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ABSTRACT

. 1. boidfish‘(Carassius auratus) and white sucker (Catos tomus

M “ N ! .

commersoni) liver glucosc—6—phosphate dehydrogeoase (G6PD) exhibited 8

to 30 tiﬁes‘the_activity of northern pike\(ESéx lucius) G6PD assaved

v

“under similar ceonditions. Liver 6-phosphogliconate dehydrogenase (6PGD)

activity qf’goldfish and white suckers was at 1éést twice tﬁat.found in

northern'pike. - .

2. ‘Theiactivity per gram liver of G6PD‘fromjnorthern pike was
'slightly (20%) higher‘in winter than in summer caught fish; while sucker

2
I3

liver G6PD activity showed no changes in winter vs. summer caught fish.

No qohsistent”temperature acclimation-dependent differences ‘in Cigbx\

activity of goldfish liver were observed.

3. G6PD activipy‘from all three species was strongly inhibited

by NADPH (Ki ca. 18-46 uM) - B - o

vl. *No~ differences in Michaelis constants (Km) of G6PD and 6PG

N

were observed in wintet;vs. summer caught pike- and suckers, or.in cold- o

(2 C) vs. warm— (20 C) acclimated goldfish suggesting that no 1sozymic

0

changes occurred in these eﬂzxmes ‘due to temperature acclimation or

A . B
_s€ason in the three species of fish examined.

. 5. The Km(G6P) of goldfish and white-sucker G6PD exhi@iﬁéd,.
extensive posiciVe thermal modulation (ca. 100 ta 38—50 uM) between 22 C
~ .and 2 C, while at tehperatures below 2 C, hegatire‘cherma%«modﬁlation
oécurfed in the white.sucker enzyme; 'The iowesthm(G6P) for all three
species.was similar (38—50'ﬁM) ard occurred é;vlow~(2—3’C) teﬁperatures.
Tﬂe,Km(NADP) for sucker aﬁd pike G6PD was 14—15‘uM end 20 uM,A |

iv B . e

s
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respectively; and was unmodified by temperature, indicating that *

temperature compensation does not occur by significant reductions in the

.

Km values of the rate-limiting factor, NADP*..
6. 'The Km(6PG) of 6PGD was insensitive to temperature modulation

over a 20 C.range, and exhibited similar.values (ca. 30-40 uM) in all

- three species. '

7.. Arrhenius plots of liver G6PD from all three species were
non-linear between\§2 c and .2 C, with higher energy of activation values

at lower temperatures (5-2 C for goldfisg and,suckers; 12-2 C for pike).

Arrhenius plots for sucker and pike 1iver 6PGD were, linear over a 20°C

temperature range, but- goldfish liver 6PGD exhibited a non -linear

.
‘

Arrhenius plot similar to G6PD.

-

- 8. Liver tissue showed the highest pentose phosphate pathway

_dehydrogenase (G6PD 6PGD) activity’, as well as high malic enzyme,‘

- -

‘\NADP¥§dependent.isocitrate dehydrogenase, and atha—glycerophosphate B

dehydrogenase'activity, suggestiﬂg that the liver is the primary organ

.of de novo lipogenesis: Pike liver, however, had no detectable malic

. - . . . )
. . \r
. .

enzyme activity.
9. Muscle tissue from all three species had high NADP+-depend§nt:

isocitrate dehydrogenase activity, and low G6PD, 6PGD, and malic enzyme

.

activity.

'10. An examination of the'temperature—dependent propertiés of -
; he pentose phosphate pathway dehydrogeﬁases suggests.éhat, on an
g Lﬁmediate'oroseasonal basis, onlx~a minor.amount of'rate.compensation for

FemperatUre takes place,. Previously reported increases in pentose

phosphate pathway utilizat®on in carbohydrate catabolism during cold-



acclimation do not appear to have been the result

dependent prbperties'of the pathway dehydrogenase
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ABBREVIATIONS

. _ ' Enzymes

G6PD = glucose-6-phosphate dehydrogeﬁase (nglucose—6—phospha;e:NADPf .

oxidoreductase, E.C. 1.1.1.49f

0

6PGD = 6-phosphogluconate dehydrogenase (6—phospho—D—glucopate:NADP+
‘oxidoreductase (decarboxylating), E.C. 1.1.1.44)
* ME = halic eniyme (L—malaté:NADP+ oxidoreductase (decarboxylating),

E.C. 1.1.1.40)

ICD = NADPt-dependent isocitrate dehydrogenase (threo—DS-isocitrate:

. ) . '
NADP* oxidoreductase (decarboxylating), E.C. 1.1.1.42)

aGPD = alpha~glycerophosphate dehydrogenase (L-glycerol-3-phosphate:NAD*

oxidoreductase, E.C. 1.1.1.8)

'

~ Substrates and'Coenzymesl etc.

©

G6P

= glucose-~6-phosphate’
6PG = 6—ﬁhosphog1uconate~- 7 S
. - ! . .
aGP = alpha-glycerophosphate

NAD+/NADH = oxidized/reduced forms of nicotinamide-adenine dinucleotide

'NADP+/NADPH = oxidized/reduced forms of nicotinamide-adenine dinucleotide

{fphosphéte_
EDTA = ethyienediaminetetraacetic acid
. N :
PP pathﬁay = pentose phosphate pathway (hexose monophosphate shunt)

LI . . . . . -

- - . ) R —
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-~ INTRODUCTION

. . - ot

Much of the interest in, temperature acclimation by fish’

physiologists stems from the {ork of Hochachka and Hayes (1962), in which

Y

it was shown that ' in brook trout €a2velznus fbnttnaazs), there was a

.

"metabolic reorganization" during cold acclimation, during which the B

’ N N
utillzation of the pentose- phosphate pathway (PP pathway) in carbo—

hydrate catabolism was proportlonally 1ncreased In addition, cold-

.

acclimated fish showéd a proportional increase in the 1ncorporation of

1"C acetate into lipid They concluded that cold acclimation favored

extramitochondrial pathways, partlcularly those related to lipogene51s

_Similar conclusions were reathed bv Ekberg (1958) and Kanungo and

¢ B

Prosser (1959) based ‘on, the effects of metabolic inhibitors on the
a

' respiration of tissues from warm- and cold- acclimated goldfish Cara337us

auratus.
The . above studies suggested that proportionally.increased use of
the PP pathway mlght be a general phenomenon in cold- acclimated fish,

with a common molecular.basis.A The two enzymes of the ox1dative portion

of the pentose phosphate pathway, glucoseﬁ6—phosphaterdehydrogenase

(G6Pﬁ) and 6—phosphogluconate dehydrogenaSe (6PCD), may have evolved
%
adaptive properties which could account for the above changes during . -

-

cold acclimation. The former enzyme controls the entry of G6P into, and

flow through the pathway (Greenbaum et al., 1971) The latter enzyme

(6PGD) increased in activity in crucian carp during cold acclimation

]

(Ekberg, 1962)g



D

v

The proportionally increased use of the PP pathway during cold
acclimation isopresumably to supply reducing equivalents (NADPH) for
_increased lipogenesis. In mammalian tissues, the pentose‘phosphate
pathway accounts for 602 or more of'the NADPH required.for lipogenesdis
(Flatt za.nd.Ba]Cl.,~ 1964), and the activity 6ftthe pathway dehydrogenases
* (Pande et al., 1964) and carbon_flow through the pathway (Greenbaum et
al., 1971) have beenipositively correlated with the rates ef‘de_novoi’
'lipogenesis., Evidenee.for increased lipogenesis in cold acclimatien
comes nrimarily from the wdrk of Knipnrath and Mead (1968) on goldfish
and the work of Dean (1969) on rainbow trout, Salmo gazrdnerz |
Unfortunately, our knowledge of de novo 1ipogenesis in fish particularly
.its_enzymology, consists primarily of.the assumption that it is similar
.to mammalian lippgenesis.’ o ; \ A
A prinary reason for increased lipogenesis during winter

acclimatization is unneubtedly the proéuction‘of new ‘memt rane lipids
}which are better suited for thevmaintenance of membrane structurel!and
functien‘at -low temperatures (Knipprath and Mead, 1968) quever,
'vincreased lipid synthesis for energy storage .see reviews by Love, 1970§
Shul 'man, 1974) and/or gonad development,must Be considered,.particuiarly
in»naturally aeciinatizeg animals; ”Das (i§67) has shown that, during
.eold'aeelimation, there is inereased ;NA synthesis in gdldgish liver
»and_muscre, and the Pf pathway nay:also bevimportant iﬁ suppiying pentose
.sugars»for tnis process; furthermere, changes in metabolic organi—

~zation, such as increased lipdgenesis, which'appear to be brbught atout

strictly by cold acclimatization,,may not be:cleariy separable from

-



those changes caused by reproductive cycles;
The molecular mechanisms inVolved in a shiff towards a
proportiondl increase in PP pathway partlcipatlon in carbohydrate

.catabolism during cold acclimation have not been adequatelv studied,

although much has been learned in recent years about the molecular

i L
A~

mechanisms of temperature compensation and acclimation (Hochachka, 1967;

Hochachka and Somero,_l97l, 1973; Hazel and Prossér ‘1974). Most of the
: wérk, ho@eveg, has concentrated Qn‘lébqratOr; acclima;ed animéls, rath@r -
‘than gnimalé acclimatized in fheir patufal environment.. Tt has_beeﬁ
demonstrated (see reviews c&:éd above) that-ﬁoikildtherms oltéh-usQ -
enzymig mechanisms to compensate for changes in the kinetic eﬁergy of
their eﬁvinonment;_ These mechanisms of ;e&herature compensation may
.alwéys bé preéént,Athus ;llbwing for instanpaneéus_as well as.éeasbnal
cpmﬁensation,'or they may devélop qnly after periodé of\hcclimation_or
"ac¢llmati2ation; Evéh if mole?ular mechanisms for rate compenéation‘argA
contihually preéent, they_méy oﬁly be utilized at certain tiﬁes of yeér'
in the animal's natuggl.habitat. The enzymic mechaﬂismé or strategies
“used for thls temperature é6m§é;sation-méy be classified as:’ mo&ulation,

in which the reaction rates of enzymes already present in the cell are

éhanged by temperaturé, metabolites,lpH, ions, etc.;_guanfiﬁative, in
which the concentration or total duaﬁtity‘of'pre—exis;ihg,énzyme types
ls lnéréased;:and gualitative, in which'the_types of enzyme in the cell
are changed (Hochachka and Somero, 1973) A | -

In 1973 Hochachka and Hochachka showed that cold—acclimated mullet
fish (Mugml cephalus), a subtropical species, produce an isozyme of

glucose-6-phosphate dehydrogenase not present in significant amounts in



“ ' . - 4
warm—acb;iﬁated~fish (qualitgtive strategy). This G6PD isozyme shoyed
temperature—aependent'substrate, coeniyme, and inhibitor kinetics ‘

(m;dulation strategy) which might account for or facilitate'prpportion—
ally increased PP.pa:hway utilization in‘cold—acclim%ped'fish. However,
such isozymic changes with cold acciimation are unusual in a non-salmonid
séecies, such as the mulleF (Somero, }9755). Furthermore, if
"proportionally increased ut£lizatioﬁ of ﬁhe pentose phosphate pathway is
a neﬁessaryvadjustment‘for survival inbco}d—acciimated fish, then one.
would ékpect’the.enzymic mechénisms causing this‘shift to be best
developed in those fish whiéh.muét seasonélly adjust to cocld temperatures
in nafﬁre; suéh as north temperate fréshwa;er spec{es, ra&her»than in

laboratory acclimated, subtropicai marine species. - ’ S

o Thereforé, thé present study examines the temperature-dependent
activities'and‘kinetics of the enzymes of ;he oxidétive pprtion of the-
pentose phosphafe pathway in tissue;bfrém natural, nortﬁ temperate
populations of white suckers (Catostomus commersoni) and northern pike
(Fsox Zycius), and from a lgbofatory pobﬁl#tioh}of goldfi;h ﬁCaraséjus
,auratug). Northern pike and white suckers weré chosen because of the
distinct differences in-their_lifé styles, as wéll'as their avaiiability
~at different~timeé.of the year. <The northern pike is a predator, feed-.
ing prim&rily_onlqther.fish, while‘the sucker feeds along the bottom on
aquatic invertebratés,'etc; (Scott and Cross;;n, 1;73). The géidfish
wgré chosen as a laboratory species'bECauSe of the éxtensive literature
on'Eold‘accliﬁa;ionfwhich'exists for this énimal.

. "Liver PP pathway enzymes were the most thoroughly studied, siﬁceii

the liver appeared to be the primary organ of Eipid stofage‘(Tashima'ﬁnd,'
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Cahill, 1965) and of de novo lipogenesis (Tashima and Cahill, /f§65
Kluytmans ‘and Zandée, 1974), and the G6PD reaction was particularly
emphas}zed, sinqe‘it controls the pathway (at least in rat liver,
‘Greenbaum et al., 1971%. However, other tissues and enzymes were examined
briefly fo,canfirmlthat the liver was important in lipid metabolism, and
to more completel& aasess the sources of reduc{%gvequivalents for,lipoj
genesis.. Lipid content in whole goldfish and white sucker tissues and
glycogen content in goldfish tissues were also>determined’to compl ement
~the enzyme studies. B v | - -
The following questions were asked: ) ) '
1.‘ What are the strategies or mechanisms used, if any, to
compensate for qﬁanges in PP;pathway dehydrogenase activity brought about

-
by the 22 C range of environmental temperatures to which these fish are

exposed annually in their natufal habitat? Do the_tem?erature—deﬁen@ent
properties of tﬁe enzymes studiéd suggest that there is any "seasonal
metabolic aeorganization' which would result in a relatlve increase in
_carbon flow through the pentose phosphate pathway, and whlch would be
indicative of propor}ionally increased rates of lipogenesii? I
| 3. ‘What are the patfarnS'of 1i§ogenic>and NADPH generating

activity 15 various tissues of the different.species_of fish? Qhat do
these patterns suggest about.the function-of G&PD;;GPGD; malic enzyme,
isocitrate deHYdrogenasé, and atha—glyceroﬁhbspﬂate dahydrogenaae in

thesé tissues, and the ﬁatential significance of each tissue to de novo

lipogenesis?



MATERIALS AND METHODS

A. ANIMALS
~N\ !

Common goldfish (Carasst&u auratus LinnaEUQ) welghing from 6 to o
20 g were purchased from the Grassyfork Fisheries Company of Martinsville,
Indiana. Upon arrival at the University of Alberta, fish were maiqtained
in 150 1 tanké at 20 C (#3 C) for at least 4 weeks prior to transfer to
colder temperatheS. .Animals to be cold—a;climated were transferred to
a éold room (8-12 C) for 2~to 4 weeks and then moved t;-various
refrigerated rooms (144_C, depending on the room), with'a photoperiod of
2-6L:22-18D.  The photoperiod for the warm-acclimated fish was approx-—

2

© imately 12L:12D in winter and 14L:10D in summer.
Cold-acclimated animals were kept in groups of 5 to 16 in 19 or

S4 l tanks. Both warm- and cold*acélimated fish wefe maintained in

4

demineralized water contalning 0. 144§even Seas Marlne Mix Salts (Utility
Chemical Co., Paterson, N J.) and 0.1% Fish Grade Tris Buffer pH 7.4
(Sigma Chem. Co., St. Louis, Mo.). The pH of the buffered water

" inereased at lower temperatures, and was approxiﬁétely pH 8.0 at 2 C.

The bottom of each tank was covered with a layer Lf activated'chgrcoal to

‘

adsorb noxious materials. _ : : o s

| Coldfish were fed with SeRa Coldy {SeRé Co;, West Germanf’ or
Tetramin Staple Foéd (TétraWerke,,ﬁest Germany)-. Fdr warm-acclimated
_fiéh, miﬁimum da11y food 1eveis were approximately‘l% of the fish biomass

in each tank. Fish held at lower temperatures were fed one-half of this . ¢3

amount -or less, but always in excess, as indicated by food particles on-
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the bottom of the tank the following day. In some experiments (sce Table
8), cold-acclimated fish were not fed.

Specimens of white sucker (Catostomus commcrsoni lLacépdde) and
northe¥n pike (Fsox’lucius Linnaeus), weighing approximately 1,000 g
(range 738f1;387), were collected inlMaréh (wiﬁter—caught fish) and July
(suﬁmef—caught fish) by gill netting from Lac Ste Anne, a shallow
eutro?hff lake, located approximately 80 km northwest of Edmonton,
Alberta. Only fish that appeared freshly caught were used. A few
specimens were éollected in late April (1974) and early May (1975) during
their spawning'migration in a temporary stream draining into Lac Ste
Anne. .

When the lake was ice;covered in March, the water temperature was
0.6 C (0-1 C, depending on the depth). In April (1974),“water CCmperatufe
of>the temporary stream was 3-4 C, and in May (1975), it was 10-11 C.

The water temperatures of Lac Ste Anne range from 16.5-22.0.C in July
(Medford, 1976; Mackay and Bkeat:_ty.,9 1968). Oxygen levels in Lac Ste Anne
.range from about 9.5 ppm in July‘to é.6ippm in March (Langer, 1974), and

are probably not stressful to either species.

B. TISSUE PREPARATION

Goldfisﬁ were>stunned by a blow on the head,>decapitated, and the
liver or muscle (white epaxial'muscle) removed and weighed immédiately,
Tiss'u':eé from 3 td 5 goldfish of either sex were pooied and treate
déscribed below for sucker and pike tissues.

Goldfish liver is a rather diffﬁsé organ, donsisting of ‘a' large

anterior mass which is associated with the gall bladder, and sgveral

.
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posterior sections lying along thJ digestive tract.  Fat cells may be
1ntegrét0d with the liver, especially posteriorly. In addition, the
pancreas 1s not casily distinguished macroscopically from thc‘livor.
Hence the liver prepérations used in this study ﬁop only included
hepatic tissue per se, but also adipocytes and pancreatic tissuc. Some
effort was made to standardizé the liver preparations by taking 75-85%:
by weight of the sample from the distinct antcr{;r hepatic tissue mass.

For sucker and pike preparations, animals were removed from the
net, killed by a blow on the head, and placed on ice., 6 Tissues were
removed within one hour and placed on dry ice for transport back to the
laboratory.

Pike liver samples consisted of the most posterior 3 Cmbportion.
Sucker Iiﬁer Qas sampled in a manner similar to goldfish 1ive;.' Muscle
sé&ples (white epaxiai musc1é5 were removed from the S ¢m area approx-
imately 3-8 cm posterior fo the‘ﬁead.

Immediately upon return fo the laboratory, tissues from 2 to 5

white suckers and northern pike were pooléd. For sucker and pike homo-

genates, only tissues from male animals were used. The samples were

‘diluted with 3 to 1O volumes of ice—ééld.S mM EDTA solation, then

hbmogenizéd for 2 minutes with a motor-driven teflon—gla;s homogenizer
. . & . t

(Thomas & Co., Phila.), which’was placed in an ice bath.- The homogenate
.was filtered'fﬁrough a layer of'cheesepléth aﬁd centrifuged; 10,000 x g
at 0 C for a minimum of 20 minutes iﬁ a Sorvall RC-2 refrigerated
centrifuge (Sorvall & Co;, Norwalk, Conn.). The supernatant fraction
was then'feceﬁtrifuged at 18,0060 x g for a minimum of 45 m?nutes;_apd the

. . “ . <
supernatant fluid from this centrifugation was ¢iluted, if necessary,



and stored in 2-3 ml batches at -20 to -30 C until used. No turther
purification of the enzyme was attempted. This prcpura[ion‘will hence -
forth be called the homogenate.

In retrospect, homogenization of the tissues with hypotonic
SmM EDTA solution was a poor choice, since it probably resulted in the
rupture‘of cell organelles and consequent release of organelle enzymes.
Some of these enzymes, such as NADPH—cytochrome .~ reductase and NADPH
oxidase utilize NADPH and thus may interfere with the dehydrogenase
assays (see Aﬁbendix VIiI). FurtheFmore, catheptic enzymes may have been
released from the ruptured l}soSomes, resulting in protein denaturation.
Nonetheless, it should be recognized that homogenizacionwmedia which
provide an isotonic or buffered enviropment, while supérior to hypotonic
solutions, do have disadvantages as well. For example, béth sucrose
(Gerhardt and Beevers, 1968) and Tris-HCl buffer (Gellert et 1., 1959)
have been repofted.ko interfrre with some of the modificaﬁions of the
Lowry protein determination (Lowry et -al., 1951), although sucrose does
not appear to interfere appreciably with the unmodified,Lowty ;ethod
used in this study (Bonitati et al., 1969). Homoéenization with isotonic

KCl wold present difficulties in asseésing the effects of ionic stfength

on enzyme activity (Appendix I).
’ 1Y

Y

C. ENZYME ASSAYS

Enzyme activity in the homogenate was assayed by recording the

reduction of NADPY (or NAD+) as shown by the increase in absorbance at

340 nm using a Hitachi-Perkin Elmer 139 UV-vis spectrophotometer. To

achieveﬁgemperature'con;roi, thq}Fuvette chamber was attached to a Lauda

7

v
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K-2/R Temperature Controller t{lled with ethylene glveol. Mhe tempera
4
ture ot the solution in the cuvette was measured betore and {ommediately
after each assay with a YSI telethermometer probe (Yellow Spring
Instrument Co., Ohfio), and recorded to the nearest 0.1 ¢, interpolattng
when necessary. - For each '«iv[t‘rmin.‘ltlon ol kinetfic constants, the mean
temperature of all the indiyvidual cuvette assav temperatutes was con
£ }
sidered to be the true assa\) temperature for the constants, and is
reported as su@‘h {n all later tigures and tables. Individual assays
which were not within 20.3 C of the mean temperature were discarded.
Preliminary work with the dehydrogenases indicated that, at the
<§?Z;ogenate concentraticns used, the reaction rates were linear tor a
minimum of 2.0 minutes (Fig. 1, Appendix VII). Propo{tionality was
observed for all enzymes, using a two- or threefold r;nge of nomogenate
concentrations (Fig. 2, Appendix VII). The pH optima for the gcld-

fish dehydrogenases were det:rminedgag‘lifb\(LEE\Tris—HCl butfer (100 mM)

(Fig. 1A, B, Appendix pH vdlues of the buffer solutions~werge

determined to 0.005 pH unit ith a Beckman Research pH meter which was

standardized each time it was used.
N

Far all enzyme assays, a 3.0 ml volume was used in a cuvette with

a 1 cm light path. An extinction coefficient of 6.22 x 103 liter mole™ !

cm~! was used for all calgulations (Kornberg and Horecker, 1955). °

All organic reagents used in the enzyme assays were purchdas: © from
J .
&

Sigma Chemical Co., St. Louls, and were of the highest purity avai: sble.

All gubstances used were sodium salts. Other chemicals were of re.gext

grade, and were purchased from Baker, Mallinckrodt, and Fisher.

The glucose-b6-phosphate dehydrogenase (G6PD) assay mixture
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Foutinely empioyed in this s tudy cdntained (final éoncenﬁrations): Tris-
HCl bnffer (100 mM, pH 8.0, temperature adjusted); Mgélz (10 mM); a

. Vo _
saturating concentration of'NADP (0 4 mM); and varied conéentrations‘of
homogenate and D~glucose-6- phosphate (G6P) (Glock and McLean, 1953
vKornberg and- Horecker, 1955' see Appendix II) NaDpPt concentrat{ons

« R

were varied when the Km(NADP+) and Ki (NADPH) were determlne ” The 6-.

phosPhqgluconate dehydrogenase (6PGD) assay mixture was identical except’

for a saturatlng NADP+ concentration of 0.3 mM, andAthe:substitution of
6-phosphogluconate (6PG) as substrate 1nstead of glucose—6—phosphate

(Horecker and Smyrniotis, 1955) . The assay was run for a minimum of

' :

2.0 minutes. Act1v1ty was negllgible u51ng ‘the goldflsh homogenate,'_

~ B S

f

when glucose (100 mM) was ased as the substrate, or: when NAD+ (0 5 mM)

' -

was used as the cofactor. ' _ a~4,.", ' -

2. . - T

Other dehydrogenase a:tivi;ies»wére measuréd“asinéfghe following

assay mixtures: \ 3

The malic enzyme assay mikture contained (final concentrations):

v,

Tris-HCL buffer (100. mM, pH' 8.0); malate (0.1 m); NADPY (0.2 mM);
MgCl, (3 mM); and 0.05 to Q0.3 ml of homogenate This is, with'slight
/. . '

modificatlon, the proéedure of Wlse and Ball (1964)

NADP-dependent isocjtrate dehydrogenase (NADP+ ICD) was, assayed

~

ythe procedure of Moon and Hochachka (1971) The cuvette, contaln—

Tris-HC1 buffer (100 mM, pH 8 0), NADPY

C:

/////////i
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this is not always thé physiologic§l diréction. The procedure followed .-
was that'of(Bewley et al. (1974)f- Thg assay mixtﬁre contained (final
cdncentratiéng)} glyginF—NaOH buffer (100 mM, pﬁ\9.5);,NAD+-(5‘mM);
,DL-qtha;glyqérophéspha;e (15;mM)§7and 6;05 to O.Z‘mi"homOgenate.

#

In all of thé,above enzymé'aégg&s, endogenéus NADP+ (or NAD+)

RS

reduction,.when significaﬁt,fwas al;owed to proceed uqtil a constant,
negiigible rate was~recordéd, usually within 3' to 5»&inutes, then -the

. ’
substrate was added. This was necessary only when the homogenate was~"

fr%§hly,prepared,;and not previously'frozen. NADPt was added last when

! o«

Lo e . . : a

.1t was-established that this caused no detectable error (Fig. 1,
- N . - .
- 'Appendix VII). NADPH ‘oxidizing reactions were undetectable in goldfish’

‘and sucker homogenates, buf were détectable} at rares not exceeding
. 0.001 umol per_ﬁinUte,\{: very concentrated pike liver homogenates (Fig.
1, Appendix‘VII). App:optia:e_Blank~cuvettés were used when necessary. . :

The Km

)

alues in this. stuydy are the substrate concentrations at

which the velocity of the enzyme reaction is one-half of its ektrapolhted
’ : ’ q » ' . h ’ ’ v Tt 4 s .
maximum velocity (Vmax). The Km'can also be ‘termed the apparent Km, or

. . ) ) ™. re T . .
the reciprocal of the apparent enzyme-substrate ,affinity (Hochachka apd -
Someré, 1973),>to distinguiéh it from the Ks,/the”enzyﬁe-Substrate

dissociation constant (Dixén and Wébb,‘1964).' Calculation of the Km and

Vmax is discussed in Appendix VII. =~ . ‘ . S
D. PROTEIN

)Tﬁé/;rdtein content of the tissue homogenates was determined with
- . : i : - . B

" Folin-Ciocalteu reagent by the method of Lowry'e; al. (1951). Absorbance
was measured at 500 nm.<}Bovine serﬁﬁ'albumin was used as % standard.

1
v



RESULTS

oo A. THE EFFECT OF,TEMPERATURE_ON SUBSTRATE- -

‘ DEPENDENT G6PD KINETICS

All of the glucose-6-phosphate deh&drogenasesrshowed typical
Michaelis—Menten/hyperbolaq when veloc1ty was plotted against varaed
eubstrate concentrations.' The enzymes were saturated at about 0 2 to-
0.5 mM of.substrate:,i |

- Miehaelis constants, Km(G6P) for»GGPD,testimated>from the iinear,
‘non—satureting, non—activeting portions of double;reciprocgl'plots
(Appendix III);‘are recorded as a-function‘of-temperature in Table 1~and////
Figures 1A, B The temperatures are representatlve of those encountered
hy white suckers (Catostomus) and northern pike (Esox) in the yearly
cycle at Lac Ste Anne and by goldfish (Carasszus) in the north temperate
jaree of North America.

It wes.found that the'oniy differeneee!in the Km(G6P) values were
interspecific or uue to the different essay temperatUres (Tagle 1).
There uere no differences in the Km Yalues of G6fD‘enzymesifrom animals
‘caught at two different times of year or frou ahinele‘acclihated in the -
laboratory to two°different;temperatures (Table 1), suggesting that no
qualitative changes in'§6PD occur due to season or‘temperature
ecclimation.
Golufish'G6PD shoned a;subetential decrease in Km(G6P) hetween

22 C and 5 C, that is, there was an 1nereese.in the'apperent.enzyme—
substrate.(E—S) affinity as the temperature decreaeed (Fig., 1A). ‘This'

13



"~ Table 1.

.differently acclimated or acclimatized groups of fish.

Michaelis constants, Km(G6P), for goldfish (Carassfus), white
sucker (Catostomus), and northern pike (Fscox) liver G6PD .from
Assay
temperatures are within %21 C. Km values were determined from
double-reciprocal plots ‘(Appendix III), and are expressed as
micromoles of substrate pér liter. The livers of 2 to 5 fish
from each agclimated or acclimatized group were pooled to
provide the.homogenate for each group of assays. Due to - the
amount of homogenate available, ‘the Km values for Catostormus
and EFsox were determined only once at each temperature. Most
Carassius Km values were determined using two different
homogenates (single assays of each) at each assay temperature,

.and for these determinations, the mean * 1 SEM is shown.

14

Assay T

Carassius © Catostomus Esox

‘Warm v _.Cold Summer Win;ér ~_ Summer Winte
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80 44
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I+
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39 39
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Figure 1A (Upper) The Michaelis constant, Km(G6P),'of goldfish
(Carassius) liver G6PD plotted as a function of assay -
temperature. There were no differences in the Km values of
enzymes from warm- and cold-acclimated fish (Table 1), hence
the mean Km'of all assays conducted at each temperature is
shown. The number of determlnations at each temperature is
shown in Table l ) e

Figure 1B (Lower) The Michaelis constant, Km(G6P),'of white sucker

(Catostomus) and northern pike (Esox) liver G6PD plotted as a

‘function of assay temperature. There were no differences in
the Km values of enzymes from winter.and summer causht fish
-(Table 1), hence the mean Km of all assays conducted at each
temperature is .s8hown. The number of determlnatlons at each

ptemperature is shown in Tadble 1.

i
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e

increase -in the apparent 'E-S affinity due to decreasing temperature hasf
been termed nositive thermal modulation by Somero (i9é§3 and co-workers.
The white sucker-GGPD showed extensive pasitive thermal modulation:
between 22 C and 12‘C'(Km decreased from approx._l?O UM ﬁo 80 uM) and
again belew SvC (Fig, 1B); negative thefmgl modula;ioﬁ, a decrease in
,apparentnE—Svaffinity, qccurred near 0 C. aPike Km(G6P) showed much less
change withitemperature than the Kn's of the other species (Fig. %B);, |
~below 178 C -there was negative thermal modulation.

s _ B. THE EFFECT OF TEMPERATURE ON NADP*-DEPENDENT -

" G6PD KINETICS

Michaelis constants for the apparent afflnity of sucker and plkeAj
G6PD for NADPY (Table 2) were determined from double reciprocal plots
(Figs. 2A,_B). .No differences in the Km values. were seen when the
_Km(NADP+)was determined. at 22 C and 2 C, nor were there maJor inter- -
specific differences in the values (Table 2). Seasonal comparisons were
not made. Napp+ availabllxtyr(Kather et al., l9i2b), and the affinify
>bf G6PD qu tnis coeniymeA(Greenbaum et al., l??ij,‘are the rate;limiting.
faetors fef the G6PD neaceion. ' | | -

When NADP+Ywas.nresent_at lon»concentratiens (;15 uM), and'the‘
assay temperature was 2 C, there were,unward curvatures in the double-
reciprecal ploee (Figs. 2A, B). These particular deviations from the
egpected 1inear relationship probably indieate intenaetions between
_‘bineing eitee (Bonsignore et al;;:1970), and have been bbSerned_in

kinetic stndies of mullet fish G6PD'(Hochaehka and'Hochachka; 1973).

.



Table -2.

2}

Kinetic constants for goldfish (Carassius),| white sgéker

“(Catostomus), and northern pike (£sox) livelr G6PD at assay
temperatures of 22 C (#1 C) and 2 C (#£0.5 d). The Km(G6P)
of each specids is the mean of all assays nducted at
either 22 C or 2 .C (from:Table 1). The Km(NADP*) and
Ki (NADPH) -for Catostornis and Esox were detgrmined once at
each temperature as described in Figures 24, B and
Appendix IV, Figures 1A, B. Goldfish Ki(NADPH) was
determined (once) with a liver homogenate firom warm— ‘
acclimated fish. All values are expressed |as micromoles/
liter. : ‘

" Kinetic constants for G6PD
. - — j -
Assay.T (C) Km(G6P) Km(NADP+) Ki (NADPH)
. _ ‘ . _ ' 2
. Carassius .22 . 102 -~ 25
. o 2 . » . \{
Carassius. 2. o 39 - —_
Catos tomus 22 124 14 18
Catos tomus 2 49 15 32
Esox 22 o 60 20 36
Esox 2 42 20 | 46
> ‘

18
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Figure 2A (Upper). Double-reciprocal pfgt showing the effect of different
NADPY concentrations on the activity of white sucker
(Catostomus) liver G6PP. G6P concentration was 0.2 mM. The
homogenate was from May caught fish. The Km(NADP1) values are
listed in Table 2. Regression equations are:.

(22 ¢) 1/velocity = 0.5613 + 0.0079 (1/mM NADPY)

4.8935 + 0.0776 (1/mM NADP+)

"

(2 C) ‘ l/velocity

Velocity x 104 = nmol NADPH produced/mln/gram wet welght of
liver ’

<

Figure 2B (Lower) Double—teciprocal plot showing the effect of dlfferentt;

NADP* concentrations on the activity of northern pike (Esox)
liver G6PD. G6P concentration was 0.2 mM.. The homogenate was
from July (summer) caught fish. The Km(NADP+) values are listed
in Table 2. Regres51on equations are:

14.3737 + 0. 2872 (1/mM NADP*)

]

(22 ©) l/velocity

(2 C) l/velocity 108. 5147 + 2.2424 1/ mM NADP+)

it

Velocity x 10“ = nmol NADPH produced/min/gram wet weight of
liver

i e
P
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C. THE EFFECT OF TEMPERATURE ON INHIBITION

OF G6PD KINETICS

-~ ) . .

Of the possible physiological inhibitors examined (Appendix IV),
the moet potent inhibitor of G6PD was NADPH. The Ki(NADPH) value;\“\
(Table 2) were determined from Dixon plots (Appendix IV)‘(Dixon, 1953).
The Ki(NADPH) was measured-against the NADP*-dependent activity of sucker
and pike G6PD. Inhibition of'the goldfish enzyme by NA£PH was measuredA
xegainst subétrate—dependent activity. In both cases, the inhibition was
assumed to be competitive.(PésSonneau etval,,f1966). For sucker and
pike G6PD, the Ki (NADPH) at 2 C was higher than the Ki at 22 C (Table 2),
'indicating, that at low concentrations (<50 uM) of‘NADPH, there was some-
what less inhioition at low'temperatJ}es; |

/the inhibition based uoon NADPH/NADP+ ratios is shown in Figures
3A;/h; The G6PD reaction was SO0% inhibited when the NADPH/NADP+ ratio
was japproximately 2.5, and 707 inhibitEd‘at a ratio. of 5.’ Extrapolation
from the data in Figures 3A, B (by linear regression equations from the
Dixon plots in Appendix IV) indicated that ‘the sucker and pike G6PD
.reaction‘will be about 95% inhibited when NADPH/NADPf equgIé 50. Fifty.
: is the approximate physiologicel,ﬁADPH/NADP+'ratio under‘lipogenic A
conditions in the rat 1iver (Greenbaum et al., 1971) - The amount of
inhibition by NADPH, based upon NADPH/NADP+ ratios, did not appear to

change with temperature (Figs. 3A, B)-



Figure 3A (Upper). Inhibition of white sucker (Catoﬁtomus) and northern

pike (Fsox) “liver G6PD by varied NADPH/NADPY ratios. The

G6P concentration was 0.2 mM; NADPY concentration was 0.05 mM;
“and NADPH concentrations were 0.025 to 0.25 mM. The
homogenates used are the same as in Figures 2A and 2B.

Assay
temperature was 22.0 C.

Figure 3B (Lower). Inhibition of white sucker (Catostcmus) and northern
pike {(Esox) liver G6PD by varied NADPH/NADPt ratios as
described in Figure 3A. Assay temperature was 2.0 C.

€
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D, CTHE EFFECT OF TEMPERATURE ON SUBSTRATE

DEPENDENT OPGD KINYTIOY

/

Michaclis constante, Em(6PG) 1(“‘*(! 6PCh ) were determined trom donble
reciprocal plots (Appendix T11) and are shown as o tunction of temperature
in Table 3 and Fipure 4A for goldtishayand in Fipgure 48 tor sackers and
pike.  There did not appear to be any ;H‘;lilﬂnlitﬂl dependent ditterences in
Km values for goldfish 6PGD (Table 3), supgesting that this enevme, an
well as G6PD, undergoes no <ulna itative chanpes in response to temperatiunoe
acclimation. White sucker and northern pike 6PGH enzvimes were examined
from only one homogenate for cach species, so scasonal comparisouns
could not be made.

) The Km(6PG) values in all three species were nearly independeant of

A
assay temperature (Figs. 4A, B). The Km chanped by no more than 10 M

over a 20 C temperature range in any of the species.

E. ACTIVATION ENERGILES

Arrhenius plots of Vmax vs. the reciprocal of the absolute
temperature (apparent energy of activation, Eé) were non-linear for all
G6PD enzymes exémined (sucker and pike G6PD, Fig. 5A). Goldfish Ea
values (Table 4) were calculated from Arrhenius plots. The transition
temperature .(Dixon and WCbb,rl964, p- 158) for both sucker and goldtish
G6PD was around 5 C, while that pf.pike G6PD was near 12 C. The ’
apparent Ea values were similar for all three speciés, except that the
goldfish G6PD showed a substantially‘lower Ea below 5 C compared to the

other fish. No:seasbnal or acclimation-dependent changes in Ea were

;bserved (Fig. 5A, Table 4).

~



Tablevé.‘

,

Michaelis constants, Km(6PG), for goldfish (Carassius) liver
6PGD from warm- (W, 20 C) and cold- (C, 2 C) acclimated
groups of fish., Assay temperatures. are within #1.5 C. Knm
values wer¢ determined from double-reciprocal plots '
(Aypendix/III), and are expressed as micromoles of substrate
per liter. The livers of 3 to 5 temperature-acclimated fish
were used for each homogenate. At each temperature, the -
different Km values were determined using different

homogenates. -

-~

25

©

Mean Km * SEM T-acclimated

Km(6PG)
_ . ) .
30 - . 34 + 3 W
31 ¢ Co : C
32 , \ c 7
44 : : c
37 , 42 + 3 W
42 - W
uSA ° ‘b
. 36 Y .c
41 - C
42 38 £ 2 W
38 " c
33 > - : C.
31 , - - 32 21 W
32 » - C

2

..

o
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Figure 4A (Upper). The Michaelis constant, Km(6PG), of goldfish
' (Carassius) liver 6PGD plotted as a function of assay
temperature. There wére no differences in the Km&values_of
enzymes from warm— and cold-acclimated fish (Tablé 3), hence
the mean Km of all assays conducted at each temperature is

shown.
v,

Figure 4B (Lower). The Michaelis constant, Km(6PG), of white sucker
(Catostomus) and northern pike (Esox) liver 6PGD plotted as

a function of assay temperature. The sucker homogenate was
from May caught fish, and the pike homogenate was from July
cdught fish.” One determination was made. at each témperature.
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Figure 5A (Upper). " Arrhenius plot of Vmax (Table 5) vs: the reciprocal
of the absolute temperature of the enzyme assay for white
sucker (Catostormus) and northern pike (Esox) liver G6PD.
Energy of activation (Ea) values are expressed as Kcal/mole.
Values. from winter liver homogenates are plotted. Values

from summer homogenates are listed beldw:
. . . N . -

T (C) 105/7° (K=Y  Ea (Kcal/mole)
Catostorus ~ 23.0-13.0  337.6-349.5 14.3 .
13.0- 5.7  349.5-358.6  1l4.4
Esox 22.0-13.0  338.8-349.5 15.9
' 13.0- 5.5 . 349.5-358.9 27.1
. :

o

Figure 5B (Lower). . Arrhenius plot of Vmax (Table 6) vs. the reciprocal"
of the absolute temperature .of the e e assay for white
sucker (Catostomus) and northern pi ox) liver 6PGD.
Energy of activation- {(Ea) values are ressed as Kcal/mole.

~The sources of the enzymes are listed in Table 6.- '

5 . T,
.
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Table 4. Energy of activation (Ea) values for goldfish (Carassius)
liver enzymes from warm- (W, 20 C) and cold- (C, 2 C)
.acclimated fish. The<Ea values within each temperature
range were *15% of the mean value over the entire temperature

, range.
Enzyme T range (C) 105/T (k7). Ea (Kcal /mole) T-acclimated
G6PD 22.0-5.0  338.8-359.5 12.6 W
K 22.0-4.8 . 338.8-359.8 | 11.7 c
" 22.0-5.0 338.8-359.5 15.1 c
. G6PD 5.0-2.5 . © 359.5-362.8 . 20.0 W
" 4.8-2.3 359.8-363.0 20.3 c
" . 5.0-2.0 359.5-363.4 . 19.9 c
6PGD .  23.5-5.2 ©337.1-359.3 121 W
"o 22.0-6.0 -  -338.8-358.2 - 1158 . c
6PGD 15.2-2.5 359.3b362.8 2004 R *
" 6.0-2.8 .  358.2-362.4 . 20.60 c
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Both the sucker and pike 6PGD enzymes exhibited linear Arrhenius
plots fromv22:C to 1 C (Fig. 5B). The apparent ﬁa of goldfish 6PCD
(Tab le &) was identical to the energy of activation values of the other
speeies (Fig. SB) at"temperatures below 5 C, bnt at higher temperatnresv
it was much lower.> No acclimation—dependent'changes in Ea values of
’goldfish 6PCD were observed.

&

‘. F. QUANTITATIVE ASPECTS OF ‘G6PD AND 6PGD ACTIVITY
. . ’ - -

The most distinctive.interSPecific differences between the pentose
phosphate pathway_dehydrogenases were quantitative. The quantitative‘
estimates of enzyme aCtivitv should be viewed with some caution, however,
because of the possible loss of activity due to the homogenization pro- .
cedure (p- 8, 9) and the resultant presence of catheptic enzymes in theh
homogenate. The maximal catalytic potential (Vmax) of the G6PD and 6PGD
enzymes flor all three specles® is shown in,Tables 5, o. Th% G6PD activity
of sucker and goldfish liver homogenates was, vith one,exception;éat least
,bten times greater than the G6PD activity of pike homogenates, whether act—
ivity was expressed per\gram wet weight of liver tissue or per milligram
protein (Table 5, Fig.,6). The interspecific differences in. 6PGD actlvityl
- (Table 6)‘arefsimilat butrless dramatic. The highest activitles of 6PGD
were found in goldfish liver:homogenates, and the lowest, i’ pike homo-
genates. | | |

| Differences in enzyme activities per milligram of protein were -
natutally dependent on the concentration of protein in the homogenates

In both sucker and-pike,‘homogenates from‘the_livers of winterfacclim-

atized fish had slightly less protein (Table 5). In goldfish, this was
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Table 5. The maximum velocities (Vmax) of liver G6PD enzymes from goldfish

. (Carassius), white suckers (Cqtostomus), and northern pike (£sox). The Vmax

Y was determined from double-reciprocal plots (Appendix I1I). At each
temperature, the different Vmax values represent different homogenates.
Velocity is expressed as nmol NADPH produfed per minute,

32
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Assay T (C) Species nmol/lg liver nmwol/wg protein vg protein/ml/1X homogenate

22.0 Catos tomus 14,522 405 356
23.0 Catostomus 14,856 338 437

22.2 Esox) - 1,025 49 210 ‘
22.0 Esox . 827 29 - 288
22.0 Carassius$ 23,119 348 664
22.0 Caraasf,usd- o 6,984 . 129 542
22.0 Ca[ms}smusd 9,405 216 437
22.0 Carassius 110,341 331 312
12.0 _Chtostomﬁsg . 6,655 187 356
13.0 Catos tomus 6,300 ‘144 437
11.3 Ebox: 405 19 210
13..0 Faox 352 12 288

S11.5 - Carassius® 8,505 128 664 i
12.0 . Carasstus 3,876 - 102 . 378
11.5. . Carassius 5,421 190 . 286
4.5 . Catostorus, 3,396 99 344
- 5.7 Catos tomus 3,257 75 437
5.0° Bsozp 142 7 210
5.5 Esox . 98 3. 288
4.5 CarassiusS 4,775 72 668
4.8 Carasstius 2,034 54 378
5.0 Carasstus 2,797 98 286

2.3 Catos toms™, 2,207 64 Y 344 ’
1.8 Esox® 77 4 210
2.1 Carassius® 3,222 48 668
2.3 Carassiug 1,457 39 . 378
2.0 Caraasiug 2,075 73 T 286
" 0.0 Catostomus® 2,030 —_— ——
0.6 66 3 210

. a
Esox

 ®Homogenate from Marc

b
Howogenate from

'« ©cold-acclimated

-dﬂarﬂ-acclimated

0

eBo:m')genate from

RN

fish."

fish. . -

ﬂay fish.

h (winter) fish.
July (summer) fish.

o

vr}
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6. The maximum velocities (Vmax) of liver 6PGD enzymes from
goldfish (Carassius), white suckers (Catostorms), and northern
pike (Esox). Other details as described in Table 5.

ein/mI/17
ate

: : . ug prot
Assay T (C) . Species nmol/g liver nmol/mg protein homo
21.7 Catostomus® 2,010 -— ———
21.3 Esoxb 952 —_— -
22.0 Carassius. 5,017 124 404
22.0 Carassiusd 2,978 68 479
23.5 Carassiusd 3,950 "93 427
21.8. Carassius 4,070 112 364
. o
11.4 Catos tomus® 580 - -
11.1 Esoxb 289 -—= -
,12.0 Carassius$ 2,572 64 404
11.8 Capassiusd 1,172 25 479
12.5 Carassiusd . -1,867 b4 427
11.8 Carassius ~1,695 47 364
6.0 Carassius$ 1,432 35 404
5.2 Carassius 1,027 24 427
5.1 PR Carassius 981 27 364
1.1 Catostomus® 143 — —
1.0 " Esox® 75 — S
2.8 CarassiusS 926 23 404
2.5 Carassius 716 17 427

bHomogenafe from Juiy (summert)

, aHomogenate from May fish.

CCQid-aeclimated fish.

-dWarm-acclimated*fish,



Figure 6.

The effect of temperature on the activity of goldfish
(Carassius), white sucker (Catostomus), and northern pike
(Esox) liver G6PD. Activity was calculated from the data-
presented in Figures 1-3, Appendix III. G6P concentration
was 0.2 mM, NADPT was saturating. Activity of sucker:and
plke summer fish.homogenates is shown at 12 C and above;
activity of winter homogenates is shown below 12 C.. ‘

The effect of seasonal changes in liver weight on total
NADPH production in the northern pike liver (axis on the
right) is illustrated with the broken (- - -) line. The
liver weights ysed are:

22, 12 Cc=13 g

15 g - E .

5C-=
1.8 C = 17-24 g (lower, uppe}kbrokén lises,_réspéétiVely)
0.6 C=17-24 g ( " voooo" " " )

(Weights are from Medford, 1976; and ﬁersonal observations.)

AN
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Activity of some‘]ipogenic or NADPH producing c¢nzymes from

white sucker €(Catostonmus) tissues. GbP and 6PG concentrations

are 0.1 mM; all other concentrations and conditions are as

described in the Materials and Methods section. The

temperature of all assavs was 22 C (21.0 C). Activity is

expressed as nmol NADPH produced/min/gram wet weight of tissue.

Homogenates consisted of 2 to 5 pooled tissues. Assays were

performed in duplicate and the mean values are presented.

Individual assays were no more than #5% from the mcan valuc.

Tr = trace, less than 15 nmol NADPH produced/min/gram.

-
G6PD " 6PGD ME " 1ICD [aGPD.

Liver! 8,296 1,592 139 . 3,473 483
Liver? 6,653 —-—- -—- C——— -
Liver3 6,462 ‘ - - - -
White Muscle Tr . 19 58 2,662 636
Heart 0 ‘ 199 54 18,183 31
Visceral Fat 820 193 -0 567 97
G111 617 212 0 386 20
Brain 424 300 0 2,508 " 241

1Fish-caught-.— May 1975.

2Fish caught - July 1974.

3Fish caught — March 1974,
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reversed, with liver homogenates trom cold-acclimated !iQh containing
somewhat greater protein concentrations (Tubles 5, 9).

There appeared to be no quéntitative differences in sucker G6bPD
activity per gram l;ver (T;ble 7) when March and July fish homogenates
were compared; However, there was increased G6PD activity in thé May
caught fish which Weré'migrating upstream to spawn. Goldfish G6PD
activity was somewhat variable (Table 8); Cold-acclimated goldfish
were Lept under~§horter daylight photoperiods than warmacclimated .

éoldfish (p. 6). This has been shown to elicit the greatest differences
o

t

in G6PD between gold- ané warm-acclimated mullet fish, Mugil cephalus
(Hochachka.and Hochachka, 1973). However, goldfish G6PD activity
showed no consistent acclimation-dependent differences (Table 8).
5ifferencé; in G6PD activity among different shipments of fish were
nvidept (Table 8). Goldfish 6PGp activity was less*bariablé than G6PD
activity, but showed no accl{mation—depéndent differences either (Table 8).
Cold—acclimatéd goldfish that were fasted for one month or seven @onths
showed no dete;table decreése in G6PD or'6P¢D aétivity (Table 8), sug-
gesting that the variaﬁle activity of‘theée enzymes in goldfish liver
.(Table 8) wasAprobably not due to differences in food intake. Pikg G6PD
acgivity per gram liver was about 20% greater in winter than in summer
caught animals (Table 9)._1This may have been only a transieﬁt increase
due to feeding,\but because the homogenates were made from pooled livers,
the "activities represent the éve ge of several individuals, which sug:
gesté the measured seas;nal’diff:jsyces in enzyme activity were a real
seasonal phenqmenoﬁ. Due~tv)€;:‘;;;Ler of fish‘available, novpreliminary

tests were conducted to determine the variability between;pooled liver ”
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Table 8.

poldffsh Gy i) tinnue:..
Activity iy expresaed as nmol NADEPH produced/min/yym wet

weight

Liver!

Liver!

2
Liver-

Liver?

!
Liver*
. N
Liver
Liver"
(‘
Liver:

1 8
Liver”

Liverii

-White Muséle

Visceral Fat’

V%gceral Fat?
-

Other de

ol tissue.

Agtivity of some Tipopenic or NADPH producing encyvee:,
‘ Fable /.

tafles s an

Geprn 6PGn MI 1Ch o Ph
9,1()4 2,700 3150 RN AN 6,096
v | ;RN’T’ S— - 4,706
9,900 4, % 488 3,730 5,367
18,681 4,703 1,130 4,477 8,655
—_— - — — 4,438
5,182 3,128 - S —
5,175 3,003 — -— C)
10,994 -— - — -
atatz 3,816 — N -
3;}5! 2,070 — ——— -

=
O 29 63 1,119 1,460
iikggj 15 0 0 54
0 0 0 0 —

138

trom

Year ot
shipment
1974
1974
1974
1975
1974
1973
1973
1974
1973
~1973
”i974
1974

1975

1Cold—acclimated fish, fasted one month.

’ 2Cold—acclimated fish, fasted seven months.

“3Warm—acclimated fish, fed in excess.

l‘Warm—acclimated fish, fed.

SCold-acclimated fish, fed.
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Table 9. Activity of some 1ipogen%g”6} N. H producing enzymes from
. northern pike (£sox) tisgues. Oth tails as in Table 7.
Activity is expressed as)nmol NADPH produced/min/gram wet .
weight of tissue. : ' o
G6PD 6PGD ME 1CD ~ aGPD
Liver! 530 1,050 0 4,630 322
g . . : o A
Liver? 515 - To-- - -
Liver? 644 -— - . R
White Muscle Tr 40 39 707 2,469

1rish caught - July 1974; enzymes %ésgyed Juri= 1975.

* 2Fish caught = July 1974.

3F¥ish caught —‘Marcﬁ 1974.

V\\/"

M
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homogenates represénting different groups of naturally ESglimatizéd
animals. However, the two pike liﬁer homogenagms from anim;ls collected
in July, 1954 (Table 9),.do represent different groups of fish (3-4

individuals): with the tissues of one group frozen for nearly.a year

-

before the homogenate was made. 'The virtually identi;él G6PD activity

\

of the fwo homogenates suggests that ohly a minor amount of variability
may exist between homogenates from different animals collected at the

gsame time of year. v » o Sy

“™ . The overall effect of temperature on liver G6PD activity from:the
iu \ . N . . : -

three species is shown in Figure 6. The greater the slope, the ?0¢e

[

sénsitive the activity was to changes in temperature. Figure 6 also
shows how seasonal chaﬁges in the weight of the pike liver (Medford,

T : .
1976) affect total liver NADPH production.

- G. TISSUE PROFILES OF ENZYME ACTIVITY

The activities of five lipo@enic.or NADPH generating enzymes from
‘a variety'of tissues are p;ésented in TaEles’7;9.[‘Sbme'of.the”morg
" important. findings are: ’ .

o 1. The highést\éctivities of the NADPH generating enzjmes (ekclud—

ing NADP*-isocitrate dehjdtogEnase'invheért mﬁscle3randApike malitc

R

enzyme) were found in thé liver of all three species.
_f 2. No galic enzyme activity was detectable in pike liver, suggest- -

7 .
ing an ab§e§%e~of the complete malate cycle (Flatt,.1970) in this tissue.

-

In the livers of the other species studied,bmalicveniyme was,préseﬁt, but.

exhibited,go more than §2 of thé activity of G6PD, 6r 24% of the acﬁivity
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qf 6PGD.

3.> NADPY-isocitrate dehydrogenase.showed moderate to high act1v1ty
in nearly all tissues, including those, such as white muscle and heart,
in thch the activity_of other NADPH producing enzymes was low.

4. Tissue patterns of aZéha—glycerophOsphate dehydrogenase
‘activity showed the most yariability among the three species. Goldfish
exhibited high activity in.li;er ahd.ﬁuscle,lwhile pike had relatively

low activity in liver, but high activity in muscle. Suékers showed

N
. = 3

comparatively .low. to moderate activity in liver and muscle, and had some
activity in visceral fat preparations.’ B
5. Visceral fat from white suckers exhibited low NADPH generafting

activity compared to the liver. Virtually no NADPH generating activity

was’ detectable in goldfish visceral fat. The visceral fat examined was

iy -

the loose fat associated,with the liver or lying along the intestine, ar,
'in suckers, fat located just ingside the ventral abdominal wall Variable,
usually ‘small (<0 2/ somatic hody weight, Medford 1976) amounts of fat
are sometimee found along_the intestine in pike, but these-depots were

not examined for enzyme activity.
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properties which allowvfor_proper function at all temperatures theg

DISCUSSION

I. THE EFFECT OF TEMPERATURE ON G6PD AND 6PGD

A.. The Effect of Temperature~bn Substrate-Dependent G6PD Kinetics

&

i. The absence of qualitative changéé. There were no acclimation-
dependent'dr séasonal differences in the Km-temperature relationships of
the G6PD (and 6PGD, Table 3) eniymes studied (Table ‘1y. The absence:of

.differehces.iq'the Km values SCrongly suggests that there are .no seasonal

or temperature-dependent<igdzymic.changes. . This was expected, since a

-

upecies, including goldfish (Wilson et al., 1973), do

majority of’tele%gté
“t
not normallyNe§§ig

acclimatization (Somero, 1975a). This absence of quaﬁitative change has

k"‘ { 3 . LS £ ’
5;f§§aym1c changes  in response to acclimation and

been termed the reurytolgrant protein' strategy (Somero, 1975a), and
o ~o \ v : ' :

implies that most enzymes)\§uch'as G6PD. from a numBer of ‘telebst species
(Mester‘et al:, 1972; Somero, 1975a; Table 1, present work), have

<

-

organism normally encounters.
However, fsozymic changes in the enzyme complement of a tissue

due to acclimation or acclimatization have been demonstrated in a numbeyr

of fish (see reviews by Hochachka and Somero, 1973; Hazel and Prosser,

1974). These isozymic.chénges are generally restricted to salmonids"

(Somero, 1975a), althodgh the’acclimationédependent changes in G6PD
4sdzyme§_exhibited by mulletffish (Hochachka and Hochachka, 1973) provide

a relevant and somewhat unique example in a non-salmonid species..

L 42
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ii. Temperature modulation. Since qualitative changes, based

upon’ Km(G6P) values, did not occur seasonally in the G6PD enzymes

examined (Table 1), one may ask whether the 1mmedlate or inherent

effects of temperature’on the enzyme affinity for substrate G6P (

section), coenzyme NADPY (section B), or inhibitor, NADPH (
H . [}

may be of physiological or rate- compensatory significance and thus

sction C),

enable the enzymes to function effectively throughout the annual o
temperature cycle;'.Such changes have been observed in a‘number of
poikilotherm;enzymes (Someroz 1969).

The effect of temperature on the Km(G6P) was different forreach
species studied in the present work (Figs. 1A B). In common with other
poikilotherms studied (Somero, 1969; Robert and Gray, 1972b; Hoehachka
" and Hochachka, 1973), the goldfish and suckers utllize temperature as a
positive modulatq; of apparent enzyme- substrate afflnity, over most of
'thelr temperature range while the pike.do not to any great extent. All
’ three of the G6PD enzymes studied showed a mlnimum Km of 38- 50 uM which
voccurred at ‘the lower end of the habitat 4temperature range (Figs 1A, |
B). '~ G6PD enzymes from other p01kllotherms show 51m11ar Km values (45 uM,
~barracuda, Sphyraena pznguzs, Shimeno and Takeda, 1972 25 uM, 'king |
crab, Paralzthodes smmtschatica, Somero, 1969; 70 uM, ‘mullet fish, Mugzl
cephalus, Hochachka and Hochachka, 1973 41-50 uM, carp, grass carp, and
eel, Nagayama et al., l975b) at the lowcx end of the1r respectlve |
habitat temperature ranges. This suggests that proportional use of thls
, enzyme (and df the pentose phosphate pathway) may be max1ma1 at lower'
temperatures in poikllotherms : The assumption behind such a.suggestion
' iS»that the Km occurs at, or slightly above, the substrate concentration
Lin the cell, ailowing for contrdl by substrate ayailability, and

>
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cohﬁérsely, that in ?ivo concentrations are low and approximately equal
the Km (Hochachka and Somerd, 1973; Somero, 1975P)L' Comparison of bGPD
apparent enzymestbstrate affinitieé with G6P_concentrations reported in
fish; mammals,‘and insects‘(a Q}nimum of about 200qu G6P,  Appendix V),
suggests that, for this(énzyme, the assumption is not wvalid. It‘appears
that the 1o§esthm(é6P) found in the present étudy (40-50 uM) 1is aﬁ
least four té ten times lower than the G6P concentrati9n in the celi7h
(Appendix V). ‘Therefore, the‘chanées ianm(G6P) with temperAture éré
probably not physiologlcally‘re;evant in terms of metabolic coﬁtrol Br

Ar#fefcoﬁpensation. ‘Previéué‘temperature—dependent‘kinetic work oﬁ G6PD
(Somero,-l969; Robert and‘Gray, 1972b; Hochachka and Hochéchké, 1973),

should be interpréted with due regard for this consideration. .

‘

The possibility of significaht steady-state changes in G6P

concentration with changes in temperature should not be overlooked, since

" an increase in substrate concentration could result in an increase in

velocity as long as the enzyme was not completely.saturated. If the sucker

livef G6g%$9néentratiqnlwas 400 pyM rather than 200 uM at 2.3 C,vﬁhe

velocity Qohld increase‘gy abéut 10%, as caicﬁlated from the equations

in Appéndix III:' Freed (1971) found a-lOWgr CGP céngengratién (approx.

’ 200,nmoles/gram)in'the muscle of 15 C acclimated goldfish comparéd G;
‘25‘C acclimated fish (BOO'nmoles/gram)} Howéver;.in the,ﬁuscle 6f the

- goldfish érfe, Idus idus, aéclima:ed fo 6. C, the G6P concentratioﬁ was;

ébre than double that~found_at moderate (10 C) qrbhigh (30vC) acclima;io;

températures (Grono&, unpubl., the data are presented‘asva percéntage of

‘the control in Precht et al., 1973). Unfortunately, neither study

measured G6P concentrations in the liver. Furthermore, it is not clear
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how one would interpret data on G6P concentrations, 1f available, since,
in the rat liver, G6P decreases in both starvation and a highly lipo-
genic nutritional state, when compared to the control value (Greenbaum

et al., 1971). ' ) » : .
: =)
B. The Effect of Temperature on NADP*-Dependent G6PD Kinetics

It may be suggested that if modulatibn:were of primary importance
as‘a mechaniém of”temperature compensation.in G6PD, then selective
pressuré {(Crowley, 1975) would most likely result in adaptive changes in
the-affinity of the enzyme for its rate-limiting factor. Since NADP*
'bavailability has been shown to cohtrol,the rea;tion velocity_df G6PD in
rat liver and‘adipose tissue‘(Greenbaum et al., l97i; Kather et al.,
f197ib),‘one might;tﬁus e#peét changes in the Km(NADP') with temperature.
»_figufes 2A, B and Table 2 show Kﬁ(NADP+) values of 14-20 uM in the fish

presently under conside;ation. ,Thesé'ﬁalues are virtually ideﬁtical.to 
those.found in other ;eléosts (15-25 wM; barracuda, Sphgfaena pinguis,
. Shimeno and Takéda, 1972; mullet fish, Mug<l cephalus, Hochachka and
Hochachka, 1973; and carp,mgrass carp, ralnbow trout, eel, and yellow—
téil,lNagayama et al., 1975b).but éomewhat higﬁer than vélqes repo;ted
for éat liver G6PD (6»uM,‘Sapag—Hagar et‘al., 1973).: Thése Km values

are in.the middle of the in vivo NADP' concentration range (for

' laboratory rats, Bucher et al., 1964), and so small physiolqgical

1ncreases in NADP' concentratlon, via its regeneratlon by reductive
biosynthesis, would result in significant increases in reaction velocity.
Thus, based upon the Km ualues, ‘Nappt avallabillty appears toxh‘ps the
.controlling factor in the reactlon rate of sucker, pike, and presumably

goldfish epp. oo S t
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Howeven; oue does not see changes in the Km(NADPt) due to
. temperature in elther sucker or pike G6PD wheB’assayed at 52 C and 2 C
-(Figg. 2A, B; Table 2). Hochachks and Hochachka (1973) also found very

little thermal modulation (25-20 uM) of this parameter 15 mullet fish
oy

G6PD when measured at temperatures which were low to moderate (16—25‘&)
for this species. The possibility of seasohal'chsnges in Km(NADP*)
;velues was not éxamined because surficient tissue samples were not auail—
able. However, it is unlikely that such changes occur because of the
absence of seasonal changes in the\Xm(GGP) and because of the identicsl
Km(NADPY) veiues at 22 C anth‘C when May (sucker) ;nd‘July (pike)
homogenates were assayed. fossible seasonal changes in NADP* concentra—r
tions have not»been examiued; but would probably be htghly dependent

‘'uppn the rates of reductive biosynthesis. ' o,

~

- C. -The Effect of Temperature on Inhibition of G6PD Kinetics

ﬁADPH was the‘most potent physiologicai inhibitor vf G6PD of
;those inhibitors tested in this study (Table 2; Appendix IV) and has
been shown to be the primary physiological inhibitor of rat liver G6PD
‘(Sapag—Hagar et al., 1973). The Ki for - NADPH changed slightly (Table 2)
_with temperature in sucker and pike liver G6PD in such a way as to.
produce less inhibition at lower temperatures : However, if the NADPH
concentration is caltulated indirectly from known NADP+ concentrations o
_(Bucher et al.,’1§64 Greenbaum et al., 1971) and NADPH/NADP+ ratios'
(>45, Greenbaum et al., 1971 >70, Krebs and Veech 1969), then the NADPH
concentration 'i{s ten or more- times greater than the Ki(NADPH) 'Directly
'.determined NADPH concentrations in laboratory rats are’ also at least ten

. times greater than the Ki(NADPH) (250 450 nmole/gram wet weight, Bucher

o~
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et al., 1964). Therefore,uthe small change in Ki (NADPH) (fable 2) would
not greatly reduce .the inhibition at/I;:\?Emngzéfures (compare Figs. 3A
and 3B). .From extrapolation of the regression’ e;\\tions from the Dixon
plots (Appendix IV) one can show that, at a NADPH/NADPt ratio of 50, the
G6PD reaction'will be'approximately 96% inhibited at 22 C, and approx—l
‘imately 95% inhibited at 2 C in suckers and pike. Therefore, only a
minor rate-compenseting effect can be attributed. to. temperature modula-
tion of the inhibitor constant for NADPH .

| in snmmary,lthevdecrease in the G6PD reaction velocity due tc
temperature is not_compensated for, ekcept in a minor way, by a positive
thermal mbdnlation strategy int%oldfish, suckers and pike, because, at
ieaet in snckers and pike, there is no adnptive change in. the apparent
affinity of G6PD for NADPt, the physiological rate-limiting factor:
" Other immediate temperature—dependent changes in the-affinity parameters,
Km(G6P) and Ki(NADPH), are of only minor importance because the
concentrations of G6P and NADPH in the cell are probably much higher than
the Km or Ki.

It appeare that if a eubstrate or coenzyme is rate-limiting for a
particular reaction, then its apparent affinity for the enzyme is 11kelyv
‘to be relatively independent of temperature over mu of the enzyme s
,physiological temperature range (Mbon, 1972; Som¢fro, 1975b; Table 2,
';this wnrk). Iherefore,'tenperature compensation, as illuetrated.in the
. aQOVe diecuasion,iis not "often effected" ny changes in Km values
1(modulation strategyj,'éince tnis would result in changes in regulatory
fnnctiqnvet”ditferent temperatnres‘(Somero, 1975b).. Reguletory function,
vztneinffinities of enzymes forrtheir subetrates and various modifiers,
,ivappeere to be'a;cdneervative‘enzyme property, as illustrated by the °

/
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normally submaximal function of enzymes and the similarity in substrate

and coenzyme affinities for homologous enzymes from a number of /
) .
organisms living in-different ehcrmal envi{bnmcnts (Sqmcro, 1975b) .

'

D. Enerpies of Activation, Ea, of GO6PD

L8}

)

Temperature—depepdent conformatiodal changes which result in
-modulation of apparent enzyme-cffector affinities were of only secondary
imporﬁance for rate compensation (see above). Perhaps, then, the C6PD
enzymes studied have an inherently high catalytic(efficiehcy, Vmax (low

énérgies of activation)g or”confofmational changes téke place which
resuitlin greater cat?lytic efficiency (lower Ea) at lower teﬁperatures.
Vroman a;d Brown (l9é§i‘have suggested that enzyﬁes from cold-adapted
organisms may have loﬁeﬁ enérgies of activation than those from warm-
adapfgd sbecies, which would pérmi: the maintenance of catalysis at low
tempefatures. éome enzymes from.cold—édapted and antarctié fish do

show reduced Ea values compafed'to the homologous ehzymes from‘ﬁafm—
adaptéd speéies (Somero, 1975b), but other enzymes do not (Hochachka and
Somero, 1973). The engrgies of activétion found in the presént study
(Fig. SA,.Table 4?, though not eéﬁécially low, were comparable to vélues
of other poikilotherm G6PD enzymes (Robert and Gray, l972b; Audilet ahd‘_1
v Cray, 1973b; Hochachka and Hochachka, 1973).. The Arrhenius plots (Fig.

5A) were non-linegr, and similar to those found with blue crab G6PD

-~

(Robert and Gray, 1972b). According .to Baldwin and Hochachka (1970),

non—-linear Arrhenius plots are not unusual when both Vmax and Km change
with temperature. The downward break or transition in the Arrhenius

2N . ) ‘ :
plots (Fig. 54), suggests that temperature-dependent conformational

E}

changes affecting the cataiytic efficiency (Vmax) take place at lower
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" temperatures, and that these changes result In the production of a

poorer catalyst (higher Ea) rather than a better one.

E. Temperature-Dependent Kinetics of 6PGD; Control of the Pentose

Phosphate Pathway

In the present study of 6PGD noitémporaturo acclimat ion-dependent
dif ferences in apparent E-S affinity were observed (goldfish - Table 3),
suggesting that, 1ike G6PD, no isozymic.changos occurred. There was a
nearly complete.absence of temperature-modulated changes in the apparent
enzyme—substrate affinity (Figs. 4A, B). Based on previous arguments,
the témperature insensitivity of the E-S affinity, and the reported in
vivo 6PG concentrations (Appendix Q) suggest substfate—depcndent contfol
" of GPCD, which is éxpected if flow through the PP pathway is controlled
by NADP* availability at the preceding G6PD.§tep. In addition, over the
temperaturc;range measured;.tﬁe Ea yalues for 6PGD in the sugker ana p{ke
were relatively constant (Figl 5B). It:is,noﬁ known why goldfish 6PGD
should exhibit changes in Ea (Taﬁle 4y, Qhen its Km(6PG) shows
temperétﬁre~indepehdenge similar to the sucker and pike 6PGD enzymes.

So far, it has been assumed that the enzyme contfoiling the rate
- of metabolite flow through the oxid;tivé portion of the péntose phasph#te
pathWayvis G6PD. This is an obvious assumption{&hen conside?ing’suth
.tissues as pike liver, whEré 6PGD activity greatly exceeds G6PD actiQity
 (Tab1e 9); Sut it is' not so obvious in sucker and~goldfish liver, where
_G6PD activity greatly exceeds that of 6PGD (Tables 7, 8). in rat liver,
the two  major lines of evidence (frém G;eenbaum et al., 1971) pointing
to control at the G6PD site are: that G6PD is a non—ééuilibrium

r]

" reaction, while 6PGD is aﬁ equilibrium reéction; and that maximum
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phenazine methosul fate stimulated flow through the pathway (s ddrectly
related to the activity of G6PD, mcasured 'n oitro. However, Sapag-Hapar

et al. (1973) have questioned, on the basis of an apparent imbalance ot

activities between GOPD and 6PGD, whether there is control at the GOI'D

site, and whether the oxidative PP pathway is an unbranched sequence.

A thorough study of the physiological control or inhibition of the

XA

6PGD reaction was not undertaken in this work. It has been shown, in

four of the five teleosts studied by Nagayama and Ohushimi (1975) and

©
"Nagayama et al. (1975b), that 6PGD has a greater affinity than G6PD for
NADP"', the rate—limitihg coenzyme {(Greenbaum et al., ]~97]). Therefore N
G6PD will, in this work, continue to be considered the controlling enzyme
of the PP pathway, although the low 6PGD activities (compared to G6PD)

of sucker and goldfish liver do suggest consideration of an altcrnate

interpretation.

F. Quantitative Changes in Enzyme Activity

. There are two other mechanisms which goldfish, suckers, and pike

can use to maintain or proportionally incre e rate of NADPH
production via the PP pathway as the kineti sivrgy of the environment
. ' : v . T
decreases. The enzyme activity or concentration can increase per m
’ 4

.of tissue, or the total enzyme activity of an organ can increase duéd %o
i .

L an .1ncrease in_ organ size. Quantitative changes .in e%lzyme activity due
to temperature acclimationror séaéorial acclimatizatipn have been shown
for a number of enzymes and species, but, as Hocﬁachka and Somero (1973)
correctly.'ob;?_rve, it is not,.kn.own in most cases whether new enzyme forms

are present or whether _th~ebenzyme concentration in the cell has actually

increased. 'I‘abie 9 shows that pike liver G6PD activity is about 20%
R i . @



higher (o winter than In summer caupht tish.  The pooled samples, the
f1dentical source of enzyme (male plke liver), and fdentical kinet i
constants and Fa's (Table 1, Fig. SA), supgpest that,there was, o fact,
an actual increase In GOPD concentration fn winter pike liver.  Sucker
liver GOPD ‘('l‘:ll)l(' 7) and goldfish liver GoPD and 6PCH activity (Table 8)
showed no quantitative change when winter and summer or coltd - and warm-
acclimated ;1(‘tivi.(i('s were compared, although poldfish homogenates
showed considerable variability.

No consistent response has been found by other workers studying
the dcpchdenco of PP pathway dehydrogenase activity on temperature
acclimation.. Ekberg (1962) found an increase in gill 6PCD activity and
no change In gill G6PD activity when cold-acclimated crucian carp were
compared to warm—-acclimated ones. Lehmann (1970) found slight (16-17%
increases in G6PD and 6PGD activity ig muscle in goldfish acclimated to
5 C compared to the 15 C acclimated group. Similar findings were
fépof%ed by Kunnemaﬁn et al. (1971) for musc1¢ G6PD froﬁ Idus tdus. In
the two latter papers, Fhe vari@bilfty h1€3gyme activity between
individuals was high. Since the utilization of the PP pathway in muscle
is extremely low (Green and Landau, 19655, it is uncertain whether the

slight increases in muscle G6PD have any significance.

Braun et al. (1970) found increases in liver, muscle, and gill

G6PD activity and decreases in intestinal G6PD activity ih‘cdgaj@

acclimated bitterling, Rhode%i'amarus. To this’aﬁthdf'sfkhéwl“déé}' ‘
: s v

- . - G e T

theirs is the only reported increase ‘in G6PD activity in fish liver due

to cold-acclimation or acclimatization, except for the increase ifi:.

northern pike G6PD activity in the present work:(Table’9). Tt should be -

- .

noted that malic enzymé3 another enzyme producfﬁg

g&ducing}eqﬁivalénts
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for lipogenesis, showed substantfially decrcased activicy (o Tlver foom
cold-acclimated Fhodews . Ditterent enzymle pesiponses to cold

acclimation {n different species and organs (iece Table 5 bn Braun et al .,
1970), diftferences fn diet, and the otften great phyvsiolopteal varfab ity
between different populations of tish, especially poldt fsh and coap
(Wilson et al., 19773; see shipment date, Table 8), may be responsible tor
some of the difterences observed among the studies c1ted above.

In contrast to either transient or scasonal fncreases In enrvae
activity or concentration, another quantitative possibility (s an
increase in the size of the tissue concerned with the particular ﬂln
chemical function. This strategy has been rathtr neglected by compara
tive biochemists, but cAn be very important trom the animal's point of
view. 1If the enzyme activity per gram stays constant, any increase (n
organ size, regardless of its etiology, will increase the total enzyme

hl .
act}vity. Data from Medford (1976) show that (in Lac Ste Anne) the
liver in winter caught pike !s about twice as large as the liver in
summer caught plke (see"Fig. legend 6). Other species show seasonal
changes in liver size as well (Inui and Ohshima, 1966). The increase or
mainténance of enzyme activity .per gram in the pike's enlarged winter
liver suggests that; despite relatively low G6PD activity (Table 9), the
PP pathway may play an important role in pike metabolism, and that this

role may be especially impbrtgﬁt in winter, or is closely tied to liver

function.

The potentlal significance on in mmpike liver® size in

temperature compensation by gﬁ?ﬂ/is d in Figure 6. At 2 C

(December data, Medford, l9§g) a 17 g liver weight can be used for total
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enzyme activity estimates, while at 9.6 C, a 24 .,g liver weight can be used”

for activity estimates (personalnpbservations; early March data, Medforxd,

1976). Obviously, this is a simplification, since the liver is more or

‘less continuously growing, and the temperature fluctuafes somewhat.

Nonetheless, using the simplifications, the'increase in liver size over

the winter might allow .the rate: of NADPH production hy liver G6PD to be

. almost temperature-independent at low temperatures.

G. Summary and Conclusions

~In summaryy there are some spéeies,differences in the temperature—‘
depandent propertiés of‘g1UCOSe—6—phosphate dehydrogenase. ' Temperature
modulatlon of G6PD actlvity plays a tangible but minor,. role in’rate
compensatiop in suckers and goldfish. Quantitative seasonal changes in

G6PD activity were found in northern pike, and appeared to be due primar-

<7

":1ly to changes in liver size. - o ' ’ .

This study has found:"(l) no kinetig'evidence (Table 1) of
different isozymic forms of G6PD in warm- and cold-acclimated goldfish,

or seasonally,acclimatiZed'whitehsuckers ananorthernpike; and (2) rate-

* temperature plots (Fig. 6)apf enzyme activity which show that none of

the‘eqzymic mechanisms present appear to provide a significant amount of
rate compensation cpmpared-to‘thé overall effect of temperature on the %:ﬁ
reaction rates.  Thus, for these fish, =the catalytic properties of the

N

pentose phosphate pathway dehydrogeﬁases do not appear to provlde a

mechanistic basis for increased PP pathway participatlon in carbohydrate

5

) catabolism. This is 1n agreement-with the flndings of Robert and Gray

(

(1972a, b) on blue crab G6PD, but not with the view of Hochachka and

Hochachka- (1973) that temperature—dependent properties of mullet fish
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y
G6PD do provide such a mechanism.

[

’ .
However, increased de novo lipogenesis from acetate does ogﬁhr in

cold—acclimated,brook trout (Hochachka and’Hayes,rl962)f goldfish

(Knipprath and Mead, i968k§ and rainbow trout (Dean, 1969); although in
cold—acclimated goldfish, the increased lipogenic rate is not,refiected
in the total lipid content (Knipprath and Mead 1968 Appendix VI,

present work). In view of the relationship between the NADPH generation

and rates of lipogene51s, .some proivﬂg‘ H'lly increased pentose phosphate

pathway utilization probably does J& “in some winter acclimatized or
cold—acclimated fish (certainly, in brook trout, Hochachka and Hayes,
1962), in'spite of the ‘absence of-any temperature-dependent properties of

the G6PD reaction which wouldsprovide a basis for this. Proporticnally

- increased carbon flow through the PP pathway in mest cold- accllmateu

fish probably occurs because of increased rates of lipogenesis which are
due to the favorable energetic conditions in the ceIl at. 1w temperaturesﬁ

The probable increase "in lipogenesis/results in a decrease of the NADPH/

NADPf ratio (Greenbaum etal.y 1971) and the greater availability of

'NADP+’for the G6PD reaction.

For goldfish that are cold- acclimated, the possible increase in
6PGD activity in the glll (Ekberg, 1962), would not result in” increased
flow through-the PP pathway unless it was accompanied by increased G6PD°
activity due "to. the above—mentioned_adjustnents. itris-possible that
goldfish; at moderatel§ low temperatures (around 5 C, as in nost
experiments) use a quantitative strategy Due to the Variability in the

experimental animals and tiSSue preparations (Wilson et al., 1973; Table

8, present work),ithis mechanism of_temperatnre compensation would be the
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N 7 n‘.{‘ ‘-
most’ difficult to consistén;lj"?x?ﬁitrate experimentally. The

qualitative strategy, if used, Q&Gld not be as easily obscured by
variability. Thus, this work shows that qualitative changes do not
occur in goleish PP pathway dehydrogenases, confirming the work of

Wilson et al. (1973) on other goldfish enzymes.
. poR

. .
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II. THE PRODUCTION OF REDUCING EQUIVALENTS AND

LIPOGENESIS

A. Sites of Lipogenesis Based on Tissue Enzyme Profiles

'unleés_the sources of reducing equivalents for lipogenesis in fish

The activity of the pentosé_phosphate'pathway dehydrogenases and.
malic enzyme can be pbsitively correlated with the rate of de novo lipo-
genesis in rap—liver (Pande et al., 1964; Leveillé,.1970). Therefore,

-

tissues are quite different from those in mammalian tissues, it>appears

%

from the data in Tables 7-9 that the'livef is probébly the predominant

organ of de novo lipogenesis in suckers; goldfish aﬁd possibly'pike. The
same enzyme .pattern is also seen in bitterling, Rhodeus” amarus (Braun et

al., 1970). This is similar to findings in some birds (doodridge and

Ball, 1967; O'Hea and Leveiflé, 1969£).gnd in man (Shrago et al., 1971).

9

. In some'other'animéls, such as the pig (0'Hea and Leveille, 1969b), and

‘somé ruminanfs (Ingle et al.,’l972);»adipqse tissue is the primary organ

.of de novo lipogenesis. In frogs, 'both adipose .tissue (corpora adiposa>

or fgtibody) and liver are iﬁportahf'lipogenic oxgans (Béranska and. ;

Wlodawer; 1969):. = ‘ _ . ‘ o ; | _ ' )
The high 1ipogenic éﬁzyme'activity of the 11§er of suckers and

goidfish (Tables 7, 8),-coﬁp1ed with the high lipia‘coﬁtent of the 11v¢r'

relative to other ﬁissues (Appendix VI), and the small quantity or

absence ‘of lipogenic "adipose tissue" (see below), indicates that, in

ithese“two.teledst spgcies, the liver.proBably functions as adipose tissue

context. That is, the liver consists, Iin part’ at least,

in the mammélién
L i

of tissue whose primary function is théﬂstorage of large qgantities of

lipid, much. of which is enzymatidally formed de novo in the tissue, and

R

7



. subsequently, is mobilized in response to the energy demands of other
tissued. ‘'This is 51milar to the dual function of the insect fat body'
(Newsholme and Start, 1973).

Visceral fat from.sucke;s and goldfish in th{s study had

relatively low or no NADPH generatlng activity (Tables 7, 8), and did

57

not appear to be equlvalent to rat ep1d1dymal fat pads or the fat body of”

©

frogs and insects in this regard. This finding seems to contradict the

work of Fafkas (1969), in which it was reported that the "adipose tissue"

of bream, Abramis brgma, and pike-perch, Lucioperca luctoperca, -produced

R

fatty acids. It is, in fact, ﬁot ‘clear what tissde Farkas used, since

.

"personal observatlons by this author 1ndicated no dlscrete 11pogenic

adipose tissue in suckers or goldflsh, and only small amounts of visceral

fat in pike, and this was -not examlned for«enzyme activity. HAside from

visceral fat, Vague and Fenasse (1965) indicate that suckers and geldfish

have numerousysubcutaneous adlpocytes, aﬁd that pike may have consider-

abley%at depots at the base of the fins. Neither of these depots were

examined‘in‘the preseht'wdrk, and Vague and Fenasse (1965) indicate that

N

they should not be considered as equivalent'to_mammalian adipose tissue.

The relatively low enzyme activity of the visceral fat of suckers

‘and ‘goldfish (Tables 7, 8)}sgggests that the visceral fat functions

pfimarily as’avdepot df"pre4formed lipid lthough the uGPD activity of

_sucker viscéeral fat indlcates that esterification of fatty acids may be

taking place at thls_51te. This activlty, however, may be. due to

contamination of the homogenate with 1liver rissue. It is interesting to

note that the meaéurable protein.concentration in the supernatant fluid

of sucker visceral fat homogenate is about- one-half that of sucker liver

" (Table 5). With 200 ug/ml of protgi//present, one might expect some

s
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enzyme activity in‘the'viSCeral fat. Lipolytic activity in the form of |
lipases is probably present, in spite of the indirect demonstration by
Farkas (1969) that no hormone-sensitive lipase existed in fish adipose
tissue.'" Unfortunately, this has not been investigated. 1In addﬁ&ion,‘to
thisnauthor'e knowledge, no e;amination has been made of the relationehip
5etween the conparatively diffuse‘liver of goldfish and suckers and the
yisceral fat, although changes in the tuo are of obvioue inpcrtance on a.
seasonal gasis. |

o Considering the low activity of the NADPH generating enzymes in
the pike (Table 9), compared/to otherlfisn\(Tables 7, 8,ﬁpresent work;
Buhler and Benville, 1969; Braun WetAa‘l., ‘1970";‘ .Na-gayama et al., 1972;
‘Shimeno and  Takeda, 1972), it is :nrob.a~ble that most of the lipid in the
-pike’s body comes from its diet. The oike liver does have .some lipogenic ~
'potential nowever (Kluytmans and'Zandee;;l974). ~The apparent‘absence of
malic enzyme from the liver (Table 9) may be- indicative of the generally
low requirement for de novo lipogenesis, and may also indicate that
glucose is not- an important-source of carbon for faLty ac1d synthe51s _
(Hanson and Ballard, 1967). &ost-of the reducing equivalents produced
via the pentose'phosphate pathway are proBably used“forwother reductive
biosyntheses. | | A

" The white muscle tissue of pike suckers, and goldfish showed low
lipogenic potential in terms of G6PD, 6PGD,‘and ME activities . (Tables

‘ : : . . .
7-9). Considerable aGPD activity was present in the white muscle,
however. This aGPD 1is probably not involved in the esterification
of fattyaacidslor gluconeogenesis as in the liver (Harding et al., 1975),

but is probably used to regenerate_NAD+ for triosephosphatevdehydrogenase ;

(Peterson et al., 1964); in conjunction with lactate dehydrogenase



’ 59
during short hypoxic hursts of intensive muscular effort. Theg:/")in /
., .which such bursts are probably common, has higher oaGPD activity ﬂ“ﬁwhite
muscle than do suekers or»goldfish.
" Among the NADP+—dependentrenzymes; isocitrate dehydrogenase (ICD)

has’ probably received the most thorough attention from fish biochemists

(Moon and Hochachka, 1971; Kunnemann and Passia, 1973) However, the

TN

exact physiological role of this enzyme remains to be establlshed (Marr.
and.ﬂaber, 1969 Moon, 1972) A number of 1nvestigators (Pande et al
nggi)Wise and Ball, 1964 Leveille, 1970) have found no correlation or
negative correlationS'between ICD activity and lipogenesisvin rat adipose
and liver tissue. . For(thia reason, ICD was not included in the aboye
discussion of 1ipogenesis; Howeuer, ICD aetivity is relatively high
(Tables 7—9) and if fully expressed, would nearly double the NADPH
production (Fig. 6) in goldfish and sucker 1ivers, and quadruple the
productlon in‘the-pike liver. | ) {

Moon (1972) suggested that NADPH production for lipogenesis.may be
an inportant function of ICD, hased.on the.significant inhipition of
trout ICD'by NADPh and the flndings of Flint and Denton (1970) that ICD
was an important source of reducing equ1valents for steroldogenesis in
the rat-ovary However, the inhibition of nlke and sucker G6PD by NADPH
(Figs. 3A, B) occurs at lower NADPH/NADP+ ratios than inhibition of
trout ICD (Moon, 1972).' This indicates, following the reasoning of
Sanwal (1976), that G6PD is.nore tightiy coupled to NADPH utilization h;.

'reduetiue biosyntheses, and, hence,’G6PDGis probably more important as a

source of reducing equivalents for such processes.

s
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B. Speculative Estimates of Zn vivo Lipogenesis

Al though sﬁeculatiye, it i{s nonetheless Interesting to attempt to

estimate how much 1lipid can be produced by the liver of ndrtﬁigy pike and

3
©

white sﬁckers'at difééfé;g“times of year, based upon in vitro measure-
meﬁts of PP pathway dehydrogenases. |

Figure Tsho&vs t’estimates of liver 111;id production at different
temperatureé for;suckers and pike, and sohé of the assumptioné required
to make such estimates.” This g;aph is obviously an extension of the'mofe
common graph éxpressiﬁg dehydrogenase activity as mol NADPﬁ-pfodhted/
min/gram (Fig. 6). Palmitate production is used as an index of lipid
synthesis because it 1évquahtitatively'thé most cbmmon éaturated‘fatty
acid formed de>novo in many organisms (Masoro, 1968;,K1u;tmans and

Zandee, 1974). ' The assumption that lipogenesis can stoichiometrically

equal NADPH'geﬁeration obviously ignores other avenges of NADPH utiliza-

a3

tion, which; on a percentage basis, may be important in. the pike liver.
In gene;al; however, rat;s of NADPH production have been shown to ﬁlosely
parallel rates of fétt? acid formation (Kather‘eé al., 1972a). ExPréss—
ing palﬁitate prodpction estimates on a monthly basis is more realistic
in terms of seasonal cycles than expressing it per minute as is QSUéliy
‘done. .ThebNADPH/NADP+'ratio of 50 (from Greenbaum et al., 1971), used

in Figure 7 is probably very close to the in viﬁo ratio, siﬁce it results
.in G6P5 activity (caléuléted'frOm:the linear regression equations in
Appendix IV),which-is equal to or less fhanv6EGD‘activity (ét 40 uM 6PG),
a necessary condition if coﬁtrol is exerted at the G6PD reaction site
(Greenbaum et al., 1971; Kaﬁher et“al:,yl972b). For suckers, G6PD’i§V352
~ of 6PGD activiﬁy'qt 22 C;‘and about 100% at 2 C.. For ﬁike, the respeétiQe

v

percentages ate 62 and 9%.

/)



Figure 7.

< o~

Estimates of in vivo palmitate produétion by white sucker
(Catostomus) and northern pike (EZsox) liver based upon in
vitro pentose phosphate pathway dehydrogenase activity.

Estimates were calculated from the following assumptions and
data: - ' ‘

1.

.G6PD activity was calculated as in Figure 6. The G6P
_concentration was 0.2 mM (Appendix 5).

NADPH /NADPY = 50 (Greenbaum et al., 1971). The percent-
age activity from #1 (above) that occurred at this ratio
was calculated from linear regression equations of the
data presented in Figures 1A, B, Appendix IV. '

The above estimates were doubled to include the NADPH
produced by the 6PGD reaction.

. Estimates of liver‘weight_fof northern pike were as in

Figure 6. For white suckers, a 20 g liver (personal

‘observations) was used in the calculations at all

temperatures.
L 3

‘Micromoles NADPH*produced/min/liver were converted to

grams palmitate/month/liver based on the stoichiometric
relationship 14 mmoles NADPH = 1 mmole palmitate (Masoro,
1968). : B :

’.’
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The cstimated Amount of fatty acid synthesized de novo by the
white sucker liver (Fig: 7) is about 6 to 12 grams per month during the
summer, and .2 to 4 grams per moékh during the winter. The total 1lipid
content of liver plus muscle is appfoximately 7 grams (Table 2, Appendix
VI). 1t is estimated that the pike liver can synthesize (Fig. 7) no
more than 0.6 gram of fgtty acid per month duriné.the éummor, and less ghan
0.2bgram per month during the winter. .However, the estimated total lipid
content of pike‘iiwer plus muscle is about .4 grams. Comparing the-fatty
;cid productio; estimates with th; totalvlipid in the liver and muscleg
one can suggést that, unless the lipid turnover rates are extremely low,
it seems unlikely that de novo prodﬁction of fatty écids by the liver is
adequate to»supply the lipids,requiréd, especially for the pike; Thus ,
one can conclude that preformed fatty acids from the diet almost certainly
play an important rele -in the/lipid economy of pike énd probably suckers
as well. This has ﬁreviously been mentioned in regard to the pike
v(KluyLmans and Zandee,ilgiﬁ). It would, therefore, be of interest to
éoméare the total amount of 1lipid in the diet of the pike and suckers,
and to seé whether-this information coﬁld be reiated to the above ‘ /
estimétes of lipid prodﬁction. Unfortunatgly, despite some knowledge

' about the diet of pike (Scott and Crossman, 1973), no quantitative f
. ' . . LY
.estimates of lipid intake are available, and nothing is known about the

total lipid in the sucker's diet.

It is obvious that there are a number of potential sources of

error involved in both the estimates of fatty acid production via NADPH
generation and in the interpretation of such estimates.
1. Conclusions about in vivo metabolic ‘flux based upon enzyme

studies can, at best, be considered as tentative; or as testable
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hypotheses which must be correlated with other information (lTabelled
precursor studfes, substrate analyslis, bt&.; sece Newsholme and Start
1973). -In some cases,\estim:n‘es: of 7n vitre G6PD and 6PGH activity do
not appear to agree with estimates of carbon flow through the oxidntivé
portion of the pentose phosphate pathway (Snéag#Hugur et al., 1973).

2. It is possible that the role of NADPt-dependent isocitrate
‘dehydrogenase shouldvbe given- some consideration. As mentioned carlier,
in mammals NADPY-1ICD does not'act adaptiveiy in concert with other lipo-
- genic en;ymgs, so perhaps it fofhs a base-line of constant roducihg
equivalent production while the éthcr enzymes exhibit a flexible response
to dietary or‘hormonal stimuli. A similar function has been ascribed to
malic enzyme in rat adipose"tissue fovreJ et al., 1976). .

3. .Fatty acid production in the rest of the body (extra-hepatic
lipogenesis) may be imébrtant enough to consider. Although it is
probable that the liQer'is'the most important organ of 1ipogenesis'
(Tables 7-9, present work; Braun et'al.’ 1970; Kluytmans and Zandee,
1974), aﬁd that in»suckers ana goquish;_at least, visceral fat gas

relatively little or no lipogenic activity (Tables 7, 8), it is possible

that the "adipose tissue" localized at the base of the fins in pike, and

N
>

the subcutaneous adipocytes of cypriniformesA(Vang épd Fenasse,.1§65)
» may‘contribute to fatty acid production. U;fortunétely, not enoughbis
known to.mgke any‘estimates-bf extra-hepatic lipogenesis. .

4. There‘is virtéally no information -on total lipid turnover
fates'in different organs of fish. Some information on.thé relative
effect of femperature on these rates is avail. le, however. It is known
that proportionally both synthesis and breakdown can increase in cold-

acclimated rainbow trout (ann, 1969), énd that, in goldfish, there is

]
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AL . . )

differcnrial éfﬂﬁ%“ W‘q@ﬂbrcakdoun of indtviakdy/ dtty acdds, and this
¥dlff « .

is highly temperature- dgp‘n§Xﬁ%dﬂkgin¢&&£’unﬂ ﬂbad L)bﬂ)

W ‘

In conclusion, rough estimates of 1n Utvo lipogonesik trom /v
7 tro measurements of hepatic pentose phosphate‘ dthway dLhYdrogenabe
activity indicate that white suckers can produce at least ten’ timéb
more fatty acid than northern pike, and that preformed tatty dLids‘trOm‘

dl

the diet may be an important source of body lipid in both species. .- s
Knowledge of the contributions of the diet, other enzymes, and ;ther v
tissues to the overall lipid economy is inadequate, however. Qﬁen'the
contributions_of these factors are better known, part1Cularly in relation
to temperature, then the actual significénce of possible proportional

acclimatization-dependent increases in pentose phosphate pathway activity

may be better understood.
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APPENDIX 1.' pH, lons, and Bimodal Kinctics

A. Results

The activity of goldfish G6PD and. 6PGD in the presence of

different hydrogen ion corcentrations (pH) 1is shown in Figures 1A and

1B. G6PD exhibited maxim%l or near-maximal activity at pH 8.0 to 8.8
I

(Fig. 1A). 6PGD had a so#ewhat narrower optimum around pH 8.0 (Fig. 1B).

The Tris-HCl buffék used in the pH optima studies had a constant
molarity, but varied in ionic strength. Increéses in ionic strength
above 0.07 M decreased the activity of G6PD (Fig. 2), and presumably
6PGD, as well (Table 1). The ionic strength of the buffer (pH 8.0)
routinely used was 0.064 M. The ionic strength of the homoggpa;e in - the
assay cuvette pfobably did not exceed Q.Ol M because of the large
diiﬁtion factor, and. so the ionié strength of the .homogenate will be
ignored in théi%diiowing:discussion.

Magneéium iqns inhibit G6PD activity at concentrations greater
than 2 wM (Fig. 2). Simila{ ef;ucts we;e seen with 6PGD (Table 1). A

comparison of the effects of Mg*tt and : uffe} in terms of jonic

B4

¥

strength ig shown in Figure
The inhibitory effec;s of mercurig ions (Table l) are‘compaﬁ in
studies of G6PD and 6PGD (Broyles and Strittmatfef, 1973),:and ‘#é‘nﬁt
due to changes in ionic strength, since thé HgCl, concentfations are too
low to siénifiéantly change this parameter. |
Some of the double-reciprocal plots of liver G6PD actiﬁity
(Appendix III) showed a trend toward bimodality Atbhigher substraté con-
|

Eentrations. This is particularly pronounéed in the plot of northern

y



APPENDIX 1 (Cont inued)

The effect of pH on the activity of goldfish .
(Carussius) liver G6PD. The activity at pH 8.0 was ,
considered to be the control. The assay solution contained
saturating amounts of GO6P (1.0 mM) and NADPF (0.4 mM).
HC1 buffer (100 mM) was used to adjust the pll of the ass
solution. The assay tempcrature was 22.0 C.

‘Figure 1A (Upper).

(e) 20 C acciimated fish

(o) 2 C acclimated fish

Figure 1B (Lower). The effect of pH on the activity of goldfish
(Carassius) liver 6PGD. The assay solution contained
saturating amounts of 6PG (1.0 mM) and NADPY (0.3 mM).

details as in Fig. 1lA.

Other

<
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APPENDIX I (Continued)

Figure 2. The effect of Mgtt (as MgCla) and fonic strength on the activity
of goldfish (Curassiw:) liver GoPD.  The C6F concentration was
0.1 mM; NADPY was saturat ing; and the concentration of Tris-HOl
buffer was 100 mM (ionic strength, 64 mM). The control cuvette
contained no Mg*t. The assay temperature was 22.0 C.
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ABSTRACT

. 1. boidfish‘(Carassius auratus) and white sucker (Catos tomus

M “ N ! .

commersoni) liver glucosc—6—phosphate dehydrogeoase (G6PD) exhibited 8

to 30 tiﬁes‘the_activity of northern pike\(ESéx lucius) G6PD assaved

v

“under similar ceonditions. Liver 6-phosphogliconate dehydrogenase (6PGD)

activity qf’goldfish and white suckers was at 1éést twice tﬁat.found in
' . FY . o

northern'pike. - .

2. ‘Theiactivity per gram liver of G6PD‘fromjnorthern pike was
& . B ‘ : :
'slightly (20%) higher‘in winter than in summer caught fish; while sucker

2
I3

liver G6PD activity showed no changes in winter vs. summer caught fish.

No qohsistent”temperature acclimation-dependent differences ‘in Cigbx\

activity of goldfish liver were observed.
3. G6PD activipy‘from all three species was strongly inhibited
by NADPH (Ki ca. 18-46 ). - L .

vl. *No~ differences in Michaelis constants (Km) of G6PD and 6PG

N

were observed in wintet;vs. summer caught pike- and suckers, or.in cold- o

(2 C) vs. warm— (20 C) acclimated goldfish suggesting that no 1sozymic

0

changes occurred in these eﬂzxmes ‘due to temperature acclimation or

A . B
_s€ason in the three species of fish examined.

. 5. The Km(G6P) of goldfish and white-sucker G6PD exhi@iﬁéd,.
extensive posiciVe thermal modulation (ca. 100 ta 38—50 uM) between 22 C
~ .and 2 C, while at tehperatures below 2 C, hegatire‘cherma%«modﬁlation
voécurfed 15 the white.sucker enzyme; 'The iowesthm(G6P) for all three

. ,vspecies.was similar (38—50'ﬁM) ard occurred é;vlow~(2—3’C) teﬁperatures.
Tﬂe,Km(NADP) for sucker and pike G6PD was 14—15‘uM end 20 uM,A |

iv B . e

s
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respectively; and was unmodified by temperature, indicating that *

temperature compensation does not occur by significant reductions in the

.

Km values of the rate-limiting factor, NADP*..
6. 'The Km(6PG) of 6PGD was insensitive to temperature modulation

over a 20 C.range, and exhibited similar.values (ca. 30-40 uM) in all

- three species. '

7.. Arrhenius plots of liver G6PD from all three species were
non-linear between\§2 c and .2 C, with higher energy of activation values

at lower temperatures (5-2 C for goldfisg and,suckers; 12-2 C for pike).

Arrhenius plots for sucker and pike 1iver 6PGD were, linear over a 20°C

temperature range, but- goldfish liver 6PGD exhibited a non -linear

.
‘

Arrhenius plot similar to G6PD.

-

8. Liver tissue showed the highest pentose phosphate pathway

_dehydrogenase (G6PD 6PGD) activity’, as well as high malic enzyme,‘

- -

‘\NADP¥§dependent.isocitrate dehydrogenase, and atha—glycerophosphate B

dehydrogenase'activity, suggestiﬂg that the liver is the primary organ

.of de novo lipogenesis: Pike liver, however, had no detectable malic

- . . .~ \\r

enzyme activity. , :

9. Muscle tissue from all three species had high NADP+-depend§nt:

.

isocitrate dehydrogenase activity, and low G6PD, 6PGD, and malic enzyme

activity.

"10. An:examination of the'temperature—dependent propertiés of -

; he pentose phosphate pathway dehydrogeﬁases suggests.éhat, on an

7 - ; N ) " ) ’ . ‘ ] ) . ‘
Lﬁmediate or seasonal basis, onlx~a minor amount of rate compensation for

FemperatUre takes place,. Previously reported increases in pentose

phosphate pathway utilizat®on in carbohydrate catabolism during cold-



acclimation do not appear to have been the result of any temperature-

Mem

dependent prbperties'of the pathway dehydrogenase enzymes.,
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ABBREVIATIONS

. _ ' Enzymes

G6PD = glucose-6-phosphate dehydrogeﬁase (nglucose—6—phospha;e:NADPf .

oxidoreductase, E.C. 1.1.1.49f

0

6PGD = 6-phosphogluconate dehydrogenase (6—phospho—D—glucopate:NADP+
‘oxidoreductase (decarboxylating), E.C. 1.1.1.44)
* ME = halic eniyme (L—malaté:NADP+ oxidoreductase (decarboxylating),

E.C. 1.1.1.40)

ICD = NADPt-dependent isocitrate dehydrogenase (threo—DS-isocitrate:
. ’ - '
NADP* oxidoreductase (decarboxylating), E.C. 1.1.1.42)

aGPD = alpha~glycerophosphate dehydrogenase (L-glycerol-3-phosphate:NAD*

oxidoreductase, E.C. 1.1.1.8)

'

~ Substrates and'Coenzymesl etc.

©

G6P

= glucose-~6-phosphate’
6PG = 6—ﬁhosphog1uconate~- 7 S
. - ! . .
aGP = alpha-glycerophosphate

NAD+/NADH = oxidized/reduced forms of nicotinamide-adenine dinucleotide

'NADP+/NADPH = oxidized/reduced forms of nicotinamide-adenine dinucleotide

{fphosphéte_
EDTA = ethyienediaminetetraacetic acid
. N :
PP pathﬁay = pentose phosphate pathway (hexose monophosphate shunt)
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-~ INTRODUCTION

. . - ot

Much of the interest in, temperature acclimation by fish’

physiologists stems from the {ork of Hochachka and Hayes (1962), in which

it was shown that ' in brook trout €a2velznus fbnttnaazs), there was a
"metabolic reorganization" during cold acclimation, during which the

’ N N
utillzation of the pentose- phosphate pathway (PP pathway) in carbo—

-

hydrate catabolism was proportlonally 1ncreased In addition, cold-

.

acclimated fish showéd a proportional increase in the 1ncorporation of

J“C acetate into lipid They concluded that cold acclimation favored

extramitochondrial pathways, partlcularly those related to lipogene51s

_Similar conclusions were reathed bv Ekberg (1958) and Kanungo and

¢ B

Prosser (1959) based ‘on, the effects of metabolic inhibitors on the
a

respiration of tissues from warm- and cold- acclimated goldfish Cara337us
auratus.

The . above stndies suggested that proportionally.increased use of
the PP pathway mlght be a general phenomenon in cold- acclimated fish,

with a common molecular.basis.p The two enzymes of the ox1dative portion

of the pentose phosphate pathway, glucoseﬁ6—phosphaterdehydrogenase

(G6Pﬁ) and 6—phosphogluconate dehydrogenaSe (6PGD), may have evolved
%
adaptive properties which could account for the above changes during

-

cold acclimation. The former enzyme controls the entry of G6P into, and

flow through the pathway (Greenbaum et al., 1971) The latter enzyme

(6PGD) increased in activity in crucian carp during cold acclimation

’

(Ekberg, 1962)g

[hl
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The proportionally increased use of the PP pathway during cold
acclimation isopresumably to supply reducing equivalents (NADPH) for
_increased lipogenesis. In mammalian tissues, the pentose‘phosphate
pathway accounts for 602 or more of'the NADPH required.for lipogenesdis
(Flatt za.nd.Ba]Cl.,~ 1964), and the activity 6ftthe pathway dehydrogenases
* (Pande et al., 1964) and carbon_flow through the pathway (Greenbaum et
al., 1971) have beenipositively correlated with the rates ef‘de_novoi’
'lipogenesis., Evidenee.for increased lipogenesis in cold acclimatien
comes nrimarily from the wdrk of Knipnrath and Mead (1968) on goldfish
and the work of Dean (1969) on rainbow trout, Salmo gazrdnerz |
Unfortunately, our knowledge of de novo 1ipogenesis in fish particularly
.its_enzymology, consists primarily of.the assumption that it is similar
to mammalian lippgenesis.’ o ; \ A
A prinary reason for increased lipogenesis during winter

acclimatization is unneubtedly the proéuction‘of new ‘memt rane lipids
}which are better suited for thevmaintenance of membrane structurel!and
functien‘at -low temperatures (Knipprath and Mead, 1968) quever,
”vincreased lipid synthesis for energy storage .see reviews by Love, 1970§
Shul 'man, 1974) and/or gonad development,must Be considered,.particuiarly
in»naturally aeciinatizeg animals; ”Das (i§67) has shown that, during
.eold'aeelimation, there is inereased ;NA synthesis in gdldgish liver
»and_muscre, and the Pf pathway nay:also bevimportant iﬁ suppiying pentose
.sugars»for tnis process; furthermere, changes in metabolic organi—

~zation, such as increased lipdgenesis, which'appear to be brbught atout

strictly by cold acclimatization,,may not be:cleariy separable from

-



those changes caused by reproductive cycles;
The molecular mechanisms inVolved in a shiff towards a
proportiondl increase in PP pathway partlcipatlon in carbohydrate

.catabolism during cold acclimation have not been adequatelv studied,

although much has been learned in recent years about the molecular

i L
A~

mechanisms of temperature compensation and acclimation (Hochachka, 1967;

Hochachka and Somero,_l97l, 1973; Hazel and Prossér ‘1974). Most of the
: wérk, ho@eveg, has concentrated Qn‘lébqratOr; acclima;ed animéls, rath@r -
‘than gnimalé acclimatized in fheir patufal environment.. Tt has_beeﬁ
demonstrated (see reviews c&:éd above) that-ﬁoikildtherms oltéh-usQ -
enzymig mechanisms to compensate for changes in the kinetic eﬁergy of
their eﬁvinonment;_ These mechanisms of ;e&herature compensation may
.alwéys bé preéént,Athus ;llbwing for instanpaneéus_as well as.éeasbnal
cpmﬁensation,'or they may devélop qnly after periodé of\hcclimation_or
"ac¢llmati2ation; Evéh if mole?ular mechanisms for rate compenéation‘argA
contihually preéent, they_méy oﬁly be utilized at certain tiﬁes of yeér'
in the animal's natuggl.habitat. The enzymic mechaﬂismé or strategies
“used for thls temperature é6m§é;sation-méy be classified as:’ mo&ulation,

in which the reaction rates of enzymes already present in the cell are

éhanged by temperature, metabolites,lpH, ions, etc.;_guanfiﬁative, in
which the concentration or total duaﬁtity‘of'pre—exis;ihg,énzyme types
ls lnéréased;:and gualitative, in which'the_types of enzyme in the cell
are changed (Hochachka and Somero, 1973) A | -

In 1973 Hochachka and Hochachka showed that cold—acclimated mullet
fish (Mugml cephalus), a subtropical species, produce an isozyme of

glucose-6-phosphate dehydrogenase not present in significant amounts in
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warm—acb;iﬁated~fish (qualitgtive strategy). This G6PD isozyme shoyed
temperature—aependent'substrate, coeniyme, and inhibitor kinetics ‘

(m;dulation strategy) which might account for or facilitate'prpportion—
ally increased PP.pa:hway utilization in‘cold—acclim%ped'fish. However,
such isozymic changes with cold acciimation are unusual in a non-salmonid
séecies, such as the mulleF (Somero, }9755). Furthermore, if
"proportionally increased ut£lizatioﬁ of ﬁhe pentose phosphate pathway is
a neﬁessaryvadjustment‘for survival inbco}d—acciimated fish, then one.
would ékpect’the.enzymic mechénisms causing this‘shift to be best

developed in those fish which.must seasonélly adjust to cocld temperatures

in nature, such as north temperate freshwater species, rather:-than in

laboratory acclimated, subtropicai marine species. - ’ S

_ Therefore, the present study examines the temperature-dependent

activities and kinetics of the enzymes of the oxidétive portion of the-

pentose phosphafe pathway in tissue;bfrém natural, nortﬁ temperate
populations of white suckers (Catostomus commersoni) and northern pike
(Fsox Zycius), and from a lgbofatory pobﬁl#tioh}of goldfi;h ﬁCaraséjus
,auratug). Northern pike and white suckers weré chosen because of the
distinct differences in-their_lifé styles, as wéll'as their avaiiability
~at different~timeé.of the year. <The northern pike is a predator, feed-.
ing prim&rily_onlqther.fish, while‘the sucker feeds along the bottom on
aquatic invertebratés,'etc; (Scott and Cross;;n, 1;73). The géidfish
wgré chosen as a laboratory species'bECauSe of the éxtensive literature
on'Eold‘accliﬁa;ionfwhich'exists for this énimal.

. "Liver PP pathway enzymes were the most thoroughly studied, siﬁceii

the liver appeared to be the primary organ of Eipid stofage‘(Tashima'ﬁnd,'
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Cahill, 1965) and of de novo lipogenesis (Tashima and Cahill, /f§65
Kluytmans ‘and Zandée, 1974), and the G6PD reaction was particularly
emphas}zed, sinqe‘it controls the pathway (at least in rat liver,
‘Greenbaum et al., 1971%. However, other tissues and enzymes were examined
briefly fo,canfirmlthat the liver was important in lipid metabolism, and
to more completel& aasess the sources of reduc{%gvequivalents for,lipoj
genesis.. Lipid content in whole goldfish and white sucker tissues and
glycogen content in goldfish tissues were also>determined’to compl ement
~the enzyme studies. B v | - -
The following questions were asked: ) ) '
1.‘ What are the strategies or mechanisms used, if any, to
compensate for qﬁanges in PP;pathway dehydrogenase activity brought about

-
by the 22 C range of environmental temperatures to which these fish are

exposed annually in their natufal habitat? Do the_tem?erature—deﬁen@ent
properties of tﬁe enzymes studiéd suggest that there is any "seasonal
metabolic aeorganization' which would result in a relatlve increase in
_carbon flow through the pentose phosphate pathway, and whlch would be
indicative of propor}ionally increased rates of lipogenesii? I
| 3. ‘What are the patfarnS'of 1i§ogenic>and NADPH generating

activity 15 various tissues of the different.species_of fish? Qhat do
these patterns suggest about.the function-of G&PD;;GPGD; malic enzyme,
isocitrate deHYdrogenasé, and atha—glyceroﬁhbspﬂate dahydrogenaae in

thesé tissues, and the ﬁatential significance of each tissue to de novo

lipogenesis?



MATERIALS AND METHODS

A. ANIMALS
~N\ !

Common goldfish (Carasst&u auratus LinnaEUQ) welghing from 6 to o
20 g were purchased from the Grassyfork Fisheries Company of Martinsville,
Indiana. Upon arrival at the University of Alberta, fish were maiqtained
in 150 1 tanké at 20 C (#3 C) for at least 4 weeks prior to transfer to
colder temperatheS. .Animals to be cold—a;climated were transferred to
a éold room (8-12 C) for 2~to 4 weeks and then moved t;-various
refrigerated rooms (144_C, depending on the room), with'a photoperiod of
2-6L:22-18D.  The photoperiod for the warm-acclimated fish was approx-—

2

© imately 12L:12D in winter and 14L:10D in summer.
Cold-acclimated animals were kept in groups of 5 to 16 in 19 or

S4 1 tanks. Both .warm— and.cold*acélimated fish were maintained in

deminéralized water contalning 0. 144§even Seas Marlne Mix Salts (Utility

Chemical Co., Paterson, N JJ) and 0.1% Fish Grade Tris Buffer pH 7.4

(Sigma Chem: Co., St. Louis, Mo.). .The pH of the buffered water

" inereased at léwe; temperatures, hnd-was approxiﬁétely pH 8.0 at 2 C.

The bottom of each tank wa; covered with éulayér Lf activated'chgrcqal to

adsorb noxious materials. _ : : o <VA .
Coldfish were fed with SeRa Coldy {SeRé Co;, West Germanf’ or

Tetramin Staple Foéd (TétraWerke,,ﬁest Germany)-. Fdr warm-acclimated

_fiéh, miﬁimum da11y food 1eveis were approximately‘l% of the fish biomass

in éach tank. Fish held at lower temperatures were. fed one—half‘9f‘thié .43

amount -or less, but always in excess, as indicated by food particles on-
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the bottom of the tank the following day. In some experiments (sce Table
8), cold-acclimated fish were not fed.

Specimens of white sucker (Catostomus commcrsoni lLacépdde) and
northe¥n pike (Fsox’lucius Linnaeus), weighing approximately 1,000 g
(range 738f1;387), were collected inlMaréh (wiﬁter—caught fish) and July
(suﬁmef—caught fish) by gill netting from Lac Ste Anne, a shallow
eutro?hff lake, located approximately 80 km northwest of Edmonton,
Alberta. Only fish that appeared freshly caught were used. A few
specimens were éollected in late April (1974) and early May (1975) during
their spawning'migration in a temporary stream draining into Lac Ste
Anne.

When the lake was ice;covered in March, the water temperature was
0.6 C (0-1 C, depending on the depth). In April (1974),“water CCmperatufe
of>the temporary stream was 3-4 C, and in May (1975), it was 10-11 C.

The water temperatures of Lac Ste Anne range from 16.5-22.0.C in July
(Medford, 1976; Mackay and Bkeat:_ty.,9 1968). Oxygen levels in Lac Ste Anne
.range from about 9.5 ppm in July‘to é.6ippm in March (Langer, 1974), and

are probably not stressful to either species.

B. TISSUE PREPARATION

Goldfisﬁ were>stunned by a blow on the head,>decapitated, and the
liver or muscle (white epaxial'muscle) removed and weighed immédiately,
Tiss'u':eé from 3 td 5 goldfish of either sex were pooied and treate
déscribed below for sucker and pike tissues.

Goldfish liver is a rather diffﬁsé organ, donsisting of ‘a' large

anterior mass which is associated with the gall bladder, and sgveral
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posterior sections lying along thJ digestive tract.  Fat cells may be
1ntegrét0d with the liver, especially posteriorly. In addition, the
pancreas 1s not casily distinguished macroscopically from thc‘livor.
Hence the liver prepérations used in this study ﬁop only included
hepatic tissue per se, but also adipocytes and pancreatic tissuc. Some
effort was made to standardizé the liver preparations by taking 75-85%:
by weight of the sample from the distinct antcr{;r hepatic tissue mass.

For sucker and pike preparations, animals were removed from the
net, killed by a blow on the head, and placed on ice., 6 Tissues were
removed within one hour and placed on dry ice for transport back to the
laboratory.

Pike liver samples consisted of the most posterior 3 Cmbportion.
Sucker Iiﬁer Qas sampled in a manner similar to goldfish 1ive;.' Muscle
sé&ples (white epaxiai musc1é5 were removed from the S ¢m area approx-
imately 3-8 cm posterior fo the‘ﬁead.

Immediately upon return fo the laboratory, tissues from 2 to 5

white suckers and northern pike were pooléd. For sucker and pike homo-

genates, only tissues from male animals were used. The samples were

‘diluted with 3 to 1O volumes of ice—ééld.S mM EDTA solation, then

hbmogenizéd for 2 minutes with a motor-driven teflon—gla;s homogenizer
. . & . t

(Thomas & Co., Phila.), which’was placed in an ice bath.- The homogenate
.was filtered'fﬁrough a layer of'cheesepléth aﬁd centrifuged; 10,000 x g
at 0 C for a minimum of 20 minutes iﬁ a Sorvall RC-2 refrigerated
centrifuge (Sorvall & Co;, Norwalk, Conn.). The supernatant fraction
was then'feceﬁtrifuged at 18,0060 x g for a minimum of 45 m?nutes;_apd the

. . “ . <
supernatant fluid from this centrifugation was ¢iluted, if necessary,
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and stored in 2-3 ml batches at -20 to -30 C until used. No turther
purification of the enzyme was attempted. This prcpura[ion‘will hence -
forth be called the homogenate.

In retrospect, homogenization of the tissues with hypotonic
SmM EDTA solution was a poor choice, since it probably resulted in the
rupture‘of cell organelles and consequent release of organelle enzymes.
Some of these enzymes, such as NADPH—cytochrome .~ reductase and NADPH
oxidase utilize NADPH and thus may interfere with the dehydrogenase
assays (see Aﬁbendix VIiI). FurtheFmore, catheptic enzymes may have been
released from the ruptured l}soSomes, resulting in protein denaturation.
Nonetheless, it should be recognized that homogenizacionwmedia which
provide an isotonic or buffered enviropment, while supérior to hypotonic
solutions, do have disadvantages as well. For example, béth sucrose
(Gerhardt and Beevers, 1968) and Tris-HCl buffer (Gellert et 1., 1959)
have been repofted.ko interfrre with some of the modificaﬁions of the
Lowry protein determination (Lowry et -al., 1951), although sucrose does
not appear to interfere appreciably with the unmodified,Lowty ;ethod
used in this study (Bonitati et al., 1969). Homoéenization with isotonic

KCl wold present difficulties in asseésing the effects of ionic stfength

on enzyme activity (Appendix I).
’ 1Y

Y

C. ENZYME ASSAYS

Enzyme activity in the homogenate was assayed by recording the

reduction of NADPY (or NAD+) as shown by the increase in absorbance at

340 nm using a Hitachi-Perkin Elmer 139 UV-vis spectrophotometer. To

achieveﬁgemperature'con;roi, thq}Fuvette chamber was attached to a Lauda

7

v
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K-2/R Temperature Controller t{lled with ethylene glveol. Mhe tempera
4
ture ot the solution in the cuvette was measured betore and {ommediately
after each assay with a YSI telethermometer probe (Yellow Spring
Instrument Co., Ohfio), and recorded to the nearest 0.1 ¢, interpolattng
when necessary. - For each '«iv[t‘rmin.‘ltlon ol kinetfic constants, the mean
temperature of all the indiyvidual cuvette assav temperatutes was con
£ }
sidered to be the true assa\) temperature for the constants, and is
reported as su@‘h {n all later tigures and tables. Individual assays
which were not within 20.3 C of the mean temperature were discarded.
Preliminary work with the dehydrogenases indicated that, at the
<§?Z;ogenate concentraticns used, the reaction rates were linear tor a
minimum of 2.0 minutes (Fig. 1, Appendix VII). Propo{tionality was
observed for all enzymes, using a two- or threefold r;nge of nomogenate
concentrations (Fig. 2, Appendix VII). The pH optima for the gcld-

fish dehydrogenases were det:rminedgag‘lifb\(LEE\Tris—HCl butfer (100 mM)

(Fig. 1A, B, Appendix pH vdlues of the buffer solutions~werge

determined to 0.005 pH unit ith a Beckman Research pH meter which was

standardized each time it was used.
N

Far all enzyme assays, a 3.0 ml volume was used in a cuvette with

a 1 cm light path. An extinction coefficient of 6.22 x 103 liter mole™ !

cm~! was used for all calgulations (Kornberg and Horecker, 1955). °

All organic reagents used in the enzyme assays were purchdas: © from
J .
&

Sigma Chemical Co., St. Louls, and were of the highest purity avai: sble.

ubstances used were sodium salts. Other chemicals were of re.gext

grade, and were purchased from Baker, Mallinckrodt, and Fisher.

The glucose-b6-phosphate dehydrogenase (G6PD) assay mixture
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Foutinely empioyed in this s tudy contained (final concenﬁrations): Tris-
HCl bnffer (100 mM, pH 8.0, temperature adjusted); Mgélz (10 mM); a

. Vo _
saturating concentration of'NADP (0 4 mM); and varied concentrations‘of
homogenate and D~glucose-6- phosphate (G6P) (Glock and McLean, 1953
vKornberg and- Horecker, 1955' see Appendix II) NaDpPt concentrat{ons

« R

were varied when the Km(NADP+) and Ki (NADPH) were determlne ” The 6-.

phosPhogluconate dehydrogenase (6PGD) assay mixture was identical except’

4

for a saturatlng NADP+ concentration of 0.3 mM, and the substitution of
6-phosphogluconate‘(6PG) as substrate 1nstead of glucose-6-phosphate

(Hotecker and Smyrniotis, 1955). The assay was run for a minimum of

2.0 minutes. Activity was negkigible using the goldfish homogenate,

P N ‘

when glucose (100'mM§ was.a§ed as the substrate, or:yﬁtn NAD+'(O.5 mM)

' -

was used as the cofactor. ' T e -

2. . - T

Other dehydrogenase a:tivi;ies»were measured“dginéfghe following

assay mixtures: \ 3

The malic enzyme assay mikture contained (final concentrations):

v,

Tris-HCL buffer (100 mM, pH' 8.0); malate (o 1 m); NADP (0.2 mM);

MgCl, (3 mM); and 0.05 to Q0.3 ml of homogenate This is, with'slight
. I . -
modificatlon, the procedure of Wlse and Ball (1964)

NADP-dependent isocjtrate dehydrogenase (NADP+ ICD) was, assayed

~

ythe procedure of Moon and Hochachka (1971) The cuvette, contaln—

Tris-HC1 buffer (100 mM, pH 8 0), NADPY

DL-isocitrate (0.1 mM, which is 0.05 mM of the’

active threo—D% form) ™N\gnd, 0.01 to 0.2 ml'of_homogenate. iﬁ

v e

Alphajglyceroohospha

de%ydrogenage (aGPD)'was assayed'inrche

direction- of NADY reduction and

droxyacetone production, although



this is not always the physiological directlon. The procedure followed .-
was that'of(Bewley et al. (1974).- The assay mixtnre contained (final
concentrations)e glycine—NaOH buffer (100 mM, pH 9 5).;. NADY . (5 mM);
.DL-atha—glycerophosphate (15 mM), and 0 05 to 0.2 ml homogenate.

rd

In all of the above enzyme assays, endogenous NADP+ (or NAD+)

RS

reduction,.when significant,fwas allowed to proceed until a constant,
negligible rate was~recorded, usually within 3' to 5»minutes, then -the
. o ’ ’ -
substrate was added. This. was necessary ‘only when the homogenate was~"

freshly,prepared,;and not previously frozen. NADPt was added last when

TNl T o ‘ : a < -
ritdﬁhseestablished that this caused no detectable error (Fig. 1,

. l ’ - . S :
Appendix VII) NADPH'oxidizingvreactions were undetectable in goldfish’

‘and sucker homogenates, bu; were detectable, at rates not exceeding
0. 001 umol per, minute,\{: very concentrated pike liver homogenates (Flg _

1, Appendix VII). Appropria:e_blank\cuvettes were used when necessary. -
o The Km values in this. stydy are the substrate .concentrations at
which the velocity of the enzyme reaction is one-half of its ektrapolated

: L] ) .
maximum velocity (Vmax). The Km can also be termed the apparent Km, or

- P
s

the- reciprocal of the apparent enzyme-substrate affinity (Hochachka and .
Somero, 1973), to distinguish it ftom the Ks,/the enzyme-Substrate

dissociation constant (Dixon and Webb,‘1964).' Calculation of the Km and

Vmax is discussed in Appendix VII. =~ . ‘ . S
D. PROTEIN

)Tﬁ//orotein content of the tissue homogenates was determined with

i -

" Folin—Ciocalteu reagent by the method of Lowry et al. (1951).- Absorbance

¢
was measured at 500 nm.<}Bovine serqm albumin was used as a standard.

. 1
LY



RESULTS

oo A. THE EFFECT OF,TEMPERATURE_ON SUBSTRATE- -

‘ DEPENDENT G6PD KINETICS

All of the glucose-6-phosphate deh&drogenasesrshowed typical
Michaelis—Menten/hyperbolaq when veloc1ty was plotted against varaed
eubstrate concentrations.' The enzymes were saturated at about 0 2 to-
0.5 mM of.substrate:,i |

- Miehaelis constants, Km(G6P) for»GGPD,testimated>from the iinear,
‘non—satureting, non—activeting portions of double;reciprocgl'plots
(Appendix III);‘are recorded as a-function‘of-temperature in Table 1~and////
Figures 1A, B The temperatures are representatlve of those eneounteredv
hy white suckers (Catostomus) and northern pike (Esox) in the yearly
cycle at Lac Ste Anne and by goldfish (Carasszus) in the north temperate
jaree of North America.

It wes.found that the'oniy differeneee!in the Km(G6P) values were
interspecific or uue to the different essay temperatUres (Tagle 1).
There uere no differences in the Km Yalues of G6fD‘enzymesifrom animals
“caught at two different times of year or fron ahinelé‘acclinated in the
laboratory to two°different;temperatures (Table 1), suggesting that no
qualitative changes in'§6PD occur due to season or‘temperature
qcclimation.
Golufish'G6PD shoned a;subetential decrease in Km(G6P) hetween

22 C and 5 C, that is, there was an 1nereese.in the'apperent.enzyme—
substrate.(E—S) affinity as the temperature decreaeed (Fig., 1A). ‘This'

13



Table 1.

Michaelis constants, Km(G6P), for goldfish (Carassius), white
sucker (Catostomus), and northern pike (Esox) liver G6PD .from

.differently acclimated or acclimatized groups of fish. Assay

temperatures are within %21 C. Km values were determined from
double-reciprocal plots ‘(Appendix III), and are expressed as
micromoles of substrate pér liter. The livers of 2 to 5 fish
from each agclimated or acclimatized group were pooled to
provide the.homogenate for each group of assays. Due to - the
amount of homogenate available, ‘the Km values for Catostormus
and EFsox were determined only once at each temperature. Most
Carassius Km values were determined using two different
homogenates (single assays of each) at each assay temperature,

.and for these determinations, the mean * 1 SEM is shown.

14

Assay T

Carassius - . Catostomus - Esox

‘Warm v ~.Cold Summer Win;ér ~_ Summer . Winte

4

r

22 ¢

12 c

126 125 .60 6l

102 #

+
(o))

+
o

102 +

80 80 44 44

I+
S

62 54

40 - 43 72 75 40 41

I+
3%

39 49 - 42

i+
w
I+
N
1
i

39

- - - 82 -~ -+ 58




Figure 1A (Upper) The Michaelis constant, Km(G6P),'of goldfish
(Carassius) liver G6PD plotted as a function of assay -
temperature. There were no differences in the Km values of
enzymes from warm- and cold-acclimated fish (Table 1), hence
the mean Km'of all assays conducted at each temperature is
shown. The number of determlnations at each temperature is
shown in Table l ) e

Figure 1B (Lower) The Michaelis constant, Km(G6P),'of white sucker

(Catostomus) and northern pike (Esox) liver G6PD plotted as a

‘function of assay temperature. There were no differences in
the Km values of enzymes from winter.and summer causht fish
-(Table 1), hence the mean Km of all assays conducted at each
temperature is .s8hown. The number of determlnatlons at each

ptemperature is shown in Tadble 1.

i
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e

increase -in the apparent 'E-S affinity due to decreasing temperature hasf
been termed nositive thermal modulation by Somero (i9é§3 and co-workers.
The white sucker-GGPD showed extensive positive thermal modulation:
between 22 C and 12‘C'(Km decreased from approx._l?O UM to 80 uM) and
again below SvC (Fig, 1B); negative thermgl modulation, a decrease in
,apparentnE—S affinity, occurred near 0 C. ' Pike Km(G6P) showed much less
change w1th temperature than the Kn's of the other species (Fig. lB),,
~below 178 C -there was negative thermal modulation.

s _ B. THE EFFECT OF TEMPERATURE ON NADP*-DEPENDENT -

" G6PD KINETICS

Michaelis constants for the apparent affinity of sucker and plkeAj
G6PD for NADPY (Table 2) were determined from double reciprocal plots
(Figs. 2A,_B). .No differences in the Km values. were seen when the
_Km(NADP+)was determined. at 22 C and 2 C, nor were there maJor inter- -
specific differences in the values (Table 2). Seasonal comparisons were
not made. Napp+ availabllxtyr(Kather et al., 1972b), and the afflnity
iof G6PD for tnis coenéymeA(Greenbaum et al., l97l),lare the rate—limiting.
faotors for the G6PD reaction. | | :

When NADP+Ywas.nresent_at lon»concentrations (;15 M), and the
assay temperature was 2 C, there were,unward curvatures in the double-
reciprocal plote (Figs. 2A, B). These particular deviations from the
egpected 1inear relationship probably indioate interaotions between
_‘binéing eitee (Bonsignore et al;;:1970), and have been obSermed_in

kinetic stndies of mullet fish G6PD'(H0chaehka and'Hochachka; 1973).

.
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Table -2.

2}

Kinetic constants for goldfish (Carassius),| white sgéker

“(Catostomus), and northern pike (£sox) livelr G6PD at assay
temperatures of 22 C (#1 C) and 2 C (#£0.5 d). The Km(G6P)
of each specids is the mean of all assays ?nducted at :
either 22 C or 2 C (from Table 1). The Km(NADP*) and - |
Ki(NADPH) -for Catostormus and Esox were detgrmined once at |
each temperature as described in Figures 24, B and
Appendix IV, Figures 1A, B. Goldfish Ki(NADPH) was
determined (once) with a liver homogenate firom warm— ‘
acclimated fish. All values are expressed |as micromoles/
liter. : ‘

" Kinetic constants for G6PD
. - — j -
Assay.T (C) Km(G6P)  Km(NADP*) ' Ki (NADPH)
: . , . : . : 2 .
. Carassius .22 . 102 —_— 25
. o 2 . » . . \{
Carassius 2. o 39 V.- -
Catos tomus 22 124 ° 14 : 18
Catos tomus 2 49 15 32
Esox 22 o 60 ,‘ 20 36
Esox 2 42 20 | 46
> ‘
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Figure 2A (Upper). Double-reciprocal pfgt showing the effect of different
NADPY concentrations on the activity of white sucker
(Catostomus) liver G6PP. G6P concentration was 0.2 mM. The
homogenate was from May caught fish. The Km(NADP1) values are

listed in Table 2. Regression equations are:.

(22 ¢) 1/velocity = 0.5613 + 0.0079 (1/mM NADPY)

4.8935 + 0.0776 (1/mM NADP+)

"

(2 C) ‘ l/velocity

Velocity x 104 = nmol NADPH produced/mln/gram wet welght of
liver ’

<

Figure 2B (Lower) Double-reciprocal- plot showing the effect of different -
NADP* concentrations on the activity of northern pike (Esox)
liver G6PD. G6P concentration was 0.2 mM.. The homogenate was
from July (summer) caught fish. The Km(NADP+) values are listed
in Table 2. Regres51on equations are:

14.3737 + 0. 2872 (1/mM NADP*)

]

(22 ©) l/velocity

(2 C) l/velocity 108. 5147 + 2.2424 1/ mM NADP+)

it

Velocity x 10“ = nmol NADPH produced/min/gram wet weight of
liver
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21
C. THE EFFECT OF TEMPERATURE ON INHIBITION

OF G6PD KINETICS

~ ) , .

Of the possible physiological inhibitors examined (Appendix IV),
the moet potent inhibitor of G6PD was NADPH. The Ki(NADPH) value;\“\
(Table 2) were determined from Dixon plots (Appendix IV)‘(Dixon, 1953).
The Ki(NADPH) was measured-against the NADP*-dependent activity of sucker
and pike G6PD. Inhibition of'the goldfish enzyme by NA£PH was measuredA
xegainst subétrate—dependent activity. In both cases, the inhibition was
assumed to be competitive.(PésSonneau etval,,f1966). For sucker and
pike G6PD, the Ki (NADPH) at 2 C was higher than the Ki at 22 C (Table 2),
'indicating, that at low concentrations (<50 uM) of‘NADPH, there was some-
what less inhioition at low'temperatJ}es; |

/the inhibition based uoon NADPH/NADP+ ratios is shown in Figures
3A;/h; The G6PD reaction was SO0% inhibited when the NADPH/NADP+ ratio
was japproximately 2.5, and 707 inhibitEd‘at a ratio. of 5.’ Extrapolation
from the data in Figures 3A, B (by linear regression equations from the
Dixon plots in Appendix IV) indicated that ‘the sucker and pike G6PD

.reaction‘will be about 95% inhibited when NADPH/NADPf equgIé 50. Fifty.
: is the approximate physiologicel,ﬁADPH/NADP+'ratio under‘lipogenic A
conditions in the rat 1iver (Greenbaum et al., 1971) - The amount of
inhibition by NADPH, based upon NADPH/NADP+ ratios, did not appear to

change with temperature (Figs. 3A, B)-



Figure 3A (Upper). Inhibition of white sucker (Catoﬁtomus) and northern
pike (Fsox) “liver G6PD by varied NADPH/NADPY ratios. The

G6P concentration was 0.2 mM; NADPY concentration was 0.05 mM;
“and NADPH concentrations were 0.025 to 0.25 mM. The
homogenates used are the same as in Figures 2A and 2B.

Assay
temperature was 22.0 C.

Figure 3B (Lower). Inhibition of white sucker (Catostcmus) and northern
pike {(Esox) liver G6PD by varied NADPH/NADPt ratios as
described in Figure 3A. Assay temperature was 2.0 C.

€
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D, CTHE EFFECT OF TEMPERATURE ON SUBSTRATE

DEPENDENT OPGD KINYTIOY

/

Michaclis constante, Em(6PG) 1(“‘*(! 6PCh ) were determined trom donble
reciprocal plots (Appendix T11) and are shown as o tunction of temperature
in Table 3 and Fipure 4A for goldtishayand in Fipgure 48 tor sackers and
pike.  There did not appear to be any ;H‘;lilﬂnlitﬂl dependent ditterences in
Km values for goldfish 6PGD (Table 3), supgesting that this enevme, an
well as G6PD, undergoes no <ulna itative chanpes in response to temperatiunoe
acclimation. White sucker and northern pike 6PGH enzvimes were examined
from only one homogenate for cach species, so scasonal comparisouns
could not be made.

) The Km(6PG) values in all three species were nearly independeant of

A
assay temperature (Figs. 4A, B). The Km chanped by no more than 10 M

over a 20 C temperature range in any of the species.

E. ACTIVATION ENERGILES

Arrhenius plots of Vmax vs. the reciprocal of the absolute
temperature (apparent energy of activation, Eé) were non-linear for all
G6PD enzymes exémined (sucker and pike G6PD, Fig. 5A). Goldfish Ea
values (Table 4) were calculated from Arrhenius plots. The transition
temperature .(Dixon and WCbb,rl964, p- 158) for both sucker and goldtish
G6PD was around 5 C, while that pf.pike G6PD was near 12 C. The ’
apparent Ea values were similar for all three speciés, except that the
goldfish G6PD showed a substantially‘lower Ea below 5 C compared to the

other fish. No:seasbnal or acclimation-dependent changes in Ea were

;bserved (Fig. 5A, Table 4).

~
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Table 3. Michaelis conscants, Km(6PGj, for gbldfish (Carqssius) liver
) " 6PGD from warm— (W, 20 C) and cold- (C, 2 C) acclimated
groups of fish., Assay temperatures. are within #1.5 C. Km
values wer¢ determined from double-reciprocal plots '
(Aypendix/III), and are expressed as micromoles of substrate
per liter. The livers of 3 to 5 temperature-acclimatéd fish
- were used for each homogenate. At each temperature, the -
different Km values were determined using different
homogenates.* ’
Km(6PG) Mean Km # SEM .~ T-acclimated
_ . .
230 -0 : 34 +£.3 \
31 ¥ Co : C
32 , \ c 7
44 : : (o
37 , 42 £ 3 ‘W
T42¢ - W
“54 ) xc
. 2
- 36 N -C
41 . C
42 38 £ 2 W
38 ’ .
33 IS -— - C
31 . = 32 2 1 W
32 . - c
: Y
e : -
' &
-

..
<_§-g
o

o

'h
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Figure 4A (Upper). The Michaelis constant, Km(6PG), of goldfish
' (Carassius) liver 6PGD plotted as a function of assay
temperature. There wére no differences in the Km&values_of
enzymes from warm— and cold-acclimated fish (Tablé 3), hence
the mean Km of all assays conducted at each temperature is

shown. ) .
‘ . o . . v,

Figure 4B (Lower). The Michaelis constant, Km(6PG), of white sucker
(Catostomus) and northern pike (Esox) liver 6PGD plotted as

a function of assay temperature. The sucker homogenate was
from May caught fish, and the pike homogenate was from July
cdught fish.” One determination was made. at each témperature.
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Figure 5A (Upper). " Arrhenius plot of Vmax (Table 5) vs: the reciprocal
of the absolute temperature of the enzyme assay for white
sucker (Catostormus) and northern pike (Esox) liver G6PD.
Energy of activation (Ea) values are expressed as Kcal/mole.
Values. from winter liver homogenates are plotted. Values

from summer homogenates are listed beldw: .
. . . N . -

T (C) 105/7° (K=Y  Ea (Kcal/mole)
Catostorus ~ 23.0-13.0  337.6-349.5 14.3 .
13.0- 5.7  349.5-358.6  1l4.4
Esox 22.0-13.0  338.8-349.5 15.9
' 13.0- 5.5 . 349.5-358.9 27.1
. :

o

Figure 5B (LoWer),-.Arrhenius plot of Vmax (Table 6)‘vs. the reqipfécal'

of the absolute temperature-of the e e assay for white
sucker (Catostomus) and northern pi ox) liver 6PGD.
Enexgy of activation- (Ea) values. are ressed as Kcal/mole.

.The\sources of the enzymes are listed in Table 6.

5 . T,
.
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Table 4. Energy of activation (Ea) values for goldfish (Carassius)
liver enzymes from warm- (W, 20 C) and cold- (C, 2 C)
.acclimated fish. The<Ea values within each temperature
range were *15% of the mean value over the entire temperature

, range.
Enzyme T range (C) 105/T (k7). Ea (Kcal /mole) T-acclimated
G6PD 22.0-5.0  338.8-359.5 12.6 W
K 22.0-4.8 . 338.8-359.8 | 11.7 c
" 22.0-5.0 338.8-359.5 15.1 c
. G6PD 5.0-2.5 . © 359.5-362.8 . 20.0 W
" 4.8-2.3 359.8-363.0 20.3 c
" . 5.0-2.0 359.5-363.4 . 19.9 c
6PGD .  23.5-5.2 ©337.1-359.3 121 W
"o 22.0-6.0 -  -338.8-358.2 - 1158 . c
6PGD . 5.2-2.5 359.3b362.8 2004 R *
" 6.0-2.8 .  358.2-362.4 . 20.60 c
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Both the sucker and pike 6PGD enzymes exhibited linear Arrhenius
plots fromv22:C to 1 C (Fig. 5B). The apparent ﬁa of goldfish 6PCD
(Tab le &) was identical to the energy of activation values of the other
speeies (Fig. SB) at"temperatures below 5 C, bnt at higher temperatnresv
it was much lower.> No acclimation—dependent'changes in Ea values of
’goldfish 6PCD were observed.

&

‘. F. QUANTITATIVE ASPECTS OF ‘G6PD AND 6PGD ACTIVITY
. . ’ - -

The most distinctive.interSPecific differences between the pentose
phosphate pathway_dehydrogenases were quantitative. The quantitative‘
estimates of enzyme aCtivitv should be viewed with some caution, however,
because of the possible loss of activity due to the homogenization pro- .
cedure (p- 8, 9) and the resultant presence of catheptic enzymes in theh
homogenate. The maximal catalytic potential (Vmax) of the G6PD and 6PGD
enzymes flor all three specles® is shown in,Tables 5, o. Th% G6PD activity
of sucker and goldfish liver homogenates was, vith one,exception;éat least
,bten times greater than the G6PD activity of pike homogenates, whether act—
ivity was expressed per\gram wet weight of liver tissue or per milligram
protein (Table 5, Fig.,6). The interspecific differences in. 6PGD actlvityl
- (Table 6)‘arefsimilat butrless dramatic. The highest activitles of 6PGD
were found in goldfish liver:homogenates, and the lowest, i’ pike homo-
genates. | | |

| Differences in enzyme activities per milligram of protein were
natutally dependent on the concentration of protein in the homogenates

In both sucker and-pike,‘homogenates from‘the_livers of winterfacclim-

atized fish had slightly less protein (Table 5). In goldfish, this was
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The maximum velocities (Vmax) of liver G6PD enzymes from goldfish

32

. a
Esox

Table 5. }
. (Carassius), white suckers (Cqtostormg), and northern pike (£sox). The Vmax
Y was determined from double-reciprocal plots (Appendix I1I). At each
temperature, the different Vmax values represent different homogenates.
Velocity is expressed as nmol NADPH produded per minute,
. Q ) /
Assay T (C) Species nwol/g liver nmol/mg protein  yg protein/ml/1X homogenate
22.0 Catos tomus,! 14,522 405 356
23.0 Catostomus 14,856 338 437
22.2 Esox) - 1,025 49 210 ‘
22.0 Esox 4 827 29 . 2‘88
22.0 Carassius$ 23,119 348 664
22.0 Caraasi,usd- 6,984 - 129 542
22.0 Carassius © 9,405 216 437
22.0 Carassius 110,341 331 312
12.0 _Chtostomﬁsg . 6,655 187 356
13.0 Catos tomus 6,300 “144 437
11.3 Egoxy, 405 19 210
13.0 Esox 352 12 288
S1.s - Carassius® 8,505 128 664 .
12.0 . Carasstus 3,876 - 102 . 378
11.5 . Carassius 5,421 190 . 286
4.5 . Catostorus, 3,396 99 344
5.7 Catos tomus 3,257 75 437
5.0° Bsozp 142 7 210
5.5 Esox™ . 98 3. 288
4.5 Carassius® 4,775 72 "668
4.8 Carasstius 2,034 54 378
5.0 Carasstus 2,797 98 286
2.3 Catos tomus ™, 2,207 - 64 Y 344 ’
1.8 Esox® 77 4 210
2.1 Carassius® 3,222 48 668
2.3 Carassiug 1,457 39 . 378
2.0 Caraasiug 2,075 73 T 286
" 0.0 Catostomus® 2,030 —_— ——
0.6 66 3 210

 ®Homogenate from Marc

July (summer) fish.
" fish."
fish. .~
ﬂay fish.‘

) ) bﬂomgenate from
'« ©cold-acclimated
-dﬂarﬂ-acclimated

0

eBo:m')genate from

~

h (winter) fish.

o
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6. The maximum velocities (Vmax) of liver 6PGD enzymes from
goldfish (Carassius), white suckers (Catostorms), and northern
pike (Esox). Other details as described in Table 5.

ein/mI/17
ate

: : . ug prot
Assay T (C) . Species nmol/g liver nmol/mg protein homo
21.7 Catostomus® 2,010 -— ———
21.3 Esoxb 952 —_— -
22.0 Carassius. 5,017 124 404
22.0 Carassiusd 2,978 68 479
23.5 Carassiusd 3,950 "93 427
21.8. Carassius 4,070 112 364
. o
11.4 Catos tomus® 580 - -
11.1 Esoxb 289 -—= -
,12.0 Carassius$ 2,572 64 404
11.8 Capassiusd 1,172 25 479
12.5 Carassiusd . -1,867 b4 427
11.8 Carassius ~1,695 47 364
6.0 Carassius$ 1,432 35 404
5.2 Carassius 1,027 24 427
5.1 - Carassius 981 27 364
- .
1.1 Catostomus® 143 ——- -—-
1.0 " Esox® 75 — S
2.8 Carassius$ 926 23 404
2.5 Carassius 716 17 427

bHomogenafe from Juiy (summert)

, aHomogenate from May fish.

CCQid-aeclimated fish.

-dWarm-acclimated*fish,



Figure 6.

The effect of temperature on the activity of goldfish .
(Carassius), white sucker (Catostomus), and northern pike
(Esox) liver G6PD. Activity was calculated from the data-
presented in Figures 1-3, Appendix III. G6P concentration
was 0.2 mM, NADPT was saturating. Activity of sucker:and
plke summer fish.homogenates is shown at 12 C and above;
activity of winter homogenates is shown below 12 C.. ‘

The effect of seasonal changes in liver weight on total
NADPH production in the northern pike liver (axis on the
right) is illustrated with the broken (- - -) line. The
liver weights ysed are:

22, 12 Cc=13 g
5C=15¢g R .
1.8 C = 17-24 g (lower, uppé} kbroke‘n lﬁes,_réspeiéti\'lely)
0.6 C=17-24 g ( " weow " )

(Weights are from Medford, 1976; and ﬁersonal observations.)
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Table 7..

36

Activity of some‘]ipogenic or NADPH producing c¢nzymes from

white sucker €(Catostonmus) tissues. GbP and 6PG concentrations

are 0.1 mM; all other concentrations and conditions are as

described in the Materials and Methods section. The

temperature of all assavs was 22 C (21.0 C). Activity is

expressed as nmol NADPH produced/min/gram wet weight of tissue.

Homogenates consisted of 2 to 5 pooled tissues. Assays were

performed in duplicate and the mean values are presented.

Individual assays were no more than #5% from the mcan valuc.

Tr = trace, less than 15 nmol NADPH produced/min/gram.

-
G6PD " 6PGD ME " 1ICD [aGPD.

Liver! 8,296 1,592 139 . 3,473 483
Liver? 6,653 —-—- -—- C——— -
Liver3 6,462 ‘ - - - -
White Muscle Tr . 19 58 2,662 636
Heart 0 ‘ 199 54 18,183 31
Visceral Fat 820 193 -0 567 97
G111 617 212 0 386 20
Brain 424 300 0 2,508 " 241

1Fish-caught-.— May 1975.

2Fish caught - July 1974.

3Fish caught — March 1974,
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reversed, with liver homogenates trom cold-acclimated !iQh containing
somewhat greater protein concentrations (Tubles 5, 9).

There appeared to be no quéntitative differences in sucker G6bPD
activity per gram l;ver (T;ble 7) when March and July fish homogenates
were compared; However, there was increased G6PD activity in thé May
caught fish which Weré'migrating upstream to spawn. Goldfish G6PD
activity was somewhat variable (Table 8); Cold-acclimated goldfish
were Lept under~§horter daylight photoperiods than warmacclimated .

éoldfish (p. 6). This has been shown to elicit the greatest differences
o

t

in G6PD between gold- ané warm-acclimated mullet fish, Mugil cephalus
(Hochachka.and Hochachka, 1973). However, goldfish G6PD activity
showed no consistent acclimation-dependent differences (Table 8).
5ifferencé; in G6PD activity among different shipments of fish were
nvidept (Table 8). Goldfish 6PGp activity was less*bariablé than G6PD
activity, but showed no accl{mation—depéndent differences either (Table 8).
Cold—acclimatéd goldfish that were fasted for one month or seven @onths
showed no dete;table decreése in G6PD or'6P¢D aétivity (Table 8), sug-
gesting that the variaﬁle activity of‘theée enzymes in goldfish liver
.(Table 8) wasAprobably not due to differences in food intake. Pikg G6PD
acgivity per gram liver was about 20% greater in winter than in summer
caught animals (Table 9)._1This may have been only a transieﬁt increase
due to feeding,\but because the homogenates were made from pooled livers,
the "activities represent the éve ge of several individuals, which sug:
gesté the measured seas;nal’diff:jsyces in enzyme activity were a real
seasonal phenqmenoﬁ. Due~tv)€;:‘;;;Ler of fish‘available, novpreliminary

tests were conducted to determine the variability between;pooled liver ”



Table 8.

poldfiah Gy weDe) tinnuen.  Othe
Activity iw expresaoed a0 umol NADEI produced/min/yym wet

weight

Liver!

Liver!
Liver”
Liver!
Liver"
Livor“'
Liver"
Liver®
Liver®
Liver>
-White ﬁuséle

Visceral Fat’

V%gceral Fat?
-

ol tissue.

G6PD Coeren ME
9,164 2,700 150
—— f::iz7 S

¢ ‘
9,900 4,796 L8Y
18,681 4,707 1,130

5,182 3,128 -——

5,175 3,003 —

10,994 — ——-
2 3,816 —

“¥

3,858 2,070 —

e

giiﬁgtj 29 63
5 15 0
0 0 0

Agtivity of some Tipopenic or NADPH producing encyvee:,

detail s an abile /)

1eh aliPh
2,100 6,096
- - 4,776
3,730 5,367
4,437 8,695
- 4,438

_ —-—
1,119 1,460
0 54

O ———

138

trom

Year ot
shipment
1974
1974
1974
1975
1974
1973
1973
1974
1973
~1973
”i974
1974

1975

1Cold—acclimated fish, fasted one month.
’ 2Cold—acclimated

“3Warm—acclimated fish, fed in excess.

l‘Warm—acclimated fish, fed.

SCold-acclimated fish, fed.

fish, fasted seven months.
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Table 9.

Activity of some lipogenig™®r N H producing enzymes from
northern pike (Fsox) tis ues. Oth tails as in Table 7.
Activity is expressed as)nmol NADPH .produced/min/gram wet .
weight of tissue. : ' o

- gePD 6PGD ME ICD - aGPD

Liver! 530 1,050 0 4,630 322
g . . : o A

Liver? 515 - To-- - -

‘Liver3 544 : _— - L e R

White Muscle CTr 40 39 707. ! 2,469

1rish caught - July 1974; enzymes %ésgyed Juri= 1975.

* 2Fish caught = July 1974.

3F¥ish caught —‘Marcﬁ 1974.

N

P
]
oo
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+ - -~ -homogenates represénting different groups of naturally ESglimatizéd
animals. However, the two pike liﬁer homogenagms from anim;ls collected
in July, 1954 (Table 9),.do represent different groups of fish (3-4

individuals): with the tissues of one group frozen for nearly.a year

before the homogenate was made. 'The virtually identi;él G6PD activity

\

of the fwo homogenates suggests that ohly a minor amount of variability
may exist between homogenates from different animals collected at the

gsame time of year. v » o Sy

“™ . The overall effect of temperature on liver G6PD activity from:the
iu \ . N . . : -

three species is shown in Figure 6. The greater the slope, the ?0¢e

[

sénsitive the activity was to changes in temperature. Figure 6 also
shows how seasonal chaﬁges in the weight of the pike liver (Medford,

. ‘ ‘
1976) affect total liver NADPH production.

- G. TISSUE PROFILES OF ENZYME ACTIVITY

The activities of five lipo@enic.or NADPH generating enzymes from
‘a variety'of tissues are p;ésented in TaEles’7;9.[‘Sbme'of.the”morg
" important. findings are: ’ .

o 1. The highést\éctivities of the NADPH generating enzjmes (ekclud—

ing NADP*-isocitrate dehjdtogEnase'invheért mﬁscle3randApike malitc

R

enzyme) werg.fbund in thé liver of all three species.
_f 2. No galic enzyme activity was detectable in pike liver, suggest- -
i ing an ab§e§%e~of the complete malate cycle (Flatt,.1970) in this tissue.

In the livers of the other species studied,bmalicveniyme was,préseﬁt, but.

exhibited,go more than §2 of thé activity of G6PD, 6r 24% of the acﬁivity
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qf 6PGD.

3.> NADPY-isocitrate dehydrogenase.showed moderate to high act1v1ty
in nearly all tissues, including those, such as white muscle and heart,
in thch the activity_of other NADPH producing enzymes was low.

4. Tissue patterns of aZéha—glycerophOsphate dehydrogenase
‘activity showed the most yariability among the three species. Goldfish
exhibited high activity in.li;er ahd.ﬁuscle,lwhile pike had relatively

low activity in liver, but high activity in muscle. Suékers showed

N
. = 3

comparatively .low. to moderate activity in liver and muscle, and had some
activity in visceral fat preparations.’ B
5. Visceral fat from white suckers exhibited low NADPH generafting

activity compared to the liver. Virtually no NADPH generating activity

was’ detectable in goldfish visceral fat. The visceral fat examined was

iy -

the loose fat associated,with the liver or lying along the intestine, ar,
'in suckers, fat located just ingside the ventral abdominal wall Variable,
usually ‘small (<0 2/ somatic hody weight, Medford 1976) amounts of fat
are sometimee found along_the intestine in pike, but these-depots were

not examined for enzyme activity.
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properties which allow for proper function at all temperatures the

DISCUSSION

I. THE EFFECT OF TEMPERATURE ON G6PD AND 6PGD

A.. The Effect of Temperature~en Substrate-Dependent G6PD Kinetics

i. The absence of qualisative changes. There were no ecclimation—
dependent'dr seasonal differences in the’Km—temEEraEure relationships of
the G6PD (agd 6PGb; Table 3) enéymes studied (Table ‘1y. The absence:of
.differehces.ig'the Km values SCrengly suggests tha; there are no seasonal

or temperature-dependentsisdzymic.changes. ‘This was expected, since a

gcies, 1nclud1ng goldflsh (Wllson et al., 1973), do

maJority of’ teleogtﬁsp
not normally et béiwfgbqymlc ‘changes”® 1n response to acclimation and
acclimatization (Somero, 1975a). This absence of qualitative change has

been termed the _eurytolerant proteln strategy (Somero, 19753), and

BN

implies that most enzymes- \éﬂch as G6PD. from a number of=teleost spec1es
(Mester et al., 1972; Somero, 19753; Table 1, present work), have

<

organism normally encounters.
. . ’ ' ! ' -~ )
However, fsozymic changes in the enzyme complement of a tissue

due to acclimation or acclimatization have been demonstrated in a numbeyr

of fish (see reviews by Hochachka and Somero, 1973; Hazel and Prosser,

1974). These isozymic.chenges are generally restricted to salmonids"

(Somero, 1975a), althodgh the’acclimationédependent changes in G6PD

<z

4sezyme§_exhibited by mulletffish (Hochachka and Hochaehka, 1973) provide

a relevant and somewhat unique example in a non-salmonid species..

L 42
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ii. Temperature modulation. Since qualitative changes, based

upon’ Km(G6P) values, did not occur seasonally in the G6PD enzymes

examined (Table 1), one may ask whether the immed;ate or inherent

effects of temperature‘on the enzyme affinity for substrate G6P (

section), coenzyme NADPY (sectlon B), or inhibitor, NADPH (
H

may be of physiological or rate- compensatory signlflcance and thus

sction C),

enable the enzymes to functlon effectively throughout the annual
temperature cycle;' Such changes have been observed in a‘number of
poikilotherm;enzymes (Someroz 1969)4 |
The effect of temperature on the Km(G6P) was different forreach

species studled in the present work (Flgs. 1A B). In common with other
poikilotherms studied (Somero, 1969; Robert and Gray, 1972b; Hoehachka
and Hochachka, 1973), the goldfish and suckers utlllze temperature as a
positlve modulatq; of apparent enzyme- substrate afflnity, over most of
'thelr temperature range while the pike.do not to any great extent. All
’ three of the G6PD enzymes studled showed a mlnimum Km of 38- 50 uM which
voccurred at ‘the lower end of the habitat 4temperature range (Flgs 1A, |
B). '~ G6PD enzymes from other poikllotherms show 51m11ar Km values (45 M,
~barracuda, Sphyraena pznguzs, Shimeno and Takeda, 1972 25 uM, klng
crab, Paralzthodes smmtschatica, Somero, 1969; 70 uM, ‘mullet fish, Mugzl
cephalus, Hochachka and Hochachka, 1973 41-50 uM, carp, grass carp, and
eel, Nagayama et al., l975b) at the lowex end of the1r respectlve |
habitat temperature ranges. This suggests that proportional use of thls
, enzyme (and df the pentose phosphate pathway) may be max1ma1 at lower'
temperatures in poikllotherms : The assumption behind such a.suggestlon
' 1S»that the Km occurs at, or slightly above, the substrate concentration
‘Lin the cell, a}lowtng for contrdl by substrate ayailability, and

>
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cohﬁérsely, that in ?ivo concentrations are low and approximately equal
the Km (Hochachka and Somerd, 1973; Somero, 1975P)L' Comparison of bGPD
apparent enzymestbstrate affinitieé with G6P_concentrations reported in
fish; mammals,‘and insects‘(a Q}nimum of about 200qu G6P,  Appendix V),
suggests that, for this(énzyme, the assumption is not wvalid. It‘appears
that the 1o§esthm(é6P) found in the present étudy (40-50 uM) 1is aﬁ
least four té ten times lower than the G6P concentrati9n in the celi7h
(Appendix V). ‘Therefore, the‘chanées ianm(G6P) with temperAture éré
probably not physiologlcally‘re;evant in terms of metabolic coﬁtrol Br

Ar#fefcoﬁpensation. ‘Previéué‘temperature—dependent‘kinetic work oﬁ G6PD
(Somero,-l969; Robert and‘Gray, 1972b; Hochachka and Hochéchké, 1973),

should be interpréted with due regard for this consideration. .

‘

The possibility of significaht steady-state changes in G6P
concentration with changes in temperature should not be overlooked, since
" an increase in substrate concentration could result in an increase in

velocity as long as the enzyme was not completely.saturated. If the sucker

liver G6P concentration was 400 uM rather thad 200 WM at 2.3 C, the

velocity Qohld increase‘gy abéut 10%, as caicﬁlated from the equations

in Appéndix III:' Freed (1971) found a-lOWgr CGP céngengratién (approx.

’ 200,nmoles/gram)in'the muscle of 15 C acclimated goldfish comparéd G;
‘25‘C acclimated fish (BOO'nmoles/gram)} Howéver;.in the,ﬁuscle 6f the

- goldfish érfe, Idus idus, aéclima:ed fo 6. C, the G6P concentratioﬁ was;

ébre than double that~found_at moderate (10 C) qrbhigh (30vC) acclima;io;

températures (Grono&, unpubl., the data are presented‘asva percéntage of

‘the control in Precht et al., 1973). Unfortunately, neither study

measured G6P concentrations in the liver. Furthermore, it is not clear



45

how one would interpret data on G6P concentrations, 1f available, since,
in the rat liver, G6P decreases in both starvation and a highly lipo-
genic nutritional state, when compared to the control value (Greenbaum

et al., 1971). ' ) » : .
: =)
B. The Effect of Temperature on NADP*-Dependent G6PD Kinetics

It may be suggested that if modulation:were of primary importance
. as‘a mechaniam of”temperature compensation.in G6PD, then selective
pressure {(Crowley, 1975) would most likely result in adaptive changes in
the-affinity of the enzyme for its rate-limiting factor. Since NADP*
'bavailability has been shown to control,the reaction velocity_of G6PD in
rat liver and‘adipose tissue‘(Greenbaum et al., l97l; Kather et al.,
f197ib),‘one mightttnus e#pect changes in the Km(NADP') with temperature.
»_figures 2A, B and Table 2 show Kn(NADP+) values of 14-20 uM in the fish
presently under consideration These values are. virtually identlcal ton
those found in other teleosts (15-25 uM; barracuda, Sphyraena pinguis,
nShimeno and Takeda, 1912; mullet fish, Mugil cephalus, Hochachka and
Hochachka, 1573' and carp,mgrass carp, rainbow trout, eel,'ano yellow-
tail Nagayama et al. 1975b).but eomewhat higner than valnes reported
for rat liver G6PD (6»uM,‘Sapag—Hagar et‘al., 1973).: These Km values

are in.the middle of the in vivo NADP' concentration range (for

' laboratory rats, Bucher et al., 1964), and so small physiological

increases in NADP' concentratlon, via its regeneration by reductive
biosynthesis, would result in significant increases in reaction velocity.
Thus, based upon the Km ualues, ‘Nappt avallability appears toxh‘ps the
.controlling factor in the reaction rate of sucker, pike, and presumably

goldfish epp. 5 S t-
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Howeven; oue does not see changes in the Km(NADPt) due to
. temperature in elther sucker or pike G6PD wheB’assayed at 52 C and 2 C
-(Figg. 2A, B; Table 2). Hochachks and Hochachka (1973) also found very
little thermal modulation (25-20 uM) of this parameter 15 mullet fish
G6PD when measured at temperatures which were low to moderate (16—25‘&) »
for this species. The possibility of seasohal'chsnges in Km(NADP¥) th\
;velues was not éxamined because surficient tissue samples were not auail—
able. However, it is unlikely that such changes occur because of the
absence of seasonal changes in the\Xm(GGP) and because of the identicsl
Km(NADPY) veiues at 22 C anth‘C when May (sucker) ;nd‘July (pike)
homogenates were assayed. fossible seasonal changes in NADP* concentra—r

tions have not»been examined, but would probably be htghly dependent

‘'uppn the rates of reductive biosynthesis. ' o,

~

h C. -The Effect of Temperature on Inhibition of G6PD Kinetics
ﬁADPH was the‘most potent physiologicai inhibitor vf G6PD of
;those inhibitors tested in this study (Table 2; Appendix IV) and has
been shown to be the primary physiological inhibitor of rat liver G6PD
‘(Sapag—Hagar et al., 1973). The Ki for - NADPH changed slightly (Table 2)
_with temperature in sucker and pike liver G6PD in such a way as to.
roduce less inhibition at lower temperatures : However, if the NADPH
concentration is caltulated indirectly from known NADP+ concentrations o
_(Bucher et al.,’1§64 Greenbaum et al., 1971) and NADPH/NADP+ ratios'
(>45, Greenbaum et al., 1971 >70, Krebs and Veech 1969), then the NADPH
concentration 'i{s ten or more- times greater than the Ki(NADPH) 'Directly
'.determined NADPH concentrations in laboratory rats are’ also at least ten

. times greater than the Ki(NADPH) (250 450 nmole/gram wet weight, Bucher

o~

HA
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\

et al., 1964). Therefore,uthe small change in Ki (NADPH) (fable 2) would
not greatly reduce .the inhibition at/I;:\?Emngzéfures (compare Figs. 3A
and 3B). .From extrapolation of the regression’ e;\\tions from the Dixon
plots (Appendix IV) one can show that, at a NADPH/NADPt ratio of 50, the
G6PD reaction'will be'approximately 96% inhibited at 22 C, and approx—l
‘imately 95% inhibited at 2 C in suckers and pike. Therefore, only a
minor rate-compenseting effect can be attributed. to. temperature modula-
tion of the inhibitor constant for NADPH .

| in snmmary,lthevdecrease in the G6PD reaction velocity due tc
temperature is not_compensated for, ekcept in a minor way, by a positive
thermal mbdnlation strategy int%oldfish, suckers and pike, because, at
ieaet in snckers and pike, there is no adnptive change in. the apparent
affinity of G6PD for NADPt, the physiological rate-limiting factor:
" Other immediate temperature—dependent changes in the-affinity parameters,
Km(G6P) and Ki(NADPH), are of only minor importance because the
concentrations of G6P and NADPH in the cell are probably much higher than
the Km or Ki.

It appeare that if a eubstrate or coenzyme is rate-limiting for a
particular reaction, then its apparent affinity for the enzyme is likely
‘to be relatively independent of temperature over mu of the enzyme s
,physiological temperature range (Mbon, 1972; Som¢fro, 1975b; Table 2,
';this wnrk). Iherefore,'tenperature compensation, as illuetrated.in the
. aQOVe diecuasion,iis not "often effected" ny changes in Km values
1(modulation strategyj,'éince tnis would result in changes in regulatory
fnnctiqnvet”ditferent temperatnres‘(Somero, 1975b).. Reguletory function,
vztneinffinities of enzymes forrtheir subetrates and various modifiers,
,ivappeere to be'a;cdneervative‘enzyme property, as illustrated by the °

/
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normally submaximal function of enzymes and the similarity in substrate

and coenzyme affinities for homologous enzymes from a number of /

Al 4 '
organisms living in-different thermal envi{bnmcnts (Sqmcro, 1975b) .

'

L8}

D. Energies of Activatidn, Ea, of G6PD
i v
Temperature—depepdent conformatiodal changes which result in
-modulation of apparent enzyme-cffector affinities were of only secondary
imporﬁance for rate compensation (see above). Perhaps, then, the C6PD
enzymes studied have an inherently high catalytic(efficiehcy, Vmax (low
énérgies of activation)g or”confofmational changes téke place which
resuitlin greater cat?lytic efficiency (lower Ea) at lower teﬁperatures.
Vroman a;d Brown (l9é§i‘have suggested that enzyﬁes from cold-adapted
organisms may have loﬁeﬁ enérgies of activation than those from warm-
adapfgd sbecies, which would pérmi: the maintenance of catalysis at low
tempefatures. éome enzymes from.cold—édapted and antarctié fish do
show reduced Ea values compafed'to the homologous ehzymes from‘ﬁafm—
adaptéd speéies (Somero, 1975b), but other enzymes do not (Hochachka and
Somero, 1973). The engrgies of activétion found in the presént study
(Fig. SA,.Table 4?, though not eéﬁécially low, were comparable to vélues
of other poikilotherm G6PD enzymes (Robert and Gray, l972b; Audilet ahd‘_1
v Cray, 1973b; Hochachka and Hochachka, 1973).. The Arrhenius plots (Fig.

5A) were non-linegr, and similar to those found with blue crab G6PD

-~

(Robert and Gray, 1972b). According .to Baldwin and Hochachka (1970),

non—-linear Arrhenius plots are not unusual when both Vmax and Km change
with temperature. The downward break or transition in the Arrhenius

2N . ) ‘ :
plots (Fig. 54), suggests that temperature-dependent conformational

E}

changes affecting the cataiytic efficiency (Vmax) take place at lower
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" temperatures, and that these changes result In the production of a

poorer catalyst (higher Ea) rather than a better one.

E. Temperature-Dependent Kinetics of 6PGD; Control of the Pentose

Phosphate Pathway

In the present study of 6PGD noitémporaturo acclimat ion-dependent
dif ferences in apparent E-S affinity were observed (goldfish - Table 3),
suggesting that, 1ike G6PD, no isozymic.changos occurred. There was a
nearly complete.absence of temperature-modulated changes in the apparent
enzyme—substrate affinity (Figs. 4A, B). Based on previous arguments,
the témperature insensitivity of the E-S affinity, and the reported in
vivo 6PG concentrations (Appendix Q) suggest substfate—depcndent contfol
" of GPCD, which is éxpected if flow through the PP pathway is controlled
by NADP* availability at the preceding G6PD.§tep. In addition, over the
temperaturc;range measured;.tﬁe Ea yalues for 6PGD in the sugker ana p{ke
were relatively constant (Figl 5B). It:is,noﬁ known why goldfish 6PGD
should exhibit changes in Ea (Taﬁle 4y, Qhen its Km(6PG) shows
temperétﬁre~indepehdenge similar to the sucker and pike 6PGD enzymes.

So far, it has been assumed that the enzyme contfoiling the rate
- of metabolite flow through the oxid;tivé portion of the péntose phasph#te
pathWayvis G6PD. This is an obvious assumption{&hen conside?ing’suth
.tissues as pike liver, whEré 6PGD activity greatly exceeds G6PD actiQity
 (Tab1e 9); Sut it is' not so obvious in sucker and~goldfish liver, where
_G6PD activity greatly exceeds that of 6PGD (Tables 7, 8). in rat liver,
the two  major lines of evidence (frém G;eenbaum et al., 1971) pointing
to control at the G6PD site are: that G6PD is a non—ééuilibrium

r]

" reaction, while 6PGD is aﬁ equilibrium reéction; and that maximum
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<
phenazine methosul fate stimulated f].ow through the pathway s ddrectly
related to the activity of G6PD, mcasured 'n oitro. However, Sapag-Hapar
et al. (1973) have questioned, on the basis of an apparent imbalance ot
activities between GOPD and 6PGD, whether there is control at the GOI'D
site, and whether the oxidat ive Pp pathway is an unbranched sequence.
A tl\orle‘gh study of the physiolof:icnl control or inhibition nf’thv
. K
6PGD reaction was not undertaken in this work. 1t has been shown, in
four of the five teleosts studied by Nagayama and Ohashimi (1975) and ©
'Nagayam; et al. (1975b), that 6PGD has a greater affiﬁity than G6PD for
NADP+, the rate—limitihg coenzyme {(Greenbaum et al., f97]). Therefore N
G6PD will, in this work, continue to be considered the controlling enzyme
of the PP pathway, although the low 6PGD activities (compared to G6PD)

of sucker and goldfish liver do suggest consideration of an altcrnate

interpretation.

F. Quantitative Changes in Enzyme Activity

. There are two other mechanisms which goldfish, suckers, and pike

can use to maintain or proportionally incre e rate of NADPH

.

production via the PP pathway as the kineti nergy of the environment

: . -
decreases. The enzyme activity or concentration can increase per m
’ 4

-

.of tissue, or the total enzyme activity of an organ can increase duéd %o
i .

!

“an ?ncrease ig.organ size. Quantitative changes in eﬁzyme activity due
to temperature acclimationror séaéodal acclimatizatipn have been shown
for a number of enzymes and species, but, as Hocﬁachka and Somero (1973)

correctlj'obggrve, it is not,kngwn in most cases whether new enzyme forms

are present or whether thebenzyme concentration in the cell has actually

increased. Tabie 9 shows that pike liver G6PD activity is about 20%
R i . @



higher (o winter than In summer caupht tish.  The pooled samples, the
f1dentical source of enzyme (male plke liver), and fdentical kinet i
constants and Fa's (Table 1, Fig. SA), supgpest that,there was, o fact,
an actual increase In GOPD concentration fn winter pike liver.  Sucker
liver GOPD ‘('l‘:ll)l(' 7) and goldfish liver GoPD and 6PCH activity (Table 8)
showed no quantitative change when winter and summer or coltd - and warm-
acclimated ;1(‘tivi.(i('s were compared, although poldfish homogenates
showed considerable variability.

No consistent response has been found by other workers studying
the dcpchdenco of PP pathway dehydrogenase activity on temperature
acclimation.. Ekberg (1962) found an increase in gill 6PCD activity and
no change In gill G6PD activity when cold-acclimated crucian carp were
compared to warm—-acclimated ones. Lehmann (1970) found slight (16-17%
increases in G6PD and 6PGD activity ig muscle in goldfish acclimated to
5 C compared to the 15 C acclimated group. Similar findings were
fépof%ed by Kunnemaﬁn et al. (1971) for musc1¢ G6PD froﬁ Idus tdus. In
the two latter papers, Fhe vari@bilfty h1€3gyme activity between
individuals was high. Since the utilization of the PP pathway in muscle
is extremely low (Green and Landau, 19655, it is uncertain whether the
slight increases in ﬁusclé G6PD have any significance.

Bfgun et al. (1970) found increases in liver, muéc}e, anq‘gill

G6PD activity and decreases in intestinal G6PD activity ih‘cdgdjﬁ

aéclimated bitterling, Rhode%i'amarus. To fhis;aﬁth&éjsﬁkgéyl:AQé%;;z
théirs %s the only reported increase ‘in G6FD‘actiViEy }n fzsﬁ'ii;gf;dﬁe
to.cold—égclimation'or acclimatization,'eféés£ §of.tg;fingreasewiﬁ;.:
4horthern plke G6PD acﬁivity in the pgesent wérk}(fabléﬁg), T£‘§H$§;a Be'
noted that malic enzyéé) another enzyme producfig‘égdqciné:eqﬁiyalénts
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for lipogenesis, showed substantfially decrcased activicy (o Tlver foom

cold-acclimated Fhodeas . Ditterent enzymle pesponsbies to cold

acclimation {n different species and organs (iece Table 5 bn Braun et al .,

1970), diftferences fn diet, and the otften great phyvsiolopteal varfab ity

between different populations of tish, especially poldt fsh and coap
(Wilson et al., 19773; see shipment date, Table 8), may be responsible tor
some of the difterences observed among the studies c1ted above.

In contrast to either transient or scasonal fncreases In enrvae
activity or concentration, another quantitative possibility (s an
increase in the size of the tissue concerned with the particular bio
chemical function. This strategy has been rathtr neglected by compara
tive biochemists, but cAn be very important trom the animal's point of
view. 1If the enzyme activity per gram stays constant, any increase (n
organ size, regardless of its etiology, will increase the total enzyme

hl .
act}vity. Data from Medford (1976) show that (in Lac Ste Anne) the
liver in winter caught pike !s about twice as large as the liver in
summer caught plke (see"Fig. legend 6). Other species show seasonal
changes in liver size as well (Inui and Ohshima, 1966). The increase or
mainténance of enzyme activity .per gram in the pike's enlarged winter
liver suggests that; despite relatively low G6PD activity (Table 9), the
PP pathway may play an important role in pike metabolism, and that this
role may be especially impbrtgﬁt in winte;, or is closely tied to liver

function.

The potentlal significance on in mmpike liver® size in

temperature compensation by gﬁ?ﬂ/is d in Figure 6. At 2 C

(December data, Medford, l9§g) a 17 g liver weight can be used for total
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enzyme activity estimates, while at 9.6 C, a 24 .,g liver weight can be used”

for activity estimates (personalnpbservations; early March data, Medforxd,

1976). Obviously, this is a simplification, since the liver is more or

‘less continuously growing, and the temperature fluctuafes somewhat.

Nonetheless, using the simplifications, the'increase in liver size over

the winter might allow .the rate: of NADPH production hy liver G6PD to be

. almost temperature-independent at low temperatures.

G. Summary and Conclusions

~In summaryy there are some spéeies,differences in the temperature—‘
depandent propertiés of‘g1UCOSe—6—phosphate dehydrogenase. ' Temperature
modulatlon of G6PD actlvity plays a tangible but minor,. role in’rate
compensatiop in suckers and goldfish. Quantitative seasonal changes in

G6PD activity were found in northern pike, and appeared to be due primar-

N : 4 : i . A -

=7

":1ly to changes in liver size. - o ' ’ .

This study has found:"(l) no kinetig'evidence (Table 1) of
different isozymic forms of G6PD in warm- and cold-acclimated goldfish,

or seasonally,acclimatiZed'whitehsuckers ananorthernpike; and (2) rate-

* temperature plots (Fig. 6)apf enzyme activity which show that none of

the‘eqzymic mechanisms present appear to provide a significant amount of
rate compensation cpmpared-to‘thé overall effect of temperature on the %:ﬁ
reaction rates.  Thus, for these fish, =the catalytic properties of the

N

pentose phosphate pathway dehydrogeﬁases do not appear to provlde a

mechanistic basis for increased PP pathway participatlon in carbohydrate

5

) catabolism. This is 1n agreement-with the flndings of Robert and Gray

(

(1972a, b) on blue crab G6PD, but not with the view of Hochachka and

Hochachka- (1973) that temperature—dependent properties of mullet fish
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y
G6PD do provide such a mechanism.

[

’ .
However, increased de novo lipogenesis from acetate does ogﬁhr in

cold—acclimated,brook trout (Hochachka and’Hayes,rl962)f goldfish

(Knipprath and Mead, i968k? and rainbow trout (Dean, 1969); although in
cold—acclimated goldfish, the increased lipogenic rate is not reflected
in the total lipid content (Knipprath and Meag 1968 Appendix VI,

present work). In view of the relationgbip between the NADPH generation
b . g

and rates of lipogene51s, .some proiv*
pathway utilization probably does J& "in some winter acclimatized or
cold—acclimated fish (certainly, in brook trout, Hochachka and Hayes,

1962), in'spite of the ‘absence of-any temperature-dependent properties of

the G6PD reaction which wouldrprovide a basis for this. Proporticnally

- increased carbon flow through the PP pathway in mest cold- accllmateu

fish probably occurs because of increased rates of lipogenesis which are
due to the favorable energetic conditions in the ceIl at. 1w temperaturesﬁ

The probable increase "in lipogenesiéxresults in a decrease of the NADPH/

NADPf ratio (Greenbaum et'al.y 1971) and the greater évailability of

'NADP+’for the G6PD reaction.

For goldfish that are cold- acclimated, the possible increase in

6PGD activity in the glll (Ekberg, 1962), would not result in” increased

2

flow through-the PP pathway unless it was accompanied by increased G6PD

activity due 'to the above-mentioned adjustments. It is possible that

: ) b . [
goldfish; at moderately low temperatures (around 5 C, as in nost
experiments) use a quantitative strategy. Due to_theAVariability in the

experinental animals and tiseue preparations (Wiison et al., 1973; Table

8, present work),ithis mechanism of_temperatnre compensation would be the



most’ difficult to consistently

Wilson et al.

{7 T"

¥

The ,

qualitative strategy, if used, anid not be as easily obscured by
variability. Thus, this work shows that qualitative changes do not

occur in goleish PP pathway dehydrogenases, confirming the work of

(1973) on other goldfish enzymes.

A
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II. THE PRODUCTION OF REDUCING EQUIVALENTS AND

LIPOGENESIS

A. Sites of Lipogenesis Based on Tissue Enzyme Profiles

'unleés_the sources of reducing equivalents for lipogenesis in fish

The activity of the pentosé_phosphate'pathway dehydrogenases and.
malic enzyme can be pbsitively correlated with the rate of de novo lipo-
genesis in rap—liver (Pande et al., 1964; Leveillé,.1970). Therefore,

-

tissues are quite different from those in mammalian tissues, it>appears

%

from the data in Tables 7-9 that the'livef is probébly the predominant

organ of de novo lipogenesis in suckers; goldfish aﬁd possibly'pike. The
same enzyme .pattern is also seen in bitterling, Rhodeus” amarus (Braun et

al., 1970). This is similar to findings in some birds (doodridge and

Ball, 1967; O'Hea and Leveiflé, 1969£).gnd in man (Shrago et al., 1971).

. In some'other'animéls, such as the pig (0'Hea and Leveille, 1969b), and

9

‘somé ruminanfs (Ingle et al.,’l972);»adipqse tissue is the primary organ

.of de novo lipogenesis. In frogs, 'both adipose .tissue (corpora adiposa>

or fgtibody) and liver are iﬁportahf'lipogenic oxgans (Béranska and

Wlodawer; 1969):. = ‘ _ . ‘ o ; | _ ' )
The high 1ipogenic éﬁzyme'activity of the 11§er of suckers and

goidfish (Tables 7, 8),-coﬁp1ed with the high lipia‘coﬁtent of the 11v¢r'

relative to other ﬁissues (Appendix VI), and the small quantity or

absence ‘of lipogenic "adipose tissue" (see below), indicates that, in

ithese“two.teledst spgcies, the liver.proBably functions as adipose tissue

context. That is, the liver consists, Iin part’ at least,

in the mammélién
L i

of tissue whose primary function is théﬂstorage of large qgantities of

lipid, much. of which is enzymatidally formed de novo in the tissue, and

¥

7
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. subsequently, is mobilized in response to the energy demands of other
tissqes. ‘'This is 51milar to the dual function of the insect fat body'
(Newsholme and Start, 1973). |

Visceral fatlfroﬁ.secke;s and goldfish in th{s study had
relatively low or no NADPH generatlng activity (Tables 7, é), and did
not appear to be equlvalent to rat ep1d1dymal fat pads or the fat body of”
bfrogs and insects in this regard. This finding seems to contradlct the
ﬁwerk of Fatkas (1969)}'in which it was reported that the:"adipose tissue"
of bream, Abfamié brama; and pike-perch, Lucioperca luctoperca, produced
‘fatty acids. %It is, in fact, ﬁot ‘clear what tissde farkas used‘ sieeei
'personal observatlons by this author 1ndicated no dlscrete 11pogenie
‘adipose tissue in suckers or goldflsh and only small amounts of visceral
fat in pike, and this‘was not examined for -enzyme activity. %side_from
visceral fat, Vague and Fenasse‘(1965) indicate that suckers and geldfish
have.numerous\subcutaneous adlpocytes,Aand that pike may have consider-

i

ab}eyfat depots at the base of the fins. Neither of theSe depots were
examined:in‘the preseﬁt'wdrk,band~Vague‘and Fenasse (1965) indicate that
they‘sﬁeuld not-be considered as equivalent'to_mammalian adiélse tissue.
The relatively low enzyme:actiﬁity of the viscetal fat of suckers
‘and ‘goldfish (Tables 7, 8)}sgggests that the ;iscetal fat functions
pfiﬁaril} as’avdepot df"pre4formed lipid lthough the uGPD activity of
_sucker viscéeral fat indlcates that esterification of fatty acids may be
taking place at thls_51te. This activlty, howeve;, day be. due to
contaminatien of'tﬁe homogenate with l1liver cissue. It is interesting to
note that the measufable protein.concentration in the Supe;natant'fluid
of sucker visceral fat homogenate is about- one-half that of sucker liver

" (Table 5). with 200 ug/ml of protgi//present, one might expect some

s
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enzyme aetivity in‘the'viseeral fat. Lipolytic aetivity in the form of |
lipases is probably present, in spite of the indirect demonstration by
Farkas (1969) that no hormone-sensitive lipase existed in fish adipose
tissue.'" Unfortunately, this has not been investigated. 1In addﬁ&ion,‘to
thisnauthot'e knowledge, no e;amination has been made of the relationehip
5etween the conparatively diffuse‘liver of goidfish and suckers and the
yiscetal fat, although ehanges in the tuo are of obvioue inpcttance on a.
seasonal gasis. |

o Considering the low activity of the NADPH genetating enzymes in
the pike (Table 9), compared/to othetlfisn\(Tables 7, 8,ﬁpresent work;
Buhler and Benville, 1969; Braun WetAa‘l., ‘1970";‘ .Na-gayama et al., 1972;
‘Shimeno and  Takeda, 1972), it is :nrob.a~b1e that most of the lipid in the
-pike’s body comes from its diet. The oike liver does have .some lipogenic ~
'potential nowever (Kluytmans and'Zandee;;l974). ~The apparent‘absence of
malic enzyme from the liver (Table 9) may be- indicative of the generally
low requirement for de novo lipogenesis, and may also indicate that
glucose is not- an important-source of carbon for faLty ac1d synthe51s _
(Hanson and Ballard, 1967). &ost-of the reducing equivalents produced
via the pentose'phosphate pathway are ptoBabiy used“forwother reductive
biosyntheses. | | A

" The white muscle tissue of pike suckets, and goldfish showed low
lipogenic potential in terms of G6PD, 6PGD,‘and ME activities . (Tables

‘ : : . . .
7-9). Considerable aGPD activity was present in the white muscle,
however. This aGPD 1is probablyhnot involved in the esterification
of fattQaacids,gr_gluconeogenesis as.in the liver (Harding et al., 1975),

but is probably used to regenerate_NAD+ for'triosephosphatevdenydrogenase )

(Peterson et al., 1964); in conjunction with lactate dehydrogenase
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during short hypoxic hursts of intensive muscular effort. Theg:/")in /
., .which such bursts are probably common, has higher oaGPD activity ﬂ“ﬁwhite
muscle than do suekers or»goldfish.
" Among the NADP+—dependentrenzymes; isocitrate dehydrogenase (ICD)

has’ probably received the most thorough attention from fish biochemists

(Moon and Hochachka, 1971; Kunnemann and Passia, 1973) However, the

TN

exact physiological role of this enzyme remains to be establlshed (Marr.
and.ﬂaber, 1969 Moon, 1972) A number of 1nvestigators (Pande et al
nggi)Wise and Ball, 1964 Leveille, 1970) have found no correlation or
negative correlationS'between ICD activity and lipogenesisvin rat adipose
and liver tissue. . For(thia reason, ICD was not included in the aboye
discussion of 1ipogenesis; Howeuer, ICD aetivity is relatively high

- (Tables 7—9) and if fully expressed, would nearly double the NADPH
production (Fig. 6) in goldfish and sucker 1ivers, and quadruple the

| productlon in‘the-pike liver. | ) {

Moon (1972) suggested that NADPH production for lipogenesis.may be
an inportant function of ICD, hased.on the.significant inhipition of
trout ICD'by NADPh and the flndings of Flint and Denton (1970) that ICD
was an important source of reducing equ1valents for steroldogenesis in
the rat-ovary However, the inhibition of nlke and sucker G6PD by NADPH
(Figs. 3A, B) occurs at lower NADPH/NADP+ ratios than inhibition of
trout ICD (Moon, 1972).' This indicates, following the reasoning of
Sanwal (1976), that G6PD is.nore tightiy coupled to NADPH utilization h;.

'reduetiue biosyntheses, and, hence,’G6PDGis probably more important as a

source of reducing equivalents for such processes.

s
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B. Speculative Estimates of Zn vivo Lipogenesis

Al though sﬁeculatiye, it i{s nonetheless Interesting to attempt to

estimate how much 1lipid can be produced by the liver of ndrtﬁigy pike and

3
©

white sﬁckers'at difééfé;g“times of year, based upon in vitro measure-
meﬁts of PP pathway dehydrogenases. |

Figure Tsho&vs t’estimates of liver 111;id production at different
temperatureé for;suckers and pike, and sohé of the assumptioné required
to make such estimates.” This g;aph is obviously an extension of the'mofe
common graph éxpressiﬁg dehydrogenase activity as mol NADPﬁ-pfodhted/
min/gram (Fig. 6). Palmitate production is used as an index of lipid
synthesis because it 1évquahtitatively'thé most cbmmon éaturated‘fatty
acid formed de>novo in many organisms (Masoro, 1968;,K1u;tmans and

Zandee, 1974). ' The assumption that lipogenesis can stoichiometrically

equal NADPH'geﬁeration obviously ignores other avenges of NADPH utiliza-

a3

tion, which; on a percentage basis, may be important in. the pike liver.
In gene;al; however, rat;s of NADPH production have been shown to ﬁlosely
parallel rates of fétt? acid formation (Kather‘eé al., 1972a). ExPréss—
ing palﬁitate prodpction estimates on a monthly basis is more realistic
in terms of seasonal cycles than expressing it per minute as is QSUéliy
‘done. .ThebNADPH/NADP+'ratio of 50 (from Greenbaum et al., 1971), used

in Figure 7 is probably very close to the in viﬁo ratio, siﬁce it results
.in G6P5 activity (caléuléted'frOm:the linear regression equations in
Appendix IV),which-is equal to or less fhanv6EGD‘activity (ét 40 uM 6PG),
a necessary condition if coﬁtrol is exerted at the G6PD reaction site
(Greenbaum et al., 1971; Kaﬁher et“al:,yl972b). For suckers, G6PD’i§V352
~ of 6PGD activiﬁy'qt 22 C;‘and about 100% at 2 C.. For ﬁike, the respeétiQe

v

percentages ate 62 and 9%.

/)



Figure 7.

< o~

Estimates of in vivo palmitate produétion by white sucker
(Catostomus) and northern pike (EZsox) liver based upon in
vitro pentose phosphate pathway dehydrogenase activity.

Estimates were calculated from the following assumptions and
data: - ' ‘

1.

.G6PD activity was calculated as in Figure 6. The G6P
_concentration was 0.2 mM (Appendix 5).

NADPH /NADPY = 50 (Greenbaum et al., 1971). The percent-
age activity from #1 (above) that occurred at this ratio
was calculated from linear regression equations of the
data presented in Figures 1A, B, Appendix IV. '

The above estimates were doubled to include the NADPH
produced by the 6PGD reaction.

. Estimates of liver‘weight_fof northern pike were as in

Figure 6. For white suckers, a 20 g liver (personal

‘observations) was used in the calculations at all

temperatures.
L 3

‘Micromoles NADPH*produced/min/liver were converted to

grams palmitate/month/liver based on the stoichiometric
relationship 14 mmoles NADPH = 1 mmole palmitate (Masoro,
1968). : B :

’.’
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The cstimated Amount of fatty acid synthesized de novo by the
white sucker liver (Fig: 7) is about 6 to 12 grams per month during the
summer, and .2 to 4 grams per moékh during the winter. The total 1lipid
content of liver plus muscle is appfoximately 7 grams (Table 2, Appendix
VI). 1t is estimated that the pike liver can synthesize (Fig. 7) no
more than 0.6 gram of fgtty acid per month duriné.the éummor, and less ghan
0.2bgram per month during the winter. .However, the estimated total lipid
content of pike‘iiwer plus muscle is about .4 grams. Comparing the-fatty
;cid productio; estimates with th; totalvlipid in the liver and muscleg
one can suggést that, unless the lipid turnover rates are extremely low,
it seems unlikely that de novo prodﬁction of fatty écids by the liver is
adequate to»supply the lipids,requiréd, especially for the pike; Thu's,
one can conclude that preformed fatty acids from the diet almost certainly
play an important rele -in the/lipid economy of pike énd probably suckers
as well. This has ﬁreviously been mentioned in regard to the pike
v(KluyLmans and Zandee,ilgiﬁ). It would, therefore, be of interest to
éoméare the total amount of 1lipid in the diet of the pike and suckers,
and to seé whether-this information coﬁld be reiated to the above ‘ /
estimétes of lipid prodﬁction. Unfortunatgly, despite some knowledge

' about the diet of pike (Scott and Crossman, 1973), no quantitative f
. ' . . LY
.estimates of lipid intake are available, and nothing is known about the

total lipid in the sucker's diet.

It is obvious that there are a number of potential sources of

error involved in both the estimates of fatty acid production via NADPH
generation and in the interpretation of such estimates.
1. Conclusions about in vivo metabolic ‘flux based upon enzyme

studies can, at best, be considered as tentative; or as testable
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hypotheses which must be correlated with other information (lTabelled
precursor studfes, substrate analyslis, bt&.; sece Newsholme and Start
1973). -In some cases,\estim:n‘es: of 7n vitre G6PD and 6PGH activity do
not appear to agree with estimates of carbon flow through the oxidntivé
portion of the pentose phosphate pathway (Snéag#Hugur et al., 1973).

2. It is possible that the role of NADPt-dependent isocitrate
‘dehydrogenase shouldvbe given- some consideration. As mentioned carlier,
in mammals NADP-1CD does not act adaptiveiy in concert with other lipo-
- genic en;ymgs, so perhaps it fofhs a base-line of constant roducihg
equivalent production while the éthcr enzymes exhibit a flexible response
to dietary or‘hormonal stimuli. A similar function has been ascribed to
malic enzyme in rat adipose"tissue fovreJ et al., 1976). .

3. .Fatty acid production in the rest of the body (extra-hepatic
lipogenesis) may be imébrtant enough to consider. Although it is
probable that the liQer'is'the most important organ of 1ipogenesis'
(Tables 7-9, present work; Braun et'al.: 1970; Kluytmans and Zandee,
1974), aﬁd that in»suckers ana goquish;_at least, visceral fat gas
relatively little or no lipogenic activity (Tables 7, 8), it is possible
that the "adipose tissue" iocalized at the base of the fins in pike, and

\
the subcutaneous adipocytes of cypriniformesA(Vang épd Fenasse,.1§65)
» may‘contribute to fatty acid production. U;fortunétely, not enoughbis
known to.mgke any‘estimates-bf extra-hepatic lipogenesis.

4. There is virtéally no information -on total lipid turnover
rates'in different organs of fish. Some information on.thé relative
effect of temperature on these rates is avail: le, however. It is known

that proportionally both synthesis and breakdown can increase in cold-

acclimated rainbow trout (ann, 1969), énd that, in goldfish, there is

]
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LA ‘ .
differcnrial é - pimnd breakdown of ndtvi&kdy/‘ltty acdds, and this
9‘ n

ﬁf‘%mg‘
is highly temperature- dgﬁ‘n§Xﬁ%dﬂkgin¢&&£’unﬂ ﬂbad L)bﬂ)

W ‘
In conclusion, rough estimates of n utvo lipogonesik from /1

7 tro measurements of hepatic pentose phosphate‘ dthway dLhYdrogenabe

activity indicate that white suckers can produce at least ten’ timéb

more fatty acid than northern pike, and that preformed tatty dLids‘trOm‘

the diet may be an important source of body lipid in both species.
- 5N

Knowledge of the contributions of the diet, other enzymes, and other W

tissues to the overall lipid economy is inadequate, however. Wﬁen'the

ntributions of these factors are better known, part1Cularly in relation

to temperature, then the actual significance of possible proportional

acclimatization-dependent increases in pentose phosphate pathway activity

may be better understood.
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APPENDIX 1.' pH, lons, and Bimodal Kinctics

A. Results

The activity of goldfish G6PD and. 6PGD in the presence of

different hydrogen ion corcentrations (pH) 1is shown in Figures 1A and

1B. G6PD exhibited maxim%l or near-maximal activity at pH 8.0 to 8.8
I

(Fig. 1A). 6PGD had a so#ewhat narrower optimum around pH 8.0 (Fig. 1B).

The Tris-HCl buffék used in the pH optima studies had a constant
molarity, but varied in ionic strength. Increéses in ionic strength
above 0.07 M decreased the activity of G6PD (Fig. 2), and presumably
6PGD, as well (Table 1). The ionic strength of the buffer (pH 8.0)
routinely used was 0.064 M. The ionic strength of the homoggpa;e in - the
assay cuvette pfobably did not exceed Q.Ol M because of the large
diiﬁtion factor, and. so the ionié strength of the .homogenate will be
ignored in théi%diiowing:discussion.

Magneéium iqns inhibit G6PD activity at concentrations greater
than 2 wM (Fig. 2). Simila{ ef;ucts we;e seen with 6PGD (Table 1). A

comparison of the effects of Mg*tt and : uffe} in terms of jonic

B4

¥

strength ig shown in Figure
The inhibitory effec;s of mercurig ions (Table l) are‘compaﬁ in
studies of G6PD and 6PGD (Broyles and Strittmatfef, 1973),:and ‘#é‘nﬁt
due to changes in ionic strength, since thé HgCl, concentfations are too
low to siénifiéantly change this parameter. |
Some of the double-reciprocal plots of liver G6PD actiﬁity
(Appendix III) showed a trend toward bimodality Atbhigher substraté con-
|

Eentrations. This is particularly pronounéed in the plot of northern

y



APPENDIX 1 (Cont inued)

‘Figure 1A (Upper). The effect of pH on the activity of goldfish .

(Carussius) liver G6PD. The activity at pH 8.0 was ,
considered to be the control. The assay solution contained
saturating amounts of GO6P (1.0 mM) and NADPF (0.4 mM).

HC1 buffer (100 mM) was used to adjust the pl of the assa;
solution. The assay tempcrature was 22.0 C.

(e) 20 C acciimated fish

(o) 2 C acclimated fish

Figure 1B (Lower). The effect of pH on the activity of goldfish
' (Carassius) liver 6PGD. The assay solution contained
saturating amounts of 6PG (1.0 mM) and NADPt (0.3 mM). Other
details as in Fig. 1lA.

<
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APPENDIX I (Continued)

Figure 2. The effect of Mgtt (as MgCla) and fonic strength on the activity
of goldfish (Curassiw:) liver GoPD.  The C6F concentration was
0.1 mM; NADPY was saturat ing; and the concentration of Tris-HOl
buffer was 100 mM (ionic strength, 64 mM). The control cuvette
contained no Mg*t. The assay temperature was 22.0 C.
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Table 1. -The effect of Mg*™ and Hg++ on.goldfish (Carassius) liver‘
. 6PGD and (6PD activity. “In both cases, chloride '‘salts were
- used, and the concentra;ibns represent the final concentra-
; tlons-in the assay medium.~ The G6P concentration was 0.1 mM;
'NADPt was saturating. No correction was made for the EDTA
present in,the initial homogenizing fluid. The assay

‘temperature was 22 C. o,
Enzyme - Ton L ; Concentration (mM). 4 Relafive activity
. '
6PGD Mg+t 0.0 : S 100
" e /4 1040 - 89
¢ - . 4 o . . B o
"o o : . 100.0 o 10 .
' 6PGD . omgtt . 0.000 : : 100"
A 0.001 - 100
o S 0.01' - " 19 ¢
R 2 | 5
G6PD "~ Hgtt 0.000 ‘ 100
" " .. 0.001 . - . 100
cw o " "» 0.01 . o 21 ?
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pike G6PD (Fig ‘2, Appendix III) At dn assay temperature of 11.3 C,
¢ 3

for example, using only the substrate concentrations below 0.5 mM, the
Km(GGP) yas 44 uM and the Vmax wds 405 nmol NADPH produced/min/gram 11ver.
Using substnare concentrations of O.S mM ~and above, the Km(G6P) was Ai ‘
228 uM and tne Vmax~§ask530 rimol NADPH vroduced/min/gram_liner (Fig. 2,

Appendix III).

B. Discussion -
Modulation of‘the activity of poikilotherm enzymes may not only,wl
otcur due to chApges in the concentrations of effector metabolites or

oy

tempetature, but y also be due to changes 1in other factors in the

‘intfacellular milieu, such as pH, cbnqentragion of various’ ions, and

i

ionig strength (Hochachka.and Somero, 1973)-.

’ The combihed effects of hydrogen ipn concentration and ionic
_strength resulﬁed in a pH optimum for go dfish liver G6PD (Fig 1A) of
approximately 8 O to 8.8, which is iden&;)al to optima reported for

- G6PD enzymes from a number of organisms (for example, yeast G6PD, Glaqer

—

and Brown;‘l955; human erythrocyte G6PD, Yoshida, '966; and G&PD from _

bfour teleOSttspecies, Nagayama et al., 1975b). Cohen1and Rosemeyer

(1969) have shown that with human erythrecyte GGPD‘ this pH optimum is
, found only if buffers of constant molarity and varying onic strength

.are used. With' .constant ionic sttength buffers, they f und that- the

,u,

activity increased with pﬁ up to at least pH 9.9.
In poikilotherms; Rahn (1966) and co—workers (Rahn anﬁmg;ﬁmgardner,u
1972) have shown tha; blood pH ‘(and perhaps intracellylar pH) increases

‘with decreasing temperature to maintain a level approximately 0. ? units

. ) . o
;above ;he~pN, G6PD act vity in vtvo may thus increase as the pH
S : E o

. LV B K .
R R . - - ~ ' B
" . T N | .
v s L, } 5 . . y
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increéses with~lowéring tempefature, similar ‘to the.situation found by
" Freed (;971) f;r goldfish muécle'phospﬁgfructokiﬁase.

‘The pH optimum for 6PCDr(pH 8.0, Fig. 1B) {s similar to those
optima reportedVelsewhére for cafp, réinbo; trout, and eél 6PG§ (Nagayama
and Ohshimi, 197§y,Abut there is éohsideréble variability in the litera-
ture. for example, "Glock and McLean.(1954); usiﬁg rat liver 6PGD, féund
a pH obtimum of 9.0. - . . .

Cohen aﬁd“Rose eyé;~(1969) hévé demonstrated that both the

stimulatory and inhibitory effects, of Mg+f on human e;yfhrocyte G6PD

were due primarily te an increase in ionic strength. At low concentra-

tions of Mgtt, the Vmax is increased, but at higher concentrations

(>0.05 M), Mg++ competes with GGP'for binding‘sites (see also Rutter,
'1957), and can severely inhibit the reaction by gfgétly increasing the '
Km(G6P) . The inhibition of goldfish liver G6PD and 6PGD bj‘ﬂg++ at

concentfations above 2 mM is’ probably due, at least in part, to the

: increasing ionic strength, as well, as shown by the inhibition caused by [
0.2 M Tris4HCl bufféer (Fig..2). .The response of the unpurified goldfish

_ o s A - ,
liver, G6PD (Fig.® 2) was sihilar to the response of the highly purified
human erythrdcyte G6PD (Fig. 6 in Coheh»and‘Rosemeyer, 1969), except that

. ,

the ggldfish enzyme=ap?ea?ed ﬁoube somewhat more sensitive to inhibition
by high iénic“scf;ngthu G111 G6PD from the tannér‘crab, Chionocetes
bairdi_(BehriscH,‘1972§.appéé;ed'to be much less sensitive to inhibition
by ionicvstréngthmfhan either the gg}dfish liver or @unan.efythrocyte

‘ enZYmes,‘and.thi§ ﬁay refle¢t the ﬁigﬁér,ibnic‘strength of its environ-

ment. . . o -~ o

"The effects of ionic strength, as distinct from the effects of

v

different ions; have not been investigated“in 6PGD, although inhibition
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fonic strength, and specific ions, and under conditions that increase tne .

85
by some ions has been’demonstrated .(Table 1, this work; Chefurka, 1957).

Intracellular fonic strength is probably considerably higher than

. 0.1 M (Albers, 1970 p- 185), and this suggests that the- ionic strength

of the intracellular medium probably centributes to the partial

inhibltion of CbPD/and 6PGD in vivo: Changes in ionic strength due to

the interactions of temperature and pH, or due to a decrease in ion

I * :
- Y @

content in the tissues at lower temperatures (Prosser et al., 1970),
could, therefore, result in changes in enzyme activity in u{vo. For

instance, a decrease in ionic strength of 0.01 M from 0.16 M to 0.15 M
‘ - . - : R

could increase G6PD aétiVity by about'SZD(Fig. 2). - It is'important to .

realize, however, that different enzymes are affected differentl& by pH,

activities of some enzymes, other enzyme activities may decrease’

. . . . 1y s
sigrnificantly. Thus, the usefulness of this type of'modulation in rate-

compensation may be limited (Hochachka and Somero, 1973).

Substrate activation of %?PD by high: concentrations of G6P (Fig

2 Appendix ITII) has been explained ‘as negative cooperativitv ‘by some

~ ' ‘ﬁ
workers (Muto and Uritani 1972; Engel and Ferdinand 1973 Ringler and

Bilf, 1974).. Based upon the similarities befween the aetivation-data Z; :

o

presented by Muto and Uritani (1972), Ringler and Hilf (19725, and Figure

’ h . N : - .
2 in Appendix III, this explanation may well be the correct one, although

v

no- further evidence of subunit. interaction was found in Figure 2,

[
'Appendix III such as tﬁsgsgiperativity found -at. low~NADP+ concent;gaions

in text Figures 2A° and 2B 3;0 and Uritani (1972) have shown that,high G6P
1] ' .

Kconcentrations can_ cause diss qyation of GBPD into subunits, with .don~-"

. ’

<comitant changes in both Km. and Vmax. The magnitude of- the,eﬁfects

'-1- . ;o : . - ‘\



~ 86

X
.-

decreasea-with inqreasing ionic streﬁgth; It is also possible that the
\\buhstrate activation of G6PD may be explained by assuming that the higher -
concentrations ofMGGP’are'overcoming the competitive inhibition of G6PD

by Mgtt (Cohen and Rosemeyer, 1969). . It is probabie that this is not the

o

, ~complete explanation, since the Vmax (y—intércept, Fig. 2, Appéndik II1I)

chhnge33‘and‘ﬁhis would probably not ‘occur: if G6PD were competitively
.- -t ;») N =

. Ny . N,
inhibited. It is-possible that a combipation of subunit interactions and/.

or dissociations and ion inhibition may be involved.
) RS - a . . ) .
It is interesting to observe that, of the.three G6PD enzymes

examined, norﬁhefﬂ'pike'liver G6PD,‘with the lowest ag;ivity,‘tﬁe‘lowest

. Km(G6P), and most temperature insehsitive apparent enzyme-substrate -
X ) B °

affiniCyoat‘high,to moderately'iow pemﬁeratures (22—$ C), was the only .

G6PD wHich;ponsistently showed substtéte activéﬁion._ Since high
" concentrations (>0.2 mM) of G6P may be fqund in the ceil,(Appendix_Vﬁ, the
. » : ; ) . .. el

éubstrahe activation of G6PD can be potentially important 7n vivo.

o
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Several, slightly different assay proc?dﬁres have bpeh us for €%
the measurement of the activity of pentose phosphate pathway

dehydrogenases The assay which directly measures the reduction of
-

NADPH at 340 nm is essentially that of Glock and McLean (1953) and

: 9k6b0 umd~sorecker (1955), and has been used, with minor modifications,
ey
: bv WQﬁvlﬁ'U}i Aﬂfex investigators. Glock and McLean (1953) uled three

‘zdifferent procedures to measure the acedivity of glucose—6 phosphate

Pl .
: - N
detydrogenase. The single substrate procedure, in which glucose-6-

o .

phosphate (G6§) is the_cnly‘substrate present when measuriné G6PD
activity,vis‘used.in the present study. ﬂnother procedure uses only
G6P as the Substrate, but/a high concentration of'6—phosphog1uccnate
dehydrogenase is added to completely convert the G6P to a pentose sugar-

One-half of the activity is then Lue ‘to G6PD. The third variation (the

%

double.substrate procedure), and one commonly used (Flatt, 1970; Robert

‘and Grax‘;19728),“involves adding equimolar amounts of G6P and 6PG inm

- . N 1’.]" T . . . . : .
"one cuvette, and only 6PG in a -second cuvette. The activity of the

a

latter is subtracted from the activity of the former to obtain G6PD .
activity C k -

e : ) — N g
A comparison of the single\and double substrate procedures

34

indicated that the G6PD activity as estimated by the. single substrate

7
' method was 7 to 46 greater than that obtained using the double substraté

method (Table 1). However, with the exception of assays which last for

considerable periods of time;ﬁfctnexample, Michaelis -and Szepesi, 1973), -
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Table- 1. Some comparisons o% the estimates of G6PD activity using the
ate procedures of Glock and McLean
ressed.as nmol NADPH produced/min/
e. gquimolqr concentrations (0.1 mM)

single and double substr
o (1953) . Veloc¢ity is exp
gram wet weight of tissu
of G6P and 6PG were used

.

G6PD activity

. - )‘w’:&;:"‘\‘ ';\\;h’" 1]
Species and tissue Do ey - Singl
: 0 L

e substrate

_ Double substrate

/ LA (G6P) (G6P, 6PG)
Carasstus, liver 4,100 3,135
Esox, liver 530 386

- Catostomus, brain' 424 290
Catostomus , gill 617 579

l.,a\
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the amount of 6PG produced by the G6PD reaction in a 3 to 5 minute assay

-89

" period is far too low, to cause any appreciable crror from 6PGD activity.
Some simple calculations will illustrate this point. The greatest G6PD

activity measured in this investigation was approximately 0.100 umol NADPH

produced per minute in the assay cuvette. (Normally the activity was
L4

less than 0.03 umol pervmin.) This corresponds to 0:300vumoi 6PG present
in the cuvette'ét the ead Sg_a 3 minute assay. Activity of G6PD mcasured
by Glock and McLean (1554) did not exceed 0.015 umol per minute or a

" total of 0.075 pumol 6PG produced in a 5 minute assay. At eithe} of these
concent%ations'of substrate, the 6PGD reaction, in uitro, was virtually

# a

inactive, since eﬁzyme activity is, in simplest-terms{ dependent upon
substraté concentration. The BgGD reaction, as extrapolated from
regression equations.of substrate-dependent 6PGD activity‘(Appendix I111)
could not possibly accoﬁnt fdr'more than 1 or 2% of the total activity
measured. ’ | |

- The reason for the sometimes large disagreement (Table 1) between
the two procedures is not entirely clear,‘but it may be-dUe to product
inhibition of G6PD by the 6PC added in the double substraée procedure.
ihis possibility has not, to my knowledge, péen investiggfed; since it
is not likely to occur iﬁ vivo (Greenbaug et al., 1971).

V From the above discussion (aﬁd Table 1) one caﬁ conclude that
- the use of the double substrate procedure of Glock and McLean (1953)

probably underestimates G6PD aétivity, and, therefore, the simpler,

_single substrate procedure is likely to be the better one to use.
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APPENDIX TII1.- Double-Reciprocal Plots Showing the Effects of

Different Substrate Concentrations and Assay.Temperatures
on the Activity of G6PD and 6PGD
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APPENDIX 111 (Continued)

Figure 1.

Double-reciprocal plot showing the effect of different
substrate (G6P) concentrations on the activity of white sucker
(Catostoruus) liver GO6PD at different assay temperatures.
Saturating concentrations of MADPY were used. The data shown
were obtained using the liver homogenate from winter caught
fish, except for the assay at 0.0 C which used homogenate from
May caught fish. Km and Vmax values are presented in text
Tables 1 and 5, respectively. For each equation presented. /
below, n = 1. ’

Regression equations are: .
(Winter fish)

0.6886 + 0.0858 (1/mM G6P)

n

(22.0 C) 1/velocity

(12.0 ©) a = 1:5026 + 0.1202 ( " )
( 4.5 C) " = 2:9443 + 0.2219 ( . " ) 1.
( 2.3 C)" " = 4.5317 + 0.2238 ( " )
(May fish) -

. L '
( 0.0 C) " = 4.9239 4 0.4065 ( " )
(Summer fish)’

¢ .
(23.0 ©) " = 0.6731 + 0.0836 ( " )
(13.5 C) " = 1.5871 + 0.1267 ( ' )
(5.7 C) " = 3.0705 + 0.2223 ( " )
e

-

Velocity x 10* = nmol NADPH produced/min/gram wet weight

/
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APPENDLX

Figurce

e

&

111 (Cont {nued)

Double-reciprocal plot <howtong the otfect ot ditterent
substrate (GOP) concentratlons on the activity of northern

pike (Faoxr) Tiver GoPD at ditterent asaav temperature:.. L

data shown were obtatuned using the liver homopenate trom
winter caught tish. Other detatls a fo Figare 1.

Regression equations are:
(Winter fish)

(22.2 .¢) 1/velocity = Q9. 7600 + O 5759 (1/m oHP

(11.3 O " = 24,6898 + 1.0770 " )
(5.0 © " = 70.0173 + 2.9244 ( " )
(1.80C) " = 129.5898 + S.4617 ( " )
( 0.6 C) " = 151.6137 + 8.7038 ( " )

(Summer fish)

(22.0 ©) " = 12.0920 + 0.7290 ( " )
(13.0 ©) " = 28.3915 + 1.2414 (" )
(5.50) " * 102.2348 + 4.1274 (" )

Velocity x 10 = nmol NADPH produced/min/gram wet weight

LS

3
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APPENDIX III (Continued) - , S ; I

Figure 3.

! o . :
I _ ’*0’

Double-reciprocal plot showing the effect of different
substrate (G6P) concentrations on the activity of goldfish
(Carassius) liver G6PD at different assay temperatures.

The liver homogenate was from cold-acclimated fish. At
each assay temperature, ng 1. Because of the quantitative
variability among different goldfish homogenates (text

‘Table 5), regression equations are not shown, and the

velocity is expressed as A Absorbance/min/0.2 ml of a 3% .
homogenate. Other details as in Figure 1.

1

Ny
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‘ APPENDIX III (Continugd)

. Figure 4.

e

L

1

Double-reciprocal plot showing the effect of different
substrate (6PG). concentrations on the activity of white sucker
(Catos torus) liver 6PGD at' different assay temperatureé.
Saturating concentrations of NADP' were used. The liver
homogenate was from May caught fish. Km and Vmax values are
presented in text Figure 4B and text Table o, respectively.
For each equation presented below, n = 1. ’

»-

Regression equations are:

(21.7 ©)  1/velocity = 4.9754 + 0.1806 (1/umM 6PG) ~
(11.4.C) o - 17.2365 + 0.590L ( " ) .
(1.1 ¢) mo+ =69.7866 + 1.9409 (" )

Velocity x 10* = nmol NADPH_produced/min/%ram wet weight
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APPENDIX III (Continued)

'

Figure S. Double- feciprocal plot showing the effect of different

- J substrate (6PG) concentrations on the activity of northern
pike (Fsox) liver 6PGD at different assay" temperatures. °®

~—The ljiver homogenate was from summer caught fish. Other
details as in Figure 4. —-— __l_. . oA

Regression_eduationé are:- -

]

(21.3 C) - l/velocity = 10.5062 + 0.4896 (1/umM 6PG)

(11.1 ©) o 34.6179 +1.4326 ¢ " )

(1.0 0C) " = 134.0476 + 5.3535 ( " )

>

. Velocity'x 10* = nmol NADPH produced/min/gram wet weight

T4
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APPENDIX 1II (Continued)

~ Figure 6. °

Douﬁie—reciprocal plot showing the effect of different
substrate (6PG) concentrations on the activity of goldflsh
(Carasseius) liver 6PGD at different assay temperatures.
Saturating concentrations of NADP+ were used. The liver -
homogenate was from warm-accllmated fish. At each assay.
temperature, n = 1. Because of the quantitative variability
among different goldfish homogenates (text Table 6),
regression equations are not shown, and the velocity is
expressed as A Absorbance/min/0.2 ml of a 5% homogenate.

-Km and Vmax values for goldfish 6PGD from different

homogenates are presented  in text Tables 3 and 6,
reSpect1Vely.'

© . . -
-

Ve
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APPENDIX IV." 1Inhibition of Glucose-6-Phosphate Dehydrogenase

N

Of the potential physiological inhibitors examined (see below),
the most potent inhibitor of G6PD was NADPH: The Ki(NADPH) va%ues (text
Table 2) wereldetermined from Dixon plots (Figs. 1A, B, and 2) and are
diseussed in the text (Results, section C; biscussion, section C).

It has been suggested that other organic molecules may control
the G6PD reaction, particularly ATP (Avigad, 1968; Yoshida, 1973) and
NADH (Sanwal, 1970).. One wonld not expect inhibition of G6PD or 6PGD by
'ATP since ;he pentose phosphate pathway'shquld be most active when
cellular ATP COncentrations are high and energy is being stored in the
form of lipids. At low AfP concentrations (<0.Q mM), there was no
inhibition of goldfish liver G6PD (Fig. 35.  It appears, in fact, that
there may have beenG; s;ight actibation. Hochachka et al. (1970) also
fohnd activation of pentose phosphate.pathway activity by ATP at low
concentrations (<0 5 mM) in the king crab (Paralithodes camtchatica) glll
There appears to be no other report of this in the literature. The
concentration of ATP found in mammalian whole liver tissue preparations
is at least 2 nx (2 umoles/gram wet weight, Greenbaum et al., 1971). At~
this eoncenttatiOn of ATP, golefishiliver G6PD was inhibihed by only 10%
(Fig. 3) and pentose phosphate pathway activity in the king crab glll
by aboutAZOZ. Although the actual concentration of ATP in the cytoplasm _
~1s not known (Newsholme and Start, 1973), the relatively low in vitro |
inhihition of goldfish liver G6PD by‘AIP concentrations found in whole
tissue suggests that ATP ié;not a majon regplatw& of G6PD_activity in

vivo.
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APPENDIX/E; (Continued)

pY
Figure 1A (Upper). Dixon plots to determine the inhibitor constant,
. Ki(NADPH), for white sucker (Catostomus) liver G6PD. The

horizontal lines intersect the v-axis (1/v axis) at 1/Vmax
for the Km(NADPt) (text Fig. 2A) at their respective
temperatutres. GO6P concentration was 0.2 mM: NADPT
concentration was 0.05 mM. NADPH concentrations were varied.
The regression equations are:’ o

L]

(22.0 C) 1/v = 2.1960 + 0.2192 (mM NADPH x 102?)

(2.0C) 1/v 3.2869 + 0.2544 (mM NADPH x 102)

Velocity = A Absorbance/min

*
Figdre 1B (Lower). Dixon plot to determine the inhibitor constant,
K{i (NADPH), for northern pike (Esorx) liver G6PD, as described
in Figure 1A. Km(NADP') is shown in text Figure 2B.
(22.0 C) 1/v = 3.9814 + 0.3364 (mM NADPH x 102)
(.2.0 C) 1/v = 10.2814 + 0.7415 (mM NADPH x 102)

Velocity = A Absorbance/min
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APPENDLX IV (Continued)

Figure 2. Dixon plot to determine the inhibitor constant, KiQNADPH),
for goldfish (Carassius) liver G6PD at 22.0 C. The NADPY
concentration was 0.14 mM. NADPH concentrations were
varied. ’

o,
(Vg
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APPENDIX IV (Continued)

s

Figure 3. The effect of ATP on goldfish (Carassius) liver G6PD activity.
' The G6P concentration was 0.05 mM; NADPt+ was saturating; and
the concentration of MgCl, was 2.0 mM. .The control cuvette
contained no ATP.  The assay temperature was 22.3 C.

/
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NADH regulates a number of reactions in the cell. Sanﬁal»(l970)

has shdﬁn‘tﬁat'NADH is an allosteric regulator of E. coli G6PD and effects
the binding of NADPY, and noth6E. In the b:esent study (Table 1), NADH
inhibited‘goldfish liver G6PD, but muéh less severely thaﬁ in Sanwél'é
(1970) study,'and at 1nhibi§dr concentrations (0.3 mM) higher ﬁhan those
fouhdlin the cell (on thetbasis.of calculated NAD+/NADHﬂratips from,
Krebs and Veeqh,‘1969; Greenbaum et al., 1971). |

.

Citrate, even at higﬁ concehtrations, did not inhibit or activate
pe

il 1

goldfish liver G6PD activity (Table l), which is contrary to‘the

i

°1nhibition of catbon flow through the king crab pentose phosphate path-
way by gitrate found by Hochachka et al. (1970).°

| In thé above\inhibition studies, as elsewhe;e in this work, a’
‘number qf’differént>homog§nates were used. Deséite the quantitative-
variability of the homogenates (see text Table 8), it is assumed (due
to identical Kﬁ(GGP),valuesigor'GéfD fromlaarmf and cold-acclimated
’ ;Qldfish. text Table 1, for example), that the enzymes from all homo-
Vgenates éf a particular species and organ exhibit the‘samé qualitative
. properties. Hence, it is asshmed in this work that homogenates from
- different groups of fish may be used interchangeably when,étud&ing the.

qualitative prdperties of G6PD. -
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APPENDIX IV (Continued)

. T » .
Table 1. yThe effect of citratée and NADH on goldfish (Carassius) liver
6PD activity. Final céhgentrations in the assay medium are
' - $hown. The G6P concentration was 0.2 mM; NADP* was
- aturating. The assay temperature was 22 C,

. e

’ Concentfationv(mM) . ‘ZvRelative’actiVity
Citrate = 0.0 | L 100
L T 6 | | | ; "~ 100
"o 10 . 100
NADH : 0.0 - . 100
" 0.2 | : 86
T O S : T
, . |

"o . 0.3 + 0.8 NAD+ 70
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APPENDIX V -

" Table 1. Measurements of i1 vivo G6P and 6PG concentrations. When the
intracellular water content, and the extracellular volume of

a tissue are considered, the actual in vivo. intracellular
_substrate concentrations can be calculated, and are generally
more than double the concentrations given below (Newsholme and
Start, p. 31, 1973). Therefare, the values given below should
be considered, at best, only minimum estimates of in vzvo
intracellular G6P and 6PG concentrations.

. Concentration
Animal and . nmoles/gram '
tissue ’ Substrate , (wet weight) Conditions Reference
Goldfish muscle G6P ) 202 cold-acclimated 1
X 837 ‘ warm—acclimated
Blowfly flight ‘
muscle . : .
‘(Phormia regina)  G6P - 175 S s 2
‘Rat liver - ~ G6P - o217 "~ control .3
G6P o 86 . starved 3 .
6PG . 14 ‘ " ’
G6P S 120 : lipogenic 3
6PG . - 56 " ‘
Rat liver - G6P " 169 R starved 4
‘ ~ 6PG 31 e _
G6P _ : 187 , lipogenic : 4
6PGC : 44 "o ‘
Rat liver  6PG 27 - s

References:

1. Freed (1971).

2. Sacktor and Wormser-Shavit (1966).
3. Greenbaum et al. (1971).

4. Sapag-Hagar et al. (1973).

5. Arese (1964). '
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APPENDIX VI. Lipid and Glycogen

\

A.  Materials and Methods

i. Lipid determinations. Samples of liver'and ﬁuscle from gold-
. fish and suckers, as well asvwhble goldfish, were cut up into small
ﬁieces and lyophilizédf When dry,‘the samples.werevgrou;d with a mortar
_and pestle, ;nd eith;;\analysed directly, or,rin the case of whole gold-
fish, groﬁnd to 20—me§h-size_in a Wiley;Miii (A. H. Thomas Co., Pﬁila;).
Later in thé s;udy, a Krups KM 75 electr;c coffee mill (Krups,YWesﬁ
Germany) wasruSed for héﬁ;gﬁnizing chunks of the»lYophiliéed tissue.
With this equipment, the‘degree of hohogeﬁizaéion was»rouéhly eduiQalént
-;'to.that from the ﬁiley‘Miil,\but the re&ovefy of ﬁaterial'was gréa;er,aﬁd
.ﬁhe,time‘required per sample was cbnéiderably 1ess.“Total liﬁid in’
0;1—0.7 g portions of the dried, hoabgehizéd tissue‘was_deférmined
gravimétrically after extraction for five thrs with”éﬁioroform:methanol
(2:1) in a'Soxhiét extraction\gpparétus, foklowed by an adueoué calcium
chloridef(o.osi) wash of the extfgéc, as described‘by To;ch_etsél.(l957). s
ADupliéate samples were used in the'analysis.of géldfish“ti33ue, but only
‘sinéle detérminﬁﬁions werevméde in the analxsis-pf_suéker ﬁiséue.'
Preliminary tests and development Qf oﬁtimal procedures for the

‘chioroform:methanol.extr&ction in this labofatory'are described by

Medford (1976). -

1i.  Glycogen determinations. nColdf and warm—écclimaﬁed'gbldfish
were taken from their tanks,:and liver. and musc1a §amp1es'were removed '

S

within one minute. ' The samples were placed in 1iquid nitrogen (-196 C)
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wlthin two minutes of the animals' removal from the water, and stored in
the liquvd nitrogen or on dry ice (fﬁo C) until analysed. -

The procedure used to determine\glycogen was essentiallylthe.
microdetermination of Seifer et al. (1§49)fuith‘some of the modifications
_of van HanQel (1965) . >/3/ : i . -

Tissues were minced and 50 to 300 mg samples were boiled in 1l ml
of 30% KOH for 20 minutes gaturated sodium sulfate (0.05 ml) and 957
'ethanol_(O.S ml) were then added_to duplicate‘0.4 ml aliquots df the
'extraCt which. were—then gently reheated 'éooled' and the precipltate
spun down (3, 000 x gat 0 C for 45 minutes inia RC-2. refrigerated
centrifuge). The tubes were then drained‘and the precipitate (glycogen)n
resus;ended in 5 ml of water. Proper dilutions were made, anthrone ;
reagent (0. 22 anthrone in QSZ sulfuric acid) added and the-color allowed
‘to- develop for 15 minutes in an 85 C water bath.  The tubes were cooled
and the absorbance was measured at 620 nm 22 to 25 minutes after the
addition of anthrone.’ No change inveolor occurredlbetween 20 and 30
minutes after anthrone was added. ,i 7 .

Each day tissues were.analysed; duplicate-standard_glucose
solutions were analysed in the same manner. Linearity uas observed
between glucose cOncentrationSrof.lb,to 75vug/liter. Glycogen-glucose
values_eere calculated from the equatidn obtained by least squares linear
'regression.of'the standard glucose solution values. No standard curve
had a correlation coefficient of less than 0. 9995.'

Glycogen analysis of sucker and pike tissues was not attempted
because*of the erroneous values one would obtain due to the glycogenolysis

and glycolysis which would occur as the fish struggled in the net and

 were transported baek to the laboratory (Manohar, 1970)
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B. Results and Discussion

| " There wds no significant difference (p > 0.1) in tﬂe whole-fish
lipid content of cold- and warm—acclimated goldfish (Table l).‘ Both
gtoup; were taken from‘the same shipment.ofvfish. One group was kept at
rooﬁ tempe;atqre, while the other group was.eeld—acclimeted (2 C)(and
fed) for twe months (see protocol.in.Materiels and Methods). Becausebof
the signiticant positive eorrelation (0.65, personal observation)
between length (presumably weight as well) and lipid content, the cold-
and warm—acclimated groups were carefully chosen to be virtually identical
. in length, total weight, and weightllength ratio.
| . Unlike whole-fish lipid, glfcogeh content in goldfish musele
tissue‘shoﬁed a2 significant (p < 0;001) increase in cole—écclimated fish
(Tablell). ‘No acéiiégtion—detendent‘éomparisons of liver glycogen
content were" made in this ‘work. - The liver glycogen content found in
goldfish (Table 1) was similar to that found by Johnston and Goldspink
(1973) in-the liver of‘crucian carp.

The 1i§er of summer;eagght §hckers‘centains about four times more
lipid than ‘the muecle tissue .(Table 1), when exﬁreeeed as percentage
composition. The muscle'tissue, hqﬁever,.ceﬁbrises perhape 45#502 of
the'body‘weight (personal observetioe),‘while'the 1iver is approximately
22 of the total body weight (personal observation) ;’comparison of the

estimated total amounts of 1ipid each tissue contained is shown in Table

2, along with data on northern pike from Medford.(1976).
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APPENDIX VI (Continued)

™

: . &
Table 1. Lipid and glycogen content of some tissues from suckers
(Catostomus) and goldfish (Carassius); mean * SEM (n).
Student's t-test for. unpaired samples was used to determine
whether the differences between groups were significant’
' (p < 0.05). )

: - Acclimation or
Species - season- Tissue Lipi_d1 Glycogen2

Carassius  cold-acclimated whole fish 24.5£2.6 (14)3 e

m 7 garm-acclimated whole fish 21.0#2.4 (16)% S
Catostomus summer (July,  liver 24.542.4  (6) ————o
Aug.) : o
‘Catostomus summer (July, muscle , 6.1720.4 (9) et
' o Aug.) . » ) ' :
Carassius cold-acclimated liver —i—— 22.0 #1.5 (6):
Carassius  cold-acclimated muscle Ceee—— | 0.6020.05(12)7

" warm—acclimated muscle . ‘ CSe——— 0.18#0.01 (6)

17 dry weight.
2% wet weight.

2Not significant p > 0.1.

bSignificant difference p < 0.001.

a

.
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APPENDIX VI (Continued)

Table 2. Estimates of the total lipid content of the liver and muscle
: of white suckers (Catostomus) and northern pike (Ecox) .
White sucker values are from Table 1. Northern pike values
are tecalculated from the lipid contents found by Medford
(1976). The liver weight is approximately 2% of the total
body weight, and the muscle is about 45 to 507 of the total
body weight (personal observations). It is likely that the
total lipid content of the body will be somewhat greater than
double the total lipid for liver and muscle alone, since other
tissues, such as the brain and gonads, prebably contain
considerable ‘amounts of lipid.
Catostomus Esox
- July *  March July March
LIVER 2% wet wt 6.0 —— 7.2 3.4
total mg 1,200 $10 813
. | - ase (23.9 )
MUSCLE Z wet wt ’ 1.3 , — 0.63 C.72
total mg : - 5,850 2,835 3,240
(450 g) . " -
TOTAL (Liver, muscle) 7,050 . - - 3,750 4,050
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APPENDIX VII. Experimental Protocol, Calculation of Activity, Km,.

'

and Vmax.

En;yme activity in the homogenate was assayed by recording the
reduction of NADPt as shown by t;g increase in absorbance at 3401nm.'
‘The actual speptrophocémeter readings during geveral assays are shown
in Figure 1. The procedure routinely followed was to add NADP* last

to the assay mixture in the cu?etce, then record the increasé ;n
absorbance (Aésay A, Fig. 1). A constant rate of increase in absor-

"bance was measured for a minimum of two minutes (usually 3 to S minutes),

W

and this was considered to be the_initial velocity, expressed as 4
absorbance per minute. The increase in absorbance with time waé
prdportional to the concentration of tiésue homcgenate (Fig. 2) and,

prespmably,jto the enzy@e concentration. Generally, homogenates from

only one/g%gué\of fish were tested for proportionality of activity for

: »
each spetlies and enzyme, and usually only over a two-fold concentration

75.!1/;& 1

/A
Y

The homogeﬁate used in the assays contained not Oql§ enzymes
found 'in the éytoplasm pf the cell, but alﬁo enzymes .from cell organ-
elles which Weré lysed.during the homogenization procedure (see
ﬁéter;als and Methods)f However, in the present study no data are
av;ilable, for instance, on the possible.denaturation and consequent
loweréa acfivity'ofvthe'débydrogenases due to catheptic enzymes fromn
rupEurqd l&sosomes, or on.posgible pH changes which might cause precipi-

tation of enzyme proteins during homogenization or storage. However,

homogenates were normally used within one month of preparation; and nc
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Figure 1.

Time courses of typical dehydrogenase assays. The liver
homogenates in Assays A, B, D were from summer—caught ’
northern pike (Esox luctus). Assays A and B are from the
same homogenate. In Assay C, the liver homogenate was
from warm-acclimated goldfish (Carassius auratus) and was
freshly prepared, not previously frozen as were the pike
homogenates. Assay temperature was 22 C. All concen-
trations given below are final concentrations in the
assay mixture. 'For additional components of the assay
mixture, see Materials and Methods. Each assay represents
raw data from a single determination.

Assay A (G6PD). Assay mixture contained 9.2 ml of 20%
liver homogenate; 0.1 mM G6P; and 0.4 mM NADP*. The
NADP+ was added last (arrow at O time). "A absorbance =
0.043/minute. ) : .

'Assay B- (G6PD). Assay mixture contained. 0.1 ml of 20%

liver homngenate; 0.4 mM NADPY:; and 0.1 mM G6P. The .
G6P was added last (arrow between 3 and 4 minutes).
A absorbance = 0.022/minute.

Assay C (6PGD). Assay mixture contained 0.025 ml of 20%
goldfish liver homogemate; 0.3 mM NADP'; and 0.1 mM 6PG.
The 6PG was added last (arrow between 4 and 5 minutes).
A absorbance = 0.050/uinute. .

Assay D Cuvette contained 0.2 ml of 25% liver homogenate;
0.2 oM G6P; and 0.05 mM NADPH. This cuvette was used as
a "blank" (during inhibition studies, Appendix IV), . and
so NADPY was not added. Absorbance decreased by less
than 0.002/minute.
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APPENDIX VI1 (Continued)

Figure 2.

The effect of different homogenate concentrations on ptike
(Esox luctius) liver G6PD and 6PGD activity. The GobPD
assax mixture contained (final conc.) 0.5 mM C6P and 0.4
NADP' (added last). The 6PGD assay mixture conteined
(£inal conc.) 0.5 mM 6PG and 0.3 mM NADPt (added last).
The same homogenate (0.2 ml, properly diluted), was used
for both G6PD and 6PGD assays. Livers from winter-caught

-f+gh were the source of the homogenate. Assay temperar

ture was 22 C. Each point represents a single determina-
tion.
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detectable loss of activity occurred dufing this period of storage. Over
one year, approximately 1§f251 of the glucose—6rbhosphate>dehydtogenase'

. : i - :
activity was lost from.the frozen liver ponogenates‘of suckers and“pike.
In addition, the possibility existed ‘that enzymes. such as the various.
reductases (glutathione ‘reductase, NADPH—cytochrome uvreductasejlor
NADPH oxidase might be present and utilize the reduced NADPt as it was
produced, thus resulting ir an underestimeéion of the activity of the
particular dehydtogenase under investigation. AltFtnatively,‘the pres— -
ence of an active trenshydrogenase or7of activitx-Que to endcogenous sub-
strate from the.various oyt0plaSmic_dehydtogenases not investigated in
a particular assay, might inctease the oroduction~of NADPH and result in .A
en.overestimation of activity for thelenzyme etudied in that essey (a
speeiai,caee,.the interfefence cf 6PGD withy he GG?D essay, ie-diseussedu
in Appendix II). Asééy B, Fig. 1 shows that activity of‘NADP+ reducing

,enzymes other than theg one as: ayed was negliéible, since no increase in
absorbance occurred'when NADPY was incubatedﬁwith hoﬁogenate; when sub-
etrate (G6P in Assay B, Fig.'l) was added, however, a lineer inctease
in absorbance occurred. In most assays of enzyme activity (Assays A, B,
D, Fig. 1), homogenatcs were used which had been previously frozen. When
homogenate which was freshly prepared (Assay C Fig 1) was assayed how-
ever, some NADP+_reduction (A absorbance),oocurred_prior to addition of
subetrate. This-reductiog was éllowed to proeeed until ; negligible\rate
bwas recorded,“usdally within 3Nto S”ninutes, then the assay wes statted
by tne addition of substrate (6PG in Assay C)."TAUS, it eppears'(from
iAssays B end C) that overestimation of.actigity, dde to reduction of NADP+

- - i

by enzynes‘othe: than the one essayed, did not occer. Incubation of
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NADPH with concentrated homogenate (Assay D, Fig, 1) did not result in

more than a negliETBIe\deerease'in«absorbance, indicating that reactions

oxidiziné NADPH were not active in t amogenate, and hence, did not

~

interfere with the assay.
The act;vity of:apienzyme at a particular substfate or coenzyme

concentration was calculated from readings such as those shown in'thure 1.

Tbe ehange.in‘absorbance per minute was coﬂverted:to nmoles NADPH,pro—

duced per ?inute from the'equatipn c =vA/e£, (p. 628, Dawson et al.f 1969)

where: o ,' ’

concentration of product (moles/liter)

"absorbance
extinction coefficient, 6.22 x 103 licer/mole/cm

-

path length of cuvette, 1 cm.

=M >0
N

o

The results were corrected for the.three-ml VOlqme of the assay mixture
and then for eitner the dilution or protein content of the homogenate
The activity was expressed as nmoles NADPH produced per minute per gram

of tissue or per mg protein.
The Km and Vmax values were found by - conducting acs2ys at 6 to 10

.

different substrate (ot coenzyme)'conceptrations (Assay A, Fig. 1, shows

.

one subst}ate'concentration). The velocity (A‘absorbance/min or nmoles
NADPH/min) of each assay was plotted as a reciprocal, against the recipro-
‘cal of the substrate concentration (Appendix III). The reciprocal veloc-

. ity and substrate concentrations were entered into a least squares lipear

A

regression pregram for an Olivetti- Programma 101 desk,computer. Corre-
[

t?tion coefficients for che regtession.equations obtained were generally
pigher'then 0.995,-and none were under 0.990. Thie prbgram provided the
y—intercept and slope of the line. The y—intercept'equaled i/Vmax; ane

tbe Km was found by the equation Km = Vmax x slope (p. 68, Dixon and Webb

1964) . .

>



