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i; 

Four -fold partially purified glucose -6- phosphate dehydro- 

genase (G- 6 -PDH) from the obligately psychrophilic marine bacter- 

ium Vibrio marinus was effected by thermally induced leakage of the 

enzyme, ammonium sulfate fractionation and column chromatography 

on Sephadex G -200 gel. 

The effects of temperature, pressure, salinity, and pH were 

determined for the various degrees of enzyme purity. The intra- 

cellular enzyme was stable between 0 C and 32 C for one hour with 

an optimum temperature of activity at the organism's optimum 

temperature of growth (15 C). In cell free extracts the enzyme was 

cold - labile below 7 C and was heat - labile when exposed to tempera- 

tures above the organism's maximal growth temperature (20 C). 

There was a negligible amount of enzyme released from cells held 

for one hour at temperatures below 20 C, but above 20 C heat -treated 



samples leaked increasingly more enzyme with a maximal amount 

obtained at 31 C. 

The ammonium sulfate fractionated enzyme was most stable 

at 5 C in 26 %o +synthetic sea water at pH 7. 4, and was activated 

slowly when held above 15 C. A hydrostatic pressure of 300 atm 

produced a seven -fold stimulation in the rate of activity over that 

observed at 1 atm. Pressures from 400 to 1000 atm inhibited 

enzyme activity but release of the pressure to 1 atm reversed the 

rate of activity equivalent to that observed at 300 atm. 

Four -fold partially purified enzyme was stable between 5 C 

and 26 C, with a stable optimum temperature of activity at 15 C. 

The salt -free enzyme displayed no activity, and the enzyme incubated 

in the presence of ammonium sulfate was labile below 10 C, but 

shifted the optimum temperature of activity from 15 C to 20 C 

Thermodynamic parameters were reported for the activated state 

for temperature activation and inactivation of G -6 -PDH in the 

presence and absence of ammonium sulfate. Tris -HC1, KC1, NaC1, 

NaBr, CaC12, K2SO4, KF and (NH4)2SO4, in decreasing order 

increased the rate of activity when the enzyme was incubated in the 

presence of these salts, but MgCl2 inhibited by a competitive 

mechanism with complete reversal of inhibition after exposure to 

40 C for 10 min. The Km determined was 8. 5 x 10 -4; the Vm, 0.083 

and the Ki for MgCl2, 0. 10. NaC1, (NH4)2SO4, and Rila marine salts, 



in decreasing order, protected the enzyme from thermal inactivation 

at 44 C. (NH4)2SO4 reactivated, up to 130 percent, the 38 C- 

inactivated enzyme. A seven minute exposure to 17 C allowed 100 

percent reactivation of the enzyme inactivated at 44 C in the presence 

of (NH4)2SO4; in the presence of NaCl there was 20 percent reactiva- 

tion and 50 percent in the absence of any added salts. When the 

enzyme was placed at pH 7.4 and under the desired pressure for 30 

minutes, an optimum pressure of activity was observed at 400 atm 

and the amount of activity at 15 C was four -fold greater than that 

observed at 2 C. The amount of activity at both 2 and 15 C was 

negligible at pressures greater than 1000 atm. 
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STUDIES ON GLUCOSE -6- PHOSPHATE DEHYDROGENASE 
OBTAINED FROM VIBRIO MARINUS, AN OBLIGATE 

MARINE PSYCHROPHILE 

INTRODUCTION 

Microbial processes appear as one of the most indispensable 

links in completing the cycles of life in the deep sea and near shore 

environments. In the deep sea, marine psychrophiles probably play 

important roles in keeping the biochemical cycles operating. These 

bacteria contribute to the total biomass and to the digenesis of 

sedimentary materials. When they expire they may release 

ectocrine compounds into the surrounding medium. Many of these 

bacteria also prefer amino acids as a carbon, nitrogen, and energy 

source, and some require vitamins and other growth factors. 

Even though the effect of pressure is a significant factor in 

the deep sea, most of the work done with bacteria from the sea has 

dealt with their temperature range and halophilic nature. Marine 

bacteria are generally more psychrophilic than terrestrial species 

and are capable of growing and reproducing at in situ temperatures 

below 20 C and at pressures up to 1000 atm. 

The enzyme, glucose -6- phosphate dehydrogenase (G- 6 -PDH) 

of the obligate psychrophile, Vibrio marinus MP -1, was selected for 

study for the following reasons: (1) The enzyme occurs throughout 

the phylogenetic scale and its quantitative distribution has been 
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reported in animal tissues and microorganisms. Reports have been 

made of the enzyme in a few marine psychrophiles, but no informa- 

tion is available on its kinetics and purification in these psychro- 

philes; (2) The enzyme activity can be easily assayed spectrophoto- 

metrically by two methods as described in materials and methods; 

(3) Glucose -6- phosphate (G -6 -P) lies at the crossroads of a number 

of alternative metabolic pathways and therefore may be an important 

substrate in the marine psychrophile's metabolism; (4) An enzyme 

of the tricarboxylic acid cycle, malic dehydrogenase (MDH), pre- 

viously has been investigated in V. marinus MP -1 (54) and V. 

marinus PS -207 (11, 65) and therefore warrents investigation of 

enzymes of other pathways. The enzyme G -6 -PDH catalyzes the 

oxidation of G -6 -P through the reduction of NADP, a reaction involved 

in the monophosphate shunt pathway, which normally provides the 

cell with reduced pyridine nucleotides and various short -chained 

carbon skeletons needed in the formation of aromatic amino acids 

and in the formation of the prosthetic groups of many enzymes. 

Under aerobic conditions the oxidation of these reduced pyridine 

nucleotides via the cytochrome system would provide energy to the 

cell in the form of adenosine triphosphate (ATP). It is interesting 

to note that the operation of this cycle is most important to the 

photosynthetic and chemosynthetic autotrophs since all their cellular 

carbon is derived by condensing carbon dioxide with 
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ribulose -1, 5- diphosphate which was initially derived from the con- 

version of glucose -6- phosphate through 6- phosphogluconic acid (6- 

PG) to ribulose -5- phosphate; (5) This obligate psychrophile excretes 

ectocrine compounds into the surrounding medium when its environ- 

mental temperature is increased to a value above the maximal 

growth temperature of the organism. Therefore certain biochemical 

activities can be detected after death. Heat -induced leakage of G -6- 

PDH occurs concomitantly with lysis of the cells, indicating that 

membrane damage may be associated with death of the obligate 

psychrophile. Temperature studies on partially purified prepara- 

tions of G -6 -PDH, coupled with the studies on MDH and other enzymes 

of V. marinus, should help to correlate further the function of these 

enzymes at low temperatures with the organism's ability to grow at 

low temperatures; (6) Inorganic ion requirements which are needed 

for the maintenance of the integrity of the cells may be associated 

with specific ion requirements of this dehydrogenase of the cell 

membrane. It has been shown that in some marine bacteria the 

effect of salts in maintaining the integrity of the cells is due entirely 

to the capacity of the salts to interact directly with polyelectrolytes, 

such as enzymes in the cell envelopes (9); (7) It is possible that the 

common ancestor of both marine and terrestrial bacteria was a 

marine bacterium, but little has been done to elucidate the differences 

between marine and terrestrial species, especially at the molecular 
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level. In the deep sea the combinations of temperature, pressure, 

salinity, and pH are unique features of that environment. The enzyme 

G -6 -PDH of V. marinus was investigated in relation to these four 

parameters in order to determine if there are significant differences 

between the properties of this enzyme and the same enzyme found in 

terrestrial organisms as reported in the literature. 
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REVIEW OF LITERATURE 

Microorganisms are important in marine communities since 

they can convert and translocate minerals, transform organic 

materials to inorganic, inorganic to organic and alter physical con- 

ditions such as pH and Eh. In the marine environment bacteria are 

especially important in the mineralization, assimilation and degrada- 

tion processes. 

Bruun (8) discussed the ecological zonation of the biosphere in 

terms of the increase in hydrostatic pressure of approximately one 

atm for every ten meters in depth of the ocean. The average depth 

is about 3800 meters, representing a pressure of 380 atm, while the 

deepest portion is approximately 10,800 meters, representing a 

pressure of 1,800 atm. The Galathea Deep Sea Expedition and the 

descents of the Bathyscaph "Trieste" reported organisms existing at 

these depths. Recognizing the existence of barophilic bacteria as 

well as surface forms, it appears that pressure can be an ecological 

factor in the distribution of organisms. 

Certain pressure- sensitive bacteria grow (increase in cell 

length) at pressures higher than the pressure at which they reproduce 

(increase in cell numbers). This may be due to the suppression of 

replication of essential nucleic acids, notably DNA. However, these 

pressure effects on cell length and DNA synthesis are reversible. 
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Johnson (37) and Heden (30) have discussed the relation of tempera- 

ture- pressure effects to the microbial environment. Heden suggested 

these temperature -pressure effects are related to molecular volume 

changes in large molecules such as DNA and complex enzyme 

systems. Since 84% of the ocean bottom is under pressures of 

200 atm or greater (7), it is likely that bacteria existing at great 

depths depend upon the temperature -pressure combination found there 

to maintain the conformation of vital polyelectrolytes, i. e. , enzymes, 

DNA, RNA. Many of these species would then become nonviable be- 

cause of the pressure decrease and temperature increase associated 

with bringing samples to the surface. Protein volume changes and 

enzyme activity were extensively discussed by Johnson, Eyring and 

Polissar (38) and Webb (90). 

The temperature range of the marine environment is from -2 

to 30 C and is small in contrast to the range of air temperatures, 

-65 to 65 C. The temperature range of water exceeding 1000 meters 

in depth is 5 to -1.5 C. Psychrophilic bacteria are considered to be 

those bacteria which have an optimum temperature of growth of less 

than 20 C. Since 90 percent of the ocean is colder than 5 C, we would 

expect to find these forms to be most active in the marine environ- 

ment. V. marinus MP -1 grows over a temperature and hydrostatic 

pressure range of -1 to 20 C and 1 to 400 atm respectively (66). 

When obligate psychrophiles are subjected to moderate 
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temperatures, thermal damage to the cells occurs. Various explana- 

tions have been postulated to explain the mechanism of this damage, 

such as disruption of intracellular organization (27, 28, 35, 48), 

accelerated use of intracellular amino acid pool (26), degree of 

saturation of cellular lipids (5, 31, 40, 41, 62, 79), enzyme inactiva- 

tion or abnormally thermolabile enzymes (11, 18, 54, 65, 76), 

inactivation of enzyme forming systems or loss in permeability con- 

trol (11, 28, 35, 65, 67, 86) and the loss of 260 and 280 mµ absorb- 

ing material as a result of degradation or denaturation of DNA and 

RNA (13, 27, 28, 75, 82, 83). 

In V. marinus MP -1, leakage of various cellular components 

into the surrounding rrienstruum occurred when the organism for growth 

jected to temperatures above its maximal temperature for growth 

(20 C). Leakage occurred in the order of protein, DNA, RNA, and 

finally amino acids (28). Polymeric and nonpolymeric ribonucleic 

acids, MDH and G -6 -PDH were also found in the menstruum. The 

presence of dehydrogenases in the menstruum following heattreat- 

ment indicates cell membrane damage. Leakage was shown to take 

place after 95 percent of the cells were rendered nonviable. Leakage 

and lysis took place concomitantly after death (43). 

Even though sea water is a salt solution containing more than 

half the known elements, the salinity of the open ocean is relatively 

constant and is usually close to 35 %c. Not only is the salinity 
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uniform, but the relative concentrations of the major constituents 

varies only slightly. Chloride, bromide, sodium, magnesium, 

calcium, potassium, and strontium occur almost entirely as free 

ions in the ocean. The rations of the three principal anions of sea 

water, carbonates, sulfates, and chlorides are the reverse of the 

ratios of these anions found in river water. 

Many marine bacteria lyse when placed in a hypotonic medium, 

possibly because the cell walls of marine bacteria may be different 

in nature from those of nonhalophiles (6, 84). Generally marine 

bacteria require inorganic salts for permeative control, maintenance 

of membrane equilibrium, and as cofactors of enzymic actions. The 

specific requirement for sodium for their optimal growth and 

metabolic activity had been considered to be more than a single 

expression of osmotic activity since the total replacement of sodium 

with nonspecific solutes had not been successful. Some of these 

bacteria specifically require the chloride or bromide halide ions for 

growth. Requirements for magnesium or combinations of magnesium 

and calcium is greater than that of most terrestrial species. 

In other investigations (19, 20) on the effect of NaCl and the 

other inorganic salts on the metabolism of intact cells of marine 

type bacteria, it was revealed that Na+ had specific, positive effects 

on their enzyme systems, but 

any positive effects. Gibbons 

the other salts had failed to reveal 

(20) and Stevenson (81) demonstrated 
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that enzymes of halophilic bacteria differ from those of non- 

halophiles in exhibiting a specific requirement for Na for activation 

of the enzyme protein. 

Several workers have found that the presence of certain salts 

would protect enzyme activity against heat and chemical inactivation 

( 7 1 , 7 4) . In V. m a r i n u s M P- 1, (NH4)2SO4 protected MINI 

from thermal inactivation (54) while G -6 -PDH activity was protected 

both by NaCl and (NH4)25O4. The (NH4)25O4 stimulated the activity 

of partially purified MDH while NaC1 inhibited activity. However, 

the activity of partially purified G -6 -PDH of this organism was 

stimulated by NaC1 and had a high specificity for the chloride ion 

as well as the potassium and sodium ion; (NH4)25O4 also stimulated 

the activity but to a smaller extent than NaCl; MgC12 inhibited by a 

competitive mechanism but was reversible at high temperatures. 

a yeast G -6 -PDH, (NH4)2SO4, NH4C1, H2SO4, and NH4CH2COOH 

activated the enzyme while ammonia inhibited by a competitive 

mechanism (59). In another yeast system, chloride activated the 

enzyme without affecting the Km values, and an inhibitory effect of 

sodium and potassium was observed on the maximum velocity (Vm) 

of the reaction and on the affinity of the enzyme for the substrate. 

Inhibition of the dehydrogenase also has been shown by NADPH 

(21), ATP (56), AMP (45), phosphate (21), iodide (17), heavy metals 

such as magnesium, mercury and copper (23, 70), atabrine (70), 

1 it 
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sulfonamides (1) and steroid hormones (57, 63). However, activa- 

tion as well as inhibition can occur with the same salt (e. g. , MgC12) 

dependent on the concentrations. 

The discovery of the G -6 -PDH reaction led to the discovery of 

nicotinamide adenine dinucleotide and the flavin nucleotides. Origi- 

nally the enzyme was found to catalyze the oxidation of G -6 -P to 

6 -PG, which was coupled with the transfer of the hydrogen through 

NADP and "yellow enzyme" to methylene blue or oxygen (89). This 

series of reactions, termed by Wärburg as the first "Ferment des 

reduzierenden system, " illustrates the "intermediary" function of 

the enzyme and led to coining of the name Zwischenferment (88). 

Kinetic studies on G -6 -PDH revealed that the enzyme catalyzes an 

exergonic but reversible (34) biomolecular redox reaction involving 

the oxidation of G -6 -P to 6 -PG coupled with the reduction of NADP 

to NADPH. This reaction is the first reaction involved in the 

passage of glucose monophosphates through the monophosphate shunt 

system. 

The widespread distribution of the enzyme throughout nature 

(2, 22, 70) includes a large number of different organisms such as 

bacteria (15, 78), yeast (21, 49, 50, 59, 69, 70, 77, 89), mold (36), 

and mammalian erythrocytes (45, 46, 47, 60, 87) as well as its 

localization in specialized organs of animal tissues (16, 23, 68) such 

as nervous tissue (10), liver (16, 68), adrenal gland (42) and 
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mammary gland (39, 57). There also is evidence reported in the 

literature of isozymic forms of the enzyme and a multiplicity of com- 

ponents for the dehydrogenase (39, 47, 70, 73). Thus far these 

studies on V. marinus MP -1 neither indicate the presence of more 

than one form of the enzyme nor the requirement for a multiplicity 

of components (e. g. , substrate, cofactor) for the enzyme. However, 

high ionic strength as well as specific salts are requirements for 

stability and activity of the dehydrogenase. 
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METHODS AND MATERIALS 

Organism and Growth Medium 

The obligately psychrophilic bacterium, Vibrio marinus MP -1 

(14, 66) was employed in this investigation, 

The S. D. B. medium used in these studies consisted of the 

following: 1 g succinic acid, 15 g sodium chloride, 5 g polypeptone 

0.5 g glucose, 2 g yeast extract, 5 g Rila marine salts (Rila Products, 

Teaneck, N. J.) and 0.01 g ferrous sulfate. The total volume was 

brought to one liter and the pH adjusted to 7.4. Sterilization was 

effected by autoclaving at 15 psi for 20 minutes. 

Growth and Preparation of Cells 

Stock cultures were maintained at 15 C and transferred twice 

at 12 hour intervals pr"+ v r to inoculation of the growth rued _. Five mi. 

of the 12 hour culture was inoculated into 300 ml of the above medium, 

The cells were grown aerobically for 15 hours at 15 C in a controlled 

environmental shaker (New Brunswick Scientific Co, ), The cells 

were harvested by centrifugation in a Sorvall RC -2 refrigerated 

centrifuge at 5 C and 10, 400 x g. Rila marine salts at a concentra- 

tion of 26.25 g per liter (assumed to have a salinity of approximately 

26 %o) dissolved in distilled water and adjusted to pH 7, 4, was used 
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for washing and resuspending the cells after harvesting and will be 

referred to as 75 percent Rila sea water. The ionic strength of 

various concentrations of Rila sea water was calculated on the basis 

of a 100 percent sea water solution (35 %o) having an ionic strength of 

0.7. The cells were washed twice in 75 percent Rila sea water and 

suspended in 75 percent Rila sea water containing 0.05 M tris- 

(hydroxymethyl) - aminomethane (Tris -) buffer adjusted to pH 7. 4 

with sulfuric acid. Tris- buffer adjusted to the appropriate pH value 

with phosphoric acid, sulfuric acid and hydrochloric acid will be 

referred to as Tris -PO4, Tris -SO4 and Tris -HC1 respectively. 

The concentration of the cell suspension was adjusted so that a 

1 :200 dilution gave an optical density (OD) of 0.40 at 600 mµ at a 

path length of 1.0 cm in the Bausch and Lomb Spectronic 20 

spectrophotometer. Total cell population of this dilution was deter- 

mined with a Petroff -Hausser counting chamber. Microscopic 

observations were made using a Leitz Ortholux microscope equipped 

with a Heine phase contrast condenser # 74 and Pv Fl 70/1.15 n 

objective. The above whole cell suspension was used immediately 

for the various enzyme preparations described below. 

Lysed Cell Preparation 

Heat treated whole cells (0. 2 ml) were lysed prior to assay 

by the addition of 1.8 ml of Tritons -100 solution containing 180 mg 
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per ml Triton1C-100, 360 µmoles Tris -SO4, pH 8. 6 and 0.8 µmoles 

ethylenediamine -tetraacetic acid (EDTA). The mixture was 

incubated for 5 minutes at 5 C prior to assay. 

Cell Free Extracts 

Cell free extracts were prepared by treating the above whole 

cell suspension for 15 minutes in a 10 -kc Ratheon sonic oscillator 

which was cooled using a methanol and ice mixture. Cell debris was 

removed by centrifugation at 34, 000 x g for 15 minutes and the result- 

ing supernatant referred to as cell free extracts. 

Heat -Induced Leakage of the Enzyme 

The whole cell suspension was heat - treated for one hour at 

31 C in order to induce leakage to obtain the enzyme in high concentra- 

tions in the supernatant fluid. The cell debris was removed 

immediately after heat treatment, except where indicated, by cen- 

trifugation at 34,800 x g for 15 minutes. The supernatant fluid was 

used as a source of the soluble dehydrogenase. 

Ammonium Sulfate Fractionation and Column Chromatography 

The flow diagram for purification of the enzyme is shown in 

Figure 1. Ammonium sulfate fractionation (24) of the heat- treated 

supernatant was carried out at 0 C and pH 7. 4, and the precipitate 
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from the 60 percent saturated solution was dissolved either in 0.1 M 

Tris -SO4 (pH 7. 4) and used for salinity studies after desalting or in 

0.1 M Tris -HC1 (pH 7. 4) and used for thermolability and pressure 

studies and for further purification on Sephadex G -200 gel. 

The enzyme preparation was eluted from the column of G -200 

gel with 0.1 M Tris -HC1 buffer in 75 percent Rila sea water (pH 

7. 4). A Pharamacia column of 1 x 18 inches was used with a Buchler 

Polystaltic pump to control the flow rate. This system was adjusted 

to deliver between 3 and 4 ml per hour. The gel was placed in buffer 

for 72 hours and packed to a height of 27 cm. Buffer was passed 

through the system for 24 to 40 hours prior to sample application to 

allow settling of the gel. The flow rate of the eluent was controlled 

so that the hydrostatic head never exceeded 6 cm. A glass syringe 

with an elongated tip (a Pasteur pipet) was used to apply the enzyme 

preparation to the top of the column beneath the surface of the buffer. 

Fractions were collected using an Isco automatic fraction collector 

timed to deliver 2 ml of eluent per fraction tube. The OD of the eluent 

was continually monitored at 254 mµ on the strip chart of an Isco 

Model UA continuous recording ultraviolet analyzer. The void 

volume (Vo) of the column was determined using blue- colored two 

million molecular weight dextran (Dextran 2000) produced by 

Pharamacia Company. The active fractions collected and pooled 

were those eluted between (5 + Vo) ml and the peak in the 254 mµ 
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absorbancy pattern (Figure 14). 

Following column chromatography the active fractions were 

brought to 60 percent ammonium sulfate saturation at pH 7. 4 and 

0 C. The resulting precipitate was dried in a desiccator at 0 C and 

stored at -20 C in the desiccator for not more than 48 hours prior to 

use in enzyme studies. Before use, the dried enzyme preparation 

was brought to 0 C and suspended either in 0. 1 M Tris -SO4 (pH 7. 4) 

and used for salinity studies after desalting or in 0. 1 M Tris -HC1 

(pH 7. 4) and used for thermolability and pressure studies. 

Methods of Enzyme Assay 

Enzyme activity was assayed according to the method of 

Kornberg and Horecker (50) in observing the reduction of oxidized 

nicotinamide adenine dinucleotide phosphate (NADP) coupled with the 

oxidation of G -6 -P. The increase in OD at 340 mµ observed during 

reduction of NADP to reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) was measured at 15 second intervals using a 

Beckman DU spectrophotometer (path length 1,0 cm) fitted with a 

thermospacer connected to a circulating waterbath to control the 

reaction temperature. 

Where indicated, the reaction mixtures were contained in 3. 0 

ml: Tris -SO4 or Tris -HC1 520 µmoles (pH 8. 0), G -6 -P 10 µmoles, 

NADP 2.0 µmoles, and any other additions as indicated in the 

respective tables and figures. Controls omitting NADP, G -6 -P, or 
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enzyme were used to correct for nonspecific reactions producing a 

change in OD. Dye reduction, where indicated in the respective 

figures and tables, also was used as a means of assay. The method 

employed the measurement of the rate of reduction of the artificial 

hydrogen acceptor 2, 6- dichlorophenol- indophenol, sodium salt (DCIP) 

at 605 mµ. Unless otherwise stated, the reaction mixture contained 

in 3.0 ml: Tris -SO4 or Tris -HC1 520 moles (pH 8.0), G -6 -P 

10 µmoles, NADP 0.1 p.moles, phenazine methosulfate (PMS) 0.1 ml 

of 0.1%, DCIP 0.17 µmoles, and any other additions as indicated in 

the respective tables and figures. Controls were used to correct for 

nonspecific reduction of the dye in the absence of G -6 -P. The above 

chemical reagents were obtained from Sigma Chemical Co. , St. 

Louis, Mo. 

All the above reactions were initiated by the addition of enzyme. 

The protein concentration used depended on the enzyme fraction being 

assayed. All assays were performed at 20 C. The enzyme units 

used were as stated by Kornberg and Horecker (50): one unit of 

activity is that amount which causes an increase or decrease in 

optical density of 1.0 per minute. Specific activity is expressed as 

units per mg of protein. 

By using a spot plate, the above method of dye reduction was 

used for detecting enzyme in the chromatography fractions. The 

reaction mixture (1.0 ml) was pipeted into the compartments of the 
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spot plate and 0. 5 ml of the enzyme fractions added to each. 

Decolorization of the dye indicated the presence of G -6 -PDH in the 

fraction. The fractions showing activity were pooled and immediately 

fractionated with ammonium sulfate as described above. 

Protein Determination 

Protein was estimated by the Folin phenol method (58). 

Temperature and Salinity Studies 

A polythermostat constructed by Morita and Haight (66) and 

similar to the one used by Oppenheimer and Drost- Hansen (72) was 

used for temperature studies on whole cells and cell free extracts. 

Temperature studies on heat- treated supernatants and the ammonium 

sulfate fractionated enzyme were carried out in a circulating water 

bath adjusted to the desired temperature. The enzyme sample was 

pipetted into thermally equilibrated test tubes (18 x 148 mm) con- 

taining the required buffer and /or salt to give the desired dilution. 

At the appropriate time interval, samples were withdrawn and 

assayed directly. 

Optical High Pressure Cylinder 

The optical high pressure cylinder used in these studies was 

a modification of the type used by Morita (64). This pressure cell, 
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which consisted of stainless steel pressure cylinders fitted with 

white sapphire windows, was constructed to fit in a modified 10 cm 

cell compartment of a Beckman DU spectrophotometer. The total 

volume of each pressure compartment was 6. 0 ml. The pressure 

apparatus used for pressurizing the reaction mixture was described 

by ZoBell and Oppenheimer (92). 

A deoxygenating unit (Figure 2), constructed with bantam -ware 

glassware, consisted of a 25 ml round - bottom flask (standard taper 

1 14/20) connected to a ball- and - socket joint (standard joint S 18/9). 

The ball- and -socket joint was jointed with a No. 18 clamp to a con- 

necting tube holding a 20 ml pear- shaped flask ('S 14/20). An 18 

gauge syringe needle connected to a syringe needle plug was inserted 

near the contact between the rubber tubing and the connecting tube 

so that the point of the syringe needle was in contact with the suction 

tube of the connecting tube. The rubber vacutainer seals were used 

to prevent air from entering when the unit was evacuated or nitrogen 

from escaping when a slight nitrogen pressure was applied. 

The deoxygenating unit was connected through a 3 -way valve 

to a Cenco Hyvac vacuum pump and a nitrogen reservoir. The 3 -way 

valve was used to apply a vacuum or a slight nitrogen pressure to 

the deoxygenating unit. A 5 ml plastic tuberculin syringe attached 

to the pear- shaped flask was used to determine the extent of evacua- 

tion or pressurization by observing the movements of the plunger. 
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The following constituents were added to the pear- shaped 

flask: Tris -HC1 1040 p.moles (pH 8. 0), G -6 -P 25 µmoles, NADP 

5.0 µmoles, PMS 0.2 ml of 0.1%, EDTA 10 µmoles, and DCIP O. 34 

µmoles in a total volume of 5. 0 ml. The round - bottom flask contained 

1.5 ml (about 2.0 mg of protein) of the 60 percent enzyme fraction 

obtained from ammonium sulfate fractionation of the supernatant 

fluid of heat - treated whole cells. 

After the unit was assembled it was evacuated, flushed with 

nitrogen (all nitrogen used was first passed through a mixture of 

pyrogallic acid and NaOH solution) and re- evacuated. The enzyme 

mixture was then mixed with the reaction mixture in the pear- shaped 

flask by tilting the round -bottom flask upward, simultaneously 

rotating the ball- and - socket joint 1/2 -turn. The unit was under a 

slight nitrogen pressure to prevent the entrance of atmospheric 

oxygen. After mixing the complete reaction mixture, the syringe 

needle plug was removed and a 10 ml syringe, previously cooled to 

5 C and flushed with nitrogen, was attached to the syringe needle 

and the reaction mixture removed with the syringe. The compart- 

ment of the high pressure cylinder was simultaneously flushed with 

nitrogen during injection of the reaction mixture into the cell com- 

partment. The pressure cell was kept under a nitrogen phase until 

the neutral piston was secured. The high pressure valve was 

attached to the high pressure cylinder and connected to the 
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hydrostatic pressure apparatus. The high pressure cylinder was 

pumped to the desired pressure and then transferred to the Beckman 

DU spectrophotometer. 

All measurements of DCIP reduction on the DU spectrophoto- 

meter were made 4 minutes after the enzyme was mixed with the 

reaction mixture in the pear- shaped flask. A time interval of at 

least 3. 75 minutes was required for mixing, pressurizing and 

transferring the pressure cylinder to the spectrophotometer. The 

first reading (4 minutes after mixing) was considered time "zero" 

and therefore represents the effect of pressure on Vm. The amount 

of DCIP reduced at 30 second intervals was followed. Values were 

corrected for controls by observing the nonspecific reduction of the 

dye in the absence of G -6 -P. All assays were carried out at 20 C. 

The cell check (OD of 0) for the Beckman DU spectrophotometer 

was made by filling the second optical high pressure cell with 6.0 ml 

of a solution: 0. 34 µmoles of DCIP and 1040 µmoles of Tris -HC1 

buffer (pH 8.0). 

Pressure Cylinders 

The pressure apparatus used for incubation of the enzyme under 

hydrostatic pressure was described by ZoBell and Oppenheimer (92). 

Prior to use the pressure cylinders were filled with water and 

equilibrated to 2 C or 15 C in a temperature controlled 
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water bath. An 8 x 20 mm (i. d. ) test tube was filled with the 

partially purified enzyme dissolved in 0.15 M Tris -HC1 buffer 

(pH 7. 4) and stoppered with a No. 000 rubber stopper to exclude air 

bubbles. The test tube was then placed into a pressure cylinder. 

The cylinder cap was secured and the pressure increased to the 

desired level with the hydraulic jack. After the pressure valve was 

secured the pressure cylinder was incubated at 2 C or 15 C for 30 

minutes. Immediately after the pressure was released a portion of 

enzyme was removed and pipeted into the reaction mixture consisting 

of 520 moles Tris -HC1, 10 µmoles G -6 -P and 2. 0 µmoles NADP. 

The assay was carried out at 20 C. 

Thermodynamic Determinations for the Activated State for 
Reversible Activation and Inactivation of Partially 

Purified Glucose -6- Phosphate Dehydrogenase 

The following method was used for the determination of the 

thermodynamic parameters for enzyme activation and inactivation. 

For temperature- induced enzyme activation, if n = number of 

activated protein molecules after time t and if no = initial number of 

protein molecules, then the probability of activation by a number of 

temperature- induced transitions per second (k') occurring in the 

short interval dt is equal to k'dt. The process of activation with 

time may be represented by a linear first -order equation dn/no = k'dt, 

which integrates to yield ln(n /n ) 
0 

= kit. The ratio n/no holds for any 
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measurable quantity proportional to n. In the case for enzyme 

activation, no = OD /min. , the linear 1 minute change in enzyme 

activity after a time to (sec) of incubation at a constant temperature. 

The value of n is then the rate of enzyme activity after a period of 

time t and holds for any process such as enzyme activation. 

For enzyme inactivation or denaturation, no = the linear 1 

minute change in enzyme activity at to and n = the amount of enzyme 

activity remaining after a time t of temperature- inactivation. The 

process of temperature- inactivation with time can be formulated into 

the first -order equation do /n 
0 

= -k'dt, which integrates to yield 

ln(n /n 
0 

) _ -k't. 

From the above equations, the first -order specific rate 

constants k' (sec -1) are determined. By utilizing the difference in 

free energy between the initial and the activated state (6,14) and by 

means of statistical analysis, the probability term for enzyme 

activation is the number of molecules in the activated state, given 

-AF /RT bye , where R is the gas constant and T the absolute tem- 

perature. perature. Then the value of k' = (kT/h)e - 
9 

where kT /h is 

the probability of traversal of space per unit time needed for the 

transition state, h = Plank's constant and k = Boltzman's constant. 

From the measurements of k', AF4is calculated at constant pressure 

and temperature. The energy of activation E is given by the equation 

ln(k1 /k2) = (E /R)(T1 T2) /(T2T1). A linear plot of ln k' vs. 1/T - 

0 
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yields a slope which is equal to E /R. The value of E = energy of 
a 

activation for enzyme activation and Ed = energy of activation for 

enzyme inactivation. From the value of E and from E = EH* + RT, 

the value of OH* at constant temperature can be determined. Sub- 

sequently, the value of LS- from tF* = LH* - TLS* is calculated. 

All thermodynamic units are expressed in calories and degrees 

Kelvin. 

The value of Km (substrate concentration ([S]) at Vm /2) was 

determined for the partially purified enzyme in 520 µmoles Tris -HC1 

and at 20 C. The calculation of Km was obtained from the equation 

1/v = Km /Vm[S] + 1 /Vm where the slope of 1/v vs. 1 /[S] is 

Km/ Vm, the maximum velocity is Vm and the Km is the Michaelis 

constant. 

For competitive inhibition by Mg ++ with the substrate, the 

following equation was used for the calculation of Ki: 

1 Km +[ I] 1 1 

v Vm Ki [ S]- Vm where the slope of 1/v vs. 

OS] is 

of Ki. 

Km 
Vm 

which can be used for the determination 

Molecular Volume Calculations 

From the ideal gas equation PV = nRT where P = pressure and 

n = number of moles, some of the data on the effects of pressure and 

* 

[1 

L1 + 
RIi] ] 
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temperature on enzyme activity can be evaluated in terms of changes 

in molecular volume (AV) between the initial and final states of the 

enzyme reaction. 

Changes in volume of activation, AV* (volume of activated 

complex minus the volume of reactants) can be determined for 

reversible reactions involved in condensation polymerization kinetics, 

such as hydrophobic bonding, and other reaction mechanisms fol- 

lowing similar patterns (29, 44). An attempt to determine the volume 

change of activation for the reversible effects of temperature and 

pressure on G -6 -PDH was accomplished by using the relationship 

(29) between the rate constant and pressure: 8m k /BP= V * /RT 

where k is the rate of enzyme reaction and is chosen to be equal to 

the linear change in OD /min. of time. The value of A V$ can be 

calculated from the slope of the straight line resulting from the plot 

of the rate constant vs. pressure. 

--A 
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RESULTS 

Studies were initially conducted on the effect of pH and G -6 -P 

concentration on the activity of G -6 -PDH of V. marinus. Optimum 

activity of the intracellular enzyme as well as the enzyme of cell free 

extracts occurred at pH 8. 0 (Figure 3) and at a substrate concentra- 

tion of 10 moles of G -6 -P per mg protein per 3. 0 ml of reaction 

mixture (Figure 4). There was no indication of substrate inhibition 

of enzyme activity in cell free extracts at excessive substrate con- 

centrations of 10 to 30 µmoles G -6 -P per mg protein. Therefore all 

future reaction mixtures contained at least 10 µmoles G -6 -P in order 

to eliminate the effects on the affinity of the enzyme for the substrate. 

Thermolability studies on G -6 -PDH of the intracellular enzyme 

and the enzyme of cell free extracts were determined prior to studies 

on heat -induced leakage of the enzyme from whole cells. Whole 

cells were washed twice in 75 percent sea water containing 0.05 M 

Tris -SO4 (pH 7. 4). The resulting cell suspension was treated at 

various temperatures ranging from 0 C to 45 C and portions removed 

at various time intervals, lysed with Triton X-100 solution for five 

minutes and assayed. Complete lysis of the cells occurred within 

this time at 5 C as shown by microscopic examinations at 970X. The 

intracellular enzyme was stable between 0 C and 32 C with an optimum 

temperature of activity at the organisms optimum temperature of 
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Fig. 3. The effect of pH on G -6 -PDH activity of MP -1 cell free 
extracts. Reaction mixtures contained in 3.0 ml: Tris - 
HC1 520 moles at the pH values indicated above, G -6 -P 
10 µmoles, NADP 0. 1 µmoles, PMS 0. 1 ml of 0. 1 percent 
DCIP 0.17 µmoles, protein 0.5 mg. The assay was 
carried out at 20 C. 
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Fig. 4. Effect of G -6 -P on G-6-PDH activity of cell free 
extracts. The reaction mixtures were as in Fig. 3 

except the pH of Tris -HC1 was 8.0 and the G -6 -P 
at the concentrations indicated above. Protein, 
0. 7 mg. 
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growth, 15 C (Figure 5). A considerable amount of inactivation 

occurred at temperatures above 35 C. 

Cell free extracts, prepared as described in materials and 

methods, were diluted with 75 percent sea water dissolved in 0.05 M 

Tris -SO4 (pH 7. 4) to give readable activity when the enzyme was 

assayed. The cell free extracts were treated at various tempera- 

tures (2 to 42 C) and assayed with time. The enzyme was cold - 

labile below 7 C (Figure 6) and heat -labile when exposed to tempera- 

tures above the organisms maximum growth temperature (20 C). 

After a period of 60 minutes, the optimum temperature of activity 

occurred at about 15 C but was time dependent at temperatures 

between 20 C and 31 C. 

The effects of temperature on the intracellular enzyme and the 

enzyme of cell free extracts become clearer when activity is re- 

plotted against increasing temperature (Figure 7). After 60 minutes 

heat -treatment the optimum temperature of activity of both the intra- 

cellular enzyme and the enzyme in cell free extracts occurred between 

12 C and 18 C. However, the intracellular enzyme was more stable 

both above and below the optimum temperature of activity of the 

enzyme of cell free extracts. 

Studies on heat -induced leakage of G -6 -PDH from log phase 

cells were carried out by exposing the cells to various temperatures 

for a period of 60 minutes and assaying for the amount of enzyme 
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Fig. 5. Effect of temperature on G -6 -PDH activity of whole cells. 
Reaction mixtures were as in Fig. 3 except the pH of 
Tris -HC1 was 8.0 and the protein concentration was 0.9 
mg. The cell suspension contained a c:oncentration of 
1011 cells /2. 5 mg protein /ml and was treated for various 
times and temperatures, as shown on the graph, prior to 
assay at 20 C. 
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Fig. 6. Effect of temperature on G -6 -PDH of cell free 
extracts. Reaction mixture was as in Fig. 5, 
except it contained C. 88 mg of protein. The 
cell free extract contained a protein concentra- 
tion of 2.31 mg /ml and was treated as in Fig. 5. 
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Fig. 7, Replot of Figures 5 and 6 showing the effect 
of 60 minute exposure of G -6 -PDH of whole 
cells (L) and cell free extracts (Q) to 
increasing temperature. 
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activity and the amount of protein in the supernatants (Figure 8). 

There was a negligible amount of enzyme (0.17 mg /ml protein) 

released from cells held for one hour at temperatures below 20 C, 

but above 20 C heat- treated samples leaked increasingly more 

enzyme with a maximal amount obtained at 31 C (3. 8 mg /ml protein). 

The amount of leakage at 31 C, in comparison to that at tempera- 

tures less than 20 C, represents a 25 -fold increase in the amount 

of enzyme released and a 22 -fold increase in the amount of protein 

released. Above 31 C the enzyme activity decreased with increasing 

temperature. 

In order to obtain the enzyme in large quantities for purifica- 

tion and kinetic studies, the whole cells were exposed to 0 C or 31 C 

for one hour, subjected to various procedures at 0 C and assayed 

for enzyme activity (Table 1). The greatest number of enzyme 

units collected from supernatants (8. 4 units) was obtained from 

whole cells after heat -induced leakage for one hour at 31 C. There- 

fore this procedure was used in the future to obtain large amounts of 

enzyme for fractionation with ammonium sulfate. 

In supernatants obtained from cells heat - treated at 31 C for 

one hour, no enzyme activity was detected after a four hour period 

of dialysis at 5 C, and this preparation was not reactivated by the 

addition of the salts removed through dialysis. Consequently the 

effects of three different ionic environments were determined on 
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Fig. 8. Leakage of G -6 -PDH from log phase cells suspended in 
75% Rila marine salts, pH 7. 4 after 60 minute exposure 
of whole cells to increasing temperatures, Reaction 
mixtures were as in Figure 5. The various protein con- 
centrations in the supernatants obtained from thermally 
induced leakage are shown on the graph. Supernatants 
were assayed immediately after exposure of whole cells 
to the temperatures indicated on the graph. 
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enzyme activity of the above supernatant (Figure 9). The salt con- 

centrations of the 3. 0 ml assay mixture were adjusted to give these 

concentrations shown in Figure 9 prior to the addition of the enzyme. 

Enzyme activity increased with increasing concentrations of ammo- 

nium sulfate however, increasing concentrations of Rila marine 

salts above 1%c produced a linear first -order inhibition of enzyme 

activity while magnesium chloride above 3 %c showed an exponential 

pattern of inhibition. 

Table 1. Heat -induced leakage of G -6 -PDH at 31 C 

Procedure Units a 

0 C 31 C 

Whole cellsb b 
9.1 8. 8 

Supernatant fluid 0. 4 8. 4 

Crude extracts from sonic 
oscillated cells 7. 8 7. 1 

Supernatant fluid 5. 2 5. 4 

aDetermined after whole cells were exposed to 0 C or 
31 C for one hour prior to treatment at 0 C with the 
procedures indicated above. Reaction mixtures were 
as in Fig. 5. 

bAssayed by lysing with Triton X -100. 

Since magnesium chloride and Rila marine salts show strong 

inhibition of enzyme activity of the supernatants, the effects of 

EDTA on enzyme activity in two different buffer systems were 
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Fig. 9. The effect of increasing concentrations of ammonium 
sulfate, Rila marine salts, and magnesium chloride on 
G -6 -PDH activity of supernatants obtained from cells 
heat -treated at 31 C for 1 hour. Reaction mixtures 
were as in Fig. 5 except for the addition of the con- 
centrations of the various salts indicated above. Pro - 
t' 1.n concentration in the assay mixture, 0.54 mg. 
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determined. The greatest amount of enzyme activity was observed 

with Tris -SO4 in the presence of 5. 0 µmoles of EDTA, however 

Tris -HC1 stimulated enzyme activity above that of Tris -SO4 alone 

(Figure 10). 

Ammonium sulfate fractionation of the supernatants was per- 

formed at 0 C (Table 2). The highest number of activity units 

occurred between 0 -40 percent saturation, but the highest specific 

activity occurred between 40 -60 percent saturation. The 0 -40 and 

40 -60 fractions were combined and used for column chromatography 

because the specific activity of both fractions were low and nearly 

the same and because the two fractions together represent a two- 

fold increase in specific activity over that of the original supernatant. 

Table 2. Specific and total activities of G -6 -PDH after fractionation 
with ammonium sulfate. 

Fraction 
Total 

activity 
units 

Specific Activity, 
units /mg 

protein,x 102 

Supernatant 83.4 11 

0 - 40 percent saturation 28.1 8 

40 - 60 23.3 14 

60 - 70 3,1 3 

70 - 100 0.5 4 

0 -100 55. 0 
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After the 0 -40 and 40 -60 percent fractions were combined 

(0 -60 percent precipitate dissolved in 0. 1 M Tris -HC1, pH 7. 4), the 

effects of a number of different ionic environments on the enzyme 

activity were determined (Table 3). The greatest amount of activity 

was observed with 5. 0 µmoles of EDTA in 0. 5 M Tris -HC1 buffer. 

Sodium chloride (0. 21 M) in Tris -HC1 decreased the level of activity 

below that of Tris -HC1 alone, however ammonium chloride (0. 3 M) 

and sodium chloride (0. 7 M) stimulated the rate of activity above that 

observed in Tris -SO4 buffer alone. Sodium sulfate (0. 3 M) in Tris- 

SO4 did not appreciably affect enzyme activity. 

The effect of sodium chloride in Tris -SO4 on enzyme activity 

can be more clearly seen in Figure 11. In this case the 0 -60 percent 

precipitate was dissolved in 0. 1 M Tris -SO4 (pH 7. 4) and dialized by 

chromatography on G -25 Sephadex gel with 0. 1 M Tris -SO4, pH 7. 4. 

Increasing concentrations of sodium chloride, up to 0. 7 M, stimulated 

the rate of enzyme activity above that of all concentrations of sodium 

chloride in Tris -SO4. 

To further test the effects of specific salts on enzyme activity, 

four different salts in Tris -SO4 were incubated at 15 C for 15 minutes 

in the presence of the dialized enzyme and the activity assayed in 

Tris -SO4 (Figure 12). Potassium chloride, sodium chloride and 

sodium bromide, in decreasing order, showed optima in enzyme 

activity at salt concentrations of 0. 5 M (all at ionic strengths of 0. 5). 
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Table 3.. The effect of different salts on the activity of G- 6 -PDH. 

Additions to systema 0 O. D. /min. 

Tris -HC1 

0. 3 M Ammonium sulfate 

5. 0 µmoles EDTA 

0. 3 M Sodium sulfate 

0.21 M Sodium chloride 

Tris -HC1, pH 8. 7 

Tris -PO4, 0.2 M 

Tris -SO4 

0. 3 M Ammonium chloride 

0. 7 M Sodium chloride 

0. 05 M Ammonium sulfate 

0. 70 M Ammonium sulfate 

0. 3 M Sodium sulfate 

0.061 

0.061 

0. 077 

0. 053 

0. 050 

0. 025 

0.060 

0. 030 

0. 055 

0.053 

0. 030 

0. 030 

0. 027 

aThe enzyme fraction used was the 0 -60 percent fraction shown in 
Table 2. Reaction mixtures were as in Fig. 5 except Tris -HC1 

was replaced by buffers where indicated above. All buffers were 
0. 5 M, pH 8. 0 unless otherwise indicated. The concentrations of 
the salts in the assay buffer are shown above. Protein concentra- 
tion in the assay mixture, 0. 71 mg. 
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Fig. 11. The effect of NaC1 on the activity of G- 6 -PDH. 
The enzyme fraction used was the 0 -60 percent 
fraction shown in Table 2. Reaction mixtures 
contained in 3.0 ml: Tris -SO 520 µmoles, 
G -6 -P 10 µmoles, NADP 2.0 µmoles, protein 
0.81 mg. The concentrations of NaCl in the 
assay buffer are shown in the above graph. 
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Fig. 12. The effect of 10 minute exposure at 15 C of G -6 -PDH 
to increasing concentrations of KC1, NaC1, NaBr and 
CaC12. All systems contained in 2.0 ml: the concen- 
trations of the respective salts, indicated on the above 
graph,dissolved in 180 µmoles of Tris -SO4, pH 7.4, 
and 7.0 mg of protein obtained from the 0 -60 percent 
enzyme fraction shown in Table 2. Reaction mixtures 
were as in Fig. 11 and contained 0.78 mg protein. 
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The optimum in the potassium chloride curve revealed a five -fold 

stimulation in enzyme activity above that observed in Tris -SO4 alone. 

Calcium chloride also showed an optimum in activity at 0. 5 M, but 

this activity was less than that of any of the other three salts. 

From the above data we can thus far conclude that the mono- 

valent cations, potassium and sodium, and the monovalent anions, 

chloride and bromide, have the most pronounced effect on enzyme 

activity, potassium and chloride showing the greatest effect. These 

ions had specific, positive effects on enzyme activity which precluded 

any major ionic strength effect. 

Hydrostatic pressure studies on the rate of activity of the 

ammonium sulfate fractionated enzyme were carried out at 20 C 

(Figure 13). The effect of pressure on Vm of the reaction rate was 

measured in an optical high pressure cell as described in materials 

and methods. A hydrostatic pressure of 300 atm produced a seven- 

fold increase in the rate of enzyme activity over that observed at 

1 atm. Pressures from 400 to 1000 atm inhibited the rate of enzyme 

activity with reversal of inhibition to the rate at 300 atm upon release 

of the pressure to 1 atm. The reversal of inhibition of the rate of 

enzyme activity at 1000 atm upon release of the pressure to 1 atm 

(position shown by arrow) is shown in Figure 13. The value of L V$ 

from i to 300 atm was approximately -13,200 ml /mole. 

Prior to column chromatography the conditions for optimum 

stability were determined for the 0 -60 percent ammonium sulfate 
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ig. 13. The effect of hydrostatic pressure on the rate of G -6 -PDH 
activity at 20 C determined with an optical pressure cell. 
The reaction mixtures contained in 6.0 ml: Tris -HC1 1040 
µmoles (pH 8.0), G -6 -P 25 µmoles, NADP 5. 0 µmoles, 
PMS 0.2 ml of 0.1 percent, EDTA 10 µmoles, DCIP 0. 34 
µmoles, and 1.92 mg of protein from the 0 -60 percent 
enzyme fraction shown in Table 2. At the time indicated 
by the arrow the pressure was released from 1000 atm 

to 1 atm, and after a 15 sec interval the activity was 
monitered again at 1 atm. 

150 
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fractionated enzyme. The enzyme was incubated in all systems (all 

at the same protein concentration) and assayed at 0, 16 and 48 hours. 

Table 4 shows that the enzyme was most stable at 5 C in 75 percent 

Rila marine salts at pH 7. 4. The pH for optimum activity (8. 0) was 

different from the pH of optimum stability (7. 4). 

The enzyme was chromatographed on Sephadex G -200 gel 

(Figure 14) in .1 M Tris -HC1 buffer (pH 7. 4) containing 75 percent Rila 

marine salts, at 4 C. The void volume of the column was 37 ml and 

the active fraction was collected between 38 and 58 ml, pooled and 

r of r ac ti on ated with ammonium sulfate at 0 C and pH 7. 4. The final 

results of these purification procedures are shown in Table 5. The 

0 -60 percent fraction from the pooled fractions from column 

chromatography represent about a two -fold increase in specific 

activity above that of the 0 -60 percent fraction shown in Table 2 and 

about a four -fold increase above that of the original supernatant. The 

four -fold purified preparation will be referred to as the partially 

purified enzyme in the following studies. 

Thermolability studies were conducted on the partially purified 

enzyme, both in the presence and absence of ammonium sulfate. 

Figure 15 shows temperature induced activation of G -6 -PDH during 

exposure of the enzyme in 0.15 M Tris -HC1 (pH 7.4) to the various 

temperatures. During the first 60 minutes of exposure, the enzyme 

maintained a relatively constant level of activity between 5 and 26 C, 



48 

Table 4. Stability of G -6 -PDH at 5 °C 

Buffer system Percent activity remaining 

1. 

2. 

3. 

75% sea water, 
" " 

Tris -HC1, 

0 hrs. 16 hrs. 42 hrs. 
pH 7. 4 

'! (25 °C)a 

pH 7.4 

100 

It 

" 

100 

53 

81 

88 

27 

70 

4. H " " + 40 µ moles of 6 -PG " 52 30 

5. " " It 0. 5 p. moles of TPN It 33 13 

6. It It It 0. 5 µ moles of TPNH " 32 10 

7. " " " 0. 5 µmoles of TPNH, 
40 µmoles of 6 -PG " 49 18 

8. " " " 0.5 µmoles of DPN " 59 32 

9. " " It 320 µmoles of 
ammonium sulfate It 64 48 

10. " " , pH 8. 0 " 80 65 

11. " It It 231 moles sodium 
chloride " 80 64 

12. " " " 5. 0 µmoles of EDTA " 78 60 

13. " " " 1.0 mg serum 
albumin " 44 28 

14. " " , pH 9..0 " 42 25 

15. Tris -SO4, pH 7.4 44 31 

16. " " , pH 8.0 " 42 23 

17. Tris -PO4, pH 7. 4, 120 µmoles " 78 60 

All incubated mixtures contained 200 µmoles of the buffer indicated 
above, except where indicated, and 6. 0 mg protein from the 0 -60% 
enzyme fraction (from Table 2). Total volume, 1. 0 ml. Assay 
mixtures were as in Fig. 5. 

aincubated at 25°C. 
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Fig. 14. Chromatography of G -6 -PDH on Sephadex G -200 gel in Tris -HC1 buffer 
(pH 7. 4) containing 75 percent Rila marine salts, at 4 C. 
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Fig. 15. The effect of temperature on partially purified 
G -6 -PDH activity. Reaction mixtures were as 
in Figure 5 and contained 0.081 mg protein. 
Incubation performed in 0.15 M Tris -HC1 
(pH 7. 4) and 0.62 mg protein /ml. 
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Table 5. Activity of various G -6 -PDH preparations. 

Preparation Total activity Specific activity 
units units /mg 

2 protein,x 10 

Supernatant 83. 1 11 

0 -60 percent fraction of 
Table 2 51.4 22 

Pooled fractions from 
column chromatography 4. 0 31 

0 -60 percent fraction 
from pooled fractions from 
column chromatography 3. 5 40 

with a stable optimum temperature of activity at 15 C. The depend- 

ence of the optimum temperature of activity on time became more 

apparent when the enzyme was incubated in the presence of 1350 

µmoles of ammonium sulfate per mg protein (Figure 16). The enzyme 

incubated in the presence of ammonium sulfate was labile below 10 C, 

but the stable optimum temperature of activity was shifted from 15 C 

(enzyme in the absence of ammonium sulfate) to 20 C (enzyme in the 

presence of ammonium sulfate). This apparent shift in the optimum 

temperature of activity becomes clearer when Figures 15 and 16 are 

re- plotted as percent remaining activity verses temperature after a 

60 minute exposure of the enzyme to increasing temperature (Figure 

17). At temperatures above 15 C ammonium sulfate protected the 

enzyme from thermal inactivation; the remaining activity was 
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Fig. 16. The effect of temperature on partially purified 
G -6 -PDH in the presence of ammonium sulfate. 
Reaction mixtures were as in Figure 5 and con- 
tained 0. 063 mg of protein. Incubation performed 
in 0. 15 M Tris -HC1 (pH 7. 4) and 1350 moles 
ammonium sulfate /mg protein. 
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Fig. 17. Replot of Figures 15 and 16 showing the effect of 
60 minutes exposure of partially purified G -6 -PDH 
to increasing temperatures. Enzyme incubated in 
the presence of ammonium sulfate (0), in the 
absence of ammonium sulfate (A) . 
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increased by approximately 10 percent in the presence of ammonium 

sulfate. 

Thermodynamic values for the activated state for G -6 -PDH 

activation and inactivation were determined (as described in materials 

and methods) from Figures 15 and 16, and these values are given in 

Table 6. A discussion of their interpretation is presented later in 

these studies. 

A 0 -60 percent fraction of the partially purified enzyme was 

dissolved in 0. 1 M Tris -SO4 (pH 7. 4) and desalted on Sephadex G -25 

gel with 0. 1 M Tris -SO4 (pH 7. 4). This buffer was used in the above 

procedure and in the assay mixture in order to determine the effect 

of the chloride ion, as well as a number of other ions, on the activity 

of the enzyme (Table 7). The effect of potassium chloride, sodium 

chloride, sodium bromide and calcium chloride on the activity of the 

partially purified enzyme was comparable to the effect of these four 

salts on the activity of the enzyme obtained from the 0 -60 percent 

fraction obtained from the first ammonium sulfate fractionation 

(Figure 12). That is, the amount of stimulation by each salt on the 

activity of the two -fold purified enzyme is equivalent to the amount of 

stimulation by each salt on the activity of the four -fold purified 

enzyme. Magnesium chloride at 8 %o inhibited enzyme activity up to 

50 percent, while mercuric chloride as low as 2 %o completely 

inhibited activity. The inhibition by magnesium chloride was 
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Table 6. Thermodynamic determinations of the activated state for 
activation of partially purified G -6 -PDH. 

T, °C T, °K k', x 10-4 Ea OF$ pH$ -AS$ -ToS$ 

15 288 0.821 14,101 7344 23 6666 
26 299 1.323 7920a 14,290 7322 23 6968 
36 309 2.218 14, 470 7302 23 7168 
38 311 2.270 14,550 7298 23 7252 

Ammonium Sulfateb 

15 288 0.810 14,021 5474 29 8547 
33 306 3.130 6050 14,110 5438 28 8672 
40 310 5.013 14,120 5420 28 8700 

Thermodynamic determinations of the activated state for 
inactivation of partially purified G -6 -PDH. 

T, °C T, °K k', x10-4 Ed /NE* A H$ PS* To S# 

26 299 0.572 23,460 29,402 20 5942 
32 305 1.380 30, 000 

23,320 29,390 20 6070 
36 309 3.184 23,210 29,382 20 6172 
38 311 4.000 20,350 29,378 29 9028 

Ammonium Sulfateb 

33 306 3.244 23,380 24,148 2.5 768 
40 313 5.010 24,760 23,230 24,134 2.9 904 
45 318 11.550 16,910 24,124 23 7214 

a Within the physiological range of temperature, the energy of 
activation also can be calculated from the empirical equation 
Ea = log Q10 where Q10 == v22/v1 when T2 - T1 = 10 C and T 
is in the neighborhood of 30 G. Therefore the energy of 
activation E = 9240 for the activated state for G -6 -PDH 
activation. a 

benzyme incubated in the presence of 1350 µmoles of ammonium 
sulfate per mg protein. 



reversible by the addition of 5. 0 moles of EDTA. 

Table 7. The effect of different salts on the activity of 
partially purified G -6 -PDH. 

Additions a Conc. (%c ) O. D/min. 

None -- 0.020 
KC1 10 0.051 
NaC1 10 0.045 
NaBr 10 0.040 
CaC12 10 0.036 
K2SO4 10 0.035 
KF 10 0.025 
(NH4)2SO4 9 0.025 
MgC12 8 0.010 
" " + EDTA, 5 µmoles 8 0. 030 

HgC12 2 0. 000 

a reaction mixtures were as in Figure 11 and contain 
0.12 mg of protein from the 0 -60 percent enzyme 
fraction obtained from ammonium sulfate refractiona- 
tion of the pooled fractions from column chromatography. 
The concentrations of the salts in the assay buffer are 
shown above. 
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Since divalent metal ions have been reported in the literature 

to inhibit the activity of many enzymes both of marine and terrestrial 

origin, the effect of these ions on G -6 -PDH was investigated. The 

kinetics of inhibition by magnesium chloride of the partially purified 

enzyme is shown by the Lineweaver -Burke plot of the reciprocal of 
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the initial velocity of reaction verses the reciprocal of the substrate 

concentration (Figure 18). From this graph the following values were 

calculated: Km = 8. 5 x 10-4, Vm = 0. 083 and Ki = 0. 10. The graph 

in Figure 18 indicates that inhibition is competitive, however there 

is a possibility of noncompetitive or mixed inhibition since the values 

for Ki and Km represent mean values from two experiments and 

since the slopes of the two lines on the graph do not differ appreciably 

within the limits of experimental error. 

The enzyme was incubated at 40 C in the presence of magnesium 

chloride (ionic strength 0. 3) and assayed at various time intervals in 

order to determine the effect of higher temperature on the kinetics 

of inhibition by magnesium chloride (Figure 19). Inhibition by 

magnesium chloride at 40 C was reversible but time -dependent, with 

complete reversal of inhibition after a 10 minute exposure to this 

temperature. Rila marine salts and magnesium chloride, both at an 

ionic strength of 0. 3, protected the enzyme from thermal denaturation 

at 40 C, but this effect was observed only after a 4 minute exposure 

of both enzyme -salt mixtures to this temperature. 

Salt- temperature effects on the G -25 chromatographed enzyme 

were investigated using sodium chloride and ammonium sulfate (salts 

that have shown a positive effect on the rate of enzyme activity). 

Sodium chloride and ammonium sulfate, both at an ionic strength of 

0. 3, activated the enzyme after a short period of exposure of the 
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Fig. 18. Inhibition by MgC12 of enzymatic activity at various 
G -6 -P concentrations, [S] in M /L. Reaction mix- 
tures were as in Figure 11 except Tris -SO4 was 
replaced by 520 µmoles of Tris -HC1. Protein, from 
the 0 -60 percent fraction of the partially purified 
enzyme, 0.09 mg. No added MgC12 (A), 
2 x 10-2 M MgC12 (Q). 
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Fig. 19. The effect of magnesium chloride and Rila marine salts 
on the activity of partially purified G -6 -PDH at 40 C. 
Reaction mixtures were as in Figure 11 except Tris -SO4 
was replaced by 520 µmoles of Tris -HC1, Protein, 
0,15 mg. Incubation performed in 0.15 M Tris -HC1 
(pH 7. 4), Rila marine salts or magnesium chloride 
(both at an ionic strength of 0.3) as indicated on the 
above graph, and 0.91 mg protein /ml. The ionic 
strength of Rila marine salts was calculated on the 
basis of 100 percent sea water (35 %o) having an ionic 
strength of 0.7. 
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enzyme -salt mixture to (44 C), a temperature at which there occurred 

rapid inactivation of the salt -free enzyme (Figure 20). The degree of 

activation by these salts at 44 C was time- dependent. The optimum 

in activity from the effect of sodium chloride occurred after a two 

minute exposure to 44 C, while the optimum peak in activity for 

ammonium sulfate occurred after a three minute exposure to 44 C. 

After a two minute exposure to 44 C, the amount of enzyme activity 

of the sodium chloride mixture and ammonium sulfate mixture was 

three -fold and two -fold, respectively, above the amount of remaining 

activity of the salt -free enzyme. After a notable amount of heat - 

inactivation of each of the above preparations occurred, reactivation 

was attempted by incubating each preparation at 17 C (period shown 

between arrows in Figure 20) and then assayed. A seven - minute 

exposure to 17 C allowed 100 percent reactivation of the enzyme 

inactivated at 44 C in the presence of ammonium sulfate; in the 

presence of sodium chloride there was 20 percent reaction and 50 

percent in the absence of any added salts. 

Since complete reactivation at 17 C took place with the enzyme 

incubated in the presence of ammonium sulfate, an attempt was made 

to determine the effect of the addition of ammonium sulfate on the 

activity after a period of temperature- inactivation of the enzyme. 

The G -25 chromatographed enzyme was exposed to 38 C for 8 minutes 

and ammonium sulfate added to give an ionic strength of 0. 3. To test 
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Fig. 20. Temperature reactivation in the presence and absence 
of sodium chloride and ammonium sulfate. Reaction 
mixtures were as in Figure 19. At the times indicated 
the enzyme mixtures were placed at 17 C (period 
shown between arrows) and then assayed. In the incuba- 
tion mixtures the ionic strength of both sodium chloride 
and ammonium sulfate was adjusted to 0.3. 
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for reactivation, the enzyme -salt mixture was then placed at 41 C 

(period shown between arrows) and then assayed (Figure 21). At 

41 C ammonium sulfate reactivated, up to 130 percent, the 38 C- 

inactivated enzyme. The addition of the ammonium sulfate to the 

heat -inactivated enzyme did not affect the level of remaining activity. 

However, the enzyme was reactivated after incubation of the above 

enzyme -salt mixture at temperatures greater than 38 C but less than 

45 C. Through this temperature range the results indicate complete 

renaturation with ammonium sulfate, showing that heat- inactivation 

was not an irreversible process. 

Pressure studies were carried out at 2 C and at the stable 

optimum temperature of enzyme activity (15 C) on a 0 -60 percent 

partially purified fraction dissolved in 0.1 M Tris. -HC1 (pH 7.4). The 

enzyme was incubated in pressure cylinders as described in methods 

and materials. When the enzyme was placed under the desired 

pressure for 30 minutes, an optimum pressure of activity was 

observed between 300 and 400 atm, and the amount of activity at 15 C 

was four -fold greater than that observed at 2 C (Figure 22). The 

amount of activity at both 2 C and 15 C was negligible at pressures 

greater than 100 atm. These studies indicate pressure stability of 

the enzyme, not the effect of pressure on the rate of activity (Vm) 

as previously determined with the optical pressure cylinder. 
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Fig. 21. Ammonium sulfate reactivation of the partially 
purified G -6 -PDH inactivated at 38 C. Reaction 
mixtures were as in Figure 19. After exposure 
of the enzyme mixture (0.81 mg protein) to 38 C 
for 8 minutes, ammonium sulfate was added (as 
indicated by the first arrow) to given an ionic 
strength of 0. 3 and the mixture placed at 41 C 
(period shown between arrows) and then assayed. 
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Fig. 22. The effect of hydrostatic pressure on the activity 
of partially purified G -PDH at 2 C and 15 C. 
The reaction mixtures were as in Figure 19 and 
contained 0. 31 mg protein. Incubation performed 
in 0.15 M Tris -HC1 (pH 7.4) and 0. 92 mg protein/ 
ml in 8 mm by 20 mm (i. d.) test tubes within 
pressure cylinders for 30 minutes at the indicated 
pressures and 2 C and 15 C. 
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DISCUSSION 

The combinations of temperature, pressure, salinity and pH 

are unique features of the deep sea environment. The enzyme 

glucose -6- phosphate dehydrogenase of V. marinus MP -1 was inves- 

tigated in relation to these four parameters in order to compare the 

properties of the enzyme from this marine psychrophile with the 

same enzyme, as reported in the literature, of terrestrial organisms. 

These investigations revealed definite relationships of the properties 

of G -6 -PDH of V. marinus to conditions existing in the deep sea 

environment. 

Prior to studies on the effects of temperature, pressure, 

salinity and pH on enzyme activity, some preliminary kinetic studies 

were conducted in order to establish the conditions for optimum 

enzyme activity and stability. The conditions for optimum activity of 

the intracellular enzyme as well as the enzyme of cell free extracts 

occurred at about 15 C in pH 8.0 Tris -HC1 buffer, while the conditions 

for optimum stability occurred with incubation of the extracellular 

enzyme at 5 C in the presence of 75 percent Rila marine salts at pH 7. 4. 

Because there was essentially little or no inhibition by excessive 

substrate concentrations (10 to 30 moles G -6 -P per reaction mix- 

ture), all future reaction systems contained at least 10 µmoles of 

G -6 -P in order to limit the effects on affinity of the enzyme for the 
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substrate and to determine the effects of various parameters on the 

maximum velocity (Vm) of the reaction. 

Reaction rate kinetics of the G -6 -PDH reaction of V. marinus 

indicated an initial rapid rate of reaction which attained a constant 

level of activity (Vm) within a few minutes. These kinetics can be 

explained in terms of the nature of the G -6 -PDH reaction in that the 

base -catalyzed hydrolysis of lactones in general and the short half - 

lives of minutes to seconds for the 6- phosphoglucono- S - lactone at 

alkaline pH values, as with the pH for optimum activity of the enzyme 

reaction of V. marinus (Figure 3), forces the reaction in an irrevers- 

ible, exergonic manner to produce 6 -PG and NADPH (70). However, 

this rapid decrease in reaction rate after a short period of time also 

could be attributed to the accumulation of NADPH during the reaction, 

which results in competitive inhibition of NADPH with NADP for the 

enzyme, as they seem to have equal affinity for the dehydrogenase 

(21). 

In highly purified preparations of G -6 -PDH from human 

erythrocytes, sedimentation experiments revealed that several 

molecular states can exist which "include a monomer and dimer with- 

out bound NADP and a dimer with bound NADP" (47). Compounds 

other than NADP, such as the phosphate cation (21), also inhibit 

G -6 -PDH by competition with NADP for the enzyme, while still others 

compete with the substrate for the enzyme. The enzyme of 
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Pseudomonas aeruginosa was inhibited by ATP which apparently 

decreased the binding of G -6 -P to the enzyme (56). This was sug- 

gested as an adenine nucleotide - linked control of G -6 -PDH that could 

regulate the overall catabolism of hexose phosphates and prevent 

their wasteful degradation under certain conditions requiring 

gluconogenesis. The effect of salts on G -6 -PDH at the sites of 

binding of the substrate, cofactor or other sites will be discussed later. 

Since leakage of cellular material is a possible cause of death 

at temperatures lethal to the cell, some preliminary studies were 

conducted on the effect of temperature on G -6 -PDH activity in whole 

cells and the possible release of this dehydrogenase, which appears 

to be a membrane - linked enzyme. Leakage of enzymes commonly 

associated with bacterial membranes at temperatures causing 

viability loss indicates membrane damage as a possible source of 

cell -death even though negligible amounts of the actual structural 

units of the membrane are not being released (25). Since soluble 

dehydrogenases are examples of enzymes closely associated with 

bacterial membranes, the release of these enzymes may be one 

reason for death of the cell at these lethal temperatures. 

Leakage of MDH (28) and G -6 -PDH (43) into the surrounding 

menstruum was shown to occur when V. marinus MP -1 was subjected 

to temperatures slightly above the organism's maximal growth tem- 

perature, 20 C. The rates of leakage of these two enzymes were 
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dependent upon the temperature of exposure. The cells were heat - 

shocked in the absence of nutrients since this condition more closely 

resembles their natural habitat. This procedure was further sup- 

ported by the fact that studies on glucose respiration of V. marinus 

without added nutrients and at temperatures different from the 

original environmental temperature revealed physiological differences 

which indicated that membrane integrity, permeation and glycolytic 

level were affected (27). 

In both V. marinus PS -207 (11) and MP -1 (54), the increase 

in activity of MDH in the supernatants following heat -shock in the 

absence of nutrients was due to temperature -induced leakage and not to 

temperature- induced stimulation. This was determined by comparing 

whole cell enzyme content (cells lysed with Triton -X -100 prior to 

assay) with supernatants obtained from heat - treated cells. Tempera- 

ture- induced stimulation of G -6 -PDH activity, however, was evident 

with cell free extracts above 12 C and with the partially purified 

enzyme above 9 C. Therefore as increasing amounts of G -6 -PDH 

are released from the cell above 20 C, the corresponding increase 

in activity in the supernatants is due to temperature- induced stimula- 

tion of enzyme activity, once the enzyme is released from the cell, as 

well as to temperature- induced leakage of the intracellular enzyme. 

The enzyme activity in the supernatants attained a maximal 

level after exposure of the cells to 31 C for one hour. This maximal 
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level of activity can only be attributed to temperature- induced leakage, 

because after this time -temperature exposure inactivation commences 

in both cell free extracts and the partially purified enzyme in the 

presence or absence of ammonium sulfate. The data indicate that the 

enzyme, once released from the cell, is more susceptible to the 

effect of temperature than the intracellular enzyme. 

Cold inactivation of G -6 -PDH is completely reversible while 

heat inactivation is only partially reversible, depending upon the 

temperature and salinity. In fact, cold inactivation rendered the 

enzyme stable for a longer period of time than storage at 15 C. The 

yeast enzyme differs in that it is unstable in solution at 0 C, as 

inactivation occurred in 24 hours (69). 

This protective phenomena in V. marinus, above and below 

15 C may be due mostly, if not all, to the physical effect of tempera- 

ture on the intact enzyme of the whole cell, as opposed to the labile 

effects of temperature on the soluble enzyme. In this case the cells 

would have little or no internal control over temperature- induced 

conformational changes, but the protective effect would be still 

evident since the conformation of the bound enzyme of the intact cell 

would be less affected by temperature than the unbound enzyme which 

was freed through solubilization by temperature- induced leakage or by 

lysis through sonication. In any case the enzyme of the whole cell 

is protected from thermal inactivation above and below 15 C. Whether 
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this protective effect is purely physical or chemically controlled by 

the cell has yet to be investigated. 

Because large amounts of the enzyme were released by 

exposing the cells to 31 C for one hour, this method of extraction was 

compared to others (Table 1) in order to determine a method for 

obtaining the enzyme in large amounts for purification for further 

studies on the effects of temperature, pressure and salinity on the 

partially purified enzyme. Temperature- induced leakage proved to 

be the most satisfactory method and therefore was used in all future 

studies to obtain the enzyme in large quantities. 

One other important aspect of psychrophily is that many 

pshychrophiles possess unusual heat -sensitive enzymes and enzyme 

forming systems, which may correlate with the ability of the 

organism to grow rapidly at low temperatures in that these heat- 

sensitive enzymes may operate more efficiently at low temperatures 

than the same enzymes obtained from relatively heat - stable organ- 

isms (82). One method of illustrating this difference in sensitivity 

in these organisms is by comparing the energy of activation (E) of 

various cellular reactions of the psychrophile with the mesophile's. 

The energy of activation for enzyme activation (Ea) of MDH of V. 

marinus MP -1 was found to be one -half that of MDH from Escherichia 

coli (12). Also the Ea of partially purified G- 6 -PDH, deter- 

mined over the range of 15 to 38 C and in the absence of any added 



71 

salts, was found to be approximately 8000 (Table 6), a value less than 

those determined for many other organisms, such as yeast, that grow 

at temperatures above the optimum temperature for growth of the 

psychrophile, V. marinus. In addition, the enzyme revealed a low 

0 of inactivation of about 29,400 and a low AS of inactivation of 

about 20 e. u. , values which are one -half and two- thirds, respectively, 

lower than those values usually observed for most enzymes reported 

in the literature. Therefore it is likely that the low values of Ea as 

well as the low values of Ed (energy of activation for enzyme inactiva- 

tion) are due to the small values of A S$ for both activation and 

inactivation. 

When the enzyme was incubated in the presence of ammonium 

sulfate, Ea was lowered from approximately 8000 to about 6000 while 

Ed was lowered from 30,000 to about 25,000, which may be one 

reason why halophilic enzymes, such as enzymes of marine 

psychrophiles, can operate efficiently at low temperatures and high 

salt concentration. Furthermore, the salt maintains the stability of 

the enzyme at constant temperatures and protects the enzyme from 

thermal inactivation at higher temperatures. The effect of tempera- 

ture on the enzyme therefore depends on the salt concentration, and 

this effect may be reflected in the differences in the energies of 

activation. 

Studies on differences in energy of activation of enzyme 
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synthesis between psychrophiles and a mesophile also have been 

reported (12). Synthesis of the inducible enzyme galactosidase in a 

number of obligate psychrophiles isolated from the gulf of Alaska 

revealed that the energy of activation of the synthesis was significantly 

lower than that in Es. coli. These results indicate that a lower 

energy of activation of enzymes, enzyme synthesis and other vital 

metabolic processes is important in obligate marine psychrophiles, 

as opposed to the same processes occurring in bacteria that have 

higher optimum temperatures for growth and require lower salt 

concentrations. From an evolutionary point of view, these salt - 

temperature effects on the enzyme and enzyme synthesis could be 

attributed to the adaptation of the growing psychrophile to temperature - 

salinity demands of the marine environment. 

Since the amount of activation energy may depend largely upon 

the degree of purity of the enzyme, one must be cautious about com- 

paring the energy of activation of enzymes of different organisms. 

In addition, the evaluation of thermodynamic data of the more complex 

proteins can be oversimplified because of the probability of occurrence 

of a larger number of complex interactions. However, the simplicity 

of making thermodynamic determinations from absolute reaction rate 

theory at least gives us numerological temptations for interpreting 

the effects of various parameters, such as temperature, salt, 

pressure and pH, on systems as complex as enzyme reactions. 
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Secondly, comparing the changes in thermodynamic data obtained from 

the effects of these parameters on the same enzyme of the same 

organism is independent of erronous interpretations that may arise 

from comparing differences in thermodynamic values between the 

same enzyme of different organisms. 

The theory of absolute reaction rates shows that the free energy 

of activation governs the rate rather than the heat of activation alone. 

Consequently, it is possible that even though the energy of activation 

may be equal in many cases or constant throughout a certain tem- 

perature range, the rates may be quite different because of the dif- 

ferences in entropy change. This is evident from the large increase 

in AS$ with the increase in rate of G -6 -PDH denaturation over a 

temperature range where Ed is constant and oF$ and AH$ decrease 

slowly (Table 6). 

In passing from the activated state to the inactivated state, the 

value of E increases by approximately 22,000 and is probably due to 

the large positive value of AS* of about 40 e. u. which increases the 

To S* term by approximately 13, 000. This may be interpreted as 

the breaking of weak bonds, such as hydrogen bonds, in the denatura- 

tion of the enzyme, if the denaturation process involves unfolding and 

separation of adjacent peptide chains. 

The high degree of instability of G -6 -PDH of V. marinus MP -1 

at temperatures above 5 C and at pH values above and below 7. 4, 
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plus the high ionic strength requirement, as well as its specificity 

for protection by certain ions contained in Rila marine salts renders 

the enzyme difficult for extensive purification by using many of the 

conventional methods reported in the literature (21, 36, 39, 69, 70). 

Heat -induced leakage of the enzyme from whole cells of V. marinus 

proved effective in producing a high concentration of relatively stable 

enzyme. Since Sephadex gel filtration is one of the gentlest and most 

effective means of purifying proteins without subjecting them to con- 

ditions that deviate appreciably from the enzyme's native environ- 

ment, especially the high salt concentration, the supernatant was 

fractionated with ammonium sulfate, chromatographed on Sephadex 

G -200 gel and fractionated again with ammonium sulfate. However, 

the instability of the enzyme was still evident after ammonium sulfate 

fractionation following column chromatography, even at the enzyme's 

conditions for optimum stability (75 percent Rila marine salts in 

0. 1 M Tris -HC1 at pH 7. 4 and 5 C). Therefore it is possible that 

this instability is due to the removal of some unknown protective 

substance(s) which were present in the supernatant fluid prior to 

purification, to the inability of the purification process to remove 

inhibitors that may or may not be bound to the enzyme, to the 

dilution of the enzyme during gel filtration, or to the breakdown of the 

enzyme during ammonium sulfate fractionation. From the effect of 

temperature on the enzyme at various stages of purity, it appears 
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that the purification process is removing substances that protect the 

enzyme at low temperatures. 

The elution pattern obtained from Sephadex G -200 gel filtra- 

tion indicates the existence of possible isozymic forms of G -6 -PDH 

or aggregate formation, as suggested by the variation in fractionation 

range of the enzyme. If the spread in fractionation range of G -6- 

PDH is not due to isozymic forms of the enzyme, then kinetic studies 

would implicate effects on all the enzyme molecules rather than a 

selective, differential effect on various species of the entire popula- 

tion of the enzyme molecules. Aggregate formation is favored by the 

apparent high molecular weight of the enzyme, just below that of the 

two million molecular weight dextran. Sephadex G -100 gel filtration 

of yeast G -6 -PDH indicated a molecular weight of the enzyme as low 

as 128, 000. Therefore the requirement for the high salt concentra- 

tion for stability, the variation in fractionation range and the apparent 

high molecular weight of the enzyme suggests that aggregate forma- 

tion or a multiplicity of components of the enzyme is a requirement 

for stability. The low fold of purity following these purification 

procedures could then be attributed to the breakdown of these 

aggregates or to the dissociation of enzyme components, as well to 

the removal of protective substances. 

The apparent high molecular weight of G -6 -PDH, as sug- 

gested by the formation of aggregates, therefore indicates that a 
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large number of complex interactions could be responsible for the 

observed level of activity and stability of the enzyme, This aggrega- 

tion reaction could be caused, for example, by the breaking of 

hydrogen bonds existing as salt bridges between basic and acidic 

groups (80, 85), by the formation or strengthening of hydrophobic 

bonds resulting from attractive forces between non -polar groups (4, 

85), by reduction of attractive forces between water and polar groups 

thereby allowing protein- protein interactions to occur by the added 

salts that also may bind together the enzyme molecules or sub -units by 

a chelation mechanism (9, 51, 70) and by the removal of repulsive 

forces which can be diminished by higher ionic strength (4, 44, 53, 

61). From the point of long -range electrostatic forces in proteins 

with about equal numbers of positive and negative charges, we can 

also assume that the attraction between unlike charges will pre- 

dominate over the repulsive forces between like charges. The large 

number of complex interactions that may be involved in enzyme 

aggregation would at least produce changes in the hydrodynamic 

properties of the system, as observed from the variation in flow rate 

through the gel. This aggregation reaction would therefore cause a 

change in the effects of other parameters, such as temperature, salt 

pressure and pH, that were further tested, on the stability and 

activity of the enzyme. 

Since stability studies show that pH greatly affects inactivation 
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rates of enzymes by its effect, for example, on ionic strength, ionic 

bonds, ionization, hydrogen bonds, protein concentration, protective 

action of substrates, inhibitors and other substances, one must 

exercise caution in drawing conclusions at one pH value. In general 

an enzyme has a zone of maximum stability, not necessarily around 

the isoelectric point, and the inactivation increases on the acid or 

alkaline side. The enzyme G -6 -PDH of V. marinus shows this effect 

in that rapid inactivation occurs above and below the pH of maximum 

stability (7. 4), which is also the pH of growth of this organism. 

Therefore the majority of the studies conducted on G -6 -PDH that 

did not involve the effect of different pH values were carried out at 

least at the pH of maximum stability of the enzyme. 

At the present time there are no simple explanations for the 

reasons in the variations in stability of proteins under different 

combinations of temperature, salt, pH, and pressure. Therefore it 

is difficult to ascertain what factors contribute to these differences. 

The problem of stability of enzymes cannot be resolved to any degree 

of satisfaction until there is available information on highly purified 

preparations concerning the constituent amino acids and their 

arrangement, the active centers, chain lengths, and cross links of 

the enzyme molecule. 

Investigations on the effects of different salts and their con- 

centrations on the activity G -6 -PDH of V. marinus MP -1 revealed 
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that a number of possible specific and nonspecific salt effects were 

operating. These salt effects, which were also time- and tempera- 

ture- dependent, were attributed to effects on stability of the enzyme, 

on activation of the enzyme and on the affinity of the enzyme for its 

reaction components. 

The maximal growth temperature of V. marinus increased with 

increasing concentrations of Rila marine salts. Further investiga- 

tions revealed that this phenomenon was due specifically to the 

positive effect of sodium chloride on growth of the organism at the 

higher temperature. The effects of salt on increasing the maximal 

growth temperature could be caused, for example, by the effect of 

salt on the synthesis of a more heat - stable enzyme (structural 

changes), by the maintenance of the catalytically active configuration 

of halophilic enzyme molecules possibly through reduction of intra- 

molecular electrostatic repulsive forces (53, 61), by the actual bind- 

ing of the salt to the enzyme molecule, or by secondary salt effects 

on reaction systems such as those involved in acid -base equilibria. 

Therefore the effects of salt and temperature and their various com- 

binations on the enzyme, once it is removed from the cell, also may 

change as a function of the salt- temperature combinations used for 

growth. 

Various enzymes of halophilic bacteria require salt for activa- 

tion and prevention of denaturation (3, 32, 33). The enzymes that 
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showed peak activity corresponding with the high sodium chloride 

concentration that permitted growth were irreversibly denatured at 

low ionic strength. The irreversible denaturation of partially 

purified G -6 -PDH of V. marinus after complete dialysis indicated 

that the high Rila marine salt concentration (26 %c) is a requirement 

for both stability and activity. At 15 C an increase in salt concentra- 

tion above 26 670c decreased enzyme activity, but this effect was 

reversible at higher temperatures. The level of enzyme activity at 

high temperature and high salt concentration was approximately equal 

to the level of activity at low temperature and low salt concentration. 

This suggests that the salt is protecting the enzyme from thermal 

inactivation at the high temperature, and at the same time the high 

temperature is preventing the inhibition of activity by the high salt 

concentration. 

It is commonly known that many inhibitors of enzyme activity 

also can serve as protectors or even activators of enzymes. If 

inhibitors, such as divalent metal ions that are present in Rila marine 

salts, bind to the enzyme, then reversible inhibition at high tempera- 

ture probably results from the dissociation of the inhibitors from 

the enzyme. Therefore it is possible that the effect of salts on the 

enzyme at the higher temperature is similar to the effect of salts 

on increasing the maximal growth temperature of the organism. 

At temperatures as high as 44 C sodium chloride also protected 
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the enzyme from thermal denaturation (Figure 18). However, after 

a period of exposure to this salt- temperature combination the activity 

increases and rises to a peak, which may be due either to a 

temperature- induced unfolding of the molecule thereby exposing more 

reactive groups that must be protected by the salt from thermal 

inactivation or by activation of the enzyme at this salt- temperature 

combination. The drop in activity after this peak then could be 

attributed to thermal denaturation in that the salt would be unable to 

maintain the active conformation of the enzyme. Ammonium sulfate 

also showed a similar effect but was not as prominant as the effect of 

the sodium chloride. The more positive effect of sodium chloride 

than ammonium sulfate is probably due to activation by the chloride 

ion, which may have an antagonistic effect against inhibition by the 

sulfate ion, as observed from the comparative effects of Tris -HC1 

and Tris -SO4. The bromide anion also showed results similar, but 

less prominant, to the chloride ion. 

Activation of G -6 -PDH by the chloride ion was suggested by the 

inhibitory effect of serum albumin on the stability of the enzyme. 

Serum albumin can bind as many as 40 chloride ions per molecule 

(85). The c(- amylases are some of the few other enzymes reported 

that can bind the chloride ion. The loss in activity of G -6 -PDH when 

incubated in the presence of serum albumin plus chloride ions, 

indicates that the serum albumin may be competing with the enzyme 
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for the chloride ion. This further confirms the positive specificity of 

the chloride ion for the enzyme which is not unreasonable, since 

some marine type bacteria have been shown to specifically require 

monovalent anions, such as the chloride and bromide halide ions, 

for growth. 

Since serum albumin also can bind simple cations that are 

essential for stability of G- 6 -PDH, the decrease in activity of the 

enzyme when in the presence of serum albumin could also be due to 

competition between the enzyme and serum albumin for potassium 

and sodium ions. These ions are bound to some proteins and not 

to others and with greater affinity than would be expected, which sug- 

gests that a chelation mechanism is responsible. It is therefore 

likely that many enzyme proteins, such as halophilic enzymes, would 

have similar binding properties. 

Further tests on the effects of various ions on enzyme activity 

indicated more conclusively the specific, positive effect of monovalent 

cations and anions, potassium and sodium showing the greatest effect. 

Addition of these salts in low concentrations increases the rate of 

enzyme activity, which may be related to nonspecific ionic strength 

effects, especially if the affinities for the enzyme are low. Addition 

of these salts in higher concentrations (0.5 M) appears to have 

specific, positive effects on the enzyme which precludes any major 

ionic strength effect. This specificity for a number of monovalent 
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cations and anions appeared to be related to their individual activity 

coefficients. Still a further increase in ionic strength results in a 

decrease in enzyme activity, probably from the inhibition by the ions 

superimposed on the ionic strength effect. The effects of these ions 

in low concentration is at least in agreement with Rutter (77) who 

found that an increase in ionic strength increased the dissociation of 

the enzyme G -6 -PDH from its product, thereby increasing the rate 

of the reaction. In addition to these primary salt effects, there also 

may be secondary, but less important salt effects operating, such as 

salt effects on acid -base equilibria. 

The amount of activity after incubation of the enzyme in the 

presence of these monovalent cations or anions revealed approximately 

a two -fold increase in activity over that obtained from the effect of 

the salt on the reaction rate. From this data and from other data 

presented, it appears that the positive specificity of these ions for 

the enzyme could be attributed to an ion binding mechanism which 

precludes any major ionic strength effect or secondary salt effects. 

Investigations on the effects of divalent metal ions on G -6 -PDH 

of V. marinus indicated that most of the ions tested, except calcium, 

inhibited enzyme activity. The magnesium ion was found to inhibit 

by a competitive mechanism (Figure 16). Since the Ki for inhibition 

by magnesium chloride was about 110 -fold greater than the Km 

value, it appears that the magnesium ion has a much greater affinity 
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for the enzyme than the substrate. Inhibition by 8 %o magnesium 

chloride was reversed by the addition of 5 µmoles of EDTA, which 

was probably due to chelation of the magnesium ion by the EDTA. 

The small increase in enzyme activity by EDTA in the absence of 

added metal ions indicated that no other metal ions present with the 

enzyme appeared to be appreciably inhibiting activity, but that an 

optimum level of salt concentration is required for activity. How- 

ever, metal ion chelators were found to inhibit G -6 -PDH activity in 

a yeast system (70), which was evidentally caused by the removal of 

zinc, an essential metal constituent of the enzyme. When G -6 -PDH 

of V. marinus was incubated at 15 C in the presence of magnesium 

chloride, the inhibition of enzyme activity by magnesium chloride 

was 100 percent reversible by subjecting the enzyme -salt mixture to 

40 C for 10 minutes (Figure 17). The reversal of inhibition at 40 C 

and the protective effect of magnesium chloride at this temperature 

may be due to the effect of temperature on increasing the dissociation 

of the enzyme and inhibitor, which would result in a decrease in 

Ki relative to an increase in Km. Complete inhibition of enzyme 

activity occurred with the mercuric ion at a concentration as low as 

2 %c in the reaction mixture. Since the mercuric ion is the most 

potent inhibitor known of sulfhydryl groups (90), the high degree of 

inhibition of enzyme activity by this ion may originate from the 

oxidation of sulfhydryl groups that may exist at the site where 
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magnesium inhibits activity by competition with the substrate. The 

stronger inhibition by the mercuric ion than the magnesium ion sug- 

gests the formation of a mercuric- enzyme complex. Therefore the 

high pH of instability of the enzyme could be explained by the oxida- 

tion of sulfhydryl groups at these pH values. 

Investigations of the effects of divalent anions on enzyme 

activity revealed that a number of these ions also inhibited activity. 

The phosphate anion inhibited activity but much less than the sulfate 

anion. Sulfate inhibited 50 percent by 0.03 M. In a yeast system, 

phosphate inhibited G -6 -PDH by competition with NADP for the enzyme 

while sulfate inhibited activity 98 percent by C. 36 M (21). The 

mechanism of inhibition by sulfate possibly could be similar to the 

competitive effects of phosphate and NADPH. Therefore phosphate, 

sulfate and NADPH may be inhibiting G -6 -PDH of V. marinus by 

competing with NADP for the enzyme, whereas inhibition by divalent 

metal ions appears to occur near the site of binding of the substrate 

G -6 -P. 

Reactivation of the enzyme after heat -inactivation in the 

presence of sodium chloride or ammonium sulfate indicated that the 

two salts have different effects, since the two temperature reactiva- 

tion patterns were different (Figure 18). Sodium chloride has a 

more positive effect on enzyme activity than ammonium sulfate but 

does not allow an appreciable amount of reactivation at 17 C as does 
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ammonium sulfate. Further tests for reactivation indicated that both 

ammonium sulfate and a temperature of 40 C were required for com- 

plete reactivation of the 38 C- inactivated enzyme. This high tem- 

perature and high salt concentration allowed 130 percent reactivation. 

The results on these salt -temperature effects on G -6 -PDH may be 

explained by the following information. (1) Recent investigations 

revealed that the introduction of non -polar residues on the surface of 

a molecule might be expected to bring about an increased temperature 

sensitivity. On the other hand, the introduction of groups which would 

not be expected to be involved in apolar interactions might stabilize 

the activities (4). Therefore a large number of non -polar groups on 

an enzyme could render it "psychrophilic, " but the presence of these 

groups may be necessary for hydrophobic (apolar) interactions to 

occur at higher temperatures, which is a condition that may be 

responsible for activation at 15 C and reactivation of the temperature - 

inactivated enzyme; (2) The low temperature of aggregation of poly - 

L- valyl -ribonuclease was suggested to be caused primarily by 

attractive apolar interactions (44). In addition, there were repulsive 

forces from the positively charged terminal a -amino groups of the 

valyl polypeptides. These repulsive forces could be diminished by 

high ionic strength, thereby strengthening hydrophobic bonds and 

hastening the aggregation reaction; (3) Cell envelopes of halophilic 

bacteria contain an excess of dicarboxylic acids over basic amino 
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acids (52). At neutral or basic pH (the pH for growth of V. marinus 

and optimum activity of G -6 -PDH) these carboxyl groups would ionize 

and therefore would leave a residual negative charge on the membrane. 

The role of monovalent cations is to reduce repulsion between these 

negatively charged carboxyl groups and stabilize protein configura- 

tion (53, 61). The effect of increasing salt concentration on increas- 

ing the maximal growth temperature also may be explained by this 

theory. If there is an increase in the introduction of carboxyl groups 

into the cell membrane at higher growth temperatures, thus creating 

an unstable molecule, the role of the salt would be to stabilize the 

cell by reducing repulsive electrostatic interactions that arise from 

the excess of carboxyl groups. The positive effect of monovalent 

cations on stability, temperature activation and temperature reactiva- 

tion of G -6 -PDH at a pH greater than 7. 0 could then be ascribed 

simply to a change in protein conformation that would protect the 

enzyme and at the same time would give a maximal affinity of the 

enzyme for its cofactor and substrate; (4) Since G -6 -PDH is 

probably a membrane - linked enzyme and is soluble, once it is 

released from the cell, at temperatures above 20 C, the effect of the 

monovalent cations on stabilizing the enzyme could be explained by 

the ability of these cations to decrease the solubility of the protein, 

probably by decreasing the solubilizing interactions between water 

molecules and polar groups (water bound by electrostriction) on the 
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surface of the enzyme molecule (55); (5) The addition of different 

monovalent ions in high concentration would introduce changes in 

enzyme activity, as a result of changes in activity coefficients, 

chemical potential, dielectric state and other properties of the 

medium. 

If thermal denaturation of G -6 -PDH results in an increase in 

molecular volume through unfolding of the enzyme molecule, then 

the high salt concentration that opposes denaturation is probably 

reducing electrostatic interactions such as repulsive forces between 

groups having the same charge, or may be reducing attractive forces 

between water molecules and polar groups, or may be involved in a 

chelation mechanism between adjacent polypeptide chains. In addi- 

tion, these salt effects could strengthen hydrophobic bonds and favor 

hydrophobic interactions, thereby affording an explanation for both 

stability from the added salt and the requirement of high tempera- 

ture and high salt concentration for complete reactivation of the 

temperature- inactivated enzyme. The data indicates that the 

mechanism of denaturation of G -6 -PDH, whatever it may be, is at 

least a reversible process that depends upon the specific salt, its 

concentration and the temperature of renaturation. 

Thermodynamic determinations of the activated state for both 

enzyme activation and inactivation (Table 6) indicated that the 

addition of ammonium sulfate in both cases produced a decrease in 
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E, a decrease in OH and a decrease in o5 *, while AF* remained 

relatively constant. This evidence also is consistent with denatura- 

tion as the opening up of the molecule by unfolding or separation of 

adjacent polypeptide chains, with the presence of the salt opposing 

this process. 

These differences in activity of G -6 -PDH and MDH of V. 

marinus MP -1, from the effects of the different salts and tempera- 

tures above and below the organism's maximal growth temperature 

(20 C), have contributed to explaining why whole cells are able to 

protect the enzyme from cold inactivation and why they cannot protect 

the enzymes from inactivation at higher temperatures unless the cells 

are grown in higher salt concentration. 

The above explanations of the salt and temperature effects on 

enzymes are oversimplified since experimental evidence indicates 

that the quaternary structure of protein, especially the more com- 

plex proteins, at least appears to be a combination of non -covalent 

forces including peptide hydrogen bonds, side chain hydrogen bonds 

(single, double, cooperative and competitive), hydrophobic bonds 

(apolar interactions), intramolecular ion pairs and long -range 

electrostatic forces (85). However, in observing life processes as 

a whole and the various biochemical reactions governing these 

processes, it appears that the requirement for water as a solvent 

medium and the interactions that occur with water (both polar and 
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apolar) play the most dominant role in the organism than any other 

single factor. 

Hydrostatic pressure studies were conducted on G -6 -PDH 

obtained from the first 6C percent ammonium sulfate fraction 

on the four -fold partially purified enzyme (Table 5). Ir 

all stages of pressurization precuations were made to exclude atmos- 

pheric oxygen (Figure 2) which oxidizes sulfhydryl groups that are 

normally present in dehydrogenase enzymes. The existence of 

sulfhydryl groups that are necessary for G -6 -PDH activity of V. 

marinus has already been established from the inhibitory effect of 

both high pH and the mercuric ion. 

At 20 C the seven -fold increase in the rate of activity at 300 

atm over that observed at 1 atm (Figure 11) can be attributed to a 

stimulatory effect of pressure since the pressure was applied after 

the reaction had proceeded for a short period of time. The increase 

in the rate of activity at 30C atm may be similar to the effect that 

ionic strength may have (77) in that increased pressure may increase 

the rate of dissociation of enzyme and product, thereby increasing 

the reaction rate. 

The increase in the rate of enzyme activity by salts has been 

previously explained by a number of possible ionic interactions such 

as those which involve binding of specific salts to the enzyme, 

reduction of repulsion between like charges, and the reduction of 

and 
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attraction between water and polar or non -polar groups. In any of 

the above cases the salt could produce a decrease in molecular volume 

of the enzyme which would be favored by a pressure increase, there- 

by explaining the positive effect of salt and pressure on the rate of 

enzyme activity. The positive effect of both high salt concentration 

and high pressure are additive (both producing a decrease in 

molecular volume), which implies that the activated state of the 

enzyme is a folded or contracted conformation, as opposed to the 

state of the enzyme in a low ionic environment and at a pressure of 

one atmosphere. However, the salt may diminish attractive forces 

between other charged groups, such as intramolecular ion pairs 

(molecular volume increase), with subsequent exposure of hydrophobic 

groups, but the detraction by the salt could be retarded by a decrease 

in molecular volume from an increase in pressure. This is in 

opposition to pressure enhancing an unfolding process, such as that 

observed from the positive effect of pressure on helical to coil 

transitions of both ribonuclease and poly -N -benzyl -L- glutamate 

(91). 

If high pressure (300 atm) induced unfolding of G- 6 -PDH, then 

the high level of enzyme activity at this pressure could be attributed 

to the exposure of more reactive groups. However, there is also 

the possibility of the presence of a pressure - sensitive macromolecular 

inhibitor of enzyme activity. Pressures above 400 atm and as high 

as 100 atm inhibited the rate of enzyme activity but was reversible 

to the rate at 300 atm upon release of the pressure to 1 atm (Figure 1l), 
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which suggests that pressures above 400 atm elicits a decrease in 

molecular volume to the point where the affinity of the enzyme for 

the substrate and /or cofactor are decreased. 

When the enzyme was placed at 15 C under the desired pres- 

sure for 30 minutes, an optimum pressure of activity was observed 

at 400 atm and the amount of activity at 15 C was four -fold greater 

than that observed at 2 C. The amount of activity at both 2 and 15 C 

was negligible at pressures greater than 1000 atm. Therefore the 

optimum pressure of activity is observed from the effect of pressure 

on both the reaction rate (by use of the optical pressure cell) and the 

enzyme itself (by use of pressure cylinders). Since enzyme activity 

depends on molecular volume (protein conformation), normally 

increased temperature will counteract a molecular volume decrease 

from increased pressure, which follows from the Ideal Gas Equation, 

PV = nRT. The volume change in this case is only indicative of the 

change between the initial and final states of the equilibrium reac- 

tion (AV), which could be determined dilatometrically. Secondly, 

oV does not provide an accurate description of the volume change for 

the transition to the activated state needed for optimum enzyme 

activity. 

The change in volume of activation (a V *), the difference be- 

tween the volume of the activated complex and the volume of the 

reactants, provides an approximation of the volume change or 
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conformational change of the enzyme needed in the formation of the 

activated complex between enzyme and reactants. The pressure at 

which optimum enzyme activity occurs is indicative of the ,6V* at 

which the enzyme sterically provides maximal affinity for its sub- 

strate and or cofactor. From the e uation q 
8 lnk -LIT / (defined 

a P RT 

in materials and methods), the value of L was calculated to be 

-13, 200 ml /mole from the effect of pressure (1 to 300 atm) on the 

reaction rate. 

For G -6 -PDH activation at 15 C, the negative LS at 1 atm 

and the negative LV* at 300 atm is consistent with enzyme activa- 

tion as a contraction or folding of the enzyme and enzyme denatura- 

tion as an unfolding or separation of adjacent peptide chains. 

Since the temperature sensitivity of psychrophilic enzymes 

could be related to the presence of a large number of non -polar 

groups on the enzyme (4), the contraction mechanism involved in 

enzyme activation at 15 C favored by 300 atm also could be ascribed 

to the formation of hydrophobic bonds. The application of pressure 

would oppose the transition involved in the formation of hydrophobic 

bonds (LV* increase). However, increased temperature would favor 

the transition (L V* decrease). Once the transition occurred, a 

pressure increase would strengthen hydrophobic bonds, thus 

affording an explanation for the higher rate of enzyme activity at 
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400 atm than at 1 atm following a temperature increase from 2 to 

15 C. Complete reactivation of the temperature- inactivated enzyme 

with the required combination of ammonium sulfate and high tem- 

perature also favors 15 C hydrophobic interactions at increased 

pressure. 

An excessive amount of hydrophobic bonding could explain 

enzyme inactivation at temperatures above 15 C. Hydrophobic bond 

formation also is favored by the increase in AF$, increase in AS, 

and increase in A, H$ when passing from the process of activation at 

15 C to denaturation at temperatures slightly above 15 C. This could 

explain reversible enzyme inactivation above and below 15 C, since 

hydrophobic bonding is a reversible process (4, 44, 85). However 

at temperatures above 36 C, reactivation is not 100 percent complete, 

which probably results from an unfolding or separation of portions of 

the molecule (A V+ increase) that are bound together by weak bonds, 

such as hydrogen bonds, hydrophobic bonds or attractive forces 

existing between intramolecular ion pairs. Pressure would likely 

retard this temperature- induced denaturation, which would follow 

a similarity to the equation PV - nRT. Therefore temperature - 

induced denaturation of G -6 -PDH above 36 C could result in the 

breaking of weak bonds, a condition suggested by the high Ed, sharp 

decrease in AF* and increase in AS for denaturation above 36 C 

(Table 6) and the decease in eV at l C. It is 
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likely that at temperatures where inactivation commences (26 C), 

a decrease in A V* produced after hydrophobic interactions have 

occurred could be masked by a simultaneous increase in A V* from 

an unfolding process involved in a temperature- induced breakage of 

weak bonds. 

Unusual values of AF *, as observed above for temperature 

inactivation, are usually related to freed or bound water. The sharp 

decrease in A F* of inactivation (6, 320) between 40 and 45 C indicates 

a sharp degree of thermal instability of the enzyme. This decrease 

in free energy would favor water binding to the enzyme molecule, 

such as the association of water around hydrophobic (non -polar) 

groups following their exposure at these high temperatures and the 

binding of water to charged groups, i, e. , carboxyl groups, that may 

be in excess on the enzyme molecule and also may be exposed at 

the high temperatures. This sharp change in AF* is due to the large 

increase in LS (20 e. u.) since o changes slightly. Because the 

entropy change represents the degree of order of a system, the 

sharp increase in AS suggests a rapid rate of disorganization of the 

enzyme molecule during the short interval of increased temperature 

from 40 to 45 C. 

These effects of salt and pH on ionization of charged groups 

bound or unbound to water, the reversible effects of pressure and 

temperature and the thermodynamic d rom these effects implies 
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that G -6 -PDH activation at 15 C, resulting in a o V$ decrease, is 

entropy driven and may involve the release of protein bound water 

molecules. In addition, any irreversible temperature inactivation 

could be attributed to an unfolding process (.6,V# increase) involving 

the breaking of irrepairable weak bonds or by a disorganized 

rearrangement of weak bonds during reactivation. The above infor- 

mation could explain the complete reversible cold -lability of the 

enzyme below 15 C and its partial reversible heat -lability at tern - 

peratures slightly above 15 C. 

The magnitude of the effects of temperature, pressure, salt 

and pH on enzyme activity become more meaningful when these 

parameters are related to the organism's natural environment. The 

unique properties of G -6 -PDH of this marine psychrophile indicates 

a close relationship of the properties of this enzyme to those condi- 

tions existing in the marine environment. The combinations of 

pressure, temperature, salt and pH at which an optimum in enzyme 

activity occurs would represent a position in the open sea at a depth 

of approximately 4000 meters (400 atm), a pH of 8. 0, a salt con- 

centration of at least 26 %c and a temperature of 15 C or less. 

Activation by both chloride and sodium is not unreasonable since 

chloride is contained in a concentration of approximately 55 %o and 

sodium 30 %o of the total salts dissolved in sea water. 

The enzyme of this organism appears to have adapted well to 
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the above mentioned environmental extremes existing at great 

depths in the ocean. From an evolutionary point of view, these high 

pressure and low temperature combinations, as well as the high pH 

and high salt concentrations, may have been important in the develop- 

ment of macromolecules of unique properties for the adaptation of 

organisms to environmental extremes that exist at abysmal depths in 

the ocean. 
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SUMMARY 

The effects of temperature, salinity, pressure and pH, which 

are unique features of the marine environment, were determined 

for various degrees of purity of G -6 -PDH obtained from the obligate 

marine psychrophile, Vibrio marinus MP -1. 

The stable optimum temperature of enzyme activity in whole 

cells and cell free extracts occurred at the organism's optimum 

temperature for growth (15 C). Whole cells protected the enzyme 

from temperature inactivation above and below 15 C, while the 

enzyme of cell free extracts was labile at temperatures both above 

and below 15 C. 

Heat -induced leakage at temperatures above the organism's 

maximal growth temperature (20 C) proved effective in obtaining 

this dehydrogenase in high concentrations for further purification 

by ammonium sulfate fractionation and column chromatography on 

Sephadex G -200 gel. 

The partially purified enzyme revealed an apparent optimum 

temperature of activity at 15 C which was shifted to higher tempera- 

tures with increasing salt concentrations. A number of mechanisms 

were postulated for temperature reactivation of the enzyme in the 

presence and absence of various salts and for the reason increasing 

salt concentration raises both the optimum temperature of activity 
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of the enzyme and the maximal growth temperature of the organism. 

The enzyme was irreversibly inactivated upon removal of salts 

ions potassium, sodium, chloride and bromide, have specific positive 

effects on the enzyme which preclude any major ionic strength 

effects, potassium and chloride showing the greatest effect. These 

studies have indicated that the effects of these monovalent ions on the 

enzyme could be attributed to specific ion bonding mechanisms. 

Divalent anions, such as phosphate and sulfate, and divalent 

cations, such as magnesium and mercury, inhibited the activity of 

this dehydrogenase. The cations showed the strongest inhibition. 

Kinetic studies on this enzyme in conjunction with those reported in 

the literature have indicated that inhibition by the divalent anions 

occurs at the site of binding of NADP to the enzyme while inhibition 

by divalent cations appears to occur at the site of binding of the sub- 

strate with the enzyme. 

A hydrostatic pressure of 300 atm produced a seven -fold 

stimulation in rate of enzyme activity over that observed at 1 atm. 

Pressure above 400 atm inhibited enzyme activity with reversal of 

inhibition to the rate at 300 atm upon release of the pressure to 1 

atm. When the enzyme was incubated for 30 minutes at the desired 

pressure, an optimum pressure of activity occurred at 400 atm, and 

the amount of activity at 15 C was four -fold greater than that observed 

at 2 C. 
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The effect of high salt concentration and increased pressure 

appear to have additive effects on enzyme activity in that both favor 

a negative volume of activation for the activated state of the enzyme 

at its stable optimum temperature of activity (15 C) and at the 

organism's optimum pH for growth (7. 4). 

Thermodynamic values (k', E, o F *, 0 H$, and L V #) for the 

activated state for both temperature activation and temperature 

inactivation were determined for the enzyme in the presence and 

absence of ammonium sulfate. These values contributed to explaining 

various mechanisms of enzyme kinetics and the types of reactive 

groups that are involved with the effects of temperature, salt, 

pressure and pH on the enzyme. 

These studies have revealed unique properties of G -6 -PDH 

of V. marinus which were closely related to the conditions of low 

temperature, high salt concentration, high pressure and high pH 

that predominate in the deep sea environment. 
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