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The therrnolability of rnalic dehydrogenase in whole cells of Vibrio

rnarinus MP-1 grown at I5 C was cornpared with that of ceII-free ex-

tracts and partially purified fractions.

A Zl-fold purification of the enzyrne was effected by arnrnoniurn

sulfate fractionation and colurnn chrornatography on Sephadex G-200

gel. The intracellular er,zyrr,e was found to be stable between 0 C and

the organisrnrs optirnurn growth ternperature, t5 C. In ceIl -free ex-

tracts considerable lability was noted even at 0 C, and this lability

did not increase further until the enzyrne was exposed to ternperatures

above the organisrnts rnaxirnurn growth ternperature, 20 C. Purified

enzyroe was stable between 15 C and 20 C, but both above and below

this ternperature range there was considerable loss of activity with a

30 rninute exposure.

Both cold- and heat-inactivated enzyrne were re-activated, al-

though to a different degree, when placed at l5 C for five rninutes.
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STUDIES ON PARTIALLY PURIFIED MALIC DEHYDROGENASE
FROM THE MARINE PSYCHROPHILE, VIBRIO MARINUS

INTRODUCTION

Several reports describing the physiological characteristics and

growth of psychrophilic bacteria have appeared in the literature in re-

cent years. Until recently few of the organisrns studied exhibited a

rnaxirnurn growth ternperature of Z0 C or Iess, and therefore could

not be considered to be robligater in their low ternperature require-

rnent (9, p. 106) .

The irnportance of using bacteria which are intrinsically obligately

psychrophilic in nature rnust be emphasized if the studies are to give

any true indication of the physiological nature of psychrophily. Colwell

and Morita (Z) describe the isolation and characterization of a series

of psychrophiles frorn the rnarine environrnent. These have been

designated as strains of Ys!:l EIfE1, several of which have rnaxi-

rnurrr growth ternperatures of less than ZO C.

Ninety percent of the rnarine environrnent is at a ternperature of

Iess than 5 C l37)l, and studies of marine rnicroorganisrns which have

a growth range allowing proliferation at these temperatures, are es-

sential if we are to rnake any estirnations of the activity of such or-

ganisrns in their natural environrnent (5, 8, ZZ, 29, 30). Morita and

Albright (12) have shown that this organisrn grows well at 4 C, that
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is, at the norrnal environrnental ternperature, and produces 109 cells

per rnl in 24 hours. Studies using V. rnarinus MP-1, (15) have shown

that this bacteriurn has an optimurn growth temperature of 15 C. It

will not grow above ZO C, and preincubation above this temperature

causes extrerne loss of viability.

Further studies (25) were initiated to establish the nature of this

heat induced lethal effect. Oxygen uptake of whole cells at l5 C in

the presence of glucose was cornpletely inhibited by preincubation at

29.4 C for 30 rninutes. Loss of integrity of the cell rnembrane was

suggested, as leakage of materials which absorb at 260 rnp occurred

at these ternperatures. As mernbrane damage could not account for

the cornplete Ioss of oxygen uptake, the possibility existed that there

was a concornitant denaturation of one or more enzyrnes associated

with this uptake.

That a single enzyme could in part be responsible for loss of

cellular function at increased ternperatures has been shown by Burton

and Morita (1). These studies were perforrned with a facultative psy-

chrophile, V. rnarinus PS-207, with an optirnum growth ternperature

of. 24 C. Malic dehydrogenase (MDH) activity decreased to 20 per-

cent of its original value when cell-free extracts were heated to 30 C

for 40 rninutes.

Heat inactivation of forrnic hydrogenlyase in whole cells of a

facultatively psychrophilic strain of Escherichia coli was shown to be



far greater than in a mesophilic strain under the sarne condition (29).

The above studies therefore resulted in the present investigation

into the therrnostability of MDH in partially purified preparations frorn

the obligate psychrophile V. rnarinus MP- 1.



REVIEW OT" LITERATURE

Several theories have been postulated on the nature of optirnal

growth ternperatures in rnicroorganisrns. Ingraharn and Bailey (8)

suggested that the differences in ternperature optirna probably reside

in the intra-celluIar organization. Rose (26) proposed that the ac-

cumulation of toxic rnetabolic substances forrned at higher ternpera-

tures rnay be the cause of death at these ternperatures.

That ceII lysis is involved in loss of viability is shown by Hagen

"t 3J. (5). They state that the highest temperature at which growth

occurs is two degrees below the ternperature at which the cells lyse'

However, it is suggested that the prirnary cause of death is not cell

wa1l or rnernbrane rupture, as release of substances associated with

these structures occurs after the onset of Iysis.

The rnajority of the literature in this fieId, however, is concerned

with the effect of temperature on eflzyme systerns which thernselves

control viability and growth. Edwards and Rettger (3) dernonstrated

that severaL enzyrnes frorn species of Bacillus were inactivated at

ternperatures just above the rnaxirnurn for growth. Nashif and Nelson

(I6) showed that although lipase activity ir P"uod* fragi was

optirnal at 40 C, no erazyrr,e was produced above 30 C, suggesting a

heat sensitive er.zyrne forrning systern.

A sirnilar effect was found by Upadhyay and Stokes (30) who



exarnined forrnic hydrogenlyase in both rnesophilic and facultatively

psychrophilic strains of Escherichia coli. This enzyrne in the psy-

chrophilic strain was optirnal at 30 C but inactive at 45 C. The enzyrne

forrning systern was inactive above ZO C.

A drarnatic difference in the MDH activity of psychrophilic and

therrnophilic bacteria is observable in the articles by Burton and

Morita (1) and Morita and Haight (14). The forrner showed that in

cell-free extracts of a rnarine psychrophile, the e4zyrne activity was

decreased to twenty percent of the original value at 30 C for 40 rnin-

utes. However, in the latter case, MDH in extracts frorn Bacillus

stearotherrnophilus exhibited optirnal activity at 55 C and was corn-

pletely inactivated at 78 C. An increase in hydrostatic pressure above

700 atrn. perrnitted enzyrne activity at 10I C.

In 1940 ZoBelI and Conn (33) exarnined the therrnal sensitivity of

rnarine bacteria and found a pronounced decrease in oxygen uptake at

30 C cornpared with the activity at optirnal growth ternperatures, and

suggested that the respiratol.y erLzyr\es were irnportant in the inability

to grow at higher ternperatures. Hagen and Rose (6) in studies on a

psychrophilic Cryptococcus found that at the rnaxirrrrlrrr growth ternpera-

ture there was a rapid utilization of the intracellular arnino acid pool.

This was shown to be related to the inability to synthesize o -oxo

glutarate at this ternperature.

An apparent increase in MDH activity was found when whole cells



of a rnarine psychrophile were subjected to ternperatures above the

rnaxirnurn for growth (I3). However, this effect was reversed in cell

free systerns and so perlneability, as well as heat lability of the en-

zyrn:e, were suggested as partial reasons for the rnaxirnurn growth

ternpe r ature s.

As early as l)32, Northrup (17) showed that crystalline trypsin

which was inactivated at 70 C could be renatured by slow cooling.

Hence there is a need to differentiate between irreversible denatura-

tion and reversible inactivation of enzymes. An excellent review on

the denaturation and inactivation of enzyrne proteins by Okunuki (19)

discusses also the process of renaturation.

The renaturation of therrnolabile MDH frorn a rnarine psychro-

phile, under various conditions in cell-free extracts was exarnined by

Burton and Morita (I). They dernonstrated that after heating at 40 C

the inactivation was cornpletely reversible. Stability of the enzyrne in

the whole cells was far greater than in extracts, and as at least two

cornponents of the synthetic renaturation systern were norrnal cellular

constituents, it was suggested that the ceI1 rnay have a sirnilar rne-

chanisrn for the in vivo rnaintenance of the enzyme'

Several workers have found that the Presence of certain salts

would protect er.zyrfle activity against heat and chernical inactivation

(19, 24). The effect of several ionic species on both the activity and

stability of MDH has been exarnined ( I0).
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Many exarnples of purification procedures of MDH frorn both

plant and anirnal sources exist in the Iiterature (4, 7, 10, 18), and

wide differences have been noted in the degrees of purity reached in

each case. The existence of rnultiple forrns of this enzylne which dif-

fer in heat stability and other properties has been reported (12). The

probable existence of at least three forrns of MDH in a rnarine psy-

chrophile was suggested on the basis of the kinetics of the denatura-

tion and renaturation processes (1).



METHODS AND MATERIALS

Growth Mediurn

The growth rnediurn consisted of 1.0 g succinic acid, 15.0 g

sodiurn chloride, 5. 0 g proteose peptone, 2.0 g glucose, 2.0 g yeast

extract, 5.0 g Rila rnarine salts (Rila Products, Teaneck, N. J. ),

and 0. OI g ferrous sulfate brought to a total of one liter with tap water.

The pH was adjusted to 7.4 ar:d sterilization was effected by auto-

claving at 15 psi for 20 rninutes.

Rila salts at a concentration of 26. Z5 g per liter in distilted

water and pH 7.4, was used for washing and resuspending the celIs

after harvesting unless otherwise stated, and will be referred to as

75 percent sea water.

Microbiologic al Methods

The rnarine psychrophile V. rnarinus MP-l isolated by Morita

and Haight (15) was used in these studies. Stock cultures were rnain-

tained at 15 C and transferred twice at lZ hour intervals prior to

rnass culturing of celIs.

For the preparation of the stock ce11 suspension, 35 liters of

rnediurn in a large carboy were inoculated with 3.6liters of a 12 hour

culture of the organisrn. The culture was incubated with shaking and

aeration at I5 C for 21 hours. The cells were harvested by



centrifugation in a Sorvatl RC -Z reftigerated centrifuge at 0 C and

20,000 x g. They were washed twice in75 percent sea water and di-

vided into six portions each of.2.6 g wet weight and stored at -20 C

for preparation of cell-free extracts.

For whole cell studies, 300 rn1 of the above rnediurn were inocu-

lated with a 5. 0 rnl of. 12 hour inoculurn. The cells were incubated for

I8 hours in a New Brunswick Psychrotherrn at l5 C and aerated by

shaking. They were harvested as above and suspended in 75 percent

sea water so that a Lz4O dilution gave an optical density (OD) of 0.26

al 525 rqr. in the Bausch and Lornb Spectronic Z0 spectrophotorneter.

These cells were used irnrnediately for heat inactivation studies and

were kept on ice between procedures.

@

Each of the stored cel1 preparations was rnade up to 200 rn1 in

0. 2 M tris-(hydroxyrnethyl)-arninornethane (Tris-) buffer which was

dissolved in distilled deionized water and brought to pH 7.4 with suI-

phuric acid. The suspension was treated for 15 rninutes in I0-kc

Raytheon sonic oscillator which was cooled using an ethanol and ice

mixture. CelI debris was rernoved by centrifugation at 35,000 x g

for 50 rninutes and the supernatant fractionated with arnrnoniurn sul-

fate (4). The fractionation was carried out at 0 C The precipitates

occurring between 0-60 percent saturation were kept and stored at
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-20 c.

Colurnn chrornatography was perforrned on Sephadex G-200 gel

in 0.2 M Tris-sulfate pH 8.6 buffer containing arrrrnoniurn sulfate at

a concentration of 0.75 M A Pharrnacia colurnn of one inch diameter

and l8 inches height was used together withaBuchler Polystaltic pump

to control the flow rate. This systern was adjusted to deliver be-

tween one and two rnl per hour. The ge1 was placed in the buffer at

least three days before packing the colurnn, and irnrnediately prior

to packing, the gel was placed under a vacuurrl to rernove trapped air

bubbles. The colurnn was prepared so that the hydrostatic head never

exceeded ten crn. Buffer was allowed to flow through the colurnn for

24 hours before sarnple application, to allow settling of the gel. En-

zyrne sarnples were applied to the top of the gel beneath the surface

of the buffer, using a syringe with an elongated tip. Fractions were

collected using an ISCO autornatic fraction collector. The void vol-

urne of the colurnn was deterrnined using blue colored, two rnillion

rnolecular weight dextran (Dextran 2000) produced by Pharrnacia

Cornpany.

Following chrornatography the active enzyme fractions were

pooled andfrozen until there was a total of 250 rnl. This enzyrne

solution was re-fractionated at pH 8.6 and 0 C with arnrnoniurn sul-

fate. The active fractions were stored at -?0 C until required.

These fractions (referred to as purified er,zyrr,e preparation) were
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Figure L Flow diagrarn of MDH purification.
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used in the heat inactivation studies. Irnrnediately prior to use they

were desalted on a short colurnn (six inches x one inch) of Sephadex

G-25 geI using Tris -su1f ate buffer pH 7 .4.

Methods of Enzyrne Assay

The assay used throughout these studies unless otherwise stated

was in the direction of oxidation of reduced nicotinarnide adenine di-

nucleotide (NADH) as used by Ochoa (18). The decrease in OD at

340 rqr observed when NADH is oxidized to nicotinarnide adenine di-

nucleotide (NAD) was rrreasured using a Beckrnan DU spectrophoto-

rneter fitted with a therrnospacer connected to a circulating water-

bath to control the reaction ternperature,

The reaction rnixtures contained in 3.0 rnl: 1.5 prnoles oxalacetic

acid (OAA), 0. Z prnoles NADH, 520 prnoles Tris adjusted top}J7.4

with either hydrochloric acid (Tris-chloride) or sulfuric acid (Tris'

sulfate). Any additions to the assay are stated in the respective

tables and figures. The protein concentration used depended on the

enzyme fraction being assayed. A11 assays were perforrned at Z0 C.

Controls ornitting either NADH, OAA or enzyrrres showed no activity.

The enzyrne units used are as stated by Ochoa (18), that is, one unit

of activity is that arnount which causes a decrease in optical density

of 0.01 per rninute. Specific activity is expressed as units per rng

of protein.
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The reverse-direction assay with rnalic acid as substrate was

perforrned when the enzyrne fractions were tested for activity with the

analogues of NAD. The sarne assay was used for a qualitative spot

plate check for the presence or absence of MDH following colurnn

chrornatography.

The reaction rnixture contained in 3.0 rnl: 0.3 p.rnoles NAD, 20

prnoles rnalic acid, 0. 5 p.rnoles sodiurn cyanide, I. 0 ;r,rnoles dichloro-

phenol indophenol, 0. 3 prnoles phenazine methosulfate, 488 pmoles

Tris-sulfate. The reaction was followed at 605 rnp in a Beckrnan DU

spectrophotorneter at Z0 C, and was initiated by the addition of enzyrne.

Controls were performed for the non-specific decolorization of the

dye in the absence of rnalate. W'hen the analogues of NAD were sub-

stituted for the coenzyrne the sarrle molarity was used in the assay as

given above for NAD.

The assay was rnodified for detecting enzyrne in the chrornato-

graphy fractions using a spot plate. The reaction rnixture (0. I rnl)

was pipetted into the compartrnents of the spot plate and 0. 01 rnl of

the enzyrne fractions added to each. Decolorization of the rnixture

indicated the presence of MDH in the fraction, which was then assayed

quantitatively as stated in the forward-direction erazyrne assay pro-

cedure.
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Protein Dete rrnination

Protein was estirnated by the rnethod of Warburg and Christian

( 30).

Heat Inactivation

A polytherrnostat sirnilar to that used by Oppenheirner and Drost-

Hansen (21) and constructed by Morita and Haight (15) was used. The

range of ternperatures was adjusted between 0 C and 40 C depending

on the particular requirements of the experiment.

The enzyrne sarrrple under consideration was pipetted into ther-

rnally equilibrated test tubes containing arnounts of buffer to give the

required dilution. At given tirne intervals, sarnples were withdrawn

and assayed directly.

Lys ed- Cell Preparation

Heat treated whole cells (0. Z rnl), were lysed prior to assay by

the addition of I.8 rnl of solution containing 180 rng per rnl Triton

X-100, 360 p.rnoles Tris-sulfate, pH 8. 6, 0.8;r.rno1es ethylenediarnine-

tetracetic acid. The rnixture was incubated for five rninutes at 0 C

and assayed.
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RESULTS

Prelirninary studies were perforrned to show, both intracellularly

and in cell-free extracts, the therrnolability of MDH in V. rnarinus.

Washed whole cells suspended in 75 percent sea water were treat-

ed for one hour at various ternperatures. They were lysed with

Triton X-100 and assayed after five rninutes. Microscopic exarnina-

tion showed the suspension to be cornpletely lysed within this tirne at

0 C. There was no change in enzyme activity in the cells held between

0 C and 14 C (Figure 2). Above this ternperature, enzyrrre activity de-

creased. At the maxirnurn growth temperature, Z0 C, the enzyrne

activity was reduced to 75 percent of its original value.

A large quantity of cells was grown and stored at -20 C as given

in Methods and Materials. A portion of these cells was treated in the

sonic oscillator to give a cell-free suspension in Tris-sulfate (pH7.41.

To test the therrnolability of MDH in this solution, suitable dilutions

were rnade of the er.zyrr,e into the same buffer to give readable activity

when assayed directly. The enzyrne activity was assayed with tirne

after heat treatrnent at 0 C and 30 C (f igure 3). Protein deterrnina'

tions were perforrned on the cell free extract. Dilutions of the en-

zyrr,e were also rnade into 75 percent sea water Tris-sulfate buffer

at the sarrre pH to show whether the inactivation was due to ternpera-

ture, ionic strength, or both. Considerable protection of activity
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was observed in the higher ionic strength buffer at 0 C, but this was

not perrnanent at the higher ternperature. Inactivation patterns were

also obtained at l5 C and 20 C which corresponded identically to the

0 C curves in both environrnents.

Fractionation of the enzyrne with amrnoniurn sulfate was carried

out at 0 C (Table I). The highest specific activity was observed in the

fraction precipitating between 40-60 percent saturation, an alrnost

four-fold increase over the original extract. It can be seen that a

large arnount of enzyme precipitated in the 0-40 percent region even

though this fraction had a low specific activity (Table I). For this

TABLE I. SPECIFIC AND TOTAL ACTIVITIES OF MDH AT'TER
T.RACTIONATION WITH AMMONIUM SULFATE.

Specific activity
Total activity units / rnB

Fraction units protein

Extract l, 555,400

0 - 40 percent saturation 707,200

985, 000

96,400

29,000

1, 808, 400

284

200

1,074

300

36

40_60 il il

60_20 il il

70-I00 il ,

0 - I00 Tota1

reason both the 0-40 percent and the 40-60 percent precipitates were
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cornbined and used for column chromatography. The fact that the

cornbined fractions, and the 40-60 percent fraction alone, gave simi-

lar specific activity values on chrornatography, further s'upported this

action. Exarnination of Table I also shows that there wa6 an increase

in the total number of units of enzyrne following fractionation'

The reason for this increase in activity rnay be due in part to

increasing arnounts of arnmoniurn sulfate on the enzyrne systern. It

can be seen that increasing the concentration of the salt to 0.75 M had

little effect. To find whether this effect was due to the salt itself or

to increased ionic strength, the assay was perforrned in buffer con-

taining sodium chloride. A decrease in activity was noted at all of

the concentrations used (Figure 5). The effects of several different

ionic environrnents on the enzyrne activity were found (Table II), show-

ing that only arnrnoniurn sulfate and sodium sulfate stirnulated over

the activity observed in buffer alone.

The optirnurn conditions for stability of MDH prior to colurnn

chrornatography were deterrnined (Tab1e III). The enzyrne was in-

cubated in the various systems at 4 C f.or 24 and 45 hours, each at

the sarne protein concentration. Systern 4 was the only one which

gave reasonable stability for the required length of tirne. The table

also shows that the pH for optirnurn stability (8.5) was different to the

pH for optirnurn activity, which was found to be 7.4, both in the

presence or absence of ammoniurn sulfate.
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TABLE II. THE EFFECT OIl DIFFERENT SALTS ON THE ACTIVITY
OF MDH.

Buffer pH A OD/rninute

0. 2 M Tris-chloride, 0. 75 M amrnonium
sulfate. 7. ? 0. 185

0.2 M Tris-chloride, 0.70 M sodiurn
sulfate.

0. Z M Tris-chloride.

0. 2 M Tris-chloride.

0. Z M Tris-phosphate.

7. 8 0.088

7.55 0. 065

7.8 0. 033

7.4 0. 050

0. Z M Tris-chloride, 2. 0 M ammonium
chloride. 7.5 0. 028

Reaction rnixtures as given in Figure 2. Suitable dilutions were rnade
to assay the er.zyrr.e under the different conditions. The above values
for AOD were calculated on the basis of 0. 102 mg proteirrl3.0 rnl
assay rnixture.
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TABLE III. STABILITY OF MDH AT 4 C.

Additions to Systern'k

Percent Activity Rernaining

0 hours 24 hours 45 hours

I.

2.

3.

5.

6.

8.

9.

10.

11.

t2.

None

None pH 8. 6

75 ;lrnoles arnrnonium
sulfate

75 prnoles arnrnonium
sulfate pH 8. 5

0. 6 prnoles NADH

0. 5 p.rnoles NADH
pH8.5

0. 5 p"rnoles NADH,
75 prnoles arnmonium
sulfate. pH 8. 6

0. 3 prnoles NAD

0. 001 g Serurn Alburnin

3. 0 prnoles 2-rnercapto-
ethanol

50 rnrnoles rnalate

Tris adjusted to pH
with HCl

100

lt

38.0

7.5

94.5

I10. 0

39. 5

10. 0

74.0

36.5

53. 5

40.0

41. 0

25. O

13.0

5.0

75.5

4.
99.

11.

5

0

7.

00. 0

43. O

tz. o

r5.0

15. 0

30.0

tz. o

,i'A11 systerns contained in 1. 0 rnl: 200 p.rnoles Tris-sulfate, 0. I
rnl of the 0-60 percent enzyrne fraction (3.4 rng protein). The pH
unless otherwise stated was 7.4.
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The elution pattern for MDH on Sephadex G-200 gel is shown in

Figure 5. The void volurne of the colurnn used was 46 rnl and the en-

zyrne was eluted between 83 and 102 rnl. The specific activities of

the rnost active fractions eluted, varied frorn 2,200 to 2,800 units per

rng protein. The flow rate affected these values, the greatest activi-

ties being obtained with rates of between one and two rnl per hour.

Fractions frorn colurnn chrornatography were stored at -20 C and

finally pooled. They were re-fractionated with arnrnoniurn sulfate at

0 C and pH 8. 5. The enzyrrle was precipitated in separate fractions

as shown in Table IV.

Heat inactivation studies were perforrned on both of the rnost

active fractions, following the rernoval of amrnoniurn sulfate by pas-

sage through Sephadex G-25 gel (Figure 7). Similar patterns were

found for both fractions. The results of this inactivation are rnore

clear when Figure 7 is re-plotted as rernaining activity against in-

creasing ternperature (Figure 8). They show that the enzyfiIe was

rnost stable between the optirnum and rnaxirnurn growth temperatures

for the organisrn, but was unstable at ternperatures both above and

below this.

Atternpts were rnade to re-activate the enzyrne by placing it at

15 C following inactivation at both 0 C and 33 C (Figure 9). The re-

activation is rnuch greater in the forrner case, giving activity values

of 15 percent above those at zero tirne. At 33 C there is a 30 percent
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TABLE IV. THE SPECIFIC AND TOTAL ACTIVITIES OF MDH
AFTER AMMONIUM SULT'ATE RE-T'RACTIONATION OF
THE POOLED FRACTIONS FROM COLUMN CHROMATO-
GRAPHY.

Fraction
Protein

rnglrnl
Total activity

units
Specific activity

units / rng

Pooled fractions
frorn colurnn

0-40 percent

40-50 percent

50-70 percent

70-100 percent

0.9 580,000

3, I00

I 10, 400

t44,600

50,000

2,550

680

124

5.7

2.4

l,

5,

re-activation to only 50 percent of the zeTo tirne value. The effect of

the addition of 3,000 pr.rnores of arnrnoniurn sulfate per rng protein, to
the enzyrne inactivated at 33 c is also shown. rn this case cornplete

renaturation is observed showing that this is not an irreversible pro-

cess. No inactivation of the enzyme was found when it was heated in

the presence of the sarne arnount of arnrnoniurn sulfate at 40 c.

Both of the active fractions frorn the second arnrnoniurn sulfate

precipitation were assayed with analogues of NAD to investigate the

possibility of. isozyrnic forrns of MDH, having different coenzyrne

specificities. The results are shown in Tab1e v. It can be seen that

there was no difference in the activities of the two fractions with any

of the analogues but NAD itself.
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TABLE V. THE ACTIVITY OF' DIFFERENT FRACTIONS OF MDH,
WITH ANALOGUES OF NAD, FOLLO\trING RE-
FRACTIONATION WITH AMMONIUM S ULFATE

Activity AOD/rninute
Analogue of NAD 40-60 percent 60-70 percent

NAD

Dearnino NAD

Acetyl pyridine NAD

Thio nicotinarnide NAD

0.082

0. 005

0.035

0.00r

0.070

0.006

0.038

0.003

Reaction rnixtures are as given in Methods and Materials. pro-

tein concentrations used per 3.0 rnl assay rnixture were 0.0052 and

0.0024 rnglrnl for the 40-50 and 60-70 percent fractions respectively.
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DISCUSSION

Although the study of cell-free extracts is necessary if an atternpt

is to be rnade to elucidate the nature of enzyrne systerns without in-

terference frorn perrneability factors, care should be taken in the in-

terpretation of these results when relating thern to the activities of the

whole cell. However, the closest approxirnation to whole cells which

allows study of the individual cornponents is a celI-free systern. ,il/hen

a bacterial ceII is disintegrated by sonic oscillation, there is a loss

of cellular organization as well as the rrrore obvious rnorphological

changes. Purification of individual enzyrnes therefore perrnits the

exarnination of the systern under rrrore strictly defined conditions.

During prelirninary studies, an

MDH activity when whole cells of V.

apparent increase occurred in

rnarinus were subjected to in-

creasing ternperature. This effect was also noted by Burton and

Morita (1) working with the facultatively psychrophilic strain of the

sanle bacteriurn and has since been shown to be due to leakage of the

erlzyme frorn the cells at the elevated ternperatures and not to tern-

perature induced stirnulation. Study of the effect of heat on whole

cell enzyrne content therefore necessitated tysing of the cells prior

to assay with Triton x-100, previously shown to affect the MDH acti-

vity very little (I3).

At all ternperatures above the optirnurn for growth, there was a
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loss of activity when the ce11s were heat treated for one hour (Figure

Zl. However, the level of activity was not affected at all at the norrnal

environrnental ternperatures of 0 C to l5 C. This intracellular heat

lability rnay in part explain the reason for the psychrophilic nature of

this bacteriurn.

The effect of ternperature on the MDH activity in ceII free ex-

tracts was far rnore drastic. Heating for ten minutes at 30 C gave an

aknost cornplete inactivation, and at 0 C there was considerable in-

stability (Figure 3). The possibility that the decrease was due to low

ionic strength was investigated by the inclusion of.75 percent sea

water in the inactivation rnixture. Considerable protection occurred

but was only permanent in the case of the sarnple at 0 C. Further in-

crease in salt concentration had no effect in either case. The irnpli-

cations of the effect of salt concentrati.on on protein stability will be

discussed 1ater.

It appears therefore that MDH in cell-free extracts is rnore un-

stable than in the intact ceII. Again the low ternperature of therrnal

inactivation points to the existence of a psychrophilic enzyme. The

MDH in cell-free extracts ernployed by Morita and Haight frorn a

therrnophile (14) was inactivated at 78 C.

The increase in total activity following arnrnoniurn sulfate frac-

tionation (Tab1e I) is not a unique phenornenon. Joyce and Grisolia

(10) showed a sirnilar effect in the purification of MDH frorn pig heart.
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They stress the irnportance of employing caution in the interpretation

of purification studies, and state that although this type of effect is

generally attributed to the rernoval of inhibitors, few workers have

investigated the possibility of enzyrrle activation. Ravel 9_t 4. lz4\

suggest the possibility of actual introduction of the sulfate ion into the

en'zyrne rnolecule. Rutter (22), in studies on glucose-6-phosphate

dehydrogerrase, states that at the higher ionic strength there is a

greater tendency for the dissociation of the enzyrne an6 its products

which would increase the reaction rates.

The stirnulation of MDH activity with increasing arnrnoniurn su1-

fate concentrations up to I.5 M (Figure 4), would tend to substantiate

Rutterrs hypothesis. However the increase in total activity following

fractionation is difficult to explain on this basis, as the rnaxirnurn

arnount of salt occurring in the actual assay was very low. A rnore

likely theory, therefore, is that stabilization or re-activation of the

enzyrne rnolecule is occurring, but whether there is actual binding of

an inorganic ion to the protein is difficult to say.

The depression of enzyrne activity (Figure 5) in the presence of

sodiurn chloride would also seern to refute the theory of Rutter (zzl

in this particular case. Hiatt and. Evans (7) exarnined the influence

of rnany salts on a 98-fo1d purified MDH frorn spinach leaves. with

sodium salts of rnonovalent anions at concentrations of up to 0.04 M,

they found a stirnulation of two to three-fold. one peak of increased
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activity was found with sodiurn chloride at a concentration of 0. 04 M

and another at 0. 07 M. Between these two peaks, the activity was

sti11 at a level higher than that at zero salt concentration. An obvious

difference exists, therefore, between this enzyme and that frorn V.

rnarinus, as no stirnulation with sodiurn chloride occurred in the lat-

ter case at any salt concentration.

Stirnulation of MDH at pH levels above the optirnurn (7.4) was ob-

served with both alrlrnoniurn sulfate and sodiurn sulfate (Table II).

When MDH was assayed in the presence of arnrnoniurn chloride as

cornpared to assay in Tris-chloride alone, a decrease in activity was

observed. These results would therefore irnplicate the sulfate ion

in enzyrne stirnulation and possibly an inhibitory effect due to the

chloride ion. Further studies did show that enzyrne activity in Tris-

sulfate was higher than in Tris-chloride and so this buffer was used

for all future er:zyrr:e assays.

The investigations which were conducted to find the optirnurn con-

ditions for stability of the enzyrne prior to colurnn chrornatography

(Tab1e III) revealed interesting data. The only useful fact was that

in the presence of arnrnoniurn sulfate at pH 8.6 the errzyrrle would re-

rnain stable up to 45 hours. This was less pronounced at PH 7.4 al-

though in the absence of the salt the reverse was true and pI{7.4

gave greater stability than pH 8. 6. Explanation of these facts is dif -

ficult. F{owever if the sulfate ion does becorne sornehow bound to the
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enzyrrle rnolecule it is possible that it is, in sorne waY, protecting the

active sites at the higher pH. As sulfhydryl groups are believed to

constitute these active sites (28) (the errzyrrre is inactivated by para-

chlorornercuribenzoate, a known inhibitor of these grouPs), and as

such groups are subject to oxidation at high pH values, such protec-

tion is possible. The salt could also cause conformational changes

in the enzyrne itself which although they protect the active centres,

still allow activity.

The addition of another protein such as bovine serurrr alburnin does

afford solne protection. The protection of a dehydrogenase enzyrne by

its cofactors is discussed by Okunuki (19). In the case of MDH frorn

V. rnarinus, the reduced cofactor decreases the stability even in the

presence of arnrnoniurn sulfate, but NAD itself does give sorne pro-

tection. The involvernent of both cofactor and substrate in these sys-

terns (Table III) rnay be cornplicated by the reaction kinetics of MDH

as shown in studies by Raval and Wolfe (23). They have shown that

there is a cornpulsory binding order rnechanisrn involving at least one

ternary cornplex between the enzyrne, coenzyme, and substrate.

No significant protection was found when Z-roercaptoethanol was

included in the systern to keep any sulfhydryl grouPs involved in a re-

duced state. This would show that at least at a pH of.7.4 the inacti-

vation of MDH is not related sirnply to sulfhydryl oxidation.

Atternpts to chrornatograph the enzyrne on diethylarninoethyl
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cellulose or carboxyrnethyl cellulose were unsuccessful. Sephadex

G-200 geI, which allowed elution in buffers of high ionic strength,

was therefore of great value in the chrornatography of this en,zyrr:e.

Following this purification procedure, combined fractions frorn

the colurnn were re-precipitated with arnrnoniurn sulfate and the 40-

60 percent fraction and 50-70 percent fraction retained separately

(Table IV), The latter fraction had a specific activity of 5,000, a

20-fold purification over the original supernatant. This rnay be corn-

pared with final values of 13-, 98- and 130-fold in the respective

studies of Joyce and Grisolia (10), Hiatt and Evans (7) and Ochoa (18).

Both of the fractions containing activity were tested separately

for heat stability and activity with the analogues of NAD. This was

done because of the wide spread noted in both colurnn chrornatography

and salt precipitation, Very little difference was noted in activities

with the NAD analogues (Table V) when the assays were perforrned

as described by Moore and Villee (11), and no conclusive evidence

for the existence of isozyrnic forrns of MDH was shown. The ternpera-

ture inactivation studies on the two fractions showed no differences

in their therrnostability patterns. The possibility that aggregate for-

rnation is causing the spread in fractionation of the erazyrne does exist.

The addition of fairly high concentrations of salt rnay be increasing

the protein-protein interactions and decreasing the solvation of the

rnolecules to such a point that although no precipitation is occurring,
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aggregates are being forrned.

The difference between the heat stability pattern of the enzyrne in

the purified forrn and that in whole cells is of considerable signifi-

cance. It shows that in whole ceIIs, norrnally found at ternperatures

near zero, MDH is protected frorn inactivation below I5 C although

not above. This does not occur in the purified er,zyrr.e (Figure 8)' If

this phenomenon is universal for other enzymes in the organisrn, it

rnay provide an adequate explanation of the psychrophilic nature of

V. rnarinus. Tests for re-activation of heat inactivated enzyrne in

whole cells are complicated by the leakage of the enzylne frorn the

cells at higher ternperatures, but such data would be of va1ue.

Burton and Morita (l) using a systern of rnalate, NADH and Z-

rnercaptoethanol in Tris buffer, showed extensive renaturation of

heat inactivated MDH in V. rnarinus PS-207. With this enzyrne, slow

cooling of the renaturation rnixture was necessary to give cornplete

renaturation.

In the psychrophitic strain, although a sirnilar systern to the

above has not been ernployed, the 0 C inactivated etazyrne can be sPon-

taneously re-activated by returning it to 15 C either slowly or quickly

(Figure 9). The enzyrne which had been inactivated by exPosure to

33 C would re-activate to only 50 percent of its original value. This

would indicate that the two inactivation processes are different and

rnay explain why whole cells are able to protect the erlzyrr.e frorn cold
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inactivation. This differs frorn the results of Pullrnan 9i 4. IZZ\ in

studies on adenosine tri-phosphatase. They showed a relnarkatrle cold

inactivation of the enzyrne which could not be reversed unless precipi-

tated by arnrnoniurn sulfate. However, the heat inactivation Process

could be prevented by the presence of adenosine triphosphate.

Re-activation of MDH frorn V. rnarinus occurred on addition of

3,000 Srrnoles arnrnoniurn sulfate per rng protein following exposure to

33 C. Cornplete protection frorn inactivation occurred even when the

enzyme was heated to 40 C in the Presence of this salt. This is in

agreement with the results of Ravel 1t 31. (24), who showed that only

arnrnoniurn sulfate would protect carbarnyl phosphate synthetase

against heat and dialysis-inactivation, and would renature heat inacti-

vated errlzyrfle. One cannot irnagine a sirnilar process operating 1a

vivo.

These studies therefore indicate the presence of an erLzyrne which,

in a purified forrqis unstable at ternperatures both above and below

the optirnurn for growth. The enzyrne is protected to a degree by the

intact celI although the rnechanisrn of this protection is not under-

stood. A relationship rnay exist between the growth ternperature of

the organisrn and the stability of enzyroes forrned at that ternperature.

If the organisrn were grown at 4 C, the ternperature of its norrnal

environrnent, the therrnostability of its etlzyrfles rnight differ ac-

cordingly. If this were true it would indicate a rnechanisrn existing



39

in the cel1, controlled by ternperature, for the production of different

proteins which allows adaptation to the environrnent'

Although there appears to be a universality in the MDH reaction

frorn different sources (7, 10, 14, I8), the data also indicate that

differences exist in the nature of the proteins thernselves. This di-

versity is evidenced by several physical and chernical properties,

which would indicate inherent differences in the structure of the en-

zyrn.e. The wide differences noted in the response of MDH frorn

therrnophiles and frorn this psychrophile to heat suggest that different

conforrnational changes are occurring. The data Presented in this

study definitely shows that obligate psychrophiles do exist and that

they are a distinct class of organisrn when corrlpared to rnesophiles

and therrnophiles.
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SUMMARY

When V. rnarinus MP-1 was subjected to ternperatures above its

optirnum for growth (15 C) for 60 rninutes, the MDH content of the

cells decreases. Below 15 C the en'zyrr.e content of the cells was

constant.

When ceII free extracts were subjected to higher ternperatures

there was a drastic loss of activity which could be delayed but not pre-

vented by use of a higher ionic strength.

A Z}-fold purification of MDH was rnade following arnrrroniurn sul-

fate fractionation and chrornatography on Sephadex G-200 geI. The

properties of this purified preparation differed frorn those of the cell

free extract.

'W'hen partially purified MDH was subjected to increases in tern-

perature, the enzyrrre was shown to be stable between the organisrnts

optirnurn and rnaxirnuln growth ternperatures, but both above and be-

low this range there was considerable loss of activity. The cold-

inactivated enzyrne could easily be re-activated by placing it at l5 C.

The heat-inactivated enzyrne was only partially re-activated by this

procedure.

The effect of arnrnonium sulfate on this er.zytr:e was very rnarked.

It allowed increased stability on storage at several ternperatures.

Its presence in the assay buffer at levels of I.5 M stirnulated activity
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8-foid. Heating of MDH at 40 C with arnrnoniurn sulfate in the inactiva-

tion rnixture gave no loss of activity after 60 rninutes. The addition

of the salt to heat- or cold-inactivated enzyrne gave 100 percent re-

activation instantaneous Iy.

Cornparison of MDH frorn V. rnarinus with the sarne enzyrne

frorn other sources, with respect to therrnolability, helps to ernpha-

size the psychrophilic nature of this organisrn.
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