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ABSTRACT

Palnnitic-t-L4C acid in the presence of -A,TP, CoA and )fg# tras

readily incorporated into the phospholipids and triglycerides of all

subcellular fraction" n."Otred from r.¡hole homogenates of rat subnan-

dibular salivary glands by differential centrifugation. The presence

of carnitine in the incubation mixËure decreased, pahnitic-l-l4c acid

incorporation into lecithin,phosphaÈidylethanolamíne and triglyceride.

Al1 subcellular fractions very effectively incorporated palinitic-l-l4C

acid into palmitoyl-carnitine and, wiÈh the exceptíon of the 75000 x

g - 30 rnin. pellet and the fínal hígh speed supernatant, into another

carniÈíne conËaining lipid (referred to as carnitine fipid). The

highesÈ palmitic-t-l4C acid incorporation into palmitoyl-carnitine

(per urg protein) was associated with rnicrosomal f ractions, r,rhile mito-

chondria were the major siËe of the carnitine lipid formation. Both,

palnritoyl-carníËine and carnitine lipíd r,rere also formed on incubation
1ILof the mítochondrÍal fraction v¡ith carni-tine--'C in the presence of

palmitoyl-CoA.

Experiments in rvhich the effect of Ëhe respiratory inhibitors,

cyanide and rotenone) on carnitine lipid formaËion from carnitine-l4C

and pahnitoyl-CoA r,ras studied, suggesÈed thaÈ carnitine lípíd might be

ß-h-vdroxy-palrnitoyl-carnitine. The identity of carnitine lipid r,¡ith a

knorsn standard sample of S-hydroxy-paknitoyl-carnitine r,ras denonstrated

b1,'their behaviour on thin layer and gas chromatography. It is suggested

Lhat 3-hydroxy-palmitoyl-carnitine r'¡as formed enzlnuatically from car-

nitine and ß-hydroxy-palmiËoyl-CoA deríved by ß-oxidation of palnito.lrl-



CoA. The accumulatíon of ß-hydroxy-palmitoyl-CoA could be caused by

a lack of NAD which would limit iËs further oxidation.

Phosphorylating subrnandíbul-ar salívary gland mitochondria were

prepared by a modificaËion of a procedure developed by Chance and Hagi-

hara. These isolated nitochondria were characterized morphologicall-y

by electron microscopy and bíochemically by their respíraËory control

and ADP/O ratios associaËed with oxidatíon of various subsËraËes. The

mÍtochondría exhibited respiraÈory control- raËios of 5.0 to 5.5 for

glutamaËe, c-keLo-gluËarate and pyruvaÈe-malate; 4"5 for succinate and

2.5 for ß-hydroxy-butyrate. ADP/0 ratios of. 2.L to 2.5 were associaËed

with oxÍdatÍon of NAD linked substrates, value of 1.6 rvas obtained

for succinaËe. Palmitoyl-CoA oxidation by mÍtochondría was found Ëo be

very dependent on the presenee of ADP, bovine serum albumin and L-car-

nitíne ín the medíum. It was also demonstrated Ëhat palmitoyl-car-

nitine was formed duríng this oxídatíon and its level deÈermíned the

raËe of 0^ utílization. Thus carnitine funcËions ín submandibular
¿

gland mitochondría in a símilar manner to Ëhat report.ed for other tissues,

i.e., as a carrier of f.atty acids across the mitochondrial membrane.

It is concluded that, under resting condiÈions, submandibular salivary

gland mitochondria can readily oxidize fatty acids Ëhrough a carnitine

dependent pathviay at raËes comparable Ëo those of liver mitochondria.
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INTRODUCTION

Salivary glands have been extensively used to study secretory
. :,'-

processes of exocrine glands, due, in part, Ëo the accessibility of :,:,:

Ëhese glands to operaÈive manipulations and also to Èhe relative ease

of collecËing secreËions (1). AlÈhough Ëhe mechanisms associated with

salivary secretíon may noË be exactl-y identical to those of other ,':';'i
t' ¡t.,'t,

glandular tissues, iÈ can be assumed ËhaË experimental findings on
,;:tti

salivary glands will aíd in studying general secretory mechanisms. r'"

It has been shor,rn Lhat the secretion processes of exocrine

glands are critically dependent upon eneïgy production (2, 3, 4' 5).

However, very lítt1e ínformation is available on the relaËive con- I

;

tribution of the major metabolic path\,lays to the energy production in

resting or stimulated exocrine glands. Goldman et a1' (6) reported that

in rat submandibular salivary glands glucose oxidatíon \¡ras maÍnly via

the Embden-Meyerhof and tricarboxylíc acÍd paËh\"/ays. Other workers

(7) showed that acetylcholine and norepÍnephrine, boËh powerful 
,,:,,.
:i't.tì

secretagogues, sÈimulated oxidaËion of glucose (to COr) in submandibular 
,;;,,..t
:: :::.-:

gland slíces. Recentl-y, however, Feinstein and Schramm (5) demonstrated :':'

thaÈ resting rat parotid gland slíces uËilized glucose very slowly and

glucose upËake r+as not stímulated by epinephrine although it caused a 
i,,,:,1

rapid secretion of amylase and an íncreased 0, consumpËion. ,,'i

I{hile studying the lipid meËabolism of rat submandibular salivary

g1and, PriLchard (B) demonstrated the presence of a highly active

carnitine palmitoyl transferase in subrnandibular gland homogenaËes. It

is well esLablished norv that in all mammalian tissues, thus far inves- i',.
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tígated, thís enzyme functíons to Ëransport fatty acids (as acyl-

carniÈines) across the mitochondrial membrane to the sites of fatty

acid oxidaËion (9, 10, 11). Norum (12) found a positive correlatíon

beËween the amount of carniËine palmitoyl- transferase presenË in an

organ and the rate of fatty acid oxídation in that organ. Therefore,

the finding of very acËive carnitine palmíËoyl transferase acËivity

in submandibular glands suggesËed that these glands might readily

oxidize fatty acids and focused aËtenÈion on the possibility that fatty

acids play an ímporËanË role in suppl-ying energy for both resËing and

sËímulaËed salivarY glands.

The purpose of Ëhe present work was to study Ëhe lipid metabolism

in resËing raË submandibular salívary glands, parËicularly acylcarnítine

formation in subcellular particulaËes and the relatíon of acylcarnitine

formation Èo fatËy acid oxidation Ín mitochondría'



LITERATTIRE REVIEI^I

The salivary gLands secrete T¡rater, electrolytes, and proteins
N

1a response to stimulation of either parasynPaËhetÍc or sympathetÍc

oerves (13). Numerous workers have demonstrated thaÈ the transmitter

of the parasyrnpaËheÈic nerve f Íbres, whiih ba'uses salivary secret,ion ís

acetylcholine (14). Since the ínvestigations by CaËtell, trüolff and

Clark (15) the sympathetÍc fibres of salivary glands have been supposed

to be adrenergic. Agents whích imítate Ëhe action of parasynpaËhetic or

synpathetic nerve fibres have been commonly used to activaÈe Èhe

secretory mechanísm of salivary gLands

It {s known that Ëhe true secretion of both proteins and elecËro-

lytes is an acti.¡e, energy requiring process, hot'ever Ëhe present know-

ledge of the energy-yielding metabolic processes associated with sali-

vary gland secretíon ís very 1-imÍËed. Salivary glands are very acÈive

metabolícally. UnsËÍmulated salivary gLand, undèr boËh þ vivo (dog

submandibular (l-6)) and in vítro (submandibular and parotid gland of dog,

cat and rabbit investígated (17)) conditions, has a hígh raËe of 0, coá-

sumption, e.B. r higher than that of hearË' Pancreas or liver (18)

Seventy years ago BarcrofË (l-9) dernonstrated Ëhat increased secretion o{

saliva in response Èo parasympathetic sÈimulatíon is accompaníed by

greatly increased 0, uËil-ízation and carbon dioxide productíon by dog sub-

mandibular gland. The observations of BarcrofË \^rere l-ater confirmed by

Deutsch and Raper (17, 20). By using slices of cat or rabbit submandibular

or parotid gland, Ëhey found increased 0, uptake ín the presence of acetyl-

chol-íne or pilocarpíne. The increase in respiration caused by these drugs
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could be inhibited by atropíne (atropine is known Èo block salivary 
,_::- ,,:

secretion caused by parasympathetic impul-ses or parasympathomimetic drugs '" " 
'

(21)). simÍlarly, Barcroft a4d uÏ1er (22) observed stimulation of

salivary secreËion, and an inclease Ín the 0, consumption of the glands

when the sympathetic nerve supply to the submandibular gland in the intact ,',,'...'

cat v'as sEimulaËed or when adrenalíne \^ras injected. ExperimenËs in vitro 
!''1 

'''

,, .t i,,

confirmed this observation. Addition of adrenaline Ëo the cat submandibular i¡.'i];';::

gland slices (17) or rabbit paroËid slices (23) increased 0, uptake'

The increased 0, upEake uPon parâsympaËhomimetíc or sympathomi-

meËic stimulation indícaËes Ëhe involvement of aerobic meÈabol-ic

pïocesses, holever, several *otto.t" have reported that anaerobic

glycolysis may also be involved in supplying Ëhe energy for secretion.

Northrup (24) xeported that sËimul-ation of sympathetic or parasympatheËic

nerves to the subnandibular gland of the dog caused a decrease in gland

glycogen aod creaÈine phosphaËe and an increase in lactíc acid' Wi1ls 
1..,,,,:,
lt..''.,1-t.

(25) found increased concentration of l-actic acid in cat submandibular ,, -,-,.',

-t', tl .',1 .'

sa1íva following pilocarpine injecËion. On the other hand Deutsch and '::.::'

Raper (20) were noÈ able to fínd any evidence that anaerobic glycolysis

can supply energy for the secretion processes, because acetylcholine
t:,:,.,,,.;,:;)

had no effecË on lactic acíd producËion by submandibular gland slices. i. . ,

More recently, in vivo experiments of strämblad (26) shorued thaË paÏa-

sympathetic stimulatíon did not increase lactic acid production by

cat submandibular gland at lorv secretory raËes, however, aË higher

secretory rat.es lactic acid ouËput from the gland \^Ias increased' He l'¡.;'i
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concluded that the lacËic acid mechanism is not preferentiall-y used

by the gland for energy supply during secreËion, but seems to be used ,:.:, 
:,:,:

only when the demand for energy is hígh and whenrmost Líkely, the

oxidative metabolism is unabl-e to supply enough energy" In 1957

Hokin and Sherwin (23) demonstrated that acetylcholine and adrenaline i.i ,.,:,
:.: lir.::. ,:

stimulaËed mucin secreÈíon in submandibular sl-ices and amyl-ase
. ,...r,.. 

,,,,,

secretion in paroËÍd slíces. By examÍni,ng the rate of amyJ-ase release '':: ::i:;:

into the medium from the slices of rat parotid g1-and, Bdolah and Schrauun

(27 r 28) were able to shor,¡ that enhanced secreËíon caused by addition 
i

ofadrena]-inewasdependentonthePreSenceof'0,andwascomp1eËe1y

suppressed by cyaniCe or dinitrophencl but noË icdoacetaËe, r.'hich hes

been shom to compleÈely b1-ock g]-ycolysis (5). Babad eË al (3) found

that in raË païotid slices ol-ígomycin ínhibited boËh the increased

0, uptake caused by epinephrine as inrell- as the amylase secretion

Resul-ts report,ed by. Èhese workers índicaÈe that energy for amylase

seçretion by parotid gland is suppl-ied mainly by oxidative phosphoryl-ation

and not by g1-ycolysís.

0n1y línrited ínformation is available on the substrates utilized

by sal-ivary glands. Deutsch and Raper (20) measured Èhe respiratory

quotienË in both resting and active (acetylcholine added) cat subman-

dibuLar gland slices ín the absence of exogenous substraËe' and found

it varied beÈr^¡een 0.59-0.80. l{hen exogenous glucose was added to the

active slices, iË was rapidly oxidízed and the respiratory quotient

rose to 1.02. These results suggest ËhaË Ëhe endogenous substrate
I r..r'. !.
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serving Ehe oxidation occurring both in Ehe resting and active states'

is not solely càrbohydraEe, but when a carbohydrate (glucose) is :.:..
t:,,',,t,

present, it is preferentially used' Goldrnan et al (6) studied Ehe

metabolisrn of glucose in rat submandibular gland slices. From tracer

sÈudies triËh glucose labelled in various posiËions, they concluded 
,,:.;.

that glucose \¡ras me¡abolized mainly through the Enbden-ìfeyerhof-Krebs l':',1 
',

cycle path\^ray. Sandhu eü e! (7) found increased productio" of 14C0 
2 :,,.,,

1L
from gluco"" -t*C afEer addition of adrenalÍne or acetylcholine to

ratsubmandibu1arg1ands1ices.ÏheeffectwasdependenEonthe :

JJ-

preSenceofexogenouscafrinthesyStem.onËheotherhand,FeinsËein

and schramm (5) recently d.emonstrared that restíng rat parotid gland 
I

slicesuti1izedg1ucoseverys1ow1yandepÍnephrinedidnotsËimu1aÈe

the uptake of glucose although it caused a rapid secretion of amylas" l'

i

and an increased 0, consumption (3). This suggesÈs thaË aÈ least in 
i

rat parotÍd gland, glucose does not serve as an efficient energy

source. Babad and covrorkers (3) have suggested that the increased i''",t;;;:

l:',',t,'

0^ uptake caused by epinephrine roight reflect an increase in the '::""::

. 
u uJ çYLLLet' 

:,: 
-:

oxidaÈion of fatty acids, however they Presented no suPporting experi-

menËal evidence

Pritchard (8) denonstrated the presence of highly acËive car- 
,,..u,
i.:,:1

nitinepa1rnitoytÈranSferaseinratSubmandibu1arg1andhoBogenateS.It

is rrell established that in all marulalian tissues thus far invesÈi-gated

this enzyme functions Èo transPort fatty acids across Èhe niÈochondrial

aenbrane to the sites of fatty acid oxidation. Therefore the finding of
:,.',.l,,,

an active carnitine pafunÍtoyl transferase ín subnandibular glands ! ::'
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suggested lhat these glands might readily oxidLze fatÈy acids and 
.,j:::::

focused atËenËion on the possibílity that fatly acíds play an important l..':,r,.,'

role in supplying energy Ín resting and sËimulated salivary glands
I

Alrhough discovered in 1905 (29, 30) , carnitiner s physiological 
r: .:,.

role remained obscure for over fifty years' Despíte its close sLruc- ,,' ., ',,
i::

tural resemblance Ëo choline, carnítine (3-hydroxy-4-trimethylarmnoníum 
i,,.,:,,),.,:

buËyrobetain, Fig. 1) as well as its acetyl derivaËive, has negligibl-e i"'r' i'

activiËy on neuromuscul-ar preparations (31-). The attempts to esËablish

carnitíne as a meËhyl donor in bíochernical reactions involvíng trans-

methylatíon have been unsuccessful (32r33). In 1952 (34) carnitine rvas

CHs ÌI 
i

\-" I -cARNrrrNE cn.)¡r-tt2-c-cn2-coo/r
CHg OH ,,,. 

1

CHs H

\- I -
ÀCYL CARNITINE CH3-N'-CH2-C-CIi2-C0O

/t
CHa 0

I

C=0
I

R

::r :ri l.:'l'.:_:i.

Fig. 1. StrucÈural formulae of carnitine
and acyl carnitíne.
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idenrified as an insect grorvth factor and on the basis of this biological

activity a sensitive ¡nethod rvas elaborated for estimating the levels

of carnitine in different tissues. Carnitine r,ras found to be presenÈ

alnost universally in biological rnateríals. The distribuÈion of car-

nitine ín rat tissues as measured bv Broekhuysen is shor'¡n ín Table 1

(3s).

However, no physiological role for Èhis cornpound r.ras apParent

until 1955, r,rhen two sígnificant observations qTere reported. Tríedman

and Fraenkel (36) discovered an enzlrme in pígeon liver which cataLyzed

the reversible reacËion:

. acetyl-CoA * carnitine*CoA * acetyl-carniËíne;and Frítz (37)

repori:ed thaL the action of muscle extracts on fatty acíd oxidation by

liver homogenaËes could be simulated by the addition of carnitine.

CarnitÍne augmenÈed the conversion of pahnit ^t"-L-I4C 
to ketones by

both 1íver homogenates and slices (37). SubsequenË1-y it rvas found that

many tissues responded similarly to the addition of carnitine. Car-

nitíne greatly íncreased the rate of- long chain fatty acid oxidation

by heart nuscle, skeleÈal muscle, inË.estine, kidney and brain (38).

The effects of carnítine on fatty acíd oxidation could be readily

obtaíned wíth particulate Oreparations, but ín a solubilízed fatty

acÍd oxidase system, carnitinets action could not be elicited (39)'

suggesting no direct effect on these enzynes. Observations of Fritz

(40) suggested that carnítine did noË act upon the fatty aeyl synthetase

enzvme system, r'¡hich converts free faÈty acid Ëo the corresponding



TABLE 1

C0NCENTRATIONS OI'CARNITINE IN VARIOUS RAT TISSUES(f)

i' r- ..-;.t

Tissue

Muscl-e (stríated)
Testes

Heart

Adrenals

Kidney

Spleen

Intestine (smal-l)

Brain

Liver
Lung

Free CarníËine Concentratíon
(rl;e/g dry weighË)

0. 53

0.67

1.00

6.40

0. 1-5

<0.L6

< 0.16

0.18

o.2L

0. 13

(t) According to Broekhuysen (35)'
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thÍol ester according to the followíng,ner reaction (39):
Mg' '

free farry acid + ATP + CoA t' fatty-acyl-CoA + AMP + P-P.

Studying Ëhe actÍvíty of this-enzyme system ín the presence of hydroxy-

lamine as a Ërapping agenl, Tti-tz (40) reporËed that carnítíne had no

effect on Ëhe production of acyl-hydroxamate. Hor¡ever, the CoA

derivaÈive seemed to be a required intermediate in carnitíne-stimul-ated

fatty acid oxidatíon. Additíon of carnitine díd noË apprecíably

enhance palrnitate oxidatíon by heart muscle mit.ochondria, un1-ess ATP

and CoA were províded (11).

Although acyl-CoA thiol esËers are the ímrnedíate substrates

for the ísol-aËed enz)rmes of ß-oxidation' such compounds \^/ere not

readíly oxidized when added Ëo intact mítochondria (ll). This observa-

Èion irnplied that a permeability barrier exists between extramíËochon-

drial acyl-CoA and intramitochondrial- sites for ß-oxidatíon. Addition

of carnítine Ëo intacË mítochondríal preparat.ions resul-ted in a ready

oxídation of palmitoyl-CoA (11), indícating thaÈ carnitine cou1d in

some hlay aid in the transporË of palmiÈoyl-CoA across the membrane

Ëo the sites of ß-oxídation. Fti-1z (11) and Bremer (10) reported EhaÈ

boËh heart and liver preparaËions had the ability to incorporate
z 1L

carniËine-'H and palmitate-'-C ínto a compound havíng the charac-

teristics of palmitoyl-carnitine. This cornpound had the same R, value

(as obtained by paper ehromatography (11)) in several solvent systems

as synthetic: palmitoyl-carnitine. CarniËirr"-3H rvas incorporated into

:tlt 1.
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this conpor¡nd r¡hen only palnitoyl-CoA a¡rd tissue preparations ¡¿ere

added. I,ltren free palmitic acid was the substraüe, AP, CoA and tlssue
v

preparation rtere requÍred to form palmítoyl-carnitine (41). FaËty

acid esters of carnitine ¡uere rapidLy oxidized by mitochoadria ÍsoLated

from rat heart muscle (l-1) or LÍver (9). From these observations and
t^

those coocerning carnitine acetyltransferase acËion (36) ft was suggested

that carnitine enhances fatty acid oxidation by acylearnitine formation

(10, 11), and the presence of an enzyme (carnitine pal.mitoyl trans-

ferase) catalyzing the reactÍon:

ahnitoyl-CoA * carniÈÍne $ pahniËoyL-carnitine * CoA' was

postulaËed. The reversÍbility of the reacËion ruas demonstraËed by Ëhe

1L
rapid Í.nccrpcraticn of carnitine-l4C ioto palmitoyl-caraiËine in

the presence of CoÀ and paluitoyl-carnitine (10). Thus the enz)¡lne

functÍonsto trarisport fatty acids across the miËochondrial membrane

io tt" form of acylcarnitine esters. However, once the acylcarnitine

fs at the Ínner sÍde of the mítochontlrial membrane it must be recon-

verted to its CoA ester whích serves as the imnediate substraÈe for

B-oxídatÍon. Therefore, it was necessary to hypothesize the presence

of paluitoyl-carnitine transferase on both sides of the miËochondrial

barrÍer impermeabl-e to acyl-CoA ester, but riot to acyl carnÍÈine ester.

A scheme suggested by FriÈz and Yue (11) is presented in Fig. 2.

CarnÍtíne palmitoyl transferase was purified by Norum (42)

from calf Liver mitochondria. By deterrnining the equiJ-ibriun constant

(toward pahnìtoyl-carnitÍne) of the reacÈion palnitoyl-CoA * carnitine

t::,::,

¡,+'r
çr.,:,îl
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lpahnitoyl-carniËine * CoÀ, and calculating the change in standard

free energy, he found that palnitoyl-carniËine has about 0.5 kcal higher ,';,',: 
"',

free energy Ëhan palmiËoyl-CöÀ. This implied thaË palnitoyl-carniËine

poSSeSSeshighgrouppotenËia1andexp1aínedthereversibi1ityofthe.

pahnitoyl Ëransfer. Norum (42) al-so studied acyl group specificity .,,,.¡¡
::. 4, '

of the enz)me. He found that it exhibits broad specificity toward

acyl chain lengths. The activity of Ëhe enzyme increased wÍth in- ì't.t"

creasingchainJ-engÈh,reachingamaximumatpa1mitate.Theacy1grouP
i

specificity vras cornpletely differenÈ from Èhat of aceËyl Ëransferase, 
,

thus províng that at least two carnitine acyl transferases exist 
i

Holl-is and Blecher (43) dernonstrated that carnitine added to l

liver or heart rniËochondria stimul-aËed the oxidation noË only of ,

palnitaËe, buË also of the products of B-oxidation of palmiËate'

namely Ërans o<,¡3 -unsaturated paÏnitic acid and B-OH-pa1ur:itic acid.

The finding rlias l-ater confínned by Mahadevan and coworkers (44) who 
,.-,,,,,:,
l' t'" 

:

also reporËed that oxidation of B-keto-pal-rnitic acid was gleaÈly 1i:::;'
':,..

_ .1_:,.,::

íncreased by carnitine. I{hen sËudying the acyl transferase acËivity in
..

sonically disrupted rnitochondria wiËh palnitoyl-carniÈíne and carnitine

esters of B-oxidation intermediaËes as substrates, Ëhey found Èhat [3-keto-
:'.::,::l

palmitate \Ä?as as efficienË a substraËe for the transferase as pahnitoyl- i¡it:

carnitine. The rates of the reaction with carnitine esters ofß-0H-

palmitic and trans cç,3 -unsaËurated palmitic acid were about 707. and

202 (respectively)that obÈained with palnitoyl-carnitine. Hor¡ever,

rvhether there is only one long chain carniÈÍne acyl transferase v¡iËh .,:.
ì,
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broad substrate specificity, or whether there exist specific Ërans-

ferases f.or ft-oxidation derÍvatives of long chain fatty acids remains

to be established. )

Norum (12) has reported that carnitine palnitoyl Ëransferase

is present in all human organs and. tissues tested, includíng 1iver,

kidney, heart, muscle, brain, placenÈa, lung, adipose tissue, leucocyËes

and p1aÈelets. He found a positive correlation between the amount of

carnitine pahnj-Ëoyl- transferase present in an organ and the rate of

fatty acid oxidation in that organ. The enz)rme was absent from red

blood celLs and serum.

There does not seem to be conplete agreement among invesËigaËors

concerning the subcellular localizaËion of carnitine palmitoyl trans-

ferases. Bremer (l-0) reported that both rat liver microsomes and, míto-

chondria can synthesize palnitoyl-carnitine from carnitine and pahni-

taÈe in Ëhe presence of AïP, CoA and Mg#. In a later publication, how-

ever, Norum and Sremer (45) reínvestigaÈed Ëhe subcellular localizaËion

of carniÈine palmitoyl transfeiase by measuring Ëhe CoA dependent in-

corporation of labelled carnitine into palnitoyl-carnitine, and reporËed

Èhat the enzJrme Ís solely mitochondrial. Recently van Tol and Húlsmann

(46) studied the subcellular dístribution of carnitíne palnitoyl trans-

ferase in rat liver by measuring boÈh the CoA dependent incorporation of

tabelled carnítine inÈo palnÍtoyl-carnitine and the formation of pal-

naitoyl-carnitine from palmiÈate, ÀP, CoA and carnitine in the presence

of an excess oi f"tty acyl-CoA synËhetase. They reported that the sub-

ìr:t.:ri:a
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palmitoyl transferase activity. The non-latent is inhibited by 
!bronostearoy1-CoA,whereasthe1atenttransferaseisunaffectedbyit

The latent enzyne, which constitutes a major part of toÈal mitochon-

dria1carnitínei:a1rnitoy1transferaSeactivity'ismembranebound,

mostprobab1y1ocaÈedint'heinnernitochondria1rnernbrane.The

positionofËhenon-1atentenzymeisnotc].ear.Itcou].dbeassocíated
l

wiÈh the outer membrane, the outer aspect of the inner membrane or Èhe i

intermenbraneSPace.Recent1y,trüesËgfaL(52)reportedtheseparation
:

of trvo forns'of carnitíne palniÈoyl trqnsferase fron ox liver mito- 
i

ichondrÍa. Thus Ëhe h,vpotheÈical feature of the scheme presenËed by 
i

Eritz and Yue (Fig. 2), in which the presence of trrro carnitine

palmitoyl transferases is posËulated, one on each side of Èhe barrier imper- l

meable to acyl-coA esËers, has norv l¡een supported by experímental 
,

results



}fATERIALS

Bacterial proteinase ìiagarse was obtained from Nagase and Co.

Ltd., Osaka, JaÞan.

Cytochrome c (equine heart), p-nitrophenylphosphate (d.ísodiun

salt), succinate (disodium salt), pyruvic acid, L-inalic acíd, .dYP

(sodium salt) and ADP (sodiurn salt) rvere from Calbioehern, Los Angeles,

Californía.

Glucose-6-phosphate (dipotassium salt), AP (disodiurn salt),

coenz)rne A (trilithium salt) , paknitoyl-CoA (free acíd), L-glutamic

acíd, q-ketoglutaric acid, DL-jß -hydroxybutyrate (sodiurn salt) and

NAD rvere from Sigma, St. Louis, Mo.

_ 
2- (p-Iodophenyl) -3- (p-nitrophenyl) -5-phenyl tetrazoLíum chloride

(INT),phenolphthaleLn gl-ucuronÍde (cínchonidine derivative), indole

and L-carnitíne rvere from Mann Research Laboratories, Nerv York, Nerv

York.

Palnític acid (f-14c) and paLnitic acid (rø-14c) \,rere purchased

from Ner,¡ England Nuclear Corporation, Boston, Massachusetts.

Dl-carnitirr"- (l4C-nethyl) and Dl-carnitine (14c-""rbox-v1) r+ere

from Tracerlab, Boston, Massachusetts.

, Bovine serum albumín (fatty acid poor, FractÍ.on V) was obtained

frorn liutritional Biochemicals CorporaËion, Cleveland, Ohio.

Rotenone rvas from K & K Laborat.ories Incorporated, Plainvieiv,

New York, and sodium cyanide froin Baker Chemícal Conpany, Phillips-

burg, Nerv Jersey. SËandard lipid aixture (sphingomyelin, lecithin,

ohosphatidylethanolarnine and cholesterol) was from Applied Science

l-aboratoríes Incorporated, State College, PennsvlvanÍa.
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Standard sample of palmítoylcarnitíne rvas prepared accordíng to

Bremer (9).

ß -hydroxy-pahnitoylcarniËíne \¡7as a gifË from Dr. F. Sauer,

Anirnal Research Institute, Caiada DeparËmenË of Àgrícul-ture, Ottawa,

Ontario.

l.r:,,:..i.ir



. METHODS

A. Preoaration of Subcellular Partícles fron Rat Subnandibular
i: ., -rSglívarv Gland (SlfSG) Honogenate ,,',,,,,.

1. PreparaÈion of subcellular fracËions

Male rats of the Long-Evans strain (4-5 r¡eeks old) were killed l ;,
:,.',, ,,-:,

by decapitation under light ether anaesthesia, the glands quickly excísed ,: :::,

and placed in an ice-cold medium containing 0.32 M sucrose-luu\f TES (N- '"'; 
'

Trís (hydroxymeËhyl) meËhyl-2-amino ethane sul-phonic acíd) buffer

7.4, The glands r¡rere cleaned, rveighed and cuË ínto small píeces r,¡íËh a
:

Tazol. blade. The mince rras Ëransferred inÈo a Potter-Elvehjem homogenizer 
i

conËainin g 0.32 M sucrose-lmM TES medíum and dísintegrated using ten 
I

hand sÈrokes rvith a Teflon pestle. The homogenat,e hTas fíltered through

fine mesh boltíng cloth to remove connective Ëíssue and large undisin- 
:

tegrated parËícles and the volume adjusËed to L0% r^r/v based on the origi-

na1 tíssue wet rveighÈ. The resulting suspension is referred to as Ëhe l

::::.:1.::-r

r,zhole homogenate (I{H) . SeparatÍon of six subcellular f ractions frorn the : :

irrll ¡+as effected by dÍfferential centrifugaËion, an outline of r,zhich is :"':i

given in the Fig. 3. R, fraction \.7as obtaíned by use of an International

clinical centrífuge, R2 to R, fractions by an, International centrifuge

Model B-20, (Rotor Type A-321) and RU fraction by an International cen- it-'

trifuge ìfodel B-60, (Rotor Type SB-283).

After the inítíal centrifugation, each fractíon rsas resusoended

in 1 ml of sucrose-TES medir:m, resedimented and the supernatants

were added to the aoproprÍate original supernatant. Thís rneans the ,.,: .,i
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WH

I uoo xs , lomin,

*,Asr
| ,roo xs , tomin,

IRzâSz
I

l4Bo0 {g , 15 min,
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9600 xg , 2O rnin.
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I
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Fig. 3. Flor^r diagram illustrating the síx centrifugation
steps to obtain seven fractions from rat SMSG

homogenate.
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orfginal homogenate voh¡ne was j-ncreased by approxirnately 6 nls by

the termination of centrífugation. Before use, the washed pellets

!üere suspended in 50 al'l TES-KOH buffer, pE 7.4, and the r,ihole homo-

genate and final- supernåËanË, when reguired, were díluted 1:1 wiËh

100 mM IES-KOH buffer, pH 7.4.

2. Preparatíon of the mítochondrÍal.fraction

In the procedure described below the compositíon of the medÍun

,and cenÈrÍfugal forces used to sedíment subcell-utrar part,icles were

: ,.:

I

i

si¡nilar to those described by Chance and Hagihara (53) for the,isolaËion

of beef heart nitochondria.

Male rats of the Long:Evans; straÍn (7-8 weeks ol-d) were killed

by decapiËat,íon, orcísed glands were placed in an fce cold medium

conËaLning 0.21 M manniËol, 0.07 M sucrose, 0.L nI'Í EDTA' 0.01- M TES-KOHr

pH 7.4 (MSE Medir:m). After Ëhe tissue was cleaned and minced, it was

transferred into a Potter-Elvehjem homogenízer containing MSE Medium

and homogenized for l- mÍn at 70 rev./nin. using a Teflon pestle (0.15 rmn

clearance). The homogenate rnras f il-tered through gauze and the f iltraËe

adjusted ¡,rith IíSE Medium to 5% t/v Uase¿ on the original- tÍssue wet

ì'.....
i l.1: ,

weight. The resulting suspension ís referred üo as the rshol-e homo-

genaËe (WH). The homogenate was then cenËrifuged for 10 min at 500 x g

Ëo produce the R, fractlon. The' supernatant, after careful removal' \¡las

cenËrífuged for l-0 min aË 12000 x g. The resultÍng mÍtochondrial- pellet

$ras =esuspended Ín 20 ml of MSE Mediun and cenËrifuged for 5 min aË
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8000 x g to yield the final mitochondrial fracËion (l{). The supernatants

obËaíned after the second and third centrifugation were combíneCr to

yield f ínal- supernatant (S). -Al1 sedímenËations \¡Iere done on the Inter-

natÍonal centrifuge Model B 20 (Rotor Model L 2lL). I'or rrse the mi.to-

chondrial fraction \¡ias suspended in ÞtSE Medium. Although the mito-

chondria prepared by this method oxidized pyruvate-malate (as measured

polarographically), addition of ADP had no effecÈ on Ëhe respíraËÍon.

Thus Ëhese miËochondría failed to exhibit a respiraËory control

ratio (RCR) -4' 
-

3. Preoaration of coupled mitochondria

phosphorylating míËochondria were obËained by modífication of

Chance and Hagiharats methr¡d (53), whereín a brief digesËion of the

Ëissue l^ríth bacËerial proËeinase precedes homogenization.

Male rats of Lhe Long-Evans strain (7-B weeks old) were killed

by decapitation. The excised glands were placed in an ice cold medíum

consistíng of 0.21 M manniËol, 0.07 M sucrose, 0.5 ml4 EDTA, 0.5 mM

EGTA, adjusted Ëo pH 7.4 (Stock Medium). The glands were cleaned,

iveighed and cut into small pieces wiËh a razot blade. IË was found to

be of extreme importance to mínce the tissue thoroughly ín order to

avoid any undue pressure duríng homogenízation. The mince, weighing

1.5 - 2.0 g, ïras incubaËed vrith occasional sËírring, for 3 mín on ice

r¡ith 60 rnl Stock Medium buffered with 10 nrM Tris-phosphate, pH 7.6,

and containíng 0.5 mg/mt Nagarse. The suspension uTas then homogenized
i<.l tì.-!
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f.or L min aË 70 rev./min. in a glass homogenízer fitted r¿iÈh a Teflon

pestle (0.6 mm clearance). The resulting h.omogenate was kept at Oo

for another 3 mín., then diluËed with 60 m1 of Stock Medium and homo-

genized aË 150 rev. /mín. for 1 min. r¡Íth a Ëighter fítËing Teflon p9sË1e

(0.2 qnr clearance). After filËration through fine gauze, Èhe homo-

genate \,ras centrifuged for 5 mín. at 2000 x g and the supernatant

carefully removed so as noÈ Ëo disËurb the loosely-packed pel-let of

cellular debrÍs, nuclei and zymogen granules. The supernaËant Inras

cenËrifuged for l-0 min. aL 1-2000 x g and the resultíng mitochondrial

pellet rínsed wíth SËock Medium to remove the loosely-packed white

layer. The rÍnsed pellet r.ras resuspended in 40 ml Stock Medium buffered

wírh lOrnl'I Tris-HCl (pH 7.4) and centrifuged for 5 min. at 8000 x,g to

produce the final mitochondrÍal pel1-et. Finally, mitochondria r¡ere

suspended in Tris-HCl Stock l,fedium. The yield rvas approximaËely 3 ng

miËochondríal proÈeLn/ g fresh tissue.

B. Protein .DgËerminati.olts

Protein was deEermined by Ëhe method of Lowry eË al (54). Ali-

quots of the tissue suspension \ras solubílízed in l- N NaOH overnight,

diluËed Ëo 0.5 N NaOH and 1 ml portions removed for analysis. To 1 nl

of the sarnple 5 ml of copper carbonaËe reagent was added, and Ëhe

solut.ion was mixed ímmediately. Copper carbonaËe reagent was prepared

irnrnedíately before use, by míxing 50 parts of 271 NarCO, with one part

of copper tartrate reagent (1% Na-tartrate,0.5% CuSOO, in 0.025 N NaOH).
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Àfter 10 mÍn., 0.5 ml of 1N Folin phenol reagent r'ras added to each

test tubermixed, and al-lorved to sËand for 30 min. Absorbance v/as

measured aL 750 run in a Unicam SP-600 spectrophotometer against a

blank sample (prepared by mixing 0.5 N NaOH with copper carbonaËe and

Folin reagenÈ).

Standard protein samples rrere prepared by mixing 10-100 ug of

bovíne serum albumin in 0.5 N NaOH with copper carbonate and Folin

reagent,.

C. El-qqtroq Mi€oscop¿

r.t' :: i-l-
t:.... ..

l"fitochondrial pellets lrere fixed fox 2 hours in chíl-l-ed 2.57. 
.

glutaraldehyde solution conËainíng 0.54% glucose and phosphaLe buffer, l

pH 7.2. AfËer washing, the pell-ets were fixed for t hr. wit¡ ty" OsO4, l

dehydrated with ethanol and embedded in methacrylate. Thin sections

were víe¡¡ed, after double sËaínÍng with uranyl aceËate and lead citrate, ir,¡,ri,, .:r ,., 
.

r¿ith a Philips 300 electron mícroscope. Electron mícroscopíc picËures 
,,, 

i., 
;,,:

,rÌ,. ,. ,-,,,,

oft1reiso1atedcoup1edniËochondrÍaarepresenLedíntheResu1tsection.

D. ChgracËerization of Ëhe Isolated Subcellular Fractions

¡.i:ì:i:
1. Deg.xvríbonucleic acid (DNA) determination ir.rii:1':,!!

Nucleic acids rrere separated from other tíssue compounds as

descríbed by Schneider (SS¡. The isol-ated nucleic acids r+ere quanti-

tatively determined by rneans of the indole reaction (56, 57).
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i. Separation of acid soluble compounds An aliquot

of the whole homogenate, or subcellular fraction, (conËainíng 0.5-2.00

mg of protein) was míxed with-2.5 ml of col-d 102 TCA, centrífuged, and

sedíment was washed once with 2.5 ml of cold LO1Z TC1..

ií. Separation of lípoídal compounds The final sediment

remainíng after removal of the acid-soluble coinpounds rvas extracted

Ëwice wiÈh 5 rnl of 95i., ethanol and recovered by centrífugaËion.

iíi. Removal of nucleic acids The lipid free residue

\¡ras suspended in 2,6 mL of 5% TCA and the mixture heated for 15 mín. at

90oC rvith occasíonal stirring. Thís treatmenË quantitativel-y'exËracËs

both DNA and RNA from Èhe tissue proteins and leaves the 1aËter as an

insol-ubl-e residue which hTas centrifuged off and washed once wiËh 2.5

nl- of 57. TCA (supernatants \,Íere combined).

ív. Estimation of lllA Trvo ml of the nucleic acÍd

extract were míxed Ëhoroughly with I ml of 0.O4% agueous indole and I

ml- of conc.HCl in a glass stoppered test t.ube. The mÍxture tlas heaËed

for 10 rnin. Ín a boÍling water bath, than cooled ín cold water. Cold

solutions \nrere extracËed Ëwíce with 4 ml of chloroform, and absorbance

of the rraËer layer was read aE 490 nm in a Unicam SP-600 specËrophoto-

meter against a sample blanlc. Bl-ank samples $rere treated in the same

r^ray as the experimental samples, except tlnat 2 ml of 5% TCA, r,¡ere used

insËead of the nucleic acid extracË. Standard samples were Èreated in

l:'

i'ri:

lil;!
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the same rvay as the experimental samples, except that 2 n1 of 5Z TCe.

contaíning 10-80 Ëg of calf thyrnus DNA (Na salt) rvere used instead of

Ëhe nucleic acid extract. Results are expressed as Pg DNA/ng Protein.

2. SuccinaËe - INT - reductase

SuccinaËe-IìfT-reductase was estimated by Ëhe meËhod described

by Pennington (58) using the arËificial subsÈrate 2-(p-Iodophenyl-)-3-(p-ni-

trophenyl) -5-phenyltetrazolir:m chloride (INT)

The incubatíon was perfor¡ned for 15 nin. at 37oC in a fínal

volume of 1.0 nl. The incubation mixÈure contained 0.05 M potassir,m

phosphate buffer , pH 7.4; 0.12 INI; 0.05 M sodium succinate, 0.05 -

0.50 rng of Èissue proËein. The reacËion vras sËoPPed by addition of

1 ml 10% TCA and the formazan \,ras extracted inËo 4 nI of ethyJ-aceËate by

vígorous shaking. After centrifugation, the absorbance of the organie

layer r{as measured at 490 run in a Unicarn SP-600 spectrophoËometer against

an appropriate conÈrol. Control samples were Ëreated in Ëhe same l'¡ay

as Èhe experÍmental- ones, excePË ËhaË TCA was added at the same Ëíme

as Ëhe tissue suspension. l,Ihen a medium lacking in succinate r'¡as in-

cubated wíth tissue, no INT reductÍon occurred as compared to Ëhe

TCA Èreated conÈrol, indicating LhaË INT is being reduced-speeifíca11y

by succinaËe dehydrogenase. A molar extincÈion coefficient (490 run)

.)

of 20.1 x 10r (55) for the formazan dissolved in ethylaceËate vas

used Eo Ëransform absorbance units into ¡ moles of forrnazan released.

The enzymic activity is expressed as ¡: rnoles of forrnazanfmg protein/15 min.
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3. Cytochrome - c - oxidase

. .r_ :.'. :
;

CyËochrome-c-oxÍdase \iras assayed by the spectrophotometric method

of Sníth (59). However, Ëhe rate of oxídation of ferrocytochrome-c

!lasmeasuredbyfo11-owingthedecreaseinabsorbanceat385n¡ninstead
. ,1., :,,,. .

of 500 nm as recorrmend.ed by Smíth, as the maxímr:m in the differential ::::!:'

spectrum between reduced and oxidízed cytochroue c ï^7as found at 385 nn. ¡,:.,.,.,.'-,

The reaction raLe r,¡as folLowed dÍrectly ín a spectroPhotometric
ì

cuv€tte (L ml cuveËte, L cm light path, dual beam díff"r.rrtial Unican
i

SP-800 spectrophotometer) at 38oC. The incubation mixture (finaL 
i

volume 1 mL) contained O.0l- M potassium phosphate buffer , PH 7.0; 0.07% |

ferroeyËochrome c (reduced with ascorbic acid). The react'ion was

ínÍtíated by addition of 10-50 Ug of tissue protein and the absorbance l

aË 385 rlm 1üas read every 1-5 seconds against the conËrol. Control sample

conËained 0.01 M poÈassÍum phosphaËe buffer, pll 7.0; 0.07% f.ertocytochrome-
j : ::.
r__.:... ,i- ;

¡, and 0.001 M potassium ferricyaníde. The act,ívity is expressed as 
,r.¡ 

,,,-,

.:........
:_::: _1:'.

change in absorbance (Rrrror)/urin/mg proteÍn. 
,.i,,1,.,-.

4. ß - Glucuronidase

ß-glucuronidase was esËímated by the procedure of GianeËto and

de Duve (60).

IncubaËions r,rere performed for 30 min. aË 37oC in a final voLrne

of 1.0 nI. The íncubaÈion mixture contained 0.1-50 M sodium acetate

buffer, pH 5.0; 0.25 mlf phenol-phthaleinglucuronide (prepared from Èhe

cinchonidine derivaÈíve (60)); and 0.1- - 1.0 ng of tissue proLein

i.ì..,r:tl:.;rli
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( treated for 20 min. qrith O"2% Triton X-100 before use). the reactíon

was stopped by addítion of 5 rnl of aLkalíne reagent (0.133 M glycine,

0.067 M NaCl and 0.083 M NarCOr, pII 1-0.7). The mÍxËure was cenËrifuged

and the líberated phenoJ.phthal-ein r^ras determined by measuring the

absorbance at 540 nm in a Unicam SP-600 spectrophoËomet,er againsË the ,,,,,,.,¡,'=,.. :

blank sarnpl-e (containing Na acetate buffer and alkaline reagent). 
;,.,,,.,. 1,..,,

';-:,:';'::'t::t¡Control sampl-es r¡rere treated ín the sane \Àray as the experírnental onest

except that water r¡ras added instead of the ti-ssue suspension. No

dífference in opËical densÍty rÂ7as found between this control and the

control conËaining boiled tissue suspensÍon. SÈandard samples containe,l 
l

5-2C ¡rg of phenclphthaLein. The activity of the enz]-me is expressed in ':

¡rmoJ-es phenoJ-phthalein released'/mg Protein/3O nin.

5. glgcose - 6 - Phosphatase

Glucose-6-phosphaËase r¡ras determined according Ëo de Duve gf 
,,',,,.,,, 

.
.,:.rt:,: .l
I ::.:.':'..:..f.. (6f ) . ,, ., ,

iir':':-:.r

The íncubation !'las for 30 min. at 37oc in a fínal volume of ¡'ì"'"':"

0.5 rn1. The incubatíon mixture contaÍned 0.007 M histidíne, pH 6.5;

0.001 M EDTA; 0.020 M glucose-6-phosphaËe, and 0.05-0.50 utg of tissue

proteÍn. The react,ions were sËopped by the addition of 0¡5 nl- 1-0% lili"ii
I :: "

TCA and, after centrÍfugatioi, released inorganíc phosphate r¿as estímated

inthesuPernatanÈsasdescribedbe1or¿.ConËro1samp1esweretreated

in the same r^ray as the experimental ones, except that TCA was added

aË the same È1me as the tÍssue suspensio+. i.,,,,i..-:'t
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Inorganic phosphate deÈermination:

i. Phosphate was estÍmated by a modified Fiske and

Subbgrowrs method (62) on Ëhe supernatants after TCA preeipitatíon.

To each supernatant Ì^rere added 2 mL of L.25% ammonium mo1-ybdate

and 4 ml- of an:inonaphthol sul-fonic acid (AIISA) reagent conËaining 0.O06%

Ali[SA in 1.52 Na HSo, and O.Osi¿ NarSOr. The samples trere mixed we1L,
J

allowed to sËand f.ot 45 to 60 min. before measuring Ëhe.absorbance

at 650 nm in a ünicam SP-600 specËrophoËometer against the blank sarnples

(containing TCA, ammonium nolybdate and ÆtSA reagent). Standard samples

contained 5-20 pg of phosphorus.

ií. Occasíonalln phosphate was determined by a roodified

method of þærs3¿ et al (63), where the concenËration of the unreCuced

phosphomolybdate compl-ex is measured after extracËion ínto isobutanol--
l

benzene. This method was found Ëo be approximateLy 20 tímes more

sensítíve than the Fiske-subbarow procedure.

AfËer the react,ion r,ras sËopped by TCA and samples centrifuged,

the supernatants \¡rere transferred into tubes kept Ín an ice bath and

ditut"d to 2 ml vol-ume wíth waËer. Twc rnl- of 1.52 arumoníum molybdate

in 0.5 N H2SO4 and 4 m1 of ísobutanol-benzene (1:1), saturated with

nater) were added to the diluted supernat,ant and the suspensíon was

¡ni:ied r¡iËh a VorËex for 30 seconds, centrifuged, and the uPPer organÍc

phase r,ras Ëïansferred into tubes at room Ëenperature (extraction of

the phosphornolybdaÈe complex into isobutanol-benzene at OoC and

ì.:j.,¡ri.¡,ri:



subsequent warmíng of the organic phase prevented the formatíon of

opaqueness ín the organic phase). The absorbance \¡tas measured at .''

313 nur in a Unicam SP-800 speetrophotometer against appropriaËe blanks.

The blank samples \¡rere prepared by shaking a sol-utíon of hisËídine-EDTA

buffer, glucose-6-phosphate, TCA and aumonium moJ-ybdate wíth ethylacetate. ',':i,,

Standard samples contained 1 to 4 ug of phosphorus. The acËivity of :.:

, 
j,t'

glucose-6-phosphaËase is expressed as ilmoles of phosphate released/mg

proteÍn/30 min.

6. 5r - nucleotidase

30

5'-nucleot,idase was estimated by the method of ì"fichell and

Hawthorne (64).

The incubaËÍon r.ras performed for 15 min. at 37oC in a final

volume of 1.0 rnl. The incubation mixture conËaíned 0.100 M KC1:

0.01-0 M MgClr; 0.050 M Tris-HCl buffer, pH 7.4; 0.002 I'f. AlfP; 0.010 If

Na-K tartrate and 0.1-1.0 *g of Ëissue proÈein. The reaction was

stopped by the addition of 0.5 ml of co1.d 257, TCA. Control samples

were Ëreated in the same \ray as the experímenËal ones, except that

TCA r¿as added at the same Êime as the Ëissue suspensíon. Inorganic

phosphate was determined by Ehe nodified Fiske and Subbaroi¿ method

as described previously (glucose-6-phosphaEase). The acËívity oi

5t-nucleoËidase is expressed as ymoles of phosphate released/rng

protein/15 rnin.
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7. Alk¿line phosphatase

Alkaline phosphatase activity rrras estimaËed by using P-nitro-

phenyl phosphate as subsËrate esseritialLy as described by Bessey g!

al (65).

The lncubatiorl ïiüas performed for 30 mín. at, 37oC in a fÍnaL

vol¡¡ne of 0.5 nl. The incubatíon míxLure contaíned 0.05 M gl-ycine

buffer, pII 10.5; 0.5 nM MgCl Zi O.OO55 M p-nitro-phenyl-phosphate (Na

salt). The reaction $ras stopped by the addition of 5 nl- 0.02 N NaOH,

ceûtrifuged, and absorbance of the clear supernatant, Ì¡ras read at 405

ln a Unicam SP-600 spectrophotometer against the control. Control

sampl-es hrere LreaËe<i in the same manner as Ëhe experimental ones,

e:rcept that the tissue suspensíon r¡ras added after the addítion of NaOII.

The measured absorbance hras converted to ¡rmo1-es of producÈ released

(A4OS',' x 200 = n umoles p-nítrophenoL forned)T The acÈívity of the

enzJme is expressed ín Umol-e p-nitrophenol formed/mg protein/urin.

E. Ingorporat,ion of RadioacÈíve Precursors intgLigidé of Ce1l Free

Preparations from Rat SMSG

1tL1- Purification of fattv acíds - -'C

L4c - fatty acids (nanely pafunitic-t-l4c and pa1-mitic-t6-14c)

were purified by Èhin layer chromaËography (flC¡ príor Ëo every

experíment,, as iË rsas noted that the compounds demonsÈrated extensive

alteratÍons even ruhen stored in a sealed vial at -10o undel N.,. The.¿

* Boehrir,g.r it967), CoJ-orimerrie merhod sheer No. 15987-T-AAI'.
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purification procedure was previously described by Pritchard (8).
1L-'C - fatty acids vere run on Sílíca Gel G - coated plaÈes

\.liÈh petroleum etherethyl ether - acetíc acíd (90:10:1) as developing

solvent (for preparation of plates, see Section E (4)). Radioactive

areas r.¡ere detected with a Packard Radiochromatogram Scanner, )fodel

385, or visualized by autoradíography. Fatty acid area rvas scraped

from TLC pl-aËe, fatty acid extracËed wiËh acetone and the pooled

extracts concenËrated to an appropri.ate activity. Iatty acíds r+ere

added to the incubaüion medium in acetone, final concentration of

ivhich did not exceed 2.5% v/v. No observable effect of aceËone on

fatËy acid incorporation has been noted.

2. _IncubaËion rnedia

1tti. Free fattv aci_ds -- 
*'C

The incubations r+ere performed as descríbed by Pritchard eË al.

(66) in a medÍum (final volume 0.2 ml) containing: 0.025-0.035 ruY

1Lpalmitic acid--'C; 12.5 m}l ATP; 0.5 nrf CoA; 25 mrY }fgClr; 40 mM KF;

0.1-1.0 *g of ríssue protein, in 50 mlf TES-KOH buffer, pH 7.4. When

L-carniËine r,ras present, Íts fínal concentration rvas 10 d'f . Unless

noted othenvise, incubatíons r,¡ere for 60 mín. at 37oc. The composítion

of this medium has been discussed by PriÈchard (B) ¡vho shor,'ed that

it gave maximum uptake of free fatty acíds into lipids of SifSG whole

honogenate. Incubations \üere terminated by Ëhe additÍon of 0.75 ml
f:i;ilit::
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of chloroform-methanol- 122 v/v and the 1ipíds vrere exËracËed and

purified according to Bligh and Dyer (67) as descríbed belor¡ (Section

E (3)). Control samples vüere-Ëreated Ín the same r^ray as the experimenËal

ones, excepË that chloroform-methanol was added at the same time as

Ëhe tissue suspensÍon.

1-4 ^ii._CarniËíng - - C

1l,L
I^Ihen the incorporation of carnÍËÍne--'C into carnitine con-

tainíng lipids was sËudied, the incubaËion míxture (final- vol-une 0.2

m1) contaíned: palmitoyl-CoA; L-carniËíne (DL carnitine-l4c *""

diluted 5-10 tírnes with non-radíoactÍve L-carníËine to gíve Ëhe

appropríate fínal concentration) ; mitochondrial proËeín (preparation

of mitochondríal fracËÍon is given ín Section A (2) ) , and in some

experiments KF, ín 50 nM TES-KOH buffer, pH 7.4. The incubations were

performed at 37oC in a fínal volume of 0.2 ml. ConcenËrations of

subsËrates, cofactors, mítochondríal protein as well as the Èíme of

incubations are given in legends Ëo approprÍate fígures and tables.

Palmitoyl-CoA was employed as substrate in order Eo overcome Ëhe

possible ÍnËerference of fatty acyl-CoA synËheËase (see LiËerature

Revierv) in the rate of lipid formation. Under these conditíons the

presence of ATP and CoA uTas unnecessary for good ÍncorporaËion (66).

Incubations \,rere terminated by the addÍtion of 0.75 ml of chloroform-

meËhanol Lz2 v/v and Èhe lípíds \^rere extracted and purified according

'to Blígh and Dyer (67) . Control samples \,rere Èreated ín the same way
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as the experímental ones, excepË that chloroform-methanol was added

at the same Ëime as mitochondrial- fraction.

3.- Lípid extractÍon (ilieh and over (67\\

After the addiËion of chloroform-meÉhanol, Ëhe samples \^rere

mixed thoroughly for 10 sec. on Vortex mixer. To produce a biphasic

system, 0.25 m1 of chloroforrn and 0.25 nl of water was added, and Ëhe

suspension mixed for 10 sec. af.Lex each addiEion. The samples were

centrifuged, aliquots of Ëhe lower chloroform phase conÈaining purified

lipid exËract rviÈhdra',.¡n and evaporaËed Ëo dryness under a stream of

nitrogen. The resídue \¡ias dissolved in a small volume of chloroform-

methanol (2:1) for TLC.

4. TEin 1ayer chrogL.atograpLv

Silica Gel- G (conËaining 5% CaSOO, obtained from Camag, Swít-

zerland) coated plates \^rere prepared by spreading a Silica Ge1 G

suspension in rvater onto the glass plates (thickness of the layer 0.6

urm), air drying and activatíng írnmediately before use at 1L0oC for

45 min. The lipid exËract was applied 3 cm from,bottom edge of the plates.

AfËer the samples had dried, the plates were developed by ascending

TLC with chloroform-methanol-water (f4:6:1) as developing solvent

(68) . The solvent r¡ras allorved Èo run approxímately 14 cm (to within

2-3 crn of the p1aËe top). In some cases a differenË solvent system

r,¡as used (chloroform-methanol-acetic acíd-r,¡ater, 50 :2528'.4, or

i.
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chloroform-meËhanol-ammonia, 50:30:B) as is noted in appropriate

figures. For preparation of radioacüive palmiËoyl-carniLine and

carnÍËine lipid two dimensional TLC on Adsorbosíl-5 plates r^ras used,

as described below in Section F. Mixtures of known lipid standards.

rtere run along wiËh Ëhe samples on most plates. The resuJ-t.ing chroma-

tograms \"rere ÈreaËed with iodíne vapours to vísualize the lipids.

RadÍoactive areas were located by autoradiography with llfl ex 25

EP X-ray film.

An example of a chromatogram showíng both íodine posiËive and

radioactÍve areas is presenËed in Fig. 4. It could be seen that, when

1LpalmiËic-l-C-' acid r¿as used as a precursor in Ëhe absence of carnitine,

the major radioactive spots vÍsualized by auËoradiography were leeithín

(A), phosphatidyleËhanolamine (B), free palmític acid (C) and trÍglyceride

(8) (D). In the presence of carnitine two more radioacËíve spoËs

were detecËed: palmitoyl-carniËine (F) and an unknovm lipid (E).

This 1ípid has recently been identífied as ß-hydroxy-palmitoyl-carnitine

(see Results). Ifeanwhile it will be referred to as carnitine lípid

(Ct) (8). Inlhen carnitine-l4C was used as a radioactive precuïsor, only

Ëwo radioactive spots appeared, carnitine lipíd and palmitoyl-carnitine.

5. Radíoactlvitv determínaËíon

RadioactÍvÍty rvas determined as described by PríËchard (B).

SÍlica Ge1 conLaining Ëhe radioactive spoËs \¡ras scraped frorn TLC

plates and transferred to counting vials. AfËer addition of 10 rnl of
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Fig. 4. Thín layer chromatogram of SMSG lÍpids. SolvenË: chloroform- .',o

methanol-rnrater (14:6:1). Samples 1 to 5 contained palmitíc-l-C*'
acid as a precursor. Carnítine vras not added to samples 1 and
2, while íÈ v¡as present in samples 3, 4. Incubation conditions
are described ín the Section E (2). Samples 6, 7 contained 50
ml'f TES-KOH buffer , pH 7.4; 0.25 mM L-carnitine (laCoott-tabelled);
0.05 mlf palrnítoyl CoA, 40 mM KF and 0.250 mg of mitochondríal
protein. Incubations l^Iere performed for 15 min. ín a final
volume of 0.2 ml. A- lecithín (LEC); B- phosphatidylethanolamine
(PE); C- free fatty acid (FFA); D- triglyceride (TG); E- car-
nitine lipid (CL); F- palmíËoyl-carnitine (PC); Slf- sphingomyelin;
CHOL- cholesterol.
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scintillation fluid (Spectrafluor PPO-POPOP or butyl-PBD ín toluene;

Nuclear Chicago), the radioactivity ruas measured in a Nuclear Chicago

Scintillation Counter Unilux TI . Ali- counts \"rere correcËed f or

quenching usÍng Ëhe channel raËio nethod (69).

F. Enzr¡matíc Preparation of Pa1mitovl-carnitine and Car¡itine Lipid

PalmiËoyl-carnitine and carniËine lipid labelled on the fatty :1rr':

.1 IL
acid moiety rvere prepared by incubating paknitic-1-C'* acÍd in the

presence of L-carnitine for 60 mín. with approximately 0.25 mg of. ,

i

mitochondría1protein(preparationofniËochondrÍa1fraction,see

SectionA(2)).ConpositionofËheincubationmíxËureisdescrÍbed

in SecËion E (2). 
:

Palmitoyl-carnitÍne and carnitine lipid labelled on the carnitine

moiety \,¡ere prepared by incubatín g 0.25 mrY L-carnitine (l4COoit- 
ì

labelled) and 0.05 mM pahnítoyl-CoA for 15 mín. ruith 0.25-0.50 rng of ,

mítochondrial proteÍn in 50 uuY TES-KOH buffer, pH 7.4 (final volume

0.2 rn1).

Extractíon of lipids for boËh palmitic-l-Cl4 
"r,d 

earnitÍne-l4C

samples was done as descríbed above ( E (3)). The exËracÈed lipíds

h'ere separated by Èr.ro dimensional thin layer chromatography on

Adsorbosil-5 (Applied Science Lab.) coated plates. The first solvent

sy'sten contained chloroform-rneÈhanol-water (L4/6/L). This system did

not separate palmiËoyl-carnitine from sphingomyelin (see Fig. 4).

Therefore,after a shorËdrying period the p1aËe rsas turned 90 degrees



38

and developed in a solvent systen consisting of chloroforn-methanol-

acetic acid-r,rater (50:2528:4) (70¡. This effectívely separated

palmitoyl-carnitin" .nå carnírine 1ípid fron all other lípíds. Afrer

visualízation by autoradiography, the areas conËaining palmítoyl-

carnitine and carnitine lipid r,¡ere scraped off Ëhe plates, and the

lipids l,¡ere extracted fron the Silica Gel by chloroforrn-meËhanol-r,rater

(14:6:1). The extraction procedure \¡ras repeated at least three times.

G. Hydrolysi_q of Radíoactive Carnitine Lipid

Mild' alkaline hydrolysis descríbed belorv is a part of sequenÈial

hydrolysis procedure originally developed by Dawson (7L, 7z) for Èhe

identification of indivÍdual phospholipids in a mixed phospholÍpÍd

sample obËained from biological materials. Under the conditíons of

mild alkaline hydrolysis, lipíd ester bonds are being selecÈively

hydrolysed, thus givíng rise to rvater soLuble phosphate esters from

Ëhe diacylphosphoglycerides, while the plasmalogens and alky1 eËher

phospholípids give rise to chloroforn soluble lyso compounds, and

sphingomyelíns are unchanged (73).

As in the early sËages of the rvork on identificatíon of carnitine

J-ipid, it rvas thought rhat Ëhís lipid mighr be a phospholicid containing

carnitine, the hydrolysis procedure \ras used Èo aid in ídentification.

Together r.rith carnitine lípid, palmitoyl-carnitine or sometimes leciEhin

r'ras hydrolysed under the same conditions to conpare hydrolysis products

of knor¿n sirnple carniËine ester (pa1mÍtoyl-carnitine) or diacylphospho-
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glyceride (lecithin) to those of carnitíne lipíd. Pa1miti"-1-14C

acid and carnítíne-l4aOo" vrere taken through all the hydrolysís steps

for comparative purposes and Ío parËially eLiminaËe possible arËifacts.

1. Procedure

The procedure of Díttmer and trIells was followed (73). Solutions
1Lof -'C-labelled carnítine lipid and palrniÈoyl--carnitine (or in some

cases lecithin) conËaíníng approxirnately 40000 dpm were dried under

a sËream of N, and Ëhe residue was re-dissolved in 0.2 mL of. chloro-

form meËhanol (1,:4 v/v). To the sol-uËions 0.02 m1 of 1.2 N NaOH in

meÈhanol-vrater (1:1 v/v) were added, samples hTere mixed r,rell and

incubaÈed for 25 min. at 37oC. AË the end of Ëhe incubaËion period,

Ëhe mixËure $ras neutralízed r+íËh 0.03 ml of 1 N acetíc acid. Sub-

sequently, 0.4 ml of chloroform-meËhanol (9:lv/v) vras added, followed

by 0.2 ml of isobutanol and 0.4 ml of waËer. The mixËure roas shaken,

cenËrifuged for 10 mín., and Ëhe upper aqueous phase rvas drar^m off.

The l.or^rer phase was re-extracted r¡itl'r 0 .2 mL of methanol-waËer (Lz2

v/v) í upper phases were combined. The disÈríbution of radioactivity

between Ëhe organic and aqueous phases \¡ias measured after hydrolysís.

I^Iith fatty acid-1-14a kb"lled lipids all the radíoacËivíËy was

recovered in Èhe organic phase. I^Iith carnitine-l4rOo, labelled lipids

all- the radioactiviËy was recovered in the aqueous phase. Unhydrolysed

compounds (carnitíne 1ipid, palmitoyl-carnitine or lecíthin) exhibíted

'957. of. the ËoËal radioactívity in the organic phase.
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) Separation of radioactive products obtaíned after rnild

alkalíne hvdrolvsis of farrvjrcid-1-14C ]abelledJíoids

Aliquots of the organic phase containing hydrorysis products of
1ILfatLv acj.d-1-'*C i-abelled. compounds,a standard sanple of palmitic-l-l4C acid

and of the rnethyl ester of pal-rniti-c-t-14C acid were applied on Silica Ge1 G

coated plates and developed in chloroform-methanol-water (14:6:l).

Radioactive spots r.rere vísuaLized by autoradiography.

3. Paper chrgmatosraphv g.f radioactive_jroducts obgljllrgd .after
1lt

Aliquots of the \.rater phase containing hydrorysís products of
1/!

carnitíne-I"COOH labelled compounds and ¿ sËandard ""rpf" of carnitine-
1L--cooH rvere applied on whatman No. I or No. 4 paper and chromatographed

in 3 different. solvenE systems: 1) propanol-ammonia-vrater, B5:5:lo, (74)

(run on I{hatman No. 1 paper); 2) ethanol-ammonia-rvater, 90:5:5, (9)

(run on l{haÈman No. 4 paper); 3) phenol-dioxane-\,/aËer-potassiurn chloride,

(75) (run on irlhatman No. I paper). solvent rsas prepared by míxing 50

S. of phenol \.lÍth 25 ml of dioxane and l0 m1 of \,iater saturated rvith

:icl. Paper rras pretreared \ríth 0.5 )f KC1 and dried (75).

Radioactive areas l¡ere visualízed by autoradiograph.v.

r,! Polarographic ExperimenÈs

Ox1'gen uptake by isolated miËochondria rvas monitored r¡ith a

ieflon membrane coaÈed Clark electrode (76) (Yellov' Springs Instrunent
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Co., polarizjng voltage 0.8 volts) atÈached to a Klf Gilson Oxygraph

(Gilson Medical Electronics, Middleton, I^Iísconsin). Measurements !¡ere

made at zBoC in an air-satura¡:ed medium of final volume l-.6 ml (7t¡.

The oxygen concentraËíon ín the react,ion míxture (224 p\l 0., at zBoC,

760 mM Hg) was caLcul-ated from the data for the solubílity of 0, in

Ringer solution (78) and corrected for the prevailíng barometric

pressure"

1. IncuÞatíon rnedia

The composition of the basic pol-arographíc medium \¡ras 0.23 ì4

mannítol, 0.07 M sucrose, 0.4 mM EGTA, 0.62 bovine serum albumin (r.vhen

faÈty acíd oxidatíon \^ias measured this was 0.152, see Results for

diseussíon), 20 mM Tris-HCl, 5 d K-phosphate (pH7.2) and 0.4 ro 1.0

mg mitochondrial proËein. The final concenËratÍons of added subsÈrates

were 5.0 ml4 pyruvate-l ml'f malate, 1.5 * succinate, 5 mM glutamaÈe,

5 mM s-keËoglutarate, 9.5 uM g-hydroxybutyrate and, when presenË, 250

UM ADP. All substraÈes $rere added as Na salts at pH 7.2.

For Ëhe measurements of fatËy acíd oxidation, the final concen-

ËraÈions of added substrates \^rere 0.05 nlf palmÍtoyl CoA, 0.3 mM

L-carnitine, 1.0 nl"I ADP and 0.015 rM L-malaËe.

Fig. 5 shor,¡s an example of a polarographic trace and the method ;r¡I'i,.l_i
, :,, :.. .

:
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of calculating the ADP/O and respiratory control ratios (RCR) 
: :::,

It is seen thaË after additj-on of ADP to the basíc polarographic ':,,:,:-,

nedium containing mi-tochondria, a slow rate of respiraËÍon \ras observed

indicaÈing the presence of endogenous oxidízabLe substrates. This 
i.,., ::_

rate of 0,, consumption, which did not declíne even after 4 min., is i:,1,,i,,iz ' . ..,...
referred to as the endogenous respiration (Results, Table 11). r:.,,...,

i'J',AddíËion of an exogenous substrate (pyruvate-rnalaËe) resulted in a

rapidincreaseino.,uti1izaËíon(State3)whichdec1inedafterthe¿-
supply of ADP rvas exhausËed (srate 4). these cycles of state 3-state i

i4 transitions could be repeated several times during a single expeçiment .

l

by repeated additions of lirniting amounts of ADP. The concentraËion

of oxygen utilized duríng Ëhe state 3 period is proportional to the

amountofADPphosphory1atedtoATP(79,80).TheADP/oratio,whích

is a measure of the effíciency of phosphorylation rvíth regard to 0,

uptake, can be directly ealculated from Ëhe polarographic tracíng (81) 
;:,,,.,.,.
,'. ¡t't.'

as presented in Fíg. 5. RCR was calcuLated according to Chance and ','.,i ,.,

-' 't,.,t.,.

tr{illiarns (81) as Ëhe ratio of staËe 3 respíration over staËe 4 res- l

piration. This ratio is considered to be one of the most sensiÈive

criteria for the intactness of nitochondrÍa (Bf ¡. Respiratory rates 
;1,1._:rr,,

in state 3 and state 4 (expressed in pmoles arulirized/min./g protein), i.!.j;'i:,Ê

ADp/O raËios and RCR v¡ere a1l calculaËed frorn data obtained frorn the

secondperiodofState3-State4ËransiËions(82).

,::":¡::i iì
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3. Oxvgen uptake and palnít.oyl-carnítine foruratíon

In experÍments designed to follow both the rate of oxygen

disappearance and pahnitoyl-carnitine formatÍon, iË was found necessary

Ëo first measure 0, uptake in the presence of unlabelled carnitine,

Ëhen in an identical experimenË (using the same tissue and perforroed

irmediately afËenvards) labelled carnitíne rüas present but 0, uptake

rvas not monitored (83) . This procedure \¡ras necessitaÈed by the design

of the Oxygraph ce1l which did not allorv the wiÈhdrarval of suffícient

sample volume ¡.rhíle oxygen consumption ,nras being measured. rn

these 1aËter experimenËs, 75 ul of suspensíon r,ras rérnoved from the

incubation mixture at various Ëime ínt.ervals and iuunediately placed

in 280 ul of chloroform-meËhanol L/2 v:v. Lipids.r¡rere extracËed and

purífied by the B1Ígh and Dyer proeedure as described above. Separation

of purifíed lipÍds and radioactivíty determinaËions were done as

descríbed in Sections' E (4), E (5).

I. Gas-Líquid Chromatographv

Fatty acid esËers \.rere prepared frorn lipids by a direcË transes-

terification reaction in 5% v/v methanolic H'SOO (84).

The direct transfer of the silica gel area containing the lipid

to centrifuge tubes rvithouÈ príor extraction \ùas preferred, as it

produced a much higher yield than prior elution from the gel.

To the dried lipid samples or silica gel por"'ders 1-2 rn1 of
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meËhanolic H2SO4 r¡/ere added, the míxtures r^rere heated at TOoC for 3

hours. Two ml of vrater was added Ëo each Ëube and the methyl esters

were exLracted wirh 1 ml portions of petroleum eËher. The combined

petroleum eËher extracËs were washed with rvater, dried over NarSOO,

and taken to dryness under a stream of niËrogen. The residue conüaíníng

urethyl esters was redissolved ín 2, 2, 4, trirnethylpenÈane and appro-

priaËe aliquoËs used for gas liquid chromatography analysís in a Pye

"series 104" Gas Chromatograph, Ifodel 64 (5 feet xL/4 inch stainless

steel column packed wLtln 3"/" SE-30 on l-00-200 mesh of Gas Chrom Q) "

:,: '. -



RESULTS AND DISCUSSION

A. Studies wíth Subgellular_Fgrticulates Isolg.ted from Rat SMSG

Subcellular fracËions dealt with in Èhis chapter \.rere isolated

as descríbed in Methods, Section A (1) .

1._ ChargcterízaËíon of isolgted sgbcs:l_l-ulgr fractions bv

specífic enzr¡me markers

Fig. 6 shows Ëhe dístribuËíon of characterisËic marker enz)rmes

and DNA among Ëhe ísolated subcellul-ar fractÍons._ The followíng

enz)rme activitíes \^7ere estimated: succinate-INT-reductase for mito-

chondria (85,50), ß-glucuronidase for lysosomes (86, 87), glucose-6-

phosphatase for endoplasmíc reËículum (BB), 5'-nuc1-eoÈídase (89, 90)

and alkalíne phosphatase (89, 91) for plasrna membranes (however, as

report,ed by oËher workers, alkaline phosphatase may also be indicatíve

of nucl-ei (SZ¡¡. DNA was esËi.maËed in order to determine the distri-

bution of nuclei among the isolaËed fracEions (9:¡. The average per

cenË dÍsËribution of proËeín in these fractions is shown in Table 2.

Fractions R, and R, u'ere found to be predominantly composed of unbroken

cells, cellular debris and nuclei. Thís was also visuaLized by phase

contrasË microscopy. Most mitochondría \,/ere concenÈraËed ín the R,

fraction, wiËh some lighter ones in RO along with lysosomes and endo-

plasrnic reticulum. The endoplasmic retícuh:m appeared to be distri-

buËed among the RO to RU fracËíons, with RO and R, fractions enriched

in endoplasmic reticulum, while RU fraction was enriched in plasma membrane.



A, DNA (I)

WH R4 R5 R6

B. SUCC INATE-_ INT- RE DUCTASE (7)

r.o

WH R¡ R2 R3 R4 R5 R6

S ubcellulcr FrocTio

Fig. 6. DNA esËimation and enzymíc activities in subcellular fractions.
Values represent means (nurnber of experiments is given in
parenthesis) t standard error of the mean (I).
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TABLE 2

AVERAGE PER CENT DTSTRIBUTION OF PROTEIN
IN SUBCELLULAR FRACTIONS OBTAINED FROM

RAT SMSG HOMOGENATE(t)

Per Cent
Distribution

Ir.:::.

FracËion

Rt

Rz

Rg

R4

R-
5

R6

s6

44.7 t 8.9

3.7 ! L.9

3.8 t 0.4

2.2 ! 0.5

2.4 ! L.0

2.2 t 0.7

40.9 ! 8.4

(f) Values represent Ëhe mean of six experimenËs t standard error of
the mean.

r:1 ;.:,r'-:.t:j

!: . -:'- .

tr, "r ' ::.ii:Jì

l, ::i;ri.:ìi).ìÌ
r: 'i.: _i:
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2.- Incorporation of palmitíg1-14C acåd into lipids

In Fig. 7 a comparison_is presented of the abílíty of isolated

subcellular fractions to Íncorporate free palmitíc acíd into varíous

lipids ín the presence or absence of added carnitine. In all fractions

carnitine decreased Ëhe incorporation of palmiti.-t-14c acid into

" lecithin (i,SC), phosphatídyl eËhanolamine (PE), and Ëríglyceride (TG).

AÈ the same time (as Ís shown in Fíg. 8), in the presence of carniËine,

all subcellular fractions very effectivel-y incorporated pa1-mitic-l--14C

acid into palmitoyl-carnitíne (PC) and, rvÍth the exception of RU and SU,

into carnÍtine lípid (CL). The highesË pahniÊ t"-L-L4c acid incorporati.on

ínÈo palmitoyl-carnitíne (per ng protein) r^ras assocíated with the

mícrosomal fracËions (RO and Rr), while mitochondria were Ëhe major

site of carnÍtine lipíd synÈhesis. The formaËÍon of these two lípíds

could be observed only ín Èhe presence of carnitíne, no deËectable

palmitoyl-carniËine or carnitine J-ipid was formed in the absence of

carnit,ine. Therefore, iË seems probable ËhaË carnítine decreased the

incorporation of palmitic-t-l4c acid into lípíds (LEC, PE, TG) by

competing for the available palmítoyl-CoA wíth other lipid precursors.

FurËhermore, Ëhe presence of carníEine in the incubatÍon mixture resulted

in increased uptake of free faËty acid (FFA) by subcellular fractions,

as is shown in Table 3 for R, fr'action (mitochondrial) and R, fraction

(microsomal). This índicaLes Èhat under the present experimenËal

conditions, the raËe of lípid label-ling was lirnited by the leve1 of
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I'fethods, Section E (2) . Values represent means of three
experiments.
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PER CENT DISTRIBUTION OF

MITOCHONDRIAL AND
PRESENCE AND

TABLE 3

RAD]OACTIVITY AMONG THE LIPIDS
MICROSOMAL FRACTIONS IN THE

ABSBNCE OF CARNITINE (t)

OF

CL PE FFA TG

R, fractÍon
(rnitochondrial )

R, fraction
(microsomal)

carniËine

carnit:-lne

no carnitÍne
-f carnitine

L7 .3 15. 3

2.1 53.0

no

+

22.4

13. 6

22.8

16. B

L.2

0.7

T,2

0.8

64.2 6. 3

47.0 3.5

64.6 7 .7

2L.9 4.5

(t) Incubation conditíons
(palrnitic-1-14C acid
represenL per cent of
plaÈe.

are described in l"fethods, SecËion E (2) ,
used as a radioacËíve precursor). Numbers
Ëotal radioact,iviËy recovered from TLC
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TABLE 4

DISTRIBIITION OF PROTEIN AND SUCCINATE-INT-REDUCTASE
CYTOCHROME-C-OXIDASE ACTIVITIES A}IONG

SUBCELLULAR FRACTIONS (t)

SUCC-INT-RED.

(prnol-es formazanfng/ L5 min. )

CYT-C-OXIDASE

(Arrr/rns/min. )

Per cent DisËributíon

of Protein

WH

R1

M

S

0.252

0.L94

1.370

0.2L6

3.67

1. 5B

Ls.64

r_. 93

56.7

7.2

36. I

(f) IsolaËíon of fractíons ís described in Methods, SecLion A (2).
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carniEine in Èhe presence of only mitochondria and palmitoyl-CoA.
'-:.: .: ...

No detectable carnítine-l4c íncorporaÈion into palrnitoyl-carnítino ':"']'.'

occurred in the absence of pal-mitoyl-CoA. Apart from palmítoyl- 
:

carnitine,themitochondría1fractíonfromSMSGcat'aLyzedtheínco4
1IL ::.':

poraEíon of carnitine-*-C into carnitíne lipid ín the presence of ..1:'..:::.:

1 ',:,;

palmitoyl-CoA. No det.ectable carniËine lipÍd \^ras formed in the absence i:: r: -:
ll.:;...:

'

of pal-mitoyl-CoA.

1. Effect of palmíËovl:CoA concentration 
i

i
1

Fíg. 9 shows the dependance of L-carnítíne incorporation into i
:

palmitoyl-carnitine and carnitíne lipíd on palmiËoyl-CoA concentration i

intheincubationmedium.ThemaximumincorporationofcarniÈíneínËo

palmitoyl-carnitine was reached aË 0.25 nM palrnitoyl-CoA, increasing l' '

Èhis concent,ratíon 2x had no effect on the íncorporation. Carnítíne
i

l-ípid formation was completely inhibited at a relatively high concen- [,:..',.',
: --._

tration of palrnitoyl-CoA (0.25 mM), possibly due to the strong surface 1,r,.-l

active properties of this compound (S3) (cf . effects of freezing and 1'"'-''-

thawing and Triton X-100 on carnítine lipid formaËíon; Tables 5, 6).

2. Effect of fluoríde

The presence of carnítine ester hydrolase, an enz)¡me that

catalyzes Ëhe hydrolysis of carnitine ester Ëo free fatËy acid and

carnÍtj-ne, vras reported ín rat liver (04¡. The activity of this enzyrne

was inhibited 502 by 1 mM NaF. However, we did not find any effect of
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Fíg. 9. Dependence of L-carnitine incorporaËÍon into palmitoyl-carniËine
and carnitíne lipid on palmítoyl-CoA concentration. The in-
cubat.íon was performed for 15 min. in a medium (final vol.
0.2 ml) containing 50 mM TES-KOH buffer, pH 7.4;0.25 nM
L-carnírine (lqcoott-tabelled); 40 n*t KF (ãnly in experimenr
shor"¡n in Fig. 9A); 0.272 rng of mítochondrial proreín and
palmitoyl-CoA as shown in the graph.
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F-on palnitoyl-carnitine formaËion (compare Fig. 9A and 98), excluding

the possibility of carniEine ester hydrolase ínEerference in our

system. Sinilarly, F-did noË affect the formation of carnitine lioid
(Figs. 94, 9B).

3. EffecÈ of_L-cargÍtine concentraÈion

Fig. 10 shows the dependence

upon L-carnit,ine concentration (at

paluritoyl-carni tine f ormaËion

concentration of pahnitoyl-CoA

of

the

used no carnitine lipid was formed). the incorporaËíon of L-carnitíne

into palrnitoyl-carnitine increased on increasíng the L-carnítine. con-

centration from 0.02 !M to 0.4 nM. Further increasing the concentratír:n

of carnitÍne r,ras not tried because increased dilutÍon of radioactive

carnitine r¡ith the non-radioactive compound resulËed in an exceedingly

small fracËion of radioacÈíve carnitíne beíng incorporated into

palrnítoyl-carnitíne. rf one rvished Ëo keep the specífÍc actívity of

carnitíne consËant. it rvould be necessary to use increasingly hÍgh çon-

cenirations of radioactive carniËine. A carnitine concent.ration of

0.25 rn"Y ¡,¡as used in subsequenÈ experiments to spare radioactive

carnitine. Norun (42) reported that a saturation of purífied carniÈine-

palrnítoy1 transferase \,/as not obtained even r*'hen 3 rurf L-carnitine r.¡as

added to the incubation mixture.

4. Effect of tíme

Irtren the incorporation of L-carnÍtine ínto pahnítoyl-carnitine
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Fig. 10. Dependence of L-carnitine incorporation ínËo palmitoyl-carnitine
upon L-carnítine concentratíon. The incubatíon was performed
15 rnin. ín a medium (final vol. 0.2 m1) contaínÍng 50 mM

TES-KOH buffer, pH 7,4; 0.25 mM palrniroyl-CoA; 40 mM KF;
0.210 rng of mitochondrial protein and Llcarnirine (IaCOOtt-
labelled) as shor,m in the graph.
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and carnitíne lipid r¡as followed (in a medíum contaíníng palmiËoyl-CoA
,. ..-:,:i ::.

and carniËíne) as a function of Ëime (Fig. 11), íL was observed that ,,.;.,,;;,':'..'

palmitoyl-carniËine formation-reached a maximum after 5 min. of incuba-

tion, rapidly deelining upon prolonged incubaÈíon. On Èhe other hand,
,',. .. .,

carnitine lipíd gradually íncreased reaching a maximum after l-5 mÍn. î''.;:1,:,''.,':1
r:-'.__.-:_:1,:l

of incubation. 
, , , .,. ,. ,

14 :,:..:.:,,:.:
Simílar observaËíons were made when palrnítíc-1-^-C acid was : i: : r:'r

used as a precursor (Fíg. L2). Palrnitoyl-carnitíne formation reached
I

a maximum after approximately 20 min. of incubation, declining upon 
i

i

prol-onged íncubatíon. Carnitine lipid formatj.on gradually increased' 
Ì

reachíng the same leve1 as palmítoyl-carnitine afËer 60 min. of

incubaËíon. These results suggested that palmitoyl-carnitine uright :

beaprecursorofcarnitine1Ípíd.Anexperimentdesignedtoexamíne

thís problem ís reported in SecËion C (4), and the reason for Èhe

rapid dísappearance of palrnitoyl-carnitine upon prolonged incubation Ís 
', 

,,,,.,,.,,,.
l'.,,:'-.:.,'..,1 

"'díscussed on p. 78 " ;,'','1,,'..,;,¡,

5. EffecË gf pI{

As shor,m in Fig. 13, maximal L-carniËine incorporaËion inLo

boÈh palmitoyl-carnítine and carnitine lipid occurred between pH 7.0

and pH 8.0. The optimuur pH for palmíËoyl-carniEine formation Ís ín

agreement wiËh resulÈs of Norum (42) obtained for purífied carnitine

palmitoyl transferase. The enzyme exhibited its maximum acLiviËy betrqeen

pH 7.0 and 8.2.
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Fig. 11. Dependence of L-carnítíne incorporatíon inËo palmitoyl-carnít.ine
and carniËine lipid upon time. The incubatíon was pãrformed
in a rnedíum (fínal vol. 0.2 m1) contaíníng: 50 mM r¡s-rou
buffer, pH 7.4;0.05 mM palrniroyl-coA; 0.25 nM L-carnirine
(iacoon-rabelred); and 0,272 rng of mÍrochondrial protein.
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fi8: J.2. Dependence of palmiai"-1-14C acid incorporation into palmíËoy1-
carnitine and carnitine lípid upon time. Incubation mixture
(composition described in Methods, section E (2)) contained
0.168 mg of R3 fraction protein (preparation of the fraction
gÍven in Methods, section A (r)). Results are expressed
as per cent of Ëotal radioacËivÍ_ty recovered from TLC
plate.
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Fig. 13. pH dependence of palmitoyl-carnítine and carnítíne lipidformatÍon. The íncubation \^ras perforrned for r0 min. i"
a medium (final vol. 0.2 ml) containing: 0.25 nM L-car-
nÍÈine (l actt3-labe1led) ; 0. 05 rnM palmiroyl-coA; 0.247 ngof mirochondrial protein and 50 mM MES-KOH buffer from pH
5.0 ro 7.0 (* 

-*) 

. 50 mM TES-KoH buf f er f rom pH 7 .0to 8.0 ( s-p ¡. 50 nM TRICINE-HCI buffer trom pH B.Oto 9.0 ( ô-á ).

B,O
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6. Effect of fregzing and tharving and Triton X-100 treatnent
,.,'at.,t,'-t_"

Ït was reporüed thaË mitochondria contain both non-latent and

latent carnitine palmitoyl Ëransferase activit,ies (51). t^Iith rat

kidney rnitochondria, earnitine pahnitoyl t.ransferase actívity increased r, ..,..:

il,: , 
' '-'2x and r.ríth ox heart mitochondria the activity increased Bx (51) I : r':'

;... .. .:

upon ultrasonic ÈreatmenÈ of the preparaÈion. Tables 5 and 6 show li,,-:,..

effectsoftrvooÈhertreaËmenËsknor.¡nt'oresu1tinadisinÈegrationof

míËochondrial strucËure (50¡ (i.e. f.reezing and thal¡íng and exposure i

j

to Tríton X-100 (a non-ionic detergent) ) on L-carnitine íncorporation i

iinto palmitoyl-carnitine and carnítine lipíd by sMSG mitochondríal ]

l

fracËion.

As shor,,¡n in Table 5, at 0.05 mM palmiÈoyl-CoA concentration,

Ëhe incorporation of L-carnitíne inËo pafunitoyl-carnitine approximately

doubled in a freeze-tha¡ved mÍtochondríal fractj-on rvhen cornpared with

the freshly prepared mitochondrial fraction. AË 0.1 rrurf palmitoyl-CoA,

the incorporation increased 50'/", at 0.15 nt'î pahnitoyl-coA freezing

and tharvÍng of rnitochondría had no effect on palmitoyl-carnitine

formation. Possíbly, palmitoyl-coA r+hich has strong surface active

properÈies (83), caused parËial lysis of niËochondría at hígher con-

centraÈions and thus no effect of f.reezLng and thar+ing on palmitol'l-

carniËine forrnation could be observed. At all concentrations of

palmítoyl-coA, carnitine lipid formation consj-derably decreased in a

frozen and thawed preparation in comparison to the freshly preoared
i:11'¡¡,1:',1¡
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TA3LE 5

EFFECT OF FREEZING AND TTTAWING OF THE MITOCHONDRIAL FRACTION
ON L-CARNITINE INCORPOR.A,TION INTO PALMITOYL-CARI{ITINE

AIID CARNITINE LIPID (t)

n moles L-carn n moles L-carn
fncorp. into PC incorp. Ínto CL

Frozen * Frozen *
Palmftoyl-CoA Fresh Thawed Fresh Ïhawed
Concentratlon Mito. Mito. Mlto. Mito.

0.05 nl"f L.00 L.99 0.50 0.30

0.1 nM 2.75 4.07 0.40 O.Lz

0.15 aM 5,ZS 5.31 O.ZO 0.00

i:'i,::¡
('È) cornposÍtion of the rnedlu¡n was the same as given fn Flg.11, r:,,,,,

excepË that 0.210 ng of nitochondrial protein was used .,r,,,:
and palnftoyl-CoA concenËration was as ÍndLcated fn the
table. Incubations were perforned for l_5 inin.
Mito. = Mftochondria.



67

TA3LE 6

EFFECT OF TRITON X-IOO TREATMENT ON L-CARNITINE
INCORPORATION- INTO PALMITOYL-CARNITINE

AND CARNITINE LIPID (f)

n moLes L-carn
lncorp. fnto PC

Untreated Triton X-100
Mfto. Treated Mlto.

n moLes L-carn
lncorp. into CL

Untreated Triton X-100
MiÈo. Treated Mitô.

1.88 2.49 0.57 0. 13

(t) ConposltLon of the mediun was the same as given fn Ftg.
lJ-, except that palmltoyl--CoA concentraËfon was 0.07 mì,f,
and 0.205 ng ¡oitochondrial proteLn was present. Mfto-
ehondrial fraction r+as alLowed to stand f.or 20 ¡oin. wfth
0.L% Triton X-L00 before use. Incubatfons $¡ere perforrned 1, ,',,.:,.,,
for 15 nin. ;;r.'::.::;.:::

Mfto.=MitochondrÍa. il,,t,:.,'
. .. .l
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rnitochondrial fraction. Also, Ëreatment of the nitochondrial

fraction r,¡ith Triton X-100 resulted in a decreased L-carnitine incor-

poration into carnitíne lipíd (Table 6). Thus, it rvould seem that

the formation of carnitine lipid is dependent on a relaÈively intact

nitochondrial structure.

C. TdentifícaËion of CarniËíne Lípid

1. Thin laver chromatoqraphv

\ values of carnitine J-ipíd and palrnitoyl-carnitine as obtained
_r

r,¡ith ascending TLC on Silica Gel G plates using chloroform-methanol-

i.rater (L4=6:1) as a devel-oping solvent T¡rere found to be 0.20 and 0.30,

respectively. Carnitine lipid moved more slowly than palmiËoyl-

carnitine in a non-polar developÍng solvent, suggesting ÈhaË the

compound is more polar than palnitoyl-carnitine. On the other hand,

carnitine lipid ruas less polar than any other short chain carnitine

<:ster described. IË rrrâs âssuned that acetyl-carníLine (75), propionyl-

carnitíne (95) or aceËoacetylcarnitine (96) rvould not be extracËed

into Ëhe chloroform phase during purification of lipíds by Bligh and

Dyer procedure (see ìlethods, Section E (3)).

2. Incorporgtion of radioactive precursors

Following the incorporation of fatty r"i.d-l4C and carnitine-l4c

labelled in different positicns into carnitine lipid it r,¡as found that:
. :: ]:' i:



69

1l!(1) both palmitíc-l-l4c as rvell as palnit,ic-16--'c vrere equally rvell

incorporated into carnitine lipid, suggesting that the lipid contains ,,,,.,,,.t'.,'r'.r-

a C-L6 f atty acid or its higher homologue. I^Ihen oÈher long chaín fatty

acids (linoleíc, linolenic, stearie, oleic) r¡ere íncubated r.ziËh car- 
,,. . .. ..

nitine, Ëhe resulting fatty acid esËers of carniÈine had the same \ ¡,..i¡,,,i,,,..,.

in the TLC system used (chloroform-methanol-\rater, 14:6:1) as palnitoyl- ,,.
i:.':'1:' ::::'::.:.

carni.tine. Therefore, Ëhe lipid cannoË represenË a simple ester of ::':.::.: ':

carniËÍne and unsubstitured long chain faËty acid. (2) l4arr-t.uelled

carnÍtine was incorporated into carnitine lipid to the same extenÈ as

1Lt'C00H-1abet1edcarnitine(Tab1e7),suggestingËhatthei-ipiddid

not contain a parËially or completely demeËhylated carniËíne molecule
1ttThe sma1l decrease (L07") in the incorporation of carnitíne-tucH" r" :

1It 
J

compared Ëo carnitine-'-cooH r+as probably due Èo'experímental error i
I

t'occurring during Èhe dilution of radíoacËive carnitine r,riÈh non- 
:

radioactíve compound as the same decrease in incorporation rvas also i:r,,',,,,t,,:::, ::,:
i;,:.;,¡.1 ,- .:¡ ..¡1:-',:.'-'..' '.:' . .

observed in palnitoyl-cainitine. - ;,.' ., .

,t 1, ,t 
.,t, , ra.rtt,t,
:---:t :

3. Mild alkaline_hvdl:ofvsi_s

From the results prrrsenËed above it seemed reasonably obvíous

that earnitine 1ipÍd can represent neither an ester of carnitine and

short chain fatty acÍd, nor an esËer of carnitiné rvith unsubstituted

long-chain fatty acid. ]fehl¡nan and I{o1f (97) reported Èhe presence of

a "lípid bound" carnitine, phosphatidyl carnitine, in chick ernbryo and

liver and rat embryo and liver (horvever, recent evidence has shorrn !l:;. ;¡i¡1¡*,,t
l: :rì,: : :i l
l_:'...'
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TABLE 7

coMpARrsoN BETI^IEEN CARNTTTNE-I4COOH AND CARNTTTN¡-14CUg
INCORPORATION INTO CARNITINE LIPID AND

PALMITOYL.CARNITINE (I )

n moles L-carn n moles L-carn
RadloactLve precursor incorp. lnto CL lncorp. into PC

carnl-Ëine-14coott

carnÍtine-t4cH¡

0.30

0.27

(t) Courposftlon of the nedLr:m was the sarûe as g1-ven in Fig. 11,
. excepË that 0.210 mg of nítochondrial protefn was used.

Incubatfons $rere perforrned for l-5 rnLn.
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that these authors did not have a phosphatidyl-carnitine - J. D. Erfle,

personal communicaËÍon). Thís lípid, iudging by its number of

polarizable groups - (cHa)s should be more polar than
cH2-o-R1 lll

lN+
CH-0-R2 I

IOCHZ
rr I

CH2-0-P-0-CH

0- c:f.z
I

c00-

palmitoyl-carnítíne. Therefore, Ít was assumed thaË carniËine J_ipid

mÍght be a phospholipid containing carnitine and Dar,rsonrs hydrolysís

procedure ruas used Ëo aid in identíficaËíon. Because of the lack of

material and therefore the ímpossíbilÍty of chemical analysis of the

hydrolysis products, radioactive carnÍt,ine ruas employed in the procedure.

Míld alkalíne hydrolysis of farry acid-l-14c labelled carníríne rípid
and subsequent thin layer chromatography of its radioacËive hydrolysis

producÈs could provide informaËion as Ëo the type of bond by whích

a faËty acid is bound in carniËine lipid (esËer bonds are being

selectively hydrolysed, while eËher and amíde bonds are not hydrolysed

under Ëhe condítions of rnild alkaline hydrolysÍs (73).

i.- Eí1d allcaline hvdrolvsís o.f fattv acid:1-14C

labe1led lípíds

rn Fig. 14 a radioautogram of a TLC plate is presenËed showíng

'the position of radioactive hydrolysís products obtained after mild
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Fig. L4. RadioauËogram of a TLC plaËe showing the radioactive products
obtaÍned by mild alkaline hydrolysis of farty acid-l-l4C
labelled carnítíne 1ipíd and palrnítoyl-carnitine. solvent:
chloroform-methanol-r^rater (14: 6:1) . 1- carnítine lipid
unhydrolysed; 2r3-radioactive products of mild alkaline
hydrolysís of carnírine lipíd (spot 2 conrainíng 52"Å and
spot 3 conËaining 48"/" of Eotal dpm recovered from TLC plate);
4- palmiËoyl-carníËine unhydrolysed i 5 16- radioactive
products of mild alkalíne hydrolysís of palmítoyl-carnitine;
7- palmític-1-i4C acíd (takãn through míld alkaline hydrolysis
procedure); B--stanclard palmitic-l-lqC acid; 9- methyl ester
of palmitic-I-14C acid.
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alkaline hydrolysis of fatty acid-1-14c lrb.lled carnítine 1ípid and

palmiÈoyl-carnitine. The chromaÈogram also shows the positions of

unhydrolysed carnitine lipidr-pa1míti"-t-14c aeid (that rnras taken

through all the hydrolysis steps), a standard palrnític-l-l4c acid and

the ureËhylesÈer of pahoitic-l-l4c acíd (obrained by heating palnitic-
1lLl-t*C acíd for 4 lnr. at 1O0oC in 2 N methanolÍc HCl). The following

conclusions can be made on Ëhe basis of Ëhese results (Fig. L4)z

(a) ìfild alkaline hydrolysis produced farËy

aci-d rneËhy1 esters from both carniËine 1-ípíd and palmitoyl-carnitine

(spots 3, 6). The reason why palmiÈic-t-L4C acid taken rhrough rnild

alkaline hydrolysis procedure (spoË 7) was not Ëransformed to meËhylester

while fatty acíd methyl esËers were released from both carnitíne lipid

and palmÍtoyl-carnitine can be expl-aíned by transesterification occurring

in the presence of either of these Ëwo lípids. I^Ihen esters are

heated wíth alcohols (in the present case methanol) double decompositíon

takes place, the alcohol resÍdue being more or less completely exchanged

(94¡. This t,ransesterification reacLÍon is accelerated by the presence

of small amounts of an acid or alkali and ít occurs much more easily

than dírect esterificaËion (94¡. The rel-ease of a fatËy acíd or,

under Ëhe presenË conditions of fatty acid methyl ester, from carnítine

lipid suggests that the fatty acid is bound to some moiety by an esËer

bond "

(b) TransesterÍfication seemed Ëo be preferred

over hydrolysis under the present experimental conditions (the incubation

it::ì'r::i:.::::;
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mixËure contained an excess of meËhanol (l'fethods, Section G (1) ) , and

thus palmitoyl-carnitine predominantly produced meËhyl palrniÈate

(spot 6: 92% dpm) with only small amounts of free palrnitic acid

(spot 5: BZ dpm).

(c) Mild alkaline hydrolysis of carnitine lipid

gave ríse Ëo anoËher radioactive spot (2), containing approximately

50:l of the total dpm.

trrrhen the disËríbution of radioacËivity between the two radÍo-

acËive spots obËained by mild alkal-ine hydrolysis of carniËine lipíd

(spots 2, 3 - I'ig. 14) was followed as a function of hydrolysís time

it was observed that Ëhe fatty acid methyl ester (spot 3) was formed

first, and its concentratíon decreased upon prolonged incubaËion, whilst

the radioactiviËy ín spot 2 was increasing (Table B). A similar, but

not so marked, relaËionshíp was observed between met:hyl palrnitate

and free palmític acid released from lecithin under Ëhe condiLíons of

roÍl-d alkaline hydrolysis (the disËribution of radioactiviËy beËr,reen

hydrolysis products of palmitoyl-carniËine as a function of Ëime r,ras

not investigated). The level of the methylesüer of palmitic aeÍd

decreased while that of free palmíËic acíd increased upon prolonged

incubation wiËh NaOH. On the basís of Ëhese resul-ts it seems probable

that spot 2 (Fig. 14) obËained by mild alkaline hydrolysis of carniÊine

lÍpid represents a free fatty aeid r^rhich rvas released from its methyl

ester (spot 3) upon prolonged hydrolysis. Assuming that spot 2

represenÈs free fatty acid, then this compound must b.e more polar Ëhan



TABLE B

DISTRIBUTTON OF RADIOACTIVITY BETI^IEEN THE PRODUCTS OF MILD
ALKALINE HYDROLYSIS OF CARNITINE LIPID AS A

FI'NCTTON OF HYDROLYSIS TIME (t)

Per cenË dpm Per cenL dpm
Time of incubation with (spot 2) (spot 3-farry

NaOH (mín. ) acid ureËhyl ester)

B6

73

47

(t) Hydrolysís conditions \üere the same as described in MeÈhods,
Section G (1), excepL thaË tíme of íncubation with NaOH was
as shorøn in the table.
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palmitic acj.d as it moves more slorøly in a non-polar solvent system

(carnitine lipid rvas 1aÈer Ídentified as ß-hydroxy-palmitoyl-carnitine

and therefore spot 2 in Fig. 14 represents probably free g-oH-palmitic

acid).

labeIled lipids

rt r¿as noted in the prevíous paragraph Ëhat a fatËy acíd r.zas

released from carnitine lipid by mild alkaline hydrolysis. Information

as to the nature of the carnitíne contaíning hydrolysís product can

be obtained by hydrolysis of carnirirr"-l4coOH labelled carnÍrine lipid
and subsequent chromatography of its radioactive hydrolvsis products.

R, va'lues (obtained by paper chromatographl') of rhe hydrolysís

products of carnitirr"-l4cooH 1abe11ed carnitÍne lipid and palmitoyl-

carnitine are presented in Table 9. This table also shor,rs the \ values

of free carnitine that rvas taken through all the hydrolysis steps and of a

standard sample of carnj-tir,"-14c. From the resurËs presented in Table

9 it ís obvious that mild alkaline hydrolysis releases free carnitine from

both carniÈine lipid as r.rell as palmitoyl-carnitine. As rvould be

expected bv analog¡r with other phospholípíds (see )leÈhods, section G) ,

the release of free carnitine could not occur, if earnitine lipid r,,ere

a glvcerophospholipid containing carnitine as the base. The results
rather suggest carnitine lipid to be a sirnple ester.



TABLrÌ 9

R- VALUES OF THE RADIOACTIVE PRODUCTS OBTAINED AFTER A I'IILD
" ALKALTNE HyDRol,ysrs oF cARNrrlnn-lacoott LABELLED

CARNITTNE LIPID AND PALMITOYL-CARNITINE

R- Value
-tr

Standard
CarnítÍne- CarniËíne- .: .,'

CL pC l4COOH.* l4COOtt i '

77

Solvent

propanol-ammonia-water 0. L05 0.102 0.101 0.100
(85: 5 : 10)

ethanol-ammonÍa-waËer 0.129 0.130 0.130 0.131
(90: s: s¡

l

phenol-dioxane-water-KCl 0. 350 0. 350 0. 360 0. 366 |

("") CarniËine-l4COOtt taken Ëhrough alI the hydrolysis steps.



4. Incubatíons r,¡ith palmitovl-carnitine

Time studies using carnirine-t4, o, palrnitic-l-l4c acid (Fig.

11, Lz) suggested a precursor-product rerationship betr,reen palnitoyl-
carnitine and carnitíne 1ipid. To examine thís problem, mitochondrial

fracËion r'ras incubated with radioactive palnitoyl-carnitine for dif-
ferent tine periods and the formation of carnitíne f-ipid as r,¡el1 as

other radioactíve products vras follor,¡ed (Fig. 15). fË is seen that

radioacËivity appeared in paknitoyl-CoA and free palmitic acid before

its appearance in carnitine lipid. These resul-ts suggest that palmitoyl-

carnitine must be first converËed to palnítoyl-coA, r,¡hich can be

subsequently utilized, for carniËíne l_Ípid formaËion.

In order to deËerurine rvheËher or not carnitine lipid represents

an ester of carnitíne and a fatty acid obtained from íncompleËe

oxidation of palmitate, the effect of iv¡o respiratory inhibitors,
c-yanide and rotenone, on Ëhe formation of carnitíne lipid as r,¡ell as

palmitoyl-carniÈine \üas studied (Fig. 16A, B). cyanide is knor,¡n to

inhÍbit cyËochrome oxidase (SS¡, r,¡híle rotenone specifically inhibits
ì..\Diì-cytochrome b-dehydrogenase (99) .

Fig. 164 shor,¡s thaÈ boÈh respirat.ory inhibitors caused a decrease

in the rate of palmÍtoyl-carniÈi.ne disappearance during prolonged

incubaÈion perir:ds. Thus, the rate of palmitoyl-carnj-tine disappearance

(cf. Fig. 11 and in Fig. 16A) rvas due,in part¡to rhe oxidatÍon of

78
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Fig. 15. Incubation of the mitochondrÍal fractÍon r+iËh fatty acíd-1-r4C
labelled palmitoyl-carnitine. The incubation was performed
in a medium (final vo1. 0.2 ml) conraíning: 50 mM TES-KOH
buffer' pH 7.4; 2.3 runoles of palmiËoyl-carniËine (approximately
51700 dp*); 0.285 mg mirochondrial proteín (preparation of
mitochondrÍal fraction see Methods, SecÈion A (2)). Results
are expressed as per cent of total dpm recovered frorn TLC
plate.
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Fig. L6. Effect of cyanide and roÈenone on palrnitoyl-carnitíne and
carnitine lípÍd formatÍon. composiËion of the incubation
mixture rvas the same as shor.rn ín a legend to Fig. 1l , except
that 0.193 mg of mitochondrial proËein rüas present. The
concentration of NaCN, when present, t^ras lmM and that of
rot.enone 0.04 mM. Rotenone was added in ethanolic solution
(final concentration of ethanol in the incubation mixture
was 1%)
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palnitoyl-carnitine, However, oxidation alone could not have been

the main reason for t.he disappearance of palnitoyl-carnitine as the

rapid decline in its concentration upon prolonged incubation r.ras

observed even in the presence of cyanide or rotenone (Fig. 16A, line

B, c). A declíne in accumulated palmitoyl-carnítine after prolonged

incubations has been also noËed in calf liver rnitochondría by Norum

(42), rvho suggested thaÈ this effecË tras caused þy the rapíd deacylation

of palnritoyl-coA by acyl-coA hydrolase (rhis enzyme catalyzes the

hydrolysis of fatty acyl-coA esrers ro free farty acid and coA). As

palnítoyl-coA was found Ëo be readily hydrolysed by all subcellular

fractions prepared from raË slfsG (66), the same explanatÍon rnay be

applicable here. Therefore, the reversible reacËion cataLyzed by

carnítine palnitoyl transferase (palnitoyl-CoA + carnitine ;:i palrni-

toyl-carnitine + CoA) never attains equilibrium d.ue to the interference

b.rz acyl-coA hydrolase (83), rvhich rvould shif t the reacËion back to

the lefr, resulting Ín a decrease in palmitoyl-carnitíne. This sug-

gestion ís also supported by resulËs in Fig. 15, rshere palrnitoyl-coA

and subsequently free palmitic acid ¡vere released during prolonged

incubation of mítochondrial fraction vith palmitoyl-carnitine.

Fíg. 168 shorvs that carnitine lipid formation r.ras ínhibited

by c¡zanide but stimulated by rotenone. As ¡¡as mentioned above,

rotenone is a specific inhibitor of respiratory chain NADH-cytochrone

b'-dehydrogenase. In the ß-oxidation of palmitate the fírst substance

frorn rvhich hydrogen atoms are Lransferred to NAD (r,'hich, in turn is



'; l:i

oxídized by NADH-dehydrogenase of the respiratory chain (100) ) is

ß-hydroxy-pa1miËoy1-CoA. Rotenone, by inhíbiting the reoxidatÍon of

NADH must have secondarily caused an increased accumulatíon of

ß-hydroxy-pa1mítoy1-CoA. On the basís of the results reported in

Fig. L6, coupled ruíth observations reported earlier in this section, 
,

iË ís suggested Ehat carnitíne lipíd is ß-hydroxy-pa1mítoyl-carnitine, '

formed enzymatícally fron ß-hydroxy-palmitoyl-CoA and carnitine. ;

Cyanide, by inhíbíting cyËochrome oxidase, inhibited the reoxidaËion

intherespíraËorychainofareducedformoffatËyacy1-CoAdehydro-

genase (which converËs f.aEty acyl-CoA t.o trans, c, ß, unsaturated .

I

acyl-CoA) and thus decreased the oxídation of palmitoyl-CoA to ß-hydroxy-

palmitoyl-CoA.

6. Effect of NAD

Table l0 shorvs the effect of NAD on carnítine lípid anrl palmitoyl-

carnitíne formation in mitoqhondrial preparations of submandíbular

glands. The presence of NAD in the incubation medium resulted in a

lO-fold decrease of carnitine lípid formation, and at the sane time

palnritoyl-carnitine formation decreased approximately 407. compared to

the controls wiËhout NAD. As noted above, NÐ acts as hydrogen

acceptor in a dehydrogenation reactíon converting ß-hydroxy-oalmitoyl-

CoA to ß-keto-palrnitoyl-CoA. These results, therefore, (Table 10)

support the suggestion Ëhat carnitine lípid is ß-hydroxy-palmitoyl-

carnitine.

82
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TABL]J 10

EFFECT OF NAD ON CARNITINE LIP]D AND PALMITOYL-
CARN{TTNE FORMATION (t)

n moles L-carniËine n moles L-carnitine
AddÍtíons to medium íncorp. ÍnÈo CL incorp. into PC

o.37L

0. 038

0.032

1.049

0.624

0.614

0.4 nM NAD

l-.0 mM NAD

(t) Compositíon of the rnedj-um \^ras the same as gíven in Fíg. 11,
except thaË 0.250 mg of miËochondría1 orotein rúas presenË, and
NAD, when present, \¡/as added in a concent,ration shown in Ëhe
tab1e. Incubations were performed for 10 min.
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7. Thín layer chromatograJ¡hv of carnitine 1ioíd and 8-hvdroxv-

palmítoy1-carnitíne

Fig. 17 shor'rs thaË radioactive carnitine lipid had the sarne \
value as a standard sample of Ê-hyd.roxy^palnitoyl-carnitine r¡hen run on ,:. : .:...

, .: : : .. : .- :':Silica Ge1 G coated plates ín three different solvent sysÈems. Non- ;;),;:;:;,:':'':'::'.:-'
radioactive standard sample of ß-hydroxy-palmiÈoy1-carniËine was 

,..,,,.,r,,,,,,:' :':.) -:

visualized by exposure Ëo iodine vapours. Radioactive carnitine lípid

didnotyie1danyye11orvspotafËereXPoSuretoiodinevapours'aS
lthe quantity of material applied r,ras too small and therefore iË was l

i

visualized by autoradíography. Iühen the radioacÈive compound and non- j

radioactive sËandard sample were mixed, and appJ-ied Ëogether on TLC

plate, Ëhen, after development in each of the Ëhree solvenËs, the

radioactivity rvas a1-ways associaËed v¡ith the íodine spoË (spot 3, Fig.

17). i

) '.:. ,.r'. i

8. Gas-liguid chromatog.raphy

Fig. lB sho¡vs Ëhe position of peaks obtaíned on gas-liquid

chromatography of faËËy acid esters prepared (lfethods, Section I)

fron a standard sample of ß-hydroxy-pahnitoyl-carniËine as well as

from carníÈíne lípid which ¡vas obtained enzymatically as described

in )fethods, Section F. Samples of other fatty acíd esters are also

sÌror"n in Fig. 18. The chromatographic patËerns of fatËy acid esËer

prepared from carniÈine lipid and ß-hydroxy-palmitoyl-carnítÍne are

identícal and this, togeËher r,rith iesults reported in the previous
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CHLOROFOFI'I . ÈIETHAHOL -
CHLOROFORÑ - r{ETHANOL- W^TER CHLORoFoRI'{- ¡,IETHANOL-Âlì{À{0N¡À ACETIC ACID . WATER

( 14 ¡ 6 ' I ) (co : 5o = 8) (co . 2s : I r 4)

Origin --Þ

Fíg. L7. Thín la-ver chromatograms of carnitine lipid-l4C and standard
sample of ß-hydroxy-palmíËoyl-carnitine. 1- radioactíve
carnítine lípid; 2- sÈandard sample of ß-hydroxy-palmitoyl-
carnítine; 3- radioactíve carnítine 1ípid * standard sarnple
of ß-hydroxy-palmiroyl-carnitine.
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Co libro t ion

Æ-Hydroxy - PolmiTic A

R etention Time (min,)

Fig. 1-8. Gas chromaLograms of fatty acid urethyl esters froni carnítine
lipid and ß-hydroxy-palmitoyl-carnitine. Calibration r¿ith
sÈandard fatty acid methyl esters (15 to 19 carbon aËoms)
is also shor,¡n.
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Paragraph' proves that the compound referred to until nor^r as carnitine

lipid is g-hldroxv-palmf.toyl-carnitíne.

In order to study the ability of Sì'ÍSG nitochondrÍa to oxidize

fatty acids and the effect of carnitine thereon, it r,ras necessary to

prepare íntact rnitochondría. As stated in ì{ethods (section A (2)),

a miËochondrial fract,ion prepared by simple mechanical disíntegration,

of submandibular gland tissue (preparation see Methods, section A (2) )

failed to exhibit a respiratory control raËio, whích is considered Ëo

be one of the most sensítive criterÍa for mítochondrial intactness.

Therefore, a method combining digestion of the Ëissue with bacterial

proËeinase and genË1e mechanical homogeniza1íon (53) ¡vas used (Methods,

section A (3)). The properries of sMSG mitochondria prepared by this

procedure are reporËed below.

mitochondrÉa

The abiliËy of raÈ SMSG miËochondria to oxidize various substrates

is shor,¡n in Table 11. succinate r.ras oxidízed at the highest rate.

0r-uptake by NAD-linked substrates was 2 to 3 Ëiroes higher than reported

bv Feinstein and schraur-m (5) for rat paroËid gland mitochondria and

Ehe present preparation also exhibited higher respiratory control

ratios. ß-hydroxybutyrate, hor+ever, \,/as oxidized at only half the

):

Mítoc IsolaÈed

actívitie lated
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rate of other NAD-linked substrates. Balàd g! al. (3) found that

ß-hydroxybutyrate was the only substrate that, r¿hen added to a medium

conËainíng raË parotid gland slices, supported the secretion of amylase.

These r¿orkers suggested thaË Ëhís maËerial míghË be the endogenous

substrate inÈÍmaLely associated r¿ith secreÈory processes. In more

recent studies, however, wiËh ísolated parotid gland mitochondria (5)

iË was demonstrated that ß-hydroxybutyraËe was oxidized more slowly

Ëhan other NAD-línked subsÈraËes. This suggested thaÈ Ëhe previous

observaËion (i.e., specific stímulaËion of secreËion in slice preparatíon)

might have been due to preferent,íal penetraËíon of Ëhis mat.erial into

the cells. The fact, that, raË SMSG rnítochondria oxidízed ß-hydroxybutyrate

at abouË half the rate obtained with other NAD-linked subsËrates

supports Èhe view thaË Ëhis material is noË preferenËially favoured

by salivary gland mitochondria.

As indicated in Table 12, the use of 0.6% bovine serum albumín

ín the polarographic medíum resulted in higher StaËe 3 respiration and

hígher respiraÈory control and ADp/O ratios. Similar resul-Ës have been

reported for brain (101), pancreas (102) and liver mitochondria (103).

Since rat paroLid gland mitochondría have been reporËed Ëo lose

NAD during Ëheír isolaËíon (5) , the ef fect of added i'IAD on the oxidation

of NAD-linked substrates was examined in the present Ëissue preparation.

It rsas found that NAD (0;4-1.0 ûL\t) had no effect on State 3 respiration,

respíratory control and ADP/0 ratios when pyruvate-malaËe, glutamate,

'e-keto-glutarate or ß-hydroxybutyrate vrere employed as substrates.
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2. Electrgn microscopy

Fígures 19 and 20 are electron mícrographs of isolated sub-

nandibular gland mitochondrial The miËochon<lrial pellet was processed

irnmediately after isolation, hence they are not in any physiologically

uniform state as ís evidenË from the presence of diverse sËrucÈural

forms. .

3. Pal-rnitovl-CoA_oëidaËíon

The abiliÈy of submandibular gland mitochondrÍa to oxidize

long chain fatty acids vlas measured wiÈh palroitoyl-CoA as substrate.

De Jong (104) has shown thaË Nagarse tïeatment almost completely

destroys both rat heart and liver fatty acyl-coA synËhetase, and work

Ín our laboratory has demonstraËed that thís is al-so true for rat

submandibular gland miËochondría. The active form of palrnítíc acid,

i.e., palmitoyl-CoA, had to be enployed as substrate.

i. Effect of carnitine

ït can be seen from Tables 13, 14 and l_5 that under opËimum

condiËions palrniË,oyl-CoA oxidaËion was dependent on the addition of

L-carnj-tine. If carnitine was added to a medium free of palmitoyl-CoA

no increase in 0, uLiLízation was observed (unreported studies). Also

tracer experiments (8, 66) have shov¡n thaE palmÍtoy1-carnitine is not

formed from palmitoyl-CoA by submandibular mitochondria ín Ëhe absence
.,:,i'..ì.:j:¡



Fig. 19. Electron micrograph of isolated SMSG rnítochondría.x 6550.
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Fig. 20. Electron micrograph of isolaËed SMSG mítochondria.x 39900.
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of L-carnitine, nor from L-carnitine ín the absence of palmítoyl-coA

(Results, Section B) .

ii. 
-Effect 

of bsr,ine serum albumín

Lrhen palmitoyl-CoA oxidation vras measured in a medium devoíd

of bovine serum al-bumin, the 0, uptake rvas sma1l and the addition of

carnitine had no effect (Table 13) " If 0.6% bovine serum albumin r,¡as

added to the medium (as used by Koerker and FrLtz (103)), a stimulation

of palmítoyl-CoA oxidation by carnitine ruas observed, but the resulting

rate of 0, uLiLízation rvas stiIl rather 1ow (Table 13). The importance

of proper bovíne serum albumin concentration for optimum oxí.dation is

evident from the results ciescríbed in Table 13. A level of 0.15 to

0.20% appears to be best for carnitine-mediated palmítoy1-CoA oxídation.

The albumín effect may be a result of its protection of mítochondríal

integrity from surface active compounds such as palmitoyl-CoA and

palmitoyl-carnitine (11, 9). The inhibítion of oxidation by high

bovine serum albumin concentrations could be caused by its binding

palmítoyl-CoA, thereby decreasing the availability of oxídizable sub-

slrate (39). Goodman (105) presenËed evidence that the bínding of

long-chaín fatty acids to albumin is a function of the molar ratio of

fatty acid to albumin. It ís possible that this could also apply

to fatty acid derivatives such as CoA esters.
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íii-.,_ Effect of ADP

The importance of added ADP to Ëhe carnitine stimulated oxidatíon

Ís shown by the data of Table 14. Palmitoyl-CoA was oxídízed at a

neglígible raËe (2.2 pnoLes/nin.) in ttre absence of ADP and the addition

of carnitine v¡as rtríthout effect. The addition of ADP to this sysËem

caused a very rapid increase in 0, utilization (18.2 ¡.rmoles/min.).

htren ADP r,ras present in the medium from the start, the addition of

carnitine caused an 11 fold increase in palmitoyl-coA oxidation (1.9

to 2I.B umoles/min.)

iv. Ef fecjl of malgte

It r,¡as found that for optimum oxidation of palmitoyl-CoA ín

Ëhe presence of carni-tine, a lorv concentration of L-malate rvas needed

(Table 15). In the absence of malate, carnítine stimulated palmitoyl-

coA oxídation but this oxidation rate (L2.7 pmoles/min.) rvas about

half of that given in the presence of malate (24.L Umoles/min.). The

addition of malate to a malate-free medium resulted in a very rapid

increase in 0. uptalce but this declined within 4 min. to levels com-z

parable to results wherej-n malate \^ras presenË from the start of

incubation (Table t5). This latter observation suggested that a

metabolíte accumulates durÍng palrnítoyl-CoA oxídation in the absence

of L-malate, then, after malate supplementaLion, this material becomes

readily available for oxídation.
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The experimental results depicted in Figs. 21 and 22 íIlusrrate

the correlation bet\reen palmitoyl-carnitine fonnat,ion and. the rate of

or rotake. I,Ihen L-malaLe rvas present in the medium Drior to the

addition of palmiÈoyl-coA and carnitine, the level of parmitoyl-

carnitíne increased raoidly after the addition of carnitine and then

gradually decreased (Fig. 2L). rn the absence of L-malate, Lhe amount

of palmitoyl-carnítine formed was greaÈer, and l¡hen L-malate ivas

added, the level decreased rapidly (Fig. 22). These results suggest

that the metabolíte responsÍble for the íncreased 0, uptake after

L-malate addition (cf. Table 15) is palmiroyl-carniríne and that the

rate of palmiÈoy1-coA oxidation ín the presence of carnitine is

dependenË upon the effective concentratíon of palmitoyl-carnitÍne, as

iras been suggested for other tissues (83). one possible explanation

of the effect of malate on palmitoyl-CoA oxidation is the Íncreased

availability of oxaloacetate for citrate formation after the oxidation

of added malate by rnalate dehydrogenase. I.Iilliamson eÈ al (106) suggested

that the conversion of aceËy1 coÀ, produced b,v oxidation of fatty

acids, to either citrate or acetoacetate ís determíned by lhe avaílabilit¡r

of mítochondrial oxaloacetate.They provided experímental evidence (107)

that addition of malate to líver mitochondria oxidizing pahnitoyl-

carnitine resulted in a s¡¿Ítch of rnetabolism from acetoacet.ate to

citrate for¡oation. Thus the presence of malate favours complete palni-

toYl-""tttitÍne oxidation to CO, through the tricarbox-vlic acid c-vcle.
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GENERAL DISCUSSTON AND COì'ICLUSIONS

As most of the results presented in indívidual figures and

tables have been díscussed in the previous chapter, only the most

important observatíons presenÈed. in this thesis and their physiological

significance rvill be dealt with here. In parËicu1ar, the subcellular

LocalizaLion of carniÈine palmítoyl transferase, the significance of

$-hydroxy-palmitoyl-carnitine formation and the preparatíon of coupled

mitochondria and their ability Lo oxidize fatËy acids rvil1 be discussed.

A. _Subcellular_]-ocalízation of Carni_flne Palmíjloyl Transferase

Results ín Fig. B províde evídence that apart from mitochondrial

carnitine palmitoyl transferase, rat SIÍSG contain hígh1y active extra-

mitochondrial carnitíne palmítoyl transferase" All subcellular frac-

Ëíons isolated from rat SIÍSG had an abilíty to form palmítoyl-carnitine,

particularly hígh formatíon being associated rvith mícrosomal fractions.

carnitine palmitoyl transferase has been reported to be present in

both mitochondrial and mj-crosomal fractíons prepared from rat liver by

Bremer (r0) and van To1 and Húlsmann (46). Norum (12) found rhe enzyme

in mitochondria, microsomes as r+el1 as the particle-free supernatant of

several human organs. Horvever, all these authors found the activíty

of the enz)rme to be highest in mitochondria. one of the possible

reasons for relatively lorv palmitoyl-carnitine formation in SIÍSG mito-

chondrial fraction (Fíg. B) ruas partial oxidation of actívated palmiLic

acid to ß-hydroxy-pa1mÍtoyl-CoA and subsequent forrnation of ß-hydroxy-

palmítoy1-carnitíne (cf. Discussion, Section B).
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The functíon of nÍtochondrial carnitíne oalmítoy1 transferase

has been discussed in detail in the Líterature Revier*¡ and wíl1 be also

dealt with in the Discussion,-Section C. The physiologíca1 functíon

of extramitochondrial carnitíne palmítoy1 transferase is unclear. Rat

liver microsomes contaín an enz)rme lvhich is capable of forming lecithin

by condensation of lysolecithin and acyl-coA (lOB). several workers

investigated a possibility of carnitine (or aeylcarnitine) being in-

volved in the acylatíon reactíon. Bressler and Friedberg (109) reported

Ëhat addiËion of carníËine to guinea pig heart homogenate resulted ín

íncreased palmitate-14c ir,"orporaËion into lecithín. on the basis of

their results they suggested that carnítíne r+ay facilitate the trans-

location of acyl-CoA between lecíthin and lysolecíthín. Hor^¡ever, lfcI,eod

and Bressler (110) reported that additíon of carnit:lne to a red blood

cell membrane preparation resulted ín íncreased incorporation of
1Lpalmitate-*'C into palmitoyl-carnitine whíle decreasíng incorporation

11!of palmiËate--'C ínto lecíthín, an identical result to the observations

wiËh SMSG (Fig. 7). Therefore suggestion thaË carnitíne may facilitaLe

direct translocation of acyl-CoA betrveen lysophospholipids and phospho-

lípids, dor:s not seem to be generally applicable.

Eritz and Hsu (111) reported that palmitoyl-carnitine as

rvell as free carnitine, stinulated fatty acid synËhesis in a rat 1íver

supernatant fraction. The stirnulation of fatty acid synthesis by

long chaÍn acylcarnitine and by free carnitine appeared to be at the

'level of malonyl-CoA formation because these compounds íncreased acetate
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incorporation into fatty acids, but had only nini¡ral effects on the

íncorporation of malonyl-CoA (111). The acetyl-CoA carbo:<ylase enzyrae

ru'as found to have an increased actívity in the presence of carnitine

or palrnito;'.l-carnitine, and the inhibition of thís enzlrne by palnitoyl-

CoA could be reversed by carnitine (1f1). It appeared, therefore,

that carnitine íncreased the activity of acetyl*CoA carboxylase by

removing its inhibitor, palmitoyl-CoA, via palmiËoyl-carnitine forrnation,

ç,hich itself acËs as an activator of acetyl-CoA carboxylase. Pal-

uritoyl-CoA inhíbits a variety of key enzlmes involved in the regulation

of lipogenesis and glycolysis (112) and, as suggested by Marquis et al

(112), íÈ is conceivable that the levels of carnitine and carniLine

palrnitoyl transferase may play important regulatory roles by altering

the levels of acyl-CoA esters in various physiological states.

B. ß-hvdroxl'-palmítov1-carnitine Formatíon in }litochondrial Fraction

It has been shorvn that SIISG rnitochondrial preparations synthesíze

ß-hydroxy-palmitoyl-carnitine from palnitoyl-CoA and carnítine. This

rreans that palmítoyl-CoA (or more precisely palmítoyl-carnitíne after

reconversion to palnitoyl-CoA and carnitíne) nust have undergone partial

oxiciation to ß-hydroxv-palmitof¡l-CoA, r,rhich in turn reacted r.¡íth

carnitine to yield g-hydroxy-palmitoyl-carnítine. One reason for

3-hydrox-v-palmitoyl-CoA accurnulation rvas probablv because of an insuf-

ficiencf in endogenous NAD in the uitochondrial fraction prepared by

sinple roechanical honogenization in a medium either lacking EDTÄ
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()íethods, Section A (1)) or containing a lor¿ EDTA concentration (iferhods,

Section A (2)). Although the NAD concentrarion in these miËochondrial

fractÍons r¿as not measured, the addition of exogenous )lA-D (Table 10)

resulted in a decreased ß-hydroxy-palmitoyl-carnitíne formation

probably due Ëo the further oxj_dation of ß-hydroxy-palmitoyl_CoA. I^lhile

the present studies I'Iere in progress, Feinstein and. Schramm (5) reported

that raË parotid glands corrtaíned a high concentration of ca+ 1t0

times hígher than liver) rvhích, unless complexed rvith EDTA or EGTA

(1 nr-if), causeld extensive damage to the mítochondria, íncludíng the

depletion of NA-D. ConcenËrations of Ca# comparable to those measured

in parotid gland rvere also found in submaxillary gland by Dríesbach

(113) and by Kraínrz (114).

Fonoation of ß-hydroxy-palmitoyl-carnitine from palmitoyl-CoA

and carnitine rvas decreased by treatment of the mitochondrial fractíon

r"j-th a deËergent (Triton x-100, Table 6) or freezíng and tharving cf the

preparation (tab1e 5). Possibly these treatments prevented oxidaticrn

of palrnitoyl-coA by damaging electron transporr chain assembly (115)

or enzvnes associated ç'ith ß-oxidation.

The fínding that the SIfSG mitochondríal fraction can forrn

3-hvdroxy-palmitoyl-carnitine from palmitoyl-CoA and carnitine denon-

strales: 1) the presence of a sysEem responsible for ß-hydronv-palrni-

tovl--carnitine formation; 2) the accumuratíon of an internediate of

iialinitate oxidatÍon, 8-hydro>'1'-palmitoyl-coA, under certain conditions.

Holl-is and Blecher (43) reported that rhe oxidatíon of nor onl_r,
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palnitate but also of 8-oxidation derivatives of palmitate bv liver

and ireart muscle miEochondria r¡as sÈinulated by carnitine. These

results rvere later confirmed by )lahadevan et al (4+¡. The laÈter

r'¡orkers also denonstrated that rat liver -*""*"Uria readily oxidized

carnítÍne derívatives of ß-keto-palmitate, ß-hydroxy-palnitate and o,

ß-unsaturated derivatives of palmitate. On the basis of these findings,

coupled r,'ith the present observatíon of ß-hydroxy-palmitoyl-carnitine

formation, it is possible to suggest Ëhat carnitine functions as a

carrier across the mitochondrial membrane of not only saturaËed fatty

acids but also of the ß-oxidation derivatives of fatËy acids, trith

appropriate acylcarnitines as internediates in this process. Iior.rever,

as mentíoned in Ëhe Literature Revíew, it is not possíble to say at

this time, rvheËher there exists only one long chain acylcarnitine

transferase having a broad substraËe specificity, or whether there

are specifíc transferases for each $-oxídation d.erivaËive of a long

chain fatty acid.

The ansr"er as to the physiological funct.ion of carnitine stirnulated

translocation of intenïediates of long chain fatty acíd oxidation can

be only speculative. A clue to a possíble function, has been provided

b1' tire observations of Nugteren (116). He described a rat liver mícro-

sonal fatty acid elongation mechanism involving malon-vl-CoA and NADPH,

in rvhich non-Droteín bound ß-keto-acy1-coA, fl-hydroxy-acyl-coA and u,

$-trans unsaturated acyl-CoA occurred as intermedíates. I{ol1is and

Blecirer (43) postulated, therefore, that, rrhenever required, these
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interrnediates produced by either oxidative or reductive processes

can be transported across the mitochondrial or microsomal rnembrane

by a carnitine rnediat.ed mechanísm, for oxidative or reductive ourposes.

At the same time, thís postulation provides another possible physio-

logical role for extramitochondrial carnitíne palmito.vl transferase.

In the oxidation of palmitoyl-CoA to acetyl-CoA, 27 possible

acyl-CoA compounds are involved (l17). The failure to detect these

intermediates led to a suggestíon Èhat they do not exist, but rather

that the internrediates of ß-oxidation of fatËy acids are bound to thiol

groups of the enz)¡me proteíns (fl8). However, the results of Mahadevan

et al (44) , i. e. , the rapid oxidation of ß-substirured palmiroyl-

carnítine derivatíves by rat liver mítochondria, suggest the direct

integration of CoA esters of these intermedÍates (produced from their

carnitíne derivatives) into the ß-oxidation scheme. Furthermore,

Davidoff and Korn (119, 720) found that mitochondria from the slime

no1d, DictvosËelium díscoideglnr âûd guinea pig liver mitochondria on

j-ncubation rviEh palmitoyl-CoA can accumulate measurable quantities of

trans unsaturaËed derivatives of palmitoy1-CoA as ivell as B-hvdroxl'-

palmitoyl-CoA. This is in agreemenË r,rith our finding, í.e., the

accurnulation of ß-hydroxv-palmitoyl-ca::nitíne (formed presr.unab11, from

!-h,vdroxy-ualmitoyl-CoA and carnitine) on incubation of rat S}ISG

:ritochondrial fractions rviËl'r palmitoyl-CoA and carnitine. Therefore

several 1ínes of evidence, including the present observation of f-h1,'droxy-

palnitol'l-carnitíne formation, argue against the occurrence of enzvne
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linked ß-oxídation internediates and rather indicaËe the invoh,e¡nent

of their coA esters in the process.

C. PreÞaration of Coupled ]fÍtochondria and Theír Abilitv to Oxidize

Fatty Acids

The sËudy of salivary gland mitochondrial metabolisin has received

little attention, although the importance of energy-yielding processes

to secretory funcÈíon of these glands is r¿ell-established. There are

no reports in the literature on Ëhe isolatíon of phosphorylating sub-

mandibular gland míËochondria, possibly due ín part, to the difficulty

enco'jntered in the preparation of such mitochondria. The presence of

proteases and nucleases rvhích are released by homogenization'(121) ,

the toughness of the glands, the high amount of connective tissue

present, and the innate high content of Ca#, rvhích reportedly disrupts

salivary miLochondria (5), makes Ëhe isolation of phosphorylating míto-

chondría from this tissue raËher difficult. Recently, Feinstein and

Schramm (5) reported the preparation of coupled parotíd gland mitochon-

dria. They used a very loose-fitting Tefl-on pestre (0.8 mm clearance),

to minimize pressure during the homogenizatíon and avoid rupture of

z-vnogen granules. They also inclucled I rd'l EDTA (or ÐTÄ1EGTA) in their med.ir.:.rn

coarpJ-ex endogenous cu#. However, rve have found the direct application

of their procedure Eo subnandibular gland tíssue unsuccessful. L'sing a

loose-fitting Teflon pestle, a high percentage of tissue hras not

disíntegrated, and the prolonged homogenization period resulted in
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nitochondria r¡hich did not exhibit respiratorv control ratio. The

nodification of chance and Hagiharats nethod (53), i¡herein a brief

digestion of the tissue rvith bacterial protease precedes the hornogeniza-

tion, yielded the best results. At the same time, 0.5 rn-\f EDTA and 0.5

nrf EGTA, as used by Feinstein and schramm (5), were included in the

homogeni-zation medium to complex endogeno,rs Ca#.

The mitochondria prepared by this procedure (ttethods, Section

A (3)) shorved respiratory rates for gluËamate, a-keto-glutarate and

ß-hydroxybutyrate (Tab1e 11) comparable to those reported for liver

nitochondria, but for pyruvate-malaËe and succinate Ëhe rates rvere 2

to 3 Eines greater tiran those of liver mitochondria (rzz, L23). The

isolated mitochondría exhibited respiratory control ratios of 5.0 to

5.5 for glutamate, cr-keto-glutarate and pvruvate-nalate; 4.5 for

succinate and 2.5 for S-hydroxvbutyrate (fa¡te tt) .

Palmitoyl-CoA r¡as oxidized bv salivary mitochondría at rates

conoarable to those reported for líver mítochondría (83, L24) and

this oxidation r,¡as found to be dependent on the presence of ADp, bovine

serun albumín and L-carnitine in rhe medium (tables 13-15). rt was

further demonstrated that palmitoyl-carnítine r.¡as formed during the

osídation and its level determined rhe 0, utilization rare (rigs . 2L,

22). From these observations ít can be concluded that carnitíne func-

tions in Sl'fSG in a similar manner to thát reported for other tissues,

i.e., as a carrier of fatty acids across the mitochondríal mernbrane.

The present r"ork shor"ed the capacity of sllsG to oxidize faLt-v
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acids under the conditions r+hen no secretagogue \üas used to stínulate

secretory mechanisms of the g1and. Preliminary rvork reported by

Pritchard (8) has shot.rn that epinephrine can íncrease the conversion

of endogenous fatty acíd to co, by rat slfsG slices, suggesting that

fatty acid may serve as one of the substrates supplying energ-v during

secretory processes. rÈ ís hoped that further ru'ork rvill provide a

definítive ans\./er as to the relationship of fatty acid oxidation to

secretion.
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