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ABSTRACT .
-

Al
‘It is now geperally bel!eved‘m‘t kidneys of many species increase

-ammonia excretion (ghrough™ the action of glutaminases) in the.urine, in

response to an acid challenge, and that the physiological sigl{lﬂcmce
of 'such -enhancod ammoniagenesis is’to primarily conserve extra-cellular
fluid cations, especially Na*. The source materfal for e

ammonia has -been |de(|t(ﬂéd as glutamine. However, the physiological
stlmi"luslfar'rennkmmon{n excretion, the relative ;mpoi‘tance if
enzymatic and physicochemical factors in the mechanism of ammon,

excretion, and the rate-1imiting metabolic .step(s) which is' (are)

'nodiﬂed durfng acidosis, are still not clear.

In an attelp‘t to mravel some of these mysteries, studies were

‘conducted on renal synthesis of glutamine, and glutamine syqthetisj.

has the p to regulate 1 is by

* .
. regulatory events of renal anmoniagenesis in the rat. The guinéd pig

Yemoving amonfa. It'fs clear, therefore, that results of studies
performed on a system which contains high activities of both the
ammonia producing enzyme (glutaminase), and the ammonia consuming

enzyme (glutamine synthetase), would be difficult to lnte‘r‘pv‘"ete‘ln
\

© terms of net ammonia metabolism at any given time. A system with a
N

i
“Earlfer studies.had iplicated glutamine synthetase in the

relatively high activity of one or the other enzyme was necessary.—4

was chosen'as a sui'table experimental animal model.for the studies

reported, because the guinea pig kidney has a relatively high activity @:

of glutamine synthetase, and a iow activity of glutaminase.

These.s_tndies sho‘-;ed that the gu'néa pig kidney cortex tubule




4 synthesizes g]utam(ne .rapidly at.pH 7.4 (503+1a,;mo195730 min/g dr_y; :tk
when |ncuhated w[th q1utamate and ummnium chl arMe. Furthe.rmor‘e. the
'Mgh rates “of glutamne synthesis were reduced by about 50% at pH 7. l,
£ regardless n@: the ‘lower pH was ‘produced by decrenshg the
MCO3 concem‘.rutiqn tabu'H: xidos!s] or increastng the o
i i PCOZ (r:sp1ratmy ac1dus1s) The MMbIHnn of glutamine
synthesis was reversible. o
Subcellular fracuonatlon studies on.guinea pig kldney cortex
5 ) .1nd{caud an excluslvewtusonc localiuﬂnn of ‘glutamine synthetase.

% Such.localization was not altered when the ipH of the homogenizing

nedium was changed, since glutamine synthetase almost consistent)y{

- I . a;;peare& in the soluble f(aqtion of spun homogenates, using sucrose or ]. :
. KC1 media. i DR TN
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ODUZTION -
1.1 Focus on the nhef/t.ine in 1nte\led|lry !nho’lisll .

1.1.1 Mscovevy and Functions of Glutllh\e

The existe_nce of g]utd!ntm to have been first considered by

Hhslw'!u.md Habermann, who suggested,in 1873 that the ammonia found

'n'hydrnlysates of pwteln arose by hydrolysis of protein-linked .

Ag'lutalﬂne und asparagine- (1) -and by 1932, all of the other common

® amlno acids uf prnteins except threonine had been 1so1ated from protein

'hydro1ysa__tes v(Z). It .1s now known, that glutamine is widely
v

di_sfvlbuted i y!rtually all species in protein-bound I;Id free forms
(3), and that {t.is the most abu‘ndnnt free amino acid constituent of
mammalian blood plasma (4). o

The central role of glutamine in nnroqen metabolism {s
11lustrated in Fig. 1, which shows those pnﬁv_nys in which the amide
group of g]umlne is utilized as a preferred source of nitrogen for

the biosynthesis of various amino acids, purine, pyrimidine

“wnucleegides, glucosnine—é-l’ and'ltAD" Thus it is a key Inter-edhte

Fl

in the ultimate synthesis of prau'n.\quclﬂc\:ﬂds and colp1ex

polysaccharides. :

1.1,2 Glutamine as pPécursor of Urinary ammonia and Carrier of
' nltvogen' between ‘tissues .

«Nash and Benedfct (5) 1n 1921 showed congclusively thaﬁmonu
excreted in the ur1ne was formed irt the kidneys. The source material
was Hvst believed to be blood urea, or plasma prote!ns. then later
lmmﬂaclds. '
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Van s‘iyke etal. demonstrated that; adm(n(stratinn of g1utamine to
a dog 1n HC1 ac1dosls markedly increased ammonia excretiqn. and - that
depressing the ammonia excretion.by changing from hydr_'acMorIc acid
acidosis to bicarbonate alkalosis was accompanied by a'curr\wun‘ding

decrease in removal of glutamine i;bm\&he renal blood (6). Tabie 1

indicates the relation between glutgmine and ammonia concentrations in

their experiments (6).- These experiments provided the first direct

clue, in vivo., of a spédﬂc pwsiolhéﬁcal function of -glutamine in

anhlals. and established g'luhmin s-an important-1ink in th’e

regu]atlon of acid-base ha]ance ' unct‘ona] 1y, circuhtlng glutamine

has heen viewed as an 1mportant veM:'le {a) uhereby nitrogen. during .

metaboHc acidosis, is delivered ca the kidneys for the productlon of

urlnary ammonia (6,7) and (b) wnere in urente]lc species, waste -

nitrogen derived from catabolic reactions in peripheral tlssue_s js'

delivered directly to thé liver for the blosynthesis of urea..

1:1.3 Interargan mtabn'Hsm of c(rclﬂatlng g'lutamme soigrces and

’ uunzamn of glutammg

In addltion to the kidneys, three majar sites of gl amtne

metaho”sm (uptake or release) have been prupused Liv!&’\‘s 9),
ske'[eta] muscle, (10), and Gut (8,11,12).

: LIVER .

‘&The role of the Hver |n the supply and utilization of circul anng
glutamine {s controversul. Addae and Lotspeich (8) reported that dog
Tiver showed 2, net release of glytamne into the hepatic vein and. that

this release was significantly increased by metabolic acidosis. ; In

other studfes from Arterio-venous (A-V) di fference measurements in




TABLE 1.

Glutanine and NH3 concentratfons during acidosis and alkalosis.

ity ol ke,
. cc.per min. mg.per min.
Acidosis 25 0.562
. 268 + 0.605
' 262' 0.615
Alkalosis 178 0.005
200 0.004
191

0.004

Glutamine

mg.per. min

0.33
0.39
0.41
0.0

0.02

,0.04

Preformed NH N 1n blood -

Arterfal

"Renal Venous

mg.per 100cc mg.per 100cc

0.02
0.02
0.04;
0.034
0.039
0.062

0.10
0.10
0.10
" 0.075
0.075
0.063

T Sy = oY




5.
vivo., dog Tiver neither extracted nor released significant amounts of
glutamine (13). Hills et al. (14) questioned the interpretation of the

‘ : i
results of Addae and Lotspeich on technical grounds. Aikawa et al.

(15) reported a net rel _éa's'e of glutamine from rat liver, but\ the

significance bf their experiments was questioned by Schrock et
(16).

fes on glutamine metabolism in the {solated perfused
Tiver|have als§ produced conflicting results. Lueck and Miller
found no net glutamine uptake or release from the normal |sol;te
perfused rat liver when the Tiver was 'porfused with ph ologi
concentrations of glutamine (approx. 0.5mM), and’an increase in net
glutamine synﬁasis when the pH of ﬁe perfys{un\sd'i um was -lowered.
This was similar to m findings of Oliver et al. (18). However Kinlen
and Bourke (19) cou'ld not detect net glutamine synthesh in nerfused
.Hvers ubtain:d fru- either control or acidotic rats. und vepovt:d a
release of g\utn'ne in her experiments on the 1solated per fused rat
liver only when glutaaine was not added to the medium, and in fact, ’
when 1sM glutamine was added at the beginning of the per'us’inn’ there
was a net uptake rather than release for the first 30 min.

The isolated perfused guinea pig Tiver (20) utilized significant
amounts of exogenous glutamine only n’n:n it was present in
concentvat1o;|s of 1 mM or higher. Among fasted animals only in the.,
sheep has net hepatic glutamine uptake b:en demonstrated (21). Thus,
the liver can either extract (normal postabsorptive liver (16)) or
v‘e'leas: gluélmina and appears to p'll_y a regulatory role, restoring
blood glutamine Tevels to normal when they are elevated or dépressed. a
view first expressed by Lund (9). Receﬁt studies sunes‘t .thnt the con-

centrations of certain hqv-ones\und mgiholitos. in addition to




6.

glutamine itself, may also influence hepatic glutamine utilization..
“Regulatory roles haye.been prapt;sed for ammonia ('22_23), bicarbonate
(22), Leuciné (zn; and glucagon or cylic AMP (22). Haussinger et al.
(25) and Oliver et al. (18), meanwhile belfeve that-blood pH

independent of the bicarbonate concentration is important.
LE

glutamine in normal animals fis

e. Since other organs extract

glutamine from the blood continuou:

1y, there must be compensatory

/_‘,wy’c}é elsewhere in the body. An s:‘:"““ soyrce app‘ears to be
© skeletal muscle, wheré glutamine and alwaine are,the predominant end

f. ‘pr;aducts of ammonia fixatfon and amino acid catabolism, particularly
leucine, (so1euc(r\m. and valine, for which muscle is a major catabolic
site. A net release of glutamine by muscle has been observed in vivo
from A-V difference measurements in the hindlimbs of dogs and monkeys

_: (14), rats (15,18,26,27), sheep (21), and in the forearm of

i posubsnvftive man (11). In addition g]uu\-lne is produced and
released by the isolated per fused ra‘t hind1imb (27) and by isolated

| strips of rat skeletal mscle in vitro (10). The effects of metabolic.

acidosis on glutamine metabolism in skeletal muscle are controversial.

release by rat skeletal muscle during ac/idosis, but no such increase
was seen by Lund and Watford (28) or Lemieux et al. (29). Addae and
Lotspeich (8) found no significant effect of metabolic acidosis on A-V
glutamine differences in the hindlimb of the dog. However, in their
experiments, there was also no demonstrable A-V glutamine difference in

+ the hindlimbs of normal dogs,ll finding |ncoﬁs{sunt with that of mor:

\

Oliver et al. (18) and Schrick et al.(26) report an increased glutamine



recent 1nvestlglﬂ‘ens (1‘0.

Rudernan et al. (30) reported that 78% of the rat hindlimb fs
skeletal -:s;'le, and that this muscle accounts for 95% of the total
oxygen consumed in the hindlimb. Thus, most of the metabolically
active tissue in ra‘& hindlimb_{is skeletal muscle. Thenlom‘,’- lg may be
concluded that glutanine released from the hindlimb s synthesized in

_ skeletal muscle. If this is true, then 1t {s not unreasonable to
assume that total body muscle contributes to the circulating glutamine
pool in the rat, and that the rate of muscle’ g]uuv‘nlne production may
be' influenced by the dietary (28) and no;‘wonu1'(31) status of the
.animal. The origin of the carbon skeleton for de novo synthesis of '

" glutamine has not been deternined (32, 33). t

INTESTINE " ' . )

A-V difference measurements in fasted dogs (8,14,34), revealed a
large net ujtake of glutamine by the §roup of organs drained by the
hepatic portal vein - the stomach, s_ll]l and large fintestine, c‘ecu-.
spleen, and pancreas. Sim{lar observations were soon reported in sheep
(21), rat (i5) and man (35.}53- Subsequent studies (11,37.361_ have
made it upplrent/unt sthe small intestine plays a dominant role in t;ﬂs

« phenomenon. = & :

Mucosdl epithelial cells of the intestine have access to glutamine
from two sources:— the arterial blood across the basolateral uen‘bran‘e
~of‘the cells ;nd. after a meal , the intestinal lumen, -across the brush
border ;uemhune. A=Y d!f!e‘rence measurements in vivo. acrosf the

© tissues dni‘ne’d by the superfor mesenteric vein, in most laboratory
antmals, fndicated a net uptake of 20-30% of the total plasma glutaming
by the small and large intestine; net uptake was less in rabbits and no
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uptake vas obsérved 1n guinea plgs and chickens (39). Scock et al.
(16) recent“ly reported that the gut (nonhepatic sv'lanc!mic bed) does
not appear to play a role in supplying additional glutamine during
chronic acidosis or.diabetic ketoacidos‘h. They repo'rted some s1ight

variatfon in glutamine uptake at this site, but the differences were

. not significant when cgnpareﬂ to controls. They concluded then’ that,

;(n‘t’:e glutamine is _hsed as one of the main respiratory fuels in'the gut
(12, 40), ﬂ: would be unreasonable to -cut down glutamine uptake during
acidosis to supply g‘lut_amine wto the kidneys (16). However a _most
recent study by Brosnan et ai. (41) tndicates suppression of intestinal
g'lutam\rle‘ utilfzation 1n'the' ’diabet’ic, ketoacidotic rat due p}obab]y to
its replacement as a metabolic fuel by the ketone bodies, whose
concentrations are greatly elevated (5.4 mM).

KIBNEY

While 1t 1s well known that during periods of metabolic acidosis

_the kidneys extract 1irge:7umﬂts of glutamine from the»q{r:ulap‘oﬂ for

the production of urinary ammonia (6,42), the magnitude of renal

glutamine utilization under normal conditions remain uncertafn. -

Squires et al. (43), Lund and Watford (28) and Schréck et al. {26), all
found 1ittle or no glutanine uptake by normal rat kidneys. Recently,
Hughey et al. (44) also measured A-V differences for ghitamlne across

the kidneys of normal rats in whole blood and could not establish an

‘A-V difference stgnificantly different from z‘ero. T}lese findings

essentially confirm the earlier work of Pitts (45) who_found that
glutamine hydrolysis was about exactly balanced by glutamine s:ynthesis
in the non-acidotic rat kidney.




utilizes glutamine, but unlike.in the intestine, 40-50

. p A

Renal glutamine utilizatiog appears to be concentration dependent,

‘and even snall increases in the plasma concentration my stintfSté

, uptake considerably. No, net re_nq g]uti‘imine uptake ‘was observed 1n

unanesthetized sheep with 1n;due1llng' hlknnd sampling cannulae (21).

And 1in rats, rgnov'lng the small 1nt!st1n|;, liver, and spleen (46) or

only the small intestine (12)—}”’" the ilrcuhtion produced a mu;h
larger increase in the plasma glutamine conqentraélon than did
nepnrectomy. evidence ‘that the (ntestine is quantitatively a more
important sLte for g'lutamme utilization.
OTHER TISSUES AND CULTWRED CELLS
AV difference measurements using the imbilical artery and vein in
pregnant r;ts revealed a Ttarge utilization of -plasma glutamine hg the
deve'lap;ng fetus (47). Extensive glutamine utilization by 2 tumor,
also.a rapidly grauh;g t1ssx‘u. was |ndi‘caced;.fv~m arterial-iliac vein
differences n rats. Stmflar techniques, indicate that pancreas in dog
in‘ the
glutamate produced from glutanine hydvolysis s released back fnto the
blood (48). Glutamine constitutes the key metabolite for the

elimination of ammonia in nervous tissue and plays an important role in ~

the pruduct‘)nn of GABA (a neurotransmitter), in brain. A number pof
mammalfan cell 11nes in culture actively ‘metabolize g1utam|ne to

€0z, including fibroblasts (49), “bovine lens (50), 6C3HED tumor

cells (51), oocytes (52), reticulocytes (53) and Hela cells (54).

1.1.4 "Hetabolic fate.of Glutamine Carbon and Nitrogen
The quantitative contribution of glutamine oxidation in vivo. has

been esub'lished only for the'small intestine, inwhich the mucosa was

-

|
|
|
|
|
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s
identified as the'slté of Bgidation and arterial blood {as opposed to
| the ‘Tunen) a5 the main sulree of glutanine”(37). In this tissue, ’
artevm glutumlne is a more\ important respiratory fuel than {is glucose
. in both fed and starved rats\(lz &:5). Major products (which i3 a

|
veflectlon' of .the metabo'HsJI of the”

issue, and not the” intestinal

L ntcmﬂam) ‘other than CO» and NH3 are -citrate, hctate, i

\ e a'lanﬁle, cltmlline and pvo\]ine (37). The products:reflect the

i . 2xtensive oxidation of glutanine and a small capacity by rat® intestine .
.fov g?uconenéenesis, ::‘nntrary to that observed by Anderson and
Rosendall in guinea pig 1ntest‘vle (56) 3 ‘vtney found that thi :guinea pig
Jejunal mucosa contained s]gn!ﬂcant Tevels of the important.- '

gluconeogenic enzymes and that \thesz enzymes show an adapuve incvease
|

| .

Glutamine: conuibutes bup.h carbon and nitrogen for alanine

after starvation (56).

tion’ and ielease kry the Intestine s0 that glutamine is indirectly
I
involved in hepatic g'lucenengenesﬂ 1nsnfav as_{t'serves as a precur sor

. of civcnnating alanine. Extracﬂon nf glutamine by the kidney is
elevawd_ in starvation and under\‘ acidotic conditions, and the carbon of
glutamine may be oxidized or fnsec‘; for the synthesis of glucose (574;77
renal glucaneogen,e's‘is ‘becomes of‘\incveash\g significance with prolonged
starvation (58). What contribution glutamine makes to:the net release
of alanine by the kidney (15) is ‘Epvesent'ly not known, but both alanine
and g1nta{n|na released by skeletal muscle will make significant

. contributions to body glucose fon‘nauon, although it is only alanine
that '15 1nvolved Id_r'j_e,st]y in hepatic gluconeogenesis (see fig. 2 ), - i
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115 Renal glutamine, giumte, and NH3 metabolism in*
viiffemt species

Since the initial work of Krebs (59), and that of Richterich-van

Baerle (60), Klahr et al. (61) and Preuss (62), 1t fs now known ‘that, '

th kidney‘ :;rtex slices of dog, cat, pig, rat, sheep, and

pigeon, s\ﬁi{of guinea pig and rabbit, do not release ammonia when
of guinea pig and rabbit

with gl : Ammonia
was also Tow, and fn_this herbivores, lm?‘lk_e dogs, rlts,’a'ng humans,
was.no different during acute acidosis than during acute alkaldfis
(63). The latter .1'1.1 carnivores, increase ammonia exéreéion markedly
in acidosis -(42,64). A correlation betueer[ rinal gll,tumine

synthesizing ability of guinea yi‘g, rabbit, rat, dog, cat, and pig

_“(average wine pH range, 8.1-5.8), and urinary pH have been noted.by

Janicki et al. (65). Rabbits and guinea pigs with, alkaline urines and
rats wi th neutral urines have high abilities to sy‘ntheslze glutamine,
-herea‘s cats, dogs and hogs with ad-Mc urines had no detectable
glutamine synthesizing activity in their kidneys. In contrast, there
was a direct relation between renal glutaninase activity and the
urinary acidity fn these animals. ’

Since it has a high capacity for glutamine synthesis, and a low
glutaminase activity (66), 1t might be expected that im vivo., the
guinea pig kidney would not take up, but rather release glutamine into
the c‘(rt;uhﬁns hlqod. That this s indeed the case has beEl\LhOllll by
Baveral etal. (67). Until Tately, the pathway of -renal metabolism of
glutanate fn these spectes was uicertain. Beeversl et al (67) have
made an attempt to clarify this sub:lec-t. .

In fuct,. as far' back as 1950, Smith (68) had recognized the great




variation in renal physiological function-between )Lert;ivures;_

P F

carnivores and ownivores, and’ between uater—canse'r.v{'ng desert animals '
and temperate species;: it is therefore 'c1ear then, tﬁat, glutamine
metabolism in relation to-ammontagenesis and ﬂs‘metabonc fate ziiffers N
between species, so that results from rat kidney may mt be” necessarﬂy

appHcable to other spec{es‘

Lals Impartaut enzymes of Glutamine metabu]lsm

The synthesis af g!utaml.ne provides many types,nf ceﬂs wi th E Y

mechanism fdr remnva'l of N3 and Fnr its storage,” ‘Al though not,

essentia'l in the diet of mrimals, plants,” and must nicro organlsms,

glutamine plays a central role in mino atid and nitrogen metabolism.

It is evident thérefore that this amino ““3, 'alldve must be “synthesi zed

" by awide varfety of 1iving cells,-and hence the enzymes that ¢atal ysé :

B R . .
the synthesis and breakdown of this migultous amino ac(d must be of
major importance in cellular m@aho!i‘m and cht!on.' . o .
1.21  Glutamine synthetase (EC 6.3.1.2) o

Glutamine syntheta’s!'(,GS), 1ch'ca‘f.a1y'zes the formation of

L-glutanine fom L-glutanate, NH3, g2+, and ATP (2,69,70) -

appears to hive a very vdde distribution in nature. Its activity 'has:

been found fn micro o anlsms and plants (71), and in mmls‘, it is

fougd in many t'lssues. special 'Ixﬂbra{n, 11ver ske'lew sc'l_e‘dnd 1n.

B

theskidneys of some gpycies (59,60, 2 73)‘ The ‘enzyme ohalﬂy‘p]us A

dual role in the & onomy of the animals, name!y th syn;hesis of
glutamine and the detoxication of NH3. Al\mugh these bla i &

functions are fnseparable, it is p‘ossilﬂe, nonet.hﬂess that one:
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¢ A function or the other predominates ipan animal or a particular organ K
" of the animal. A survey of thh distribution of &S in’the organs of g ¥

T »different sﬁecies of animals might help to-elucidate the relative

. hlmportance of its two functions, Zand also shed some 1ight on the
. relation of its distribution to the phyl ogenetic classif(catlon.
G5 IN BRAIN ;Mg we e . W .
Brain is mré susceptible to NH3 poisoning than any other < Cae

p i ; tissue; high concentrations of b]Dod,;HH:; Tead to coma and . -

i convulsfons  n man (74), ‘and inhibitioq of hrain [ causés se(zures .
s 2 2 (75) Thus, it is essentia! for the brain to hévz somemchanism by
which MM3 can be effectively detox1:ated. Perhaps the three mosto B ’

effective systems engaged in the rmuvapof ammoria are g1utan|ne

synthetase, " carbamy) phosphate synthétase and g*‘mmate denydrngena_se/_\

Chrhamyl phosphate synthetasa has not been de?ﬂbed, thus fg.r in

bra!n, and it 1s not’ surpr!sing therefore that/ brain iwssessed GS
activity in a1'l vertebrate species studied 176), and- that in the lower

anfimals | (Urenmlc Jeptites anphlhﬂns and fishesi it hecama the only

sue to possess the enzyme activity » /

G5 IN LIVER LN ) Lo .,
second on'ly to brain _m GS aq’;ti‘vit’y is 1|ver. "T}le enzyme n‘as " i
found in Tiver of all specfes above thé reptilian level &u tﬁe
& phylogenetic) scale 76). A Mfference naSbeen observed between the

. 1ivers of a chelonian reptile (turﬂe) and that of an ophidian reptile
2 (snake). The urent;el{c ‘turtledid not possess 65 fn 11ver, nor dn - any

other tissue, but. buin, while the uricotelic snake, ;yssed ‘the

i ' enzyme not only 1in the “Hver but also in ‘other tissies. activity in

the snake Tiver was the highest of a;]/livers. "By anid 1_m19 the enzyme
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activity in the liver of uricotelic’ animals (snake and birds) was

‘cnnsﬁderably Mqher than that of ureotelic n\axmna'ls‘ This difference,

can be explained on the hasls of ureotelism and uricotelism in these
animals. “In the uricoteles, uric acid forms the hulk of Mtrogennus

end pnmucts in the excreta and 2 moles of glutamine are c}nsumed for

" each mole of the uric acid excreted. Uricoteles obviously would need

more glutamine than ureoteles, which require no- direct participation of
glutamine ,in ‘the- synthesis of uréa for excretion. |
GBS IN MUSCLE . L .

Glutamine has been known to be released from human vfa;*earm (11)

and rat skeletal -nuscle (15,18;30) in amounts higher than could be ‘'

accolinted for by muscle proteolysis a\one;"‘ana while the existence of

6S has been confirmed 'in‘ skeletal muscle (30,31,77), the observation by

Blackshear et al. (78), that methionine su1pyhox|mlne (MSIJ).< specific. -
" inhibitor of, 65 (79), markedly inhibited glutamine accumulation after

functional Mpateéwuy_in the rat, indicate that the GS pathway fs[ the

. .source of most of'the glutamine released by the extrasplanchnic

tissues, and that glutamine may be syuthesized de novo in skeletal
mus;h and other extrasplanchnlc tissues.
/GBS IN KIDNEY
'G5 vas not found fn the kidney, of ‘any antmals below the level of

mammals, and even :1n some mammals this tissue contairied -no detectable

‘enzyme activity.(76). The absence of “demonstrable 6S in dog (76,80) i

and human (81) kidneys may make it seem unlikely that theﬂzyme' serves

a‘crn’ch] function. ' The difference between animals w!th and wi thout

renal GS may be related to a difference in urinary acidity. In man and

' tiug the urine is ﬁabituaﬂy acid and therefore more urinary ammonia is

”‘ .

N\




sux:rose (84, 85) nd Tn. the ch1cken '”ver 1t 1s 10:51(1:5 in the

D & :;\' \ ¢ o

required .uMn in nt:. nhMts guinea pigs and hamsters

with usudlly ¢

neutral or a'llene urines. The htnr group ay use.6S' to retrieve

NHg* rot needed in the urine.1 . 2 ' N

. LmALmeﬂ PROPERTIES, AHD REGI.I.AT!O'I OF 65

&S has been shown, through: i-mochsicll stud'es to be located (n
ast’ncytes of rn brain (82), and to be ’urge\y mbnne bound, through
cell fractionation tudies (83). " In the rat llver, 6s is mainly
assachced ﬂtn-ﬂic omes, during czﬂu]ar ‘fr:cqlnnation n isotonic

nlmchondru'l h‘lcﬂons (85).

Detuﬂed- sub:el'hnar stud!es on. GS ih, gu'nu pig k!dney is
laa:king. 'lut swdles |n the rat ar\d nhh{t show exc'lus(ve hcl'l(ntlon ', ;
nf,ES in_the proximal strlight tunu'lz of rat nephron (86), while
activity is* high |n both prnx!n\ :mmoluted and stulgﬁt tubules of

rabbit nephron (8§), with some acﬂvit,y 1n the glmeru“ and’ disnl . g

. st.raignt tubules. . e g & : P

The wide vuruv of thé -nhe‘l(; ﬂl\:ﬂons of glutamine suggests
thlt 6S iust be slhject to regul nnry mechanfsms, which nn ‘control

el supply of g]nt-ine available for dlffennt purposes: It would also be

_and ..=‘. mntﬂ\el 1L

expectaf. since g]ut-lne perfor-s dlfferenz ﬂmcﬁons 1n. different
“ce11® that the nature of the iregulatory Mechanisas would e different

of dlfferent cells mu){
. differ fn structureand ﬁmct!on. It s evident. that the function of’\v/™

brﬂn 6" wuld he ralwed intimn ly. to ehn mugn"sm of the yutnive o

neurutrunsmtters. UBA and, gluuﬁc acids. Dn the other hnmi Hver
.

65 probably functtons in the wurﬂ -hm acid and nnrogen lenbollsn

_ of the mammal{an organisdl.. In t.he klduw. 6S would also be egpemd w\ ‘ i




partake in one of ﬁs st active’ blochemical functions - NH3
productiqn '

A comparison of certain regu'latory and stru:tura’l features of
hacter(a\ and malm\aHan g'lutamine s.ynthetases shows that the GS of E.
"ol 1s inhibited by tryptophan, histidine, AMP, and g1u:_osamjne-s-P

(87), nhﬂe the GS of rat Tiver and wtne bra(n are not. %urthermre,

the GS of E. coli can exist’in adenylylated forms, »Inﬂe no su:h forms.

uf mammalian g1utanine synthetases have been found. KG and C|tratz

i are inMMtnry of GS a:tiﬂtx vhen divalent.cations 1ike l‘lgz+ and

an* are Hmltlng 1n concentration 1n me assay media. Excess .

cations yeverse the effect of aKG and citrate, and. othgr compounds

" chelating divalent. cations minic the effect of both (88).

One might a1 0, apect w ﬁnd differences betweeu .the glutamine
synthetases uf varinus mamma\ian tissues; however, since al1 of the
glutamine synthetases catalyze the same chemical reaction, one would
expect that a namher of the properties uf the glutamine synthetases
obtained from various cells would he slmﬂar, especially those

prnpert1es which are functions’ of the active centers of the enzymes.

’ It is nntah]e that all of the mmma]hn glutamine synthetases thus far

exum!ned\have g(ght subunits ), vﬂ.h suhunit mlecular ve1ghts in the
range 44,006~50,0DD. It is a'ls'n of interest that glutamine synthetases

obtained from' widely different sources are irreversibly inhibited by’

methionine su]vhoximine and tarban\.ﬂ ‘phosphate (79,89), indicating that
“'the mechan!sms of the reactions cata'lyzed are prnbab]y the same or

simflar. '_ i v O




3
¥ MECHANISM OF THE. GLUTAMINE SYNTHETASE REACTION

The mechanism of .the GS reactfon is that proposed originally by
Krishnaswamy et al. (90) and supported by Meister (89) and Tate and
Meister (91). - . i

In this proposal, GS binds negatively charged ATP first, by virtue

of a positively charged microenviroment on 1ts. surface, and reacts with

glutamate to give a complex which promptly’ rearranges to one that,

. contains enzyme, ADP,.and y-glutamyl phosphate (activated glutamate).
The y-glutamyl phosphate complex may react with nucleophilic agents
(90) to give a cnrvespnnding Y- g‘lutamﬁ pvuduct, glutamine, 1f the
nucleophile is ammonia, and y-glutamyl hydroxamate 1f the nucleophile
L+ 1is hydroxylamine (Fig. 3a). E B ‘
- Methionine sulphoximine can exist in cor’\formntlons‘whicn is very
m\to that proposed for L-g1uum\ate (F‘Ig. 3b). A clue as to the
mode of inhibition of 6S by MSO emerged men pre(ncuhn;{on of GS with
MS0, ATP, and Mgz’ produced marked InMMtion (89), vmich could
not be reversed by addition of glutamate. The |vreversib1e {nhibition
Of G by ¥S0 fs now known t¢ be dssociated with the phosphorylation of
this amino acid anﬂlogue. and with its tight binding to the enzyme.
+ The inftial attachment of MSO to the active site of the enzyme in
essgilt!aﬂy} tneﬁsame manndr as does glutamate is possible because of
the conformational similarity between glutamate and MSO (Fig. S:b).
1.2.2 Glutaminase isoenzymes (EC 3.5.1.2)
In .his paper, gntitled, "The synthesis of Q]uiamine from
glutamate and-ammonia, ‘And the enzymic hydrolysis of glutamine in
-animal tissues" published fn 1935 (59), H.A. K;ibs perceptively

recognized: "Liver of mammals (pi‘g. guinea pig, rat) contain a
) : :
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g‘etamine—sy“ttim enzyne which is not in;ﬂhited hy‘g'lutamate, and
shows a pH optimum different from the optimum of glutaminase from
brain, kidney and retina. * -

The mitochondrially .located (92) "pnosphate-dependent" isoenzymes
are considered to be the true glutaninases, and are designated
glutaminase I. ‘Liver, and possibly lung, posseozat/hj "1iver-type"
1§oen1yme, all other tissues, 1nclud{‘ng brain“and lung, have the

kidney-fype" (93). The two are distinguished on the basis of Py

requirement (the 1iver type requires a low concéntrat1un for

activation, the kidney type, a high concentration), pH optima, affinity
for glutamine, reactions with activators and inhibitors (93) and

inhibition by glutamate (59). The tissue distribution of glutaminase

- activity reported by different workers is not {dentical, but highest

activity is present in kidney, brain, av'm ‘possibly small intestine,
u'th"mcn Tower activity in Tiver and other tissues (93, 94)." The two
enr;ymes of the glutaminase IT pathway, glutamine ketoacid transferase
(6KA) and w-amidase, are located primarily in .me cytos.ﬂ (92).

" The glutaminase I'(PDG)_ pathway commences with the entry of
g'h‘ntmtne into the mitochondrial matrix. . There glutamine is deamidated
by PDG, yielding ammonia and glutamate.‘wnlch‘can subsequently be
oxidatively deaminated by glutamate dehydrogenase (GDH) to give rise to

ammonfa and oKG (see Fig. 3c).
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The glutaminase I pathway involves the initial transfer of the
amino group of g'luta‘mh‘le to a ketoacid, in a reaction catalyzed by GKA,
to give the respective amino”acid and m-ketoglutaramate, whose
deamidation is catalyzed by w-amidase, yie’hﬁng ammonia und‘lKG.

In. the kidney, it seg\;s’tﬁﬂcant that the segment of the rat
nephron which is the exclusive locus af the enzyme which makes
glutamine has the Towest ac(\‘m:y of the* enzyme which degrades it, '1.e.,
PDG (86). /

1.3.  Renmal netabolism of Glutamine and ‘ammonia
1.3.1 Relation of ammonia excretion to Urine pH ' '

In 1856, Claude Bernard (95) observed that the irinary'p of
carnivorous animals s markedly lower than tha’t of herbivurous-.anmajs.
Some years later (96) Walter described the excretion of ammonia‘ in
various animals that had been rendered acidotic and stressed the
protective .and b‘ase-suv!ng featires of this n:;chanism. Since then,,
numerous studfes on thepatterns of apponia excretfon -in man, dog, and
rat; especially during acidosis have been published (29,45,65,67,81,
97). On the other hand, verJ few studies on these patterns in the
guinéa pig and rabbit have been made; the current theories “of anmonta
excretion are, therefore, largely based on stndies‘ in species that
normally excrete acid urine.

In spite of much work in this field, three ma_jnr ﬁngst!ﬁns"nwait
conclusive answers. What is the physiological stimulus for ammonia

‘excretion? What is the relative importance of enzymatic and

physico-chemical factors in t.he mchanism of ammonia ex:ret(é\m What

r4‘(Ehe rate-1imiting netahuHc step(s) mmﬁfled dur!ng acidosis?

¢

.
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1.3.2 Regulation of ammonia production: Focus on curfent views
.The metabolic pathways involved in enhanced ammonia formation

during*metabolic acidosis utilize” g]u'tamne as the primary ammoniagenic
precursor 1n man, dog, and rat (6,29,81,97), and result in virtually
complete production of ammonia from both nitrogens of glutamine. PDG
is considered the key enzyme in‘mmnl_agenesvls (97-101) in most species
studied. Inherent in this role of glutaninase‘. are the activities of
other enzymes considered important in the regulation of ammonia
production; the enzymes are; g]utamate dehydrogenase aKG dehydro-
genase, and PEPCK. The permeabi'th of mitochondria to glutamine, the
rate of gluconeogenesis and the presence of a plasma factor (97-101),
are also considered important components “in’ the -regulation of renal
ammonia prndncﬂon. '
133 Evidence for a role uf GS in the regu]at‘lon of renal
amnonlagenesis

Glutamine synthesis, which catalyzes the reaction; i ' i
. Glutamate + ammonia + ATP ——Glutamine + ADP + Pi has the
potential f:re\gmqn} gn!oni§genes1s py‘removlng ammonfa. A
necessary aEdAsuchient condition for GS to be a significant reguiator
of pmmnﬁ‘;en'qsﬂ' is that, it must be relatively active in kidney to
ensure enough ncyéling between the ammnu'prududng_mlm consuming.
pathways, and must be reguhted, directly or}mﬂrec;ly by the
acid-base status of the animal. . 1

Although n:asurements of r:nal GS activity indicate ‘that it is
e"{ther unchanged or minimally diminished in Cchronic metabolic acidosis
(45), quanﬂtatlon of this reaction. 1n vivo with [14c] glutamate
(njzct{on, by Damian and Pitts (45), suggests diminished flux through

Lot .
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this ammonia-consuming pathgay in mc.;ﬂtc acidosis, even thpugh this
in vivo approach may be criticized.on the grounds that the measured
intrarenal spec1f|g activities of glutamate and glutamine represent the
average of m: ilnd!v'ﬁun] pools. Additionally,.a decrease .ig_.
glutamine synthesis by .the isolated perfused kidney, and tissue slices
from acidotic rats_have been reported by Hems (57). -.One pr(;blem with
Hem's data is that the glutamine that accymu]ated in his perfision-is
the resyltant of glutamine produ,ction\and utilization, and it is not
possible to be certain “at any given til;lé, which of the two processes is
i)redominant. 5

) It seems obvious, against this,background that inhibition of the
GS pathway may play a role in the response .to acidosis in the rat.
However the Hndlng‘ that GS is absent from the kidneys of both dog and
man (76,80,81), and that enhanced ammonia production occurs i rat in
the presefice of the GS inhibitor, MSO, indicate that modulation of GS
activity cannot be the sole or primary f‘actorﬁ'{n the response to
acidosis (97). ‘ i 2
1.3.4 Model for study of renal amn:hgenesis and its regulaiion:

Use of gunea pig kidney tubules.
The high activities of both GS and glutaminase in rat kidy;ey have
made interpretation of results on in vivo and in vitro studies

difficult, mainly because one cannot deH\hente which-of “the }\v
A

T ‘g gquinea pig and rabbi

reactions was predominant at any given time.
therefore offer a more appropriate ex};ertmentkl animal models for
studies.on renal GS, since they contain high activities of 6S and
relatively low activities of glutaminase (see table 2). . ’ .
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_TABLE 2. Renal GS and glutaminase activities in representative mammals
) (Taken from Ref. 65.)

Mammal Renal S Activity Renal Glutaminase
Activity
T

Units* Units*

Rabbit 44.643.1 . 18527 &
-

Guinea Pig \ 39.642.4 ., 206

by \ o L £

Rat 3.542.5 - 1,455499 - »

cat, / ’ \\ ' BLD+ K 1,557+27 ot

Dug. —/ " \ BLFH_\ .- ; . 1,32%:5

Pig BLD+ 1,3374125

Values are means + SE of 4 animals. *Units = umoles product/g tissue
wet wt x hr + Below 1imits of determination. - .
v , '

Kidney cortex uetabo"ﬁsl has been extensively studied in

vitro with slices (102-105) which exhibited some advantages compared
with the isolated perfused organ or ceﬂtfree preparations. The method
presented here offers an Ain-vitro syst.u\of I(-Idney cortex cells which
combines the high metabolic rates of cortex slices with the technical
advantages of broken cell preparatjons. The method is based on the ) -
principle first employed by, Rodbell (106), who separated fat cells by
enzymatic t::mnt with collagenase. This method was first used for
the preparation of kidney tubules by Burg and Orloff (107). “The
results of in vifro studfes, usi;ng isolated guinea pig cortical tubules
are shown in the early parts of this work. ==

Since detailed subcellular studigon GS in guinea pig kidney is i
lacking, a number of :eil fractionation studies,was carried out, with

\
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the aim of providing further insight into the exact. shbcé11u1|v'
localization of GS in guinea pig kidney, and al s0 ‘n supplement
information gathéred from renal m-he sf.udie's. in an attempt to ‘offer

:p'lamtinns or answers to the mechanism of vem_ ammoniagenesis during

,acute acidosis.
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. 2. MATERIALS AND METHODS
Materials '
ANIMALS

~
-

X Hﬂe guinea pigs (706-9009) of the Dunkin—uavﬂey albino. strain,

-ere obtained from Canadian Fnus and Laboratories Ytd. oSt Consnnt,.'
[a Prafrie, Quebec. : The anhuls were fed a sunan%}gﬂ nea pig chow,

".::yﬂ from Supersweet Farms, St;!oh._n's. Newfoundiand, and had ﬁ"v.‘ .

to food and water.
CHEMICALS "

L'-g1utam1: acid, a-ketoglutaric acid:. L-glutamic acid %mono-
: hydroxamate, (GHA) hydroxylamine, L-Tactic acid, and creaﬂne-pﬁusphlce'
, were wr:nased from Sigma Chaicﬂ prarw, St. Louis, Missouri. \

uAI)+ m\nn NADP, NADPH, L--ethlonine DL~ su'lphaxl-lne were. also
obtained from Sigma Chemical company; ADP and ATP were puvchased frvl

%
Boehringer Mannheim GmbH. A1) other Moche-i:ﬂs vere of me highest
'puv‘lty lvlﬂlble. aud were obtained fro- J T. Iaker Chelicﬂ Co., o

Phﬂ'l!psburé. N J » British ﬂyug House (Inul Chenicals Ltd.. Poole,
England, or fru Fisher Scientific CIPI’V. FSr Lawn, N.J.
ENZYMES

* The following enzymes nre ohtaimq from Sigma Chemital Colpa’ny;

Glucose 6-ph hydrogenase; L denydrogenase (Type 11,
1n 50% glycevul containing sod!uu phosmnte hu‘fa, pH 7.3), lactate

. del\ydrogevuse. pyvuvnte kinase (Typé ll). :vutlne yhnsphok(nas:,.md

g'lutm'nue (Grade H). (Hexoktﬂnlse .and Co1hgenlse gude I e
obtained mm Boehringer Nu‘;mhem a-bu)
OTHER CHEMICALS x

“Sommotol" sodium pentohrbln‘l (65
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M.T.C.‘phamaceut.lcql s H;tev was treated by the Culligan Reverse

osmosis"syst{m.‘ ROSI. af

2.2 Methods

& Guinea Pigs were anesthesizeﬂ' by intraperitoneal injection of
sodiun pentbarbital (6.5 mg/100g body-weight), and the Kfdneys were

!
quickly removed; kidney cortex siices, or homogenates were prepared.
4 y

2.2.1° . Preparation of fsolated kidney cortex tubules and

incubations. j

PREPARATION OF ISOLATED TUBULES
The tubule ‘tsolation technique was adopted from that of Guder
. (108), with the mdiFication of Baverel et al. (67). After the
“(nea pigs were anesthesized, the two kidneys were exclsed through a

phosphate medium. The cooled kidney was hemisected after the capsule

X\d falty t(ssues had been’ rmnved medullary tissue,” as well as the
tissue formlng the :orucbmedullary Junction,. was_scooped nut and
+ discarded. Thin slices (2m thick) prepared from 4 to 8 g cnrtex

tidsue were placed in a 250.ml Erlenmeyer flask contai’njng 10 ml of

- ] Krebs-Henseleit medium (pH 7.4) (109)9 and 25 mg collagenase (grade
‘/.’ " 11). The flask vas incubated for 50 min at 37°C with 95% oxygen and 5%
N Scarbon dioxide s a continuous gassing phase, in a water-bath which

A oscillated at 100 cycles/mip.” The homogenate was filtered through a
. plastic tea strainer (mesh size 0.5 x 0.5 mn2), and\ghe tubules
N -'wee collected by centrifugation at x 509 for 40 sec., at 4°C. ‘The

packed tubules were then washed twice by resuspension in’

© Krebs-Henseleit medium and centrifuged at x 50g for 40 sec. The final

pellet was resuspended in Krebs-Henseleit medium, which yielded a

s <

midline abdominal |v|c|s1on and placed in ice-cold Kvehs-Hense]ett'
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i concentration of 2-10 mg of tubules (dry might)-per m1141{'ter.
1
Where the efféct of Ca** was, of 1nterest the washing and
| 'f)ina'l resusvepsfan of the ‘tubular fragments was done by using a- T

.+ Ca**-free Krebs-Henseleit medfum. Alkaline ipH conditions (pu 7.7)

was dbtained by using 40.4.m1 of Na.NC(IJ (0.154M) and 80.6 m1 of

U . NaCl (0.154 W) 1n the Krebs ved{um, and the figal resuspension was in
this medium. . \

#y The ‘entire pr&eduve toek 90-100 min from the time the kidney was !

e removed until the tubu]es were pliced in the intubation fTasks. F1g. 4 + 7

shnws 4 'tht micrograph of ‘a typical tubu]e prevara(.
YU, . HICUBATIDN PR(&;DURES '

" Incubations were carrjed out at 37°C. for 30 min. in a shaking

uater hath, in 25 nl stoppered Erlenmeyer flasks in an atnosphere of

02 C0p (19: 1), Each flask contained 0.5 m1 of the tubule
suspension plus 2 m1 of Krebs-Henseleit medfum suppﬁneﬁ;ed or not with

substrates or 1nh1§|tor. plus lactate (5mM) as respiratory substrate. : 5
L-méthionine-DL Sylphoximine (MSO, 2mM) and/or HC1 (12\mM) were added ; -
tosbtain fnhibitian and/or pH-7.1 effect.. In all \Experime;lts. -y,
/ |ncubations fm each experimental condition was cavv!ed out in

' du;ﬂﬂ:ate or trip"cat.e lncnbltions were terminated after 30 ‘min.

" adding perch]oric\ cld, K104 (3% v/v, final concn.) to each flask.: -

2 In all experiments,

ro-time asks with substrates, were prefared by
. :Addlng—vfﬂ'u to ﬂ_\e,ﬂa s before the tubules. Media were "o
) qgntr' uged for 10 min. at'X 4000 g ‘to re;,uve the denatured protein,
A ) and the svupevna‘ta.nt was neutralized with 403 KpC03+ Me}:gholit'&
g assays were conduccéd on the neutralfzed supernatant. . : : y Eadlh
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2.2.2 Analytical methods i
Glucose, lactate, NHy, glutamate, and glutamine were spectro- \,\i
phntunetri:al 'Iy assqyed by enzymatic methods. Glu;:ose was measured by
the hexokinase technique (110). Lactate by the method of Gutmann and
Wahlefeld (111), glutamate and glutamine by the method of Lund (1127,’"/
and NH3 by the method qf Kun and Kearney (113). ATP was measured
by a hiolminescenMchnique (118). ’

dn each experiment, the dry weight of the amount of tubules added
to the flasks was determined. For this, 1 ml of the tubule suspension
wa(pla‘ced in a preweighed glass beaker and dr1ed in an oven at 70%C.
After cooling, the beaker was rewe(gned and the weight of tubules was

corrected for the electrulytes contained in 1 m1 of Krebs-Henseleit

" medium. L

Preliminary -experiments as deMcteq in Fig.' 5 and Fig. 6. show
respeciwé‘(y that, 0.5 ml of tubule suspension (corresponding to a dry
weight of about 5 mg), incubat¥d for 30 mim., offer suitable 1inear
ranges for glutamine synthesis with respect to tissue concentration,
and incubation time. 7
2.2.3 Calcmathns and Statistical AnaIysis

Net substrate utﬂ(uﬂon and pmducc formation were calculated as
the difference fgtween the total flask contents (tissue + medium) at
the start {zero-time ¥lasks) and after the period of incubation. The

metabolic ‘rates are expnessed in micromoles of substance taken up or,

_produced pe;/gﬁniryfgjght of tubu1es_per‘|ncubat'un time. Tney’are

\ reported as mean + S.E. The results were analysed by use of

(1) student's t-test for paired data
or (i) A,«‘JVA-one and two-way -
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and (ii1) Duryin s or Newman-Keuls multiple range test
2.2.4 Homogenization ‘and Subcellular fractionation of kldney cortex
HOMOGENIZATION PROCEDURE . .
The demedullated kidney (described earlfer), was weighed and

chilled in ice-cold 0.33 M sucrose, containing 2 mM HEPES, pH 7.4, and (\-/'

cut coarsely with a pa.lv of scissors. A smooth.glass Pottev -Elvehjem
homogenizer, with a ste-fltting teﬂon pestie (cluun:e 0.30 mm)
served tk,pupave the: cortex homogenate conmning 100 mg of tissue per
ml \‘nf medium. Hmogen{ution was_achfeved by hand, with 5 or 6 strokes
of the pestle. ’ -
* _The medium employed for homogenization depended on the o'bjecg,of
the study. The following media had been employed:
S L) 0.3 sucrose, 2mM HEPES, and/or 5-:3]@;02. PH 74
(i1) 0.334 sucvME, 2mM HEPES, SmM Iﬁlz. and/or SmM
) EOTA, or SwM EGTA, pH 7.4
_(Hil 0.33 sucrose, 2nM HEPES, 5mM EGTA M(CON’ (2-4mM),
- ;
PH 7.4 ¢
Qk-ogenlut!on was 2lso done fn 2 0.154 M Kgl solution, pH 7.4
fter filtration through three hyevs: ﬁvﬂchegse-clnth, the
»~hamogenate was fractionated by &ifferential centrifugation. During the
entire process, bm‘e temperature was maintained near 5°C.
SUBCELLULAR FRACTIONATION PROCEDURE ' »
The method of de llq‘,ve et al. (115) was used with modifications to

ohtﬂn the subcellular fractions. The nuclear fractfon (N) was

collecud on centrifuging bhe homogenate at 460xn for 2 min. in an
International B-20 refrigerated centrifuge. lt was washed once by
resuspending 1n about one '!l'lf its original volume of homogenizing
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medium and centrifuged again. The original supernatant fluid and the
supeinaunt fluid from the washing were combined an‘d centrifuged at
13,000 x g.for 10 min. to obtain the‘mituchandriﬂ and lysosomal
fraction (MtL); this was also washed once wi_th the homogenizing ‘medium
and centri/ﬁnged aga‘{n. The‘orig!nal supernatant fluid and the
supernat;nt fluid from washing. the m{tochnndriia were combined and

centrifuged at 105,000 x g for 60 min. in a Beckman L-50 ultracen-

trifuge to obtain the microsomal fraction (P). The supernatant fluid

-from the last operation med the soluble or. § fraction. The pellets

of the nuclear, mitochondrial ami Tysosomal fractions, and microsomal
fraction were finally résuspended in suitable volumes of homogenizing
medium for analysis. " . .

In other experiments, the homogenate was spun once at 105,000 x g
on a Beckman L-50 ultracentrifuge to obtain particulate and soluble
fracilons; the particulate fraction in this case was also resuspended
in an appropriate volume of 'homogenﬂzmg medium.
2.2.5 Enzyme assays i .

ASSAY (F GLUTANINE' SINTHTASE <

Suitable assay cond‘lﬂons were determined as arfunct!o‘n of
incubation time, and amount of tissue homogenate and/or fractions, in
preliminary experiments (see Fig. 7 and Fig. ‘8). -

68 activity was routinely assayed by the method of Herzfeld (116),
in 'a medium having the following composition per millilitre: 32 umoles

Tris_buffer_(pH-7.4),—65—umoles-L 65-ymoles-hydroxylami

HC1, 16 umoles MgClp, 6.4 umoles ATP, 150 y1 enzyme source, N

10 um& creatine phosphaté and lS\Ec units of creatine phosphokinase, -

‘all 1n a final volume of 1.05 m1. In some experiments, the enzyme

{
|
i
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source was preingu'hmd with M0 (5mM), for § min, before the addition
of L-glutamate. ’ ; & N
The method {s based on the colorimetric determination ¥ the
product of the reaction between L-glutamate and' hydroxylamine, y-glut- .
amylhydroxamate, when the Tatter-reacts with ferric chloride (117).
High ADP/ATP. rauos 1nhih|t GS (71) and 1t is customary to 1nc’lude an
ATP-generating system in the reaction mixture, this. was satlsfied by
use of creatine phosphate and creatine phosphokinase. A1l acidic or
basic compoundsgwere 1nd1v1duhl1y neutranzed W pH 7.4, The reaction . H
was sfarted by addition of the enzyme source and the- mixture uas then
incubated at 37°C for 15 min. It was stopped by the addiﬂon of 2 m
of ferric nitrate reagent (1:1 ratio of 40% TCA and 0.6 M ‘ferric i
nitrate). Afterv mixing, the precipitated pr?teins were removed by
“centrifugation and the absorbance of the ferr'c-hydmxamgté cqlour was
: measured at _500m and the readlng; converted to ymoles of y-glutamyl-
. hydroxamate hy.cr;mparisov] with a standard curve prepared from pure GHA.

An absorbl née spectrum u’qs also determined for the ferric hydroxamate H

’\ colour prqﬂuced by both the enzyme source and pure GHA, within the
wavelength range 400-750nm. Pure GHA showed only one ahsorptfon\/
maximum at 500mm, while i]l'(the enzyme sources showed two absorption
maxima, at 500nm and 7‘50nm_‘ The absorption-at 500nm {s, attributed to -
GHA, while that at 750mm might be due "to unident fied chromophores.

A11 values reported ha}e been corrected by the subtraction of L. ‘

su{»tabl?Mank~ve!ue&oﬂaﬁed—fru»—éontrolmbssrIn which the stopping
reagent was added before enzyme source.

ASSAY OF LACTATE I!HYDROGENASE

The enzyme activity was assayed spectrophotomztr(:ally at room
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temperature by following the oxidation of NADH at 340 nm as descrihe_d
by Morrison et al. (118). The assay mixture in-a final volume of 2.1
ml contained: 5750 ul of enzyme source, 100mM Tris-HC1 buffe} (pH 7.4),
0.30 mM NADH, and iu ™ nicotinamide. The réaction was started by the
addition of sodfum pyruvate (pH 7.4 to give a final-gancentration of 2
mM. The enzymatic rate was calculated by usi‘ng an extinction
coefficient for NADH'at 340 nm of 6.22 x 109 litre . mo1-1
ol 19). . . ;

The ;eaction ua‘s shown to be 1inear with respect to tissue

concentrations, for a‘H ‘fractions and homogenate within the run

period. . »

ASSAY OF GLUTAMATE, DEHYDROGENASE

The enzyme activity was assayed spe:troyhotometrica'l’ly at ruom‘ /
temperatue by following the ox1daﬂon of NADH at 340nm, as described by
Brdiczka et al. (120). The assay mixture in a final volume of 3 ml
contained: 5-50 ul of enzyme svurce SmM EDTA, 0.22mM NADH, 3mM aKG,
2mM ADP, 5uM rotenone, and 50 mM triethanolamine buffer (pH 7.6). Th:l
reaction was starr.efi by the addition of [%)2 S04 to give N .

a final concentration of 200 m.’ The enzymatic rates>were calculated

3 by using an‘extlnction coefficient for NADH at 340nM of 6.22 X 103-

litre . mo1~1 a1 (119).
.
The reaction uas shown to be 1inear with respect to tissue

concentrations, for a‘|1 frncﬂokand homogenale within the run per{od

ASSAY OF MD_PH~CVTG2HRWE C REDUCTASE _ ' - : .

The enzyme ux;t!vn.,y,uas measured spectropnotcmetr!cal]y at 70
temperature by following the reduction of cytochrnme C at 550nm as
described by Sottocasa et al. (121). The ;-gactlo;l mixture in a H‘nal
volume ofya m contained: 10-50 y1 of enzyme -source, 0.1 mM oxidized




“supernatant decanted carefully for DNA estimation.

: - 4.
. .

cytochrome ¢, 0.3mM KN, 50mM potassium ‘phosphate buffer (pH 7.50,
- N

and Su'M_rntenone. The reaction was initiated by the addition of NADPH
‘to a final concentration of 0.1 mM. A reduced-oxidized exﬁn:than
coefficient for. cytochrome c of 18.5 x 103 1itre. mol-l :3/: \
emrl (122) was used in the calculation of reaction‘ rates.

The reaction was shoun to be Hnear ‘with respect to tisfue
concentration, for a'H fracunns and homogenate within the rin peridd.

DNA EXTRACTION lNB ESTIMATION

DNA was extracted by :1 modification of the Schneider method (123)..
0.5 m of homogenate or supernatant, and 9.2' ml of mitochondriallor
nucledy fractions was -m(xet_i.wlth !ce-Eﬂd 0.5 M pevchlnri; acid’ (P%
to a final volume of 1.0 mi. The suspension was gently mixedbaﬁd
allowed to stand on ice for 10 min. The mixture was centrifuged at,tn\
speed, on a clinical centrifuge, at 4°C for 15 min, .Tne supernatan:

was discarded and the pellet was broken up. 2 ml of 0.5 M PCA was|

added to the pellet and heated at 70°C fMIZS min. The clohdy\\ .

&ispenstorvas centrifuged agafn on the clinical centrifuge, and the

DNA was measured with d1phewlam1ne reagent ‘as descv!bed by Burtnn
(124). Calf thymus DNA (10-40 ug) was used as standard.
PROTEIN ESTHAT{ON '

Protein was determined by the Muret method (125), following

solubilization with deoxycholate. Bovine serun ablunin (BSA) was used *
as standard. - v \}
2.2.6 Calculations ans anﬂysls of data % ' /

One unit of enzyme nctlvim\has been defined as that amount of ‘

enzyme that will case the removal/formatfon of 1 umol :f substrate/

v

—~
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/-/produ:ih 1 min at efther-37°C or room upev;am.r!. Tissue activity -t
is expre’ssed as unitd/ml of tissue homogenate or fnc@lnn,m ”
specific itlv!w 1n units/mg protein. Statistical amalysis, where e £,
n'a:es‘gary, were perfomed as &xrﬁd in. section 2.2.3. . j- k
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; 4 3. -RESULTS AND DISCUSSION

3.1 Kidney Cortex Tubules Studies
/ .

3.1.1. Acute acidosis and glutamine synthesis

Isolated rat kidney tubules have been used exténsively .for the

study of ammonfagenesis from glutamine, and a stimulation by acidic pH

has been demonstrated (29, 126). Lanctin and Brosnan (unpublished -

results) found that in the presgnce or.absence of lactatf, ammonfa-
genesis from glutamine was si§n1f1cant1y stimulated at pH 7.1 compared
with pHeJ.4, and that MSO stimulated ammoniagenesis.to a much greater

extent than the low pif. They also noted that, in the presence of MSO,

“acidification of the medfum did not produce any additional stimulation

of ammoniagenesis, suggesing therefore, that an appreciable rate of

NH3 removal for glutcu’m"e synthesis occurs in the rat renal
. o

tubules, and that the mechanism whereby a decreased pH stimulates

almmmagene(sis 1s=by inhibiting this glvu.tai»'ne synthesizing al:t‘l‘t‘ity.
Assuitable experimental ‘model for tagting this hypothesis, could
be found in a study on the effect of reduction of pH on ghitamine
'syn_thesis, using a s.ystem‘whu:h has high GS activity and low
glutaminase activity. .The results of such experiménts, Vcarﬂed‘ out
using guinea _p|9 kidney cortex’ gub;hles, are shown in Table 3.  The
experiments show a high rate of glutamine synthesis (compared with that
of Baverel et al. (67), using 5mM NHsCl and 5nM glutamate, under
similar conditions), mhich correlates well with glutamate and NH3
removal, at pH 7.4. 4 This synthesis was significantly decreased by
about 50% at pH 7.1, regardless of whether the lower pH was produced by

decreasing’ the bicarbonate concentratfon (metabolic acidosis, depicted




v
Y ; : . , =
. TABLE 3. Effect of acute metabolic and respiratory acidosis, and
s (Ms0) on r v .
Metabolite removal (-) or production (+). ReSults expressed as umoles/30 _._:_\ . A !
g. dry weight cortex c_a__._-— ?.-._ +SE);n= .:._52. of umu!,-: tubule » W
preparations. ) 4
‘. ’ .- . " :oﬂvo.:nnu L
) ) pH. n Glutamate NH3 Glutamine .
7.4° % 438480 -400+62. 4503478 ¥
7, ° 7 “214462% - -228+36% | 4246+45% . o= »
7.444S0 4 T -97428%  46.5+17.1%  439447% " i
7.14M50 4 -67+10%* +27418%* -20+31%% ' .
‘7.0 3 -1024113*  -169+41% +226461% a5 .
* P<0.05 compared with pH 7.4 incubations ; 0 A
L **p<0.05 n!eni with pH 7.1 incubations # % 3 . i
D G ) .
L v ¥ ’ 3
3 . ;
. . : 5 L 4 \IJ & .
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as pH 7.1 in Table 3), o‘r by increasing ghe sz (respiratory
acidosis, shown as pH 7.1 (4)C0p in Table 3). The renoval of
glutamate and NH3 was also comparably mh;bited. The presence of
MSO almost :omp'lgte'ly abolished g‘lutamng synthesis, and comparably
fnhibited the removal of both glutamate am; NH3.

Thus, in vitro, guinea pig kidney tubules, incubated with
glutamate and NI:(;. synthesize glutamine. That this is not due to

protein degradat{on, is shown by the effect of MSO in the incubations

and by the stoichiometry of glutamate ar!d ammonia removal with

glutamine pr?du tion. Furihemore_, decreasing .the 1ncubatlnn'pH of the

tubules 1ead¢ to an inhibition of glutamine synthesis: The observation
that gﬁfneu pig kidney synthesizes giutmine rapidly, i§<h| agreement
with that made first by Krebs in 1935 (59), and confirmed by Baverel
etal. (67). y

. If increased V\ydrogen ion concentration, TH*], fnhibits
glutamine synthesis by tuhules, what s the\% of changing
bicarbonate fon concentrations [HcOg—], on renal glutamine
synthesis? J - s
3.1.2 Acute metabolic _alkalosis and glutamine synthesis

Table.4 shows that, ;‘d;mne the effect of MSO is also evident at
high [HCO3-] (i.e. pH 7.7), glutaming synthesis at pH 7.7 was.not
s{imcanﬂy different from that at pH .4, although slightly greater
(646 umolesy30 m|n/g dry wt, ganparegi to 582 ymoles/30 min/g dry wt.).
Flg_. 9 shows' the result of an)experlment where: incubation ‘mdium pH was

varfed from 6.85 to 7.60 and the actual pH of eacmsk measured. The
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TABLE 4. Effect of acute metabolic alkalosis -and MSO on 3:«-.-:.« synthesis

Metabolite removal (-) or production (+). _'m___: xpressed as umoles/30 -.:.\.

g. dry weight cortex_tubules (mean + SE); n = number of separate tubule

preparations. #
Metabolites
° Buffer System n . Glutamate N3 Glutanthe
25 HCD3; 5% COZ in O (pH=7.4). 3 506481  -534+164  +582+117
500 KCO3; 5% COp in 0p. (pH=7.7) A -567+103  -5308138 6464138

250M ICO3; 55 COp in Op (pH=7.4) +MSO 3 -68432%  -62430%  +BOs41*
SO 1£03; S8 CO in 0p (PHS7.7) +MSO 3 -51452%%  -79487%%  -33+144%*

* p<0. om ni_vnwk with pH 7.4 incubations
*#p<0.05 compared with pH 7.7 incubations
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data confirms that in Tables 3.and 4, in that‘a sharp fall in glutanine i

synth‘esls occurs.as acidic pH values are approached from pH 7.4 and a

modest increase towards alkaline pH values, which levels off at about

pH 7.5. !
The data so far thu$ indicate a direct involvement of [H"’] per

se (as opposed to [HCO3-1, in the inhibition of glutamine synthasis' i

by renal tubutes. The expevjment reported in Fig. 10 was designed to

test the reversibility of the inhibition. In this experiment tubules
’l /}gere incubated at pH 7.4 and pH 7.1. In some flasks sufficient“

& NeHCO3 was injected at 15 min to rafse the pH from 7.1 to 7.4%"

} Thu;, whatever mechanism s involved in the inhibition of glutamine

i synthesis by acid, cannot be said to involve a permanent, irreparable
|
|

damage to "the glutamine synthesizing machinery of the tubules. Rather .

it represents a rapldly r _;wnsive reversme regulatory system. )

| 3.1.3 l‘letaha'll: viability of tuhu!ar cens, Eluconengenesis as an N
: Index : _ 4 '
Kidney cortex is knoun/to have a large cap’ncity t_u‘ synthesize
i glucose from non-cnquhydrate precursors (80, lPZ), and in fact, apart ’
I ’ from the liver, it is the only organ which has a bégh glncnneggeni:
capacity (103). With tt;e deve'lopmen;. and use of isolated kidney
tubules in metaboTic studdes, gluconeogenic rates, higher tnnﬁ rates in
s slices and per'fuse‘d kidnéy. have been consistently reported (102-108).
As a test of the mhtabolic viability of my tubule prepavnﬂons, »
the rates of gluconeogenesis from various substrates were mensureﬂ in " !
guinea pig kidney tubu\es, t.o ascertain nhet!\er glucose synthesizing
s . X
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abi11ty was comparable to that reported by other wo}kers and also to,
see whether the ratg of glucose production would be -different at pj
values of 7.1, 7.4 and 7.7 (pH values employed in:the lncnbaHon‘
systems). If there were ; shignificant decrease in g]uconeoge‘nesis at
pH 7. 1b1t could be argued that this could result from an interference
with ATP é\'oductinn at the low pH since gluconeogenesis is an
ATP-‘requ{ring process. This would the‘n suggest that the inhfbitfon of
glutamine synthesis seen at pH.7.1 was dué to interference with ATP :
pfoductior;.. This poss‘ibmt_y was tested in two sorts of experiments.
In one, we examined the effect of an‘idlc pH on lg'lucome\?genesls, 1tself
an ATP-r‘e‘quiHng process, av_|d in the second, we nasure‘}i)'m’ Tevels.
Table 5 shows that the rate of glucon‘eoéenes!s from malate and

py;uvat.e was not significantly d%fferent at the three pH values. These

Vvalues‘compare favourably with those reported by other vmrker's, under

similar conditfons (102, 103, 108, 131, 132), and therefore, one can

conclude that there was no inhibitory effect of acidic pH on the

_endergonic process. of gluconeogenesis.

3.1.4 Metabolic viability of -tubular ce]'ls: steady state levels of
ATP as an index ' X L3
A number of methods describing the measurement of subpicomole

quantities of ATP by firefly luciferase have beer,published (114), The

measurement of ATP is finding wide application as a criterfon of cell

viability. The sensitivity and-convenience o’thu mgthod has been w.

(utilised to asses$ the viability of a number of cells (114), AP can

be readily measured, using the same technique, by using pyruvate Kinase
to convert the ADP to ATP.
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~9TABLE 5. Rate o« u___ne._»onn-.om.m from malate and pyuvate -w substrates
~ Results nxwﬂnmwu._ as ymoles/30 u_s\n dry wt. tubules aln-._ +S.E); n=4
e By
; Substrates ' . 7.1 7.4 .7
i Malate © 797 . 90426 89+23
Pyruvate et n B 4119 47411 51412 -
Ve . P20, ed with pH 7.4 incubations for both substrates
. . -
N,
\I e .
¥ iy .
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As a further test of the metabolic viability of the Lowre
preparation ther—;fore. the steady state concentrations of ATP in
tubules incubated under various cgnditions, for 30 min, and at zero
tfme, were-determined, O{nﬂe 6 shows that the steady state level of
ATP had‘risen, after a period of 30 -In‘. incubation, from an initial
value of 5.57+1.67 ymoles/g dry wt., to T2.5612.74 umoles/g. dry wt. at
pH 7.4, and to 13.14+3.86 vlﬂleslé dry wt. at nN 7.1. There was no
statistical significance between the ATP lzve!s under these .two
cwdiﬂons,,'thus emphasizing. the fact that, the tubu]e Ereparations
were metabolically active, and that the ATP generating systems were
unaffected by acid. The jncrease ‘in the sum of (ATP+ADP) in these

experiments does not wessarﬂ‘y mean that a net synthesis of adenine

nucleotides has occured. It is well appreciated that during anoxia,
ATP decreases due to continued ATP utilization in the absence of
adequate ATP syntnesl‘s and that AMP, rather than ADP, accumulates due
to the action of adenylate kinase. During the preparation of tubules
some anoxia 1nev|}ably‘occws and this accounts for the relatively low
ATP :om:entun_nn'a't 0'. . However upon incubation in well-oxygenated
media ATP synthesis occurs and ATP levels are restored (127).
3.1.5 Mechanism of acid inhibition of glutu‘ne synthesis: role of
the NHg+-NHy, system and the concentratfon of N
glutamate : 0
‘The data now available, for .the mechanism of the €S reaction,
support the view that the enz;né hi_n(‘s the substrates in nrderedv
sequence, 1.e. ATP Mg2*, L-glutamate, and ammonfa (89, 90, 91);
with the rigid requirement for the presence of the nucleotide, before
any activation of glutamate.. According to this mechanism, activation-
4 \

\
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TABLE 6. ATP .h,uv concentrations in tubules

-
Results expressed as umoles/g. dry wt. (mean + S.E); n=3

Intubation time Medtum -pH * aP) 0Pl
{min) . g < 5
o 7.4 557467 6.2540.94
30 7.4 12.5642.74  6.0942.35
. 30 ;71 sAwaes 542
+p>>0.05 compired with pH 7.4 fncubations. .
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of glutamate to form y-Ylutamyl phosphate constitutes the first step,

and the second step involves reaction of the activated intermediate
with ammonia (or hydroxylamine). The f;vst ste; is less optically
specific than the second, which becomes rate-1imiting with D-glutamate
and ammonfa. Thus, whereas the :ite of s{nthes's of D- and
L-y-glutamyl hydroxyamate were found to be similar, the synthesis of
D-glutamine occurred at a significantly lower rate than that of
L-glutamine (128). Furthermore, in the reaction with L-glutamate,
ammonia av;d nydroxy"lan!ne react equally well, the rate of nuc1egbn|1e
addition not being 1imiting. ‘On the other hand, hydroxylamine s;mus a
- much greater reactivity as compared to ammonia with D-glutamate and
other glutamate analngues’. This enhanced reactivity of hydroxylamine
has been-attributed to it being a better nuc’!eole:‘e than ammonia
(89).
It is obviuusvthevefove, that any attempt at explaining the
'onse(ved effect of acid on glutamine synthesis, must take w_;nisar'nce of
the mechanism of the reaction. S
One may express the concentration of free base ammonia in either
(:f two ways; in terms of micromoles, calculated from pH and total
;-onh cancentuﬂan iﬁee base plus ammonium fon), by the Henderson-
Hasselbalch equnthn or as Pyy, in m Hg (129). Using the R
former method nnd assuming-a pk for the reaction.
uw?\u’wf 9.4 (130) a plot t)f vuvylng
ammonia conc-ntrn!on versus rate M‘ glutamine synthesls is shown in
Fig.-11. At no concentration of fvn base is the inhibitory effect of
acid obscured, and therefore, the concept of .a 1imiting nucleophile (or
free base) concentration in .gnhw from an In:u&nﬂon pH of 7.4 to pH

7.1, cannot be invoked as a mechanism to account for the observed
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~=ffect of acid. 1 next examined glutamine synthesis as a function of"

_glutamate..concentration. Fig. 12 shows thit,_lcmiflclﬂlon-of the
: © fincubation medium, inhibits glutamine synthesis at all glutamate ‘
' concentrations tested. However the degree of mn"b!t'o'n was less at 5
(\\ the hig,he} glutamate concentrations. Thus at 0.5 mM ‘the de-gree of
inhibition was 66% whereas at 10mM it was ‘only’ 323, -It.was not
possible to carry ‘out experiments at higher gluiamte concentr}ﬁns L&
but it is,possible that the eff.ect-of nclc’Hc pN 1s to decrease the \
\//afﬂn{ty of glutz for . However, this should
NS

be regarded as a tentat{ve suggestion rather tnln a firm conclustnn. 0
1t should be borne in mind that the glutamate concentrations plotted in

Fig. 12 are in the incubation medium and these are not n’ecessarﬂy the

same as those.in the renal _cel"s. ~

and ¥ g

31.6 a*, ep .
\ - " .The question 'Is.tn whether or not glutamine syntlle_s[s is stimu-
R Tated by norepinephrine (a catecholamine), argse. Since nm‘-ep‘{nephr;ne ’
works via Ca** fluxes, a serfes of ex_(pgrhent? were started to find -
1 '  out what effect aemfssfon of Ca** from the Krebs-ienseleft medium

would have on the rate of glutamine synthesis. Table 7 sr‘ou'sAanv

B 1interesting observation. .The 50% inhibitfon ln—glutuirim‘s,ﬁthgsis
observed at pH 7.1 1n previous exgerhuncs may only occyy .Ii.h -the‘ .
presence of c«’* In the absence o; ca**, glutamine synthesis > - ¢

could nnt be demnstuted at efther pH. Measurement.of ATP "Ievels‘

(Table ar, shows that the steldy stataﬂevﬂ L A'I'P nfter 30 nhm
N |ncub.t\pn was not s(gniflcunt]y dififerent from that uc *uro tlne. .

¥ . Thus the increase 1n ATP that occurs during 1ncub|tion llele 5) Md

B s~
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TABLE 7. Glutamine synthesis in the presence or Eou:\nu of calcium

" “Metabolite removal (-) or productfon (+). Results expressed fn ymoles/30 min/g
dry wt. cortex tubule# (mean + S.E.); n=3 . g

. s : Metabolites
* . . dfum pH Glutamate N Glutanine
N\ (a) T.44Ca. ¢ 242430 3008 1305456
o) . 7.4Ca L, -128830 81488 | 14117
A " |
() .14 134417 sz +l48u7
(d) 7.1-Ca : -62+27 -55+77 +71477

lﬁho.om for nnlvalu,osu between (a) and (b): (c) and (d) ?__ metabolites) .
“p<0.05 for Rlvnluo_.: between (a) and (c); (b) and (d) (all lgn::n.

oL e RSl |
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not occur. \er‘elfove the lnmbiunn of ghmnlne synthesis 1n this
qgses s ot a spect fic effect.. How lack of (2™ affects AP

Tevels” 1s not understood.

The tissue response to catecholamines seems to depend on the
presence of adrenergic rece{;tor site}, classified as alpha and beta, on
the basis of their response to sympathomimetic nminei\ and adrenergic
blocking agents ({33). The a-adrenoceptors arescl ass)éied into oy
anday subtypes (134). Gluconeogenesis fn rat renal cnv\tex slices
or tubu'les -{s stimulated by exogenous 3 *5'-cyc1ic AMP (135) and
cmcho'lamine hormones (136), which s believed to be exertel thrnugh
a-adrenoceptors of the o) subtype (134).

Results of exper iments to determine how the interplay of Ca*™
and norepinephr {ne mi ght |nf1,'mnce g‘lumj\ne synthesis {s sumarized in
Table 9. Iiorep!nephvine at 1 L] final concentration did not affe‘ct
glutamine synthesis significantly (compared to controls without

: hormone). ATP concentrations at-the end of the incubat{ons were not

different from that of the controls. Except for a recent report on the
efle:i of *norepinephr ine on renal gluconcogenesis in guinea pig tubyles
(132), the hormonal regulation of mesabolism in the guinea pig‘has not o
been studied. %
3 ~

3.2 Subcellular studies on m' -
3.l .Apu\ude to subc;11u1ar studies on 6§

As a preliminary to understanding the regu'l ation '_‘Sf glutamine

" synthetase fn guinea pig tubules, 1t wis necessary to establish the

suhcel]u‘la‘v_ Tocalfzation of this enzyme.

"y
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TABLE 9. Effect of- epinepd on and ATP

Metabolite removal (-).or productfon (+). Results in umoles/30 min/: dry wt

.
(mean + S.E); n=3. The adenine nucleotide concentrations are in umoles/g dry wt ~ ~
of tubiles = .
Metabolites
Cond{ tion. « Glutamate 3 Glutamine xd.‘. ADP
7.44CasH -344478 -263463 4283432 11.66+4.68,  4.53+1.02
7.40a-H T 283130 268460 222494 10,0543.85 \_4.8941.86
H = norepfnephrine (1 M final conc.) - T
S» . N
$5>0,05 for al1 metabol{¥es and ATP
. ’
9 -
. ’
-~ 7 g
. e
. ) . e
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65 has been found to be mainly assoclated with microsomes during
cellular .;n:tionnﬂan (84, 8:'-). and to ble attached to the surface of
these pnrchles, in rat tissves. limve\'rer no information 1s available
for gu(ne(ply tissues. : =

The__a_ priori assumption that the intracellular distribution of an
enzyme is an essentially invariant characteristic of that ‘enzyme and
 which forms the basis for’e assigment of various enzyme activities
to cermn subcel Tular locations, du‘ing centrifugal fractionation, has
been questloned There 1is the belfef now, that certain enzymes may not
have a fixed Iﬁtracenular distribution, but rather, may be rapidly and

reversibly imrconvertéd between soluble and membrane-bound forms with

-

the distribution between these forms being a -ﬁmcticn of the
concentratfon of certain nubo]ﬂes. typically, substrates, products,
allosteric echturs. etc. (137) This postulated movement of the
enzyme molecules onto and nff of membranes had been noged earlier
(138), and might well be important fn the regulaﬂun of lenbo'lis-
(138).

Against this bagkgrouhd therefore, a number of subcellular frac-»

tionation studies were carried out on guinea pig renal cortex.

3.2.2 De Duve frlcﬂonmnns in sucrosp medium

Table 10 shows the intracellular distr'but{un of 65 and marker
enzymes in the guinea pig kidney cortex, men HEPES (2"1 pH 7.4) and
MgC1p (5nM) wefe? present 1n the homogenizing medium. Represented
as ;h‘dﬁ;le plot in Fig. 13, for a typical experiment, the m‘rker
Anzymes ‘are well separated and_enriched- in their respecuv'e' fractions.

GS was predonfnantly found fn the S fraction and was enriched here.



TABLE 10. Intracellular distribution of GS and marker enzymes of guinea pig kidney cortex:
v, Enzymes were assayed as described under "materials and methods". The homogenizing medfum .
\ “ contained 0.33mM sucrose, 2mM HEPES (pH 7.4), 2mM MgCl,. The absolute value in the orignal
homogenate are given in mmoles of méu»;ﬂ smnmwo:#m per.mg kidney cortex protein per min.
Results are expessed as mean + S.E./ H = total homogenate, N = nuclear fraction; M L = i
mi al plus ly 3 P = microsomal fraction; S = final supernatant (n=4).

1
/ - % of Recovery —

Original « TH N ML P S Total % Recovery

Protein - . 100 12.2:0.5 35.6+2.8 5.6:0.9 46.545.2 1 76.5+2.1

-~

- . .

Glutamine Synthetase 39.5+1.6 100 . 4.4+41.2 7.2+l 4. 26v6+2.8 61.943.3 82.7+5.4
Lactate Dehydrogenase 646.5+63.2 100 4.540.7 2.240.7 6.841.6 86.4:0.9  BG.4+2.2
Glutamate Dehyro- i '

genase_ - 125.5+411.1 100 18.9+42.7 65.0+45.3 15.945.6 = 0.240.0 TR Y ' 5
NADPH-Cytochrome C .
reductase 6.0+0.7 100 11.040.9 :26.3+4.5 58.3+3.6 4.3+1.5  7r.38.8 . R
WA 20107 100 90.4:2.8 Bi02.1 120.4 0.4K0.2 78762 %
° - .




Fig 13. Subcellular -distribution omand marker enzymes repre-
sented as’a. DeDuve plot. 4
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62% of GS, and 86% of LDH were found in this fraction. However ZE'Z of
¢ . 6 was found in.the P fraction, as opposed to only 7% of LDH. Thus the
- tonc’lusi‘on from this experiment js that; 65 in guinea pig kidney cortex

[ is predoninantly a cytosolic enzyne; but a small proynrtion may be
associated with the nicrosnmes; This is essentially the reverse

o~ situation compared with that found in rat kidneys, where the enzylle{\f’s

% - primarily microsomal but may be re1eased from these organelles by ¢
o

y ¥ ' & certain treatments (92). Accordingly, I carried out a. number of

e e — 1xue:1nents—1 yr\mcrrthemmm‘fn‘nﬁium’wﬂ?rﬂ*is to see i
whether the relative distribution of 65 iae.tween Cyt‘l’)p]asm and ]
;Artic.:nlube fractions could be altered. :
2 - 3:2.3 Fractiomation in di Frérent. media L
4 . In these series of experiments, »homogenatg were centrifuged at = 7
105,000 x g for 1 hour so- that part1:ula;e and .soluble fractions were
obtained. The activity of €S and of the marker en;;yms, LDH (cyiaso!) .
and NADPH -cyt ¢ reductase (microsomes) were assayed. ~The various Do
4 hmogenhatﬁ:y{edia were:
4 (1) 0,33 M sucrose, 2mM HEPES (pH 7.4), and 0-10 mM MgClp -
(11)  0.33 M sucrose, 2nM HEPES (pH'7.4), and 2uM ‘EDTA .
(111) 0.33 M sucrose, 2mM HEPES (pH 7.4), 5mM EGTA anio-ull: Cltlz o

- ' _ (in these experinents, the free Ca** concentration varfed . z ‘A
from 0-210nM). : . <y . : ! .
(1v)  0.15 M KC1, 2mM HEPES (pH 7.4) and 0-5eM EDTA. ;
(V) 0.15 M KC1; 20M WEPES (pH 7.4), 5mM EGTA and 0-4m CaCTy- .

- () 0.33 M sucrose, 5 EGTA,;,2mH HEPES (pH 7.1-7.7)

U v : 5 E .1-7, E .
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—— Inall of these media 70-80% of GS was found in the soluble
fraction. In two experiments, the prisente ofv EGTA seemed to-have
caused the enzyme to appear in the particulate fr:cnon, but this was
not a reproducible phenomena and many subsequent eiperiments'fa11ed .to

duplicate the cbservation. The conclusion is therefore being m'ade,

that glutemne %y y 2 cytoplasnic einyme fn the
quinea plg kidney.” . \‘ . .
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. 4. GENERAL DISCUSSION

4.1 Glutamine metabolism in guinea pig

The presence in mny animal tissues of enzymes that cat;)-yze the
synthesis of glutamine from g1utamte and also the hydrolysis of
glutamine to glutamate and ammonia was flrst reported by Krebs in 1935
(59), and as stated ‘in section 1.2.2,'11 has recently l?eco"nt clear that
the kinetic properties of the glutaminases in 1iver kidney and

Mtestinlil mucosa posséss characteristic differences which relate to

the ical function of in these different tissues.

Even though-A-V difference measurements in vivo across the tissues

" drained by the superior mesenteric v’einti,n the guinea pig indicated o

net uptake of arterial glutapine (37, 38, 39), the guinea pig Jjejunal

mucosa has been shown to céntain significant levels of the important
! "

gluconeogenic enzymes, wiich show an_adaptive increase after starvation

(56). Because glutamate did not accumilate if'the serosal fluid when

guinea pig intestinal segments were Tuninally perfused in vitro with a

glutnmine—cénnin(ng mediym (139), 1t was erroneously concluded that "

g1utam1n;‘uas not deamidated during 1its translocation -from the intes-
v

tinal , Tumen 1into-the blood. Not appreciated was the Targe capacity of

“the guinea pig intestine to metabolize furn;er me‘”g]utumabe produced.

The general opinion, however is that, in the guinea pig (and ‘the

chicken) unlike in all other-anfmals studied, there is a net output,

-
rather than' uptake of circulating glutamine by ‘smafl intestine (39).

Relatively low ‘activ‘it‘y of PUG 4n the small~intestine of guinea
plg, cnwared to that in the small intestine 6f all other animals

surve,yed has bun reported (39]. Plasma glutamine levels were also

RS B



degraﬂat'on |n the perfused gn!nea plg: Hve
~

69.
observed to be Tow (i‘baut D.25‘ﬂ4). in the guinea pig. " These findings
cast doubt on the.quantitative importance of}‘mtmlna as energy source
for the small intestine in the guinea pig. Riklis.and Quastel.(140)"
have however implicased glutamine in intestinal transport.. They
repor_ted that addition of 10mM glutamine to a sojutfon perfusing the
Tumen of guIrnea pig intestinal, segments in yitro :n:,reSsa,d the
muéusﬂ—to—seggal glucose -tran’clncatlon rate by 53%. A 9

The Hver (ann spl'een)'nf the guinea pig ;ﬂd not'syﬁthesixe g]u-
tamlne (59) in. vitm, and therefore q'lutumine lletabn‘llsvl in this tissue

might be’ centered ﬂn s u‘ptake and brukdoun. Guinea pig Tiver -

glutamfnase 15 not 1an1ted by gwtnate. e
Exper‘lllznuﬂ data, has heen presented (20) shn-(ing that glutamine
the basts of .

'as Judged

ammonia, urea, nnd g]ucosrfamaﬂon nny be suhjecc to’ severa'l regu-

Tatory mechanisms m!ch “are ‘erLv ' act in ¥ivo too. The isnlated
perfused guinea pig 'Hver utﬁized shti stically significant ammmts of
Lexogenous glutmine only~ when’ 1t uas present. in concentratinns of 1mi

or higher; half maximal rpte gf glucose and urenv production was

uttained at 0.5mM glhta‘mine, ihich carr‘espon‘ds co twicé its i:h_vsin- .

lngual blood concentration (39). Amed nH:h the knou‘ledge that Hver

cens accumuiste qlucamim (22),. and’ aasignlng 2 value of 3 5 for the

intracellu'l ar to extrace'l 1uhr g1utm|nt com:entutlnn rmo (22,'28),"" o

Deach‘c et al. predlcted an lntracel]ular g\utnn!ne concentnt(on of .

about 12-20m4 1n thelr experiments. This. ragige of cnm:enr.ntlon 1s
obvlously unphysiuhglcul (the An vivo situation should cnrrespond tu‘
between 0.75 and 1. lémn) and tlny concluded therefore thn at Hs

h’lood concentratlnns of u.ZSnH. glutmine 1s not erly to be

’




nttochundvfikvedox state of /the NAD"-IMDH coup'le cou!d afiéct the

- exmpte‘ smd to a.more oxidized state in the uitochnndriu ceu'ld

o : ) [N
effectively degraded by the liver. The stimulation of .ammonia pro-'
duction, and the copcmn(tant inhfbition of ur'euﬁene‘s{{s and
gl fs when amfnooxyacgtate  (A0A)" (s Kigun: fnhibtor. of

transaminases)aﬂs used M the perfusion medium uukes it uner'Iy that
a transaminase reaction 1is |nvulved as the. first stgv of glutamine
deqvaduuon vmen ‘this glutamine is pvesented to U\e Hver at
cnncentrat{nns Mghev than_0.25mM- o w,

The essential role of GH in prov!ding mnanh fo; urea synthes{s

has yLn point:d out vecenﬂy ('141) Consequenﬂy, changes of the
vnte of -ammonia urea nnd q'lucose prnduction fvom glutnmlnd’ ,Fon >

|n:;eese the ﬂux th‘}qugh GDH "1n the dtrecﬁon of  deamination an: y
u]timamy. the rlte nf fommun .of ﬁna] met-xbo'lites By changing
t\g redo  state, 'rm NAD*-HADH couple 1n te mwchnndm in "
their ;tudy (20) Deuciuc et nl.’ueve ahle to’ effect chunges n the

m.e of formation “of-amonta, mea, and §'|ncuse, An the’ perfused guinea
L % ! e, N

pig Tiver. Such alterations in metabolite formation were in agv'eenent'

with' the proposed role an/GDM‘ (141) in pvov’idmg ammonia for urea

) synthesis, when 1t acts in the direction of dean\lnaqi’o’n. Th"e' ’

conclusion was alsq.made that ﬁegndntﬁon of’ g1uth|ne 1s 'e.ventuﬂ'ly'

under the concrol exerted by the respiratory chain. An Intevestw

uhsevvaﬁun which a‘?nse from the vi’}uk of Dncim: et.al. 1s the 'unure, Y

of ml,,C actfvute glutm{nase in quinea p1g llvey nﬂtochondvi_
(20). as it does.in t{e rat (22), Murgnn‘lc phosphnte ’ﬁuwever snmu-

Tated the' rau of Wu{mate fwlunon from g‘lumlne i
l.aw glutumse actlvn\y has been detecud W guinea p'g huin.

_/,v_" ;
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f \hmg(and kidney (59), while.brain, retina and kidney have high

ctivity of 65 (59, 65).

, 4.2 Glutamine metabolism in guinea pig kidney

G'lutaﬂn‘a;e 1 (142) and the glutamine «-keto acid transamination-

deamination® systems (ll\!) of guinea pig kidney have been extensively.

_studfed as counterparts to in vivo studfes of ammonfa éxcretion in the

'sme spe:les‘"(ﬂ) Glutaminase 1 was chlracterlud as a hydrolase with

an optimal yH of 7.4, which ws by" 11

g3

was chlrac_terlzed as h|v|ng an opt{muw“ of 8.8, and {is dependent on

vtne presénce.of a-keto acfds; it 1s simi}ar to the q1utam|ne trans-
i am|nase-deamidase of the 11ver studied exensively by Melster (2, 3).

’ ‘ss in guinea p1g kldn:y ljs been shoun to form glutam¥ne 'rom glutamate

lnd ammonfa, hls an optimal pN of 7.4 1n homogenates. ‘and 1s dependent
on ATP lnd,Pq"-, (59, 60, 63, 66, 142, 143). It fs now fully &
established that the glutaminase activity of guinea pig kidney is Tow

and the 65 dctivitys high (65, :? i g
2.1 Glutamine synmm in quind® pig kidney "

Since me 1n1thl work of Krebs (59), and that of Richterich-van

Blr]e (BQ Klahr et al. (61), and Preuss (62), 1t {s now known “that, in

cuntrlst vlth kidney r.thel slices of nt.her mi-uls. s]'ces .of gu!nu
plq (nm fabbit), do not. release ammonia men incubated with g‘utmaw.
Amonia excretion of guinea pig was ®so fhund to be Tow; and vas not
dlfl’gier;t during acute Icidt;sl! thur; dur'ny scute metabolic dlkalogis
1(63). A carrohehm has beeri made Im,wnn the high glunmina synthe~
smpg Abm:y of guinea plg kidney mﬂ_it: high urine pﬂ (65). )

. ln an ltt-vt to olm:ldlu the pathwdy of glutamine synthesis. dv
guinea pil Hdny,—ll"rﬂ et al. studied the fate of glut'-lt. urbov,

I
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and nitrngen'(ﬂ') and ‘alaniné (144) in isolated guinea pig kidney

~ c‘y;tex,tubu'le_s. When ImM glutamate was the ‘sole substrate, glutamate

removal was linear with time over a 60.min. incubation perfod (67).

'Un_zarit_ruas achieved inmy experiments (see Fig. 6, page 34) over.a

40 min. incubation per"lod, in the presence of 2mM glutamate, 1mM

" NHgC1, and 5mM lactate a¥ oxfdizable substrate. Furthermore, the

high ‘endogenous s_yn-thes(s nf'élutam!né ,(‘1.&."111 the absence of
s@s:ﬁate) reported by Baverel et’al., was not observed by me. Rather,
extremely low rates of endogenous glutamine synthesis was achieved in
all my e‘xyerimenb (results not shown). Net conversion ‘of glutam;te.
carbon and nlirogen into glutamine is however obvious in both exgerl'—'
ments. The fact that glutamine synthésis under slmﬂar conditions was
Mgher in my experiments could be due to the fact that Ylutamate
functioned both as an ox1ﬂnb1e suhstrate for the generation of ATP,

as well as carbon-and nitrogen donor for glutamine synthesis, in the

. expeniments of Bavérel et al. They reported also, that, when 5mM MSO

was added’ to th; incubation syste;n. glucose production was inhibited.
1 did notassess alterations in Krebs cycle intermed'fates, or alanine
and aspartate concentratfons in my experiments, but Baverel et al. (67)
argued that §lnce_a1an|ne, aspartate, and lactate concentrations
increased, the {nhibition of glucose synthesis might be due to
preferential utflization of the glutamate carbon via nxa1aacetut; for
the synthesis of aspartate and pyruvate, from which lactate and/or
a1an|n§ could be formed. However, I'm of’the opinfon, that since
competition exists bet;teen glucose synthesis from nnncnrbohym?n;e

precursors and glutamine synthesis, {nhibitfon of one pathway should

favour the operation of the other. In other words, in the presence of-

L
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Mso, the carbon ske'letnn of g'lutamate should be channeled into’
synthesis nf qucose. Glucose synthesis increased in the presence of
MSO in my exper'ments, but I cannnt-compare my results with. those of '
Bavere'!‘~e_t 21., 'since the glucose formed could have‘come from the
exogenous lactate. ' : A 4 ) ,
The most important finding in ‘the work 'of Baverel etal., hou;ever,
is"the\impnrtance’of GOH in glutamate metabolism in‘gulnea pig kidney.

In the absence of- exogenous NH4C1, the supply of ammonia via GOH s

the rate-1{miting step in glutamine fornation from glutamate, and
addition of NHC1 increases hotr; glutamate. and ammonia removal and ¥
glutamine synthesis (v‘co;npnre with my results (Tables 3 and 4, pages“” &
46) . and observe the‘excenent stoichiometry bet;een sipstrate removal
and produ\c_t formation). ‘The physiological relevance of Baverel's work
is that, in vivo, the guinea pig kidney would most likely reTeus‘e.
rather. than take up, glutimine into cirfulating blood. That, this is
infact the case has been shown by A-V difference meagurements (67).
The guinea pig kidney also releases ammonia and alanine into venous
hlond (67). . ‘v

Bavere! et al. shoWed that the guinea pig knq cortex contafns
significant activity of alanine amfnotransferase (67), and that alanine
s;nthes{s& isolated guinea pig tubules metabolizing glutamate, \was
inhibited by the presence of AOA. The conclusion was therefore drawn
by Forissier e_t_iﬂ-‘(ldd). that alanine synthesis occured via n'lan.lne
amjnotransferase. They also inferred that, wince alanine amino-
transier\ase\cntu\yus a reaction which is close to equi'li'b‘rlum. alanine
:ﬁld also be a substrate of the gufnea pig renal cortex, Foriss1ler
et al. (144) therefore investigated the metabolism of ‘alanine




74,

in guinea pig kidney cortex tubules,A and stressed the crl£1cal role of
" coy ﬂxationrby pyruvat‘e car_boxy]ase, in the presence of sufficient
HC03. ALJpM and 5mM concentratfons of alanine, g1utam1ng/

was found to be the main carbon and nitrogenous product of the .
metabol{sm-of al anlné. Furthermore, the.re was no accumulation of Krébs
cycle intgfmediates, glycogen, glucose, pymiute,“lactgte or aspartate.
This rgsulié avé M'al\etylca'lly opposed to those reported by Krebs in
1985 (‘59). Krebs reported'that, glutam(n’s was formed in renal cortex
slices of the guinea™pig, only when the slices were fncubated with
glutamate, proline, and hydroxyproline, but not alanine. [In )
parenthesis, 1t should be noted that Krebs used DL-alanine as
substrate, and incubated in phpsphate-saline medfum with an atmosphere
of pure oxygen: Such conditions have been criticized (144).
. Fig..14 1s a scheme of the pathway proposed by Fortssier and

Baverel to account for-the complete transformation of alanine carbon'~

and nitrogen !pto glutamin'e. Besides the critical role of pyruvate
carboxylase, which was ignored by Krebs, the role of GH 1n furnishing
a second molecule of aKG, {s also essential. Other enzymes fnvolved
are; alanine.aminotransferase, GS, pyruvate dehydrogenase, citrate
synthase, as well as the operation of the enzymes of the Krebs cycle *

responsible for the conversion of citrate into KG.
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’

- Three experiments I performed (results not shown) are in agreement .

* with these findings. High rates of glutamine synthesis” from SmM
. 51m|ne were observed. \nn inhibitory effect of acid on glutamine
Synthesis observed earlier, using g]utauufs substrate was evident.
This gives full :onﬂrmﬂ'on to the proposed direct role @f increased
tissue [H*] per se on the enzyme mofety (GS), as opposed to an
=1nhih(tory. effect \{f acid on the transport of glutamate into t‘n;

«Cytoplasm, across the @ellular membrane.

.5.3 The role of ;mmoniu production and excretion in regulation of
) acid-base balancé®in carnivores and amnivores P

+ Stabilization of the exira-‘cenu'llr fluid (E.C.F.) within narrow
Timits of pH 7.35 and 7.45, by regulating the relative amount of fixed
catfon in E.C.F. that is in combination with HC03: IS the =
chief role of the kidney in acm-hase balance. The kidney -ust work
Tonstantly fn ordgr to maintain the normal concentratfon of
bicarbonate-bound cation (25-28m EqlL). However, the electrolyte
content of the average diet, containing excess-of fnorganic anions &v\er
inorganic catfons, fs fir different than that of the E.C.F.. Moreover,
the m_ddition of sulphur- and phosphorus- containing foods leads to the
producgion of the fixed anfons SOF .fml which

d|sp‘|ace HCO3 in thelE, The kidney lneets this challenge

hy conserving fixed ntlnn (mafnly Na*)'and Ncog, through

the compl ete.relhsorpﬂon of a1l the filtered NaHC03, and by
excretion of ﬂxed anfons in cmh(mﬂnn with NHf rather than
lll“‘i e kidney excretes an acid urine, so that the freely ,
diffusible base, N3 1s trapped in the lumen as a relatively




_nondiffusible ammoniun fon, NHg*. The current theories on the
mechanism of elimination of 30-50 mEQ of metabolic acid produced per

day, as ammonium salts, and the capacity to increase renal ammonia

excretion 5- to 10.fold when acid production is abnormally fincreased,.

have been developed with omnivores and carnivores, which excrete acid

urine in-mind. What happens in herbivores, which excrete alkaline

" urine? .

-~ .

4.4 Acid-base balance in guinea pig: a herbivore

The ability of herbivores to protect themselves effect;ve'ly
against a:ida;(s was in doubt. until 1898, when the 1m‘pnrtant work of
Winterberg -appeared (145). That showed cuncluslvely‘ that rabbits ‘fed
on oats could protect themselves against ingested mineral ac1ds'by
coupling these wi‘tn ammonfa, and excreting the ammonium salts |n‘nn
acid urine. Accompanying this utilization of ammonfa for purposes of
neutralization, there was a reduction in the output of urea. This

work, and the earlfer report by Beroard (95), that fasted rabbits

: excreted an acid urine, which reverted to alkaline when they were given
“'grass to eat, have established the principle that there is nofdiffer-

ence in the ability of carnivores or herbivores to mafntain tissue
neutrality. thr‘ough the production and/or utilfzation of excess ammonia
under ‘conditions of acidosis, and also that, whether an animal excretes
acid or base in its urine depends not on the species of animal, but on
the diet consumed by. the animal. ' ’

In Such herbivorous animals, the fraction of total nitrogen excre-
ted as ammonia is low (146), for in these forms diefary hmie nf

avaflable fnorganic c-tiong or organic anfons equals or exceeds meta-




bolic production of acids. Many plant materials, such as fruits and
leaves, on which they feed ontain salts of urganié acids, oxidation of %

which ultimately leads to/HC03. Achievement of acid-base “

¢ /
balance, therefore demands the excretion of alkali, not &cid and the

higher pH of herbivore urine is probably a means of minimizing loss of,

NHa*, and allowing as'much HCOF as can be tolerated g
in the urine to be excreted by this route. -
,\ / 4.5 Acidosis and inhibition of glutamine synthesis in guinea pig
- TS kidney: a possible explanation \' :
k] . The finding by me, that in vitro , the systhes1s of glutamine from -

glutanate and NHgC1 by quinea pig kidney tubules {s “inhibited wen

the pH of the incubation medfum is lowered,:-is to tne best of my

knowledge novel. The inevitable q\‘nesﬂun then is, “what might this

e discovery mean for the guinea pig?" : i
In the courSe of evolution, the guinea pig, excreting alkaline .

urine in its capacity as a herbivore, had had to develop alternate .

routes via the blood for ammonia, since the diffusion gradient for
ammonia |s less from cell to urine than from céll to blond (cans‘devh\g
pH and ﬂou differences). This necessltnted the evquuon of a means ¥
by which metabolic energy could be used to drive a process that is in
effect the ‘conservation of an acidic species (NHg'), and the
| simultanous conversion of the ‘same toxic achﬂcipedes into u' Tess
" toxic form, namely glutamine. The GS pathway was developed. 'But since
metabolic acldosis.valsguised as starvation, was (and it probably. stﬁ’l i
1s) .the commonest perturbation of acid-base balance, in the Lvotution
of man and animals, 1t.{s nst surprising that the gqine'n plg Lo H
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has developed a way of coping with it. During starvation, the guinea
p{g can be "transformed, so to speak into a carnivore, living on its
‘own t1ssue proteins! ‘he results of such endogenous protein mubol'sm
would be the production and excretion of acid urine, as a way of
‘el iminating excess H'. Under these cond.itlnns,_ the complete
reabsorption of all .ﬂltered NaHCO3, and the excretion of ammonfa
in urine becomes necessary. With a very low activity of an ammonia
producing enzyme (i.e. glutaminase), the only option left for the
\ guinea pig kldney would be to turn off, or inactivate the otherwise
efficient anlmma consuming pathway, in order to make ammonia available
for” excretion. This has made the glutamine synthesizing systzm_‘of

guinea pig kidney vulnerable to acid.

"My data fndicate that the -highly sensitive nature of GS to ‘acid fs

evident even under acutely acidotic conditions, as compared to ‘a
chronic situatfon 1ike starvation. The response to acid s rapid
(occuring within 30 minl) and reversible. Such a rapid response to
acid is necessary 1f 65 is to be considered mn& regultory in
ammoniagenesis during acute acidosis. After all acute metabolic
T acidosts 1s a mich more cMu and serious problem, even in hérhw‘_o;‘es.
The high rates of glutamine synthesis l;n guinea pig Hdney indicate
that GS probably operates maximally and efficiently’at .removing
ammonia. It will be a shame if such.a process cannot be made so OCCl;r
© again after acute ;dmin!strlno‘n of acid. No wonder the inhibition by
acid {s clearly ievers{ﬁ]e. ' ' ’

T a6 Alu'losis and g'lntmine synthesis |u guinea: pig kidney P

Alknnsls. in cuntrust hls Mttle effect on the GS. ructlun.
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Glutamine synthesis during metabolic alkalosis was not significantly '
different from normal conditions, althouﬁh slightly greater.

Tenut(\}e1y. one can make me proposition that HCO3 per se "
has-no direct effect on 6S. The earlier reports (65,, 143) that.the

output of ammonia in the urfnes of guinea pig iicreases not only Buring
% ¢ g

"acidosts, by alsq during alkalosts, fs not in camplete harmony with my

: 4 -
4.7 Acid inhibition of GS in guinea pig kidney: e){trapohtion of
results to othgr specfes = .
' ‘A summary’ of 4the current views on the dls,érihution and uctlvi-tl,e"s.
of GS and glut_nm!nuse is as follows: Janfcki and Goldstein (65) report
sign!ﬂcnnt GS activity in the k’(‘dr;eys of ‘rabbit, guinga pig, and rat,
but not t‘hose of cat, dog, and pig.’ Gh;tanlnase activity, present in *
a1l animals studled/.- was 'greatest *in those excreting the more acid
urine (cat, dog, and pig), lea;t‘ in those excreting an alkaline uring
(rabbit and guinea pig), and. intermediate in the rat. GS is not
present in-the kidneys of man and dog (57, 76, 80, 81). :

Glutamine 1s the major source.of urinary ammonia (6, 7). Lyon and,

Pitts (147) readi]y incorporated label from KG in tHe renal glutamate
X ~

poni of all species studied (dog, cat, rat, and guinea pig), 1ndic]uﬁvé"

/of eit‘heteversal of the GOH step or transamination with alanine or
. aspartate. Only in the rat and guinea pig was renal glutamine labeled.
“ Accordingly, urinary -mm of the dog and cat cannot be derlved‘ from -

B (the amide nitrogen of 1ntrarénnliy synthesized glutamine. In other

words, nbligutory coupling,of de-ldn1on and glutamine synthesis to
ammonia ex:nt!nn cannot be ‘the case in the pig, ut. or dog, which has
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no,_ synthetase activity whatsoever. Even in the rat, obligatory

“.;synthesis of glutnmine' from ammonfa and glutamate cannot be a

- prerequisite for excretfon of ammonfa, since if it were synthetase

activity would bg greatest-in acidosis, which it is n:t (45). . In Lyon

ang PYtts (147) study, labeling was significan’ﬂy greater in" tissue

from rats in metabolic alkalosis than in tissue from those in mtabnllc

acidosis. .
; ‘. .
My fndings are in consonance with the view expressed by Damian and

Pitts (45). They argue, that even though t)}a glutamine synthetase

reaction in'thermodynamically reversible and the glutaminase 1 reaction s

T s naf, the two. reactions can be seen as parts of one re’apﬂon. which
can fn a technical sense be reversed; with a net shift to the‘1e_ft or
right béing determined by the achi-hasa status of the animal. Such a
view impli¥s th;t acidosis would slmu'ltanous'ly exert reciprocal effects
on the g\utuminlSe 1 raaction ind the GS relctinn‘rin relatdon to
normal acid-base lmance. On the nther]hand, alkalosis reduces the
‘rate of the glutaminase I reaction, without having yw signlflcnnt

effect on the 65 reactfon. 2

Both Kamin and Handler (148) and Orloff and Berliner (149) have

-

expressed the view, 'thdt the minu’ta by minute production of ammonia

within tubular cells might be best regulated 1f a system which removes
ammonia also existed. In the guinea pig and rat; the synthesis of

glutamine can therefore be seen as, a mechanism, which in essence ‘{s a

negnt(on of the effect of the ammonfa prqducing enzyme. The capacity ;

to consume ammonla then, affords GS the potential for regulating
u-on'ngenzs.!s in the rat, guinea pig, and probably in the rqbbit and

‘ sheep also, but not » cat or pig.
.

-
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The views expressed in the preceeding paragraphs d&mand a
d(scusslon onthe renal |aca1(nunns of the two major reactions, 8
is found exclusively in the proximal strﬂght tubule of rat, and 1n the
proximal- convoluted and straight tubiles of - the rabbit kidney (86), and
'ﬁ:’nase I 1s a mitochondrial enzyme (92),

that is vddej; distributed along the nephron (150). However the-bulk
of Mniaggnasis probably occurs in the proximal tlhu'le’ (150). since
the adaptive increase in renal glutaminase that occurs i':u metabolic
acidosis i; confined to the proximal convoluted tubule (92-94), this is

probably the majnr'site of ammoniagenesis and gluconeogenesis, and

hence the locus of PDG. The segregation «(intercellular and

intracellular) of synthetic and degradative cgpacities is a useful’

arrangement which makes the operatfon of a classical substrate cycle

unlikely, in-the rat. ~ il 4

4.8 Proposed mechanism for acid ﬂ‘\hihlt‘lun of G5 in guinea pig k|dnéy

s1nt\the mechanism for t' GS reuitlon proposed by Meister (89,
90, 91) has not been seriously questioned by others, I wish to discuss
my ﬂnd(ngs’an the bu‘s(s of the scheme on the fnnmﬂng page.

"It is clear; from Fig. 15, that increased tissue H' &aq ey

contribute to inhibition.of glutamine synthesis by:

(1) re&u;:ir‘g the. proportion of avaflable nucleophile (NH3),

and/or - o

(§RY) reducing Ahe affinity of GS for glutamate and/or ATP,

Thls later effect can be achieved by indicing a canfumat!onl’l change, X

|n tne enzyme mucule .

My experiments:have shown '(th. 11) that the free base conten-

-
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Fig. 15 Chemistry of the GS reaction
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tration is not limiting under thé conditionsemployed. Fuhhemére, =

!

'i : the inhibitury effect of ' acid occurs irrespective” of the qm\centvaﬂun \ :
i .-of glutamate (Fig. 12)

L The r\ypethesis for the enz,vmatlc mchanism I'm prnvnung s
: simple; hwuased tissue con:entrations of K" gfff;as d|rect1y. ! 3
N * probably by a change in coninmatlon of the‘ zyme liecule, and/ or, by~ . 5

alteutlons in the electrostatic nature of the microenviroment. at the

active site. fhe consequence of such changes mms& be a Iowering of

the ufflnity of GS for glutamate and/or ATP

—_—

& . 5 . ’

T 4. 9 Hodels of uidosis fov swdies in gnnea pig

lnductinn of acldnsis by use nm\lm‘ﬂ or mineral \acld s g :
ohviws‘ly artifical. Amuch more nntnral situation would be_to make «an

animal acidoth: by excess endogenous pnducﬁon of acid. This is

0 espech] 1‘ necessary 1in guinea pigs \Mcn have been vepnned to apvur

let argic and eat and drink 11ttle whiTe on acid”Yoad (62).., One such
nodel 1s the hc@os!s of severe exercise induced py swimming (!.51).
Renal cortical slices\fn_t rats wich had been forced .t.o‘s\-ilhlln‘at.._za'c-.
i P for 30 min. produced significant ndunts of glucose and mn;ul‘a. when
- incubaéed with ghmnlne as substute (151). These letahdnc chang:s #

“ must have been caused by acidosis (hctic) because pvetrutmnt of the

. uts with ){‘.03 before swimming prevented the changes.:

goes without saying, that starvuﬂnn should also be enp'loyed as a mure -

!
’ AL pl\yslnloglcn actdotic condition. - - y P s ¥
i | tag ,‘ . Two works. "Anesthesia\in guinea pigs” (152) and: 'A':id-bls'o g
b f‘ sum in mlnesthetized unrehﬂlnad unhm plgs - (153)l shpuw “
S
l = “ Z pvovldc'\uam uf-rem:l -tarms ler futuu 1nvastlllt|onl (nvolvin
w e B :
: 2 . :
3 PN o S 3
3 " *
t
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4.10 The choice nf animal species for studies of: metabo'l}é regulatioh .-

/fmdles or the regulation ‘of ngtabo'lisn in nuunus, aml thevefore the

fog\ptlon for the deve'lowent of much of Mnchemicﬂ knouledge has‘ 3

‘been built. from stmﬂes with this anlmﬂ:\the gigantlc nmuunt of
1nfovmut10n available in the literature’on the metahoHsm of the rat,
1n 1tse1f pevpevfuates the use nf this nnimahin uetaboltc studies. -
: "mvev, evidem:e s accumulating that certain spec‘f!c patterns of.
i me%abohc control are not the sm among speC1es. ‘;n's cakhave far
reach!ng e'ffects 1f we try to apply the infovmntion gatnere& from
x reseavch‘nn one species to,_another, pen\aps unve1ated anh@l‘.’ '
4.}0.1 Rate of gluconeogenesis and PEPCK activity as factors 1!|vo'lved
© L in the vvegu‘latinln of renal ammoniagenesis®
. Virtually ull-uf’tne resanrch on renal .or hepatic. gluconeogenesis ,
“have been:carried out using the nt, and a set of geneval cnncepts for
\SQ the regn]ation of* the process lus emerged. But vurlous nspe:!s of /
» PEPCK involvement in k(dney metabo'lisn;, notably fts unique

intracelluiar distribution amnng ‘species,. 1ts acﬂvity in relatlun to

acid\gase balance, and its actlvic_y in rehﬂnn to hormones- and other B

+ physiological’ etfectnrs.,has made”a renssessalent of the, universality

o of such concepts necessary. 7 : ‘
'ln the 1iver, PEPCK is a'!mnst totally n(tochond‘rlaj in birds and
rabbits (95%), whereas in the ut.\uause ‘and hamster, 1t is cytosolig,
(90%) (132).° The_ vast mjority of species studied to date, however
exhibit Avatio of cytosolic to mitochondrjal eniyﬁes of about 1:1.: In

N The rat has been the choice nf most biochanists in the madovuy of '{




L guinea pig kidney, PEPCK was found to be about 603 &tnplasmic.(laﬂ. :

and in human Hver it is about *SOZ cytop'lasmﬂc (131). af’d in human-

’ ‘ @ iver, it ds about 50-50! nrltn:handr'al. - & ¥ . |

: While the\ne\hnﬂc consequem:es ;f the pattern of PEi;CX K
Mistribution is immediately obv1o‘us, vis a vis, substrate for PEPCK, -

> carr{er’.‘systems for Krebs cycle anions, nature of substrate (i.e. ‘; -
i reduceq,or oxidized), etc, the interaction. between g‘lucaneogenes‘ls and . P "

=3 B g'lutam!ne s,vnthesis ‘nade necessary by the existence nf a cycle frnn\

uMch bnth processes can draw cycle 1intermedates, cannot.be overlouked \

1n the atwnpt to. der|ve mechanisms of rena\ ammonia productian\\The N .

' " intvitable differences in mitochondrial and cytesolic .:_nm;rol \‘

mechanisms betyeen different anima‘ls_ must be. appreciated.
i CTs In d1ab
Vv 300. The NAD/MA,DH ratio for guinea pig Tivér is 290, and the netaboHc

s, ‘the NAD/NADH ratfo of 725 fn‘rat 11ver decreases to .

consequences of this d!fference beween rats and guinea pigs have not ’ -
been fully apvreciaeed. Rnwever whﬂe no one expermentn animal
model can be cons(dored Ideaﬂy sulted for®studies on metabolic
regulation; ve must bn aware a\f the 1mp1|cati@s of our choice. and the’ L
! extént to which \we can eXtrapolate. The rat 'for example w111 not be a L g
good model for study of human metabolic dfsorders, dlrectly or !
1ndirectly concerned ulth 91ucose synthesis. On the other hand, an l‘
1ntegrat.ed model apprn-ch which considers the primary d'fferenc:s !
between the rat al\d t e guinea pig, shonld be more usefu] in L -~
a extrupo'laﬂon to mmn metabolism. .
4. 11 Future expermsnts \
. o . ‘The hypnhesil that increased tissue H’ causes “inhibition of

v '
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glutamine synthesis must be tested by kinectic !XDEI“IE;ItS Fnrtn:r:.‘
eiperhents would probe the enzymatic basis fvr altered kinectics. Fo;
exalp!e, conformational changes could be ted by circular dichrols-
svectmscﬁpy These exper{nenf.s would, of course, requjre"urffied GS
from guinea pig kidneys. ’

' Glutamate can be utlllzed via the ss or GDH pathny, but the
operation of the GDH pathway was not of 'mporunce in-my .experiments,
since.the tubules ulre incubated with NHgCl. _However, the proposed
limiting role of the GDH pathway during glutamine synthesis ‘|n the‘

) Ahse;lce of NHgC1, and the reported inhibitiom™of GOH by increasing- W

concentrations of K03 in the rat kidney. (24), makes a’study
of the effect of varyfng HCO3, independent o?“mu 'pH change,
f1so necessary, in the’ gu(ne’a pig kidney. " s

For this study, the tubules should be hK:I'blted at pH 7.4 and-the
HCO3 Al‘ Peo, varfed accordingly. MSO should be
e-yloyei to ensure thlt’?utuine formed is not due to prntein
degradation. Aminooxyafdtate can be added in some experiments to
ensure full utflization of the glutamate carbon throuql\ the 6S pathway.
Metabolite d:ter-{nntions should be made on glunnte. glutamine,
aspartate, alanine, ammonia, lnd glu:ose.

It would be 'nurestlng alsn to perform fn vivo studies on the
guinea pig kidney and liver. Metabolite levels in freus-c’luped
Tivers and kidnqys should be measured in normal and‘lm.tl actlotic
‘antmals. The e":ct of starvation on the levels of such metabolftes, .
the utlvlv of GS. and the urinary output of Lru and ammonfa under
such conditfons. .should also be examined. . #

In addition, mn_g)as from acidotic or starved animals should be
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Incutnud In vitro with g!ut-«n.e plus or minus NH4C1, and the
&
rate of glutamine synthesis determined, and compared with results from

° normal gnimals. S -

- The use of NHgC1 for the fnduction of acidosis in animals

depends on fts conversfon into urea and acid (HC1) 1n the liver.  This >
. ability ‘of the liver Q)A'gepgrau' acid, means that hepatic nltrage'

metabolisn and. renal amnonia excretion are interlinked .(154). Liver
perfusion stud'és, aimedkat elucidating the exact role of the liver im
‘pH homeostasis would also be interesting; evén more so, in the 1ight of

the reinterpretatiop’ of conventional views on urea and ammonia

excretion, being asked for (18), by Oliver. et al.

| . . " "L‘\

.
4.12 Summary and conclusion

The rate of fomﬂ;)n of glutamine in the guinea pig kidney is
decreased during acute metabolic or respiratory acidosis, as has been
shown in cortex mulo;. E‘ﬂ This effect is not due to lack of
availablity of ATP, since the tissue ATP concentration in tubules
incubated at pH 7.1 is not significantly different fr(- that at pH 7.4.

There is no change in the subcellular distribution of S during

acidosis. The inhibitory effect of H* on glutamine synthesis

suggest§ that increased tissue.H* coul d‘contribuu to the

inhibition by acidosis of glutamine synthesis. Thus 65 is being
implicated in the reguluwry"’évents connected with the acute production
of ammonia in the kidnéy. Studies which could define the role of f.he
1iver |n PH homeostasts has been suggested. it is pnssible that
ruguhtion of the various pathways of glutamine menboHsl 1s more

significant {n terms of ammoniagenesis than {is the regulation of GS

0




‘ ’ ftself.. - PRy =2 .
3 . . Much remains to be 'Iur';led - but there s already much evidence ts

t control of ammoma production in acidosis is mltlflcturn!.
{
That’ shnuld not

fnvolving a varlet,y "df mechanlsms at m:ﬂt{p‘le sites.
P «
L be surprising, since rature rarely entrusts the regulation of important.

! u processes .to a single mechanism. -
s / I

.
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