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Fig.27. Michaelis-Menten(a) Lineweaver-Burk(b) plot for determination of K and V

of GDH purified from liver of H. fossilis for NADH without ADP ™) and SRR
ADP(B).
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Fig.29. U.V. Absorption spectra of GDH purified from liver of H. fossilis in presence
of various components of the reaction mixture (NADH dependent reaction).
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of various components for the reaction mixture (NAD" dependent reaction).
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Fig.31. Effect of incubation temperature on GDH activity (A) and stability of the purified

GDH from liver of H. fossilis at different temperature [NADH dependent (B)
and NAD" dependent (C)].
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Fig.34. Modulation of GDH activity purified from liver of H. fossilis by various nucleotides.
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Fig .35. Pattern of inhibition by GTP of purified GDH activity from liver of H. fossilis.
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Fig.36. Lineweaver-Burk plot for determination of nature of inhibition of ATP(A) and
IMP(B) on NAD' dependent activity and IMP(C)on NADH dependent activity
of GDH purified from liver ofiH. fossilis.
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Fig.39. Dixon plot for determination of K. of GTP for purified GDH activity from hver

of H. fossilis, NADH dependent in labsence and presence of ADP (A) & (B) NAD'
dependent in presence of ADP (C).
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Fig.44. Lineweaver-Burk plot for_ determination of nature of inhibition of the products
a -ketoglutarate (A) NH (B) and NADH (C) with relation to L-glutamate as the
substrate on the GDH (f\f‘AD dependent) activity purified from liver of H. fossilis.
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Fig.45. Lineweaver-Burk plot for determination of nature of inhibition of the products
a -ketoglutarate (/i\) NH. ' (B) and NADH(C) with relation to NAD" as the substrate
on the GDH (NAD" dependent) activity purified from liver of H. fossilis.
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Fig.46. Dixon plot for determination of K. of the products NAD' (A) and L-glutamate
(B) with relation to o -ketoglutarate as the substrate and L-glutamate (C) with
relation to NH," as the substrate for purified GDH (NADH dependent) activity
from liver of H. fossilis.
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Fig.48. Lineweaver-Burk plot for determination of nature of inhibition by amino acids-
Aspartic acid (A), Cysteine(B) and Lysine (C) on the GDH (NADH dependent) activity

purified from liver of H. fossilis.
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Fig.#9. Lineweaver-Burk plot for determination of nature of mhlbmon by amino acids -
Alanine (A), Lysine (B) and Cysteine (C) on the GDH (NAD' dependent) activity
purified from liver of H. fossilis.
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Fig.50. Lineweaver-Burk plot for determination of nature of inhibition by amino acid-

Histidine on the GDH [NAD' dependent (A) and NADH dependent (B)] activity
purified from liver of H. fossilis.
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Fig.55(a) PAGE of native GDH purified from liver of H. fossilis for mole-
cular weight determination along with standard marker proteins.
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Fig.55(b) SDS-PAGE of GDH (subunit) purified from liver of H. fossilis

for molecular weight determination along with standard marker
proteins.
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Fig.5% Determination of molecular weight of purified GDH from liver of H. fossilis

by polyacrylamide gel electrophoresis (PAGEXA) and exclusion chromatography
on Sepharose 4B-200(B).
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Fig.58. Determination of the subunit molecular weight of purified GDH from liver
of H. fossilis by SDS-PAGE(A) and exclusion chromatography on Sepharose
CL-6B in presence of 8M urea(B).







DISCUSSION

The reversible catalytic functions of GDH in ammoniogenesis
and ammonia detoxification/utilization have made the role of GDH unique
in nitrogen metabolism. Modulation of GDH activity by various physico-chemical
factors and several metabolites has helped the organisms to use this enzyme
in biochemical adaptations. The results obtained during the present study

have elucidated the importance of GDH activity in Heteropneustes fossilis

with special reference to its role in ammonia management in vivo.

Effect of buffer on stability of GDH activity: (Fig.1)

Hepatic GDH (NADH and NAD® dependent) activity in H. fossilis
was more stable in potassium phosphate buffer than Tris-HCl buffer (Das
et al., 1991). Phosphate has been shown to maintain the stability of GDH
activity from various sources (Olson & Anfinsen, 1953; di Prisco, 1967 di
Prisco & Strecker, 1970; Fahien & Cohen, 1970; Corman & Inamder, 1970;
di Prisco & Garofano, 1975; di Matteo et al.,, 1976; Fisher, 1985). Hepatic
GDH of H. fossilis was, therefore, similar to GDH from other sources with

relation to ion requirement for maintaining enzyme activity in homogenates.

ADP and nicotinamide coenzyme requirement: (Table 1; Fig.2)
The oxidative deamination of GDH in H. faossilis showed absolute
requirement for ADP as cofactor for its catalytic activity (Table 1) (Das

et al., 1991) like most other earlier reports in freshwater teleosts (McBean
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et al., 1966; Walton & Cowey, 1977) and in mollusca (Storey et al., 1978b;
Ruano et al., 1985). ADP has been shown to maintain the three dimensional
structure and to promote the binding of the coenzyme to the GDH molecular
(Goldin & Frieden 1971). The reductive amination activity was not absolutely
dependent on ADP. However, ADP acted as a positive modulator by increasing
the reductive amination (NADH dependent) activity by 8 te 10-fold. GDH
from animal sources, in general, were activated by ADP and the degree
of activation differed from organism to organism. The increase in hepatic

GDH activity in presence of ADP was 8-fold in the Modiolus demissus (Reiss

et al.,, 1977) and 100-fold in squid Loligo pealeii (Storey et al., 1978b) muscle

and 4-fold in bovine, 10-fold in chicken (Goldin & Frieden, 1971), 30-fold

in trout (French et al.,, 1981) and 27 to 40-fold in catfish, Ictalurus punctatus

(Casey et al., 1983). Increase in GDH (NADH dependent) activity by 8 to
10-fold in presence of ADP observed could help H. fossilis detoxify ammonia
efficiently even at low energy level. Fishes which use primarily amino acids
for energy production should tend to favour oxidative deamination reaction
when the level of ATP was low and ADP high in vivo. However, high ADP
level could modulate the GDH activity to facilitate amination reaction with
its positive modulator function and thereby maintaining a physiological balance

between the reverse reactions.

NADH and NADPH served equally well as coenzymes for reductive
amination reaction of GDH in all the tissues studied in H. fossilis (Table 1)
(Das et al., 1991). However, in the oxidative deamination reaction the enzyme
showed specificity for NAD" as coenzyme in all the tissues studied. GDH

has been reported to use only NAD" and not NADP" for its activity in different
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fishes such as dogfish (Corman & Kaplan, 1967;Corman et al., 1967; Electricwala
& Dickinson, 1979), lungfish (Janssens & Cohen, 1968), tuna (Veronese et al.,
1976), trout (Walton & Cowey, 1977), goldfish (van Waarde, 1981), osteoglossids
(Fields et al., 1978; Storey et al., 1978a) and mudskippers (Iwata et al.,
1981; Iwata & Kakuta, 1983) and some marine invertebrates (Storey et al.,
1978b; Batrel & Gal, 1984; Batrel & Regnault, 1985) and amphibians (Fahien
et al., 1965a,b; Wiggert & Cohen, 1966; Lee & Balinsky, 1974). In several
mammalian liver NAD(H) and NADP(H) have been shown to be equally good
coenzymes for GDH activity (Frieden, 1965; Fisher, 1973; Gonzalez et al.,
1976). NADPH has been associated with the process of biosynthesis of lipid
whereas NADH in oxidative energy production. However, the lipid level
in H. fossilis have been very low compared to most other freshwater teleosts
and mammals. Reduced production and effective use of NADPH in amino
acid metabolism might have helped H. fossilis to maintain low level of lipids

in the body. However, no definite conclusion can be drawn on this point.

Tissue distribution: (Table 2; Fig.3)

The tissue distribution of GDH activity (Table 2) (Das et al.,
1991) was similar to those reported in other teleosts (McBean et al., 1966;
Wilson, 1973a; Walton & Cowey, 1977; van Waarde, 1981; Casey et al., 1983;
Iwata & Kakuta, 1983; Chew & Ip, 1987; Ip et al., 1990) and in mammals
(Zinkl et al.,, 1971; Lowenstein, 1972) having the maximum activity in liver
followed by kidney, gill, muscle and brain. The deamination reaction of GDH
was, however, slightly higher in brain than muscle. The activities of GDH
(both amination and deamination reaction) observed in various tissues of

H. fossilis were higher than other freshwater and marine teleosts, and ureo-
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osmotic elasmobranchs. This could be seen from the comparative table given
below (Table A). High physialogical level of GDH suggested its greater role
in the maintenance of glutamate, a-ketoglutarate and ammonia balance in
H. M GDH has been reported to be involved in ammoniogenesis (Pequin
& Serfaty, 1963; Janssens, 1964; McBean et al.,, 1966; Pequin et al., 1970;
Wilson, 1973a; Vellas & Serfaty, 1974; van Waarde, 1981; Casey et al., 1983;
Chew & Ip, 1987; Ip et al.,, 1990). Ammonia thus produced gets immediately
removed through the gills and body surface in freshwater teleosts to the
aquatic medium (Smith, 1929; Wood, 1958; Morii et al.,, 1978; Wright et al.,

1988) before it reaches toxic level in vive. H. fossilis usually inhabits the

benthic region of stagnant and slow-flowing shallow water bodies, swamps
and sewage fed water bodies. It is also capable of living inside mud during
drought conditions (Beavan, 1982; Jhingran, 1983), surviving temporary dehydra-
tion for more than 60 hrs (Saha & Ratha, 1989) and tolerating hyper ambient
ammonia stress (Saha & Ratha, 1986,1990). The excretion of ammonia by
diffusion from body through gills or body surface becomes difficult under
the environmental condition of high ambient ammonia. Therefore, high physio-
logical level of GDH activity with 2.5-5 times greater reductive amination
activity than the oxidative deamination activity in all the tissues studied
could be a biochemical adaptation in H. fossilis to detoxify ammonia to

synthesize glutamate more efficiently.

The ratio of NADH/NAD® dependent GDH activity was observed
highest in muscle followed by gill, kidney, brain and liver. The glutamate
produced from ammonia in the muscle might be converted to other amino
acids bytransamination such as alanine in presence of alanine aminotransferase

(AAT). Alanine being a neutral amino acid easily escapes into the blood



57

*3JOM 1UIS3IJ €6°0-¢£°0 68°0-79°0 10°1-68°0 1€°Zeh°1 1£°6-hL°C gvN =ISS0T 33
6L°T-SH" 09°Z-¢Hl  8T€-96T  9€°9-1€Z  Lyrwi-ze¢  HAVN (4st3eo) SHIssor *H

(9961)°T8 12 ueagOW - - - - 0S¢ LavN (199) ®181150a E[[INBUy
JOYemysal]

" 100°0¥110°0 100°0%Z0C°0 - - ¢10°0%£60°0 +OVN (42ddryspnui) 1J3sSOJYOS

" 600°0¥8Z°0 ¢10°0¥Hh0°0 - - 606°0¥€02°¢ HAVYN uopowjeyiydotlad

" $00°0¥¢€Z0°0 6000°0¥2100°0 - - 901°0¥¢91°0 +4VN (+2ddiispnuy)

(£861) d] pue mauyDd  ¢/0°0F1ZH"0 0€0°0¥6£0°0 - - e 1¥e0L°C HAVYN T11i3eppoq snuijeyiydosjog
aunew
Juipreasq-ay

(eg/61) UOSTIA €e'0¥0¢eh - atga  LZ2°0%49°C 6h°0¥08°¢ HAvVN (ustyred)SN1ILIDUNG SNINTeID]

(1861) apieep uea - LT°0F1€°0 - - €2°170€°Z LOVN (ys1gpro3) sNieJne snissete)

(LL6T)AkamoD pue uol[epm 90°0 ¥ 12°0 - - €1°0¥82°0 L1°0%€6°0 L,JVN (3no13 moqureJ) 1JouUpJaies owjeg

(0£61) °Te 13 uinbag €0 - 10°0 HAVYN (dyed) ordied snuradip
JO1eMYysal
$1509]9]

" - - - - €60 LOVYN (yst38op Auidg) seiyjuede snjenbg

" - - - - €1 LQvN (31exs 319) ®1E([ad0 Bley

(urdjnds uiayInog)

b - - - - 6T h LAYN snidiods snjeydadoxoAw

. (ioorjod uedtIWY)

(9961) *Te 19 ueagdW - - - - Z6°1 LAvN SUSJTA sniyoe[jod
(suraew) youeiqowsery

=RITEREY )| mon S[osSNN ure.ag Aaupty BETN | awAzug satoadg

1USJ9JJIP JO SdNssi} snolaeA ur (auspuadep VN

*ys1y yo sdnoa3

pue HAVN) HQD Jo @m 19m 8/situn) Auanoe [e101 jo uvostiedwo) iy FIGV.L



58

and is carried to the liver for further metabolism. Glutamate could be converted
to pyruvate in presence of GPT which could be utilized in gluconeogenesis
like other teleosts (Suarez & Mommsen, 1987). Glutamate could also be converted
to glutamine accepting another molecule of ammonia. Both glutamate and
glutamine could release the ammonia in target tissues either for excretion
or conversion to urea via ornithine urea cycle. The ratio was lesser in liver
and kidney which are known to be the ammoniogenic tissues. A functional
0o-u cycle has been reported in liver and kidney of H. fossilis to use the
ammonia produced (Saha & Ratha, 1987). High activity of glutamine synthetase
has been reported in various tissues of H. fossilis (Chakravorty et al., 1989)

indicating the efficient ammonia utilization via glutamate + glutamine pathway.

Specific staining of GDH activity on polyacrylamide gel after
electrophoresis showed a single band for each tissue of H. fossilis. However,
the migration of the GDH band was different in different tissues (Fig.3).
There might exist inter-tissue variations in GDH species to meet specific
metabolic needs. Isoenzymes of GDH have not been reported in animal tissues
(Frieden, 1963; 1976). However, in higher plants isoenzymes of NAD" dependent
GDH have been well established (Thurman et al.,, 1965; Yue, 1969; Errel

et al., 1973; Lee, 1973; Ratajczak et al., 1977).

Sub-cellular distribution: (Tables 3-6)

GDH (NADH and NAD" dependent) activity was found to be primarily
localized in the mitochondria in all the tissues of H. fossilis (Das et al.,
1991). Mitochondrial localization of GDH has been reported in mammals
(Snoke, 1956; Salganicoff & deRobertis, 1965; Arnold & Maier, 1971; Addink

et al., 1972; Matlib & O"Brien, 1975; Schoolwerth et al., 1978), amphibians
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(Fahien et al., 1965a; Fahien & Cohen, 1970; King & Cohen, 1975; Petrucci
et al.,, 1980) and fishes (Wainwright et al.,, 1967; Corman & Inamder, 1970;
Wilson, 1973a; Casey & Anderson, 1982, 1985; Chew & Ip, 1987) specifically
in the matrix compartment. Immunchistochemical studies showed GDH in
two forms [soluble and particulate (membrane associated)] inside mitochondria
of mammalian brain (Plaitakis et al., 1984; Knecht et al., 1986; Aoki et al.,
1987a,b; Kaneko et al., 1987; Madl et al., 1988). This differential distribution
has been suggested to serve different metabolic functions - one helping in
glutamate synthesis and the other in glutamate oxidation in brain (Colon
et al.,, 1986). Besides being mitochondrial, GDH has been reported to be
localized in nuclei of mammalian liver (diPrisco & Strecker, 1970; Franke
et al., 1970; Herzfeld et al., 1973; diPrisco & Casola, 1975) and brain (Kato
& Lowry, 1973; Lai et al.,, 1985, 1986), and in cytosolic fraction of cestoda
(Mustafa et al.,, 1978), parasitic protozoa (Singh et al., 1981; Hellebust &
Larochelle, 1988) and micro-organisms (Doherty, 1970; Osmani & Scrutten,
1983). The mitochondrial GDH might have facilitated the availability of
sufficient glutamate for the mitochondrial glutamine synthetase reported

in the liver and kidney of H. fossilis (Chakravorty et al., 1989).

Circadian (24 hr) Cycle: (Table 7-10; Figs.4-7)

GDH (NADH and NAD" dependent) activity did not show any
significant variation during 24 hr cycle in various tissues of ' H. fossilis studied
during Summer and Winter. There has been no report of any variation of
GDH activity during 24 hr cycle in any animal tissues. Absence of circadian
variation suggests GDH as a general metabolic enzyme in H. fossilis whose

activity continued at the same rate throughout the 24 hr cycle in various tissues.
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Annual cycle: (Tables11&12; Figs. 8&9)

H. fossilis maintained under controlled temperature (20:2°C) in
the laboratary showed seasonal variation in GDH (NADH and NAD* dependent)
activity. This generally coincided with the reproductive cycle of the fish.
The fishes probably retained their internal clock, even after acclimatization
to laboratory conditions. The gonadal maturation occured during Summer
(May-August) when GDH (reductive amination) activity was high with the
peak in June in all the tissues. On the onset of Winter reductive amination
activity of GDH decreased and oxidative deamination activity increased.
The ratio of NADH/NAD" dependent activity was the lowest during Winter.
This coincided with the resting phase of the gonad. The variations were
more prominent in the general metabolic tissues such as liver and kidney
and less prominent in brain, muscle and gill. The requirement of enough
amino acids and proteins for vitellogenesis in liver ‘reported during pre-
spawning phase in fishes (Schmidt et al.,, 1965; Campbell & Jalabert, 1979;
deVlaming et al., 1980; Wiegand, 1982; Wallace, 1985) might have been the
guiding factor for enhanced reductive amination reaction to increase glutamate
synthesis. Glutamate could be transaminated to other amino acids easily.
Seasonal variation in the NAD" dependent GDH activity in shrimp (Crangon
crangon) was reported by Regnault and Batrel (1987). Alterations in the
environmental factors and variation in the metabolic level due to moulting
have been correlated with the variation of GDH (oxidative deamination)

activity.

Regulation of GDH activity by different hormones, including steroid

hormones have been reported (Caughely et al.,, 1957; Yielding & Tomkins,
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1960, 1964; Wolff, 1962; Hillar, 1974; Fahien et al., 1988). The level of steroid
hormones in vivo alter during various phases of reproduction in fish during
the year and are high during the pre-spawning and spawning periods (Sundararaj,
1959; Liley, 1969; Sundararaj & Goswami, 1969). This hormonal flux might

have also influenced the seasonal variation in GDH activity in H. fossilis.

Effect of temperature: (Tables 13&14)

Exposure of the fish to 10°C higher and lower temperatures than
the acclimated temperature (20°C) during Summer (June) and Winter (December)
showed interesting results. During Summer (June), when NADH dependent
reductive amination reaction was higher than NAD* dependent oxidative
deamination reaction of GDH, exposure to higher temperature (30°C) apparently
had no effect. However, exposure to lower temperature (10°C), generally,
induced NAD" dependent activity and inhibited NADH dependent GDH activity.
This was more prominent in liver and kidney indicating greater glutamate
utilization probably for higher energy production to keep up the high metabolic

level required for the fish during spawning season.

However, in Winter (December)both lower (10°C) and higher (30°C)
temperature shocks induced the lower level of reductive (NADH dependent)
amination activity and inhibited the higher level of oxidative (NAD* dependent)
deamination activity of GDH. The effect was more pronounced on exposure
to higher temperature which might have been a signal for the fish to start
spawning or to shift to the Summer pattern of GDH activity. The NADH
dependent GDH activity used to start increasing after its lowest level in

November to reach the peak in May/June (Summer). However, similar results
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of a lesser degree obtained during exposure to lower temperature (10°C)

in Winter were not clear except indicating enhanced glutamate synthesis

than its utilization.

These findings indicate that the GDH activity in H. fossilis also
gets influenced by the temperature changes during the annual cycle besides

the internal physiological clock.

Effect of water deprivation: (Tables 15-20; Figs.10-13)

The ammoniotelic-ureogenic freshwater teleost, H. fossilis was
reported to survive more than 60 hrs outside water (Saha & Ratha, 1989).
GDH (both NADH and NAD' dependent) activity in various tissues of
H. fossilis were significantly induced during the water deprivation for 36
hrs. Ammonia excretion decreased due to non-availability of water and accumu-
lated significantly in different tissues of H. fossilis during aerial exposure
(Saha, 1986). Enhanced synthesis, accumulation and excretion of urea were
reported suggesting the transition from ammoniotelism to ureotelism as

a physiological adaptation during water deprivation in H. fossilis (Saha, 1986).

The induction of GDH (NADH dependent) activity might be an
additional strategy for detoxification of accumulated ammonia in vivo. Some
accumulated ammonia might have been converted to glutamate by reductive
amination activity of GDH to reduce ammonia load in vivo. Glutamate
accumulation observed in liver, kidney and brain of H. fossilis during water
deprivation (Chakravarty, J. personal communication) supports this suggestion.
The percentage of induction of GDH (NADH and NAD"' dependent) activity

was highestin brain ( ~150%) followed by liver (~130%), gill (~90%), kidney (70-
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(70-100%) and muscle (60-80%). Quick and high induction of GDH might
have helped the highly sensitive brain tissue to immediately convert accumula-
ted ammonia to glutamate. Glutamate being a neurotransmitter (Hamberger
et al., 1979a,b; Cotman et al.,, 1981; Watkins & Evans, 1981; Fonnum, 1984)
might not accumulate beyond certain level. It might have been converted
to glutamine using another molecule of ammonia. Induction of GS level and
inhibition of glutaminase level has been observed in various tissues of

H. fossilis during ammonia accumulation (Chakrovarty, J. personal communi-
cation). The results clearly show that the increased level of ammonia

in vivo induced the GDH and GS activity to incorporate ammonia to synthesize
first glutamate and then glutamine while maintaining glutamate-glutamine
pool in various tissues. Glutamine is more efficient than glutamate to cross
the membrane and serve as an ammonia carrier in vivo. Glutamate formed
might also be converted to some other non-essential free amino acids (FAA).
Significant accumulation of various FAA along with 4-5 fold increase in
GDH activity in liver and kidney of mudskipper during aerial exposure was

reported (Iwata et al., 1981).

Induced GDH activity in liver and kidney of H. fossilis might
also help in inducing ureogenesis by converting the excess of glutamate formed
while capturing free ammonia to aspartate which is the second nitrogen
donor for urea synthesis (Cohen, 1966; Chamalaun & Tager, 1970). Induction
of o-u cycle enzyme activities have also been reported in this fish during
water deprivation (Saha, N. personal communication). Accumulation of some
inhibitory free amino acids might have decreased the induced level of GDH

(NAD" dependent) in muscle after the peak between 15-21 hrs of water
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deprivation. Inhibition of GDH (NAD* dependent) activity by amino acids
such as alanine and aspartate have been known (Wiggert & Cohen, 1965;
‘Hillar, 1974; present study). However, a definite conclusion on this can be
drawn after analysing the free amino acid accumulation profile during water
deprivation. The ratio of NADH/NAD" dependent GDH activity which favoured
reductive amination remained fairly constant during 36 hrs of water depriva-
tion. This indicated that both the reactions were probably catalyzed by the
same GDH molecule and the physiological state of accumulated ammonia
favoured reductive amination reaction for its detoxification during water

deprivation.

Effect of starvation, refeeding and hyper-ammonia stress: (Tables 21-29;
Figs. 14-22)

Carbohydrate has been recognized as the main energy source
in most animals (Bennett, 1978; Lehninger, 1987). After carbohydrates, lipids
are used up for energy production during starvation in mammals (Cahill,
1986) and in birds (LeMaho et al., 1981). However, teleosts derive their
metabolic energy primarily from proteins. Lipids and carbohydrates are next
in priority (Cowey et al., 1977a,b; Pandian & Vivekanandan, 1985). The relative
importance of lipid has also been species dependent in fish. In fat fishes
such as eels, energy production is predominantly maintained by depletion
of lipid reserves first from liver and then from muscle (Inui & Ohshima,
1966; Larsson & Lewander, 1973; Dave et al.,, 1975). In non-fatty fishes
such as carp, pike and plaice, protein catabolism covers the energy need
(Nagai & lkeda, 1971; Johnston & Goldspink, 1973; Creach & Serfaty, 19743
Diana, 1982). Fishes are able to survive extended periods of starvation by

consumption of their own proteins (Creach & Serfaty, 19743 Moon & Johnston,
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1980; Moon, 1983). Considerable amount of decrease in total protein was
observed in various tissues of H. fossilis during 14 days of starvation (un-

published observation).

There was significant accumulation of total free amino acids
(FAA) in various tissues of H. fassilis which increased with increasing period
of starvation (Table 2%; Figs. 14&15). Hydrolysis of protein as reported in
other teleosts (Jurss, 1980; Mommsen et al., 1980; Renaud & Moon, 1980b;
French et al.,, 1981) might have caused this increase in FAA paool in various
tissues. The importance of enhanced FAA pool during starvation has been
recognised for gluconeogenesis. Alanine, serine and glycine were incorporated
into glucose and glycogen in liver of rainbow trout (Cowey et al., 1977a;
walton & Cowey, 1979a,b; Mommsen & Suarez, 1984; Petersen et al.,, 1987),
eel (Hayashi & Ooshiro, 1977, 1979; Renaud & Moon, 1980a), sea raven
(Foster & Moon, 1987) and tench (Mosse, 1980). Maximum increase in total
FAA was observed in the muscle which is the protein rich tissue. The amino
acids might have been either transported to the gluconeogenic tissues such
as liver (Moon et al., 1985) and kidney (Jgrgensen & Mustafa, 1980; Mommsen
et al., 1985) for synthesis of glucose or used up for energy production in
various tissues releasing ammonia. Besides proteolysis, some amino acids
might have been produced by GDH (NADH dependent) activity and transamina-
tion reactions. Induction of several transaminases during prolc;nged starvation
have been reported in freshwater teleosts (Storer, 1967; Larsson & Lewander,
1973; Creach & Serfaty, 1974; Whiting & Whiggs, 1977; Zébian & Creach,
1979). The induction of GDH (NADH dependent) activity during starvation
was observed in the liver of rainbow trout (Malevski et al., 1974; French

et al., 1981; Jurss et al., 1983). In the present study significant induction
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of GDH (both NADH and NAD"' dependent) activity was observed during
starvation upto 14 days in H. fossilis. The rate of induction was found higher
for oxidative deamination than the reductive amination activity of GDH
resulting in reduction in the ratic of NADH/NAD' dependent GDH activity
in liver, kidney and brain tissues. In muscle and gill the induction of both
NADH and NAD" dependent activity were parallel causing no apparent altera-
tion in the ratio during starvation. Higher rate of induction of oxidative
deamination activity of GDH indicated enhanced amino acid utilization through
glutamate for energy production during starvation. As GDH reverse reaction
is regulated by substrates, products and various modulators, the exact rate
of the two reactions in vivo cannot be decided on the basis of their in vitro
assay. Ammonia level during the starvation did not alter significantly in
different tissues (Chakravorty, J. personal communication). Enhanced reductive
amination activity of GDH might have controlled the ammonia level which
was expected to increase due to amino acid catabolism in various tissues
during starvation. The rise in glutamate during starvation was also observed
in different tissues of H. fossilis (Chakravorty, J. personal communication).
The increase was minimum in brain probably to maintain the level of the
neurotransmitter within physiclogical limit. The activity of glutaminase and
not glutamine synthetase was induced in various tissues during starvation
indicating again the utilization of amino acids through glutamate by oxidative
deamination reaction of GDH. The oxidative deamination reaction of GDH
has been proposed as an ATP regenerating system in organisms (Atkinson,
1968; Bidigare et al., 1982; Campbell et al., 1983; Matsushima & Kado, 1983;

Teller, 1987).
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There was recovery of the effects of starvation studied with relation
to the alteration in the free amino acid pool, GDH (NADH and NAD" depen-
dent) activity and protein level in various tissues when the fish was provided
with food after 7 days of starvation (Tables 21,23424; Figs.14,15,17-20).
The external food being available, the fish must have stopped utilization
of protein and amino acids from the tissues and started restoring its normal

metabolic state.

Significant increase in total FAA was observed in various tissues
studied during exposure of H. fossilis to hyper-ammonia ambient medium.
Significant accumulation of ammonia in vivo has been reported during hyper-
ammonia stress (Saha, 1986; Saha & Ratha, 1986). Induction of o-u cycle
to convert accumulated ammonia to urea for its detoxification was suggested.
There was also enhanced accumulation and excretion of urea indicating a
transition to ureotelism under hyper-ammonia stress (Saha & Ratha 1986,1990).
Accumulated ammonia also induced the activity of GS and inhibited glutaminase
activity (Chakravorty, J. personal communication). There was significant
accumulation of glutamate in various tissues besides significant increase
in total FAA pool indicating new amino acid synthesis. In addition to the
conversion of ammonia to urea, accumulated ammonia might have also
converted to amino acids. Accumulation of FAA was observed during hyper-
ammonia stress in carp (Dabrowska & Wlasow, 1986; Ogata & Murai, 1987),
goldfish (Levi et al.,, 1974) and mudskipper (Iwata, 1988). Urea synthesis
is restricted to only liver and kidney tissues requiring the accumulated ammonia
from other tissues to be transported to them. Amino acids such as glutamate

and glutamine are excellent carriers of ammonia in vivo (Campbell, 1973;
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Lehninger, 1987). Besides, amino acids also serve as good osmoregulators
in marine and euryhaline invertebrates (Schoffeniels & Gilles, 1970; Gilles
& Schoffeniels, 1972; Schoffeniels, 1976) and in several euryhaline teleosts
(Lange & Fugelli, 1965; Huggins & Colley, 1971; Lasserre & Gilles, 1971;
Colley et al., 1974; Venkatachari, 1974; Ahokas & Sorg, 1977; Vislie, 1980;

Jurss et al., 1984).

Present findings on the induction of GDH (NADH and NAD" depen-
dent) activity (Tables 25-29; Figs.17,18,21&22) along with increased FAA
level (Table 22, Figs.14&16) in various tisues of H. fossilis exposed to hyper-
ammonia ambient medium support the view that amino acid synthesis via
GDH +GS pathway operated in various tissues for immediate detoxification
of accumulated ammonia. Studies on transaminases shall further clarify this
point. Elevated ammonia level might have induced the enzyme (GDH) in
various tissues of H. fossilis under hyper-ammonia stress to keep the ammonia
concentration below the toxic level and also to transport it to liver and
kidney for further use in ureogenesis. Ten fold increase in GDH e;ctivity
in addition to the induction of urea cycle enzymes has been reported in

the liver of amphibia (Xenopus laevis) exposed to higher ambient ammonia

(5mM NHaCl) (Janssens, 1972). Elevated ammonia levels have been shown

to stimulate GDH activity in several strains of algae such as Chlamydomonas

(Paul & Cooksey, 1981; Cullimore & Sims, 1981b; Munoz-Blanco & Cardenas,
1989), Chlorella (Talley et al., 1972; Isreal et al., 1977, 1978; Yeung et al.,
1981; Bascomb et al., 1986; Bascomb & Schmidt, 1987 Schmidt et al., 1982;
Everest & Syrett, 1983; Prunkard et al., 1986a,b) and in some plants (Shepard
& Thurman, 1973; Barash et al., 1975; Skokut et al., 1978) while inhibiting

the main GS +GOGAT system for glutamate production. Presence of GOGAT
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has not yet been known in any animal system. Significant induction of GDH
(NADH dependent) activity in liver, kidney and brain within 3 days of exposure
suggests its role in immediate neutralization of ammonia toxicity at cellular
level. The induction of o-u cycle enzymes in liver and kidney was reported

after 7 days of exposure to ammonium chloride (Saha & Ratha, 1986).

The fishes were not taking food probably due to the hyper-ammonia
stress and were starved. The ADP level, therefore, could be higher than
ATP level. Reductive amination reaction was induced 8-10 fold in presence
of ADP in the reaction mixture. Hence, at low energy level GDH could neutralize
ammonia toxicity immediately rather than o-u cycle, which is tissue specific

and a energy requiring system.

NAD" dependent activity of GDH showed greater induction than
NADH dependent activity in liver and kidney of H. fossilis after 7 days
of exposure. This might be the requirement of those tissue to supply ammonia
for ureogenesis which was induced by 7th day (Saha & Ratha, 1990). Muscle
and qill tissues were apparently indifferent to hyper-ammonia stress with
relation to GDH activity even though the ammonia level and FAA level
significantly increased. High GS activity has been reported in the muscle
and qill of H. fossilis (Chakravorty, J. personal communication). Ammonia

utilization in these tissues might be by GS and not by GDH activity.

The ratio of NADH/NAD® dependent activity did not show any
significant variation in different tissues of H. fossilis during hyper-ammonia
stress. It again suggests that both the GDH reactions were catalyzed by

the same protein molecule.
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Purification of GDH from liver of H. fossilis: (Table 30; Figs. 23&24a,b)

GDH was purified to homogeneity from the liver of H. fossilis
during Summer (May) and Winter (December). The degree of purification
using two anion-exchange columns and an affinity (Blue Sepharose CL-6B)
column chromatography was 500 fold with 48% recovery and 420 fold with
57% recovery during Summer and Winter respectively. The fold of purification
was found to be similar to those reported for hepatic GDH in other freshwater
teleosts such as in tuna (102-fold and 21%) (Veronese et al., 1976); eel (76-
fold and 33%) (Hayashi & Ooshiro, 1977a) and ureo-osmotic marine elasmobranch
such as dogfish (150-fold and 13%) (Corman et al., 1967) and (444-fold and
33%) (Corman & Inamdar, 1970). However, the recovery rate obtained in
H. fossilis was very high. The enzyme was eluted as a single peak from all
the columns (Fig.23) and showed a single enzyme specific band when stained
for GDH after PAGE (Figs. 24a,b). The hepatic GDH in H. fossilis seems
to be a single species of protein as reported from other animal sources such
as bovine (Olson & Anfinsen, 1952; Fahien et al., 1969), rat (King & Frieden,
1970; Prabakaram & Singh, 1988), Pig (Kubo et al., 1959), rabbit (Kazaryan
et al., 1985), human (Julliard & Smith, 1979), chicken (Snoke, 1956), tadpole
(Wiggert & Cohen, 1966), frog (Fahien et al., 1965a; King & Cohen, 1975),
dogfish (Corman et al., 1967; Corman & Inamder, 1970), lungfish (Janssens
& Cohen, 1968), tuna (Veronese et al., 1976) and eel (Hayashi & Oaoshiro,
1977a; Hayashi et al., 1982). Multiple forms of GDH has been reported only
in plant tissues (Thurman et al., 1965; Yue, 1969; Errel et al., 1973; Lee,
1973; Ratajezak et al., 1977). The purified enzyme showed also a single

band when stained for protein after PAGE (Figs.24a,b).
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Kinetics: (Table 31; Figs.25-28)

The apparent Km of GDH for NADH (0.07mM) was one fourth
of the Km for NAD" (0.28mM) (Table-31)indicating four times stronger affinity
for NADH than NAD' to favour the oxidative deamination activity in the
liver of H. fossilis. However, the Km for NHa+ (25mM) was five times higher
than that for glutamate (4.76mM). The Km for the other substrate of reductive
amination, a-ketoglutarate, was 0.38mM. The physiological level of ammonia
(14.5 moles/g wet wt.) (Saha, 1986) was 15 times higher than glutamate
(0.99 moles/g wet wt.) (Chakravorty, J. personal communication) in this
fish. The tolerance for ammonia concentration (75mM) in vivo was very
high (Saha & Ratha, 1986). Therefore, it could be reasonable to expect high
saturation requirement of GDH for ammonia. In nitrogen fixing micro-organisms,
GDH has a higher Km for glutamate and very low Km for ammonia. (Goldin
& Frieden, 1971; Smith et al.,, 1975). In the animals where some nitrogen
is excreted the Km for ammonia has been usually higher than the Km for
glutamate. However, there are tissues specific variations such as in brain
glutamate serves as a neurotransmitter besides being an ammonia carrier
out of the tissue. The relative Km for ammonia in brain is lower than in
liver, kidney or heart. A table of the Km values for the substrates of GDH
reverse reaction in different groups of animals is given below for comparison

(Table B).

GDH is considered to play a role for oxidative deamination rather
than the reductive amination under normal circumstances in ammoniotelic
freshwater teleosts (Pequin & Serfaty, 1963,1968; Janssens & Cohen, 1968;

Forster & Goldstein, 1969; Wilson, 1973a; Vellas & Serfaty, 1974 Campbell
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TABLE B: Comparison of the kinetic constants of glutamate dehydrogenase from H.
fosilis with those from other sources.

Km in (mM)
Source/Tissue " - A References
NADH_ | NADPH | NAD |NADP_ | a-KG|L-glu 4
Bovine liver 0.096 0.10 0.057 0.70 1l.10 56.0 (Olson) and Anfinsen
1953
Rat liver 0.03 0.02 0.39  0.23 0.18 0.60  20.0 Chee et al.(1978)
Rat brain 0.029  0.027 0.90  0.67 0.20 2.50  10.0 Chee et al.(1979)
Pig heart 0.065 0.067  0.12  0.60 0.075 0.75  67.0 Younes et al.(1973)
Toad liver 0.20 0.022 5.0 1.8 0.5 Fahien and Cohen
(1970)
Frog liver . 0.20 0.50 3.0 1.8 0.5 Fahien et al.
(1965a)
Xeropus liver 0.015 1.0 21.0 }.ee a)nd Balinsky
1974
laevis kidney  0.022 0.032 2.3 0.4 20.0 "
Dogfish liver 0.40 0.08 4.5 84.0  80.0 Corman et al.
(1967)
Trout liver 0.018 0.098 7.7 0.082 3.7 12.3 Walton and Cowey
: (1977)
Tuna liver 0.033 0.7 1.4 Veronese et al.
(1976)
Mudskipper
Periophthalmus
Liver 0.018 0.65 86.2 Iwata and Kakuta
cantonensis  *0.032 *1.16 +66.08 (1983)
Muscle 00021 0.56 59-73 .
*0.031 *1.05 *40.05 "
Tridentiger liver0.017 0.63 116.04 u
obscurus *0.046 *1.25 *85.80 "
obscurus muscle 0.015 0.85 100.00 "
*0.038 *1.10 *83.72 "
H. fossilis 0.07 0.38 25.0
liver *0.07 *0,28 *0.35 *i§ 76 %23.8 Pl’esent work
Proteus 0.003 0.023 2,30 3.7 0.37 Shimizu
inconstans et al.(1979)
Neurospora 0.125 0.05 5.3 45.0 10.0 Sanwall and Lata
crassa (1961)
Thiobacillus 0.077 0.061 7.4 36.0 7.5 Lejohn et al.
novellus (1968)
Bacteroides 0.20 0.013 3.0 0.019 0.14 7.3 1.7&5.1 Yamamoto et al,
fragilis (1987a)
Methylotroph 0.07 0.05 0.25 7.5 25.0 Sokolov and
methanolovorus

Trotsenko (1988)

*Km in presence of ADP
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et al., 1983; Casey et al.,, 1983). H. fossilis is primarily ammoniotelic in
aquatic medium (Saha et al., 1988). Hence, lower Km of GDH for glutamate
than ammonia suggested its role in ammonia production for excretion in
liver during its aquatic life. The comparative table for Km values of GDH
in various species shows that H. fossilis hepatic GDH has better capacity
for ammonia utilization than the ureotelic bovine (Olson & Anfinsen, 1953),
ureo-osmotic dogfish (Corman et al.,, 1967) and ammoniotelic mudskipper
(Iwata & Kakuta, 1983) and trout (Walton & Cowey, 1977). The liver of
H. fossilis also had higher GDH activity compared to other freshwater teleosts
(wilson, 1973a, Wwalton & Cowey, 1977; van Waarde, 1981). Amphibia and
H. fossilis showed close similarity with respect to their Km value for ammonia.
May be this enzyme has evolved in H. fossilis in the same way as in amphibians

to facilitate periods of water deprivation.

The double reciprocal Lineweaver-Burk plot with respect to NAD"
for hepatic GDH in vertebrates has been reported to be strongly non-linear
(Olson & Anfinsen, 1953; Frieden, 1959a,b; Fahien et al.,, 1965a; Wiggert
& Cohen, 1966; Corman & Kaplan, 1967; Engel & Dalziel, 1969; Dalziel
& Egan, 1972; Engel & Fordinand, 1973; Smith et al., 1975; Bell et al., 1985).
However, it was not so for the hepatic GDH of H. fossilis. The oxidative
deamination reaction was carried out in phosphate buffer at pH-8.5 and
in presence of ADP. It has been reported that phosphate buffer at pH-8.0
or above (Engel & Dalziel, 1969; Chen & Engel, 1974) and ADP remaved
the negative co-operativity of NAD"' in the oxidative deamination activity
(Koberstein & Sund, 1973; Koberstein et al., 1973; Lee & Balinsky, 1974;
Bailey et al., 1982). As ADP was essential for GDH-NAD" dependent assay,

studies could not be done in absence of ADP.
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Substrate inhibition: (Figs. 25-28)

All the substrates (a-Ketoglutarate, NHa+, L-glutamate and NADH)
except NAD® at higher concentrations inhibited GDH activity. The inhibition
of purified hepatic GDH at higher concentration of substrates is probably
due to the formation of the "dead-end" complex. They could be of several

types such as E-NAD+-a-Ketoglutarate, E-NAD'-NH, * and E-NADH-glutamate

4
(Frieden, 1959c; Lejohn et al., 1969; Cross et al., 1972; Pantaloni & Lecuyer,
1973; Bradley _e_f al., 1979). However, the inhibition of GDH activity by excess
of NADH has been earlier suggested due to the presence of a second requla-
tory non-catalytic site on the enzyme (Iwatsubo& Pantaloni, 1967; Pantaloni
& Desser, 1969; Engel & Dalzier, 1970; Goldin & Frieden, 1972; Hunng &
Frieden, 1972; Anderson&Contestabile, 1977; McCarthy & Tipton, 1984;

Agadzhanyan & Karabashyan, 1986a,b; Chalabi et al.,, 1987 Ozturk et al.,

1990). It is not possible to definitely conclude this mechanism of NADH

inhibition of hepatic GDH activity in H. fossilis with the available results.

Absorption spectra: (Figs. 29&30)

The absorption spectra of purified hepatic GDH of H. fossilis
showed another peak at 228nm besides the protein peak at 280nm. Olson
and Anfinsen (1952) have reported that pure hepatic bovine GDH absorbed
light maximally at 279nm (protein peak). Addition of nucleotide coenzyme
NAD" and NADH showed specific peaks at 260nm and 340nm respectively.
In the presence of substrate, L-glutamate, the absorption peak at 280nm
for the enzyme shifted towards 260nm indicating a conformation change
which was predominant in presence of ADP and NAD". A broad peak between

260-280nm shown by the complete reaction mixture might be due to the



75

presence of the ternary complex (enzyme-coenzyme-substrate). The peak
at 340nm was specific for the presence of NADH which increased with time
in oxidative deamination reaction due to the formation of NADH and decreased
with time in reductive amination reaction due to the utilization of NADH.
It is apparent that conformational changes in the enzyme molecule did take

place with the binding of various substrates and coenzymes.

Temperature optima and thermal stability: (Table 31; Figs.31&32)

The optimum temperature for the activity of purified hepatic
GDH of H. fossilis was 30°C for reductive amination reaction and 45°C for
oxidative deamination reaction respectively (Table 31; Fig,31). Similar results
have been reported for GDH from different animal sources (Goldin & Frieden,
1971; Hillar, 1974; Smith et al., 1975; Ruano et al., 1985). The rapid inactiva-
tion of the enzyme above 50°C in H. fossilis might be due to the thermal
denaturation of the enzyme molecule (Fig.31). Different temperature optima
for the reverse reactions might suggest a temperature dependent conforma-
tional change in the enzyme molecule to favour a particular reaction. At
physiological temperature, which is usually low in freshwater teleosts, reductive
amination will be favoured to utilize ammonia for the formation of glutamate.
However, at higher temperature the enzyme could drive thereaction towards
oxidative deamination to utilize glutamate for more energy production. This
regulation was apparently different between the temperature range of 20-45°C

for hepatic GDH of H. fossilis (Fig.31).

Presence of substrate (a-ketoglutarate or L-glutamate) and ADP in
the incubation medium provided some protection to the purified GDH from

thermal denaturation (Fig.32). ADP in addition to the substrate showed better
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results. Increased thermal stability by binding of ADP at specific site for
maintaining the conformational state of GDH has been reported (Batra &
Colman, 1984,1986; Batra et al.,, 1989; Cioni & Strambini, 1989). Binding
of substrates or some other reactants usually creates a more stable confor-

mation thus providing some protection from thermal denaturation.

pH optima: (Table 31; Fig.33)

The optimum pH (in phosphate buffer) for GDH activity was between
7.6 to 8.0 for reductive amination reaction and 8.5 to 9.5 for oxidative deami-
_ nation reaction. This phenomenon of different pH for reverse reactions has
been common for most of the GDH purified from other sources (Bond &
Sang, 1968; Goldin & Frieden, 1971; Smith et al., 1975). Similar results have
been reported in other teleosts, osteoglossid (Aruana and Arapaima) (Storey

et al., 1978a) and eel (Anguilla japonica) (Hayashi et al., 1982) using imidazole

buffer. However, the optimum pH was 8.0 with phosphate buffer in goldfish

(Carassius auratus) (van Waarde, 1981) for both the reactions of GDH. The

result obtained shows that at physiological pH hepatic GDH favours reductive

amination in H. fossilis.

Amino acid (substrate) specificity: (Table 32)

The purified hepatic GDH showed strong specificity for L-glutamate
as the substrate for oxidative deamination reaction. Twenty other amino
acids studied could show no activity or about five percent activity at the
same concentration as glutamate. Similar results have been reported for
purified hepatic GDH from bovine (Olson & Anfinsen, 1953; Strecker, 1955),

lungfish (Janssens & Cohen, 1968), carp (Wiggert & Cohen, 1965) and eel
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(Hayashi & QOoshiro, 1977a), and from plants and micro-organisms (Smith et al.,
1975; Shimizu et al.,, 1979; Misono et al.,, 198%; Yamamoto et al., 1987a;
Opden Camp et al., 1989; Vanfuravd et al., 1989). Struck and Sizer (1960),
however, reported that crystalline bovine liver GDH could oxidatively deaminate
several amino acids. The optimum pH for mono-carboxylic amino acids were
1 to 1.5 pH units higher than that of L-glutamate and Km values were much
higher (from 30 to 100mM) (Rife & Cleland, 1980a,b; Bailey et al., 1982).
LiMuti and Bell (1983) suggested that both the carboxyl groups on glutamate
were required to allow the subunit-subunit interactions, which are essential
for catalytic activity. High specificity of GDH for glutamate indicated its

major role in regulating glutamate++ammonia metabolism in H. fossilis.

Coenzyme specificity: (Table 33)

One of the important properties of GDH studied in variety of
organisms is the difference observed in its coenzyme specificity. The enzyme
from vertebrate sources could utilize either NAD' or NADP' equally well
while those from micro-organisms and plants are essentially specific for
NAD' or NADPT (Frieden, 1965, 1971; Goldin & Frieden, 1971; Fisher, 1973,
1985; Smith et al., 1975; Gonzalez et al., 1976; Scheid et al., 1980; Bonete
et al., 1986, 1987). The purified hepatic GDH from H. fossilis in the reductive
amination activity utilized either NADH or NADPH equally well as coenzyme
and the oxidative deamination reaction showed specificity for NAD" like
other teleosts (Veronese et al., 1976; Fields et al., 1978; Storey et al., 1978a;
Iwata et al.,, 1981; van Waarde, 1981; Iwata & Kakuta, 1983). The coenzyme

specificity has been related to the specific metabolic role of GDH in the
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organisms. Reducing power of NADH is used mostly for energy production
and of NADPH in biosynthetic reactions mostly for lipids. H. fossilis has
very little fat content and more of amino acids and proteins. Absence of
NADPH might be a physiological adaptation to maintain the non-fatty character

of H. fossilis.

Effect of metabolites on GDH activity:

Purified GDH activity from various sources has been shown to
be modulated by a variety of metabolites such as purine nucleotides, amino
acids and biogenic amines etc. (Goldin & Frieden, 1971; Hillar, 1974; Smith

et al., 1975).

Purine nucleotides: (Tables 33&34; Figs.34-39)

The purified hepatic GDH (NADH and NAD" dependent) activity
of H. fossilis showed allosteric activation and inhibition by ADP and GTP
respectively (Tables 33&34) like the GDH from other animal sources (Talal
& Tomkins, 1964; Freedland et al., 1967; Goldin & Frieden, 1971; Josephs
et al, 1973; Chen & Engel, 197; Chen et al.,, 1976; Jallon et al., 1977
Zantema et al., 1979a,b; Dieter et al., 1981; Hornby et al., 1984). GTP was
reported to enhance the binding of NADH both to the active and non-active
NADH sites and stabilize the enzyme-reduced coenzyme complex to cause
the inhibition of the reaction. ADP activates the reaction by destabilizing
the above complex (Iwatsubo & Pantaloni, 1967; Eisenberg et al., 1976; Jacobson
& Colman, 1982, 1983; Inoue et al.,, 1984; Agadzhanyan & Karabashyan,
1986a,b). The hepatic GDH of H. fossilis might be having similar regulation

by ADP and GTP. ATP, AMP and IMP were less efficient activators and
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inhibitors than ADP and GTP in H. fossilis. ADP activated both NAD" and
NADH dependent GDH activity wherezcas ATP and AMP activated NADH
dependent activity and inhibited NAD' dependent activity of GDH. GTP
and IMP inhibited both the reactions of GDH. The patterns of activation
and inhibition were different (Table 34). These facts suggested that the hepatic
GDH of H. fossilis is more tightly requlated by the energy status of the
cell. The pattern of inhibition by IMP and ATP was non-competitive indicating
that they can bind to both free enzyme and enzyme-substrate complex.
It was also observed that presence of ADP increased the Ki value of GTP
for NADH dependent GDH activity. This might be due to the reversal by
ADP of the effect of GTP, facilitating the binding of NADH to non-active
site to inhibit GDH activity (Cross & Fisher, 1970; Storey et al., 1978a;

Iwata & Kakuta, 1983).

Various ions: (Table 35)

All the metal ions studied inhibited GDH (NADH and NAD® depen-
dent) activity. Complete inhibition by mercury, zine, silver and ferric ions
as reported earlier for GDH from other sources (Olson & Anfinsen, 1953;
Fahien & Cohen, 1970; Colman & Foster, 1970; Jallon & Iwatsubo, 1971;
Gonzalez et al., 1976; Bell et al., 1987) was observed above 25mM concentra-
tion. Destabilization of the conformational state of GDH has been suggested
as the possible cause of inhibition by metal ions. Both the activities of GDH
were inhibited by all the negative ions studied except POaz' which activated
the enzyme activity. Inorganic phosphate is known to be an activator for
GDH activity (Sedgwick & Frieden, 1968; Godinot & Gantheron, 1971; Hillar,
19745 diPrisco & Garofano, 1975; diMatteo, 1976; Storey et al., 1978b; Fisher,

1985) probably to help the organism during low energystate.
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Acetyicholine, biogenic amines and some amino acid derivatives: (Table 36)
Acetylcholine, biogenic amines (norepinephrine, epinephrine, DOPA
and serotorin) and some amino acid derivatives (y-aminobutyric acid, urea and
carbamyl phosphate) inhibited purified hepatic GDH (NADH and NAD"
dependent) activity of H. fossilis. Stimulation by epinephrine and DOPA of
bovine liver GDH (Kaur & Kanungo, 1970a) and by epinephrine of rat brain
GDH has been reported (Kaur & Kanungo, 1970b). Both bovine and rat GDH
were inhibited by acetylcholine and norepinephrine (Kaur & Kanungo, 1970a,b).
Inhibition by serotonin of bovine liver GDH has also been reported (Kaur
& Kanungo 1970a). Urea and carbamyl phosphate, in general, inhibited GDH
activity (Grisolia et al., 1964; Hillar, 1974; Gonzélez et al., 1976). It has
been suggested that inhibitory effect of these compounds on GDH activity
was due to the dissociation of the enzyme subzunits or due to physical changes
in the enzyme molecule brought about by their binding (Yielding & Tomkins,
1960,1964; Frieden, 1963). Though it is not possible to propose any mechanism,
it is clear that the activity of the enzyme was modulated by the above

metabolites.

Effect of varying substrates: (Figs.40-42)

The double reciprocal plot (Fig.40) revealed that the Michaelis
constant for NH4+ and a-ketoglutarate were independent of each other.
Since the lines intersect on the abscissa, the dissociation constant and Michaelis
constant were same. However, the double reciprocal plots were parallel
(Fig.41) when the ammonium ion concentration was kept constant at saturation
level with varying a-ketoglutarate and NADH concentration. This indicated

that they are interdependent on each other. However, when the concentrations
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of NAD" and L-glutamate were varied a pattern of intersecting lines (Fig.42)
revealed the interdependence of these substrates during enzyme activity.
The striking similarities between these results and those reported earlier
in bovine (Frieden, 1959c), frog (Fahien et al., 1965a,b) and dogfish (Corman
et al.,, 1967) enzymes suggest that the mechanisms proposed earlier explaining
the sequence of binding of the substrates might hold good for H. fossilis
GDH. NADH has been shown to bind to the free enzyme in most of the
GDH studied earlier (Goldin & Frieden, 1971, Eisenberg et al., 1976; McCarthy
et al., 1981). Taking that as true for H. fossilis hepatic GDH, the sequence
of substrate addition may be NADH, NHQJr and a-ketoglutarate for reductive
amination reaction as suggested for vertebrate GDH (Frieden, 1959c, Fahien

et al., 1965a,b; Corman et al., 1967).

Product inhibition: (Table 37; Figs.43-47)

The inhibition by the product L-glutamate was competitive with
relation to a-ketoglutarate as the substrate for GDH reductive amination
reaction. However, the inhibition by a-ketoglutarate was non-competitive
with relation to L-glutamate as the substrate for the oxidative deamination
reaction. The binding sites for glutamate and a-ketoglutarate might be very
close or overlapping. In the later case the non-competitive inhibition could
be due to the interference of NADH binding. Binding to such NADH-a keto-
glutarate complex has been suggested earlier (Godinot & Gutheron, 1971;
Bell et al., 1985). Inhibition by ammonia was competitive and by NADH was
un-competitive with relation to glutamate as substr?te. Similar reports have
been made for bovine liver (Fisher & McGregor, 1960; Bell et al., 1985).

It was suggested that glutamate was limited by the rate of liberation of

the reduced coenzyme from the enzyme coenzyme complex. Inhibition by NHa*'
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was also non-competitive with relation to NAD" probably due to the formation
of "dead end" complex, E-NAD+-NHQ+. The inhibition by NADH was as expected
competitive with relation to NAD"' as both have the same binding site on
the enzyme. It has been reported that four coenzymes (oxidized and reduced
NAD* and NADP™) compete for the same site on the enzyme molecule (Dalziel,
1962, Cross & Fisher, 1970; Younes et al., 1973). The same order of substrate
addition is suggested by the pattern of product inhibition. The product inhibi-
tion is of physiological importance in controlling pathways by negative feed

back. The products of oxidative deamination reaction (a-ketoglutarate, NH * and

4
NADH) were potent inhibitors of the same reaction. Inhibition of the oxidative
deamination reaction of GDH by NADH concentrations well within the physio-
logical range has been reported in eel liver (McBean et al., 1966; Edington

et al., 1973). The Ki value of NADH (0.02mM) suggests that it can limit

the rate of glutamate oxidation in vivo in H. fossilis. However, the physiological

level of NADH in this fish is not yet known.

Amino acids and Keto acids: (Tables 38&39; Figs.48-53)

All the amino acids studied except L-leucine and DL -isoleucine
inhibited H. fossilis hepatic GDH (NADH and NAD* dependent) activity at
higher concentrations in vitro. Leucine is known to be an activator for GDH
in other animals (Yielding & Tomkins, 1961; Gylfe, 1976; Sener & Malaisse,
1980; Iwata & Kakuta, 1983; Knudsen et al., 1983; Kofod et al., 1986; Fahien
et al.,, 1988, 1990; Erecinska & Nelson, 1990). It has been suggested that
leucine helped to maintain the three dimensional structure of GDH molecule.
The degree of inhibition of GDH activity by other amino acids observed

were different for reductive amination and oxidative deamination reaction
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(Table 38). At lower concentrations, substantial inhibition of both the reactions
of GDH could be observed by L-Tyr, L-Cys, L-Try, L-Asp, L-Lys and L-Ala.
Arginine, ornithine, aspartate and glutamine inhibited reductive amination
more than oxidative deamination reaction. Arginine, ornithine and aspartate
are all associated with ureogenesis via o-u cycle and are expected to be
present in liver of H. fossilis which has been reported to possess a complete
o-u cycle (Saha, 1986; Saha & Ratha, 1986, 1987). The activity of glutamine
synthetase, the enzyme for glutamine synthesis, has also been reported in
liver of H. fossilis (Chakravorty et al., 1989). The regulation of GDH activity
by these amino acids could serve as additional regulatory mechanisms to
maintain amino acid/ammonia balance in H. fossilis. The inhibition pattern
of L-cystein was found to be competitive for (NADH dependent) GDH activity
and uncompetitive for (NAD" dependent) GDH activity. The L-alanine was
competitive for (NAD' dependent) GDH activity (Table 39). These amino
acids might be functional amino acid residues for catalysis or might be present
near the active site of the GDH molecule. It has been reported that the
cystein residue of the bovine enzyme (Hillar, 1974) appeared to be at or
near the site that was involved in binding to the allosteric activator ADP.
The amino acid residues involved in binding sites of hepatic GDH of H. fossilis

has not been studied.

The keto acids such as pyruvate and oxaloacetate inhibited GDH
(NADH and NAD' dependent) activity at higher concentrations (Table 38).
The effects of various amino acids and keto acids indicate the possibility
of self requlatory mechanism in GDH to maintain a balance between the

transamination and deamination reactions.
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Immunological studies: (Figs. 54&59)

No structural differences were observed between the summer
and winter purified GDH from liver of H. fossilis to elicit any antigenic
variations to be apparent during immunological studies. This result suggests
that GDH molecule does not change instead the alteration in the level of
various physico-chemical modulators might have caused the seasonal variations
in the activity of GDH reverse reactions during Summer and Winter in
H. fossilis. Antisera developed against the two antigens (summer and winter
purified GDH) showed similar rate of inhibition of both the enzymes (summer
and winter purified) activity. However, the reverse reactions showed different
rate of inhibition. The amount of antisera which caused 100% inhibition
of NAD" dependent activity caused only 80% inhibition of NADH dependent
activity. The antigenic sites could be more in the oxidative deamination

domain than the reductive amination domain of the GDH molecule.

Determination of molecular weight: (Table 31; Figs.55-58)

The molecular weight and the subunit structure of purified GDH
were det.ermined by exclusion chromatography and polyacrylamide gel electro-
phoresis (PAGE). The purified hepatic GDH of H. fossilis during Summer
and Winter showed the same molecular weight of about 3,38,000. The enzyme
molecule was composed of six identical subunits with molecular weight of
about 56,000 each. The molecular weight and subunit pattern of GDH observed
. were very close to those reported in the liver of teleost, tuna (Veronese
et al., 1976) and marine ureo-osmotic elasmobranch, dogfish (Corman et
et al., 1967). A comparative table of the molecular structure of GDH reported
from various sources is given below (Table C). The molecular weight did not

increase with increasing protein concentration indicating that H. fossilis



85

TABLE C: Comparison of the molecular weight of glutamate dehydrogenase from

H. fossilis with those from other sources.

Native enzyme Subunit mola- | No.of Ref
Source/Tissue molecular weight |cular weight |subunit eferences
Olson and Anfinsen (1952)
Bovine liver 3,10,000-3,50,000 53,000-57,000 6 Fisher et al. (1962), Eisenberg
+25,000 +3,000 and Tomkins (1968), Eisenberg
and Reisler, (1970), Reisler
et al. (1970)
Ox brain 55,000+5,000 McCarthy gjg_g_l_(l980)
Rat liver 3,50,000+20,000 48,000-53,000 6-3 Sedgwick and Frieden(1968)
+5,000+5,000 King and Frieden (1970)
Rat brain >2,00,000 56,000 Chee et al. (1979)
Human liver 55,200+1,500 Julliard and Smith (1979)
Human placenta 55,155+2,204 Julliard and dePaulet (1978)
Frog liver 2,50,000 Fahien et al. (1965a,b)
Dogfish liver 3,30,000+20,000 Corman et al (1967)
Tuna liver 3,33,000+15,000 53,900+2,500 6 Veronese et al. (1976)
Eel liver 3,15,000 Hayashi et al (1982)
H. fossilis 3,38,000 56,000 6 Present work
Pisum sativum .
Lemna minor 2,30,000 58,500 4 Scheid et al. (1980)
Blastocladiclla ;44 500,21,000  48,500:7,000 & Lejohn et al. (1968,1969)
emersoni et al.
Neurospora 2,388,000 43,800 6 Sanwall and Lata (1961)
crassa o ’ Blumerthal and Smith (1973)
Cnlorella 2,90,000-3,60,000 53,000-58,500 6 Bascomb gla_l_(l986,l987)
sorkiniana Bascomb and Schmidt(1937)
Methylophilus 3,00,000 49,000 6 Sokolov and Trotsenko (1988)
methanolovorus
Lactopacillus 3,00,000 50,000 6 Misono et al. (1985)

fermentum
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enzyme had no tendency to polymerize like GDH from liver of tuna (Veronese
et al.,, 1976), dogfish (Corman et al.,, 1967), rat (King & Frieden, 1970) and
micro-organisms (Winnacker & Barker, 1970; Coulton & Kapoor, 1973; Veronese

et al.,, 1974a; Smith, 1980).

The subunits dissociated by urea and separated by exclusion column
chromatography did not show any enzyme activity either by spectrophotometric

assay or by specific staining on PAGE even after dialysis.

Mitochondrial localization in various tissues and the molecular

characters of hepatic GDH from Heteropneustes fossilis showed close similari-

ties of the enzyme with the GDH reported from other sources. However,
high reductive amination activity, induction of the GDH activity during starva-
tion, hyper-ammonia stress and water deprivation suggest the significance
of GDH in ammonia detoxification at cellular level particularly in non-ureogenic
tissues and'before the o-u cycle was induced. It alsotrapped excess ammonia
to synthesize more glutamate and probably other amino acids for storage
and transport of toxic ammonia. The results on substrate specificity, binding
affinity and the regulation by various physico-chemical factors of the purified

hepatic GDH activity favoured the above proposed function in Hetaropneustes

fossilis. However, the multiple regulations by various metabolites and metal
ions need more specific studies to determine their exact functions at the

physiological level.
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