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Some enzymes of the citric acid cycle and glycolytic pathway 

in cell -free extracts of Vibrio marinus MP -1 were compared for 

thermal lability. After one hour of moderate temperature exposure, 

enzymes of both pathways rapidly lost catalytic activity. For all 

but one enzyme, 50 percent remaining activity occurred near an 

averaged temperature of 27 C. Succinic dehydrogenase was re- 

markably unstable, being 50 percent inactivated at 16 C. Complete 

loss of enzymatic activity for the TCA and glycolytic enzymes took 

place at an averaged temperature of 32C. Lactic dehydrogenase 

was the most thermostable as evidenced by activity up to 39 C. 

Several of the "psychrophilic" enzymes (hexokinase, aldolase, 

and lactic dehydrogenase) produced greater activity in the presence 

of sodium chloride as opposed to tris -HC1. Suspending the enzyme 

preparations in sodium chloride resulted in an increased thermal 



stability. The 50 percent remaining activity took place at 1 C to 

15 C higher with an average of 32 C. Complete loss of catalytic 

function averaged 2 C higher for the sodium chloride suspended 

enzyme. There was noticeably less difference in thermal protection 

by sodium chloride at temperatures above the region of 50 percent 

remaining activity. The effects of salt are explained on the basis of 

increased activity coefficients in solution. 

The behavior of lactic dehydrogenase on moderate temperature 

exposure suggested the existence of isozymes, or that denaturation 

occurred in three major steps, each with a different rate. 

The low temperature requirement of all the enzymes under in- 

vestigation, together with the ionic requirement of hexokinase and 

the relatively high level of phosphoglucose isomerase were suggested 

as possible factors controlling the obligate psychrophile's activities. 

Furthermore, the diverse influence of moderate temperature ex- 

posure on each enzyme (whether in buffer of sodium chloride) could 

alter differentially the cell's catalytic processes so that they could 

no longer operate in synchrony. 

Comparison with enzymes from other sources indicated the 

tricarboxylic acid cycle and glycolytic enzymes of Vibrio marinus 

MP -1 to be conspicuously thermal labile. 
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THERMAL INACTIVATION STUDIES ON SOME ENZYMES 
FROM VIBRIO MARINUS, AN OBLIGATELY 

PSYCHROPHILIC MARINE BACTERIUM 

INTRODUCTION 

Bacteria have been classified into three thermal classes: 

thermophiles, mesophiles, and psychrophiles. Research dealing 

with the basic differences between these classes has been restricted 

to the former two. This situation is the result of the failure to iso- 

late, describe, and study psychrophiles. Furthermore, it has been 

commonly assumed that psychrophiles require a long incubation 

period and therefore are not a convenient class of organism to study 

in the laboratory. To make the situation more confusing, many of 

the organisms which have been isolated in the past are not truly 

psychrophilic in nature and consequently the term is incongruously 

employed throughout the microbiology literature. Because of the 

misuse of the term, Stokes (71) suggested that psychophiles be de- 

fined as bacteria capable of visible growth at O C within one week. 

These organisms were further differentiated as the obligate and the 

facultative psychrophile. The obligate psychrophiles have an opti- 

mum growth temperature of 20 C or below -the rare "textbook - 

defined" psychrophiles -whereas the facultative psychrophiles have 

an optimum growth temperature above 20 C. The latter allow us to 
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retain all the incorrectly labeled psychrophiles that occur in the 

literature. 

The recent isolation and characterization of a series of psychro- 

philes, described by Colwell and Morita (5) have made possible a 

source for investigation into the void concerning the nature of 

psychrophilism. Several of these psychrophiles, classified as 

strains of Vibrio marinus, have maximum growth temperatures below 

20 C and thus are classified as obligate. 

One would generally assume that the psychrophilic bacteria have 

enzymes that are more thermolabile than their counterparts that exist 

in thermophiles or even mesophiles. This axiomatic assumption, 

thus far, has received only cursory examination and l i t t l e verifi- 

cation. In obligate psychrophiles evidence of singular enzymes, 

which are anomalously heat labile in the mesophilic temperature 

range, would help explain the psychrophilic requirement of these 

organisms. Thermal inactivation studies should complement research 

on "why" the organism can operate at low temperatures. Since a low 

thermal inactivation of psychrophilic enzymes suggests differences 

between the same enzymes in mesophiles or thermophiles, it is im- 

plied that conformational differences exist between enzymes that 

catalyze the same reaction in the three thermal classes of bacteria. 

This investigation was initiated to compare thermal inactivation of 

various enzymes from different metabolic pathways of an obligate 
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psychrophile. This investigation also employs cell -free extracts, 

which allows the enzymes to be in association with other cellular 

components without the membrane for regulatory transport of sub- 

strates. 
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LITERATURE REVIEW 

Psychrophilism is not a characteristic unique in marine bac- 

teria, however, its physiological basis in bacteria of marine origin 

is of considerable interest. Several hypotheses have been presented 

to explain the marine microbe's intolerance of moderate tempera- 

tures. Little evidence is available to support these, although much 

work has been directed toward the thermophile and the mesophile, 

and more recently the facultative psychrophile. 

Koffler (26) suggested that protoplasmic differences exist be- 

tween mesophiles and thermophiles and that essential cell components 

are relatively more stable in thermophiles. It has been found that 

certain enzymes of thermophiles are relatively heat stable and will 

withstand exposure to temperatures of 70 C to 100 C (18, 39, 42, 44). 

Likewise, organisms in the mesophilic range exhibit thermally 

stable enzymes. Ribonucleas e and adenylate kinase both withstand 

100 C with 20 percent loss in activity (33, 66). On the other hand, 

mesophilic organisms also possess thermally labile components. In 

1937, Edwards and Rettger (10) found that in mesophilic Bacillus 

species enzyme inactivation occurred within a few degrees above the 

maximum growth temperature. A heat sensitive enzyme forming 

system for lipase of Pseudomonas fragi was postulated by Nashif and 

and Nelson (46). Although optimal at 40 C, lipase was not produced 
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above 30 C, while maximum enzyme production occurred at 15 C. 

The occurrence, classification, and nutrition of marine bac- 

teria have been the subjects of numerous investigations (36, 58, 79, 

80, 81), but little is yet known of their metabolic activities. Know- 

ledge of the metabolism of obligate psychrophiles is essential for 

an adequate understanding of the chemical, geological, and biological 

phenomena of the sea since 90 percent of the marine environment is 

colder than 5 C. 

Recently, considerable attention has been directed toward the 

facultative psychrophile, no doubt because it is more readily isolated 

than the obligate psychrophile (20). This upsurge has created new 

interest concerning the biochemical basis for the relatively low maxi- 

mum temperature required by facultative psychrophiles and thus has 

effected several schools of thought. 

Ingraham and Bailey (19) suggested that the differences in tern-. 

perature response of facultative psychrophiles and mesophiles was 

dependent on the structural integrity of the cells; cell rupture elimi- 

nates temperature coefficient differences in dehydrogenase activity 

and enzymes of glucose oxidation. Rose (55) has suggested that at 

higher temperatures the accumulation of toxic metabolic substances 

may cause cell death. A thermally inactivated enzyme, although not 

leading directly to a cessation of growth, would cause the accumula- 

tion of an intermediate that inhibits the activity of other enzymes. 
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Evidence suggests that enzyme forming systems in facultative 

psychrophiles are abnormally sensitive to heat similar to the meso- 

philic Pseudomonas fragi. One example (75) is formic hydrogenlyase 

in a facultatively psychrophilic strain of Escherichia coli. The 

enzyme was optimally active at 30 C, although the enzyme forming 

system was inactive above 20 C. 

Another theory relates the maximum temperature as a control 

mechanism via loss of membrane permeability, enzyme inactivation, 

and metabolic systems reduction (1, 13, 14, 30, 36, 37, 38, 82). 

ZoBell and Conn in 1940 (82) noted that certain marine bacteria 

demonstrated a drastic decrease in oxygen uptake at 30 C as com- 

pared to the lower optimal growth temperature. They postulated that 

lack of growth at higher temperatures was related to respiratory 

enzymes. 

The data of Morita and Burton (43) indicated that heating of a 

facultative psychrophile (optimal growth, 24 C; maximal, 30 C), or 

treatment with a lys ing agent, affected a regulatory factory for malic 

dehydrogenase (MDH) activity- -cell permeability. Fifty -five percent 

of the MDH activity was lost on exposure of cell -free extracts to 

30 C for 55 minutes, The rate of enzyme denaturation was much 

greater at 35 C and 40 C. Heat stability of MDH was found to be 

greater in whole cells. 

In contrast to the aforementioned mesophiles, thermophiles, 
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and facultative psychrophiles, there is only limited evidence con- 

cerning the biochemical nature of the obligate psychrophile's low 

temperature requirement. Hagen and Rose in 1962 (14) suggested 

the presence of exceptionally thermolabile enzymes, after learning 

that an obligately psychrophilic Cryptococcus species (yeast) grown 

at its maximum temperature, effected rapid utilization of the intra- 

cellular amino acid pool. This was shown to be related to the in- 

ability to synthesize a- ketoglutarate at this temperature. 

Hagen et al. (13) have noted that the death of an obligately 

psychrophilic bacterium was not due to cell lysis. Although obligately 

psychrophilic cells lysed two degrees above their maximum of 18. 6 

degrees centigrade, death occurs before lysis. It was suggested 

that autolytic enzymes cause the cell envelope to rupture; however, 

a soluble lytic enzyme was not detected. 

Baxter and Gibbons (1) proposed that the upper temperature 

limit for growth of an obligately psychrophilic Candida species (yeast) 

is set by the reversible inactivation of some vital reaction yet to be 

identified. 

More recently, Evison and Rose (1 1) found that by transferring 

three obligate psychrophiles from optimal to above maximal growth 

temperatures, there was a diminished activity of many of the tri- 

carboxylic acid cycle enzymes. This effect was expressed as a 

rapid decrease in the respiratory activities. 



8 

Robison and Morita (54) noted that temperatures of 20 C to 

30 C were sufficient to inactivate the metabolic systems involved in 

oxygen uptake and to produce leakage of 260, 280 mµ absorbing 

material in Vibrio marinus MP -1. 

On studies of a partially purified malic dehydrogenase from 

Vibrio marinus MP - 1, Langridge and Morita (30) discovered that 

the enzyme was stable between 15 C and 20 C, the organism's optimal 

and maximal growth temperatures. Both above and below this range 

considerable loss of activity occurred with a 30 minute exposure. 

Investigations have pointed out that certain salts protect marine 

bacteria and enzymes against heat and chemical inactivation. Gen- 

erally, an ionic environment delays but does not prevent thermal 

denaturation of enzymes. Therefore, composition of the enzyme 

suspending medium will affect markedly the results (4, 21, 36, 73). 
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MATERIALS AND METHODS 

Microbiological Methods 

Vibrio marinus MP - 1, (ATCC 15381) an obligate marine 

psychrophile isolated by Morita and Haight (45) was used in this in- 

vestigation. 

The medium for stock culture maintenance and cell production 

was composed of: sodium chloride, 21. 0 g; Rila Marine Mix (Rila 

Products, Teaneck, N. J. ), 5. 0 g; polypeptone (BBL), 5. 0 g; yeast 

extract (Difco), 3. 0 g; glucose, 1. 0 g; succinic acid, O. 2 g; ferrous 

sulfate, O. 01 g; and one liter tap water. The pH was adjusted to 7. 4 

and the medium sterilized by autoclaving at 15 psi for 20 minutes. 

Stock cultures were maintained at 15 C. For mass production 

of cells, Fernback flasks containing 600 ml of sterile medium were 

inoculated with 6 ml of a 24 hour culture. The culture was incubated 

at 15 C for 24 hours on a shaker at 120 strokes per minute in an in- 

cubator shaker (New Brunswick Scientific Co. ). The cells were 

harvested by centrifugation for ten minutes at 0 C and 10, 000 x g in 

a Sorvall RC -2 refrigerated centrifuge. Fresh cells were prepared 

daily for assay purposes. 
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Preparation of Cell -free Extracts 

The harvested cells were resuspended at 0 C in 40 ml of O. 2 M 

tris (hydroxymethyl)aminomethane -hydrochloride, (tris -HC1), at ap- 

propriate pH (cf. optimum pH), or sodium chloride, 3. 6 percent. 

Cell -free extracts were prepared by treating the cell suspen- 

sions for 20 minutes in a 10 -kc Raytheon sonic oscillator. The oscil- 

lator was cooled using an ice -water mixture. Cell debris was re- 

moved by centrifugation at 39, 100 x g for 50 minutes at 0 C. The 

cell -free extract was maintained on ice as were all previous inter- 

mediate procedures. This cell -free extract was employed through- 

out this investigation as the source of enzymes. 

Optimum pH Studies 

Initially all harvested cells for each system were placed in tris 

buffer at pH 7. 4. Optimum pH was determined for each enzyme 

system under investigation. After the optimum pH determination the 

cells were suspended in 40 ml of tris -HC1 at the appropriate pH. 

Thermal Inactivation 

A polythermostat similar to that described by Oppenheimer and 

Drost (49) and constructed by Morita and Haight (45) was used. The 

temperature range was adjusted between 5 C and 40 C. 



11 

The cell -free enzyme preparation (0. 5 ml) was pipetted into 

thermally equilibrated test tubes. After 60 minutes the tubes were 

removed from the polythermostat and placed on ice to prevent further 

inactivation and to equilibrate all tubes at the same temperature. 

Protein Determination 

Protein concentration was estimated using the spectrophoto- 

metric method of Warburg and Christian (77). 

Spectrophotometric Analysis 

All spectrophotometric assays were performed with either a 

Beckman DU or Beckman DB spectrophotometer. In the case of the 

DB, the cuvette containing the control (minus enzyme or minus sub- 

strate) was automatically subtracted from the complete reaction mix- 

ture and recorded as a difference spectrum on a Beckman strip chart 

recorder. The DU was fitted with a thermospacer and the DB, a 

temperature conversion kit in order to maintain the constant assay 

temperature. These were connected to a circulating water bath which 

effectively maintained the temperature of the reaction mixture in each 

cell compartment at 17 C. Reaction components minus enzyme were 

equilibrated at 17 C except where noted, prior to initiating the re- 

action. 
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Enzyme Assays 

Cell -free extract was used as the source of enzyme for each 

assay. The method employed and the necessary modifications are 

detailed in the following discussion. Refer to respective tables or 

figures for conditions and components of each assay system. 

Malic Dehydrogenase 

Malic dehydrogenase activity was determined by following the 

oxidation of reduced nicotinamide adenine dinucleotide (NADH) (48). 

A Beckman DU was used to follow the decrease in optical density (OD) 

at 340 mp.. The reaction mixtures contained in 3. 0 ml (in µmoles): 

Tris -HC1, 540; oxalacetic acid (OAA), 0. 5; NADH, 0. 22; and 

enzyme, where the protein concentration was adjusted to give a 

linear rate. Controls omitting either OAA or enzyme gave no activity. 

Succinic Dehydrogenase 

Another tricarboxylic acid cycle enzyme, succinic dehy- 

drogenase,was followed via succinate oxidation and the concomitant 

reduction of 2, 6- dichlorophenolindophenol (DCIP) at 605 mµ in the 

presence of phenazine methanosulfate (PMS). The reaction mixture 

contained (in µmoles): Tris -HC1, 340; succinate, 60; DCIP, 0. 2; 

sodium cyanide, 30. The volume was adjusted to give 2. 9 ml on 
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addition of enzyme. The reaction was begun by adding 0. 1 ml of 

0. 1 percent PMS and the change in OD was read at 10 second intervals. 

Controls (minus succinate and minus enzyme) were used to deter- 

mine non -specific reduction of DCIP. 

Hexokina s e 

For hexokinase activity, the spectrophotometric method of 

Darrow and Colowick (7) was modified by using glycylglycine, 

pH 8. 5, and measuring the rate of change in OD at 570 mµ against 

a control minus substrate. 

Phosphoglucose Isomerase 

The spectrophotometric assay described in Sigma Technical 

Bulletin No. 650 (61) was used to determine phosphoglucose isomer - 

ase activity at 490 mµ, where fructose -6- phosphate was determined 

colorimetrically with resorcinol; the assay was similar to that of 

Tsuboi (74). Controls consisted of the reaction mixture with enzyme 

added after trichloroacetic acid. 

Phosphofructokinase 

The phosphohexokinase assay of Ling, Byrne, and Lardy (32) 

was modified in that the cell -free extract contained phosphofructo- 

kinase, aldolase, and glyceraldehyde -3- phosphate dehydrogenase, 
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and was added to the reaction mixture as the enzyme. Rate of OD 

change at 340 mµ was read on a Beckman DB against a control of all 

components minus substrate. 

Aldolase 

Aldolase activity was estimated via the measurement of the 

colored 2, 4- dinitrophenylhydrazine derivative of the triose phos- 

phates at 540 mµ. The assay described in Sigma Technical Bulletin 

No. 750 (60) was utilized and was similar to the procedure of Beck 

(2). 

Lactic Dehydrogenase 

Oxidation of NADH at 340 mµ was used to determine lactic de- 

hydrogenase; Kornberg's method (27) was modified by using; Tris- 

HC1, pH 8. 6, 500 µmoles; sodium pyruvate, 2 µmoles, and omitting 

sodium chloride. 
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RESULTS 

Immediate or delayed sonic disintegration of cells and assaying 

the cell -free preparation for succinic dehydrogenase activity after 

storage resulted in only slight enzyme activity. After 12 hours at 

4 C the enzyme had no activity. After 12 -36 hours storage at -20 C, 

succinic dehydrogenase had 50 percent remaining activity. 

Malic dehydrogenase demonstrated a similar loss of activity 

on storage. After 18 hours at 2 C, there was no enzyme activity. 

After nine days at -20 C, there was ten percent remaining activity. 

Since this data indicated that both enzymes -- succinic de- 

hydrogenase and malic dehydrogenase -- retained only slight catalytic 

properties on storage, 24 hour cultures were used in all succeeding 

investigations. 

The components required for succinate oxidation by cell -free 

extracts are shown in Table 1. The absence of both succinate and 

enzyme resulted in no DCIP reduction, whereas lack of either com- 

ponent resulted in very little non - specific DCIP reduction. Presence 

of cyanide and PMS was necessary to indicate specific succinate 

oxidation. Maximum activity occurred within a sharp peak at pH 8. 6 

(Figure 3.). 

The rate of succinate oxidation after one hour enzyme exposure 

to various temperatures is shown in Figure 2. Enzyme activity was 
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Table 1. Oxidation of Succinate by Cell -free Extracts of Vibrio 
marinus MP -1 

Enzyme Activity 
Assay System AOD /30 Sec. 

Complete system 

- CN 

- Succinate 

- PMS 

- Enzyme 

-Enzyme, -Succinate 

. 042 

. 018 

. 008 

. 004 

. 004 

. 000 

Complete system contained (in µmoles): tris-HC1(pH 8. 6), 
340; succinate, 60; DCIP, 0. 2; Sodium cyanide, 30; Rila salts, 
1. 2 mg. Water and enzyme (0. 35 mg) were added to bring volume 
to 2. 9 ml. Reaction was begun by adding 0. 1 ml of 0. 1 percent 
PMS. Enzyme rate was followed by observing the reduction in 
absorption at 605 mµ. Assays were performed at 20 C. 

` 
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Figure 1. Effect of pH on succinate oxidation by Vibrio marinus 
MP -1 extracts. Assay mixture contained in 3. 0 ml 
(in µmoles ): Tris -HC 1, 340 (at pH indicated); succinate, 
60; DCIP, 0. 2; sodium cyanide, 30; 1. 2 mg Rila salts; 
water and enzyme (0. 35 mg); and 0. 1 ml of 0. 1 percent 
PMS. 
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Figure 2. Rate of succinate oxidation after exposure of Vibrio 
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various temperatures prior to assay. Assay compo- 
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lost rapidly on exposure of enzyme to temperatures above 0 C. 

Examination of Figure 3 shows a plateau of enzyme thermal stability 

from 16 -26 C, where enzyme retained 40 percent activity. Above 

26 C succinic dehydrogenase continued to lose its catalytic capacity, 

until at 33 C there was no succinate oxidation. 

Initial studies of malic dehydrogenase indicated a limited pH 

optima of 7. 4 to 8. 0. This enzyme demonstrated exceptional activity 

in comparison to other enzymes in this investigation. An approxi- 

mate 1 :10 dilution of the cell -free preparation (O. 11 mg per assay 

system) caused an activity in excess of that given by other enzymes 

and it was thermostable. However, the other enzymes in this study 

were quickly thermally inactivated after dilution. 

The rate of malic dehydrogenase activity after one hour enzyme 

exposure to various temperatures is shown in Figure 4. The enzyme 

suspended in sodium chloride was unaffected by temperatures of 30 C 

or below. In contrast, the enzyme preparation which was suspended 

in tris buffer (at optimum pH) quickly lost activity above 20 C 

(Figure 5). Thirty -two degrees was the maximum exposure tem- 

perature for malic dehydrogenase suspended in tris, while 37 degrees 

was maximum for the sodium chloride suspended enzyme. Above 

these maxima there was no detectable enzymatic activity. 

No hexokinase activity was noted in the absence of glucose, 

ATP, or enzyme (Table 2). The reaction mixture minus ATP, upon 
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Figure 3. Effect of temperature on succinate oxidation by extracts 
of Vibrio marinus MP -1. Assay components similar to 
Figure 2. 
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Figure 4. Rate of malic dehydrogenase activity after one hour ex- 
posure of Vibrio marinus MP -1 cell -free extracts to 
various temperatures. Enzyme suspended in 3. 6 percent 
NaC1. Reaction mixtures contained in 3. 0 ml (in µmoles): 
Tris -HC1 (pH 7. 4), 540; OAA, 0. 5; NADH, 0. 22; and 
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subsequent addition of ATP, demonstrated increased enzymatic 

activity as evidenced by change in optical density. Maximal hexo- 

kinase activity was at pH 8. 5. 

Table 2. Hexokinase Activity of Cell -free Extracts of Vibrio 
marinus MP -1 

Assay System 
Enzyme Activity 

DOD/2.5 Min. 5. 5 min 

Complete system at pH 8. 5 . 027 . 065 

" at pH 8. 0 . 011 . 026 

If " at pH 9. 0 . 018 . 047 

-ATP . 003 . 003 

-glucose . 002 . 002 

-enzyme 0. 000 0. 000 

Complete system contained in 3. 0 ml: glycylglycine (pH 8. 5), 
25 µmoles; ATP, 12. 5 µmoles; cresol red, 0. 13 mg; magnesium 
chloride, 0. 935 mg; sodium hydroxide to adjust to pH 8. 5; glucose, 
80 p.moles; enzyme, 2. 2 mg. Optical density read at 570 mµ against 
reference cell containing all components minus substrate. 

Figure 6 illustrates the effect of exposure to moderate tem- 

peratures on hexokinase activity. While temperatures of 0 to 28 G 

produced no reduction in activity, exposure of enzyme (suspended in 

3. 6 percent sodium chloride) to temperatures above 29 C caused 

rapid loss of catalytic glucose phosphorylation. At 33 C and above 

negligible hexokinase activity was observable. Similar experiments 
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Figure 6. Hexokinase activity after one hour exposure of cell -free 
extracts of Vibrio marinus MP -1 to the indicated tern- 
peratures. Enzyme suspended in 3. 6 percent NaCl. 
Assay system contained in 3. 0 ml: glycylglycine (pH8. 5) 
25 µmoles; ATP, 12. 5 µmoles; cresol red, 0. 13 mg; 
magnesium chloride, 0. 935 mg; NaOH to adjust to pH 8. 5; 
glucose, 80 µmoles; Enzyme (1. 95 mg). Optical density 
read against reference containing all reaction components 
(including heat treated enzyme) minus substrate. 

i n 
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with the enzyme suspended in tris -HC1 were unsuccessful; enzymatic 

activity was lost rapidly at all temperatures, 0 C and above. 

Initial studies of phosphoglucose isomerase indicated a narrow 

optimal pH at 7. 5 (Table 3). Subsequent assays used Trizma -HC1 

buffer at this pH. The addition of 6- phosphogluconate or magnesium 

chloride to the assay system decreased the enzymatic activity slightly. 

As is also noted in Figure 7, the enzyme suspended in sodium 

chloride demonstrated a considerably reduced specific activity. 

Suspending media, however, did not appreciably affect the thermal 

stability. After exposure to 32 C, the sodium chloride- suspended 

preparation retained 84 percent phosphoglucose isomerase activity; 

the Trizma- suspended enzyme retained 86 percent activity. Both 

enzyme preparations were inactivated on exposure to 38 C. The 

Trizma- suspended enzyme was the less thermostable, being inacti- 

vated at 36 C. Exposure from 0 C to 31 C did not decrease the 

activity of the enzyme. 

For the aldolase assay a pH of 8. 5 was employed. Less en- 

zymatic activity occurred at pH 7. 5 (Table 4). Decreasing the 

enzyme concentration resulted in a linear decrease of substrate split 

per hour. Addition of EDTA caused complete enzyme inhibition. 

The aldolase in the cell -free preparation suspended in Trizma buffer 

was moderately heat stable. At 1:10 dilution of the enzyme (0. 18 me 

per assay system) resulted in a corresponding reduction in activity 
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Table 3. Phosphoglucose Isomerase Activity of Vibrio marinus MP -1 
Extracts 

Assay System 

Specific Activity 
(µgrams fructose per 

mg protein) 
Ji 

Complete system at pH 7. 5 70. 0 

It at pH 8. 0 42. 5 

11 at pH 8. 5 58. 6 

+ TCA- precipitated enzyme 
(against color reagent blank) 13, 9 

+ 6- phosphogluconate (10 µmoles) 52. 6 

+ magnesium chloride (20 µmoles) 64. 8 

* * 
Complete system 90. 8 

Complete system contained (in 2. 5 ml) in µmoles: Tri.zma- 
HC1 (pH 7. 5), 100; glucose -6- phosphate, 10; sodium chloride, 600; 
and enzyme (1. 65 mg). Enzyme suspended in 3. 6 percent NaCl. 

Assay system as above, enzyme suspended in 0. 05 M 
Trizma -HC1 (pH 7. 5). 

Optical density read at 490 mµ against reference containing all 
components and TCA -precipitated enzyme. 

* 
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Figure 7. Phosphoglucose isomerase activity after one hour ex- 
posure of cell -free extracts of Vibrio marinus MP -1 
to the indicated temperatures. Assay system similar 
to Table 3. 
Enzyme suspended in: 0 - -0, 100 µmoles Tris HC1 (pH 7. 5) 

A - -A, 308 moles NaC1 

a 
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Table 4. Aldolase Activity of Cell -free Extracts of Vibrio 
marinus MP -1 

µmoles fructose -1, 
6- diphosphate 

Assay System split per hour at 15 C 

Complete system* (a) 4. 46 

at pH 7. 5 3. 84 

+ EDTA (10 µmoles) 0. 00 

with 0. 43 mg enzyme 0. 96 

with 0. 87 mg enzyme 1. 76 

Complete system (b) 3. 90 

with 1 :10 enzyme dilution, 1 hr @ 0 C 0. 42 

with 1 :10 enzyme dilution, 1 hr @ 15 C 0. 38 

with 1 :10 enzyme dilution, 1 hr @ 23 C 0. 29 

Complete system contained (in 2. 0 ml) in µmoles: Trizma- 
HC1 (pH 8. 5), 70; hydrazine sulfate (pH 8. 6), 112; fructose -1, 
6- diphosphate, 10; and enzyme 1. 75 mg. 

(a) sodium chloride suspended enzyme 

(b) Trizma -HC1 suspended enzyme. 

Optical density read at 540 mµ against reference containing all 
assay components and TCA -precipitated enzyme. 
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and this diluted enzyme had 70 percent remaining activity after ex- 

posure to 23 C for one hour. Examination of Figure 8 shows that the 

sodium chloride suspended enzyme was more active and retained 

greater activity on thermal exposure, than did the Trizma- suspended 

enzyme preparation. Inactivation occurred at 32 C for the Trizma - 

suspended enzyme, whereas the sodium chloride- suspended enzyme 

was inactive at 35 C and above. 

The phosphofructokinase assay took advantage of the presence 

of a sequence of three enzymes in the cell -free extract. Previous 

studies had demonstrated the existence of the intermediate enzyme 

in the series -- aldolase. The results of the phosphofructokinase 

assay suggested the presence of two additional enzymes of the gly- 

colytic pathway. The rate of phosphofructokinase -glyceraldehyde- 

PO4- dehydrogenase- complex activity is shown in Figure 9. Enzyme 

rate was measurably lower than that of other enzymes in this in- 

vestigation. The Trizma- suspended enzyme had approximately 50 

percent remaining activity after one hour at 25 C and no enzymatic 

activity was evident above 27 C (Figure 10). Similarly, the sodium 

chloride- suspended enzyme preparation was inactive above 30 C, 

with 50 percent remaining activity occurring on exposure to 27 C. 

This data characterizes this enzyme complex to be measurably more 

thermal labile than the other enzymes in this search. 

Lactic dehydrogenase had optimum activity at pH 8. 6 although 
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Figure 8. Aldolase activity after one hour exposure of cell -free 
extracts of Vibrio marinus MP -1 to the indicated tem- 
peratures. Assay system similar to Table 4. 
Enzyme suspended in: 0 --0, 100 moles Trizma -HC1 

(pH 7. 5) 
0 - -A, 308 µmoles NaC1 
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Rate of phosphofructokinase - glyceraldehyde PO4 
dehydrogenase complex activity in cell -free extracts of 
Vibrio marinus MP -1. Reaction mixture contained (in 
3. 0 ml) in µmoles: Trizma-HC1 (pH 8. 0), 85; ATP 
(pH 7. 5), 6; fructose -6 -PO4 (pH 7. 4), 20; MgC12, 3. 0; 
NAD, 0. 2; cysteine -HC1 (pH 7. 0), 20; and enzyme(2. 2 mg). 
Optical density read against reference containing all 
components minus substrate. 

A, Trizma -HC1- suspended enzyme after 0 C exposure 
B, Trizma -HC1- suspended enzyme after 25 C exposure 
C, NaCl- suspended enzyme after 27 C exposure 
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maximum stability occurred at pH 7. 4 (Table 5). At the protein con- 

centration employed there was a small amount of NADH oxidase 

activity. This was not noted with malic dehydrogenase due to lower 

protein concentration. The sodium chloride suspended enzyme 

preparation was stable on storage whereas the tris- suspended enzyme 

lost one -half its activity after three hours on ice. Presence of 

sodium chloride resulted in reduced enzymatic activity on initial 

isolation. 

Further evidence of lactic dehydrogenase thermal stability in 

sodium chloride is shown in Figure 11. The enzyme was fully active 

up to 39 C, in contrast to the tris- suspended enzyme which had less 

than 20 percent remaining activity. On exposure above 15 C the 

tris- suspended enzyme was rapidly inactivated although a narrow 

plateau occurred between 25 and 32 C with 36 percent remaining 

activity. 
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Table 5. Lactic Dehydrogenase Activity of Cell -free Extracts of 
Vibrio marinus MP -1 

Assay System 
ÊOD at 340 mµ 
per 60 seconds 

Complete system (a) . 059 

-substrate 1 
. 032 

-substrate2 024 

-enzyme 1 
. 002 

-after 3 hours . 056 

Complete system (b) . 076 

-at pH 7. 4 . 037 

-at pH 7. 8 . 041 

-at pH 8. 2 . 060 

- initial . 076 

-after 3 hours . 039 

Complete system (c) . 035 

Complete system contained in 2. 8 ml (in µmoles): tris -HC1 
(pH 8. 6), 500; sodium pyruvate, 2; NADH, 0. 2; and enzyme (1. 15 

(a) sodium chloride- suspended enzyme 
1. against reference containing only buffer 
2. against reference containing complete assay minus 

substrate 
(b) tris -suspended enzyme (pH 7. 4) 
(c) tris - suspended enzyme (pH 8. 6) 

Optical density read against reference containing complete 
assay minus substrate, except where noted. 
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Figure 11. Lactic dehydrogenase activity after one hour exposure 
of cell -free extracts of Vibrio marinus MP -1 to the 
indicated temperatures. Assay system similar to 
Table 5. 
Enzyme suspended in: A --A, 308 µmoles NaC1 

0 --0, 100 µmoles Tris -HC1 
(pH 7. 4) 
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DISCUSSION 

The presence of some glycolytic enzymes in cell -free extracts 

of Vibrio marinus MP - 1 correlates with the ability to metabolize 

glucose. Similarly, the presence of isocitric dehydrogenase, 

a- ketoglutaric dehydrogenase, succinic dehydrogenase, fumarase, 

and malic dehydrogenase suggests the operation of the citric acid 

cycle. Uniquely, all of these enzymes lose one -half their catalytic 

capacity near 30 C and they demonstrate no biological function above 

40 C (Table 6). 

From investigations with a mesophilic marine bacterium, 

MacLeod(36, 37) noted a sodium chloride requirement for enzymes 

in whole cells, but was unable to detect a similar requirement in 

cell -free studies. He concluded that the salt requirement is neces- 

sary for cell permeability. However, the present studies demon- 

strate that several of the enzymes from Vibrio marinus MP - 1 

possess higher enzymatic activity in the presence of sodium chloride 

or are more thermostable in its presence as compared to tris -HC1. 

Since there is no cell membrane factor involved, there appears to be 

a different sodium chloride requirement for enzymes of the obligate 

psychrophile. 

The first enzyme in this study, succinic dehydrogenase, is 

similar in reaction requirements to its counterparts although the pH 



Table 6. Thermal Lability of Some Citric Acid Cycle and Glycolysis Enzymes from Cell -free Extracts 
of Vibrio marinus MP -1 (C) 

50% Remaining Activity in 
Tris NaC1 

No Activity in 
Tris NaC1 

Malic dehydrogenase 27 35 32 37 

Succinic dehydrogenase 16 32 

Hexokinase 31. 6 33 

Phosphofructokinase -glyceraldehyde- 
PO4-dehydrogenase (enzyme complex) 25 28 27 30 

Phosphoglucose isomerase 33 34 36 38 

Aldolase 28 33 32 35 

Lactic dehydrogenase 25 40 39 42 

Data from Figures 3, 5, 6, 7, 8, 10 and 11. Refer to respective Figure for assay system. 
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optimum is higher (8. 6) than that reported for the heart enzyme 

(pH 7. 5), the yeast enzyme (pH 7. 8), and Micrococcus lactilyticus 

enzyme (pH 8. 3) (64). Upon storage or exposure above 0 C, the 

"psychrophilic" enzyme rapidly loses activity, which corresponds to 

the marked instability of the yeast enzyme and the heart enzyme (up 

to 50 percent loss in two hours at 0 C). After one hour at 16 C the 

"psychrophilic" succinic dehydrogenase preparation has 50 percent 

remaining activity and no activity at 32 C. Exact knowledge of the 

reasons for the pronounced instability of purified preparations re- 

mains obscure. The rapid decrease in "psychrophilic" enzyme 

activity (Figure 3), followed by a broad plateau of enzyme stability 

suggests the presence of isozymes although no other studies validate 

this (24, 62, 78). Previously it has been observed that when inacti- 

vation does occur on storage, an initial rapid loss of activity is often 

followed by a secondary slower decline or no further inactivation 

even on prolonged storage. This approximates the thermal inactiva- 

tion noted in Figure 3. Singer and Kearney (62) propose that the in- 

stability of the heart enzyme may be due to changes in the state of 

the iron in the isolated enzyme. Likewise, the yeast enzyme con- 

tains four atoms of iron; these are readily liberated by acid or 

thermal denaturation and the enzyme is considerably more unstable 

than heart succinic dehydrogenase. Therefore, the partial liberation 

of iron group(s) could result in rapid loss of "psychrophilic" succinic 
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dehydrogenase to a point (16 C) where a high thermal level (28 C) is 

required to release the remaining iron group(s) and cause complete 

enzyme function loss. Such an explanation would seem reasonable 

in the light of data on the "psychrophilic" enzyme of Vibrio marinus. 

The relatively high malic dehydrogenase activity and its opti- 

mum at pH 7. 4 corresponds to its counterpart found in other sources 

(3, 70). Recently, the pronounced effect of the suspending medium 

and of certain salts on enzyme stability of dehydrogenases has re- 

ceived considerable attention (4, 21, 30); stability does vary depend- 

ing on the presence or absence of salts. This is further born out in 

the present studies. After one hour enzyme exposure, 50 percent 

remaining activity occurs at 27 C in tris and at 35 C in sodium 

chloride (Table 6). No malic dehydrogenase activity takes place 

above 37 C and 32 C for the sodium chloride and tris- suspended 

enzyme, respectively. This low temperature of thermal inactivation 

points to existence of a psychrophilic enzyme. Malic dehydrogenase 

from cell -free extracts of a thermophile was inactivated at 78 C (44). 

Joyce and Grisolia (21) have shown that ammonium sulfate ad- 

dition causes stabilization and activation of the enzyme and Langridge 

and Morita (3) also find that it will reaativate the thermal inactivated 

psychrophilic enzyme and give complete protection at 40 C. The 

latter investigators note that greater enzyme activity occurs in the 

presence of tris- sulfate as opposed to tris- chloride. 
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Chilson et al. (4) have demonstrated similar inactivation of 

pig malic dehydrogenase in sodium sulfate (80 percent remaining 

activity) as opposed to tris (60 percent remaining activity), while 

citrate gives complete protection. The authors suggest that the ob- 

served effects of salts on thermal denaturation and reactivation may 

be the result of changes in activity coefficients of the exposed peptide 

and amide groups. Exposure to heat would decrease the activity co- 

efficients of these exposed groups in the native protein and increase 

their solubility. In solution, increased unfolding would be favored 

as additional groups are exposed. The protection of the enzyme by 

different salts would be a result of those salts which increase the 

activity coefficients of the exposed peptide and amide groups and thus 

inhibit increased unfolding of the enzyme molecule. 

The foregoing hypothesis is also rational for the "psychrophilic" 

malic dehydrogenase which has 100 percent remaining activity at 

maxima of 20 C and 30 C for the tris- and sodium chloride - suspended 

enzyme, respectively (Figure 5). However, above these respective 

temperatures, the presence of sodium chloride has a diminishing 

effect on thermal protection. As with the pig heart malic dehydrogen- 

ase at 51 C (4), less protection occurs at increasing temperature and 

it is almost independent of nature of suspending medium. 

For hexokinase the pH optimum is usually in the range of 6 -9 

(6). Sols et al. (67) report that yeast hexokinase is stable between 
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pH 5. 0 and 8. 0 with optimum at 7. 5. Due to the assay requirements 

of the present study, a pH between 8. 0 and 9. 0 was necessary and 

pH 8. 5 was optimum under these conditions. Glucose and ATP were 

required for enzyme activity. However, no studies involved the co- 

factor requirement or the effect of cofactor substitution. The level 

of hexokinase activity approximated that of aldolase. 

The "psychrophilic" hexokinase has 50 percent remaining 

activity at 31 C and no catalytic capacity above 33 C. The yeast 

enzyme is remarkably thermal stable, having 50 percent remaining 

activity at 50 C, and rapidly losing activity at 55 -60 C (67). How- 

ever, once thermal inactivation begins, it is rapidly completed within 

several degrees for both enzymes. 

Presence of sodium chloride apparently stabilizes hexokinase 

to thermal exposure as evidenced by 100 percent remaining activity 

up to 29 C (Figure 6). This is in contrast to the enzyme suspended 

in Trizma which demonstrated little enzymatic activity above OC. 

In recent studies of pig heart hexokinase, Hernadez and Crane 

(15) suggest the existence of a salt and pH- dependent equilibrium be- 

tween the soluble and particle bound forms of the enzyme. This, in 

turn, could result in an ionic control of hexokinase activity in the 

living cell, although the kinetic properties of the enzyme as meas- 

ured in vitro are not affected by the binding of hexokinase. Presence 

of salts as required by many marine bacteria (36, 37, 38) could 
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therefore also cause regulation of hexokinase activity in vivo, if such 

an enzyme equilibrium exists. Certainly this subject requires further 

investigation. 

The level of phosphoglucose isomerase activity in cell -free 

preparations of Vibrio marinus is significantly greater than that of 

hexokinase or aldolase. Pedersen and Sacks (50) find that of the 

phosphorylated hexoses, glucose -6- phosphate is the one present in 

highest concentration in resting muscle, and fructose -6- phosphate 

is undetectable. Therefore, the apparent rate limiting step in gly- 

colysis is the phosphoglucose isomerase reaction. The high relative 

level of phosphoglucose isomerase in Vibrio marinus could decrease 

the possibility of this enzyme as rate limiting and permit more effi- 

cient utilization of the small nutrient concentration found in the 

oceans. 

An optimum pH 7. 5 for the "psychrophilic" enzyme compares 

with optima of 7. 8 - 8. 0 for the enzyme from other sources (47, 52, 

74). Addition of 6- phosphogluconate caused inhibition while Mg+ had 

little effect on enzyme activity. These properties have been noted 

for the enzyme from other sources (22, 65). 

Presence of 62 micromoles of sodium chloride (in which the 

enzyme was suspended) caused pronounced loss of activity with refer- 

ence to the tris- suspended enzyme. Noltmann (47) demonstrated that 

the activity of phosphoglucose isomerase of brewer's yeast was not 
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affected by Na+, K+, NH4+ 
Ca++, Mg++, Cl-, and SO4 at 10-3 M. 

This is equivalent to 0. 3 micromole per assay system, far below the 

level used in the present study. It is apparent that higher levels will 

cause inhibition of the enzyme. 

However, the suspending medium (either tris or sodium 

chloride) effected little difference in thermal protection; both enzyme 

preparations were inactivated within two degrees and the temperature 

at 50 percent remaining activity was within one degree (Table 6). 

Thermal inactivation of the "psychrophilic" enzyme at 36 -38 C com- 

pares with a maximum of 65 -70 C for bean (52), 50 C for erythrocyte 

(74). The data of Tsuboi et al. (74) indicate that thermal inactivation 

is due to rupture of hydrogen bonds rather than surface forces be- 

cause P- chloromercurobenzoate, iodoacetamide, and metal binding 

agents show no effect on inactivation rate and thus indicate the non - 

sulfhydryl nature of the enzyme. 

Under the conditions of the assay, the aldolase optimum pH is 

8. 5. With similar assay conditions, yeast and muscle aldolase 

demonstrate an optimum activity at pH 7. 2 to 7. 5 (57). Complete 

inhibition of the "psychrophilic" enzyme by EDTA addition correlates 

with the enzyme from yeast and bacterial sources which appears to 

be a metalloprotein and is also sensitive to chelating agents (28). 

Substrate level (10 µmoles fructose, 1, 6 diphosphate) is an one - 

hundred fold increase above that necessary for fructose 1, 6 
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diphosphatase and known to be inhibitory for the later enzyme (12, 

29). 

Sodium chloride has previously been shown to stimulate the 

activity of yeast aldolase (57) which could account for the increased 

activity of the sodium chloride suspended psychrophilic enzyme as 

compared to the tris- suspended enzyme (Table 4). 

Both enzymes exhibit activity loss above 22 C, and exposure to 

35 C causes complete loss of " psychrophilic" aldolase suspended in 

sodium chloride, whereas the tris suspended enzyme is inactive at 

32 C. Aldolase of Escherichia coli is inactive at 50 C (76). Yeast 

aldolase begins activity loss above 38 C and the muscle enzyme is 

not thermally affected until 45 C (53). 

Analysis of the ensuing enzyme is complicated because the 

assay measured the enzyme complex: phosphofructokinase -- 

aldolase-- phosphotriose isomerase-- phosphoglyceraldehyde de- 

hydrogenase. Aldolase presence and thermal lability is evidenced 

from previously mentioned data. The latter enzyme will withstand 

about four degrees higher exposure than the aforementioned enzyme 

complex (inactivation at 32 C, Table 6). This eliminates aldolase 

as the enzyme responsible for the inactivation of the complex. How- 

ever, which of the remaining enzymes determines the low thermal 

lability of the complex can only be conjecture. The enzyme complex 

is more thermal labile than other enzymes of this investigation with 
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respect to the temperature for complete inactivation, although other 

enzymes undergo initial loss of activity at lower temperature (notably, 

succinic dehydrogenase, malic dehydrogenase, and aldolase). Why 

this enzyme complex is characterized as such remains to be investi- 

gated. No data is available on thermal inactivation of phosphofruc- 

tokinase from other bacterial sources (31, 34). 

The enzyme complex suspended in sodium chloride is somewhat 

more thermal stable, being inactivated three degrees above the tris- 

suspended enzyme (27 C). This phenomenon may be similar to that 

in hexokinase and malic dehydrogenase, although a high concentration 

of sodium chloride (2M) is noted to cause 50 percent decrease of 

heart phosphofructokinase activity as opposed to 4 x 10 -5M, which 

has no affect (40). 

Lactic dehydrogenase of Vibrio marinus MP -1 demonstrates 

an optimum pH 8. 6 for assay, although the enzyme must be suspended 

in buffer at pH 7. 4 for maximum stability (Table 5). Assay at pH 7.4 

results in 50 percent loss in enzyme activity. Escherichia coli lactic 

dehydrogenase has been assayed at pH 7. 5 (72). This higher pH 8. 6 

optimum corresponds to that of succinic dehydrogenase and has been 

noted in another marine bacterium (37). Generally, lactic dehydro- 

genase has pH 7. 4 as optimum (59, 63). Dennis and Kaplan (8) have 

noted in Lactobacillus plantarum two stereospecific lactic dehydro- 

genases, one with optimum pH 7. 5, the other with optimum pH 8. 5. 
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The "psychrophilic" lactic dehydrogenase is similar to its 

counterpart in Escherichia coli in its requirement for NADH (72), 

yet unlike another marine bacterium, Pseudomonas natriegens, which 

does not require NADH as cofactor (9). This suggests that the 

Embden -Meyerhof pathway operates anaerobiocally in Vibrio marinus 

by coupling NADH with lactic dehydrogenase. 

Stability in storage of lactic dehydrogenase suspended in sodium 

chloride, as opposed to 50 percent loss in activity with the enzyme 

suspended in tris, points to the similarity of this enzyme to malic 

dehydrogenase. Chilson et al. (4) have shown lactic dehydrogenase 

to be stable for several hours at room temperature in the presence 

of sodium chloride, but unstable in lithium chloride or sodium 

bromide (85 percent remaining activity), while sodium iodide causes 

rapid inactivation (15 percent remaining activity). The effect could 

be due to decreased activity coefficients in solution, to which these 

dehydrogenases appear particularly sensitive. Salts such as sodium 

chloride or citrate are known to favor reactivation and thus may in- 

crease activity coefficients of the exposed peptide and amide groups. 

This explanation also is rational for the extreme thermal stability of 

the sodium chloride- suspended enzyme which retains 100 percent 

activity up to 38 C - -by far the most stable enzyme in this investiga- 

tion. 

The behavior of the tris- suspended lactic dehydrogenase is 



47 

also noteworthy. This enzyme rapidly loses activity on thermal ex- 

posure, similar to the heart enzyme which is unstable in salt -free 

solution (59). The "psychrophilic" enzyme possesses a plateau of 

36 percent remaining activity between 25 C and 32 C. A second 

range of heat insensitivity exists between 35 C to 38 C. Recently, 

several investigators have discussed the presence of isozymes of 

lactic dehydrogenase (16, 24, 59, 68, 78). The "psychrophilic" 

enzyme with its differing plateaus of thermal stability suggests such 

an explanation since one isozyme could be inactivated at 25 C where 

a second - -and possibly third- -form maintain their stability. At 35 C 

the second form is inactivated, yet the third isozyme is active up to 

40 C. The differing optimum pH for assay and for stability may have 

some relation, yet undetermined, to the possible existence of iso- 

zymes. However, "psychrophilic "lactic dehydrogenase must be more 

exhaustively investigated before the existence of isozymes may be 

definitely stated. 

The consistent agreement in moderate temperature thermal 

lability of enzymes of Vibrio marinus MP -1 confirms this micro- 

organism to be characteristically different from the facultative 

psychrophile. Because each of the enzymes from the obligate psy- 

chrophile was affected at various temperatures, the cumulative effect 

may be a loss of synchrony in cellular metabolism due to differentially 

altered catalytic processes. 
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Thermal response of enzymes from the obligate psychrophile, 

as compared to enzymes from other sources, implies that different 

conformational changes are occurring within the proteins and other 

cellular constituents. These conformational changes are probably 

influenced by the presence of water, solutes, and cell components in 

the cell -free extracts, and thus this study is biased in favor of a 

higher temperature for thermal lability than that to be found for 

purified enzymes. Without the protein protection of cellular con- 

stituents, the "psychrophilic" enzymes would probably be denatured 

more rapidly and lose catalytic function at lower temperatures. The 

thermal lability of these enzymes and their sodium chloride or ion 

requirement for maximal stability accounts for the strict maximum 

temperature and ion requirement for growth in this obligately psy- 

chrophilic marine bacterium and furnishes a basis for further es - 

sential studies with purified enzyme preparations. 
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SUMMARY 

Evidence was presented that enzymes of Vibrio mariners MP -1 

possessed catalytic function for the tricarboxylic acid cycle and the 

glycolytic pathway. When cell -free extracts were exposed to 

moderate temperatures, enzymes of both pathways rapidly lost 

catalytic activity. For all but one enzyme, 50 percent remaining 

activity occurred near an averaged temperature of 27 C. Succinic 

dehydrogenase was remarkably unstable, being 50 percent inactivated 

at 16 C. Complete loss of enzymatic activity for the TCA and gly- 

colytic enzymes took place at an averaged temperature of 32 C. 

Lactic dehydrogenase was the most thermostable as evidenced by 

activity up to 39 C. 

Several of the "psychrophilic" enzymes (hexokinase, aldolase, 

and lactic dehydrogenase) produced greater activity in the presence 

of sodium chloride as opposed to tris -HC1. Suspending the enzyme 

preparations in sodium chloride resulted in an increased thermal 

stability. The 50 percent remaining activity took place at 1 C to 15 C 

higher with an average of 32 C. Complete loss of catalytic function 

averaged 2 C higher for the sodium chloride suspended enzyme. 

There was noticeably less difference in thermal protection by sodium 

chloride at temperatures above the region of 50 percent remaining 

activity. The effects of salt are explained on the basis of increased 
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activity coefficients in solution. 

The behavior of lactic dehydrogenase on moderate temperature 

exposure suggested the existence of isozymes, or that denaturation 

occurred in three. major steps, each with a different rate. 

The low temperature requirement of all the enzymes under in- 

vestigation, together with the ionic requirement of hexokinase and the 

relatively high level of phosphoglucose isomerase were suggested as 

possible factors controlling the obligate psychrophile's activities. 

Furthermore, the diverse influence of moderate temperature ex- 

posure on each enzyme (whether in buffer or sodium chloride) could 

alter differentially the cell's catalytic processes so that they could 

no longer operate in synchrony. 

Comparison with enzymes from other sources indicated the 

tricarboxylic acid cycle and glycolytic enzymes of Vibrio marinus 

MP -1 to be conspicuously thermal labile. 
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APPENDIX I 

Chemicals and Biological Reagents 

The following items were obtained from Sigma Chemical 

Company: Tris (hydroxymethyl)aminomethane; Trizma buffer; 

glucose -6- phosphate; dichlorophenol indophenol (DCIP); phenazine 

methanosulfate (PMS); nicotinamide adenine dinucleotide (NAD); 

6- phosphogluconate; resorcinol; fructose -1, 6- diphosphate; phos- 

phohexose isomerase calibration solution; aidolase calibration 

solution. 

Oxalacetic acid; reduced nicotinamide adenine dinucleotide 

(NADH); glycylglycine; and fructose -6- phosphate (barium salt) 

were purchased from California Corporation for Biochemical Re- 

search. 

Nutritional Biochemicals Corporation supplied the following: 

cresol red; adenosine triphosphate (ATP)(chromatographed); and 

L- Cysteine hydrochloride (hydrate). 

Hydrazine sulfate, sodium pyruvate, and 2, 4- dinitrophenyl- 

hydrazine were obtained from Matheson, Coleman and Bell. 

All other compounds were of highest purity commercially 

available and used without further purification. 


