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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 tX) and wHR 
ADP(B). 
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Fig.28. Michaelis-Menten (a) Lineweaver-Burk(b) plot for determination of K and V 
of purified GDH from liver of U. fossilis for L-glutamate (A) and NAD'̂ 1[B) max 
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Fig.29. U.V. Absorption spectra of GDH pur i f ied f rom l iver of H. fossil is in 
of various components of the reaction mixture (NADH dependent reaction). 
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Fig.30. U.V. Absorption spectra of GDH 
of various components for the reaction 

pur i f ied from liver of JH. fossilis in presence 
ion mixture (NAD"*^ dependent react ion). 
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Fig.3l. Effect of incubation temperature on GDH activity (A) and stability of the purified 
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Fig.3<^. Modulation of GDH activity purified from liver of _H. fossilis by various nucleotides. 



o—o NAD +ADP 
NADH-ADP 
NADH+ADP 

10 20 
- [ ] G T P ] / J M -

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 of iH. fossilis. 
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Fig.39. Dixon plot for determination of K. of GTP for purified GDH activity from liver 
of H. fossilis, NADH dependent in ^absence and presence of ADP (A) & (B) NAD 
dependent in presence of ADP (C). 
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Fig.40* Double reciprocal plots of velocity (NADH dependent) against substrate 
concentration, (A) variation of N H . * concentration and at several 
fixed concentrations of a-Ketoglutarate, (B) variation of a4<etoglu-
rate and at several fixed concentrations o'fNH, *. 
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Fig.41. Double reciprocal plots of velocity (NADH dependent) against subst­
rate concentration., (A) variation of NADH concentration and at 
peveral fixed concentrations of o-ketoglutarate, (B) variation of 
aM<etoglutarate and at several fixed concentrations of NADH. 
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Fig.42. Double reciprocal plots of velocity (NAD"*" dependent) against substrate 
concentration, (A) variation of L-glutamate and at several fixed 
concentrations of NAD* (B) variation of NAD* and at several 
fixed concentrations of L-glutamate. 
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Fig.'f*. Lineweaver-Burk plot for^ determination of nature of inhibition of the products 
a -ketogiutarate (A) NH (B) and NADH (C) with relation to L-glutamate as the 
substrate on the GDH (NV\D dependent) activity purified from liver of H. fossilis. 
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Fie' f5. Lineweaver-Burk plot for determination of nature of inhibition of the products 
a -ketoglutarate (A) N H / (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.'f6, Dixon plot for determination of K. of the products NAD"̂  (A) and L-glutamate 
(B) with relation to a -ketoglutarate as the substrate and L-glutamate (C) with 
relation to NĤ "*" as the substrate for purified GDH (NADH dependent) activity 
from liver of H. fossilis. 
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FigAV, Dixon plot for determination of K. of the products a -ketoglutarate(A) NH. (B) 
and NADH(C) with relation to L-glutamate as the substrate for purified GDH 
(NAD^ dependent) activity from liver of H. fossilis. 
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Fig . *8 . Lineweaver-Burk plot for determination of nature of inhibit ion by amino acids-
Aspartic acid (A), Cysteine(B) and Lysine (C) on the GDH (NADH dependent) ac t iv i ty 
pur i f ied from liver of JH. fossil is. 
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Fig.'f9. Lineweaver-Burk plot for determination of nature of inhibition by annino 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 JH. fossilis. 
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Fig.51. Dixon plot for determination of K. of ammo acids - Aspartic acid (A), Histidine 
(B) and Lysine (C) for purified cdH (NADH dependent) activity from liver of H. 
fossilis. 
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Fig.52. Dixon plot for determination of K. of amino acids-Lysine (A), Histidine (B) 
and Alanine (C) for purified GDH (NAD"*" dependent) activity 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 YL fossilis 
for molecular weight determination along with standard marker 
proteins. 
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Fig.57. Determination of molecular weight of purified GDH from liver of JjL fossilis 
by polyacrylamide gel electrophoresis (PAGE)(A) and exclusion chromatography 
on Sepharose 'tB-ZOOCB). 
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Fig.58. Determinai-ion 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). 



*V) |>^ i •V. 

'^•"~:::::;rr""^Sf:,,r™. 
CDH from s.g.na, Type-U 



DISCUSSION 

The reversible cata ly t ic functions of GDH in ammoniogenesis 

and ammonia detox i f ica t ion/u t i l i za t ion have made the role of GDH unique 

in nitrogen metabol ism. Modulation of GDH act iv i ty by various physico-chemical 

factors and several metabol i tes has helped the organisms to use this enzyme 

in biochemical adaptations. The results obtained during the present study 

have elucidated the importance of GDH act iv i ty in Heteropneustes fossil is 

v»/ith 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) ac t iv i ty in JH. fossil is 

v/as more stable in potassium phosphate buffer than Tr is-HCl buffer (Das 

et a l . , 1991). Phosphate has been shown to maintain the stabi l i ty of GDH 

act iv i ty f rom 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 JH. fossil is was, therefore, similar to GDH f rom other sources w i th 

relat ion to ion requirement for maintaining enzyme ac t iv i t y in homogenates. 

ADP and nicotinamide coenzyme requirement: (Table 1; Fig.2) 

The oxidat ive deamination of GDH in J^ . fossil is showed absolute 

requirement for ADP as cofactor for its cata ly t ic ac t iv i ty (Table 1) (Das 

et a l . , 1991) l ike most other earl ier reports in freshwater teleosts (McBean 
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et_ ah, 1966; Walton & Cowey, 1977) and in mollusca (Storey et̂  aU, 1978b; 

Ruano et̂  ah, 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 v/as not absolutely 

dependent on ADP. However, ADP acted as a positive modulator by increasing 

the reductive amination (NADH dependent) activity by 8 to 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 Loliqo pealeii (Storey e^ah , 1978b) muscle 

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

in trout (French et̂  ah, 1981) and 27 to 40-fold in catfish, Ictalurus punctatus 

(Casey et̂  ah, 1983). Increase in GDH (NADH dependent) activity by 8 to 

10-fold in presence of ADP observed could help JH. fossil is 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 Jri 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. fossil is (Table 1) 

(Das et̂  ah, 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^ ah , 1967; Electiicwala 

& Dickinson, 1979), lungfish (Janssens & Cohen, 1968), tuna (Veronese et a l . , 

1976), t rout (Walton & Cowey, 1977), goldfish (van Waarde, 1981), osteoglossids 

(Fields et_ ah , 1978; Storey et^ ah , 1978a) and mudskippers (Iwata et^ aU, 

1981; Iwata & Kakuta, 1983) and some marine invertebrates (Storey et^ ah , 

1978b; Batrel & Gal , 1984; Batre.ll & Regnault, 1985) and amphibians (Fahien 

et_ aU, 1965a,b; Wiggert & Cohen, 1966; Lee & Balinsky, 1974). In several 

mammalian l iver NAD(H) and NADP(H) have been shown to be equally good 

coenzymes for GDH act iv i ty (Frieden, 1965; Fisher, 1973; Gonzalez et^ a l . , 

1976). NADPH has been associated w i th the process of biosynthesis of l ip id 

whereas NADH in oxidative energy production. However, the l ip id level 

in JH. fossil is have been very low compared to most other freshwater teleosts 

and mammals. Reduced production and ef fect ive use of NADPH in amino 

acid metabolism might have helped JH. fossil is to maintain low level of lipids 

in the body. However, no def in i te conclusion can be drawn on this point. 

Tissue distribution: (Table 2; Fig.3) 

The tissue distr ibut ion of GDH act iv i ty (Table 2) (Das et^ aL, 

1991) was similar to those reported in other teleosts (McBean et^ ah , 1966; 

Wilson, 1973a; Walton & Cowey, 1977; van Waarde, 1981; Casey et^ ah , 1983; 

Iwata & Kakuta, 1983; Chew & Ip, 1987; Ip et^ ah , 1990) and in mammals 

(Zinkl et^ ah , 1971; Lowenstein, 1972) having the maximum act iv i ty in l iver 

fol lowed by kidney, g i l l , muscle and brain. The deamination react ion of GDH 

was, however, s l ight ly higher in brain than muscle. The act iv i t ies of GDH 

(both amination and deamination reaction) observed in various tissues of 

H. fossil is 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 physiological level of GDH suggested its greater role 

in the maintenance of glutamate, a-ketoglutarate and ammonia balance in 

H. fossil is. GDH has been reported to be involved in ammoniogenesjs (Pequin 

& Serfaty, 1963; Janssens, 1964; McBean et̂  ah, 1966; Pequin et_ ah, 1970; 

Wilson, 1973a; Vellas & Serfaty, 1974; van Waarde, 1981; Casey et_ ah, 1983; 

Chew & Ip, 1987; Ip et̂  ^ . , 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 et̂  aU, 1978; Wright et^aU, 

1988) before it reaches toxic level jn vivo. H. fossil is 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. fossil is 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 by transamination such as alanine in presence of alanine aminotransferase 

(AAT). Alanine being a neutral amino acid easily escapes into the blood 
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and is carr ied to the l iver for fur ther metabol ism. Glutamate could be converted 

to pyruvate in presence of GPT which could be ut i l ized in gluconeogenesis 

l ike 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 excret ion 

or conversion to urea via ornithine urea cycle. The rat io was lesser in liver 

and kidney which are known to be the ammoniogenic tissues. A funct ional 

o-u cycle has been reported in l iver and kidney of jH. fossil is to use the 

ammonia produced (Saha & Ratha, 1987). High ac t iv i ty of glutamine synthetase 

has been reported in various tissues of JH. fossil is (Chakravorty et^ ah , 1989) 

indicating the e f f ic ient ammonia u t i l i za t ion via glutamate -•• glutamine pathway. 

Specific staining o f GDH ac t iv i t y on polyacrylamide gel a f ter 

electrophoresis showed a single band for each tissue of H. fossil is. However, 

the migrat ion of the GDH band was d i f ferent in d i f ferent tissues (Fig.3). 

There might exist inter-t issue variations in GDH species to meet specif ic 

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 wel l established (Thurman et^ £1. , 1965; Yue, 1969; Errel 

et_al., 1973; Lee, 1973; Ratajczak et_ ah , 1977). 

Sub-cellular distribution: (Tables 3-6) 

GDH (NADH and NAD dependent) ac t iv i ty was found to be pr imar i ly 

localized in the mitochondria in al l the tissues of jH. fossil is (Das et^ a l . , 

1991). Mitochondrial local izat ion of GDH has been reported in mammals 

(Snoke, 1956; SaJganicoff & deRobertis, 1965; Arnold & Maier, 1971; Addink 

et^ ah , 1972; Mat l ib & O'Brien, 1975; Schoolwerth et_ aU, 1978), amphibians 
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(Fahien et^ aL, 1965a; Fahien & Cohen, 1970; King & Cohen, 1975; Petrucci 

et^ ah , 1980) and fishes (Wainwright et_ ah , 1967; Corman & Inamder, 1970; 

Wilson, 1973a; Casey & Anderson, 1982, 1985; Chew & Ip, 1987) specif ical ly 

in the matr ix compartment. Immunohistochemical studies showed GDH in 

two forms [soluble and part iculate (membrane associated)] inside mitochondria 

of mammalian brain (Plaitakis et^ ah , 1984; Knecht et_ aL, 1986; Aoki et a l . , 

1987a,b; Kaneko et^ ah , 1987; Madl et^ ^ . , 1988). This d i f ferent ia l distr ibut ion 

has been suggested to serve d i f ferent metabolic functions - one helping in 

glutamate synthesis and the other in glutamate oxidation in brain (Colon 

et a l . , 1986). Besides being mitochondr ia l , GDH has been reported to be 

localized in nuclei of mammalian l iver (diPrisco & Strecker, 1970; Franke 

et^ ah , 1970; Herzfe ld et^ ah , 1973; diPrisco & Casola, 1975) and brain (Kato 

&. Lowry, 1973; La i et^ ah , 1985, 1986), and in cytosolic f ract ion of cestoda 

(Mustafa et^ ah , 1978), parasit ic protozoa (Singh et^ aL, 1981; Hellebust & 

Larochel le, 1988) and micro-organisms (Doherty, 1970; Gsmani & Scrutten, 

1983). The mitochondrial GDH might have fac i l i ta ted the avai labi l i ty of 

suff ic ient glutamate for the mitochondrial glutamine synthetase reported 

in the l iver and kidney of H. fossil is (Chakravorty et^aL, 1989). 

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

GDH (NADH and NAD dependent) ac t iv i ty did not show any 

signif icant var iat ion during 24 hr cycle in various tissues of'_H. fossil is studied 

during Summer and Winter. There has been no report of any var iat ion of 

GDH act iv i ty during 2U hr cycle in any animal tissues. Absence of circadian 

var iat ion suggests GDH as a general metabolic enzyme in H. fossil is whose 

ac t iv i ty 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. fossil is maintained under control led temperature (20±2°C) in 

the laboratory showed seasonal var iat ion in GDH (NADH and N A D * dependent) 

ac t iv i ty . This generally coincided w i th the reproductive cycle of the f ish. 

The fishes probably retained their internal clock, even after accl imat izat ion 

to laboratory condit ions. The gonadal maturat ion occured during Summer 

(May-August) when GDH (reductive amination) ac t iv i ty was high w i th the 

peak in June in al l the tissues. On the onset of Winter reductive amination 

act iv i ty of GDH decreased and oxidative deamination act iv i ty increased. 

The rat io of N A D H / N A D dependent ac t iv i ty was the lowest during Winter. 

This coincided w i th the resting phase of the gonad. The variations were 

more prominent in the general metabolic tissues such as l iver and kidney 

and less prominent in brain, muscle and g i l l . The requirement of enough 

amino acids and proteins for vitellogenesis in l iver ' reported during pre-

spawning phase in fishes (Schmidt et^ ^ . , 1965; Campbell & Jalabert, 1979; 

deVlaming et^ ah , 1980; Wiegand, 1982; Wallace, 1985) might have been the 

guiding factor for enhanced reductive amination react ion to increase glutamate 

synthesis. Glutamate could be transaminated to other amino acids easily. 

Seasonal variat ion in the NAD dependent GDH act iv i ty in shrimp (Cranqon 

cranqon) was reported by Regnault and Batrel (1987). Al terat ions in the 

environmental factors and variat ion in the metabolic level due to moult ing 

have been correlated w i th the variat ion of GDH (oxidative deamination) 

ac t i v i t y . 

Regulation of GDH act iv i ty by d i f ferent hormones, including steroid 

hormones have been reported (Caughely et^ ^ . , 195 7; Yielding & Tomkins, 
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1960, 1964; Wolff , 1962; Mil iar, 1974; Fahien et_ ah , 1988). The level of steroid 

hormones Jri vivo al ter during various phases of reproduction in fish during 

the year and are high during the pre-spavining and spawning periods (Sundararaj, 

1959; L i ley , 1969; Sundararaj & Gosw/ami, 1969). This hormonal f lux might 

have also influenced the seasonal var iat ion in GDH act iv i ty in jH. fossil is. 

Effect of temperature: (Tables 13&14) 

Exposure of the fish to 10°C higher and lov/er temperatures than 

the accl imated temperature (20°C) during Summer (June) and Winter (December) 

shov^ed interesting results. During Summer (June), when NADH dependent 

reductive aminat ion react ion was higher than NAD dependent oxidative 

deamination react ion of GDH, exposure to higher temperature (30''C) apparently 

had no e f fec t . However, exposure to lower temperature (10°C), generally, 

induced NAD dependent ac t iv i ty and inhibited NADH dependent GDH ac t iv i t y . 

This was more prominent in l iver and kidney indicating greater glutamate 

ut i l izat ion 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 act iv i ty and inhibited the higher level of oxidative (NAD dependent) 

deamination act iv i ty of GDH. The ef fec t was more pronounced on exposure 

to higher temperature which might have been a signal for the fish to start 

spawning or to shi f t to the Summer pat tern of GDH ac t i v i t y . The NADH 

dependent GDH ac t iv i t y used to star t increasing af ter 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 u t i l i za t ion . 

These findings indicate that the GDH ac t iv i t y in JH. fossil is 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 ammoniotel ic-t ireogenic freshwater teleost, H. fossil is was 

reported to survive more than 60 hrs outside water (Saha & Ratha, 1989). 

GDH (both NADH and NAD dependent) ac t iv i ty in various tissues of 

H. fossil is were signi f icant ly induced during the water deprivation for 36 

hrs. Ammonia excret ion decreased due to non-avai labi l i ty of water and accumu­

lated signi f icant ly in d i f ferent tissues of H. fossil is during aerial exposure 

(Saha, 1986). Enhanced synthesis, accumulation and excret ion of urea were 

reported suggesting the transit ion f rom ammoniotel ism to ureotel ism as 

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

The induction of GDH (NADH dependent) ac t iv i ty might be an 

addit ional strategy for detoxi f icat ion of accumulated ammonia Jri v ivo. Some 

accumulated ammonia might have been converted to glutamate by reductive 

amination ac t iv i t y of GDH to reduce ammonia load Jn vivo. Glutamate 

accumulation observed in l iver, kidney and brain of JM. fossil is during water 

deprivation (Chakravarty, J . personal communication) supports this suggestion. 

The percentage of induction of GDH (NADH and N A D ^ dependent) ac t iv i ty 

was highestin brain ( -150%) fol lowed by l iver (-130%), g i l l (-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 g lutamate. Glutamate being a neurotransmitter (Hamberger 

et^ ah , 1979a,b; Cotman et^ ah , 1981; Watkins & Evans, 1981; Fonnum, 1984) 

might not accumulate beyond certain level . I t might have been converted 

to glutamine using another molecule of ammonia. Induction of GS level and 

inhibit ion of glutaminase level has been observed in various tissues of 

H. fossil is 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 act iv i ty to incorporate ammonia to synthesize 

f i rst glutamate and then glutamine while maintaining glutamate-glutamine 

pool in various tissues. Glutamine is more e f f ic ient than glutamate to cross 

the membrane and serve as an ammonia carr ier j r i v ivo. Glutamate formed 

might also be converted to some other non-essential free amino acids (FAA). 

Signif icant accumulation of various FAA along w i th A-5 fold increase in 

GDH act iv i ty in l iver and kidney of mudskipper during aerial exposure was 

reported (Iwata et^ aL , 1981). 

Induced GDH act iv i ty in l iver and kidney of jH. fossil is might 

also help in inducing ureogenesis by convert ing 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 act iv i t ies have also been reported in this fish during 

water deprivation (Saha, N. personal communicat ion). Accumulat ion of some 

inhibitory free amino acids might have decreased the induced level of GDH 

(NAD* dependent) in muscle af ter 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 et̂  al., 1981). However, teleosts derive their 

metabolic energy primarily from proteins. Lipids and carbohydrates are next 

in priority (Cowey et^^. , 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^ ah, 1975). In non-fatty fishes 

such as carp, pike and plaice, protein catabolism covers the energy need 

(Nagai & Ikeda, 1971; Johnston & Goldspink, 1973; Creach & Serfaty, 1974; 

Diana, 1982). Fishes are able to survive extended periods of starvation by 

consumption of their own proteins (Creach & Serfaty, 1974; Moon & Johnston, 
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1980; Moon, 1983). Considerable amount of decrease in tota l protein was 

observed in various tissues of H. fossil is during ^l^ days of starvation (un­

published observation). 

There vi/as signif icant accunnulation of to ta l free amino acids 

(FAA) in various tissues of H, fossil is which increased w i th increasing period 

of starvation (Table 2 1 ; Figs. 14&15). Hydrolysis of protein as reported in 

other teleosts (JUrss, 1980; Mommsen et_ ah , 1980; Renaud & Moon, 1980b; 

French et^ ah , 1981) might have caused this increase in FAA pool 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 l iver of rainbow t rou t (Cowey et^ ah , 1977a; 

Walton & Cowey, 1979a,b; Mommsen & Suarez, 1984; Petersen et_ ah , 1987), 

eel (Hayashi & Ooshiro, 1977b, 1979; Renaud & Moon, 1980a), sea raven 

(Foster & Moon, 1987) and tench (Mosse, 1980). Maximum increase in to ta l 

FAA was observed in the muscle which is the protein r ich tissue. The amino 

acids might have been either transported to the gluconeogenic tissues such 

as l iver (Moon et^ ah , 1985) and kidney (Jjyrgensen & Mustafa, 1980; Mommsen 

et ah , 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) ac t iv i ty and transamina­

t ion reactions. Induction of several transaminases during prolonged starvat ion 

have been reported in freshwater teleosts (Storer, 1967; Larsson & Lewander, 

1973; Creach & Serfaty, 1974; Whit ing & Whiggs, 1977; Zebian & Creach, 

1979). The induction of GDH (NADH dependent) ac t iv i ty during starvat ion 

was observed in the l iver of rainbow t rout (Malevski et^ ah , 1974; French 

et ah , 1981; JUrss et ah , 1983). In the present study signif icant induction 
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of GDH (both NADH and NAD dependent) activity was observed during 

starvation upto 14 days in H. fossil is. The rate of induction ŵ as found higher 

for oxidative deamination than the reductive amination activity of GDH 

resulting in reduction in the ratio 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 _m vivo cannot be decided on the basis of their Jri 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. fossil is (Chakravorty, J. personal communication). 

The increase was minimum in brain probably to maintain the level of the 

neurotransmitter within physiological 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 et̂  ah, 1982; Campbell et̂  aU, 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 21,23&24; 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. fossil is to hyper-ammonia ambient medium. 

Significant accumulation of ammonia Jn 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 et̂  ah, 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 j n vivo (Campbell, 1973; 
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Lehninger, 1987). Besides, amino acids also serve as good osmoregulators 

in marine and euryhaiine invertebrates (Schoffeniels & Gii les, 1970; Gilles 

& Schoffeniels, 1972; Schoffeniels, 1976) and in several euryhaiine teleosts 

(Lange & Fugel l i , 1965; Muggins & CoUey, 1971; Lasserre & Gil les, 1971; 

CoUey et^ ah , 1974; Venkatachari, 1974; Ahokas &. Sorg, 1977; Vislie, 1980; 

Jurss et^al . , 1984). 

Present findings on the induction o f GDH (NADH and NAD"*" depen­

dent) ac t iv i ty (Tables 25-29; Figs.17,18,21&22) along w i th increased FAA 

level (Table 22, Figs.14&16) in various tisues of H. fossil is exposed to hyper-

ammonia ambient medium support the view that amino acid synthesis via 

GDH-»-GS pathway operated in various tissues for immediate detoxi f icat ion 

of accumulated ammonia. Studies on transaminases shall further c lar i fy this 

point. Elevated ammonia level might have induced the enzyme (GDH) in 

various tissues of jH . fossil is under hyper-ammonia stress to keep the ammonia 

concentrat ion below the toxic level and also to transport i t to l iver and 

kidney for fur ther use in ureogenesis. Ten fold increase in GDH act iv i ty 

in addit ion to the induction of urea cycle enzymes has been reported in 

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

(5mM NH.C l ) (Janssens, 1972). Elevated ammonia levels have been shown 

to st imulate GDH ac t iv i t y in several strains of algae such as Chlamydomonas 

(Paul & Cooksey, 1981; CuUimore & Sims, 1981b; Munoz-Blanco & Cardenas, 

1989), Chlorel la (Talley et_ aL, 1972; Isreal et^ ah , 1977, 1978; Yeung et aL, 

1981; Bascomb et^ aU, 1986; Bascomb & Schmidt, 1987; Schmidt et^ ah , 1982; 

Everest & Syret t , 1983; Prunkard et^ a l ^ 1986a,b) and in some plants (Shepard 

& Thurman, 1973; Barash et^ ah , 1975; Skokut et_ aL, 1978) while inhibit ing 

the main GS->-GOGAT system for glutamate product ion. Presence of GOGAT 
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has not yet been known in any animal system. Signif icant induction of GDH 

(NADH dependent) ac t i v i t y in l iver , kidney and brain w i th in 3 days of exposure 

suggests its role in immediate neutral izat ion of ammonia tox ic i ty at cel lular 

level . The induction of o-u cycle enzymes in l iver and kidney was reported 

af ter 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 react ion was induced 8-10 fold in presence 

of ADP in the react ion mix ture . Hence, at low energy level GDH could neutral ize 

ammonia tox ic i t y immediately rather than o-u cyc le, which is tissue specif ic 

and a energy requir ing system. 

NAD^ dependent ac t iv i ty of GDH showed greater induction than 

NADH dependent ac t iv i ty in l iver and kidney of H. fossil is 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 g i l l tissues were apparently indi f ferent to hyper-ammonia stress w i th 

relat ion to GDH act iv i ty even though the ammonia level and FAA level 

signif icantly increased. High GS ac t iv i ty has been reported in the muscle 

and g i l l o f H. fossil is (Chakravorty, J . personal communication). Ammonia 

ut i l izat ion in these tissues might be by GS and not by GDH ac t i v i t y . 

The rat io of N A D H / N A D ^ dependent ac t i v i t y did not show any 

signif icant var iat ion in d i f ferent tissues of JH. fossil is during hyper-ammonia 

stress. It again suggests that both the GDH reactions were catalyzed by 

the same protein molecule. 



70 

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

GDH was pur i f ied to homogeneity f rom the l iver of H. fossilis 

during Summer (May) and Winter (December). The degree of pur i f icat ion 

using two anion-exchange columns and an a f f in i t y (Blue Sepharose CL-6B) 

column chromatography was 500 fold w i th 48% recovery and 420 fold w i th 

57% recovery during Summer and Winter respectively. The fold of pur i f icat ion 

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^ ah , 1976); eel (76-

fold and 33%) (Hayashi & Ooshiro, 1977a) and ureo-osmotic marine elasmobranch 

such as dogfish (150-fold and 13%) (Gorman et^ ah , 1967) and (444-fold and 

33%) (Gorman & Inamdar, 1970). However, the recovery rate obtained in 

H. fossilis was very high. The enzyme was eluted as a single peak f rom al l 

the columns (Fig.23) and showed a single enzyme specific band when stained 

for GDH af ter PAGE (Figs. 24a,b). The hepatic GDH in H. fossilis seems 

to be a single species of protein as reported f rom other animal sources such 

as bovine (Olson & Anfinsen, 1952; Fahien ^ ^ . , 1969), rat (King & Frieden, 

1970; Prabakaram & Singh, 1988), Pig (Kubo et^ aK, 1959), rabbit (Kazaryan 

et_ aU, 1985), human (JulUard & Smith, 1979), chicken (Snoke, 1956), tadpole 

(Wiggert &. Cohen, 1966), f rog (Fahien et^ ah , 1965a; King & Cohen, 1975), 

dogfish (Gorman et_ ^ . , 1967; Gorman & Inamder, 1970), lungfish (Janssens 

& Cohen, 1968), tuna (Veronese et^ aU, 1976) and eel (Hayashi &. Ooshiro, 

1977a; Hayashi et^ ah , 1982). Mult ip le forms of GDH has been reported only 

in plant tissues (Thurman et^ ah , 1965; Yue, 1969; Errel et_ ^ . , 1973; Lee, 

1973; Ratajezak et_ ah , 1977). The pur i f ied enzyme showed also a single 

band when stained for protein af ter PAGE (rigs.24a,b). 
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Kinetics: (Table 3 1 ; Figs.25-28) 

The apparent Km of GDH for NADH (0.07mM) was one four th 

of the Km for N A D ^ (0.28mM) (Table-31)indicating four t imes stronger a f f in i t y 

for NADH than NAD to favour the oxidative deamination act iv i ty in the 

l iver of H. fossil is. However, the Km for N K (25mM) was f ive t imes 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 t imes higher than glutamate 

(0.99 moles/g wet wt . ) (Chakravorty, J . personal communication) in this 

f ish. The tolerance for ammonia concentrat ion (75mM) j n vivo was very 

high (Saha & Ratha, 1986). Therefore, i t could be reasonable to expect high 

saturation requirement of GDH for ammonia. In nitrogen f ix ing micro-organisms, 

GDH has a higher Km for glutamate and very low Km for ammonia. (Goldin 

& Frieden, 1971; Smith et^ ah , 1975). In the animals where some nitrogen 

is excreted the Km for ammonia has been usually higher than the Km for 

g lutamate. However, there are tissues specif ic variations such as in brain 

glutamate serves as a neurotransmit ter besides being an ammonia carr ier 

out of the tissue. The re lat ive Km for ammonia in brain is lower than in 

l iver, kidney or heart . A table of the Km values for the substrates of GDH 

reverse react ion in d i f ferent groups of animals is given below for comparison 

(Table B). 

GDH is considered to play a role for oxidative deamination rather 

than the reduct ive amination under normal circumstances in ammoniotel ic 

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 giutamate dehydrogenase from H. 
fosilis with those from other sources. 

Source/Tissue 

Bovine liver 

Rat liver 
Rat brain 
Pig heart 

Toad liver 

Frog liver 

Xeropus Uver 

laevis kidney 

Dogfish liver 

Trout liver 

Tuna liver 

Mudsktpper 
Periophthalmus 

NADH 

0.096 

0.03 
0.029 
0.065 

0.20 

0.015 

0.022 

0.018 

Liver 0.018 
cantonensis 

Muscle 

*0.032 

0.021 
•0.031 

Tridentiger liver0.017 
obscurus 
obscurus muscl 

H. fossilis 
liver 

Proteus 
inconstans 
Neurospora 
crassa 
Thiobacillus 
novellus 
Bacteroides 
fragilis 
Methylotroph 
methanolovoru 

*0.0'»6 
e 0.015 
*0.038 

0.07 
»0.07 

0.20 

5 

NADPH 

0.02 
0.027 
0.067 

0.20 

O.fO 

0.003 

0.125 

0.077 

0.013 

0.07 

Km 

NAD 

0.10 

0.39 
0.90 
0.12 

0.022 

0.032 

0.098 

0.033 

•0.28 

3.0 

in (mM) 

NADP 

0.057 

0.23 
0.67 
0.60 

0.50 

0.08 

7.7 

0.7 

0.023 

0.05 

0.061 

0.019 

0.05 

a-KG 

0.70 

0.18 
0.20 
0.075 

5.0 

5.0 

1.0 

2.3 

^.5 

0.082 

0.65 
*1.16 

0.56 
*1.05 

0.63 
*1.25 
0.85 

*1.10 

0.38 
*0.35 

2.30 

5.3 

7A 

0.1* 

0.25 

L-glu 

l.iO 

0.60 
2.50 
0.75 

1.8 

1.8 

OA 

84.0 

3.7 

lA 

**.76 

3.7 

t5.0 

36.0 

7.3 

7.5 

NH^' 

56.0 

20.0 
10.0 
67.0 

0.5 

0.5 

21.0 

20.0 

80.0 

12.3 

86.2 
«66.08 

59.73 
*f0.05 

n6.o<» 
*85.80 

100.00 
*83.72 

25.0 
•23.8 

0.37 

10,0 

7.5 

1.7&5.1 

25.0 
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et a l . , 1983; Casey et^ aK, 1983). jH. fossil is is pr imar i ly ammoniotel ic in 

aquatic medium (Saha et^ ah , 1988). Hence, lower Km of GDH for glutamate 

than ammonia suggested its role in ammonia production for excretion in 

l iver during its aquatic l i f e . The comparative table for Km values of GDH 

in various species shovy/s that H. fossil is hepatic GDH has better capacity 

for ammonia ut i l i za t ion than the ureotel ic bovine (Olson & Anfinsen, 1953), 

ureo-osmotic dogfish (Gorman et^ ah , 1967) and ammoniotel ic mudskipper 

(Iv/ata & Kakuta, 1983) and t rout (Walton & Cow/ey, 1977). The l iver of 

H. fossil is also had higher GDH act iv i ty compared to other freshwater teleosts 

(Wilson, 1973a, Walton & Cowey, 1977; van Waarde, 1981). Amphibia and 

JH. fossil is showed close s imi lar i ty w i th respect to their Km value for ammonia. 

May be this enzyme has evolved in H. fossil is in the same way as in amphibians 

to fac i l i ta te periods of water deprivat ion. 

The double reciprocal Lineweaver-Burk plot w i th respect to NAD 

for hepatic GDH in vertebrates has been reported to be strongly non-linear 

(Olson & Anfinsen, 1953; Fr ieden, 1959a,b; Fahien et_ ^ l . , 1965a; Wiggert 

& Cohen, 1966; Gorman & Kaplan, 1967; Engel & Dalz ie l , 1969; Dalziel 

& Egan, 1972; Engel & Ferdinand, 1973; Smith et_ ah , 1975; Bell et^ ah , 1985). 

However, i t was not so for the hepatic GDH of H. fossil is. The oxidative 

deamination react ion was carr ied 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 &. Da lz ie l , 1969; Chen <5c Engel, 1974) and ADP removed 

the negative co-operat iv i ty of NAD in the oxidat ive deamination act iv i ty 

(Koberstein &. Sund, 1973; Koberstein et^ ah , 1973; Lee & Balinsky, 1974; 

Bailey et^ ah , 1982). As ADP was essential for G D H - N A D * dependent assay, 

studies could not be done in absence of ADP. 
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Substrate inhibition: (Figs. 23-28) 

All the substrates (a-Ketoglutarate, NH. "̂ j 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 

(Frieden, 1959c; Lejohn et̂  aU, 1969; Cross et̂  ah, 1972; Pantaloni & Lecuyer, 

1973; Bradley et^ah, 1979). However, the inhibition of GDH activity by excess 

of NADH has been earlier suggested due to the presence of a second regula­

tory non-catalytic site on the enzyme (Iw/atsubo& Pantaloni, 1967; Pantaloni 

& Desser, 1969; Engel & Dalzier, 1970; Goldin & Frieden, 1972; Hunng & 

Frieden, 1972; AndersonicContestabile, 1977; McCarthy &" Tipton, 1984; 

Agadzhanyan & Karabashyan, 1986a,b; Chalabi ^ ah, 1987; Gzturk et̂  ah, 

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

inhibition of hepatic GDH activity in H. fossil is v»/ith the available results. 

Absorption spectra: (Figs. 29&30) 

The absorption spectra of purified hepatic GDH of H. fossil is 

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 
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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 jH. fossil is 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 et̂  ah, 1975; Ruano et̂  ah, 1985). The rapid inactiva-

tion of the enzyme above 50°C in JH. fossil is 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 the reaction 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 (Fiq.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_ ah, 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_ alL, 1975). Similar results have 

been reported in other teleosts, osteoglossid (Aruana and Arapaima) (Storey 

et̂  ah, 1978a) and eel (Anquilla japonica) (Hayashi et^ah, 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 jH. fossil is. 

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 & Ooshiro, 1977a), and f rom plants and micro-organisms (Smith et a l . , 

1975; Sfiimizu et_ ah , 1979; Misono et_ ah , 1985; Yamamoto et^ ah , 1987a; 

Opden Camp et_ aU, 1989; Van^urova et^ ah , 1989). Struck and Sizer (1960), 

however, reported that crystal l ine bovine l iver GDH could oxidatively deaminate 

several amino acids. The opt imum pH for mono-carboxylie amino acids were 

1 to 1.5 pH units higher than that of L-glutamate and Km values were much 

higher (from 30 to lOOmM) (Rife & Cleland, 1980a,b; Bailey et^ ah , 1982). 

L iMut i and Bell (1983) suggested that both the carboxyl groups on glutamate 

were required to allow the subunit-subunit interact ions, which are essential 

for cata lyt ic ac t i v i t y . High speci f ic i ty of GDH for glutamate indicated its 

major role in regulat ing glutamate-<-»-ammonia metabolism in H. fossil is. 

Coenzyme specificity: (Table 33) 

One of the important properties of GDH studied in variety of 

organisms is the di f ference observed in its coenzyme speci f ic i ty . The enzyme 

f rom vertebrate sources could ut i l ize either NAD or NADP equally wel l 

while those f rom micro-organisms and plants are essentially specif ic for 

NAD"^ or NADP"^ (Frieden, 1965, 1971; Goldin & Frieden, 1971; Fisher, 1973, 

1985; Smith et^ ah , 1975; Gonzalez et^ ah , 1976; Scheid et^ ah , 1980; Bonete 

e t^ah , 1986, 1987). The pur i f ied hepatic GDH f rom H. fossil is in the reductive 

amination act iv i ty u t i l ized either NADH or NADPH equally wel l as coenzyme 

and the oxidative deamination react ion showed speci f ic i ty for NAD l ike 

other teleosts (Veronese et^ ah , 1976; Fields e t^ah , 1978; Storey e t^ah, 1978a; 

Iwata et^ ah , 1981; van Waarde, 1981; Iwata & Kakuta, 1983). The coenzyme 

speci f ic i ty has been related to the specif ic metabol ic role of GDH in the 
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organisms. Reducing power of N A D H is used mostly for energy production 

and of NADPH in biosynthetic reactions mostly for l ipids. jH . fossil is has 

very l i t t l e fat content and more of amino acids and proteins. Absence of 

NADPH might be a physiological adaptation to maintain the non-fat ty character 

of _H. fossil is. 

Effect of metabolites on GOH activity: 

Puri f ied GDH act iv i ty f rom various sources has been shown to 

be modulated by a variety o f metabolites such as purine nucleotides, amino 

acids and biogenic amines e tc . (Goldin & Frieden, 1971; Mi l iar, 1974; Smith 

et_al., 1975). 

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

The pur i f ied hepatic GDH (NADH and NAD dependent) ac t iv i ty 

of _H. fossil is showed allosteric act ivat ion and inhibi t ion by ADP and GTP 

respectively (Tables 33&34) l ike the GDH f rom other animal sources (Talal 

& Tomkins, 1964; Freedland et^ aU, 1967; Goldin & Frieden, 1971; Josephs 

et^ ah, 1973; Chen & Engel, 1975; Chen et^ ah , 1976; Jallon et^ aL, 1977; 

Zantema et_ a l . , 1979a,b; Dieter et^ aU, 1981; Hornby et^ aU, 1984). GTP was 

reported to enhance the binding of NADH both to the act ive and non-active 

N A D H sites and stabi l ize the enzymes-educed coenzyme complex to cause 

the inhibit ion of the react ion. ADP activates the react ion by destabil izing 

the above complex (Iwatsubo & Pantaloni, 1967; Eisenberg e t ^ ^ . , 1976; Jacobson 

& Colman, 1982, 1983; Inoue et^ a l . , 1984; Agadzhanyan & Karabashyan, 

1986a,b). The hepatic GDH of H. fossilis might be having similar regulat ion 

by ADP and GTP. ATP, AMP and IMP were less e f f ic ient act ivators and 
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inhibitors than ADP and GTP in JH. fossil is. ADP act ivated both NAD"^ and 

NADH dependent GDH act iv i ty wheresas ATP and AMP activated N A D H 

dependent ac t iv i ty and inhibited NAD dependent ac t iv i ty of GDH. GTP 

and IMP inhibited both the reactions of GDH. The patterns of act ivat ion 

and inhibit ion were d i f ferent (Table 34). These facts suggested that the hepatic 

GDH of _H. fossil is is more t ight ly regulated by the energy status of the 

ce l l . The pat tern of inhibit ion by IMP and ATP was non-competi t ive indicating 

that they can bind to both free enzyme and enzyme-substrate complex. 

It vi/as also observed that presence of ADP increased the K i value of GTP 

for N A D H dependent GDH ac t i v i t y . This might be due to the reversal by 

ADP of the e f fec t o f GTP, fac i l i ta t ing the binding of NADH to non-active 

site to inhibit GDH act iv i ty (Cross & Fisher, 1970; Storey et^ aL, 1978a; 

Iwata & Kakuta, 1983). 

Various ions: (Table 33) 

A l l the metal ions studied inhibited GDH (NADH and NAD"^ depen­

dent) ac t i v i t y . Complete inhibit ion by mercury, zinc, silver and fer r ic ions 

as reported earl ier for GDH from other sources (Olson & Anfinsen, 1953; 

Fahien & Cohen, 1970; Colman & Foster, 1970; Jallon & Iwatsubo, 1971; 

Gonzalez et^ aL, 1976; Bell et^aU, 1987) was observed above 25mM concentra­

t ion . Destabi l izat ion of the conformat ional state of GDH has been suggested 

as the possible cause of inhibit ion by metal ions. Both the act iv i t ies of GDH 

were inhibited by a l l the negative ions studied except PC. which act ivated 

the enzyme ac t i v i t y . Inorganic phosphate is known to be an act ivator for 

GDH act iv i ty (Sedgwick & Frieden, 1968; Godinot & Gantheron, 1971; Hi l lar , 

1974; diPrisco &. Garofano, 1975; d iMat teo, 1976; Storey et^a l . , 1978b; Fisher, 

1985) probably to help the organism during low energy s tate. 
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Acetylcholine, 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 jH. fossil is. 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 et̂  ah, 1964; Hillar, 1974; Gonzalez et̂  aU, 1976). It has 

been suggested that inhibitory effect of these compounds on GDH activity 

was due to the dissociation of the enzyme subcunits 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 NH, 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 et̂  ah, 1965a,b) and dogfish (Corman 

et̂  aU, 1967) enzymes suggest that the mechanisms proposed earlier explaining 

the sequence of binding of the substrates might hold good for JH. fossil is 

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 jH. fossil is hepatic GDH, the sequence 

of substrate addition may be NADH, NH. and a-ketoglutarate for reductive 

amination reaction as suggested for vertebrate GDH (Frieden, 1959c, Fahien 

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

Product inhibition: (Table 37; Figs.43-ft7) 

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_ ah, 1985). Inhibition by ammonia was competitive and by NADH was 

un-competitive with relation to glutamate as substrate. Similar reports have 

been made for bovine liver (Fisher & McGregor, 1960; Bell et̂  ah, 1985). 

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

the reduced coenzyme from the enzyme coenzyme complex. Inhibition by NĤ "*" 
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was also non-competi t ive w i th relat ion to NAD probably due to the format ion 

of "dead end" complex, E-NAD^-NH. ^. The inhibit ion by NADH was as expected 

competi t ive w i th re lat ion 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 (Dalz ie l , 

1962, Cross & Fisher, 1970; Younes et^ a l . , 1973). The same order of substrate 

addition is suggested by the pat tern of product inhibi t ion. The product inh ib i ­

t ion is of physiological importance in control l ing pathways by negative feed 

back. The products of oxidative deamination react ion (a-ketoglutarate, N H . and 

NADH) were potent inhibitors of the same react ion. Inhibit ion of the oxidative 

deamination react ion of GDH by NADH concentrations wel l w i th in the physio­

logical range has been reported in eel l iver (McBean et^ al., 1966; Edington 

et^ ah , 1973). The K i value of NADH (O.OZmM) suggests that i t can l im i t 

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

level of NADH in this fish is not yet known. 

Amino acids and Keto acids: (Tables 38&39; Figs.48-33) 

Al l the amino acids studied except L-leucine and DL-isoleucine 

inhibited H. fossil is hepatic GDH (NADH and NAD dependent) ac t iv i ty at 

higher concentrations Jn v i t ro . Leucine is known to be an act ivator for GDH 

in other animals (Yielding & Tomkins, 1961; Gy l fe , 1976; Sener & Malaisse, 

1980; Iwata & Kakuta, 1983; Knudsen et^ ah , 1983; Kofod et_ ah , 1986; Fahien 

et aU, 1988, 1990; Erecinska & Nelson, 1990). It has been suggested that 

leucine helped to maintain the three dimensional structure of GDH molecule. 

The degree of inhibit ion of GDH act iv i ty by other amino acids observed 

were di f ferent for reductive aminat ion and oxidat ive deamination react ion 
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(Table 38). A t lower concentrations, substantial inhibit ion of both the reactions 

of GDH could be observed by L-Tyr, L-Cys, L-Try, L-Asp, L-Lys and L-A la . 

Arginine, orni th ine, aspartate and glutamine inhibited reduct ive amination 

more than oxidative deamination react ion. Arginine, orni thine and aspartate 

are a l l associated w i t h ureogenesis via o-u cycle and are expected to be 

present in l iver of _H. fossil is which has been reported to possess a complete 

o-u cycle (Saha, 1986; Saha & Ratha, 1986, 1987). The ac t iv i ty of glutamine 

synthetase, the enzyme for glutamine synthesis, has also been reported in 

l iver of JH. fossil is (Chakravorty et_ ah , 1989). The regulat ion of GDH act iv i ty 

by these amino acids could serve as addit ional regulatory mechanisms to 

maintain amino acid/ammonia balance in H. fossil is. The inhibit ion pat tern 

of L-cystein was found to be compet i t ive for (NADH dependent) GDH act iv i ty 

and uncompeti t ive for (NAD dependent) GDH ac t i v i t y . The L-alanine was 

compet i t ive for (NAD dependent) GDH act iv i ty (Table 39). These amino 

acids might be funct ional amino acid residues for catalysis or might be present 

near the act ive site of the GDH molecule. It has been reported that the 

cystein residue of the bovine enzyme (Hi l lar , 1974) appeared to be at or 

near the site that was involved in binding to the al losteric act ivator ADP. 

The amino acid residues involved in binding sites of hepatic GDH of H. fossil is 

has not been studied. 

The keto acids such as pyruvate and oxaloacetate inhibited GDH 

(NADH and N A D * dependent) ac t iv i ty at higher concentrations (Table 38). 

The ef fects of various amino acids and keto acids indicate the possibil ity 

of self regulatory mechanism in GDH to maintain a balance between the 

transamination and deamination reactions. 
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Immunological studies: (Figs. 34&39) 

No structural differences were observed between the summer 

and winter purified GDH from liver of H. fossil is 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. fossil is. 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 determined by exclusion chromatography and polyacrylamide gel electro­

phoresis (PAGE). The purified hepatic GDH of H. fossil is 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 (Gorman et_ 

^ ah, 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. fossil is 
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TABLE C: Comparison of the molecular weight of glutamate dehydrogenase from 
H. fossilis with those from other sources. 

Source/Tissue 

Bovine liver 

Ox brain 

Rat liver 

Rat brain 

Human liver 

Human placenta 

Frog liver 

Dogfish liver 

Tuna liver 

Eel liver 

H. fossilis 

Pisum sativum 
Lemna minor 

Blastocladiclla 
emersoni 

Neurospora 
crassa 

Cnlorella 
sorkiniana 

Methylophiius 
methanolovorus 

Lactooacillus 
fermentum 

Native enzyme 
molecular weight 

3,10,000-3,50,000 
±25,000 

3,50,000*20,000 

>2,00,000 

2,50,000 

3,30,000±20,000 

3,33,000*15,000 

3,15,000 

3,38,000 

2,30,000 

2,00,000±21,000 

2,88,000 

2,90,000-3,60,000 

3,00,000 

3,00,000 

Subunit mole­
cular weight 

53,000-57,000 
±3,000 

55,000±5,000 

^^8,000-53,000 
±5,000±5,000 

56,000 

55,200± 1,500 

55,155±2,204 

53,900±2,500 

56,000 

58,500 

if8,500±7,000 

i^8,800 

53,000-58,500 

49,000 

50,000 

No.of 
subunit 

6 

6-8 

6 

6 

<̂  

if 

6 

6 

6 

6 
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enzyme had no tendency to polymerize like GDH from liver of tuna (Veronese 

et̂  ah, 1976), dogfish (Gorman et̂  ah, 1967), rat (King & Frieden, 1970) and 

micro-organisms (Winnacker & Barker, 1970; Coulton & Kapoor, 1973; Veronese 

et ah, 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 fossil is 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 also trapped 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 

fossil is. However, the multiple regulations by various metabolites and metal 

ions need more specific studies to determine their exact functions at the 

physiological level. 



REFERENCES 

Addink, A.D.F., Boer, P., Wakabayashi, T. and Green, D.E. (1972) Enzyme 

localization in beef-heart mitochondria. Eur. J. Biochem., 29: 47-59. 

Agadzhanyan, S.A. and Karabashyan, L.V. (1986a) Modification of glutamate 

dehydrogenase by pyridoxal-5'-phosphate. Study of cooperative character 

of inhibition by GTP. Mol. Biol.,20; 864-870. 

Agadzhanyan, S.A. and Karabashyan, L.V. (1986b) Modification of glutamate 

dehydrogenase by pyridoxal-5^3hosphate. Study of structural organiza­

tion of the hexamer and its possible role in realization of the effect 

of GTP. Mol. Biol.. 20: 871-877. 

Aguirre, J., Rodriguez, R. and Hansberg, W. (1989) Oxidation of Neurospora 

crassa NADP - specific glutamate dehydrogenase by activated oxygen 

species. J. Bacter id. ,171; 6243-6250. 

Ahokas, R.A. and Sorg, G. (1977) The effect of salinity and temperature on 

intercellular osmoregulation and muscle free amino acids in Fundulus 

diaphanus. Comp. Biochem. Physiol., 56A: 101 -105. 

Andrev/s, P. (1970) Estimation of molecular size and molecular weights of 

biological compounds by gel f i l t rat ion, in Methods of Biochemical 

Analysis, Vol. 18, (Ed. Glick, D.) John Wiley & Sons. New York/ 

London/Sydney/Toronto, pp.1-49. 

Anderson, H. and Contestabile, A. (1977) The pyridine nucleotide and non 

pyridine nucleotide dependence of L-glutamate dehydrogenase in 

the histochemical system Histochem., 53: 117-133. 



88 

Aoki , C , Milner, T.A., Sheu, K.-F.R., Blass, J.P. and Pickel , V.M. (1987a) 

Regional distr ibut ion of astrocytes w i th intense immunoreact iv i ty 

for giutamate dehydrogenase in ra t brain: Implications for neuroglia 

interactions in giutamate transmission. 3. Neurosci., 7: 2214-2231. 

Aok i , C , Milner, T.A., Berger, S.B., Sheu, K.-F.R., Blass, J.P. and Pickel , 

V.M. (1987b) Gl ia l giutamate dehydrogenase : U l t rast ructura l loca l iza­

t ion and regional distr ibut ion in relat ion to the mitochondrial enzyme, 

cytochrome oxidase. J . Neurosci. Res., 18: 305-318. 

Arnold, H. and Maier, K.P. (1971) Crystal l izat ion and some properties of 

giutamate dehydrogenase f rom rat l iver . Biochem. Biophys. Acta . , 

251: 133-140. 

Atkinson, D.E. (1968) The energy charge of the adenylate pool as a regulatory 

parameter. Interact ion w i th feedback modi f iers. Biochem., 7: 4030-4034. 

Aubby, D., Saggu, H.K., Jenner, P., Quinn, N.P., Harding, A .E. and Marsden, 

C D . (1988) Leukocyte giutamate dehydrogenase ac t iv i t y in patients 

w i th degenerative neurological disorders. 3.- Neurol . Neurosurq. 

Psychiatry, 5 1 : 893-902. 

Austen, B.M., Haberland, M.E., Nye, J.F. and Smith, E.L. (1977a) Nicot inamide 

adenine dinucleotide-specif ic giutamate dehydrogenase of Neurospora. 

IV. The COOH-terminal 669 residues of the peptide chain, comparison 

w i th other giutamate dehydrogenase. 3. B io l . Chem., 252: 8142-8149. 

Austen, B.M., Nye, J.F. and Smith, E.L. (1977b) Nicot inamide adenine d inu-

cleot ide-specif ic giutamate dehydrogenase of Neurospora. VI . Isolation 

and sequences of eighteen fragments f rom cyanogen bromide digest. 

J . Bio l . Chem., 252: 8160-81 73. 



89 

Austen, B.M. and Smith, E.L. (1977c) Nicot inamide adenine dinucieotide-specif ic 

glutamate dehydrogenase of Neurospora. VI I . Isolation and sequence 

of three large cyanogen bromide peptides. J . Bio l . Chem., 252: 8174-8181. 

Bailey, J . , Bel l , E.T. and Bel l , J.E. (1982) Regulation of bovine glutamate 

dehydrogenase. The ef fects of pH and ADP. 3. B io l . Chem., 257; 

5579-5583. 

Balinsky, J.B., Shambaugh, G.E. and Cohen, P.P. (1970) Glutamate dehydrogenase 

biosynthesis in amphibian l iver preparat ion. J. Biol . Chem., 245: 

128-137. 

Banister, E.W., Bhaktman, N.M.G. and Singh, A .K . (1976) L i th ium protect ion 

against oxygen tox ic i t y in rats : ammonia and amino acids metabol ism. 

3. Physiol. (London), 260: 587-596. 

Bansal, A. , Dayton, M.A., Zalk in, H. and Colman, R.F. (1989) A f f i n i t y labell ing 

of a glutamate peptide in the coenzyme binding site of NADP -specific 

glutamate dehydrogenase of Salmonella typhimur ium by 2-{(4-Bromo-2,3-

d ioxyobuty l ) th io ] -1 ,N -ethenoadenosine 2',5'-Bisphosphate. 3. Biol . 

Chem., 264: 9827-9835. 

Barash, I., Mor, H. and Sadon, T. (1975) Evidence for ammonia dependent 

de novo synthesis of glutamate dehydrogenase in detached oat leaves. 

Plant Physiol., 56: 856-858. 

Bascomb, N.F., Turner, K.J . and Schmidt, R.R. (1986) Specific polysome immune-

adsorption to puri fy an ammonium-inducible glutamate dehydrogenase 

mRNA f rom Chlorel la sorokiniana and synthesis of fu l l length double 

stranded cDNA f rom the pur i f ied mRNA. Plant Physiol., 81 : 527-532. 



90 

Bascomb, N.F. and Schmidt, R.R. (1987) Pur i f icat ion and par t ia l k inet ic and 

physical character izat ion of two chloroplast local ized NADP-specif ic 

glutamate dehydrogenase isoenzymes and their preferent ia l accumulation 

in Chlorel la sorokiniana cells cul tured at low or high ammonium 

levels. Plant Physiol., 83: 75-84. 

Bascomb, N.F., Prunkard, D.E. and Schmidt, R.R. (1987) Di f ferent rates of 

synthesis and degradation of two chloroplastic ammonium-inducible 

NADP-speci f ic glutamate dehydrogenase isoenzymes during induction 

and deinduction in Chlorel la sorokiniana cel ls. Plant Physiol., 83: 

85-91. 

Batre l , Y. and Gal , Y. (1984) Nitrogen metabolism in Arenicola marina charac­

ter izat ion of a NAD dependent glutamate dehydrogenase. Comp. 

Biochem. Physiol., 788: 119-124. 

Batre l , Y. and Regnault, M. (1985) Metabolic pathways of ammoniogenesis 

in the shrimp Cranqon cranqon L. Possible role of glutamate dehydro­

genase. ^ o r n £ . ^ i o c h e m . ^ h y s i o l . 828: 217-222. 

Batra, S.P. and Colman, R.F. (1984) A f f i n i t y labeling of the reduced diphospho-

pyridine nucleotide inhibitory site of glutamate dehydrogenase by 

6-[(4-bromo-2,3-dioxobutyl) th io]-6-deamino-adenosine 5'-diphosphate. 

Biochem., 23: 4940-4946. 

Batra, S.P. and Colman, R.F. (1986) A f f i n i t y labeling of an al losteric ADP 

site of glutamate dehydrogenase by 2-(4-bromo-2,3-dioxobutylthio) 

adenosine 5'-monophosphate. J . B io l . Chem., 261: 15565-155 71. 

Batra, S.P., Lark, R.H. and Colman, R.F. (1989) Ident i f icat ion of h ist idyl 

peptide labeled by 2-(4-bromo-2,3-dioxobutylthio)adenosine 5'-mono­

phosphate in an ADP regulatory site of glutamate dehydrogenase. 

Arch . Biochem. Siophys., 270: 277-285. 



91 

Beavan, C.R. (1982) On dist r ibut ion, in Handbook of Freshwater Fishes of 

India. Narendra Publishing House, Delh i , pp. 19-25. 

Bel l , E.T., L i M u t i , C , Renz, C.L. and Bel l , J.E. (1985) Negative co-operat iv i ty 

in glutamate dehydrogenase. Involvement of the 2-position in glutamate 

in the induction of conformational changes. Biochem 3., 225: 209-217. 

Bel l , E.T., S t i lwe l l , A . M . and Bel l , J.E. (1987) Interact ion of Zn^"^ and Eu^"^ 

viith bovine l iver glutamate dehydrogenase. Biochem. J . , 246: 199-203. 

Bennett, A .F . (1978) Ac t i v i t y metabolism of the lower vertebrates. Annu. 

Rev. Physiol., 400: 44 7-469. 

Benjamin, A . M . (1983) Ammonia in metabolic interactions between neurons 

and gl ia, in Neurology and Neurobiology, Glutamine, Glutamate and 

GABA in the Central Nervous System, Vol . 7, (Ed. Hertz L., Kvamme, 

E., McGeer, E.G. and Schousboe, A.) Alan R. Liss, New York, pp.399-414. 

Berl , S. and Clark, D.D. (1983) The metabolic compartmentat ion concept, 

in Neurology and Neurobiology, Glutamine, Glutamate and GABA 

in the Centra l Nervous System, Vol.7, (Ed. Her tz , L., Kvamme, E., 

McGeer, E.G. and Schousboe, A.) A lan. R. Liss, New York, pp.205-21 7. 

Bessman, S.P. and Pal , N. (1976) The Krebs cycle depletion theory of hepatic 

coma, in The Urea Cycle (Ed. Grisol ia, S., Baguena, R. and Mayor, 

F.) John Wiley & Sons, New York/London/Sydney/Toronto,pp.83-89. 

Bidigare, R.R. and King, F.D. (1981) The measurement of glutamate dehydrogenase 

ac t iv i ty in Praunus flexuosus and its role in the regulat ion of ammonia 

excret ion. Comp. Biochem. Physiol. 708: 409-413. 

Bidigare, R.R., K ing , F.D. and Biggs, D.C. (1982) Glutamate dehydrogenase 

(GDH) and respiratory electron transport system (ETS) act iv i t ies 

in Gulf of Mexico Zooplankton. J . Plankton Res., 14: 895-911. 



92 

Bishop, S.H. (1976) Nitrogen metabolism and excret ion: regulation of intracel lular 

amino acid concentrations, in Estuarine Processes, Vo l .1 , (Ed. Wiley, 

M.) Academic Press, New York, pp.414-431. 

Bischoff, T.W. and Garraway, M.O. (1987) Effects of glucose on NADP and 

NAD glutamate dehydrogenase act iv i t ies and thei r re lat ion to ammonium 

and pH levels in cul ture of Bipolaris maydis race T. Mycopatholoqica 

98: 141-148. 

Blumenthal, K .M. and Smith, E.L. (1973) Nicot inamide adenine dinucleotide 

phosphate-specific glutamate dehydrogenase of Neurospora. I. Isolation, 

subunits, amino acid composit ion, sulfhydryl groups, and ident i f icat ion 

of a lysine residue react ive w i th pyridoxal phosphate and N-ethy lmale i -

mide. J . Biol . Chem., 248: 6002-6008. 

Blumenthal, K.M. and Smith, E.L. (1975a) Functional arginine residues involved 

in coenzyme binding by glutamate dehydrogenase. 3. B io l . Chem., 

250: 6555-6559. 

Blumenthal, K .M. and Smith, E.L. (1975b) Nicot inamide adenine dinucleotide 

phosphate-specific glutamate dehydrogenase of Neurospora. 3. B io l . 

Chem.. 250: 6560-6563. 

Bond, P. and Sang, J . (1968) Glutamate dehydrogenase f rom Drosophila larvae. 

J . Insect Physiol., 14: 341-359. 

Bonete, M.J., Camacho, M.L. and Cadenas, E. (1986) Pur i f icat ion and some 

properties of NAD -dependent glutamate dehydrogenase f rom 

Halobacter ium halobium. In t . J . Biochem., 18: 785-789. 

Bonete, M.J., Camacho, M.L. and Cadenas, E. (1987) A new glutamate dehydro­

genase f rom Halobacterium halobium wi th d i f ferent coenzyme speci f ic i ty . 

Int . J . Biochem., 19: 1149-1155. 



93 

Boron, W.F. (1980) Intracel lular pH regulat ion, in Current Topics in Membranes 

and Transport, Vol.13, (Ed. Bronner, F., Kle inzel ler , A . and Boulpaep, 

E.L.) Academic Press, New York, pp.3-22. 

Botton, B., Msatef, Y. and Godbil lon, G. (1987) Regulation of NAD-dependent 

giutamate dehydrogenase during morphogenesis of the ascomycete 

Sphaerostilbe repens. J . Plant Physiol., 128: 109-119. 

Bown, R.L., Gibson, J.A., Fenton, J.C.B., Snedden, W., Clark, M.L. and Sladen, 

G.E. (1975) Ammonia and urea transport by the excluded human 

colon. C l in . Sci. Mol . Med., 48: 279-287. 

Braunstein, A .E. (1939) The enzyme system of transaminat ion, its mode of 

act ion and biological signif icance. Nature, 143: 609-610. 

Braunstein, A .E. (195 7) Les voies principales de I 'assimilation et dissimilation 

del 'azote chez less animaux. Adv. Enzymol. , 19: 335-339. 

Braunstein, A .E . and Kr i t zman , M.G. (1937) Format ion and breakdown of 

amino acids by intermolecular t ransfer of the amino group. Nature 

(London), 140: 503-504. 

Bradley, B.A., Colen, A . H . and Fisher, H.F. (1979) The effects of methanol 

on the giutamate dehydrogenase react ion at O^C. Biophys. 3. 25: 

555-562. 

Brown, G.W., Jr . and Cohen, P.P. (1960) Ac t iv i t ies of urea cycle enzymes 

in various higher and lower vertebrates. Biochem. 3. 75: 82-91. 

Bursell, E. (1975) Giutamate dehydrogenase f rom the sarcosomes o f the tsetse 

f ly and the b lowf ly . Insect Biochem. 5: 289-297. 

Cahi l l , G.F., Jr . (1986) Physiology of gluconeogenesis, in Hormonal Contro l 

of Gluconeoqenesis, Vo l .1 , (Ed. Kraus-Friedman, N.) CRC Press. 

Inc. Boca Raton, FL . , pp.3-13. 



9^ 

Campbell, J.W. (1973) Nitrogen excretion, in Comparative Animal Physiology, 

3rd edn. (Ed. Prosser, C.L.), W.B Saunbders Company, Philadelphia/ 

London/Toronto, pp.279-316. 

Campbell, J.W., Drotman, R.B., McDonald, J.A. and Tramell, R.R. (1972) 

Nitrogen metabolism in terrestrial invertebrates, in Nitrogen Metabolism 

and the Environment. (Ed. Campbell, J.W. and Goldstein, L.) Academic 

Press London/New York, pp.1-5A. 

Campbell, C M . and Jalabert, B. (1979) Selective protein incorporation by 

vitellogenic Salmo gairdneri oocytes _in vitro. Ann. Biol. Anim. Biochem. 

Biophys. 19: 429-437. 

Campbell, J.W., Aster, P.L. and Vorhaben, J.E. (1983) Mitochondrial ammonio-

genesis in liver of channel catfish. Ictalurus punctatus. Am. J. Physiol. 

244: R709-R717. 

Cameron, J.N. and Heisler, N. (1985) Ammonia transfer across fish gills: 

A review, in Proceedings in Life Sciences, Circulation, Respiration 

and Metabolism, (Ed. Gills, R.) Heidelbery : Springer-Verlag, pp.91-100. 

Castell, D.O. and Moore, E.W. (1971) Ammonia absorption from the human 

colon. Gastroenterol. 60: 33-42. 

Casey, C.A. and Anderson, P.M. (1982) Subcellular localization of glutamine 

synthetase and urea cycle enzymes in liver of spiny dogfish (Sgualus 

acanthias). J. Biol. Chem., 257: 8449-8453. 

Casey, C.A., Perlman, D.F., Vorhaben, J.E. and Campbell, J.W. (1983) Hepatic 

ammoniagenesis in the channel catfish, Ictalurus punctatus. Mol. 

Physiol. 3: 107-126. 



95 

Casey, C.A. and Anderson, P.M. (1985) Submitochondrial local izat ion of arginase 

and other enzymes associated w i th urea synthesis and nitrogen meta ­

bol ism, in l iver of Squalus acanthias. Comp. Biochem. Physiol. 82B: 

307-315. 

Caughely, W.S., Smiley, J.D. and Hel lerman, L. (1957) L-Glutamic acid dehydro­

genase : S t ruc tu ra l requirements for substrate compet i t ion : e f fec t 

of thyroxine. J . Bio l . Chem., 224; 591-607. 

Chamalaun, R.A.F.M. and Tager, J .M. (1970) Nitrogen metabolism in perfused 

rat l iver . Biochem. Biophys. Acta . , 222: 119-13^. 

Chappell, J.B., McGivan, J.D. and Mendes-Mourao, J . (1976) The use of isolated 

l iver cells and kidney tubules in metabolic studies, in Taqer' , Soling, 

Wil l iamson, American Elsevier, New York, pp.11-16. 

Chandrasena, S.I. and H i rd , F.J.R. (1978) Comparat ive aspects of adenylic 

acid deaminase and aspartate-2-oxoglutarate aminotransferase. Comp. 

Biochem Physiol., 61B: 191-194. 

Chalabi, P., Maniscalco, S., Cohen, L.E. and Fisher, H.F. (1987) The ef fec t 

of an acetate -sensitive anion binding site on NADPH binding in 

glutamate dehydrogenase. Biochem. Biophys. Acta . , 918: 103-110. 

Chakravorty, J . , Saha, N. and Ratha, B.K. (1989) A unique pat tern of tissue 

distr ibut ion and sub-cellular local izat ion of glutamine synthetase 

in a freshwater air-breathing teleost, Heteropneustes fossil is (Bloch). 

Biochem. Int . , 19: 519-527. 

Chen, S.-S. and Engel, P.C. (1974) Protect ion o f glutamate dehydrogenase 

by nicotinamide-adenine dinucleotide against reversible inact ivat ion 

by pyridoxal 5'-phosphate as a sensitive indicator of conformational 

change induced by substrates and substrate analogues Biochem. 3. 

143: 569-5 74. 



96 

Chen, S.-S. and Engel, P.C. (1975) Equilibrium protection studies in the inter­

action of bovine glutamate dehydrogenase with purine nucleotide 

effectors. FEB5 Lett., 58: 202-205. 

Chen, S.-S., Engei, P.C. and Bayley, P.M. (1976) The allosteric mechanism 

of bovine liver glutamate dehydrogenase. Biochem. 3., 163: 279-302. 

Chee, P.Y., Kmiotek, E. and Fahien, L.A. (1978) A simplified procedure for 

the preparation of crystalline rat liver glutamate dehydrogenase. 

Fedn. Proc. Fedn. Am. Socs. Exp. Biol., 37: 392-399. 

Chee, P.Y., Dahl, J.L. and Fahien, L.A. (1979) The purification and properties 

of rat brain glutamate dehydrogenase. 3. Neurochem., 33: 53-60. 

Chew, S.F. and Ip, Y.K. (1987) Ammoniagenesis in mudskippers Boleophthalmus 

boddaerti and Periophthaimodon schlosseri. Comp. Biochem. Physiol., 

87B: 941-948. 

Cioni, P. and Strambini, G.B. (1989) Dynamical structure of glutamate dehydro­

genase as monitored by tryptophan phosphorescenecrSignat transmission 

following binding of allosteric effectors. 3. Mol. Biol. 207: 237-247. 

Cohen, P.P. (1966) Biochemical aspects of metamorphosis. Harvey Lect., 

60: 119-154. 

Cohen, P.P. and Brown, G.W. Jr. (1960) Ammonia metabolism and urea bio­

synthesis, in Comparative Biochemistry, Voi.II., (Ed. Florkin, M. and 

Mason, H.S.) Academic Press, London/New York, pp. 161-244. 

Colley, L., Fox, F.R. and Muggins, A.K. (1974) The effects of changes in 

external salinity on the non-protein nitrogenous constituents of parietal 

muscle from Aqonus cataphractus. Comp. Biochem. Physiol., 48A: 

75 7-763. 



97 

Colman, R.F. and Foster, D.S. (1970) The absence of zinc in bovine l iver 

glutamate dehydrogenase. J . Bio l . Chem., 245: 6190-6195. 

Colon, A.O., Plai takis, A. , Perakis, A., Ber l , S. and Clarke, D.D. (1986) P u r i f i ­

cat ion and character izat ion of a soluble and a part iculate glutamate 

dehydrogenase f rom rat brain. J . Neurochem., 46 ; 1811-1819. 

Cooper, A.J .L . , Mora, S.N., Curz, N.F. and Gelbard, A.S. (1985) Cerebral 

ammonia metabolism in hyper ammonium rats . 3. Neurochem., 44 : 

1716-1723. 

Cooper, A .J .L . and Plum, F. (1987) Biochemistry and physiology of brain ammonia. 

Physiol. Rev., 67: 440-519. 

Corman, L. and Kaplan, N.O. (1967) Kinet ic studies of dogfish l iver glutamate 

dehydrogenase. J . Biol . Chem. 242: 2840-2846. 

Corman, L., Prescott , L .M. and Kaplan, N.O. (1967) Pur i f icat ion and kinet ic 

characterist ics of dogfish l iver glutamate dehydrogenase. 3. Biol . 

Chem., 242: 1383-1390. 

Corman, L. and Inamder, A. (1970) LOGlutamate dehydrogenase (dogfish l iver 

and chicken l iver) , in Methods in Enzymoloqy, Vol.17A, (Ed. Tabor, 

H. and Tabor, C.W.) Academic Press, New York/London, pp.844-850. 

Cotman, C.W., Foster, A . -C . and Lanthorn, T. (1981) An overview/ of glutamate 

as a neurotransmit ter . Adv. Biochem. Psychopharmacol., 27: 1-27. 

Coulton, J.W. and Kapoor, M. (1973) Studies on the kinet ics and regulation 

of glutamate dehydrogenase o f Salmonella typh imur ium. Can. 3. 

Microbio l . , 19: 439-450. 

Cowey, C.B., de la Higuera, M. and Adron, J.W. (1977a) The e f fec t of dietary 

composition on gluconeogenesis in rainbow/ t rout (Salmo qairdneri) 

Br. J . Nutr . , 38: 385-395. 



98 

Cowey, C.B., Knox, D., Walton, M.J. and Adron, J.W. (1977b) The regulation 

of gluconeogenesis by diet and insulin in rainbow t rout (Salmo qairdneri). 

_Br. J . Nutr . , 38: 463-470. 

Creach, Y. and Serfaty, A . (1974) Le jeune et la real imentat ion chez la carpe 

(Cyprinus carpio L.). 3. Physiol. Paris, 68: 245-260. 

Cross, D.G. and Fisher, H.F. (1970) The mechanism of glutamate dehydrogenase 

react ion. J . Bio l . Chem., 245: 2612-2621. 

Cross, D.G., McGregor, L.T. and Fisher, H.F. (1972) The binding ofa-ketoglutarate 

in a binary complex w i th NADP by L-glutamate dehydrogenase. 

Biochem. Biophys. Ac ta . , 289: 28-36. 

Croxton, F.E., Cowden, D.J. and K le in , S. (1982) Applied General Stat ist ics, 

3rd Edn., Prent ice-Hal l o f India Private L im i ted , New Delhi . 

CuUimore, J.V. and Sims, A.P. (1981a) Glutamine synthetase of Chlamydomonas: 

its role in the control of n i t ra te assimilat ion. Planta, 153: 18-24. 

Cul l imore, J.V. and Sims, A.P. (1981b) Pathway of ammonia assimilation in 

i l luminated and darkened Chlamydomonas re inhardi i . Phytochem., 

20: 933-940. 

Curthoys, N.P. and Lowry, O.H. (1973) The distr ibut ion of glutaminase isoenzymes 

in various structures of the nephron in normal , acidotic and alkalot ic 

rat kidney. J . Biol . Chem., 248: 162-168. 

Dabrowska, H. and Wlasow, T. (1986) Sublethal e f fec t of ammonia on certa in 

biochemical and haematological indicators in common carp (Cyprinus 

carpio L.) Comp. Biochem. Physiol., 80C: 179-184. 

Dalz ie l , K. (1962) Possible magnitude of inhibit ion of coenzyme-substrate 

reactions by compet i t ive inhibitors in coenzyme preparat ion. Nature, 

195: 384-385. 



99 

Dalziel, K. and Egan, R.R. (1972) The binding of oxidized coenzymes by gluta-

mate dehydrogenase and the effects of glutarate and purine nucleotides. 

Biochem. 3. 126: 975-984. 

Das, J.R., Saha, N. and Ratha, B.K. (1991) Tissue distribution and sub-ceiiuiar 

localization of glutamate dehydrogenase in a freshwater air-breathing 

teleost, Heteropneustes fossil is. Biochem. Syst. Ecol. (in press). 

Dave, G., Johansson-Sjobeck, M.L., Larsson, A., Lewander, K. and Lidman, 

U. (1975) Metabolic and hematological effects of starvation in the 

European eel, Anquilla anquilla. I. Carbohydrate, lipid, protein and 

inorganic ion metabolism. Comp. Biochem. Physiol. 52A: 423-430. 

Degani, Y., Veronese, F.M. and Smith, E.L. (1974). Nicotinamide adenine 

dinucleotide-specific glutamate dehydrogenase of Neurospora. I I . 

Selective chemical reactivity of amino acid sulfhydryl group. 3. 

Biol. Chem., 249: 7929-7935. 

Dennis, S.C. and Clark, J.B. (1977) The pathv/ay of glutamate metabolism 

in rat brain mitochondria. Biochem. 3. 1^8: 521-527. 

de Toma, F.J. and Langridge, W.H.R. (1974) Two glutamate dehydrogenases 

in the cellular slime mold Dictyostelium discodeum. Fed. Proc, 

33: 1475-1478. 

de Vlaming, V.L., Wiley, H.S., Delahunty, G. and Wallace, R.A. (1980) Goldfish 

(Carassius auratus) vitellogenin : Induction, isolation, properties 

and relationship to yolk proteins. Comp. Biochem. Physiol., 67B: 

613-623. 

Diana, J.S. (1982) An experimental analysis of the metabolic rate and food 

utilization of the Northern pike. Comp. Biochem. Physiol. 71 A: 395-399. 



100 

Dieter , H., Kobenstein, R. and Sund, H. (1981) Studies of glutamate dehydrogenase 

The interact ion of ADP, GTP and NADPH in complexes w i th GDH. 

Eur. J . Biochem., 115: 217-226. 

di Mat teo, G., d i Prisco, G. and Romeo, G. (1976) Mitochondrial and nuclear 

glutamate dehydrogenases in Chinese hamster overy cells in cul ture. 

Biochem. Biophys. Acta. , 429: 694-704. 

Dingle, J.R. and Mines, J.A. (1967) Extract ion and some properties of adenosine 

5'-monophosphate amino-hydrolase f rom prerigor and postrigor muscle 

of cod. 3. Fish. Res. Bd. Can., 24: 1717-1730. 

di Prisco, G. (1967) Desensitization of the al losteric sites of glutamate dehydro­

genase by f luorodini t roc benzene. Biochem. Biophys. Res. Commun., 

26: 148-152. 

di Prisco, G. and Strecker, H.J. (1970) Glutamate dehydrogenase of nuclear 

and extranuclear compartments of Chang's l iver cel ls. Eur. J . Biochem. 

12: 483-489. 

di Prisco, G. and Garofano, F. (1975) Crysta l l izat ion and par t ia l character izat ion 

of glutamate dehydrogenase f rom ox nuclei . Biochem., 14: 4673-4679. 

di Prisco, G. and Casola, L. (1975) Detect ion of s t ructura l differences between 

nuclear and mitochondrial g lutamate dehydrogenases by the use of 

immunoadsorbents. Biochem., 14: 4673-4679. 

Doherty, D. (1970) L-Glutamate dehydrogenase (yeast), in Methods in Enzymoloqy, 

Vol.17A, (Ed. Tabor, H. and Tabor, C.W.) Academic Press, New York, 

London, pp. 850-85 6. 

Driedzic, W.R. and Hochachka, P.W. (1976) Control of energy metabolism 

in fish whi te muscle. Am. J . Physiol. 230: 579-582. 



Driedzic, W.R. and Hochachka, P.W. (1978) Metabolism in f ish during exercise, 

in Fish Physiology, Vol.7, (Ed. Hoar, W.S. and Randal l , D.J.) Academic 

Press, New York, pp.503-543. 

Dudler, N., Yellowlees, D. and Mi l ler , D.J. (1987) Local izat ion of two L-glutamate 

dehydrogenases in the coral Acropora la t is te l la . Arqh. Biochem. 

Biophys., 25^: 368-371. 

Duf fy , T.E., Plum, F. and Cooper, A .J .L . (1983) Cerebral ammonia metabolism, 

in Neurology and Neurobiology, Glutamine, Glutamate and GABA 

in the Central Nervous System, Vol . 7, (Ed. Her tz , L., Kvamme, E. 

McGeer, E.G. and Schousboe, A.) A lan, R. Liss, New York, pp.317-388. 

Edington, D., Ward, G. and Savil le, W. (1973) Energy metabolism in working 

muscle; concentrat ion profi les of selected metabol i tes. Am. 3. Physiol. 

224: 1375-1380. 

Ehmke, A . and Hartmann, T. (1978) Control of glutamate dehydrogenase f rom 

Lemna minor by divalent metal ions. Phytochem., 17: 637-641. 

Ehmke, A. , Scheid, H.-W. and Hartmann, T. (1984) Glutamate dehydrogenase 

of Pisum sat ivum; Heat-dependent interconversion of the mult ip le 

forms. Z. Natur forsch., 39C: 25 7-260. 

Eisenberg, H. and Tomkins, G.M. (1968) ivfelecular weight of the subunits, 

ol igomeric and associated forms of bovine l iver glutamate dehydrogenase. 

J . Mol . Bio l . , 3 1 : 37-49. 

Eisenberg, H. and Reisler, E. (1970) Physiol model for glutamate dehydrogenase. 

Biopolymers., 9; 113-115. 

Eisenberg, H., Josephs, R. and Reisler, E. (1976) Bovine l iver glutamate dehydro­

genase. _Ady;_Prot£in_Chem., 30: 101-181. 

Electr icwala, A . H . and Dickinson, F.M. (1979) Kinet ic studies on dogfish l iver 

glutamate dehydrogenase. Biochem. 3. 117: 449-459. 



102 

Emerson, K.R., Russo, R.C., Lund, R.E. and Thurston, R.V. (1975) Aqueous 

ammonia equi l ibr ium calculat ions: Ef fect of pH and temperature. 

J . Fish. Res. Board Can., 32: 2379-2383. 

Engel, P.C. and Dalz ie l , K. (1969) Kinet ic studies of glutamate dehydrogenase 

w i th glutamate and norvaline as substrates. Coenzyme act ivat ion 

and negative homotropic interactions in al losteric enzymes. Biochem. 

3. 115: 621-631. 

Engel, P.C. and Dalz ie l , K. (1970) The kinet ic studies of glutamate dehydrogenase 

The reduct ive amination of 2-oxoglutarate. Biochem. 3., 118: 

409-a i9 . 

Engel, P.C. and Ferdinand, W. (1973) The signif icance of abrupt transit ions 

in Linevi^eaver-Burk plots w i th part icular reference to glutamate 

dehydrogenase. Negative and positive co-operat iv i ty in cata ly t ic 

rate constants. Biochem J . , 131: 97-105. 

Erecinska, M. and Nelson, D. (1990) Act ivat ion of glutamate dehydrogenase 

by leucine and non metabolizable analogue in ra t brain synaptosomes. 

J . Neurochem., 54: 1335-1343. 

Erre l , A. , Mor, H. and Barash, I. (1973) The isozymic nature and kinet ic p ro­

perties of glutamate dehydrogenase f rom sunflower seed Clings. 

Plant cel l Physiol., 14: 39-50. 

Evans, D.H. (1985) Modes of ammonia transport across fish gi l ls , in Proceedings 

in l i fe Sciences, Ci rcu lat ion, Respiration and Metabol ism, (Ed. 

Gil les, R.) Heidelberg : Springer-Verlag, pp.169-176. 

Evans, D.H. and Cameron, J .N. (1986) Gi l l ammonia transport . B io l . Bul l . 

Mar. B io l . Lab. (Woods Hole), 17: 17-23. 



103 

Evans, D.H. and More, K.J . (1988) Modes of ammonia transport across the 

g i l l epithel ium of the dogfish pup (Squalus acanthias). J . Exp. 

Biol . , 138: 375-397. 

Everest, S.A. and Syrett , P.J. (1983) Evidence for the part ic ipat ion of glutamate 

dehydrogenase in ammonium assimilation by Stichococcus baci l lar is. 

New Phytol . , 93: 581-589. 

Fahien, L.A., Wiggert, B.O. and Cohen, P.P. (1965a) Crystal l izat ion and kinet ic 

properties of glutamate dehydrogenase f rom frog l iver . 3. Biol . 

Chem., 240: 1083-1090. 

Fahien, L.A., Wiggert, B.O. and Cohen, P.P. (1965b) E f fec t of nucleotides 

and coenzymes on frog l iver glutamate dehydrogenase. 3. Biol . 

Chem., 240: 1091-1095. 

Fahien, L.A., Strmecki , M. and Smith, S. (1969) Studies of gluconeogenic m i t o ­

chondrial enzymes. I. A new method of preparing bovine l iver 

glutamate dehydrogenase and ef fects of pur i f icat ion methods 

on properties of the enzyme. Arch . Biochem. Biophys. 130: 449-455. 

Fahien, L.A. and Cohen, P.P. (1970) L-Glutamate dehydrogenase (frog and 

tadpole l iver) , in Methods in Enzymoloqy, Vol.17A, (Ed. Tabor, 

H and Tabor, C.W.) Academic Press, New York/London, pp.839-844. 

Fahien, L.A., MacDonald, M.J., Kmiotek, E.H., Mer tz , R.J. and Fahien, C M . 

(1988) Regulation of insulin release by factors that also modify 

glutamate dehydrogenase. J . B io l . Chem., 263: 13610-13614. 

Fahien, L.A., Teller, J.K., MacDonald, M.J. and Fahien, C M . (1990) Regulation 

of glutamate by Mg and magnif icat ion of leucine act ivat ion 

by Mq^"^. Mol . Pharmacol., 37: 943-949. 



lOif 

Fayyaz-Chaudhary, M., Cannons, A .C. and Mer re t t , M.J. (1984) Photoregulation 

of NADPH-glutamate dehydrogenase in regreening cultures of 

Euqlena graci l is. Plant Scu L e t t . 34: 89-94. 

Fayyaz-Chaudhary, M., Javed, Q. and Mer re t t , M. (1985) Ef fect of growth 

conditions on NADPH-specif ic glutamate dehydrogenase act iv i ty 

of Euqlena graci l is. New Phytol . , 101: 367-376. 

Ferguson, A .R. and Sims, A.P. (1971) Inact ivat ion in vivo of glutamine synthetase 

and NAD-speci f ic glutamate dehydrogenase : its role in the regula­

t ion of glutamine synthesis in yeasts. J . Gen. Microbio l . , 69: 423-427. 

Fields, J.H.A., Dr iedzic, W.R., French, C.J . and Hochachka, P.W. (1978) Kinet ic 

properties of glutamate dehydrogenase f rom the gi l l of Arapaima 

giqas and Osteoqlossum bicirrhosum. Can. 3. Zool. , 60: 809-813. 

Fisher, H.F. (1973) Glutamate dehydrogenase-linked complexes and their 

relationship to the mechanism of the react ion. Adv. Enzymol., 

39: 369-417. 

Fisher, H.F. (1985) L-Glutamate dehydrogenase f rom bovine l iver, in Methods 

in Enzymoloqy, Vol.113, (Ed. Meister, A.) Academic Press, INC. 

Orlando, San Diego, New York, London, Toronto, Montreal , Sydney. 

Tokyo, pp.16-27. 

Fisher, H.F. and McGregor, L.L. (1960) The role of the ammonium moiety 

in the glutamate dehydrogenase react ion. Biochem. Biophys. Res. 

Commun., 3: 629-631. 

Fisher, H.F., Cross, D.G. and McGregor, L.L. (1962) Cata ly t ic ac t iv i ty of 

subunits of glutamic dehydrogenase. Nature, 196: 895-896. 



105 

Fisher, H.F., Maniscalco, S., Wolf, C. and Srinivasan, R. (1986) NADPH binding 

induced proton ionization as a cause of nonlinear heat capacity 

changes in glutamate dehydrogenase. Biochem. 25; 2910-2915. 

Fonnum, F. (1984) Glutamate : A neurotransmitter in mammalian brain. J. 

Neurochem., 42; 1-11. 

Forster, R.P. and Goldstein, L. (1969) Formation of excretory products, in 

Fish Physiology, Vol.1, (Ed. Hoar, W.S. and Randall, D.J.) Academic 

Press, New York, London, pp.313-350. 

Foster, G.D. and Moon, T.W. (1987) Metabolism in sea raven (Hemitripterus 

americanus) hepatocytes ; the effects of insulin and glucagon. 

Gen. Comp. Endocrinol., 66; 102-115. 

Fraster, D.L., Dyer, W.J., Weinstein, H.M., Dingle, J.R. and Mines, J.A. (1966) 

Glycolytic metabolites and their distribution at death in the white 

and red muscle of cod following various degrees of antemortem 

muscular activity. Can. J. Biochem., A4; 1015-1033. 

Franke, W.W., Deumling, B., Ermen, B., Jarash, E.D. and Kleinig, H. (1970) 

Nuclear membranes from mammalian liver. I. Isolation procedure 

and general characterization. J. Cell Biol., 46; 379-395. 

Freedland, R.A., Martin, K.D. and McFarland, L.Z. (1967) Properties of glutamic 

dehydrogenases from several tissues of the Japanese quail. Proc. 

Biochem. Soc, 103; 6. 

French, J . Mommsen, T.P. and Hochachka, P.W. (1981) Amino acid utilization 

in isolated hepatocytes from rainbow trout. Eur. 3. Biochem., 

113; 311-317. 

Frieden, C. (1959a) Glutamate dehydrogenase. I. The effect of coenzyme 

on the sedimentation velocity and kinetic behaviour. 3. Biol. Chem., 

234; 809-814. 



106 

Frieden, C. (1959b) Glutamate dehydrogenase. I I . The e f fec t of various nucleo­

tides on the association-dissociation and kinet ic propert ies. J<. 

B io l . Chem., 2iJ4:815 -820. 

Frieden, C. (1959c) Glutamate dehydrogenase. I I I . The order of substrate 

addit ion in the enzymatic react ion. J . Bio l . Chem. ,23^ 2891-2896. 

Frieden, C. (1963) L-Glutamate dehydrogenase, in The Enzymes, Vol.7. (Ed. 

Boyer. P.D., Lardy, H. and Myrback, K.) Academic Press, New 

York, pp.3-24. 

Frieden, C. (1965) Glutamate dehydrogenase. VI . Survey of purine nucleotide 

and other ef fects on the enzyme f rom various sources. J .̂ Biol . 

Chem., 240: 2028-2035. 

Frieden, C. (1971) Glutamate dehydrogenase. Annu. Rev. Biochem., 40: 666-696. 

Frieden, C. (1976) The regulat ion of glutamate dehydrogenase, in The Urea 

Cycle (Ed. Grisol ia, S., Baguena, R. and Mayor, F.) John Wiley 

& Sons, New York/London/Sydney/Toronto, pp.59-71. 

Fromm, P.O. and G i l le t te , J.R. (1968) Ef fec t of ambient ammonia and nitrogen 

excret ion of rainbow t rout (Salmo gairdneri). Comp. Biochem. 

Physiol., 26: 887-896. 

Gil les, R. and Schoffeniels, E. (1972) Ion regulation and osmoregulation in 

mollusca, in Chemical Zoology, Vol.7, (Ed. F lork in, M. and Scheer, 

B.T.) Academic Press, New York, pp.393-a20. 

Godinot, C. and Gautheron, D. (1971) Regulation of pig heart mitochondrial 

g lutamate dehydrogenase by nucleotides and phosphate. Comparison 

w i th pig heart and beef l iver pur i f ied enzymes. FEBS Le t t . , 13: 

235-240. 



107 

Goldstein, L. (1972) Adaptat ion of urea metabolism in aquatic vertebrates, 

in Ni t rogen Metabolism and the Environment, (Ed. Campbel l , 

J.W. and Goldstein, L.) Academic Press, London, New York, pp. 

55-78. 

Goldstein, L. and Forster, R.P. (1961) Source of ammonia excreted by the 

gil ls of the marine teleost, Myoxocephalus scorpius. A m . 3. Physiol., 

200: 1116-1118. 

Goldin, B.R. and Frieden, C. (1971) L-Glutamate dehydrogenase, in Current 

Topics in Cellular Regulat ion, Vol.A, (Ed. Horecker, B.L. and Stadtman, 

E.R.) Academic Press, New/ York, pp. 77-117. 

Goldin, B.R. and Fr ieden, C.(1972) The ef fec t of pyridoxal phosphate modi f icat ion 

on the cata ly t ic and regulation properties of bovine l iver glutamate 

dehydrogenase. J . Biol . Chem., 247: 2139-2144. 

Gonzalez, P., Ventura, E. and Caldes, T. (1976) Glutamate dehydrogenase 

f rom rat brain, in The Urea Cycle, (Ed. Grisol ia, S., Baguena, 

R. and Mayor, F.) John Wiley & Sons, New York/London/Sydney/ 

Toronto, pp.73-81. 

Gordon, M.S. (1970) Patterns of nitrogen excret ion in amphibious fishes, in 

Urea and the Kidney, (Ed. Schmidt-Nielsen, B. and Kerr , D.W.S.) 

Excerpta Medica Foundation, Amsterdam, pp.238-242. 

Grisolia, S., Quijada, C.L. and Fernandez, M. (1964) Glutamate dehydrogenase 

f rom yeast and f rom animal tissues. Biochem Biophys. Ac ta , 8 1 : 

61 -70. 

Gyl fe , E. (1976) Comparison of the ef fects of leucine, non metabolizable 

leucine analogues and other insulin secretagogues on the ac t iv i ty 

of GDH. Ac ta . Diabetol . La t . , 13: 20-24. 



108 

Haberland, M.E., Chen, C.-W. and Smith, E.L. (1980) NAD-speci f ic glutamate 

dehydrogenase of Neurospora crassa. L im i ted act ion of trypsin 

and the presence of two dist inct domains. J. B io l . Chem., 255: 

7993-8000. 

Hamberger, A.C. , Chiang, C.H. , Nylen, E.S., Scheff, S.W. and Cotman, C.W. 

(1979a) Glutamate as a CNS t ransmi t ter . ! . Evaluation of glucose 

and glutamine as precursors for the synthesis of preferent ial ly 

released glutamate. Brain Res., 168: 513-530. 

Hamberger, A., Chiang, G.H., Sandoval, E. and Cotman, C.W. (1979b) Glutamate 

as a CNS t ransmi t te r . i l . Regulation of synthesis in the releasable 

pool. Brain Res., 168: 531-541. 

Hames, B.D. (1981) An introduct ion to polyacrylamide gel electro-phoresis, 

in Gel Electrophoresis of Proteins, (Ed. Hames, B.D. and Rickwood, 

D.) IRL Press, Oxford, England, pp.1-86. 

Hartmann, T., Nagel, M. and I le r t , H.I . (1973) Organpezifische mul t ip le formen 

der glutamate dehydrogenase in Medicaqo sat ive. Planta, 111: 

119-128. 

Haussinger, D. and Sies, H. (1979) Hepatic glutamine metabolism under the 

influence of the portal ammonia concentrat ion in the perfused 

rat l iver . Eur. J . Biochem., 101: 179-184. 

Hayashi, S. and Ooshiro, Z. (1977a) Avai lab i l i ty of GTP-Sepharose for the 

pur i f icat ion of glutamate dehydrogenase f rom eel l iver . Bul l . Jap. 

Soc. Sci. Fisheries., 43 : 107-113. 

Hayashi, S. and Ooshiro, Z. (1977b) Gluconeogenesis in perfused eel l i ve r -

'e f fec t of starvat ion, amino-oxyacetate, D-malate, and hormones. 

Mem. Fac. Fish Kaqoslima Univ., 26: 89-95. 

http://transmitter.il


109 

Hayashi, S. and Ooshiro, Z. (1979) Gluconeogenesis in isolated l iver cells of 

the eel , Anquil la japonica. 3. Comp. Physiol., 132: 3^3-350. 

Hayashi, S., Ise, K., I takura, T. and Ooshiro, Z. (1982) Biochemical properties 

of glutamate dehydrogenase pur i f ied f rom eel l iver . Bul l . Jap. 

Soc. Sci. Fish, 48: 697-701. 

Hayashi, Y.S. (1987) Some properties of glutamate dehydrogenase f rom the 

bracl<ish-water bivalve Carbicula japonica (Prime). J .̂ Exp. Mar. 

Bio l . Ecol . , 114: 111-121. 

Hellebust, J.A. and Larochel le, J . (1988) Compartmentat ion and act iv i t ies 

of coenzymes involved in the metabolism of amino acids impl icated 

in osmoregulatory mechanisms in Acanthamoeba castel lani i . 3. 

Protozool . , 35: 498-502. 

Hemmila, I.A. and Mantsala, P.I. (1978) Pur i f icat ion and properties of glutamate 

synthase and glutamate dehydrogenase f rom Bacillus meqater ium. 

Biochem. 3., 173: 45-52. 

Hemmings, B.A. (1978) Phosphorylation of NAD-dependent glutamate dehydro­

genase f rom yeast. 3. Bio l . Chem., 253: 5255-5258. 

Hemmings, B.A. (1980) Pur i f icat ion and properties of the phospho and dephospho 

forms of NAD-dependent glutamate dehydrogenase. 3. B io l . Chem., 

255: 1925-1932. 

Heming, T.A., Randal l , D.3., Bouti ler, R.G., Iwama, G.K. and Pr immet t , D.R. 

(1986) Ionic equil ibr ia in red blood cells of rainbow t rout (Salmo 

qairdneri): C l " . H C O , " and H"^. Respir. Physiol., 65: 223-234. 

Herzfe ld , A. , Federman, M. and Greengard, O. (1973) Subcellular morphometr ic 

and biochemical analysis of developing ra t hepatocytes. 3. Ce l l . 

Biol., 57: 4 75-483. 



110 

Hernandez, G., Sanchez-Pescador, R., Palacios, R. and Mora, J . (1983) Nitrogen 

source regulates glutamate dehydrogenase NADP synthesis in 

Neurospora crassa. J . Bacter io l . , 154: 524-528. 

Hermanutz, R.O., Hedtke, S.F., Ar thur , J.W., Andrew, R.W., A l len, K.N. and 

Helgen, J .C. (1987) Ammonia ef fects on microinvertebrates and 

fish in outdoor experimental streams. Environ. Pol lut . , 47: 249-283. 

Mil iar, M. (1974) Glutamate dehydrogenase. Bioenerqetics, 6: 89-124. 

H i rd , F.J.R. and Marginson, M.A. (1966) Oxidative deamination of glutamate 

and transdeamination through glutamate. A rch . Biochem. Biophys., 

115: 247-256. 

Hoar, W.S. (1984) Excret ion : in General and Comparat ive Physiology. I l l 

edn. (Ed. Hoar, W.S.) Prent ice-Hal l of India Pr ivate L im i t ed , New 

Delh i , pp.585-622. 

Hochachka, P.W. and Somero, G.N. (1973) The disposal of nitrogenous wastes 

and the water- land transi t ion in vertebrates, in Strategies of Bio­

chemical Adaptat ion. W.B. Saunders Company, Philadelphia, London, 

Toronto, pp.144-163. 

Hoeger, U., Mommsen, T.P., O'Dor, R. and Webber, D. (1987) Oxygen uptake 

and nitrogen excret ion in two caphalopods, octopus and squid. 

Comp. Biochem. Physiol., 87A: 63-67. 

Holzer, H. and Sneider, S. (1957) Anreicherung und trennung einer DPN-spezi-

fischen und einer TPN-spezifischen glutaminsa-urdehydrogenase 

aus hefe. Biochem. Z., 329: 361-369. 

Hooper, A.B. , Hansen, J . and Bel l , R. (1967) Character izat ion of glutamate 

dehydrogenase f rom the ammonia oxidizing chemoautotroph 

Nitrosomonas europea. J . B io l . Chem., 242: 288-296. 



I l l 

Hornby, D.P., Ai tchison, M.J. and Engel, P.C. (1984) The kinet ic mechanism 

of ox l iver glutamate dehydrogenase in the presence of the al losteric 

ef fector ADP. The oxidative deamination of L-glutamate, Biochem. 

J ^ 2 2 3 : 161-168. 

Huang, C.Y. and Fr ieden, C. (1972) The mechanism of l igand-induced structural 

changes in glutamate dehydrogenase. Studies of the rate of depoly-

mer izat ion and isomerization ef fected by coenzymes and guanine 

nucleotides. J . Bio l . Chem., 247: 3638-3646. 

Huggins, A.K. , Skutsch, G. and Baldw/in, E. (1969) Ornithine-urea cycle enzymes 

in teleostean f ish. Comp. Biochem. Physiol., 28; 587-602. 

Huggins, A .K . and Col ley, L. (1971) The changes in the non-protein nitrogenous 

constituents of muscle during the adaptation of the eel Anquil la 

anquilla L. f rom freshwater to sea water . Comp. Biochem. Physiol., 

38B: 537-541. 

Inoue, T., Fukushima, K., Tatsumoto, T. and Shimozawa, R. (1984) Light scatter ing 

study on subunit association dissociation equil ibria of bovine l iver 

glutamate dehydrogenase. Biochem. Biophys. Ac ta . , 786; 144-150. 

Inui, Y. and Ohshima, Y. (1966) Ef fect of starvat ion on metabol ic and chemical 

composit ion of eels. Bul l . Jap. Soc. 5c i . Fish., 32; 492-501. 

Ip, Y.K. , Chew, 5.F. and L i m , R.W.L. (1990) Ammoniagenesis in the mudskipper 

Periophthalmus chrysospilos. Zool . Sci., 7; 187-194. 

Israel, D.W., Gronostajski, R.M., Yeung, A .T . and Schmidt, R.R. (1977) Regula­

t ion of accumulat ion and turnover of an inducible glutamate dehydro­

genase in synchronous cultures of Chlorel la. 3. B a c t e r i d . , 130: 

793-804. 



112 

Israel, D.W., Gronostajski, R.M., Yeung, A .T . and Schmidt, R.R. (1978) Regulation 

of giutamate dehydrogenase induction and turnover during the 

cel l cycle of the eucaryote Chlorel la, in Cel l Cycle Regulat ion, 

(Ed. Jeter, J.R., Cameron, I.L. and Zimmerman, A.M.) Academic 

Press, New York, pp.185-201. 

Iwatsubo, M. and Pantaloni, D. (1967) Regulation d e l a a c t i v i t e de la giutamate 

deshydrogenase per les ef fecteurs GTP et ADP : etude par "stopped 

f low" . Bul l . Soc. Ch im. Biol . , 49 : 1563-15 72. 

Iwata, K. (1988) Nitrogen metabolism in the mudskipper Periophthalmus cantonensis 

! Changes in free amino acids and related compounds in various 

tissues under conditions of ammonia loading, w i th special reference 

to its high ammonia to lerance. Comp. Biochem. Physiol., 91A: 

499-508. 

Iwata, K., Kakuta, I., Ikeda, M., K imoto , 5. and Wada, N. (1981) Nitrogen 

metabolism in the mudskipper, Periophthalmus cantonensis : A 

role of free amino acids in detoxi f icat ion of ammonia produced 

during its ter rest r ia l l i f e . Comp. Biochem. Physiol., 68A: 589-596. 

Iwata, K. and Kakuta, I. (1983) A comparison of cata ly t ic properties of giutamate 

dehydrogenase f rom l iver and muscle between amphibious Per io- • 

phthalmus cantonensis and water-breathing gobid fishes Trident iqer 

obscurus obscurus. Bul l . Jap. Soc. Sci. Fish., 49 : 1903-1908. 

Jacobson, M.A. and Golman, R.F. (1982) A f f i n i t y labeling of a guanosine 5 ' -

tr iphosphate site of giutamate dehydrogenase by a fluorescent 

nucleotide analogue, 5'- [p-(f luorosulfonyl)benzoyl]-1, N -ethenoa-

denosine. Biochem., 21: 2177-2186. 



113 

Jacobson, M.A. and Colman, R.F. (1983) Isolation and ident i f icat ion of a tyrosyi 

peptide labeled by 5'- [P-(f luorosulfonyl)benzoyl)]-1, N -ethenoadenosine 

at a GTP site of glutamate dehydrogenase. Bioci iem., 22: 4247-A25 7. 

Jahoor, F., Jackson, A .A. and Golden, M.H.N. (1988) J[ri vivo metabolism of 

nitrogen precursors for urea synthesis in the postprandial ra t . 

Ann. Nut r . Metab., 32: 240-244. 

Jal lon, J .M. and Iw/atsubo, M. (1971) Evidence for tw/o nicotinamide binding 

sites on L-glutamate dehydrogenase. Biochem. Biophys. Res. Commun., 

45: 964-971. 

Jal lon, J .M. , Leter r ie r , F. and P ie t te , L. (1977) Spin labeling studies of beef 

l iver glutamate dehydrogenase. Biochem. Biophys. Res. Commun., 

74: 1186-1191. 

Janicki , R. and Lingis, J . (1970) Mechanism of ammonia production f rom aspartate 

in teleost l iver . Comp. Biochem. Physiol., 37A: 101-105. 

Janssens, P.A. (1964) The metabolism of the aestivating Af r ican lungfish. 

Comp. Biochem. Physiol., 11: 105-117. 

Janssens, P.A. (1972) The influence of ammonia on the transi t ion to ureotel ism 

in Xenopus laevis. J . Exp. Zool. , 182: 35 7-366., 

Janssens, P.A. and Cohen, P.P. (1968) Nitrogen metabolism in the AFr ican 

lungfish. Comp. Biochem. Physiol., 24: 879-886. 

Janssen, D.B., Op den Camp, H.H.M., Leener, P.J.M. and van der D r i f t , C. 

(1980) The enzymes of ammonia assimilation in Pseudomonas 

aeruginosa. Arch. Microbiol . , 124: 197-203. 

Jhingran, V.G. (1983) Culture of carnivorous fishes, in Fish and Fisheries of 

India, 2nd edn., Hindustan Publishing Co. (India), pp.467-474. 



1 H 

Johnson, D. and Lardy, H. (1967) Isolation of l iver or kidney mitochondria, 

n Methods in Enzymoloqy, Vo l .X , (Ed . Colowick, S.P. and Kaplan, 

N.O.) Academic Press, New York, London, pp.94-96. 

Johnston, I.A. and Goldspink, G. (1973) Some effects of prolonged starvat ion 

on the metabolism of the red and w/hite myotomal muscle of the 

plaice Pleuronectes platessa. Mar. Biol . , 19: 348-353. 

Jorgensen, J.B. and Mustafa, T. (1980) The e f fec t of hypoxia on carbohydrate 

metabol ism in the flounder (Plat ichthys flesus L.) I I . High energy 

compounds and the role of g lycolyt ic and gluconeogenic enzymes. 

Comp. Biochem. Pnysiol., 67B: 249-256. 

Josephs, R., Eisenberg, H. and Reisler, E. (1973) Some properties of glutamate 

dehydrogenase. Biochem. 12: 4060-4067. 

Joseph, S.K. and McGivan, J.D. (1978) The ef fects of ammonium chloride 

and bicarbonate on the ac t iv i ty of glutaminase in isolated l iver 

mitochondria. J . Bio l . Chem., 176: 837-844. 

Juan, S.M., Segura, E.L. and Cazzulo, J .J . (1978) Pur i f icat ion and some proper­

ties of the NADP-Unked glutamate dehydrogenase f rom Trypanosoma 

cruz i . Ind. J . Biochem. 9: 395-400. 

JuUiard, J .H. and dePaulet, C.A. (1978) Human placental glutamate dehydro- • 

genase-puri f icat ion-kinetic and regulatory properties-physiocochemical 

studies. Biochim., 60: 1329-1332. 

Jul l iard, J .H. and Smith, E.L. (1979) Par t ia l amino acid sequence of the glutamate 

dehydrogenase of human l iver and a revision of the sequence of 

the bovine enzyme. J . Biol . Chem., 254: 3427-3438. 



115 

Jurss, K. (1980) The e f fec t of changes in external sal ini ty on the free amino 

acids and two aminotransferances of whi te muscle f rom fasted 

Salmo qairdneri , Richardson. Comp. Biochem. Physiol., 65A: 501-50A. 

Jurss, K., B i t to r f , T., Vokler, T. and Wacke, R. (1983) Influence of nutr i t ion 

on biochemical sea water adaptation of the rainbow t rout (Salmo 

qairdneri Richardson). Comp. Biochem. Physiol., " ^ B : 713-717. 

Jlirss, K., B i t to r f , T. and Vokler, T. (198^^) Biochemical investigations on salinity 

and temperature accl imat ion of the rainbow t rout Salmo qairdneri 

(Richardson). Zool. J . Physiol., 88: 67-81. 

Kalra, J . and Brosnan, J.T. (1973) Local izat ion of glutaminase in ra t l iver 

FEBS Le t t . , 37: 325-328. 

Kalra, J . and Brosnan, J.T. (1974) Local izat ion of phosphate independent g lu ta­

minase in the brush border of ra t kidney cor tex. Can. 3. Biochem., 

52: 762-766. 

Kaneko, T., Akiyama, H. and Mizuno, N. (1987) Immunohistochemical demonstra­

t ion of glutamate dehydrogenase in astrocytes. Neurosci Le t t . , 

77: 171-175. 

Kapoor, M. and Grover, A.K. (1970) Catabolic-controUed regulat ion of glutamate 

dehydrogenases, of Neurospora crassa. Can. J. Microbiol . , 16: 

33-40. 

Kates, J.R. and Jones, R.F. (1964) Variat ion in alanine dehydrogenase and 

glutamate dehydrogenase during the synchronous development 

of Chlamydomonas. Biochem. Biophys. Acta . , 86: 438-44 7. 

Kato, K., Koike, S., Yamada, K., Yamada, H. and Tanaka, S. (1962) Di and 

tr i-phosphopyrimidine nucleotide linked glutamic dehydrogenases 

of Pir icular ia orzyae and their behaviors in glutamate media. 

Arch. Biochem. Biophys., 92: 346-34 7. 



116 

Kato, G. and Lowry, O.H. (1973) Distribution of enzymes between nucleus 

and cytoplasm of single nerve cell bodies. J. Biol. Chem., 248: 

2044-2048. 

Kaur, G. and Kanungo, M.S. (1970a) Regulation of bovine liver glutamate 

dehydrogenase by some biogenic amines. Ind. J. Biochem., 7: 170-173. 

Kaur, G. and Kanungo, M.S. (1970b) Alterations in glutamate dehydrogenase 

of the brain of rats of various ages. Can. 3. Biochem., 48: 203-206. 

Kazaryan, R.A., Avetisyan, S.G., Pogosyan, A.A. and Karabashyan, L.V. (1985) 

Purification of rabbit liver glutamate dehydrogenase and study 

of physico-chemical properties of the enzymes. Biokhimiya., 50: 

1255-1260. 

Kimura, K., Miyakawa, A., Imai, T. and Sesakawa, T. (1977) Glutamate dehydro­

genase from Bacillus subtil is PCI 219: I. Purification and properties. 

J. Biochem., 81: 467-4 76. 

King, K.S. and Frieden, C. (1970) The purification and physical properties 

of glutamate dehydrogenase from rat liver. Ĵ . Biol. Chem., 245: 

4391-4396. 

King, K.S. and Cohen, P.P. (1975) Purification and comparative properties 

of glutamate dehydrogenase from frog and tadpole liver. Comp. 

Biochem. Physiol., 518: 113-117. 

King, F.D., Cucci, T.L. and Bidigare, R.R. (1985) A pathv/ay of nitrogen meta­

bolism in marine decapod crabs. Comp. Biochem. Physiol., 808: 

401-403. 

King, F.D., Cucci, T.L. and Townsend, D.W. (1987) Microzoo-plankton and 

macrozooplankton glutamate dehydrogenase to ammonium regenera­

tion in the Gulf of Maine. J. Plankton Res., 9: 277-289. 



117 

Kinghorn, J.R. and Pateman, J.A. (1973) NAD and NADP L-glutamate dehydro­

genase ac t iv i ty and ammonium regulation in Aspergillus nidulans. 

3. Ger. Microbiol . , 78: 39-46. 

Kinsel la, J .L . and Aronson, P.S. (1981) Interact ion of NH,^ and L i w i th renal 

microvi l lus membrane Na -H exchanger. A m . 3. Physiol., 241: 

C220-C226. 

Elocke, R.A., Anderson, K.K., Rotman, H.H. and Forster, R.E. (1972) Permeabil i ty 

of human erythrocytes to ammonia and v/eak acids. A m . ^3. Physiol. 

222: 1004-1013. 

Knecht, E., Mart inez-Ramon, A . and Grisol ia, S. (1986) Mitochondrial hetero­

geneity evidenced by immunocytochemical measurements of carbamyl 

phosphate synthetase I (CPS-I), glutamate dehydrogenase (GDH) 

and megamitochondria. Fed. P r o c , 45; 1896. 

Knudsen, P., Kofod, H., Lernmark, A. and Hedeskov, C.J. (1983) L-Leucine 

methylester st imulates insulin secretion and islet glutamate dehydro­

genase, ^ m . J .̂ ̂ h ys io l . , 245: E338-E346. 

Koberstein, R. and Sund, H. (1973) Studies of glutamate dehydrogenase : the 

influence of ADP, GTP and L-glutamate on the reduced coenzyme 

to beef l iver glutamate dehydrogenase. Eur. J .̂ Biochem., 36: 

545-552. 

Koberstein, R., Krause, J . and Sund, H. (1973) Studies of glutamate dehydroge­

nase: The interact ion of glutamate dehydrogenase w/ith a -NADH. 

Eur. J . Biochem., 40 : 543-548. 

Kofod, H., Lernmark, A. and Hedeskov, C.J. (1986) Potent iat ion of insulin 

release in response to act ivat ion of islet glutamate dehydrogenase 

ac t i v i t y . Ac ta . Physiol. Scand., 128: 335-340. 

Kormanik, G.A. and Cameron, J .N. (1981a) Ammonia excret ion in animals that breathe 

water : A review. Mar. Biol . Le t ts . , 2: 11-23. 



118 

Kormanik, G.A.. and Cameron, J .N. (1981b) Ammonia excret ion in the FW 

catf ish : the role of di f fusion. A m . Soc. Zooi. , 2 1 : 1042-1045. 

Kramer, 3. (1970) NAD and NADP-dependent glutamate dehydrogenase in 

Hydroqenomonas H I 6. Archs. Microbio l . , 71: 226-234. 

Krebs, H.A. (1976) The discovery of ornithine cycle, in The Urea Cycle (Ed. 

Grisol ia, S., Baguena, R. and Mayor, F.) John Wiley & Sons, New 

York/London/Sydney/Toronto, pp.1-12. 

Krebs, H.A. and Veech, R.L. (1969) Pyridine nucleotide interrelationships, 

in The Energy Level and Metabol ic Control in Mitochondria, (Ed. 

Papa, S., Tager, J .M. , Quagliariel lo, E. and Slater, E.C.) Adr ia t ica 

Edice, Bar i , pp.329-382. 

Krebs, H.A., Hems, R., Lund, P., Hal l iday, D. and Read, W.W.C. (1978) Sources 

of ammonia f rom mammalian urea synthesis. Biochem. 3., 176: 

733-737. 

Kubo, H., Iwatsubo, M., Watari , H. and Soyama, T. (1959) Sur la polymerisation 

et al forme molecular de la glutamico-desydrogenase. 3. Biochem., 

46: 1171-1185. 

Kumar, S. and Nicholas, D.J.D. (1984) NAD"^ and NADP"*"-dependent glutamate 

dehydrogenase in Ni t robacter aqi l is. J . Gen. Microbiol . , 130; 967-973. 

Laemml i , U,K. (1970) Cleavage of s t ructura l proteins during the assembly 

of the head of bacteriophage T4. Nature (London), 227: 680-685. 

La i , J.C.K., Sheu, K.F.R., Clarke, D.D., K i m , Y.T. and Blass, J.P. (1985) 

Glutamate dehydrogenase in brain mitochondria and nucle i . Trans. 

Am. Soc. Neurochem., 16: 136. 

La i , J.C.K., Sheu, K.-F.R., K i m , Y.T., Clarke, D.D. and Blass, J.P. (1986) 

The subcellular local izat ion of glutamate dehydrogenase (GDH): Is 

GDH a marker for mitochondria in brain? Neurochem. Res., 11: 

733-744. 



119 

Lange, R. and FuCgelli, K. (1965) The osmotic adjustment in the euryhaline 

teleosts : the flounder Pleuronectes flesus and three spined s t i ck le ­

back, ^as te ros teu^ aculeatus^ L. ^ o r n £ . _Bioc^ 15: 283-292. 

Lark, R.H. and Colman, R.F.. (1990) Distance between the substrate and regula­

tory reduced coenzyme binding sites of bovine l iver glutamate 

dehydrogenase by resonance energy transfer. Eur. J .̂ Biochem., 

188: 377-383. 

Larsson, A. and Lewander, K. (1973) Metabolic ef fects of starvat ion in the 

eel, Anquil la anquilla L. Comp. Biochem. Physiol., 44A: 367-374. 

Lasserre, P. and Gil les, R. (1971) Modif icat ion in the amino acid pool in the 

part ia l muscle of tw/o euryhaline teleosts during osmotic adjustment. 

Experient ia, 27: 1434-1435. 

Lee, D.W. (1973) Glutamate dehydrogenase isoenzymes in Ricinus communis 

seedlings. Phytochem., 12: 2631-2634. 

Lee, A .R. and Balinsky, J.B. (1974) A kinet ic study of glutamate dehydrogenase 

f rom Xenopus laevis. Int . 3. Biochem., 5: 795-805. 

Lehninger, A . L . (1987) Principles of Biochemistry, Worth Publishers, New 

York, 

Lejohn, H.B. and McCrea, B.E. (1968) Evidence of two species of glutamate 

dehydrogenases in Thiobacillus novoellus. J. Bacter io l . , 95: 87-94. 

Lejohn, H.B., Susuki, I. and Wright, J.A. (1968) Glutamate dehydrogenase 

of Thiobacillus novoellus. 3. Bio l . Chem., 243: 118-128. 

Lejohn, H.B., 3ackson, S.G., Klassen, G.R. and Sawula, R.V. (1969) Regulation 

of mitochondrial glutamic dehydrogenase by divalent metals, nucleo­

tides and a-ketoglutarate. 3. Bio l . Chem., 244: 5346-5356. 



120 

LeMaho, Y., Van Kha, H.V., Koubi, H., Dewasmes, G., Girard, J . , Perre, P. 

and Cagnard, M. (1981) Body composit ion, energy expenditure, 

and plasma metabolites in long-term fasting geese. A m . 3. Physiol. 

241: E342-E354. 

Leray, C , Ra f f i n , J.P. and Winninger, C. (1979) Aspects of purine metabolism 

in the gi l l epithel ium of rainbow t rou t , Salmo qairdneri . Comp. 

Biochem. Physiol., 628: 31-40. 

Lev i , G., Mor is i , G., Co le t t i , A. and Catanzaro, R. (1974) Free amino acids 

in fish brain : Normal levels and changes upon exposure to high 

ammonia concentrations Jri v ivo, and upon incubation of brain slices. 

Comp. Biochem. Physiol., 49A: 623-636. 

L i ley, N.R. (1969) Hormones and reproductive behavior in fishes, in Fish Physio­

logy, Vol . I I I , (Ed. Hoar, W.S. and Randall , D.J.) Academic Press, 

New York, San Francisco, London, pp.73-110. 

L i M u t i , C. and Bel l , J.E. (1983) A steady-state random-order mechanism for 

the oxidative deamination of norvaline by glutamate denydrogenase. 

Biochem. 3. 211: 99-107. 

L loyd, R. and Grr , L.O. (1969) The diuret ic response by rainbow t rout 

to sublethal concentrations of ammonia. Water Res., 3: 335-344. 

Lockwood, A .H . , Finn, R.D., Campbel l , J.A. and Richman, T.B. (1980) Factors 

that e f fec t the uptake of ammonia by the brain : the blood-brain 

pH gradient. Brain Res., 181: 259-266. 

Lowenstein, J .M. (1972) Ammonia production in muscle and other tissues : 

the purine nucleotide cycle. Physiol Rev., 52: 383-414. 

Lowry, O.H., Rosebrough, N.J., Farr, A . L . and Randal l , R.J. (1951) Protein 

measurement w i th the Fol in phenol reagent. J . Bio l . Chem., 193: 

265-275. 



121 

Madl, J.E., Clements, J.R., Beitz, A.J., Wenthold, R.J. and Larson, A.A. 

(1988) Immunocytochemical localization of glutamate dehydrogenase 

in mitochondria of the cerebellum : an ultra structural study using 

a monoclonal antibody. Brain. Res., 452; 396-402. 

Maetz, J. (1972) Interaction of salt and ammonia transport in aquatic organisms, 

in Nitrogen Metabolism and the Environment, (Ed. Campbell, J.W. 

and Goldstein, L.) Academic Press, London, New York, pp.105-154. 

Maetz, J. and Garcia-Romeu, F. (1964) The mechanism of sodium and chloride 

uptake by the gills of a fresh-water fish, Carassius auratus. II. 

Evidence for NH. /Na and HCO, ' exchanges. 3. Gen. Physiol., 

47: nos-nn. 
Makarewicz, W. (1963) AMP-aminohydrolase and glutaminase activities in 

the kidneys and gills of some freshwater vertebrates. Acta. Biochem. 

Polon, 10: 363-369. 

Makarewicz, W. (1969) AMP aminohydrolase in muscle of elasmobranch fish. 

Purification procedure and properties of the purified enzyme. Comp. 

Biochem. Physiol., 29: 1 -26. 

Makarewicz, W. and Zydowo, M. (1962) Comparative studies on some 

ammonia-producing enzymes in the excretory organs of vertebrates. 

Comp. Biochem. Physiol., 6: 269-275. 

Male, K.B. and Storey, K.B. (1983) Kinetic characterization of NAD-specific 

glutamate dehydrogenase from the sea anemone, Anthopleura 

xanthoqrammica; Control of amino acid biosynthesis during osmotic 

stress. Comp. Biochem. Physiol., 768: 823-829. 

Malevski, Y., Montgomery, M.W. and Sinnhuber, R.O. (1974) Liver fat and 

protein metabolism in rainbow trout (Salmo qairdneri) fed cyclopro-

period fatty acids. J. Fish. Res. Bd. Can., 31: 1093-1100. 



122 

Markert , C.L. and Masui, Y. (1969) Lactate dehydrogenase isoenzymes of 

the penguin Pyqoscelis adeliae. J . Exp. Zool . , 172: 121-146. 

Mar t in , E., Simon, M.W., Schaefer, F.-W. I l l and Mukkada, A . J . (1976) Enzymes 

of carbohydrate metabolism in four human species of Leishmania : 

A comparat ive study. J . Protozooi. , 23: 600-607. 

Mathur, G.B. (1967) Anaerobic respirat ion in a cryprinoid f ish, Rasbora daniconius. 

Nature (London), 214: 318-319. 

Mat l ib , M.A. and O'Brien, P. (1975) Compartmentat ion of enzymes in the 

ra t l iver mitochondrial mat r i x . Arch . Biochem. Biophys., 167: 

193-202. 

Matsushima, O., and Kado, Y. (1983) Ef fec t of adenine, nucleotides on glutamate 

dehydrogenase act iv i t ies of the brackish and freshv/ater clams, 

Carbicula japonica and C. leana. Annotnes Zool . jap., 56: 3-9. 

Mauiik, P. and Ghosh, S. (1986) NADPH/NADH-dependent coldlabile glutamate 

dehydrogenase in Azospir i l ium brasilense. Pur i f icat ion and proper­

t ies, ^ u r . J . Biochem., 155: 595-602. 

McBean, R.L., Neppel, M.J. and Goldstein, L. (1966) Glutamate dehydrogenase 

and ammonia production in the eel (Anquil la rostrata). Comp. Biochem. 

Physiol., 18: 909-920. 

McCarthy, A .D. , Walker, J .M. and Tipton, K.E. (1980) Pur i f icat ion of glutamate 

dehydrogenase f rom ox brain and l iver. Evidence that commercial ly 

available preparations fo the enzyme f rom ox l iver have suffered 

proteolyt ic cleavage, Biochem. J . 191: 605-611. 

McCarthy, A .D . , Johnson, P. and Tipton, K.P. (1981) Sedimentation properties 

of nat ive and proteolysed preparations of ox glutamate dehydrogenase. 

Biochem. J . , 199: 235-238. 



^23 

McCarthy, A .D . and Tipton, K.F. (1984) The ef fects of magnesium ions on 

the interactions of ox brain and l iver giutamate dehydrogenase 

w i th ATP and GTP, Biochem. 3., 220: 853-855. 

McGivan, J.D., Bradford, N.M., Crompton, M. and Chappell, J.B. (1973) 

Ef fec t of L-leucine on the nitrogen metabolism of isolated rat 

l iver . Biochem. 3., 134: 209-215. 

McGivan, J.D., Bradford, N.M. and Chappell, J.B. (197A) Adaptive changes 

in the capacity of systems used for the synthesis of citruUine in 

ra t l iver mitochondria in response to high and low/ protein diets. 

Biochem. J^., 1*2: 359-364. 

McGivan, J.D. and Chappell, J.B. (1975) On the metabolic dehydrogenase 

in ra t l iver . FEB5. Le t t . , 52: 1-7. 

Meers, J.L., Tempest, D.W. and Brown, C M . (1970) Glutamine (amide): 2-

oxoglutarate aminotransferase oxido-reductase (NADP), an enzyme 

involved in the synthesis of giutamate by some bacter ia, 3. Gen. 

Microbio l . , 64: 187-194. 

Meister, A . (1965) Biochemistry of Amino Acids, 2nd edn. Academic Press, 

New York. 

Mialon, P., Carof f , J . , Barthelemy, L. and Bigot, J.C. (1990) Ammonia and 

monoamine concentrations in two brain areas in rats af ter one 

hyperoxic seizure. Av ia t . Space Environ. Med., 6 1 : 28-32. 

M i f l i n , B.J. and Lea, P.J. (1976) The pathway of nitrogen assimilation in plants. 

Phytochem., 15: 873-885. 

M i f l i n , B.J. and Lea, P.J. (1977) Amino acid metabol ism. Annu. Rev. Plant. 

Physiol., 28: 299-329. 



12if 

Mi f l i n , B.J. and Lea, P.J. (1980) Ammonia assimilat ion, in The Biochemistry 

of Plants, Voi.5, (Ed. Stumpf, P.K. and Conn, E.E.) Academic Press, 

New York, pp.169-202. 

Mi l ler , D.C. Poucher, S., Cardin, J.A. and Hansen, D. (1990) The acute and 

chronic tox ic i ty of ammonia to marine f ish and a mysid. Arch . 

Environ. Contam. Toxicol. , 19: 40-^8. 

Mi l ls , R. and Cochran, D. (1963) Pur i f icat ion and properties of glutamic acid 

metabol izing enzymes f rom cockroach muscle mitochondria. Biochem. 

Biophys. Acta . , 73: 213-221. 

Miret-Duvaux, O., Frederic, F., Simon, D., Guenet, J . -L. , Hanauer, A. , Delhaye-

Bouchand, N. and Mariani , J . (1990) Glutamate dehydrogenase 

in cerebellar mutant mice : Gene local izat ion of enzyme act iv i ty 

in d i f ferent tissues. 3. Neurochem., 5A: 23-29. 

Misono, H., Goto, N. Nagasaki, S. (1985) Pur i f ica t ion, crystal l izat ion and 

properties of NADP -specific glutamate dehydrogenase f rom 

Lactobacil lus fermentum. Aqr ic . Bio l . Chem., 49: 11 7-123. 

Mol in, W.T., Cunningham, T.P., Bascomb, N.F., White, L .H. and Schmidt, 

R.R. (1981) Light requirement for induction and continuous accumula­

t ion of an ammonium-induciole NADP-speci f ic glutamate dehydro­

genase in Chlorel la. Plant Physiol.. 67: 1250-1254. 

Mommsen, T.P., French, C.J. and Hochachka, P.W. (1980) Sites and patterns 

of protein and amino acid u t i l i za t ion during the spavining migrat ion 

of Salmon. Can. 2- Zool . , 58: 1 785 -1 799. 

Mommsen, T.P. and Suarez, R.K. (1984) Control of gluconeogenesis in rainbov*/ 

t rout hepatocytes : role of pyruvate branchpoint and phosphoenolpy-

ruvate-pyruvate cycle. Mol . Physiol., 6: 9-18. 



125 

Mommsen, T.P., Walsh, P.J. and Moon, T.W. (1985) Gluconeogenesis in hepatocytes 

and kidney of A t lan t i c salmon. Mol . Physiol., 8: 89-100. 

Moon, K., Piszkiewicz, D. and Smith, E.L. (1972) Glutamate dehydrogenase 

: Amino acid sequence of the bovine enzyme and comparison w i th 

that f rom chicken l iver . Proc. Nat . Acad." Sci., 69: 1380-1383. 

Moon, K., and Smith, E.L. (1973) Sequence of bovine l iver glutamate dehydro­

genase. VII I . Peptides produced by specif ic chemical cleavages : 

The complete sequence of the prote in. 3, B io l . Chem., 248: 3082-3088. 

Moon, T.W. (1983) Metabolic reserves and enzyme act iv i t ies w i th food depriva­

t ion in immature American eels, Anqui l la rostrata (Le Sueur). 

Can. J . Zool . , 61: 802-811. 

Moon, T.W. and Johnston, I.A. (1980) Starvation and the act iv i t ies of glycolyt ic 

and gluconeogenic enzymes in skeletal muscle and l iver of the 

plaice, Pleuronectes platessa. J . Comp. Physiol., 136: 31-38. 

Moon, T.W., Walsh, P.J. and Mommsen, T.P. (1985) Fish hepatocytes : a model 

metabolic system. Can. J . Fish. Aquat. Sci., 42: 1772-1782. 

Mor i i , H., Nishikata, K. and Tamura, O. (1978) Nitrogen excret ion of mudskipper 

f ish, Periophthalmus cantonensis and Boleophthalmus pectinirostr is 

in water and on land. Comp. Biochem. Physiol., 60A: 189-193. 

Mosse, P.R.L. (1980) An investigation of gluconeogenesis in marine teleosts 

and the e f fec t of long te rm exercise on hepatic gluconeogenesis. 

Comp. Biochem. Physiol., 67B: 583-592. 

Moyes, C D . , Moon, T.W. and Ballantyne, J.S. (1985) Glutamate catabolism 

in mitochondria f rom My a arenaria mant le. E f fec t of pH on the 

role of glutamate dehydrogenase. J . Exp. Zool. , 236: 293-301. 



126 

Munoz-Blanco, J . and Cardenas, J . (1989) Changes in glutamate dehydrogenase 

ac t iv i ty of Chlamydomonas reinhardt i i under d i f ferent t ropic and 

stress condit ions. Plant Cel l Environ., 12: 173-182. 

Mustafa, T., Komuniecl<i, R. and Met t r i ck , D.F. (1978) Cytosolic glutamate 

dehydrogenase in adult Hymenolepis diminuta (Cestoda). Comp. 

Biochem. Physiol., 618: 219-222. 

Nagai, M. and Ikeda, S. (1971) Carbohydrate metabolism in f ish. I. Effects 

of starvat ion and dietary composition on the blood glucose level 

and the hepatopancreatic glycogen and l ip id contents in carp. Bul l . 

Jap. Soc. 5c i . Fish., 37: 404-^09. 

Nagel, M. and Hartmann, T. (1980) Glutamate dehydrogenase f rom Medicaqo 

sativa L. Pur i f icat ion and comparative kinet ic studies of the organ-

specif ic mult ip le forms. Z. Naturforsch. , 35C: 406-A15. 

Nauen, W. and Hartmann, T. (1980) Glutamate dehydrogenase f rom Pisum 

sativum L. Local izat ion of the mul t ip le forms and of glutamate 

format ion in isolated mitochondria. Planta., 148: 7-16. 

Nener, J.C. (1988) Variable and constrained features of the ornithine-urea 

cycle. Can. J . Zool. , 66: 1069-1077. 

Neumann, P., Markau, K. and Sund, H. (1976) Studies of glutamate dehydrogenase 

f rom Candida ut i l is by a pH and temperature-dependent conforma­

t ional t ransi t ion. Eur. J . Biochem., 65: 465-4 72. 

Nicholas>,W.J. (1984) Amino acid metabolism in the central nervous system: 

Role o f glutamate dehydrogenase. Adv. Neurol . , 4 1 : 245-253. 

Ogata, H. and Mura i , T. (1987) Ef fects of ammonium chloride adminsitrat ion 

on ammonia and free amino acid levels in erythrocytes and plasma 

o f carp. Nippon Suisan Gakkatshi., 53: 125 7-1260. 



127 

Olson, J.A. and Anfinsen, C.B. (1952) The crysta l l izat ion and character izat ion 

of L-glutamic acid dehydrogenase. 3. B io l . Chem., 197: 67-79. 

Olson, J.A. and Anf insen, C.B. (1953) Kinet ic and equi l ibr ium studies on crysta­

l l ine L-glutamic acid dehydrogenase. J . Bio l . Chem., 202: 841-856. 

Op den Camp, H.J.M., L iem, K.D., Meesters, P., Hermans, J.M.H. and van 

der D r i f t , C. (1989) Pur i f icat ion and character izat ion of the NADP-

dependent glutamate dehydrogenase f rom Bacillus fastidiosus. Antonie 

van Leeuwenhock., 55: 303-311. 

Osmani, S.A. and Scrutton, M.C. (1983) The sub-cellular local izat ion of pyruvate 

carboxylase and of some other enzymes in Aspergillus nidulans. 

Eur. J . Biochem., 133: 551-560. 

Guchterlony, O. (1959) Dif fusion-in-agar methods for immunologic analysis. 

Prog. Al lergy. , 5 1 : 1-78. 

Ozturk, D.H., Safer, D. and Colman, R.F. (1990) A f f i n i t y labeling of bovine 

l iver glutamate dehydrogenase w/ith 8-[(ft-Bromo-2,3-dioxobutyl)thio] 

adenosine 5'-diphosphate and 5'-tr iphosphate. Biochem., 29: 7112-7118. 

Pandian, T.J. and Vivekanandan, E. (1985) Energetics of feeding and digestion, 

in Fish Energetics : r\ev/ prespectives, (Ed. Tyt ler , P. and Calow, 

P.) Johns Hopkins Univ. Press, Bal t imore, MD. pp.99-124. 

Pantaloni, D. and Dessen, P. (1969) Glutamate dfeshydrogenase: Fixations 

des coenzymes NAD et NADP et d'autres nucleotides derives de 

I'adenosine-5'-phosphate. Eur. J . Biochem., 11: 510-519. 

Pantaloni, D. and Lecuyer, B. (1973) Glutamate dehydrogenase character iza­

t ion and thermodynamic study of d i f ferent complexes formed wi th 

coenzymes and substrates : Role of ADP and GTP ef fectors. Eur. 

J . Biochem., 40: 381-401. 



128 

Parker, J.E., Javed, Q. and Mer re t t , M.J. (1985) Glutamate dehydrogenase 

(NA DP-dependent) mRNA in re lat ion to enzyme synthesis in Euqlena 

graci l is. Evidence for post-transcript ional cont ro l . Eur. 3. Biochem., 

153: 573-578. 

Park, Y.C., Carpenter, E.J. and Falkowski, P.G. (1986) Ammonium excret ion 

and glutamate dehydrogenase ac t iv i ty of Zooplankton in Great South Bay, 

New York. J . Plankton Res., 8: 489-503. 

Paul, J .H. and Cooksey, K.E. (1981) Regulation of asparaginase glutamine 

synthetase, and glutamate dehydrogenase in response to medium 

nitrogen concentrations in a euryhaline Chlamydomonas species. 

Plant Physiology., 68: 1364-1368. 

Payan, P. (1978) A study o f the Na'^/NH^'^ exchange across the g i l l o f the 

perfused head of the t rout (Salmon qairdneri). 3. Comp. Physiol., 

124s 181-188. 

Payan, P. and Mat ly , A . J . (1975) The characterist ics of ammonia excret ion 

by a perfused isolated head of t rout (Salmo qairdneri); e f fec t of 

temperature and CO^ free r inger. 3, Comp. Physiol., 96: 167-184. 

Pequin, L. (1962) Les teneurs an azote ammonical du sang chez la carpe 

(Cyprinus carpio L.) c.r. Hebd. Seanc. Acad. 5c i . Paris. Ser. D225: 

1795-1797. 

Pequin, L. (1967) Degradation et synthesis de la glutamine chez la carpe 

(Cyprinus carpio L.) Arch . Sci. Physiol., 2 1 : 193-203. 

Pequin, L. and Serfaty, A . (1963) L 'excret ion ammoniacale chez un teleosteen 

dulcicole ; Cyprinus carpio L. Comp. Biochem. Physiol., 10: 315-324. 

Pequin, L. and Serfaty, A. (1968) La regulat ion hepatique et intestinaJe de 

I 'ammoniemic chez la carpe. Arch . Sci. Physiol., 22: 449-459. 



129 

Pequin, L., Parent, J.P. and Vellas, F. (1970) La glutamate deshydrogenase 

Chez la carpe. Cyprinus carpio. Arch. 5c i , Physiol., 24: 315-322. 

Peters, J . and Sypherd, P.S. (1979) Morphology associated expression of n ico­

t inamide adenine dinucleotide dependent glutamate dehydrogenase 

in Mucor racemosus. J . Bac te r i d . , 137; 1134-1139. 

Petersen, T.D.P., Hochachka, P.W. and Suarez, R.K. (1987) Hormonal control 

of gluconeogenesis in rainbow t rout hepatocytes : regulatory role 

of pyruvate kinase. J . Exp. Zool. , 243: 173-180. 

Petrucci , D. Amicare l l i , F., Paponett i , B. and Ragnel l i , A . M . (1980) Regulation 

of glutamate oxidation in mitochondria of Xenopus laevis oocytes. 

Comp. Biochem. Physiol., 66B: 1-11. 

Phibbs, P.V. and Bernlohr, R.W. (1971) Pur i f icat ion, properties and regulation 

of glutamic dehydrogenase of Bacillus l icheni formis. 3. Bac te r i d . , 

106: 375-385. 

Plai takis, A., Ber l , S. and Yahr, M.D. (198A) Neurological disorders associated 

w i th deficiency of glutamate dehydrogenase. Ann. Neurol. , 15: 

1A4-153. 

Powers-Lee, S.G. and Meister, A. (1988) Urea synthesis and ammonia metabo­

l ism, in The Liver ; Biology and Pathology, 2nd edn. (Ed. Ar ias, 

I.M., Jakoby, W.B., Popper, H., Schachter, D. and Shafr i tz, D.A.) 

Raven Press, L t d . New York, pp. 31 7-329. 

Prabhakaram, M. and Singh, S.N. (1988) Properties of pur i f ied l iver glutamate 

dehydrogenase of aging rats. Arch . Gerontol . Ger iatr . , 7: 279-310. 

Prent^, P. (1989) Distr ibut ion of glutamate dehydrogenase in the intestine 

of the earthworm (Lumbricus terrestr is) , and some physiological 

impl icat ions. Comp. Biochem. Physiol., 92A: 229-233. 



150 

Pressman, B.C. (1970) Energy l inked transport in mitochondria, in Membranes 

of mitochondria and Chloroplast, (Ed. Racker, E.) van-Nostrand 

Reinhold, New York, pp.213-250. 

Preuss, H.G. (1971) Ammonia production f rom giutamine and giutamate in 

isolated dog renal tubules. A m . J . Physiol., 220: 54-58. 

Prunkard, D.E., Bascomb, N.F., Robinson, R.W. and Schmidt, R.R. (1986a) 

Evidence for chloroplastic local izat ion of ammonium inducible 

giutamate dehydrogenase and synthesis of its subunits f rom a cy to -

solic precursor-protein in Chlorel la sorokiniana. Plant Physiol., 

8 1 : 349-355. 

Prunkard, D.E., Bascomb, N.F., Mol in, W.T. and Schmidt, R.R. (1986b) Ef fect 

of d i f ferent carbon sources on the ammonium induction of d i f ferent 

froms of NADP-specif ic giutamate dehydrogenase in Chlorel la 

sorokiniana cells cultured in the l ight and dark. Plant Physiol., 

8 1 : 413-422. 

Purzycka-Preis, J . and Zydowo, M. (1969) Pur i f icat ion and some properties 

of muscle AMP-aminohydrolase f rom carp (Cyprinus carpio). Ac ta . 

Biochem. Polon., 16: 235-242. 

Raabe, W. (1989) Neurophysiology of ammonia intoxicat ion, in Hepatic 

Encephalopathy, (Ed. But terwor th , R.F. and Gil les, P.L.) Humana 

Press, U.S.A., pp.49-77. 

Raabe, W. and L in , S. (1983) Ammonia intoxicat ion and hyperpolarizing inhib i ­

t i on . ^><Ei. JSJauroL, 82: 711-715. 

Raabe, W. and L i n , S. (1984) Ammonia postsynaptic inhibi t ion and CNS energy 

state. Brain Res., 303: 67-76. 



151 

Raabe, W. and L in , S. (1985) Pathophysiology of ammonia intoxicat ion. Exp. 

Neurol. , 87: 519-532. 

Randall, D.J. and Wrigght, P.A. (1987) Ammonia distr ibut ion and excretion 

in f ish. Fish. Physiol. Biochem., 3: 107-120. 

Ratajczak, L., Ratajczak, W. and Mazurowa, H. (1977) Isoenzyme pattern 

of glutamate dehydrogenase a ref lect ion o f nitrogen metabolism 

in Lupinus albus. Acta Sco. Bot. Pol. , 46 : 34 7-35 7. 

Regnault, M. (1989) Glutamate dehydrogenase (GDH) in the Cheliped muscle 

of the crab Cancer paqurus L. - E f fec t of a prolonged starvat ion. 

Comp. Biochem. Physiol., 92B: 721 -725. 

Regnault, M. and Batre l , Y. (1987) Glutamate dehydrogenase of the shrimp 

Crangon cranqon L. Ef fec t of shrimp weight and season upon its 

ac t iv i ty in the oxidative and reductive funct ion. Comp. Biochem. 

Physiol., 868: 525-530. 

Reisler, E., Pouyet, J . and Eisenberg, H. (1970) Molecular weights, association 

and f r ic t iona l resistance of bovine l iver glutamate dehydrogenase 

at low concentrat ios. Biochem., 9: 3095-3102. 

•Reiss, P.M., Pierce, S.K. and Bishop, S.H. (1977) Glutamate dehydrogenase 

f rom tissues of the ribbed mussel Modiolus demissus ; ADP act ivat ion 

and possible physiological signif icance. 3. Exp. ZooU, 202: 253-258. 

Renaud, J .M. and Moon, T.W. (1980a) Character izat ion of gluconeogenesis 

in hepatocytes isolated f rom the American eel , Anqui l la rostrata, 

LeSueur. 3. Comp. Physiol., 1358: 115-125. 

Renaud, J .M. and Moon, T.W. (1980b) Starvation and the metabolism of hepato­

cytes isolated f rom the American eel , Anquil la rost rata, LeSueur. 

J . Comp. Physiol., 1358: 127-137. 



152 

Ri fe , J.E. and Cleland, W.W. (1980a) Kinet ic mechanisms of giutamate dehydro­

genase, ^ i ochem. , 19: 2321-2328. 

R i f l e , J.E. and Cleland, W.W. (1980b) Determinat ion of the chemical mechanism 

of giutamate dehydrogenase f rom pH studies. Biochem., 19: 2328-2333. 

Rognstad, R. (1977) Sources of ammonia for urea synthesis in isolated rat 

l iver cel ls. Biochem. Biophys., Ac ta . , 496; 249-254. 

Ruano, A.R. , AUende Riano, J.L. , Ruiz A m i l , M. and Herranz Santos, M.J. 

(1985) Some enzymatic properties of NAD -dependent giutamate 

dehydrogenase of mussel hepatopancreas (Myti lus edulis L.) -Requi­

rement of ADP. Comp. Biochem. Physiol., 836: 197-202. 

Saha, N. (1986) Ureogenesis and its regualt ion in a freshwater air-breathing 

teleost, Heteropneustes fossil is. Ph.D. thesis, North Eastern H i l l 

Univers i ty, Shillong. 

Saha, N. and Ratha, B.K. (1986) Ef fec t of ammonia stress on ureogenesis 

in a freshwater air-breathing teleost, Heteropneustes fossil is, in 

Contemp. Themes in Biochem., 6: 342-343. 

Saha, N. and Ratha, B.K. (1987) Act ive ureogenesis in a freshwater a i r -brea­

thing teleost, Heteropneustes fossilis. J. Exp. Zool. , 241: 137-141. 

Saha, N., Chakravorty, J . and Ratha, B.K. (1988) Diurnal var iat ion of ammonia -

N and urea - N in a freshwater air-breathing teleost, Heteropneustes 

fossilis (Bloch). Proc. Ind. Acad. Sci (Anim. Sc) , 97: 529-537. 

Saha, N. and Ratha, B.K. (1989) Comparat ive study of ureogenesis in some 

freshwater air-breathing teleosts, J . Exp. Zool. , 252: 1-8. 

Sana, N. and Ratha, B.K. (1990) Al terat ions in the excret ion pat tern of ammonia 

and urea in a freshwater air-breathing teleosts, Heteropneustes 

fossilis (Bloch) during hyper-ammonia stress. Ind. 3. Exp. Biol . , 

28: 597-599. 



133 

Saito, H., Yamaoto, I. and Ishimoto, M. (1988) Reversible inact ivat ion of 

glutamate dehydrogenase in Bacteriodes f rag ills : Pur i f icat ion and 

character izat ion of high ac t iv i ty and low ac t i v i t y - enzymes. 3. 

Gen. Appl . Microbiol . , 3ft: 377-385. 

Salganicoff, L. and de Robert is, E. (1965) Subcellular distr ibut ion of the enzymes 

of the glutamic acid, glutamine and y - a n n i n o b u t y r i c ac id cyc les 

in ra t brain. J . Neurochem., 12: 287-309. 

Sallal, A . -K . , Jr. and Nimer, N.A. (1990) The presence of glutamate dehydro­

genase in Chloroqloeopsis f r i t sch i i . FEMS. Microbio l . Le t t . , 67: 

215-220. 

Salvatore, F., Zappia, V. and Costa, C. (1965) Comparat ive biochemistry of 

deamination of L-amino acids in elasmobranch and teleost f ish. 

Comp. Biochem. Physiol., 16: 303-309. 

Sanwal, B.D. and La ta , M. (1961) The occurance of two di f ferent glutamic 

dehydrogenase in Neurospora. Can. J . Microbiol . , 7: 319-328. 

Scheid, H.W., Ehmke, A. and Hartmann, T. (1980) Plant NAD-dependent g lu ta­

mate dehydrogenase. Pur i f ica t ion, molecular properties and metal 

ion act ivat ion of the enzymes f rom Lemna minor and Pisum sat ivum. 

Z. Naturforsch. , 35C: 213-221. 

Schmidt, G., Bartsch, G., Ki tagawa, T., Fujisawa, K., Knol le, J . , Joseph, 

J . , de Marco, P., Liss, M. and Haschemeyer, R. (1965) Isolation 

of a protein high phosphorus content f rom the eggs of brown t rou t . 

Biochem. Biophys. Res. Commun., 18: 60-65. 

Schmidt-Nielsen, B. (1972) Mechanisms of urea excret ion by the vertebrate 

kidney, in Nitrogen Metabolism and the Environment , (Ed. Campbell , 

J . W. and Goldstein, L.) Academic Press, London, New York, pp.79-10A. 



Schmidt, R.R., Turner, K.J., Bascomb, N.F., Thurston, C.F., Lynch, J .J . , 

Mol in, W.T. and Yeung, A.T. (1982) Post- t ranscr ipt ional regulation 

of expression of the gene for an ammonium-inducible glutamate 

dehydrogenase during the cel l cycle of the eukaryote Chlorel la, 

in Genetic Expression in the Cel l Cyc le, (Ed. McCarty Sr., K.S. 

and Paddil la, G.M.) Academic Press, New York, pp.199-229. 

Schmidt, E. and Schmidt, F.W. (1983) Glutamate dehydrogenase, in Methods 

of Enzymatic Analysis, Vol. I I I , 3rd edn. (Ed. Bergmeyer, H.U.) 

Weinheim : Verlag Chemie, pp.216-227. 

Schmidt, E. and Schmidt, F.W. (1988) Glutamate dehydrogenase : biochemical 

and c l in ical aspects of an interesting enzyme. Cl in ica. Chimica 

Acta . , 73: ^3-56. 

Schoenheimer, R. (1942) The Dynamic State of Body Consti tuents. Harvard 

Univ. Press, Cambridge. 

Schoffeniels, E. (1976) Adaptat ion w i th respect to sal in i ty, in Biochemical 

Society Symposium, No.41. The Biochemical Society, London, pp. 

179-204. 

Schoffeniels, E. and Gil les, R. (1970) Osmoregulation in aquatic arthropods, 

in Chemical Zoology, Vol.3, (Ed. F lork in , D. and Scheer, B.T.) Academic 

Press, New York, pp.255-286. 

Schoolwerth, A .C. , Nazar, B.L. and LaNove, K.F. (1978) Glutamate dehydrogenase 

act ivat ion and ammonia format ion by rat kidney mitochondria. 

J . Bio l . Chem., 253: 6177-6183. 

Sedgwick, K.A. and Frieden, C. (1968) The molecular weight and some kinet ic 

properties of crystal l ine rat l iver glutamate dehydrogenase. Biochem. 

Biophys. Res. Commun., 32: 392-397. 



135 

Sener, A. and Malaisse, W.J. (1980) L-Leucine and a non-metabolizable analogue 

act ivate pancreatic islet glutamate dehydrogenase. Nature (London), 

288: 187-189. 

Shatilov, V.R. and Kretov ich , W.L. (1977) Glutamate dehydrogenase f rom 

Chlorel la : f r o m regulation and propert ies. Mol . Ce l l . Biochem., 

15: 201-212. 

Shepard, D.V. and Thurman, D.A. (1973) Ef fect of nitrogen sources upon the 

act iv i ty of glutamate dehydrogenase of Lemna qibba. Phytochem., 

12: 1937-1946. 

Sherman, I.W., Peterson, I., Tanigoshi, L. and Ting, I.P. (1971) The glutamate 

dehydrogenase of Plasmodium lophurae (avian malar ia). Exp. Parasitol. 

29: 433-A39. 

Shimizu, H., Kuratsu, T. and Hi ra ta , F. (1979) Pur i f icat ion and some properties 

of glutamate dehydrogenase f rom Proteus inconstans. J .̂ Ferment. 

Technol., 57: 428-433. 

Singh, U.S., Mohan Rao, V.K. and Ahmad, A. (1981) A f f i n i t y chromatography 

technique for pur i f icat ion of glutamate dehydrogenase of axenical ly-

grown Acanthamoeba culbertsoni. Ind. _J. Biochem. Biophys. 18: 

152-154. 

Singh, U.S. and Mohan Rao, V.K. (1983) Character izat ion of L-glutamate 

dehydrogenase act iv i ty of axenically grown Acanthamoeba culbertsoni. 

Ind. J . Biochem. Biophys., 20: 146-148. 

Skokut, T.A., Wolk, C.P., Thomas, J . , Shaffer, P.W. and Chien, W.-S. (1978) 

13 
In i t ia l organic products of assimilation of [ N ] ammonium and 

13 
[ N ] n i t ra te by tobacco cells cultured on d i f ferent sources, of 

ni t rogen. Plant Physiol., 62: 299-304. 



136 

Smart, G.R. (1978) Investigation of the toxic mechanisms of ammonia to 

•fish-gas exchange in rainbow t rout (Salmo qairdneri) exposed to 

acutely lethal concentrat ion. J . Fish Biol . , 12: 93-104. 

Smith, H.W. (1929) The excret ion of ammonia and urea by the gil ls of f ish. 

J . Biol . Chem., 81: 727-742. 

Smith, E.L. (1980) Structure and evolution of glutamate dehydrogenase, in 

( lUPAC) Frontiers of Bioorqanic Chemistry and Molecular Biology. 

(Ed. Ananchenko, S.N.) Pe'rgamon Press, Oxford, New York, pp.39-51. 

Smith, E.L., Austen, B.M., Blumental, K .M. and Nye, J.F. (1975) Glutamate 

dehydrogenase, in The Enzymes, Vol .XI , (Ed. Boyer, P.D.) Academic 

Press, New York, pp.294-367. 

Smits, P.A.M.M., Pieper, F.R. and van der D r i f t , C. (1984) Pur i f icat ion of 

NADP-dependent glutamate dehydrogenase f rom Pseudomonas aeruginosa 

and immunochemical character izat ion of its _m vivo inact ivat ion. 

Biochem. Biophys. Ac ta . 801: 32-39. 

Snoke, J.E. (1956) Chicken l iver glutamate dehydrogenase, 3. B io l . Chem., 

223: 271-276. 

Sokolov, A.P. and Trotsenko, Yu. A . (1988) Pur i f icat ion and properties of 

NADP-dependent glutamate dehydrogenase f rom the obligate methy-

lot roph, Metnylophilus methanolovorus. Biochem., 52: 1221-1226. 

Sousa, R.J. and Meade, T.L. (1977) The influence of ammonia on the oxygen 

delivery system of coho salmon heamoglobin. Comp. Biochem. Physiol. 

58A: 23-58. 

Spies, J.R. (1957) Color imetr ic procedures for amino acids, I I : Ninhydrin 

method, in Methods in Enzymoloqy, Vol . I l l , (Ed. Colowick, S.P. 

and Kaplan, N.O.) Academic Press, New York, pp.467-4 77. 



137 

Storer, J .H. (1967) Starvation and the ef fects of Cortisol in the goldfish. 

Comp. Biochem. Physiol., 20: 939-948. 

Storey, K.B., Guderley, H.E. and Hochachka, P.W. (1978a) Control of ammonia-

genesis in the kidney of water and air-breathing osteoglossids : 

character izat ion of glutamate dehydrogenase. Can. 3. Zool. , 56: 

845-851. 

Storey, K.B., Fields, J.H.A. and Hochachka, P.W. (1978b) Pur i f icat ion and 

properties of glutamate dehydrogenase f rom the mantle muscle 

of the squid, Loliqo pealei i . Role of the enzyme in energy production 

f rom amino acidst J . Exp. Zool., 205: 111-118. 

Strecker, H.J. (1955) L-glutamic dehydrogenase f rom l iver , in Methods in 

Enzymoloqy, Vol.11, (Ed. Colowick, S.P. and Kaplan, N.O.) Academic 

Press, INC, New York, pp.220-225. 

Struck, J . Jr. and Sizer, I.W. (1960) The substrate speci f ic i ty of glutamic 

acid dehydrogenase. Arch. Biochem. Biophys., 86: 260-266. 

Suarez, R.K. and Mommsen, T.P. (1987) Gluconeogenesis in teleost fishes. 

Can. J . Zool. , © : 1869-1882. 

Sundararaj, S.I. (1959) A study on the correlat ion betwen the structure of 

the p i tu i tary gland of Indian cat f ish , Heteropneustes fossil is and 

the seasonal changes in the ovary. Ac ta . Anat. , 37: 4 7-80. 

Sundararaj, B.l. and Goswami, S.V. (1969) Role of interrenal in luteinizing 

hormone induced ovulation and spawning in cat f ish, Heteropneustes 

fossil is (Bloch). Gen. Comp. Endocr. Supply., 2: 374-384. 

Suyama, M. Koike, J . and Suzuki, K. (1960) Studies on the glycolysis and 

the format ion of ammonia in the muscle and blood of elasmobranchs. 

J .̂ Tokyo. Univ. Fish., 46; 51 -60. 



138 

Syed, S.E.H., Engel, P.C. and Mar t in , S.R. (1990) A circular dichroism study 

of the pH dependent act ivat ion/ inhib i t ion equi l ibr ium in the glutamate 

dehydrogenase of Clostr idium symbiosum. FEBS Le t t . , 262: 176-178. 

Talal, N. and Tomkins, G.M. (196A) AUosteric properties of glutamate dehydro­

genases f rom di f ferent sources. Sciences., 146: 1309-1311. 

Talley, D.J., White, L.W. and Schmidt, R.R. (1972) Evidence for N A D H - and 

NADPH-speci f ic isoenzymes of glutamate dehydrogenase and the 

continuous inducibi l i ty of the NADPH-specif ic isoenzyme throughout 

the cel l cycle of the eukaryote Chlorel la. J .̂ Biol . Chem., 24 Ti 

7927-7935. 

Teller, J.K. (1987) The ef fect of nucleotides of glutamate dehydrogenase 

f rom the mealworm fat body. Arch . Int . Physiol. Biochim., 95: 433-A37. 

Thurman, D.A., Pal in, C. and Laycook, M.V. (1965) Isoenzymatic nature of 

L-glutamate dehydrogenase of higher plants. Nature (London), 207: 

193-194. 

Thurston, R.V., Russo, R.C. and Vinogradov, G.A. (1981) Ammonia tox ic i ty 

to fishes. The ef fect of pH on the tox ic i ty of the un-ionized ammonia 

species. Environ. Sci. Technol., 15; 837-840. 

Tischler, M., Hecht, P. and Willamson, J.R. (1977) Ef fec t of ammonia on 

mitochondrial and cytosolic NADH and NADPH systems in isoalted 

rat l iver cel ls. FEBS Le t t . , 76: 99-104. 

Tischner, T. (1984) Evidence for the part ic ipat ion of NADP-glutamate dehydro­

genase in the ammonium assimilation of Chlorel la sorokiniana. Plant 

Sci. Le t t . , 34: 73-80. 



139 

Turner, A.C. , Lushbaugh, W.B. and Hutchison, W.F. (1986) Di ro f i lar ia immit is ; 

Comparison of cytosoiic and mitochondrial giutamate dehydrogenase. 

Exp. Parasitol . , 61: 176-183. 

Turner, A .C. and Lushbaugh, W.B. (1988) Trichomonas vaginalis ; Character iza­

t ion of its giutamate dehydrogenase. Exp. Parasitol . , 67: 47-53. 

Tyler, B. (1978) Regulation of the assimilation of nitrogen compounds. A. 

Rev. Biochem., 4"^ 1127-1162. 

Urio, I., Matsumoto, K., Adachi, K. and Ishikawa, T. (1984) Regulation of 

NAD-dependent giutamate dehydrogenase by protein kinases in 

Saccharomyces cerevisiae. J . Bio l . Chem., 259: 1288-1293. 

Vancurova, I., Vancura, A. , Vole, J . , Kopecky, J . Neuzi l , J . , Basarova, G. 

and Behal, V. (1989) Pur i f icat ion and properties of NADP-dependent 

giutamate dehydrogenase f rom Streptomyces fradiae. J . Gen. Microbiol . 

135: 3311-3318. 

van den Thi l lar t , G. and Kesbeke, F. (1978) Anaerobic production of carbon-

dioxide and ammonia by goldf ish, Carassius auratus (L). Comp. 

Biochem. Physiol., 59A: 393-400. 

van den Thi l lar t , G., Kesbeke, F. and van Waarde, A. (1980) Anaerobic energy 

metabolism of goldfish, Carassius auratus (L.). Influence of hypoxia 

and anoxia on phosphorylated compounds and glycogen. 3: Comp. 

Physiol., 1368: 46-52. 

van der, D r i f t , C , Smits, R.A.M.M., Michiels, G.A.M. and Op den Camp, 

H.J.M. (1986) Grov/th of Bacillus fastidiosus on glycerol and the 

enzymes of ammonia assimilat ion. Arch. Microbiol . , 146: 292-294. 

van der. He lm, H.J. (1962) L-Glutamate dehydrogenase isoenzymes. Nature 

(London), 194: 773-774. 



lifO 

van Laere, A . J . (1988) Pur i f icat ion and properties of NAD-dependent giutamate 

dehydrogenase f rom Phycomyces spores. 3. Gene Microbiol . , 134: 

1579-1601. 

van Slyke, D.D., Phil l ips, R.A., Hami l ton, P.B., Archibald, R.M., Eutcher, 

P.H. and Hi l ler , A . (1943) Glutamine as sources mater ia l of urinary 

ammonia. J . Biol . Chem., 150: i^8^-482. 

van Waarde, A. (1981) Nitrogen metabolism in goldfish Carassius auratus 

L. Act iv i t ies of transmination reactions, purine nucleotide cycle 

and giutamate dehydrogenase in goldfish tissues. Comp. Biochem. 

Physiol., 688: 407-413. 

van Waarde, A. (1983) Aerobic and anaerobic ammonia production by f ish. 

Comp. Biochem. Physiol., 74B: 675-684. 

van Waarde, A. and Kesbeke, F. (1981a) Regulatory properties of AMP-deaminase 

f rom lateral red muscle and dorsal v/hite muscle of goldf ish, Carassius 

auratus (L.). Comp. Biochem. Physiol., 69B: 413-423. 

van Waarde, A. and Kesbeke, F. (1981b) Nitrogen metabolism in goldfish 

Carassius auratus L. Influence of added substrate and enzyme inh i ­

bitors on ammonia production of isolated hepatocytes. Comp. Biochem. 

Physiol., 708: 499-507. 

van Waarde, A. and de Wilde-van Berge Hennegouwen, M. (1982) Nitrogen 

metabolism in goldfish, Carassius auratus (L.). Pathv/ay of aerobic 

and anaerobic giutamate oxidation in red muscle and l iver mitochondria. 

Comp. Biochem. Physiol., 728: 133-136. 

van Waarde, A., van den Thi l lar t , G. and Dobbe, F. (1982)A'naerobic metabolism 

in goldfish, Carassius aratus (L.). Influence of anoxia on mass-action 

ratios of transaminase reactions and levels of ammonia and succinate. 

J . Comp. Physiol., 147: 53-59. 



141 

Vellas, F. and Serfaty, A. (1974) La jeune et la real imentat ion chez la carpe 

Cyprinus carpio. J . Physiol. Pris., 68: 245-260. 

Venkatachari, S.A.T. (197A) Ef fect of salinity adaptation on nitrogen metabolism 

in the freshwater fish Tilapia mossambica. I. Tissue protein and 

amino acids levels. Mar. Biol . , 24: 57-63. 

Veronese, F.M., Nye, J.F., Degani, Y., Brown, D.M. and Smith, E.L. (1974a) 

NicotinaiTiide adenine dinucleotide-specif ic glutamate dehydrogenase 

of Neurospora. I. Pur i f icat ion and molecular propert ies. J .̂ Biol . 

Chem., 249: 7922-7928. 

Veronese, F.M., Degani, Y., Nye, J.F. and Smith, E.L. (1974b) Nicotinamide 

adenine dinucleotide-specif ic glutamate dehydrogenase of Neurospora. 

I I I . Isolation and sequences of peptides containing selectively labeled 

lysine and cystine residnes. J . Biol . Chem., 249: 7936-7941. 

Veronese, F.M., Bevilacqua, R., Boccu, E. and Brown, D.M. (1976) Glutamate 

dehydrogenase f rom tuna l iver . Pur i f icat ion characterist ics and 

sequence of a peptide containing an essential lysine residue. Biochem. 

Biophys. Acta . , 445: 1 -13. 

Vislie, T. (1980) Cel l volume regulation in isolated perfused heart ventr ic le 

of the flounder (Platichthys flesus). Comp. Biochem. Physiol., 65A: 

19-27. 

Wainwright, S.D., Bright-Asare, P. and Cambel l , J.C. (1967) Exploratory studies 

of the l iver glutamate dehydrogenase of the hagfish Myxine qlutinosa. 

Lack of regulation of ac t iv i ty by ADP and diethylst i lbestrol in a 

physiological saline. Can. 3. Biochem., 45: 614-618. 

Walton, M.J. and Cowey, C.B. (1977) Aspects of ammoniogenesis in rainbow 

t rou t , Salmo qairdneri . Comp. Biochem. Physiol., 578: 143-149. 



\k2 

Walton, M.J. and Cowey, C.B. (1979a) Gluconeogenesis by isolated hepatocytes 

f rom rainbow t rout Salmo qairdneri . Comp. Biochem. Physiol., 62Bi 

75-79. 

Walton, M.J. and Cowey, C.B. (1979b) Gluconeogenesis f rom serive in rainbow 

t rout Salmo qairdneri l iver. Comp. Biochem. Physiol., 62B: 497-499. 

Walton, M.J. and Cowey, C.B. (1982) Aspects of intermediary metabolism 

in salmonid f ish. Comp. Biochem. Physiol., 738: 59-79. 

Wallace, R.A. (1985) Vitellogenesis and oocyte growth in nonmammalian ver te ­

brates, in Developmental Biology, Vol.1 , (Ed. Browder, L.W.) Plenum 

Publishing Corporat ion, pp. 127-177. 

Watkins, J.C. and Evans, R.H. (1981) Exci tatory amino acid transmiters. Annu. 

Rev. Pharmacol. Toxicol. , 2 1 : 165-204. 

Watts, R.L. and Watts, D.C. (1974) Nitrogen metabolism in fishes, in Chemica 

Zoology, Vol.VIII , (Ed. F lork in, M. and Scheer, B.T.) Academic Press 

New York, London, pp.369-446. 

Weber, K. and Gsborn, M. (1969) The re l iab i l i ty of molecular weight determina­

tions by dodecyl sulfate-polyacrylamide gel electrophoresis. _J. Bio l . 

Chem., 244: 4406-4412. 

Wharton, D.C. and Tzagoloff, A. (1967) Cytochrome oxidase f rom beef heart 

mitochondr ia, in Methods in Enzymoloqy, Vol .X, (Ed. Colowick, 

S.P. and Kaplan, N.G.) Academic Press, New York, London, pp.245-250. 

White, P.J. (1979) Ef fects of D-glutamate on enzymes of ammonia assimilation 

in Bacillus meqaterium NCIB 7581. 3^ Gen. Microbio l . , 114: 159-168. 

Whit ing, S.J. and Whiggs, A . J . (1977) E f fec t of nutr i t ional factors and Cortisol 

on tyrosine transaminase ac t iv i ty in l iver of brook t rou t . Comp. 

Biochem. Physiol., 586: 189-193. 



H3 

Wiegand, M.D. (1982) Vitellogenesis in fishes, in Reproductive Physiology 

of Fish, (Ed. Richter , C.J.J, and Goos, H.J.T.) Pudoc. Wageningen, 

pp.136-146. 

Siggert, B.O. and Cohen, P.P. (1965) Substrate speci f ic i ty of crystal l ine frog 

l iver glutamate dehydrogenase. 3. Biol . Chem., 240: 4790-4792. 

Wiggert, B.O. and Cohen, P.P. (1966) Comparat ive study of tadpole and frog 

glutamate dehydrogenase. J . Bio l . Chem., 241: 210-216. 

Wilson, R.P. (1973a) Nitrogen metabolism in the channel cat f ish, Ictalurus 

punctatus. I. Tissue distr ibut ion of aspartate and alanine aminotrans­

ferases and glutamic dehydrogenase. Com p. Biochem. Physiol., 468: 

617-624. 

Wilson, R.P. (1973b) Nitrogen metabolism in channel cat f ish , Ictalurus punctatus. 

I I . Evidence for an apparent incomplete ornithine-urea cycle. Comp. 

Biochem. Physiol., 468: 625-634. 

Winnacker, E.L. and Barker, H.A. (1970) Pur i f icat ion and properties of a N A D -

dependent glutamate dehydrogenase f rom. Clostr idium SB4. Biochem. 

Biophys. Acta . , 212: 225-242. 

Wolff , J . (1962) The ef fec t of thyroxine on isolated dehydrogenases. J .̂ B io l . 

Chem., 237: 236-242. 

Wood, J.D. (1958) Nitrogen excret ion in some marine teleosts. Can. J . Biochem. 

Physiol., 36: 1237-1242. 

Wootton, J.C., Chambers, G.K., Holder, A .A. , Baron, A .J . , Taylor, J.G., Fincham, 

J.R.S., Blumenthal, K.M., Moon, K. and Smith, E.L. (1974) Amino-

acid sequence of NADP-specif ic glutamate dehydrogenase of Neurospora 

crassa. Proc. Na t l . Acad. Sci. (U.S.A.), 71 : 4361-4365. 



H^ 

Wright, P.A. and Wood, C M . (1985) An analysis of branchial ammonia excretion 

in the freshwater rainbow t rou t : ef fects of environmental pH change 

and sodium up take blockade. J . Exp. Biol . , 114: 329-353. 

Wright, P.A., Wood, C M . and Randal l , D.J. (1988) An j n v i t ro and _in vivo 

study of the distr ibut ion of ammonia between plasma and red cells 

of rainbow t rout (Salmo qairdneri). 3. Exp. Biol . , 134: 423-428. 

Wright, P.A., Randal l , D.J. and Perry I I , S.F. (1989) Fish gi l l water boundary 

lower : a site of linkage between carbondioxide and ammonia excre­

t ion . 2« .Com£. ^hys i oh , 158B: 627-635. 

Yamamoto, I., Abe, A. , Saito, H. and Ishimoto, M. (1984) The pathway of 

ammonia assimilation in Bacteroides f raqi l ls . J. Gen. Appl . Microbiol . , 

30: 499-508. 

Yamamoto, I., Saito, H. and Ishimoto, M. (1987a) Comparison of properties 

of glutamate dehydrogenases in members of the Bactericides fraqi l is 

roup. 3. Gen. Appl. Microbio l . , 33: 429-436. 

Yamamoto, I., Saito, H. and Ishimoto, M. (1987b) Regulation of synthesis 

and reversible inact ivat ion jin vivo of dual coezyme specif ic glutamate 

dehydrogenase in Bacteroides f raq i l is . Jl- Gen. Microbiol . , 133: 2773-

2780: 

Yeung, A.T. , Bascomb, N.F., Turner, K.J . and Schmidt, R.R. (1981) Regulation 

of ammonium-inducible glutamate dehydrogenase cata ly t ic act iv i ty 

and antigen during the cel l cycle of ful ly induced, synchronous 

Chlorel la sorokiniana cells. J . Bacheriol. , 146: 5 71-577. 

Yielding, K.L. and Tomkins, G.M. (1960) Structural alterat ions in crystal l ine 

glutamic dehydrogenase induced by steroid hormones. Proc. Na t l . 

Acad. Sci. (U.S.A.), 46: 1483-1488. 



145 

Yielding, K.L. and Tomkins, G.M. (1961) An ef fec t of L-leucine and other 

essential amino acids on the structure and act iv i ty o f glutamic 

dehydrogenase. Proc. Na t l . Acad. Sci. (U.S.A.), 47 : 983-989. 

Yielding, K.L. , Tomkins, G.M., Bitensky, M.W. and Talal , N. (1964) Reagent-

induced changes in the structure and cata ly t ic ac t iv i ty of glutamic 

dehydrogenase. Can. 3. Biochem., 42: 727-743. 

Younes, A., Briand, Y., Comte, J . , Durand, R. and Gautheron, D. (1973) Glutamate 

dehydrogenase (GDH) from pig heart mitochondria. Part ic ipat ion 

in metabolism regulat ion. Properties of the enzyme _in situ and 

of the puried enzyme. Biochimie., 55: 833-843. 

Yue, S.B. (1969) Isoenzymes of glutamate dehydrogenase in plants. Plant 

Physiol., 44: 453-457. 

Zantema, A., Vogel, H.J. and Robi l lard, G.T. (1979a) Conformational changes 

in bovine-l iver glutamate dehydrogenase, a spin-label study. Eur. 

J . Biochem., 96: 453-463. 

Zantema, A., de Smet, M.-J. and Robi l lard, G.T. (1979b) Magnetic-resonance 

studies of the geometry of bound substrate, coenzyme and act ivator 

on bovine l iver glutamate dehydrogenase. Eur. ^ . Biochem., 96: 

465-476. 

Zebian, M.F. and Creach, Y. (1979) Fract ion a-aminee l ibre et degradation 

oxydative de quelques acides amines chez la carpe. Importance 

des facteurs nutr i t ionnels, in Finf ish Nut r i t ion and Fishfeed Technology, 

Vol I I , (Ed. Halver, J.E. and Tiews, K.) Heeneman, Ber l in, pp.531-544. 

Z ink l , J.G., Bush, R.M., Cornelius, C.E. and Freedland, R.A. (1971) Comparative 

studies on plasma and tissue sorbi to l , g lutamic, lact ic and hydroxybutyric 

dehydrogenase and transminase act iv i t ies in I he dog. Res. Vet. 

Sci., 12: 211-214 »«,- ^•.J.^%^'-^'^'^' 

t«/.'.:.::^^^/ 


