Table 10. 

*DPM 
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preferentially added to the third carbon of glycerol. Table 13 shows that 

incorporation of the labeled long-chain fatty acid was highest in the 

Ih, 
reaction mixture containing 1,2-DG. Of the 360 nmoles of C-24-CoA 

added, 37 nmoles were incorporated into the TGs when 1,2-DG was included 

in the reaction mixture, whereas the first control which had no acceptor 

allowed 14 nmoles incorporation. Addition of PA did not affect incor¬ 

poration significantly, possibly because other additional factors are 

necessary for the involvement of PA, Table 14 shows the results when 

4 

the same tracer (1 l'C-24-CoA) was used in the presence of other factors 

like CTP and AGP, Incorporation of the isotope wa3 high in the presence 

of 1,2-DG, and a little higher when PE, crude ACP and CTP were included 

in the incubation mixture. Neither PA alone, nor PA plus CTP affected 

synthesis significantly when they were included in the incubation mixture. 

In a more varied experiment, several compounds were tested to see if 

any of them could be the direct precursor of TGs, Table 15 shows that 

GSH, a-GP, PE, ACP and glycerol are important factors in the synthesis. 

Because of the increase in incorporation of the labeled fatty acid in 

the presence of GSH, DTT was included in the buffer system. The role of 

a-GP, PE, and ACP will be discussed in another part of this thesis. 

Role of Added Factors 
—I—— ■■Mil II . II 

As was mentioned, the best working coil-free model required ATP, CoA, 

&GP, Mg** and Nf*"4* for best incorporation of ^C-oleic acid in the TGs, 

The importance of each factor was determined in this experiment. The 

control tube contained all the factors; tho amount of labeled fatty acid 

incorporated in the TGs was taken to be 100'/>, Incorporation in other 
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tubes where a factor was depleted at a time was measured in relation to 

this control. Table 16 shows the results. Depleting CoA or ATP from 

the system drops incorporation to 5$ and respectively. This is ex¬ 

pected since both factors are directly involved in activating the fatty 

acid before it is incorporated into the TGs, It is evident, too, that 

the levels of these factors in the cell-free system are low and hence 

they have to be supplied to the incubation mixture. In contrast to these 

two factors, a-GP inhibits the system as evidenced by the drop in incor¬ 

poration when it was included in the reaction mixture. The role that 

a-GP plays in TG synthesis is conflictings at certain times it induces 

TG synthesis (Table 10), at other times (Table 16) it inhibits it. a-GP 

was found to play different roles depending on the age of the cells from 

which the cell-free extract was prepared. This point will be discussed 

in detail in a latter part of this thesis. 

Because of the high incorporation of the labeled fatty acid in TGs, 

it was suspected that what is detected is only the last step in the path¬ 

way where the fatty acid is acylated to the third carbon of a preformed 

intermediate. Two approaches were followed to examine this point: 

verification of de novo synthesis and direct analysis of the structure 

of the TGs synthesized in vitro. 

De Novo Synthesis 

Table 17 shows the results of two parallel experiments that were 

identical in all respects except in the nature of the tracer used. One 

experiment contained ^C-palmitic acid, and the other contained ^C—oleic 

acid as markers. Although the amount of labeled oleic acid incorporated 
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Table 16 

14 
Relative Incorporation of Ooleic Acid in Different Systems 

System DPM in TGs 

Relative 
Incorporation 

Complete * 45,263 100$ 

Complete (~) 
ATP 6,275 13$ 

Complete (-) 
CoA 2,2?2 5$ 

Complete (-) 
a-GP 74,496 16*$ 

Complete (-) 
Mg". 28,182 62$ 

Complete (-) 
Ki++ 39,636 O

O
 

*The complete system contained 1 ml CFE, 15 nmoles ATP, 0,50 nmoles CoA, 
14 umoles a~GP, 10 moles Ni, 15 nmoles Mg and 0,31 nCi 14-c-oleic acid 
in 0.3 ml of 5$ BSA, Cells were 7 days old, and the CE3 had a protein 
concentration of 14 mgs/ml. 

r 
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was slightly higher than that of palmitic acid, the ratio of 18:l/i6:0 

in the TGs remained fairly constant with increasing time. If the incor¬ 

poration was limited to the last step of the pathway, the ratio of in¬ 

corporation of the two isotopes should vary. One of the two fatty acids 

would be acylated to the third carbon of the intermediate and consume 

it in a short period of time to complete the pathway. In this event, the 

ratio will not remain constant with the increase in the time of incuba¬ 

tion. 

More significant is the degree of incorporation of each isotope in 

the PC-s and KGs. If acylation is restricted to the third carbon, no 

counts should be detected in the DGs, MGs or phospholipids (origin). 

Furthermore, this experiment shows that acylation of the glycerol mole¬ 

cule (or a derivative of it) occurs on the second carbon first. From 

previous work (Walker et. al,) it was established that palmitic acid is 

preferentially esterified to the second carbon of glycerol. In this 

experiment, the isolated MGs were acylated with palmitic acid only re¬ 

gardless of the time of incubation. 

To further elucidate the existence of de novo TG synthesis, cell- 

free extracts from young, starved and old cells were incubated separately 

with either ^C-glycerol or ^C-oleic acid of equal specific activity. 

Table 18 shows the degree of incorporation of each isotope. The evident 

difference in incorporation of each isotope could be due to either the 

non-utilisation of glycerol in de novo synthesis or to a lack of some 

factor(s) in the system where ^vC-glycerol was used. Free fatty acids 

(necessary for TG synthesis) arc found in trace amounts in the cell and 



Table 18 

Incorporation of ^C-glycerol and ^^C-oleic Acid in the TGs of CFS 

From Young, Starved and Old Cells 

Compound 
DPM FA 

Incorporated 
DPM Glycerol 
Incorporated 

TG from 
young cells 122,876 249 

TG from 
old cells 115,500 239 

TG from 
starved colls 84,004 i?6 

Conditions of this experiment were the same as in Table 10, The two 
labeled products that were included in the cell-free extracts were of 
equivalent specific activity. 
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hence can act as limiting factors causing the low incorporation of 

1 h, 
C-glycerol in TGs, If this is true, then addition of fatty acids to 

the system should lead to higher incorporation of ^C-glycerol in the TGs. 

Two experiments were done to verify this point. In the first, cell-free 

extract from young cells was incubated with ^H-glycerol, * *C-palmitic 

acid and buffer only (Table 19). In the second experiment, however, all 

the necessary cofactors for TG synthesis were included in th8 incubation 

mixture along witn ^H-glycerol and ^C-oleic acid (Table 20). The low 

incorporation of either isotope in the first experiment is due to the 

lack of the factors necessary for TG synthesis. Once these factors are 

r> 14 
added, incorporation of -ii-glycerol and C-oleic into TGs was extremely 

high (Table 20). 

Structural Analysis of TGs 

From the previous experiments, evidence of de novo TG synthesis was 

presented. The degree of de novo synthesis can be determined by examin¬ 

ing the distribution of fatty acids on the synthesized TGs. Cell-free 

14 
extracts from 3-day old cells was incubated with either C-oleic acid 

14 
(1.8 uCi) or C-palmitic acid (3 uCi) with all the other factors. The 

14 
synthesized TGs, labeled with C-fatty acids, were isolated and treated 

with lipase as previously described. Table 21 shows the results. When 

14 
the TGs labeled with C-oleic acid are hydrolyzed, the bulk of the 

counts were recovered in tho fatty acid fraction. This suggosts that the 

oleic acid is mainly acylated to either position 1 or 3 of glycerol. 

Some counts, however, were also isolated in the MG fraction suggesting 

that oleic acid is also acylated to position 2, In the case of palmitic 
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Table 20 

3 14 
Incorporation of *iI-glycerol and C-oleic Acid 

into tho Different Glycerides 

Compound 3h 14C 

Ratio 

V4c 

TG i,355,190* 407,922 3.3 

DG 37,282 9,884 3.7 

MG 6,958 2,378 2.9 

Equimolar concentrations of ^H~glycerol (1 uCi) and 14-C oleic acid were 
included with all the factors mentioned in Table 10. 

*DPM 
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Table 21 

Lipase Hydrolysis of TGs Labeled with Either 

^C-oleic or ^ -palmitic Acid 

Compound ^C~oleic 
14 

C-palmitic 

TG : 1,641* 236,164 

FA 134,168 314,858 

DG 7,324 70,183 

MG 3,430 31,244 

Cell-free extracts were incubated with labeled oleic 
and a3.1 the factors necessary for TG synthesis. The 
isolated and treated with lipase. 

or palmitic acids, 
labeled TGs were 

*CPM 
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acid, the high counts recovered in the TGs imply that there was incomplete 

hydrolysis and no definite conclusions could be made. Nonetheless, the 

fact that there wore high counts in the MG fraction also shows that 

palmitic acid is added to the second carbon of glycerol. Although pal¬ 

mitic and oleic acids wore proven to be acylated at specific positions 

of the TG (position 2 or 1 respectively) it seems that the same degree 

of specificity doss not apply to the cell-free system. These acids were 

isolated from positions 1, 2 and 3. 

These results show that de novo TG synthesis occurs in cell-free 

extracts to a small extent. Most of the labeled fatty acid is acylated 

to the third carbon of glycerol. 

Evidence of CDP-DG as an Intermediate 

The conflicting results that were obtained regarding the role of PA 

in TG synthesis led to the suspicion that another intermediate, probably 

between PA and DG, (whose synthesis is regulated by either or both) might 

be responsible for such results. Several authors have isolated and 

characterized CDP-DG in many microorganisms (E, coli, Micrococcus corifi- 

cans, Saccharomyces cerovisiac) but failed to establish the role it plays 

in lipid synthesis, CDP-DG might exist in M, smegmatis and might be 

involved in TG synthesis at some level. The first evidence of its exist¬ 

ence was obtained when the effects of CTP on TG synthesis were studied. 

When the cell-free extracts were incubated with varying concentrations 

of CTP, TG synthesis increased up to a point then dropped sharply 

(Figure 5). Furthermore, when CTP was included either alone or with 

other compounds (such as AGP, 1,2-DG) in the dell-free system, TG 



Figure 5 

Effect of CTP concentration on TG Synthesis 

The reaction mixtures contained 1 ml CFS (prepared from 3“day old cells 

and had a protein cone, of 11,2 mgs/ml), 10 ura ATP, 0,25 ura CoA, 10 urn 

*• .jij, 1 k 
Kg , 10 um Ni , 7 ura a-GP, 0,28 uCi C-oleic acid suspended in 0,3 

ml 5jo BSA, and varying cone, of CTP in a total volume of 2,4 ml. The 

reaction was stopped by adding 3 ml of C:M:HC1 (2jls0.025). 
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synthesis was increased (Table 14). These results suggest the direct 

involvement of CTP in TG synthesis. In order to establish the role of 

CTP in TG synthesis, it was necessary to construct a cell-free system 

that is deficient in CTP and that fails to generate it (control). To do 

this, ATP had to be eliminated from the system, and at the same time a 

way had to be found to allow for optimal incorporation of the marker in 

14 
TGs, This was done by using C-24-CoA (chemically synthesized). By 

using the acyl-Co.^ derivative, the requirement for ATP in the cell-free 

system is minimised. 

Cell-free extracts were incubated with 1*J'C-24~CaA, Mg44* and other 

compounds (Table 22). In the control tube (containing ii'C-24-CcA and 

Kg ’ ions only) incorporation was lower than the tube containing CTP 

and PA together. The reaction mixture containing CTP showed an increase 

in incorporation of the label over the control. This may be due to the 

presence of small amounts of PA which (with CTP) can produce more CDP-DG. 

When-PA alone was included in the reaction mixture, it did not affect 

synthesis, possibly because of the low levels of CTP. The control in¬ 

corporated the labeled long-chain fatty acid possibly because of the 

presence of a residual amount of an intermediate. The intermediate needs 

to be acylated at the third carbon and can do so in the presence of the 

long-chain fatty acid—long-chain fatty acids are preferentially added 

to the third carbon of glycerol. The last column of Table 22 shows the 

usual system which contains ATP (an indirect source of CTP) and GP (a 

PA generating system), The counts in this tube were also higher than 

those found in the control. These results suggest that a compound which 
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is affected by both PA and CTP may be a precursor of TGs, CDP-DG is one 

such compound. It is synthesised according to this reaction: 

PAiCTP acyl transferance 

PA + CTP enzyme 
—. CDP-DG + Pi 
Mg* 

Preliminary attempts to isolate CDP-DG from crude cell—free extracts 

il* were unsuccessful. Consequently, the cell-free extract 

was fractioned by centrifugation at 40,000 x g for one hour. The super¬ 

natant fraction was discarded, and the pellet fraction was used in the 

following experiment: 

The first tubs contained 1,0 ml of the pellet (resuspended in buffer), 

5 umolos CTP plus 5 uCi 3H-CTP (Sp. Act. - 500 mCi/mM), 3 umoles PA and 

20 umoles MgC^. The other tube contained the same components as well 

as all the factors necessary for TG synthesis. After the reaction was 

allowed to proceed for one hour, the extracted lipids were spotted on 

Aasorbosil-3 plates ana developed in chloroform:methanol:acetic acid: 

water (50:25:8:3). One cm bands were then scraped off the plate and 

counted, 

lhas experiment was a duplication of one of Carter*s experiments (10) 

where he isolated radioactivity from bands with an Rf value of 0.60 that 

co-chromatogi'amed with authentic CDP-DG (cnemieaily synthesized)« He 

also found that 2,8 nmoles of the added ^H-CTP wTere incorporated into the 

lipid. Since authentic CDP-DG was unavailable to us, we had to roly on 

f 
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the R value that Carter reported as our measure* 
f 

From the first reaction mixture, radioactivity was isolated from 

bands with an R^ value of 0,58. Moreover, 2.5 nmoles of the added radio¬ 

active CTP were incorporated into the lipid that was isolated from this 

band. In the second reaction mixture, where optimal conditions for TG 

synthesis were available, no radioactivity was isolated. 

These experiments throw further evidence on the existence and in¬ 

volvement of CDP-DG in lipid synthesis in M, smegmatis. When the con¬ 

ditions were unfavorable for lipogenesis (the first reaction mixture), 

CDP-DG accumulated and was isolated. However, when conditions for lipid 

synthesis were optimal (the second reaction mixture), CDP-DG was con¬ 

sumed and was not isolated. 

In order to determine the role of CDP-DG in TG synthesis, it was 

14 
necessary to incubate cell-free extracts with CDP- C-DG and to trace 

the labeled DG. Attempts to synthesize CDP-DG chemically were unsuccess¬ 

ful, however. Consequently, this point was not followed any further. 

Regulation and Control 

The best working cell-free model for TG synthesis was found to re¬ 

quire glycerol, GP, FA, ATP, CoA, Mg++ and Ni** ions. The requirement 

for each of the above factors can be justified. Glycerol and FAs are 

the bui3.ding blocks of TGs and their importance was discussed earlier, 

ATP is needed for two processes: the phosphorylation of glycerol and the 

activation of FAs (to make FA-CcA derivatives) prior to their esterifi¬ 

cation to glycerol. Magnesium ions are required for the activation of 

many enzymes such as kinases and CTP:PA transacylase (10, 27), and nickel 
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ions viero found to inhibit tho activity of ATPase. 

Evidence was presented that TGs are synthesized via the a-GP 

pathway. If a-GP is an intermediate in the pathway, then adding in¬ 

creasing amounts of this intermediate, in the presence of other factors, 

should lead to increased synthesis of TGs, This found to be true only 

for young cells as is shown in Figure 6, but only up to a concentration 

of 14 umoles. Beyond this concentration, a-GP inhibited TG synthesis. 

The inhibitory effect of a-GP is more pronounced for all concentrations 

when cell-free extract from old cells (7 days) were used (Figure 7 and 

Table i6), 

A -C-P and CDP-DG are important intermediates in the biosynthesis 

of lipids in M. smegmatis. A-GP is the first intermediate in the path¬ 

way, and without its formation no lipids will be synthesized, CDP-DG, 

presumably, is the branching point for the synthesis of both neutral and 

phospholipids, CDP-DG synthesis,, is dependent on the concentration of 

CTP, Consequently, both a-GP and CTP were suspected of being important 

factors in regulating lipogenesis. To determine the degree of importance 

of each, lipid synthesis was studied when these two factors were included 

in the incubation mixture in varying concentrations in relation to each 

other. As can be seen from Figure 8, CTP exerts a more pronounced effect 

than a-GP, Without CTP in the incubation mixture, incorporation of 

the labeled oleic acid in the TGs increased with increasing the concen¬ 

tration of : -GP up to i0.5 umoles, then dropped. On the other hand, 

including CTP in as a low a concentration as 0,5 umole significantly 

dropped TG synthesis in all concentrations of a-GP, 
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Figure 6 

Effect of a-GP Concentration on the Incorporation of 

^C-oleic Acid in CFE Prepared From 3-Day Old Cells 

Conditions of this experiment were similar to those shown in 

Figure 5 except that 0,38 uCi oleic acid were used. 



5 

un a-GP added 

Figure 7 

Effect of a-GP Concentration on the Incorporation of 

lk 
C-pleic Acid in CFS Prepared From 7-1iay Old Cells 
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Another parameter that was studied in relation to TG synthesis was 

protoin concentration of the cell-free extracts* A concentrated cell- 

free solution was prepared and diluted with buffer either containint DTT 

or lacking it. As is seen from Figure 9» the optimal protein concen¬ 

tration for TG synthesis was 12 mgs/ml. Beyond this concentration, no 

increase in TG synthesis is seen. 

Figure 9 shows the incorporation of labeled oleic acid in TGs when 

the cell-free extract was diluted with buffer containing DTT, At low 

protein concentrations, incorporation is higher in cell-free extracts 

containing DTT than in extracts lacking DTT. No significant effect is 

detected in solutions having a high protein concentration whether DTT is 

added or not. This can be explained by the fact that at low protein 

concentrations, there is a lesser amount of enzymes that can b9 de¬ 

activated if oxidized, A reducing agent is needed tc protect these 

enzymes. At higher protein concentrations, the effect of oxidation is 

not as pronounced because there is an excess of enzymes. Evidently, 

most of these enzymes were not oxidized and functioned normally. 

The results obtained from including DTT in the incubation mixture 

led to examining the effect of biological reducing agents such as GSH 

(Figure 10) shows that concentrations of GSH ud to 20 moles had no 

significant effect on lipid synthesis, but concentrations beyond 20 

umoles wore extremely inhibitory. At a concentration of 40 umolos there 

was virtually no incorporation of 1^C-oleic acid. 

The effect of increasing concentrations of CcA was also examined. 

Incorporation of C-oleic acid was measured at concentrations varying 
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Figure 9 

Effect of Protein Concentration on the Incorporation of 

14 
C-oleic Acid in TGs 

A concentrated CFS sol.ution was prepared from 3~day old cells and diluted 

with buffer containing DTT (—a—□-) or with buffer not containing DTT 

(•*—# Incubation and other conditions were similar to those shown 

in Figure 5* 
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urn GSK added 

Figure 10 

14, 
Effect of GSK Concentration on the Incorporation of C-oleic Acid 

Conditions were similar to those previously described in Figure 5. 
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from 0 nmoles CoA to 0, ?5 umoles, and the results are shown in Figure 

11. The absolute requirement of the system for CoA was previously 

demonstrated (Table 16), Adding 0,12 uraolos to the incubation mixture 

increased incorporation 5 times. Incorporation of the labeled fatty 

acid increased in all concentrations of CoA, This experiment describes 

the importance of CoA in TG synthesis, CoA is necessary, whether the 

fatty acid is esterified to glycerol, as a CoA or ACP derivative. 

The effect of varying ATP concentration on TCi synthesis is shown 

in Figure 12, Also shown in the same figure is the effect of including 

Ni** ions with ATP in the incubation mixtures. Nickel ions complex 

ATP thus rendering it unavailable to the hydrolytic action of ATPase. 

». t. Ah 

Without Ni ' , incorporation of ‘C-oleic acid into TG was very low 

because ATPase destroyed the endogenous trace amount of ATP that is 

present in the cell-free extract. At higher concentrations of ATP, 

10-20 umoles, lipogenesis increased whether or not Ni*1"1* ions were 

included in the mixture. Evidently, at such concentrations there is an 

excess of ATP for TG synthesis. At concentrations above 20 umoles ATP 

is inhibitory. 

Magnesium ions are necessary for activating several enzymes, 

• _t -j- 

Figure 13 shows the effect of increasing Mg ion concentration on TG 

synthesis. With increasing concentration of Mg , there is an increase 

in TG synthesis which levels off at high concentrations. Carter (10) 

and Cronan (27) have shown that Mg ions are necessary for the action 

of CTP: PA transacylase, the enzyme involved in the synthesis of CDP-DG, 

Because many enzymes involved in TG synthesis require divalent cations 
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Figure 11 

Effect of CoA Concentration on the Incorporation of ^C-oleic Acid in TGs 

Conditions were similar to those shown in Figure 5 except that 0,38 uCi 

oleic acid wore used. 



urn Mg** added 

Figure 13 

Effect of Magnesium Ion Concentration on the Incorporation of 

14 
C-oleic Acid in TGs 

Conditions are similar to those shown in Figure 11. 
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like kg and Mn , the effect teat Mg"*** exerts is expected, 

Tne efiect of incubation time on TG synthesis was also examined. 

As is shown an Figure 14, there is a linear increase of TG synthesis 

with increasing time. This can only mean that there is continuous 

synthesis of TGs, It cannot be addition of the labeled FA on the third 

carbon of glycerol. If the latter was the case then there would be a 

sharp rise in TG synthesis in a short time followed by a drop. With 

continuous de novo synthesis there is continuous synthesis of TGs and 

hence the linear relationship vxith time. 
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Incubation Time (Min,) 

Figure 14 

Effect of Incubation Time on the Incorporation of 

14 
C-oleic Acid In TGs 



DISCUSSION 

Mycobacteriuni smegmatis is unique among bacteria in its ability to 

synthesize relatively high amounts of lipids (approximately 20# of the 

total ary weight), half ol vhicn are TGs, Whether or not the organism 

exhibits the sane pattern of synthesis in its natural habitat is not 

known. But since these compounds constitute such a high percentage of 

the weight of the organism under the culturing conditions employed, they 

may be of some importance to the cell. This study was undertaken in an 

attempt to verify the structure, function, biosynthesis and regulation 

and control of TGs in this organism, 

1 rom the studies of the structure of TGs /which appeared as part of 

a publication by Walker et. al, (69/7, it was found that these compounds 

exhibit a defined, non-random pattern in the nature and distribution of 

fatty acids on tne glycerol molecule. Furthermore, the structural 

analysis of the phospholipids from M, smegmatis shows that the FAs 

esterified to the phospholipids are closely related to the FAs of the 

TGs, In both compounds, the a-carbon is mainly esterified with C 
18 s 1 

(in TGs) or a derivative of it (C19 Branched in phospholipids) and the 

B-carbon is esterified with C^q or a derivative of it (C^ Branched^* 

Branching of fatty acids was reported to occur while the FA is attached 

to a phospholipid molecule. Because of such similarity in structure, 

both tns TGs and phospholipid may be derived from a common intermediate. 

This implies that synthesis of phospholipids and TGs proceeds via the 

same pathway. 

8? 
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Apparently, Xoilman* s medium, in which K. sn9gnatis thrives best, 

plays a major role in determining the final concentration of TGs in the 

cell. iouman*s medium has a high carbon content: glycerol, asnaragine 

and citrate. All of these compounds are easily metabolizable serving 

as sources of energy and carbon, Evidently, there is some selectivity 

involved in TG synthesis. Asparagine ani citrate, after entering the 

cell, can enter the tricarboxylic acid cycle with little expenditure of 

energy, and can be metabolized to the acetyl-CuA. level. At this level, 

the tvo-caruon units can be used to synthesize new fatty acids, the 

nature cf which •will be determined by the need of the cell. Glycerol 

is structurally fit for the synthesis of both neutral and phospholipids. 

Thus it can serve as a backbone molecule for the addition of the FAs 

synthesized from the other carbon sources. This might explain the little 

variation in the amount cf TGs synthesized when the cells were grown in 

different glycerol concentrations, The amount of glycerol that was 

utilized per gram of ceils, and the IG content of the cells were constant 

regardless of the glycerol concentration in the culture median. If 

glycerol was used as a source of energy, then its utilization should be 

proportional to its concentration in the medium. This was not the case. 

Only the amount needed to build complex molecules (TGs and phospholipids) 

was consumed, 

Evidence for the validity of the above hypothesis va3 obtained from 

experiments nth cell-free extracts (Tables 18 ard 20), When the coll* 

3 
free extract van incubated with n-glycerol alone, there was little 

incorporation of the labeled glycerol in the TGs. Incubating cell-froo 



69 

14 
v:*C-.As shoved high incorporation of the isotope in the 

• ---15 -i1 incorporation could be achieved because of the presence 

Cl 5X?C5;iTc U —-- g^.. cercl in the call-free extract since the 

^—5 vire t. ov_ 2— -^--mr’s neiium. Vhen the cell-free extract vas 

tics rf both is stores vas h 

14 cerox. am * C-cleic acid, however, incorpora- 

-« These experiments show that glycerol 

■— r>= incorporated into T9s chiy if there is an ample s up ply of fatty 

:LJ-5 * —t ctner vrm, the fatty acids are the limiting factor of TG 

yutnemis im cell-free extracts. 

- —1-7rerldes are inert compounds that do not have a significant 

r—- sniner itmctnraHy or functionally. From the studies of the 

- ~riir": — — 5-na_7iis of these coupcunis, it vas found that long-chain 

:1 anti . » '*hi-h are esterified to the third cordon, constitute 

-1 -tta_ ratty actns ester if led to that carbon (69), Presun- 

aoly tneie long-chain fatty acids are stored cn the TGc to he donated 

*' xyttmo sens ,2>, which are constituents of cell walls. Further- 

11* -m.ienoe of tne ro_e of Ids as storage products vas obtained from 

culturing expedi ents. Vfnen the cells vere grown in media containing 

increasing oorxoentration of nutrients, the 13 content increased pro- 

pcmm.ateiy, Tne relationship between 10 content and abundance of 

rutrmrt-: vmi doom to o>e true in experiments with cell-free extracts as 

ue—# dm urn fl mg cell -free extracts in excessive amounts of glycerol 

^ co'iceuv.'atiorn of fatty a.xds increased TG synthesis 

pvvpo"tmmtel/# loete experiments suggest that IGs are storage products 

< nlog.o c to poi/-2-n>c'oxybutyrate and glycogen in bubacteria. 
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If TGs are truly storage products, then they should be consumed if 

the cells were starved. This was found to be true, Y/hen cells, having 

TGs labeled with * ^C-oleic acid, were incubated in a carbon-free medium 

for different time intervals, the amount of radioactivity in the TGs 

dropped but simultaneously increased in the phospholipids up to a certain 

point then levelled off (Figure 2), In the carbon-free medium, the 

fatty acids may have been hydrolyzed from the TGs (decrease in TGs) and 

added intact to the more important structural and functional phospholip¬ 

ids, There is also the possibility that after the fatty acids were 

hydrolyzed from the TGs, they were degraded via B-oxidation to yield 

energy and 2-carbon units. These carbon units were then incorporated 

into the phospholipids, The levelling of ths curve may be due to ex¬ 

haustion of the carbon and energy sources which resulted in a halt of 

phospholipid synthesis, 

These experiments seem to prove that TGs are storage products 

synthesized when there is an excess of nutrients and consumed when the 

need arises. 

Biosynthesis of Trigylcerides 

Two pathways have been shown to be responsible for TG synthesis in 

higher forms: the MG pathway and the a-glycerophosphate pathway. In 

the MG pathway, the glycerol molecule is osterifiod with three acyl-CoA 

derivatives in a stepwise fashion to produce a MG, a DG and finally a 

TG molecule. Prior to their esterification to glycerol, fatty acids 

have to be activated by forming the acyl-CoA derivative, a stop that 

requires the expenditure of energy. Once the monoglyceride molecule is 



91 

synthesized, however, it is incorporated intact into the TGs. One.way 

of checking whether the MG pathway operates in a certain system is to 

suppiy that system with a monoglyceride labeled with two isotopes, 

where the ratio of counts of the isotopes is known, then recovering the 

same raoio in the DGs and TGs (28). Alternatively, verification of the 

existence of the MG pathway could be achieved by examining the effect of 

increasing concentrations of MG on TG synthesis. If the pathway operates 

then increasing the concentration of KGs should result in an increase of 

TG content. 

The two approaches were followed in order to see if the MG pathway 

operates or significantly contributes to TG synthesis in M. smegmatis. 

When cell-free extracts were incubated with doubly labeled MG, the ratio 

of counts 01 3H/i4C in the TGs was higher than the ratio of counts in 

the added MG (Tables 3 and 4). Even the unreacted MGs isolated after 

the reaction was stopped had a higher ratio of counts than the original 

MG. This implies that counts contributed by the ^C-fatty acid are 

decieased probably because the fatty acids are hydrolyzed from the MG. 

MG lipase was found to be an active enzyme in other organisms and was 

shown to have a higher catalytic activity on the MGs than on the DGs or 

TGs. Furthermore, evidence of the activity of the MG lipase is shown in 

the high counts recovered in the FA fraction. 

In order to minimize this hydrolytic activity, the crude cell-free 

extract was fractionated into pellet and supernatant fractions. When the 

doubly labeled MG was incubated with either the pellet or the supernatant 

fraction, the ratio of counts in the TG fraction was also altered (Table 5). 
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Evidence of the non-involvement of MGs in TG synthesis was also 

obtained when the cell-free extract was incubated with MG and other 

factors and no increase in incorporation of labelled fatty acids was 

detected (Table 5). From these results, it is evident that the MG 

pathway does not contribute to TG synthesis in M, smegmatis. Further¬ 

more, monoglycerides are not intermediates in the pathway that leads to 

TGs; otherwise, addition of MGs should increase TG synthesis. The fact 

that MGs were isolated from whole cells implies that they arise prob¬ 

ably as a result of dephosphorylation of lysophosphatidic acid0 As to 

why they are synthesized is still to be explored. 

The structural similarity of the phospholipids and TGs indicates 

that these compounds may be derived from the same intermediate. This 

implies that one pathway is involved in their synthesis. The only path¬ 

way from which both phospholipids and TGs could be derived is the a- 

glycerophcsphate pathway. Preliminary evidence of the existence of 

this pathway in M, smegmatis was obtained when whole cells ware pulse- 

14 
labelled with C-glycerol and counts were recovered in a-GP, PA and 

TGs (Table 6), The recovery of counts in these fractions showed that 

a-GP and PA are intermediates in the synthesis of TGs, Further evidence 

of the direct involvement of a-GP was obtained when there was an increase 

in TG synthesis upon adding a-GP to a cell-free mixture containing the 

factors necessary for TG synthesis (Table 10), Increasing the concen¬ 

tration of a-GP in a fortified cell-free system from young cells (i.e., 

a cell-free system supplied with all the factors necessary for optimal 

TG synthesis) produced a proportional increase in TG synthesis (Figure 6), 
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A reversal effect was obtained when cell-free extracts from old cells 

were incubated with increasing amounts of a-GP; i.e., with increasing 

concentratic s of a-GP there was a propoitional docrease in TG synthesis. 

The fact that a-GP stimulated TG synthesis in CEB from young cells 

but depressed it in cell-free extracts from old cells could be related 

to the difference in the rate of metabolism between the young and old 

cells. Y/hen the cells are young,they actively metabolize the nutrients 

that are supplied to them in order to make new compounds. Addition of 

intermediates that are precursors to these compounds should stimulate 

their synthesis. With age, however, there is a drop in the metabolic 

activity of cells and a concurrent accumulation of intermediates that 

may load to repression of the enzymes involved in the metabolism of 

these intermediates, A-glycerophosphate might have caused such a 

repression when it was incubated with cell-free extracts from old cells. 

It is also possible that a-GP was not utilized efficiently in these 

cell-free preparations because the enzymes involved in its metabolism 

were inhibited by the end-products (Phospholipids and TGs), 

Lysophosphatidic acid is presumably the second intermediate in the 

a-glycerophosphate pathway. Lands (personal communication) showed that 

the rate of acylation of lyso-PA is ten times faster than that of a-GP, 

This high rate of turnover coupled with the fact that no system has been 

found to isolate lyso-PA, made isolating it very difficult. Indirect 

evidence, however, for its synthesis and involvement, in the a-glycero- 

phosphate pathway in M. smegmatis was obtained from several experiments. 

In the experiments performed to verify the involvement of MG pathway 
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and the effect of MGs on triglyceride synthesis, the MGs are found to bo 

ineffective in stimulating such synthesis. However, MGs were isolated, 

though in small quantities, from whole cells and all tho experiments 

with the cell-free extracts. Since MGs are not involved in TG synthesis, 

they can only arise as by-products of certain reactions like lipase 

hydrolysis of DGs and TGs and the dephosophorylation of lysophosphatidic 

acid. Evidence for the occurence of the last reaction (i.o., the de¬ 

phosphorylation of lyso-PA) was obtained when a parallel experiment 

using ^C-palmitic acid and ^C-oleic acid as markers, was performed, 

Tho MGs isolated from tho two reaction mixtures showed differences in 

their labeling. Only the MGs isolated from the reaction mixture con¬ 

taining labeled palmitic acid were labeled, whereas those isolated from 

the reaction mixture containing ^C-oleic acid were not (Table 11), If 

these MGs wore derived from the action of lipases on DGs and TGs, they 

should have been labeled with ^C-oleic acid as well, since oleic acid 

was shown to be acylated to all three carbons in the cell-free extracts 

(Table 21), If the MGs were produced from the action of lyso-PA 

phosphatase on lyso-PA, however, only the lyso-PA with the proper con¬ 

figuration that fits as a substrate for tho action of the enzyme will be 

acted on, Two-monopalmitin glycerophosphate is such a substrate and 

hence was dephosphorylated to produce monopalmitin. Palmitic acid was 

proved to be preferentially acylated to the B-carbon (69), These experi¬ 

ments demons -rate that a-GP is acylated v,ith palmitic acid to yio3.d 

2-monopalnitin from which MGs arise as by-products. One-monooleyl 

glycerophosphate is not a substrate for tho catalytic activity of lyso-PA 



95 

phosphatase and hence cannot be dephosphorylatod to form monooloin. 

This explains the absence of counts from the reaction mixture contain¬ 

ing oleic acid as a marker. 

Evidence of PA being the third intermediate in tho pathway was 

first obtained when whole cells were pulse-labelled with ^C-glycorol 

and high counts were recovered from the PA fraction (Table 6). Other 

experiments (Tables 7 and 8) show that PA has a high rate of turnover 

suggesting that it plays a major role in the synthesis of lipids. In¬ 

direct evidence of the involvement of PA in TG synthesis was obtained 

when detergents—whether anionic, cationic or netural—were included in 

the reaction mixtures and there was a drop in TG synthesis (Table 11), 

Detergents are assumed to inhibit the enzyme PA phosphohydrolase (59) 

which hydrolyzes tho phosphate from PA to yield 1,2-DG. These experi¬ 

ments suggest that PA i3 an intermediate in tho pathway and is a pre¬ 

cursor to 1,2-DGs from which TGs are derived. However, when FA was 

added to the incubation mixture with all the factors necessary for 

optimal TG synthesis, TG synthesis decreased. Addition of PA and CTP 

to the same mixtures stimulated TG synthesis (Table 14), It seems that 

PA exerts a repressive activity on tho enzymes that are involved in its 

metabolism when it is found in excessive amounts. This repression could 

be relieved if the excess PA could bo channeled through other reactions. 

One reaction where PA could be consumed is tho synthesis of CDP-DG which 

requires CTP, Apparently, CTP is found m limiting concentrations in 

tho cell-free extracts, or an active CTPase may destroy the excess C7‘P 

when a cell-free extract is prepared. Consequently, when CTP was 
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supplied to the incubation mixture, the excess PA was consumed and TG 

synthesis was increased. The increase in TG synthesis is probably due 

to the formation of CDP-DG which can act as another source of 1,2-DGs. 

This suggests that CDP-DG may be another intermediate in the synthesis 

of TGs. Hydrolysis of CDP-DG yields CDP and 1,2-DG, which can be acy- 

lated at the third carbon to yield TGs. Existence of CDP-DG was con¬ 

firmed when it was isolated in concentrations equivalent to those ob¬ 

tained by Carter (10) when his experiment was duplicated. The effect 

of adding CDP-DG on TG synthesis was not examined because attempts to 

synthesize it chemically were unsuccessful. 

In certain experiments (Tables 14 and 15) inclusion of PE isolated 

(by TLC) from H. smegmatis in the reaction mixture enlianced TG synthe¬ 

sis. However, PE from other sources and other preparations (purified 

on DEAE column) was found to be ineffective. The stimulatory effect 

that was obtained when the first batch of PE was used could be due to 

the contamination of the compound with some factors that enhance TG 

synthesis, More purified samples did not show the same effect. 

The last intermediate in the pathway is 1,2-DG. This compound 

could be derived from PA (by the action of PA phosphohydrolase) or from 

the hydrolysis of CDP-DG. In order that DGs go to TGs, they have to bo 

in tho proper configuration. Only 1,2-DGs were effective in stimulating 

TG synthesis "when they were included in tho reaction mixture (Table 14). 

DGs with 1,3- configuration did not significantly affect synthesis, Tne 

little stimulatory effect that was observed when l,3~DGs wore addod could 

be due to their contamination with 1,2-DGs (the DG preparation was 
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approximately 81,3-DGs and 1,2-DGs). This could bo due to the 

specificity of tho enzymes involved in acylating the LGs to produce TGs. 

Unless tnese LGs are of the 1,2- configuration, they will not be used 

as a substrate for the acylation reaction. 

From these data the following pathway leading to TG synthesis is 

proposed: 

GLYCEROL 

+ CoA 

+ CoA 

'24i0 

-CoA 

+ CoA 

ATP 
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From the lipase hydrolysis experiments and from previous analyses, 

it is believed that there is db novo synthesis in the cell-free extracts 

that proceeds via the mentioned pathway. Palmitic acid is first esterl- 

fied to the second carbon of a-GP, then oleic acid is added at the first 

carbon. The details of esterification of these two fatty acids are 

beyond the scope of this work, but preliminary evidence suggests that 

the ACP derivatives of these fatty acids might be the form in which 

these compounds exist before they are estorified. Inclusion of crude 

ACP prepared from M, smegmatls in the reactin mixture increased TG 

synthesis (TabD.es 14 and 15). More conclusive evidence could be ob- 

14 
tained if more purified ACP could be isolated and attached to C- 

palmitic and ^C-oleic, The effect of these compounds on TG synthesis 

then can be examined. 

Studies on the regulation and control of TG synthesis were attempted, 

but further work is needed to elucidate the intricate mechanisms that are 

involved in such a synthesis. As was presented, both a-GP and CTP are 

major contributors to the control of TG synthesis. Other factors such 

as ATP, CoA, Mg*"*" ions and Ni++ ions play a significant role in the 

process. The need of the system for these factors is illustrated in the 

pathway, and was previously covered in Results, 
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