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Abstract

The g l yci ne cleavag e enzyme complex i s a mi t oc ho nd ria l

e nzy me tha t i s kn own to be act ivated by h o r mones su ch as

g l uc agon . The e f f ec t s of seve r a l g l ucagon -related pept i de s

such as g l ucag on- like peptide- l (7 -36) a mide , ox yntomodulin

a nd g l i c en t in , as well as Rl in i gluc agon , o n t he g l yc i ne

cleavage system were exami ned in i s o l ate d rat hepa tocytes .

o xy nt omodu lin and glicentin were f ound to s timulate the

gl ycine cleavage sys t e m flux through the i r i nte raction with

the g l uc agon receptor. Gl uc agon- like peptide ~l a nd

mini g l ucagon ha d no effect on the glycine c l e a vag e system .

Although the s t i mul a t i on of t he g lyc ine c l ea vag e system

by g l ucagon ha s bee n demonstrated prev i ou s ly , i t is not known

how t he norec na r s ignal is t r an s mitt ed to the mi tochond r ia .

Th is qu estion is ex amined in thi s thesis . The cel l - pe rmea b l e

p rot e i n ph osphatase inhi bi t o r , oka da ic acid , was f ound t o

st imu late the flux through the glycine c l ea v age system. The

prote in kinase A agonist , Sp -cAMPS was a lso found t o st imulat e

t he g lyc i ne c leavage systell fl ux , an effect that wa s inhibited

by the p rotein k inase A antag on i st , Rp- 8 - Br -cAMPS . These

resul t s suggest t hat protein k i nas e de pe ndent

phospho rylation o f c ytos o lic protein {s ) ca n a f f ec t the gl ycine

cleavage sy s t em . The ro l e of intrace llu lar ca l c i um i n the



regulation of t he glycine c l e a va ge system W.:l.S exew tnce using

the calcium-mobilizing hormones , vasopress in and a ng iotensin

II, both of which s timula te t he glyc ine c l e a v age system .

Finally, the r o l e of prot e i n k inase C in t he r-equ La t.Lo n of

glyc ine cleavage s ystem was e xa mi ne d us i ng the phorbo l ester,

Phorbol 12 -myristate 13 - acetate (PMA) . PMA had no effect on

the glycine cleavage system o r on t he qj uc aqon -e.t. Imula t c d

glycine cleavage sys tem f lux, which suggests no ro le for

p rotein kinase C in the a c t i v a t i on of the g l ycine c leavage

s ys t e m.
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I NTRODUCTION

Glyci ne is a die tary nonessential a min o ado tha t c an uc

readily synthes ized from common metabolic i r rte raed iaties in al l

organisms . I t is c o ns i de r e d structurally t he s i mples t or omin o

acids, but it has a co mpl e x pattern o f me tabol ism . r c i s

present in high concentrations in collagen and is ab und a n t; in

most animal proteins . Apart from its r o l e in pr-ot ei n

synthesis , glycine plays mUltiple roles in many sv nt hct i c

reactions as shown i n Fig . 1.1-

Glycine is a glucogenic amino ac id. It o r i gi na ll y r e c ei ved

i t s name, r emi n i s c e nt of sugar, because it ha s a s weet t as to .

Conv ersion to serine is the dominant r oute for q l.uconeoqo nos Ls

from glycine . Its conversion to aminoacetone and a u ba oq u.on t 1y

to pyruvate is another potential glucogeni c r ou t e . Hovev o r ,

this route does not appear to be i mpo r t an t i n mamma ls (nc ne e r ,

19 85). Gly cine i s also a major source o f one -ca r bon units with

its c e-car bo n being passed to tetrahydrofolate t o q i ve

methylene-tetrahydrofolate . Glycine condenses with succ iny 1­

CoA to give 5 - ami n o l evu l i n i c acid, which is the precu rsor of

heme, chlorophylls of plants and photosynthet ic bacter ill, and

the c obalamins, notably vitamin 8u and i ts derivat i ve s . It i s

important tor bi le c o n j uga t i o n and in sarcosine, and

g l utathione synthesis. Glyc ine is very important in ea mme j Ien

liver in the conjugation of foreign compounds taken in th e

diet . Benzo ic acid derivatives are metabolized by conj ugation



Fig. 1.1 Metabolism of glycine
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with g lycine t o hippuric acid derivatives whic h are excreted

in the ur i n e . It serves in the de t oxifica t ion of salicyl., tes

throu gh th e forma tion o t salisyluric ac id . In a ddit ion , it i s

very i llpo r t a nt in p ur i ne syn t hesis wit h i t s c.u 'bo n

i nco r po r at e d at the numbe r 4 and 5 posi tions of t h e purine

r i ng a nd its ni t r ogen i ncorporat ed a t t he numb e r 7 positio n .

Glyc i ne an d arg i nine a r e used t o fo rm quanidoacet i c ac i d wh i c h

is c o nve r t e d t o c reat i ne . Furthermore, g lyci ne is a ea j o r­

i nhibitory neurot ra nsmitter i n t he s pi na l cord an d b r ain .

Under n o r mal condi t i ons , glyc ine is a none ssential ami no

acid. He....ever, it ha s been proposed that g 1 yeine become s

in d i s pe ns i b l e i n .....ound heal i n g and r eplet i on of t i s s u e a f t e r

dep l e t i on ( Yu e c d l. , 1 9 85 ) . Gl yc i n e is a lso prese nt in 1II0st

pare n t e r a l so l u t ions in l a r ge qu a ntities (S t e g i nk ,./ ,I I . ,

198 3 ) .

ROUTES OF GLYCI NE CATAB OLIS M

D-am..! no acid oxi d.a s e pathway

n -aa tno acid oxidase ca t a l yses t he c o nversion o f qlyc i ne

t o q lyoxylate and NH). Howeve r , t he h i gh KIn of this e n Zyllle for

glyc ine suggests t ha t t his wou l d make a minor c o nt r i b u t io n in

the ov era ll glycine catabolism (Neims a nd Hel larma n , 196 2 ).

Glyoxylate may a lso be form e d from glycine by t r a ns a mi nat i o n



(tlakada an d Sund, 1958) . !.1 mammalian t issues there are two

gly cine aminotransferases: one linked to glutamate/ C/­

ketog luta rate and the ot he r to a Le nfney pyruvate as amino

donorl acceptor. Gly cine i s a very poor sucs ure t;e fo r both of

t hese enzymes and they appear to function in t he direction of

glycine syn th esis rather than in t h e direction of g l ycine

catabolism.

Glyc ine c l e avage enzl''1lle sys t em

Th e bulk of g lycine catabolism in vertebrates is known to

occu r by way of the hepatic glycine cleav a g e system (Yoshida

and Kikuchi, 1972 ; 197 3) . In mammals , t h e glycine c leavage

enzyme system ( GCS) o ccur s in mi tochondria . The overa l l

reaction catalysed by t he glyc ine c leavage sys t em is:

Glyc ine'" THF '" NA O· ---- -----------> CO2 + ~ , I"N -methylene-THF

+ NHJ+ NAOH + H·

Besides bein g a ma j or pathway o f glycine c atabolism in

mammalian t issues. this system is also an i mporta nt source of

5N, loN_met hy l ene _T HF for a variety of synthe tic r ections .

Alte rnative ly, the fa te of me thyl e ne - THF may be to react wi t h

a second mo l ecu l e of g l ycine to fo rm s erine a nd reg enerate

THF. a reaction cat alysed by s e r ine hydr ox y methyltr a nsfe ra s e .

This scheme has b e e n termed t h e "gly c i ne cycl e" (S ne l l, 1984 ) .



Glycine cle avage system i n differen t o rganisms

GCS was f i r s t de scr i bed in cel l -f r ee extracts from th e

anae r obic bac terium fli pl.x(y.:us ,:1)'.:i:l'T.'l .il, 0; (Sngers nnd

Gunsa lus, 1961 ) . Richert e r ,il " ( 1962 ) reported the

occur r e nce of GCS in liver ho mogena t es of p i geon, duc k, and

chicke n whic h were shown to r e le ase the first car bon of

glycine as CO:.

A comparati ve s tudy of glyc i ne ca t a bolism showed t ha t GCS

occurs i n the liver s o f a variety of verte b r ate s pec ies

(yosh i da and Ki kuchi , 1972 ) . GCS was r ep orted i n the l i v e r of

h uman , pig, co w, dog, goat , ra bb i t , gu in ea p i g, fish ,

amph ibians , and rept ile s . Birds and r ep t i l es e xhi bi t t he

h ig hest act i vities among v ertebra te s, while rat pos se sses t he

h ig he s t among ma mma l s.

Glycine cleavaqe s yst em i n rat:

Kawasaki et al., (19 6 6) were the f irst t o re p o r t that ra t

liver mitochondria p ossess t he glycine cleavage enzyme. Li ver

mi t ochondria coul d synthesize t wo mo lecules of g l ycine fro m

one molecul e ea ch of se r ine , b i c a r bona t e , a nd a mmoni a , which

represented the r e ver se of t he g ly cine clea v a ge r eaction . Sat o

e t al . , (19 69) were t he f irst to r e p o r t the r eac t io n i n t he

physiological direction of glyc ine c lea vage. GCS a ct i v ity was

measurod i n different t i ssues of t he rat by Yoshid a and



Kikuchi, (1973). Among the t issues tested, the liver exhibited

t he greatest activi ty while lung, skeletal musc le, and small

intestine had low or neglig ib le activities.

cca location and components

GCS is confined to the inner mitochondria l membrane of all

the tissues tha t h a ve b een studied (Hiraga et " 1 . , 1 972 ;

Ha yas a ka e t a i ., 19 8 0) . The enz y me is l oosely associated with

the inner mitochondrial membrane.

GCS co mpone nts have been iso la ted f rom a number of

bacteric:: (Klein and sagers, 1966), plant (Walker and Oliver,

1 986) , an d a n imal sources (Kikuch i and Hi r aga , 1982) . GCS

consists of f our di f f er ent proteins wh ich are as follows : 1)

a pyr i d oxal p hosp hate-depe ndent glycine de carboxylase; 2) a

l i poic acid-containing al1linomethyl transferase; 3) 5N, ION_

me t hyl e ne-t e t r ahydro fol ate sy nthesising protein; and 4) a

flavin -conta i n i ng lipoamide de hydroge n ase. These p r ot e ins are

referred to a s P-, H- , T - an d L-proteins , r e spe c t i vely . The

g lyci ne cleavage e nzyme comple x requ i res the presence o f all

f ou r prot eins f or i.ts activity.

It is a t etrahydrofolate-depen dent enz yme which ca t a lyses

t he de g r ada t i o n of H- pr otein-bound intermediat e t o ammon ia and



meth y l en e-THF. T -prot ein has been puri fied f r o m the live r of

r a t and its rela tive mo l ecular we i g ht is 3),000 (Mot o k<lwa e nd

Ki k u c hi, 1 974 ) .

It i s a l ip oarn i de dehydroge nase , fl a v i n- cont a i n i ng protein

(Kikuch i , 1973). It f uncti ons to r e oxi d i z e lipoic ac id bac k t o

t h e d i sul f id e form through the transfe r of reduc Lnq

equival ents t o MAD', L i poam ide de hyd roge nase i s a homodime r

with a s u b unit tha t has a r e l ati v e molec ula r we ight o f ab o ut

55, 00 0 ( Ca r ot he rs e t e .t . 19 89 ).

It is a homodimer with a r e lative mole c ula r we i ght of

ab out 210, 000. I t is a pyrid o xa l phosphate-d ependent pro te i n,

responsible fo r t he decarboxylation of the ca r boxy l carbon of

g l y c ine and the t ra nsfer of the. a mi nometh yl re mnant t o t he n­

pr o t e i n. p-pr-otra In is i na cti ve by its elf, it re q u i res the

pres ence o f H-protein f or i t s ac t i vity (Mot okawa a nd Kikuchi ,

19 7 2) ,

H-p rotein is a small , hea t stable , acidic pro te i n that

co n t a i ns lipoic acid as a pr osthetic gro up (Mot o ka wa and



Kikuchi, 1969 a ,b: 1971) . It acts as a c a rrier of the

amI n onet.h y I in t e rmediate be twee n the active sites of the p­

pr c t.e In a nd T-protei n . The r el at ive molecula r mas s e s of H­

prceeme, calcula ted f r om t h e i r sequences, are app ro xima t ely

14 .000 eac h when the l ipoic acid group is included .

The f unct io nal glycine deca rboxylase is an enzyme complex

co nsisting of P- and H-proteins (H i r aqa and Ki k uchi , 1980a ) .

P-prot ein ac t i vity was increased mo re tha n 100, OOO- fol~ by t h e

addi t io n of H-protei n (Hi r aga and Kikuchi, 198 0b).

Mec hanism of ac tion

Fi r s t , glycine and H- prot ein bind to t he P-p rotein a t

se p arate sites b e fore the re l ease o f any p roduct (FUj iwara and

Motokawa, 1983) with glycine forming a Schiff bas e with t he

ca rbonyl g roup of py ridoxal phosphate bou nd to p - pr ot e i n

(Hi raga a nd Kikuchi, 1 980b) . Dec a rboxyl a tion z-asuj, t s in the

release of CO2 (Fujiwara and Motokawa , 1 983) and t he

ge n eration of an H-protei n i nt ermediate. rnen t he methylene

ca r b on of glyc i ne 15 transferred to o n e of t he sulphydry l

grou ps o f t he lipoic aci d pros thetic group of H- pr otein

(Hi raga a n d Ki ku chi , 1 9 90a ) . The methylene carbon is attached

to ' N, lON -methylene-THF i n a reaction c a eaiyeed by T -prot ein

(Fu j i war a e r al. , 1984 ). The last react i o n is the reoxidat ion



of the reduced lipoic ac id of H-protein to i t s d isulfide fo rm.

This step is c a talysed by L- protein , whi ch c o n t ai n s 1',\0 ,1S il

cofactor, and i nvolves the t r a ns f e r of reducing equivalents to

NAO+. The mechan i sm of GCS is illustrated i n rig. 1. 2.

Reg ulation of GCS

Many different mechanisms have been p r o po s e d fo r the

regu lation of GCS .

Bra nched chain g - kgt o acid

Inhibition of GCS by branched ch a i n « - ke t.c acids was

repo r ted by O'Br ien (1978) and Kcc h L ec .-11. , ( 1 986 ). The y

sug g ested that glyc i ne decarboxylase a nd the branched chain n ­

keto ac id d ehydroge na s e share a common subuni t which i s t he

lipoamide dehydroge nase a nd t hat t hese o--kato a c i ds e xert

t he ir effects by providing red ucing equivalents to the glycine

c leavage s yste m, pos s i bly through l i poa mi de d ehyd r og ena s e .

Howe ver , t he co nc en trat ions of the branched cha i n (I- ke t o acids

that wer e used i n t he s e e xperiments (2 and 5 mM) are muc h

higher than the ph ys i olog i c al conc en trations Which are 10 -50

JlM ( Sc hauder , 1 9 8 4) . Th e re f ore, i f this occurs i t i s o n ly in

pa thological c o nd itio ns such as t he ketot ic fo rms o f

hyperg l yc inemi a as proposed by o t n r I e n (1978).
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Fig.1.2 Scheme for the overall reaction of GCS
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o xja ti o n - red!! c t IQD 1 n t h e m j tochondr ial RY..ti.d.in~n.ud.c.Q.t...idC :i

It has b ee n p roposed that GCS , in Is ot a t .ed pe r f us e d r .lt

l i ver or i n intact rat live r mitochondri a, i s ve r y sensit i ve

t o the o xidat ion - reduction state of t he Jld t o c hond r i a [ttamps on

et d1 . , 1983; 198 4) . Met aboli c n ux throug h GCS in pe r t u sed

rat live r was inhi b i ted b y proces s es that lead to r e duc tion or

the mitoc hondri ll ' N"D( H) r edox c oup l e . I nr us ion of I'·
hydroxybut yrate or oc taoa t e inhibi t ed "C Ol produc t i on from 1­

14 C glyc ine by 33 a nd 50% , respectively . On the o t he r h a nd,

i nfus ion of ac e t oace t a t e , wh i c h i ncre a ses NAO'fNI\1JH,

stimu l ated GCS s ignif icantly an d c omplete l y r e v ersed t he

inhi bition o f H COZ pr od u c t io n b y oc tnnoate . Tn i s ola ted r ,lt

1 I ve r mi t och ond ria it was found that ql ycine ox Lctet t o n

stbl ul a ted in s tat ·· II I when compared to s t eto I V an c

max i mal i n t he unccupt ed s t a te (Ha mpso n , ~t . I J . , 19 B3) .

A.l t e r n a t i ve l y , r espirato r y i nh ibitors su c h as ro tenone ,l nd

r e duc i n g substra tes such as su c c inate , '.l - ke t o g l ut a r a t c , e tc . ,

g r eatly inh i b i t ed t he glycine deca rb oxyl a t i on . I n addi tion,

d i r ec t measu r eme nt of mitocho nd rial py ridi ne n uc l cot ides

showed that t he n ux thr-nu gh GCS was co r rela ted with c h e nqns

in both t he NAD(H) and NA.DP(H) r edox coupl e s .

Howeve r, Sc h a ude r ( 1984) report ed th at feeding a h iqh

protein di et leads t o a n inc rea s e ill th e fl ux thro u g h GCS and

is accompanied by a n i ncrease in the levels o f bra nched c ha ln

12



'J - O X O uc Ld and a decrease in t he mitochondr i al N'AD+/ N'AOH

ratio , both o f whi ch would be exp ecte d to decre ase GCS

acti vity according to Hampso n e t: al., ( 1983) . In a ddition ,

Jo i S ,~ I. .11 . , (1 989) s uggest ed t h a t glucagon stimUla t es the

r r u x t hro ugh GCS . Th i s stimul ation ca n not be expla i ned by

oxid at io n -reduc tion s tates o f mitoch ondr i a be cause g l uca gon

res u lts i n ' r ed u c ed r e dox states " of bo t h t he c yt os olic a nd

mitochondr ial py rid ine nuc l eot ides (secane a t ai. , 198 0 :

Ba laba n and Blum, 1982 ).

Dietary prot e in

I s hi k awa, ( 1976) and raeourncu x , (1990) , r-e'por-t.ecl a large

i nc r e ase i n hepat i c uptake o f g lycine afte r f e ed i ng a h .'..gh

pr otei n d iet. However , des p i te this incr ease in th e hep at i c

upt a ke of glyc i ne, its conc e ntra t ion dec re ased in t he liv e r

(Fa f ournoux, 19 90) . Th i s sug geste d a pr i mary a c t I v a -ticn o f

i ntra he pa tic glyci ne me tabo l ism .

Glu c a gon s t i mulates t he fl ux t hro ug h GCS (Jois e z ai. ,

198 9) . Ewa rt et ai., (1 992) reported tha t the s timulat i on o f

CCS by high pr ote i n f eed in g has similar charateristics to t hat

e l ic lted by g lucagon. Thu s , they pr oposed t ha t the high

circulat i ng gl ucagon concentratio n found after i nges t i on of a

hi g h pro t e i n me al (Rob i nso n et ai. , 1981) may be an important

sig na l in st imUlat ing GCS. It was po in ted out by Ewart ec ai.,

13



( 1992 ) t ha t i ngestion of a high prote i n diet l oa ds to

i ngestion of a l a r ge amount o f glyc ine which w i ll l end to

increased avai labil ity of f r e e amino acids . Therefore, the

e xcess glyci ne must be catabolized, s t Lmul atl nq the fl ux

t h roug h GCS. Rat s fed 15%-casein meal (normal-p rote i n d i ot )

ox idized glyc i ne at a ra te less tha n 0.15 ornole s ! nll nl mg,

wh ereas for r a t s fed on ece-ce se tn diet ( high-pr-otei n mea l )

the r-at e was 0.38 nmolesl mini mg Or higher (Ew.l.rt ,·t ,I I . ,

1 9 9 2 ) . It has also been repo r-ted t hat glycine c a t a bo Lj am is

s timula t ed in normal protein-fed rats when t he y in g e s t a

singl e high-pr ote in meal 2 hours be f o r e bei ng sncr i f i ce d ,

i llust r ati ng th e r api d r e spon s e of GCS to high protein i ntiake ,

Man y s tudies have show n t ha t the f lux t hrough GCS i ~

r eg ul ate d b y s eve r-c r ho r mones, by h ormone s known t o <le t v t a

CAMP as we l l as by hormones known to act b y i nc r e a s i ng t he

i n t r acel lular calc i um ccnc e nt.re r.Ion. J o i s e t: <II . i ( 1989) ve r-c

the fi r st t o re po r t s timu l a t i on of the flux t hrough GCS by

g lucagon. I n cUba t i o n of iso l a t ed h epatoc y t es with g l ucago n

r esulted i n the stimul a t ion of t he flux th rough GCS i n n erosc -.

depe nd e n t ma n ne r , with a ma ximu m s t i mulat i o n occurring a t. 100

nM glucagon . The s timula t i on of t he fl u x t h r ough GCS by

glucagon wa s also e v id ent i n mitoch ondria isolated f rom rats

1 4



q Lven glucagon, intraperitonea lly, 25 mi nu t e s before bei ng

cec r Lt Icec • Di butyryl-cAMP was al s o equally effective in

s timulating t he GCS flux and a signi fica nt co r r e l ation wa s

observed be tween increased cellu la r c AMP l evels induced by

g lucagon a nd st imula tion of 'ihe flux th r oug h GCS by gl uc agon

(Jois ··r ~l. , 199 0a ) . Jois e t 031., ( 1989) s ugg e ste d two

mech a ni s ms o f action of glucagon on glycine ca tabolis m i n

liver. One i s c ov a l e nt modi fication, by phosphorylation, Which

occurs by activa tion of th e c AMP-stimulated prote i n kinase.

Other kn own t a r get enzymes f or t his mec han i s m include glycog e n

phos phoryl a s e , phenyl a lanine hydr-cxy j a s e , and py ruva t e k i na se

(Garrison et: a1 . , 1984). The s e e f fec ts are l ab ile in that the y

a re readily reve r s i bl e (via pho sphatases) upon r e mov a l of the

ho rmo ne . The s econd t ype o f g l ucagon action i s the s t imulation

of mi tochond ri a l me t a bolism of a v ar i ety o f s Ubstr ate s . Th i s

effect appears t o be fairly s tabl e in t hat i t persists for

so me time a fter t he r emoval o f t he hormon e an d rema ins ev i dent

in mi t o ch ondri a that ha ve been isolated and washe d without a ny

pre c aut i on s t aken t o prese rv e the phosph o r y l a t ion s tate of

p r oteins (Ha l estra p, 1986). Howev er, a l ink between c ha nge s i n

i nt rami t oc hon d r ial funct i ons a nd i ncrea s e d c ytoplasmi c cAMP

ha s no t been est abl Lsh ed . J oi s et: a r.", (1989) s uggested that

gl uc agon st imu l ation o f the f Lux t hrough GCS be longs t o t he

second t ype of ac tion s ince the ef fect i s long and p e r s i sts i n

15



mitochondria isolate d f rom gluc ago n in jec ted rats.

I t has been suggested that hepatocytes po s ses s two

distinct recept ors fo r g l uc agon , a GR- l receptor co up l ed t o

st imulation o f inos i to l phospho l ip id breakdown a nd a GR- 2

r e cept o r coupled t o stimu lat ion of adenylat e c yclase a c t tv I ty

(Wakelam et a1., 1986) . Th i s su gge s t i on wi ll be exam ined la t e r

in t h i s thes is . Howev er , Jelinek e c .r1 . , 19 93 iso l a t ed a

complementary DNA clone f or the glucagon receptor by an

expression c l on i r.g strategy , and the r eceptor protein was

exp r e s aed i n severa l kidney cell lines. The c loned recept o r

bo und g lu cagon and c aus ed an i nc ce ase i n the int r acellular

conce ntratio n of c AMP and t ransduced a s i gna l tha t led to

increase in t he intracellular c al c i um .... mcentrati on. No second

g lucagon receptor was detected by J e line k er .-1./. , ( 19 9 3 ).

Therefore, they suggested t hat t here i s onl y one g lucagon

recept or. It may be s imila r to t he calc itonin and parathy r o id

hormone receptors which can t r a ns duce s i g nal s l e ading to the

accumulation of two di fferent messengers , c AMP and calcium.

The flux t hr ough GCS, in Lac Lat.ed perfused rat liver, is

also stimUlated t o 100- 20 0\ ab ove the basa l rate by 1 JtM

epinephrine , 1 JtM norepinephrine, or 10 0 nM vasopress i n (Jois

e t ai. , 1990b ; Brosnan et al ., 1990) . These ho rmones are known

t o exert their effects i n the l iver by i nc r ea s i ng the free

i nt r a c e llu l a r calc ium concent ra t i on. J o i s a t a l . , ( 1990b)
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related the f a c t that glyc i ne i s a gluco neo ge ni c a mi no ac i d

a nd t ha t glucagon, catec holamine a nd vasopressin have be e n

shown to increase hepatic g lucose output by stimulating

g l ycoge no l y s i s and g l ucon eogenesis . rnus , i t is

phys iolog ically i mpor t a nt t hat t he se h ormones s timul a t e the

flux through GCS. I t has a lso been reported that the fl ux

through GCS is s ensitive to concentrat ions of calcium which

wou ld be ac hieved in the cytoplasm of hepatocytes s timulated

by ca lci um- mobilizi ng hormones (J ois at a":., 1990b ) . Although ,

exc lusion o f c a l c i um f ro m the i ncu bat ion medium reduced the

basal flux through GCS in isolated he p a t oc y t es , i t did not

affect the deg ree o f stimulation of flux t h r ough the GCS by

glucagon . Therefore, the abili ty of glucagon to stimulate flux

through the GCS was independent o f the presence of c alc i um i n

the medium (Jois et a l . , 1990b) .

DEFEC'I'S I N GLYCI NE CA'I'J.BOLIS K

Hyperg1yci nemia occurs i n a series of syndromes

characterized by diminished capacity to catabolize glycine due

t o reduced activity o f the glyc ine c leavage system . Nyha n et

,'/1. , (1961) were the fi rst to report the clin i cal symptoms of

hyperglycinemia. Its symptoms were lethargy, convulsive

seizures, prolonged ep isodes of vomit i ng, ke toacidos is an d

abnormally high levels of glycine i n the p l a s ma and urine .
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Hyperglyci ne mia is div id ed i n t o t wo d i st i nct disease s , ketoti c

and nonketot ic hyperglyc i ne mia .

Ketotic hyperqlyc inemi a appears t o be a eecc ndarv

cons e que nce of genet ic di s o r de r s in othe r metabolic p.l t hways ,

particularly those for the bra nched c hai n a mi no ac id .lnd ., ­

ke to acids. I t has also been observed t o accompa ny D-qlyceric

i!lcidem i a ( Kolvri!ll!l ez <'1 1 . , 197 9) , ex pe r i me ntal ecdete o f

ph eny l ketonur i a (Isaacs a nd ereene are , 1980) and t he use o f

the antiep ilep ti c drug ....al proic acid (Jaeken cr .1/ . , 1977) .

Se ve r a l mech a n i sms ha ve be en p r opo s ed t o ex p l a in th i s

s y nd r ome . Di rect i nhib i t i on of the GCS by different

metaboli t es was s uggested by O'Brien, (1978 ) .

Nonketotic hyperg lycine mia, which represents ~ he other

t ype of hyper g l ycinemia , is a n i nbo r n error o f ewtnc ac id

metabol ism in which l a r ge amou nts of g l ycine accumul ate in

body fluids . The concentration of glyc ine i s pa rticula rl y hJgh

in t he cerebrospi nal fluid ; i t was r eported to be ten times

h igher t han in norma l s ub j e c t s. Most pat i e nts are se....e rely

mentally r e t arded a nd hav e s eizure disorders . Conv ul sive

s e izure s a nd neu r op eni a have been fo und i n mos t c ases of

nonketot ic hyp e rgl yc i ne mi a . This syndrome i s c a us ed by a r a r e

a utos omal r ec e s s i v e gene . Patients with a defect i n P-, T- , o r

H-protein h a ve been reported (Hirag a, e c ill . , 198 1) .
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GL UCAGON- RELATE D PEPTI DES

The mammal i a n gluc ago n precursor ( p r og l uc agon ) is a 180

amino ac i d pe p tide . I t is pr incipally expressed both i n the

cel ls o f the i s l e t s a t Lange rhans and in the L- ce 1 l s of the

intest i na l muc o s a (Nov a k e e <1 1 . , 1987: Mojsov e c <11 . , 19 86;

oz-skcv e t <11., 1986; 198 9) . The prog 1ucagon gene is a lso

e xp r e s sed i n selected ne u rons of the b rain (Hol st es: <1 1. ,

19 87) .

Molecular cloning of the hamster preproglucagon eDNA (Bell

e c <11 . , 19 83a ) a nd of the huma n glucagon gene (Be l l at a1.,

198 3b ) revealed that it coded for peptides other than

glucagon. The f irs t 20 amino acids form the leading sequence

of the preprog lucagon molecule. I n the pancreatic cells, the

maj or preproglucagon-products glucagon a nd major

preprog1ueagon fragment (MPF) which contains both g lueagon­

like peptide -1 (GLP- l ) and glucagon-like peptide-2 (GLP-2)

sequences (Mojsov et a1. , 1986 : Or s kov e t a1 ., 1992) . In the

i ntestine, the p r-ep roq Lucaqon-edez-Lved peptides i nc l ude

gl i eentin , oxyntomodul in and GLP-l and GLP-2 . GLP-l is further

truncated in the intestine to form GLP-l (7 - 37) and GLP-1 (7 ­

36)NH, (Mojsov et a1 ., 1986; 1990; Hol st e t al. , 1 9 87 : Suzuki

et: .'11. , 1992), which are equipotent i n insulinotropic ac t ivity

(Fehmann et .:'1 1 . , 1989 ; Si e ge l et a1. , 1992 a nd ce eer et a1 . ,

1990) . The cleavage of t-he preproglucagon molecule is
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illustrated in Fig . 1. 3.

oxyntomodu l in

cxyntomodulin is a 37-amino ac id pept ide isolated (rom

porcine j ej uno- ile um ( Ba t a i lle e r .11 ., 1 982",). I t i s .1

circulating ho rmone that i s released f r.om the gut dur ing

digest ion . The l eve l of oxyntomodu lin increased by a factor of

two when rats were refed for 2 hou r s after a t a -nour-s fast ing,

reaching 23. 3 ± 3 . 0 prncLy L (Kervran c r .11., 198 7). It

d isplays tissue specifity co ntrasting with that of glucagon ,

which possesses biological activities d irected towards the

tissues imp licated in fuel homeos tasis. OxyntomodUl i n 's mai n

target tissue is t he qastric mucosa ( Ba t ail l c et .11 . , 1981),

where i t i nhi b i t s gastric ac id secretion a t doses that are 1 5­

t old l owe r t han t he effectiv e doses o f glucagon i n the

anesthet ized ( Dube rasquet et el , , 1982 ) , or co nscious rat

(J a r r ous s e e t: al. , 1985: 19 86 ), a s wel l as in human s

(Sch j o l d ag er et al. , 1988 : 1989) . oxynt omodulin contains t he

glucago n sequence ex tended by a C-termi nal bas i c octapeptide:

Lys -Arg-Asn- Lys -Asn-Asn-Ile-Ala ( Ba t a i lle et ill. , 1982b ) . The

molecular basis fo r oxyntomoduli n sp eci f icity res id ues in the

coox - ter mi nal octapept i de, which differentiates it from

g lucagon. This octapeptide mi mi c s the b iological act ivity of

the ho rmo ne . It was s hown t o inhibit histami ne -, mil k mea l - ,
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Fig. 1.3

Schematic representation ofthe preproglucagon molecule

(Thom es and w aeber , 1993)
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or pentagastrin-stimulated gastri c secretion in cons c i ou s r ats

provided with c hr onic f istu lae (Ja rrousse ~3 t ,il . , 1985; 1993;

Carles-Bonnet e t: a1., 19 92). The mode o f action of

oxyntomodulin on gastric muco sa i s controvers ial . Al t hough a

good inhibitor of gastric acid secret ion it increases the

adenosine 3 ' , 5 ' - eyej I c monophosphate levels in isolated

f und i c g lands (Ba t a il l e e t: aI. , 1981; 1988 ), a characterist ic

shared by h istamine, which i s a ma j or stimulant of ga s tr ic

acid secretion ( Cod e , 1982 ).

It has also been reported t ha t oxyntomodul in st imu lated

insu l in re t ease monophas i ca llY i n the presence of low (6 mM)

med ium g lucose c oncentration. Furthermore, o xyntom od u l i n

po tentiated g l uc os e- i nduc ed insu lin release ( 10 mM g lucose ) i n

a dose-dependent manner, althoug h it was l e s s po ve r EuI tha n

s imilar co nc e nt r a t i o ns o f g lucagon (Jarrousse e c <1 1 . , 1984 ).

Th e effects of g lucagon and oxyntomodulin on b lood glucose

leve l were compar ed i n r at. During t he course of glucagon

i n fusion, a t a dose of l. 8 nmol l Kg, blood glucose was

incre a s ed 2- fold while the same dose of oxyntomoduli n induced

on ly a sma l l, although s i gni fi c a n t , increase over the control

ba sa l values . It was ne c e s s ary to increase the ox yntomoduli n

d ose IO - fold to p r od uce the same deg ree of hyperglycemia as

that i nduced by glucagon (Ke rvran et al ., 1990) .
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GLp· l

GLP-l is an intestinally derived hormone from the glucagon

family of pept Ldaa . GLP-1 is found in four varients:

proglucagon- 78 -108, GLP-l (7 -37), proglucagon-n-l08, or GLP­

1 (1-37), and t he i r respective amidated forms . Purification o f

GLP- l from human a nd p ig intestine and its analysis revealed

that the majo r naturally occuring peptide corresponds to

proglucagon (78 -107) NH: , or GLP-1 (7-36) a mi de (Kreymann et

al., 1988 : Orskov et al., 1989) .

GLP-1 secretion is stimula ted by ingestion of a mixed meal

and its plasma concentration varies wi th the meal patte r n

(El liot e c al . , 1993: Orskov e t al ., 1994 ) . GLP-l levels

increase from 1-10 pmol / L to 20 -50 pmol/L after ingest ion of

a mixed mea l (Ors kov et: al., 1994) . Significant increases in

GLP-l levels may occur a fter a f e w minutes, a nd pe a k values

may be reached 15 -30 mi nutes af ter ora l i ntake of a stimulus.

GLP-l (7 -36) a mi de ha s profound effects on the e ndoc r ine

pancreas in mammals . I n physiologica l concentrat ions, GLP- l

stimulates insulin (Mo j sov er a1., 1987 1 Holst et a1 ., 1987:

Orskov an d Pou lsen, 1991) and somatostati n secretion a nd

stro ngly i nh ibits glucagon secre t ion (Holst et al., 1987;

Orskov et a1 ., 1988) . I t s effect on insulin secretion is

g luc os e - depen den t . Howev er, GLP- 1 i nfused intraveno us ly i n

physiological a moun ts en hances i nsulin secret ion s ignificant ly
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at euqrycemre (in the f a s t i ng and/ o r postabsorpative state)

in humans (Or s kov e c a l ., 199 3; Hvidberg c t ,11. , 199 4) . Not

only does GLP- l Sltimu1ate insul in release (Wei r ec al. , 198 9) ,

but it a lso st imu lates the expression of the proinsuli n gene

and proinsulin synthesis ( Fe hmann and Habener, 1991 ). The

half-l ife of GLP- 1 infused i n t r a v e nou s l y into huma ns i s about

5 minutes, and the metabolic c l e a ranc e rate ha s been

calcu lated to be approximately 13 mIl Kg/ min (Or s kov e e .1./.•

1993) . Therefore, the pept i de seems to be rapidly and

effectively removed f r om the c i rculation . The kidneys seem to

play a r o le in t his process since GLP- l was eff i ciently

extracted by i s o l a t e d perfused r a t kidneys (Rui z- Cr a nd e os;

a1 . , 1993) . Orskov et a 1 . , (1992 ) ha ve reported high levels o f

plasma GLP-l in patie nts wi th renal fai lure i nd i cate the

kidneys contribute t o GLP-1 elimination, i n vi vo .

Expre s sion c loning o f the pa ncreatic a - ce c e pcc c of GLP-l

has been reported recent ly (Thornes, 1992: Tho r nes and Waeber,

1993). The receptor belongs to the s even-transmembrane, G­

protein coupled superfamily o f receptors . Its affi n ity fo r

GLP-l , as i dent i f i ed by binding t o cloned receptors

trans fected i nt o va r-Ious cell l ine s , cor re s ponds t o an

aff inity co ns tant appro x i ma t ely 10" mol l L, and the binding

i s high ly s pecific f or GLP- l (Hj o r t h e t a1 . , 1994 ). Glucagon

may bind to t he receptor but wi th affinity at least i cc -eere
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l e ss than GLP- l, \Jhlle no ne of the pe pt l des of t he qlucagon ­

secreti n f a mily bind to the receptor ( Hols t , 19 94 ) .

Extrapancreat ic GLP- l receptors ha ve been i d e nti f i e d i n rat

brain , k i dney, a nd s kele t a l muscle (Whee l e r et: al ., 199 3 ) .

xen se ee al. , ( 1988) reported displ<:tce able binding o f GLP- l

(7 - 3 6 ) amide to ho mog e na t e s of rat l ung and brain.

The i n t e rest i n GLP- I with respe ct t o d iabetes mellitus is

be ca use of its effects on i nsulin s ec retion and i t s ability to

lowe r blood q Iucoae , In p a t i e n t s with type II diabetes,

i nfusion o f GLP- l e limi na t e d postprandial g l ucose e xcu rsions

f o r 60 minutes after a mi xed mea l (Nathan e c al ., 1 9 92 ) . In

patients whose blood g lucose l e ve l s were r eg ulated , near

physiological aacunt.s of GLP-I infused during ingest ion o f a

mixed me a l ",:oarly e l imi na t e d i ns u lin r equirements i n these

diabetic patients (Gutnil!lk e t ill ., 1992 ). Moreover . in poorly

co nt r olled pat ients with type II d i abetes, a GLP-l infusion of

1. 2 pmol l kg / lIi n completely normalized b l ood. glucose lev e ls

wi th in 2 -4 hou rs (Hauck et a.l . , 1993)

Glieentin

Gl i cent in has been isolated f rom porcine i ntest inal mucosa

(Sundby at al ., 1975 ; La r s son and Moo dy , 1980 ) . I t ha s b ee n

sugges t ed that glice nt i n i s a. prohorn one to g l ucagon (J ac obsen

e e al . , 1977) or t o other fragmen t s wi th glycogenol yt i c
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properties (Ho l s t, 1978) . The c i r c u l a t i ng level o f p Laema

glicentin r eac he s approximately 1 nM f ollowing nutrient

inges tion (Ohneda, 1987) , a concentration wh i ch i s far higher

than c onc e ntrat i on s of t he other gastrointest i nal ho rmones .

It has been repor ted that the g lucagon-secreting A ce l l s

of t he pa ncreas c ontain a glicentin-like peptide which i s

l o c a t ed in the secretory granules (Moody e t: <11. , 197 7 ;

gava z zoi.e e t a1 . , 19 79 a, b ) . The phy s i o l og i c a l a ct i on of

g l i c e n t i n is not co mpletely understood . Glicentin was fo und to

have no effect on basal insulin release in t he mouse, it

i nhibited glucose -induced insuli n secretion (Ahre n and

Lundquist , 1980). Recent ly, Ohneda e t a1. , (199 5) have

demo nstra ted an i nsu l ino t r op i c act ion of g l i c e n t i n

pancreatic a - c e t i e i n do gs . Although these e ffects of

g licentin ha ve be e n reported, t he actua l mecha nism of i ts

act ion remains t o be invest i gated.

Hiniqlucaqon

I t has been sh own t hat i nterac t ion of g lucagon with liver

cel ls l ead s to the cleavage of the hormone by an endopep tidase

giving r i s e to t he l oc a l pr oduc t i on of t wo COoH-temina l

f ragme nts (Mallat et a 1 . , 1987 ; Bl a ch e e t a 1 . , 1989) . glucagon

( 19 -29). r e f e r red t o a s mini g l u c agon by Unge r a nd orc i,

(1990), and glucagon ( 18-29) . Gluca gon (19 -29) is presen t in
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rat pancreas and stomach; i t s tissue co nc e ntra t ion cor r es pond s

to ab out 3% of that o f glucagon but t here are no detectable

amounts o f the pept ide i n ra t 9lasma (Blache et: al . , 1990) . I t

h as been s hown t hat g lucagon ( 1 9-2 9) i s generated upon

incu ba t io n of glucagon with l ive r p lasma membranes a nd was

degraded with a ha lf-life of < 10 s eco nd s (IH ache e r a1.,

1990) whi ch may exp lain why, unlike glucagon , g l ucagon (19 -29 )

i s not found i n the circulat i on . Rather if i t is

physiolog i cally active it mus t be produced lo cally at its s i te

o f action . The en zyme , or enzymatic s ystem, responsible f or

miniglucagon produc t ion is a thiol en dopeptidase . Bl ache et

d1., ( 1990) reported that mi n i gl uc agon p r od uct i on wa s

inhibited by thiol -reactive agents such pa ra -

chloromercur i b e nzoa t e , N-ethylmale i mide and para-

c hloromer curibenzenesulfonate . Partia l inhibition by the

c helating agent 1 , 10 ~phenanthro line suggests that the enzyme

a l s o Lnc'I udr.s a catalytically active metal, wh ich contributes

to t he full express ion o f the enzymat ic activity .

Glucagon (1 9-29 ) and glucagon ( 18-29) , at nanomolar

concentrations, inhibited t he act ivity of t he plasma membrane

calc ium pump of l i v e r plasma me mb r a nes wh i c h i s responsible

for the ac t ive e xt r usion of calcium from the cell eBl a c he et

al., 1990) . Minigl ucagon exerted a biphasic s t imulation on

this s ystem i n l i ver (Lo tersztaj n et al. , 1990 ) where i t was
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1000 times more e r rect.tve than glucagon itself". Bot h pe ptides

have no effect on adenyLyL cyclase ac tivity, but it h<lS b ee n

reported that t heir act io n on the c a l c ium pump i s med iated by

cholera t o x i n- s en s i t i v e G protein(s) (Lotersztajn .~ t ,1.1. ,

1990 ) . The demonstrat ion that glucagon i t se l f can be processed

i nto a fragmen t wh ich displays an ind iv idual b Lol cq Lc n I

spec i fic ity, na mely t he r e gu l a tion of" t he membrane-bound

calcium pu mp , ra ises t h e quest ion of t he presence a nd natu re

of rec eptors ten: t h is pe pt i de o n l ive r plasma membra ne . Any

metabolic actions of min ig lucagon ill vivo r e ma i n to be

eluc idat ed .

GLUCAGON RE CEP TOR ANTAGONI ST S

I nc r eas ing interest in t he role of g lucagon in d iabetes i n

t he maintenance of e l e va t ed b l ood g lucose levels has made the

d eve lopment of glucagon antagonists v ery important.

Furt hermore, a pure an tago nist o f glucagon wou l d be a valuabl e

t oo l f or i nvestigati ng t he mechanism of" i t s biolog ica l

ac tions . Ea rlier s truct ure-function studies have. been directed

at e lucida ting the funct ional groups a nd the conformat ional

features o f the hormone t hat are responsible for recognition

and b ind ing f rom thos e t ha t t ransduce t he b iological response.
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D89-H is'-(Glu' j-glucagon ami d e a..;d i ts b i ologica l a c t i vi ties

Des -His'- [Glu~] glucagon amide was proven to be a

relatively potent competitive antagon ist to glucagon in

hepatocyte membranes (Unson et: <1 1 . , 1987). Its b ind i ng to the

receptor, as measured by competitive displacement of lU I _

labeled glucagon from live r membranes, was approximately 40%

as e f fective as g lucagon itself . Moreover, t his analogue did

not activa t e adenylate c vc rase or generate cAMP at any of the

conce nt r a t i ons tested .

Post e r <1 1 • • (199 3 ) i nv est i g a t e d the activities of des ­

His' - (Glu'] g lucagon ami de c ompared to glucagon in modu lating

the a ctivity o f ade ny lyl cyclase i n isolated intact and

saponin-permeabilized canine nepeeccytee . The antagonist , at

30 nM, was able to i nh i b i t by 50t the cAMP accumulation

induced by nM glucagon . In s aponi n-permeabilized

hepa tocy tes, the an tagonist at about 100 nM inhibited by 50%

the stimulat ion of adenylyl cyclase that was induced by 10 nM

glucagon . In both i nt a c t a nd saponin-permeabilized hepatocytes

the antaq o n Ls t; was without effect on the basa l act i v i t y of

adenylyl c y c l a s e . These results identify the analogue des­

Hisl- [G lu~] glucagon amide as a t r u e antagonist of g lucagon

action i n b ot h experimenta l preparations i n vitro .

In I"i vc ef f ects of the antagonist were reported by o ne en

e r d l. . ( 1989). De s - Hi s 1- [ Gl u' ] glucagon amide did n o t
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