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significantly differ in composition from the amino acid residues

found in the aldolase extracted from muscle or the aldolase extracted

from the thermophile, Bacillus stearothermophilus.

Data is presented on the role temperature and pH play in
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THE PURIFICATION AND CHARACTERIZATION OF THE
FRUCTOSE 1, 6-DIPHOSPHATE A LDOLASE FROM

VIBRIO MARINUS, AN OBLTGATELY
PSYCHROPHILIC MARINE

BACTERIUM

INTRODUCTION

To a large extent temperature controls an organism's ability

to both survive and grow in its environment. Microorganisms may

be classified as psychrophiles, mesophiles or thermophiles based on

their optimal temperature of growth.

Despite the many basic similarities found at the molecular level

in all living systems, biochemical factors must surely regulate an

organism' s ability to function at given environmental temperatures.

Researchers over the years have tried to elucidate the role

temperature plays in the physiology of microorganisms. Since

most heat-sensitive constituents of cells are proteins, many workers

have isolated a multitude of enzymes from a variety of organisms.

The thermal characteristics of these proteins have been related to

their primary, secondary and tertiary structures.

Fructose 1, 6-diphosphate aldolase, because it is a key enzyme

in the Embden-Meyerhof pathway and has been studied extensively

from an evolutionary point of view, was purified and characterized.

It was the intention of this investigation to relate the characteristics

of this enzyme to the property of psychrophily.
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LITERATURE REVIEW

Fructose 1, 6-diphosphate (FDP) aldolase acts by catalyzing

a reversible aldol condensation between dihydroxyacetone phosphate

(DHAP) and glyceraldehyde 3-phosphate (GAP) (Morse and Horecker,

1968).

Dihydroxyacetone Phosphate + Glyceraldehyde 3-phosphate

Fructose 1, 6-phosphate

At one time it was thought that the aldolase functioned as a special-

ized base catalyst by facilitating the enolization of DHAP before

condensation with GAP (Rose and Rieder, 1955). However, recently

it has been found that the action of the enzyme is more complex.

By stabilizing the negative charge of the carbanion, an electrophilic

environment is formed at the active site of the aldolase molecule,

producing the enzyme-activated substrate complex (Kobes et al.,

1969).

There appear in biological systems two types of aldolases, both

with different molecular features and different catalytic mechanisms.

Type I aldolases are found in plants, protozoa and green algae.

Type II aldolases are present in bacteria, yeasts, fungi and the blue-

green algae (Rutter, 1965). Only a few organisms have been shown

to possess both types. The classic examples, reported by Rutter
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(1964), are Euglena glacialis and Chlamydomonas reinhardti. Type

I and Type II aldolases, however, are not phylogenetically related.

Aldo lase I arose independently during phylogeny. It probably

occurred first in a progenitor of Euglena and Chlamydomonas which

already possessed a Type II aldolase. In the course of evolution

Type II aldolase was lost and Type I aldolase was conserved (Rutter,

1964).

Table 1 shows some of the catalytic and molecular character-

istics associated with the two types of aldolases. Type I aldolases

also possess functional carboxy-terminal residues (Morse et al.,

1967) and contained four major subunits (Kawahara and Tanford,

1966). In this type, an activated enzyme-substrate complex is

formed which involves the formation of a Schiff's base between

DHAP and the E -amino group of the lysine residue. The complex

is stabilized by resonance of the Schiff base with the eneamine form.

Type II aldolases are metalloproteins possessing divalent

metal ions at the active site of the enzyme (Morse and Horecker,

1968). The mechanism of action is illustrated in Figure 1. The

metal ion forms a partial chemical bond with the ketone oxygen of

DHAP, which in turn increases the polarization of the carbonyl

group in the aldehyde moiety. This leaves the carbonyl group open

to nucleophilic attack by the carbanion of DHAP.

Type II FDP aldolases have been isolated from a variety of
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Table 1. Comparison of the properties of Type I and Type II
aldolases.

Property Type I Type II

Inhibition of chelating agents

Metal ion requirements for
full activity

SH requirement

Activation by K+ ion

pH optimum range

no

no

no

no

yes

yes

yes

yes

2 pH units 0. 2 pH units

Km 5 to 6 x 10-5 M 3 to 15 x 10 -4 M

Vmax' moles of FDP C. 3000 C. 6000

cleaved per minute per
mole enzyme

S 8 5. 5
20, w

Molecular weight 140, 000 70, 000

After Quinn, 1969.



5

CH OPO
2 3

-2

C = 0 M++

CH2OH

CH
2OPO 3-2

C = 0

\ <

CHOH
\K- ++

H - C =

R

CI-120P0 3-2

C = 0----

CHOH

O
Keto-carbanion

CH
2OPO 3-2

C = 0

CHOH
\4+ HCOH

H - C - 0 HO - - H

BH B

CH2OPO 3-2

C - 0

CHOH

Enolate

m+

CH2 OPO 3-2

C = 0

Trans Configuration

After Rutter and Groves, 1964.

Figure 1. Mechanism of action of Type II aldolase.
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sources. Included in these are the aldolases from Aspergillus riiger

(Jagannathan et al., 1956), baker's yeast (Richards and Rutter, 1961)

and Candida utilis (Kowal et al., 1966), all of which were found to

require Zn++ ions for full activity. Aldolase from Clostridium

perfringens, isolated by Bard and Gunsalus (1950), was not stimu-

lated by Zn++ ions. The authors reported that Co++ and Fe++ ions

were required for activity. Quinn (1969) isolated the aldolase from

Bacillus stearothermophilus and found that Mn++ ions activated the

enzyme to the greatest extent with Fe++ ions showing only the slight-

est stimulation.

The prototype of the Type II aldolases, the yeast aldolase, has

been studied quite extensively from a structural and functional stand

point. Kobes et al. (1969) reported that although Zn++ ions could

restore activity to the apoenzyme, other divalent metal ions, such

as Co++
, Ni++, Mn++ and Fe++, could also substitute. Recently,

Simpson et al., (1971) found that when Co++ ions were used to acti-

vate the aldolase, it produced absorption and circular dichroic

spectra which suggested that the Co++ was bound in an asymmetric

and octahedral configuration. Using Mn++ ions, Mildvan et al.,

(1971) have shown stoichiometric binding of the metal to the aldolase

by proton relaxation rates and electron spin resonance. By using

nuclear magnetic resonance techniques, these same authors showed

evidence for a definite metal bridge between substrate and enzyme.
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Thus, the Type II aldolases are unique and quite distinct from

the Type I aldolases. The enzyme isolated from V. marinus proved

to be typical of other Type II aldolases, both from a molecular and a

catalytic point of view.

Temperature

Bacteria are among the most ubiquitous organisms in nature

and are able to grow in extreme environmental conditions. Of all

the variables bacteria encounter in the environment, temperature is

one of the most important. Its influence on growth has been studied

quite extensively (Brock, 1967).

Most heat-sensitive constituents of the cell are proteins and

the effect of temperature on these molecules has been of great

interest. The following is a discussion of this important topic as

it relates to thermophiles and psychrophiles.

The rmophile s

Thermophilic bacteria are organisms which can grow at

temperatures considered extreme for most life forms. Of greater

interest is the fact that these bacteria grow at temperatures which

should leave most cellular proteins inactive. However, this is not

the case. Three theories have been put forth considering the unusual

thermal stability of certain proteins.
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The first of these theories states that since thermophilic pro-

teins are as heat-labile as those from other sources, thermophiles

must be able to replenish their supply of proteins by rapid resyn-

thesis (Koff ler and Gale, 1957). This theory has generally fallen

into disfavor.

The protective factor theory suggests that heat-stable factor(s)

cause the thermostability of otherwise heat-labile thermophilic

proteins. There have been several attempts to relate the action of

lipids to the heat stability of enzymes. The fatty acid content of

mesophilic and thermophilic strains of Bacillus sp., have been

determined (Shen et al., 1970; Daron, 1970; and Kaneda, 1969). The

results indicated that thermophiles contained lipids of higher melt-

ing points than the mesophiles. The authors suggested that lipids

are important in protecting and maintaining the integrity of cellular

components.

The third theory emphasizes the physical-chemical differences

found between molecules of mesophile and thermophile origin

(Campbell, 1954). This latter theory has received most support

and simply states that thermophile proteins have a greater heat

stability than corresponding proteins from mesophiles.

There is sufficient evidence to support this view. To show that

such stability is a result of structural modifications within the

protein, purified enzymes have been investigated.
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Only a few thermophile proteins have been prepared in the

purified state. Mal lett and Koff ler (1957) concluded that the heat

stability of thermophile flagellins was not only related to the degree

of hydrogen bonding present, but to the way these bonds were distri-

buted in the protein. Investigations on glyceraldehyde 3-phosphate

dehydrogenase (Amelunxen, 1966) from Bacillus stearothermophilus

suggested that these molecules existed in a stable conformation,

resistant to hydrogen-bond breaking substances. In another study

Ohta (1966) indicated that increased stability of the protease from

Bacillus thermoproteolyticus was not only brought about by extensive

hydrogen-bonding due to the presence of several tyrosines but also

by hydrophobic bonding due to the number of hydrophobic amino

acids present. However, Quinn (1969), upon isolating aldolase from

B. stearothermophilus, concluded that the parameter of hydro-

phobicity was not adequate to explain the thermostability of, at least,

his thermophilic aldolase.

More recently, ferredoxin has been purified from two thermo-

philic bacteria, Clostridium tartarivorum and Clostridium thermo-

saccharolyticum, by Devenathan et al., (1969). In most respects

the thermophile ferredoxins were identical to the corresponding

mesophile proteins except for the property of greater heat stability.

There is little or no secondary structure to the ferredoxins, so

hydrogen bonding could not be responsible for the increased stability.
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The thermophile feredoxins were the only clostridial ferredoxins

which contained histidine and their total number of basic residues

was higher than in the mesophiles. The authors suggested that these

data could account for the thermostability in the proteins.

The membrane bound enzyme, ATPase from B. stearothermo-

philus was purified and its thermal properties studied by Hachimori

et al., (1970). The activity was shown to gradually increase with

increasing temperature to 50 C. However, above this temperature

the activity increased even at a greater rate. The enzyme was found

to have an optimum temperature of 65 C and exhibited a remarkable

resistance to thermal inactivation. The authors suggested that these

results indicated the enzyme was not only thermostable but also

thermophilic. Their data showed that the thermostability of the

ATPase was due to protein structure. Thermodynamically, in the

temperature range of 30 65 C, the enzyme showed a conformational

change occurring at the transitional temperature of 50 C. With

respect to the influence of membrane fragments, the authors con-

cluded that it was not an important factor in conferring thermo-

stability.

Finally, the aldolase from the extreme thermophile, Thermus

aquaticus, was isolated by Freeze and Brock (1970). They concluded

that the enzyme resembled other Type II aldolases from mesophiles

but differed in that it was considerably more heat-stable than any
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aldolase studied (optimum temperature for activity was 95 C). No

data was presented to indicate reasons for its extreme thermo-

stability.

Other structural properties have been studied to find clues to

the nature of thermophily. Properties such as the number of disul-

fide bonds present, the amount of helical content possessed by a

certain enzyme, molecular weight comparisonall have met with

varying degrees of success in explaining this phenomenon.

Thus, it can be concluded from the above information that no

one biochemical explaination has emerged to explain the phenomenon

called thermophily.

Psychrophile s

Although temperature is one of the most important parameters

in the environment, the problem of low temperature as it affects the

physiology and metabolic processes of microorganisms is not well

understood. Although researchers have tried to explain the properties

of thermophily in molecular terms, it has been only recently that

workers in the area of psychrophily have taken this approach. Prior

to this, research on psychrophilic organisms had been carried out

using whole cells or cell-free extracts.

For example, Baxter and Gibbons (1962) compared the effects

of temperature on the permease system of a psychrophilic strain of
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Candida sp. and a mesophilic strain of Candida lipolytica. Their

data suggested that the psychrophile, but not the mesophile, was

able to transport sugars into the cell at temperatures below 5 C.

They suggested that the factor determining the minimum temperature

for growth of the mesophilic microorganism was the inactivation of

the permease enzymes.

Later, workers reported the effects of temperature on enzyme

induction (Halpern, 1961) and repression (Gallant and Stapleton,

1963). Both processes were found to be quite sensitive to tempera-

ture.

More recently, however, Malcolm (1969) showed that when

the obligate psychrophile Micrococcus cryophilus was subjected to

30 C, cessation of growth could be correlated with the inhibition of

protein synthesis. This lesion interferred primarily with the

activation and esterification of certain species of amino acids with

tRNA. Specifically, two heat-labile enzymes (glutamyl-tRNA and

prolyl-tRNA synthetase) were responsible for this organism's

temperature sensitivity. Although the data show quite clearly that

charging of the tRNA was affected by temperature, it should be kept

in mind that this may not reflect the actual cause of this organism's

failure to grow, since M. cryophilus was subjected to a temperature

5 C above its maximum for growth.

In this laboratory a number of enzymes have been isolated
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from psychrophiles which show an instability to mesophilic tempera-

tures. Langridge and Morita (1966) showed that malate dehydro-

genase from V. marinus was heat labile above 21 C. Miller (1968)

also showed that the glucose 6-phosphate dehydrogenase from this

same organism was sensitive to temperatures above 21 C in cell-

free extracts. Succinic dehydrogenase activity was lost on exposure

of the cell-free extract to temperatures above 0 C. Approximately

one-third of the activity was lost when the enzyme was exposed for

one hour at 12 C when compared to the same time of exposure at

0 C. At 16 C for one hour, approximately two-thirds of the activity

was gone (Mathemeier, 1966).

A kinetic approach also has been used to examine the effect of

temperature on organisms. Ingraham and Bailey (1959) examined

the effects of temperature on the activities of three enzymes

(glucose 6-phosphate dehydrogenase, isocitrate dehydrogenase and

malate dehydrogenase) in cell-free extracts of a mesophile and a

psychrophile to determine whether the enzymes in the psychrophile

had lower activation energies than their counterparts in the meso-

phile. It was found, however, that the activation energies were

similar, if not identical, for the enzymes examined. Burton and

Morita (1965) have since shown that the malate dehydrogenase from

the psychrophile, V. marinus, has an activation energy only half that

of the corresponding enzyme from Escherichia coli.
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Thus, many proposals have been put forth concerning the basis

for psychrophily. However, no one single explaination has emerged

to satisfactorily account for this phenomenon.
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MATERIALS AND METHODS

Materials

Rila Marine Mix was purchased from Ri la Products Corpora-

tion.

Tris (hydroxymethyl) aminomethane (TRIS) was obtained

from Sigma Chemical Co.

Ammonium sulfate was purchased from the Mallinckrodt

Chemical Works. This chemical was of the highest purity available.

Sephadex G-75 and G-200 were purchases from Pharmacia Co.

Diethylaminoethyl-cellulose (DEAE-cellulose) was obtained

from H. Reeve Angel Inc., as Whatman DE-52.

D-fructose 1, 6-diphosphate (FDP), sodium salt; 13-nicotinamide

adenine dinucleotide (NAD+), sodium salt; glyceraldehyde 3-phosphate

dehydrogenase (DPDH), (rabbit muscle), were all obtained from

Sigma Chemical Co.

Dihydroxyacetone phosphate (DHAP), dimethylketal dimono-

cyclohexylamine salt, and D, L-glyceraldehyde 3-phosphate (GAP),

diethylacetyl monobarium salt was likewise bought from the Sigma

Chemical Co. These salts were converted to their free acids by

treating them with Dowex 50W.

Also obtained from Sigma Chemical Co., were the proteins
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pepsin, malate dehydrogenase and muscle aldolase.

Ethylenediaminetetraacetic acid (EDTA) was purchased from

Matheson, Coleman and Bell.

L-cysteine hydrochloride, monohydrate, was obtained from

Nutritional Biochemicals Corporation.

Coomassie Brilliant Blue R 250 was obtained from Co lab

Laboratories, Inc. Aniline Blue Black was bought from Matheson,

Coleman and Bell. All remaining chemicals used for disc-gel

electrophoresis were purchased from either J. T. Baker Chemical

Co., or from Eastman Organic Chemicals and were of the highest

purity available.

All other chemicals used were reagent grade.

Methods

Organism

Vibrio marinus MP-1 (ATCC 15381), an obligately psychro-

philic marine bacterium, was isolated off the coast of Oregon (Morita

and Haight, 1964; Colwell and Morita, 1964) and was used as a

source of enzyme in this study.

The SDB medium employed in this investigation consisted of

the following: 1 g succinic acid, 15 g sodium chloride, 5 g polypep-

tone, 0.5 g glucose, 2 g yeast extract, 5 g Rila marine salts and
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0.01 g ferrous sulfate. The total volume was brought to one liter

and the pH adjusted to 7.4. Sterilization was effected by autoclaving.

V. marinus was both stored and incubated in this medium.

Cells were grown in 12 liter batches using the Microferm

Fermentor (New Brunswich Scientific Co. ). The organism was

allowed to grow for 22 hours (late log phase), at 15 C with constant

aeration and stirring. No pH adjustment was needed. The inoculum

was prepared using 100 ml of medium in a 250 ml Erlenmeyer flask

grown at 15 C with shaking.

When the cells had reached late log phase, as determined by

the optical density at 450 nm using the Beckman DB Spectrophoto-

meter, they were harvested at 27,000 x g employing the KSB-R

Sorvall "Szent-Gyorgyi & Blum" continuous flow system designed

for the Sorvall RC-2 refrigerated centrifuge. Centrifuging was per-

formed at 0 C. The yield was approximately 75 g (wet weight) of

cells per batch. The cells were washed twice in 24 artificial

sea water (Rila marine mix). The final volume of cells from 12

liters of medium was adjusted to 500 ml with 0.05 M tris (hydroxy-

methyl) aminomethane (Tris)-HC1 buffer, pH 8.0 (hereafter, referred

to as Tris-HC1 buffer). These cells were immediately stored at

-20 C. The enzyme was routinely purified from 225 g of cells.
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Preparation of Cell-Free Extracts

Disruption of cells was accomplished by sonication, employing

a Bronwill Biosonik BP-111 probe. Fifty ml of cells were disrupted

at full power for two 15 second intervals. Cooling was facilitated

by the use of an ice bath. The treated mixture was centrifuged at

65, 000 x g for 60 minutes in a Sorvall RC-2 refrigerated centrifuge

to remove the unbroken cells and cell debris. The supernatant was

used as a source of enzyme in this study.

Purification Procedure

The flow diagram for purification of the enzyme is shown in

Figure 2. Immediately after sonication the supernatant was adjusted

to 40% saturation with solid ammonium sulfate while the solution was

constantly stirred at 5 C. The pH was continuously monitored and

maintained at 8.0 using 16 N NaOH. The mixture was allowed to

equilibrate for 12 hours and then centrifuged at 45, 000 x g for 45

minutes in the Model L-65 Preparative Ultracentrifuge (Bechman

Instruments, Spinco Division). The supernatant was decanted and

adjusted to 50% saturation with the addition of ammonium sulfate.

The solution was treated as described above. After the second

centrifugation, the supernatant fraction was discarded and the pellet



19

Cells

(22-hour washed culture, suspended in
0.05 M Tris-HC1 buffer, pH 8.0)

Sonic oscillated cells

Cell-free extracts

Ammonium sulfate fractionation
at S C, pH 8.0

(40-50% precipitate)

Dissolved in Tris-HC1 buffer

pH fractionation

(pH 10.5 supernatant)

Chromatography on Sephadex G-200 gel

Active fractions pooled (concentrated)

Chromatography on DEAE - cellulose
using linear potassium chloride concentration gradient

(0.00 - 0.25 M KC1)

Active fractions pooled
and concentrated using the Diaflow Concentrator

Amonium sulfate fractionation
at 5 C, pH 8.0

(65-80% precipitate)

Dissolved in Tris-HC1 buffer (concentrated)

Chromatography on Sephadex G-75 gel

Active fractions retained showing single band on disc-gel electrophoresis

Purified enzyme

Figure 2. Flow diagram for the purification of the
"psychrophilic" aldolase.
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was taken up in 250 ml of Tris-HC1 buffer. This solution was used

immediately for pH fractionation.

The 40-45% ammonium sulfate cut was adjusted to a pH of 10.5

by the addition of 1 N NaOH. The thick suspension which resulted

was centrifuged at 36,000 x g for 20 minutes. The supernatant was

decanted and concentrated to 1/3 of its original volume using the

Diafle Concentrator (Model 400) equipped with an Amicon UM-1

membrane. This procedure was performed at 5 C under 6 atm nitro-

gen. The resulting preparation was either used immediately or

stored at -20 C for further use. The enzyme was found to be stable

in this state so that re-adjustment of the pH was not necessary.

Sephadex G-200, diethylaminoethyl-cellulose (DEAE-cellulose-

Whatman DE-52) and Sephadex G-75 were prepared as described by

their respective manufacturers. Each gel was carefully equilibrated

in Tris-HC1 buffer at 5 C before each use.

A 2. 5 x 45 cm glass chromatographic column containing

Sephadex G-200 was prepared. The supernatant (routinely 1.8 ml)

after the pH fractionation was layered onto the surface of the column

which was then eluted with Tris-HC1 buffer at a flow rate of 20 ml

per hour. Fractions were collected every 15 minutes at 5 C using

an ISCO fraction collector. The fractions were again concentrated

to 1/3 the original volume to be used in further purification pro-

cedures.
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The pooled samples obtained from G-200 chromatography

(routinely 40 ml) were layered onto a 1 x 30 cm glass chromato-

graphic column packed with DEAE-cellulose and eluted using a linear

potassium chloride concentration gradient (0. 00 to O. 25 M KC1) in

Tris-HC1 buffer. The flow rate was 15 ml per hour and fractions

were collected every 20 minutes.

Those fractions possessing high activity were pooled and con-

centrated 10-fold using the Diaflo Concentrator. The sample was

further concentrated by first adding ammonium sulfate to 65%

saturation at pH 8.0 and centrifuging at 65, 000 x g for 30 minutes.

The pellet was discarded and the supernatant brought to 80%

ammonium sulfate saturation. Again, this solution was centrifuged

at 65, 000 x g for 30 minutes. After centrifugation the pellet was

taken up in 5 ml of Tris-HC1 buffer and concentrated to 0.5 ml using

the Diaflo Concentrator.

The pooled DEAE-ammonium sulfate fraction (routinely 0.5 ml)

was layered onto the surface of a 1 x 30 cm glass chromatographic

column containing Sephadex G-75 and was eluted with Tris-HC1 buffer

at a flow rate of 12 ml per hour. Fractions were collected at 10

minute intervals. Only the fractions showing a single band on disc-

gel electrophoresis were retained.
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Protein Measurement

Protein concentrations were determined by the method of

Lowry et al. (1951), using bovine serum albumin as the standard.

Aldolase Assay

Aldolase activity in the enzyme preparations was measured

using the method of Cristian and Warburg (1955). The procedure

involves the use of a coupling enzyme to measure the rate at which

DHAP and GAP are formed when aldolase splits FDP. Although,

these products are normally interconvertible by the enzyme triose-

phosphate isomerase, conditions of this assay render the isomerase

inactive and only GAP production is measured. GAP is converted to

1,3- diphosphoglycerit acid in the presence of excess glyceraldehyde-

phosphate dehydrogenase (GPDH).

Glyceraldehyde 3-Phosphate + NAD+ + P. GPDH 1, 3-

Disphosphoglyceric Acid + NADH + H+

The resultant reduction of nicotanamide adenine dinucleotide (NAD+)

to its reduced derivative (NADH + H ) is followed quantitatively by

measuring the increase in absorbance at 340 nm.

The activity of the enzyme was determined using a Gilford

Model 2000 Absorbance Recorder. The temperature of the cuvette
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compartment was controlled by the use of thermal spacers purged

with constant temperature water. All assays were performed at

pH 7.0 and at 25 C unless otherwise noted.

Each cuvette contained 2. 9 ml of reaction mixture consisting

of the following: 2.34 x 10-3 M FDP; 1.73 x 10-2 M sodium arsenate;

3 x 10-4 M NAD+; 2.6 x 10-2 M glycine; 2.67 x 10-2 M cysteine

(pH 7.0); 3.3 x 10-4 M MnC1
2

and 0.1 M NaCl. The cuvette was

allowed to equilibrate 10 minutes, and 0.05 ml of a 5 mg per ml

solution of GPDH in 0.05 M sodium phosphate buffer, pH 7.0 was

added. This was followed by the addition of 0.05 ml of enzyme

sample.

Activity is defined as iimoles FDP cleaved to GAP and DHAP

per minute per sample. Specific activity is calculated as ilmoles

FDP cleaved per minute per mg protein.

Glyceraldehyde 3-Phosphate Dehydrogenase Assay

This assay was performed in a manner similar to the Warburg

method described above. However, GAP was substituted for FDP

as the substrate in the procedure. Glyceraldehyde 3-phosphate dehydro-

genase was omitted.

Triose-Phosphate Isomerase Assay

This assay was also performed as described above. DHAP
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was substituted for the FDP and Mn++ was omitted because it

inhibited the activity of the enzyme.

Procedure for Disc-Gel Electrophoresis

Disc-gel electrophoresis experiments were performed accord-

ing to Davis (1964) using the standard 7 yo gels (stacks at pH 8.9 and

run at 9. 5) at 5 C. Protein was stained using a 1% amido black

solution in 7% acetic acid. Destaining was carried out overnight in

5% acetic acid. Proteins were also stained with Coomassie blue

using the method of Chramback (1967).

Amino Acid Analysis

Amino acid analysis was generously conducted by the laboratory

of Dr. R. R. Becker using the method of Moore and Stein (1963).

The protein hydrolysate was chromatographed on a Beckman Spinco

Model 120B Amino Acid Analyzer. The quantity of tryptophan was

not determined.

Molecular Weight

A sedimentation velocity experiment was performed by Dr. K.

E. Van Holde and co-workers in a Model E Ultracentrifuge (Spinco

Division, Beckman, Inc. ) using an An-E rotor. The rotor was

allowed to cool to 12 C and the experiment was conducted at 56, 000
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rpm. The enzyme concentration contained in 0.1 M Tris-HC1

buffer, pH 8. 0, was 0.560 mg per ml. A series of scan patterns

at 280 nm were obtained.

Molecular weight was also determined by Sephadex G-200

column chromatography as outlined by Determann and Michel (1966).

In this procedure the relative elution volume (Ve
/V

o)
is plotted

against the logarithm of the molecular weight. To establish a calibra-

tion curve the relative elution volumes of proteins of known molecu-

lar weight were measured. These proteins included pepsin, malate

dehydrogenase and muscle aldolase. Since the calibration curve is

linear over a considerable range, it may be depicted by the following

equation:

log M = Mo constant (Ve/Vo)

where the constant is equal to the slope and Mo is equal to the point

of intersection at the M-axis. V , the elution volume, is defined as
e

the volume eluted from the start of sample application to the inflec-

tion point (or the half height) of the rising part of the elution peak.

V , the void volume, is the elution volume for a substance that is
0

completely excluded from the gel. Void volume was determined

using blue Dextran 2000.
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Arrhenius Plot

The value for the Arrhenius activation energy was calculated

from the following equation:

E = -slope x 2. 303 x R

where R = 1.987 cal/degree/mole

and slope =
dlogiov dlog10v

d(1/T)dT/T 2

where T is the absolute temperature.
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RESULTS

Purification Procedures

The 40 - 50% ammonium sulfate cut of the crude extract was

taken to a pH of 10.5 and the resulting supernatant after centrifuga-

tion was layered onto a Sephadex G-200 column. Figure 3 shows a

typical plot of OD at 280 nm and activity versus fraction number.

Those fractions which possessed high activity but were low in protein

content were pooled and used in further purification procedures.

The pooled G-200 preparation was layered onto a DEAE-

cellulose column and eluted using a linear KC1 concentration gradient.

A typical plot of OD at 280 nm, activity and KC1 concentration versus

fraction number can be seen in Figure 4.

The concentrated DEAE-ammonium sulfate preparation was

finally placed on a Sephadex G-75 column and eluted in buffer.

Figure 5 shows a graph of OD at 280 nm and activity versus fraction

number. Only those fractions possessing a single band on disc-gel

electrophoresis were retained.

Results of the various steps in the purification procedure are

summarized in Table 2.
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Figure 5. Chromatography of the "psychrophilic" aldolase on Sephadex G-75. Prior
to Sephadex G-75, the material was concentrated using the Amicon
Concentrator and ammonium sulfate precipitation. The flow rate was
12 ml per hour and the volume collected per tube was 2 ml. Fractions
13-15 were retained since they gave one band on disc-gel electrophoresis.
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Table 2. Summary of the purification procedures for the
"psychrophilic" aldolase. The table represents the
steps required to obtain one highly purified enzyme
preparation. Only analytical amounts of the aldolase
were ever prepared at one time due to the instability of
the enzyme in the purified state.

Fraction
Volume

(ml)
Total

Protein (mg)
Total

Activity
Specific
Activity

Crude sonicate

40-50% AS

pH 10.5

Pooled G-200a/

Pooled DEAEb/

65-80% AS G-75

1500

250

90

120

20

6

48,000

12,000

5,400

336

20.9

1.75

4215

4025

3483

600

336

77.5

0.0876

0.335

O. 645

1.786

16.08

44.29
a/ Values represent the summation of 8 identical runs.

b/Values represent the summation of 3 identical runs.

Data on the Degree of Purity of the Aldolase by Activity
and Chromatographic and Electrophoretic Techniques

The most highly purified fractions from Sephadex G-75 chroma-

tography exhibited a specific activity of 44.29 Fimoles FDP cleaved

per minute per mg protein. Re-chromatography on DEAE-cellulose

did not increase this specific activity (see below).

The purified preparation from G-75 was placed on a DEAE-

cellulose chromatographic column as described in the Materials and
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Methods and eluted using a linear KC1 concentration gradient. Prior

to re-chromatography on DEAE-cellulose, the total activity was

89. 5 Flmoles FDP cleaved per minute in 2.7 mg protein (specific

activity equalled 43. 5). After elution the amount of activity

recovered in 1.6 mg protein was 64.0, giving a specific activity

of 40.0 ilmoles FDP cleaved per minute per mg protein. The plot

of OD at 280 nm, activity and molarity of KC1 versus fraction num-

ber can be seen in Figure 6.

A 1 x 30 cm glass chromatographic column was packed with

Sephadex G-200 as described in the Materials and Methods. The

purest samples obtained from Sephadex G-75 were layered onto the

top of the column. The volume of sample applied was approximately

0.5 ml. Elution was performed in Tris-HC1 buffer at a flow rate

of 12 ml per hour. Fractions were collected every 10 minutes. A

typical plot of OD at 280 nm, activity and specific activity versus

fraction number can be seen in Figure 7.

Disc-gel electrophoresis was performed after the final purifi-

cation step. Figure 8a shows atypical gel using the amido black

stain. It can be seen that there is only one band. Aged preparations,

however, did show minor components in the gels.

Figure 8b shows a gel stained by the procedure of Chramback

(1967) employing Coomassie blue. It can be seen that this procedure

allowed several more minor bands to be observed.



3
0-0 OD

O. 10- 6--6. Activity g

0-0 Molarity of KC1 a)

0.08- 2 1

0.06- 11:6 y
,

10\
.,
u

0.04- i-- wash--I 1 ;3

0.02-
6 \
0

DO

\.3

...0 0 ---,.._O 0 0 0
/0\

61°\ ,008.

/ 0
o----0,/,

1

_----- Ao N9---
10 20 100 150 200 250

Fraction Number

Figure 6. The purified "psychrophilic" aldolase re- chromatographed on DEAE-cellulose.
The flow rate was approximately 15 ml per hour with fractions collected
every 20 minutes. The volume of each fraction equalled 5 ml.

0.15

U

-
0

0.10
c t

0.05



0. 15

0. 10

0. 05

50

45

4.1 40

N
ra,
4 35

0 \
O

O

/AO

0

0-0 OD
0-0 Activity

LIA Specific Activity

4 8 12 16
Fraction Number

20 24

Figure 7. Chromatography of the purified "psychrophilic" aldolase on Sephadex G-200.
The flow rate was 12 ml per hour and 2 ml fractions were collected.
A constant specific activity across the protein peak is used as a criterion
for purity.



a

Figure 8.

b

Disc-gel electrophoresis performed on
the purified "psychrophilic" aldolase.
The gel labeled a was stained using
amido black. The gel labeled b was
stained using Coomassie blue.
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The Chemical Characteristics of the
"Psychrophilic" Aldo lase

The effect of EDTA upon the activity of the aldolase is shown

in Table 3. The enzyme can be seen to be quite sensitive to this

chelating agent, and at a concentration of 6.6 x 10-4 M no activity

could be demonstrated.

Table 3. The effect of the chelating agent, EDTA, on the
flpsychrophilic" aldolase using a crude cell-free extract.
In the presence of Mn ++ ions the triose-phosphate
isomerase was found to be completely inactivated.
Although EDTA was found to stimulate the activity of
the GPDH enzyme, this could not affect the measure-
ment of the overall aldolase assay reaction.

EDTA
concentration

a/Activity/minute/ml
% of enzyme

activity12/

0 2.17 100

3.3 x 10-4 M 1.37 63

6.6 x 10-4 M 0 0

a/ AllAll assays were performed in the presence of 3.3 x 10-4 M
Mn ++ ion.

12/The observed activity was arbitrarily set at 100% in the absence
of added EDTA.

The effect of several metal ions on the aldolase activity can

be seen in Table 4. Fe++ and Zn++ seemed to inhibit the activity

of the enzyme. On the other hand, Mg++ and Cu++ increased activity.

Mn++, however, produced the greatest stimulation of aldolase activity.
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Table 4. Metal ion requirement of the "psychrophilic" aldolase.
No triose-phosphate isomerase enzyme was found in
this preparation. Since metal ions were found to only
slightly decrease the activity of the GPDH enzyme, the
effect on the overall aldolase assay reaction would be
negligible.

Metal ion addeda/ Activity /minute /mlb/
% of enzyme

activitySI

None

Fe ++

Cu++

Mg++

Zn++

+
Mn

+

9. 6

4.87

14.5

13.7

7.3

17.68

100

51

151

142

76

184

a/Metal ion concentration in each case was 3.3 x 10-4 M.

12/The enzyme sample used for this experiment was purified
through the DEAE-cellulose chromatography step. The
preparation was concentrated 10-fold using the Amicon
Concentrator.

c/ The observed activity was arbitrarily set at 100% in the absence
of added metal ion.
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There was some evidence which indicated that this enzyme

required free sulfydryl groups. The enzyme was found to be more

active when cysteine was added to the assay mixture (see Table 5).

Also, preparations exhibited an initial lag period when assayed,

which could be eliminated by preincubation of the aldolase with

cysteine.

Table 5. The influence of cysteine on activity of the "psychro-
philic" aldolase using a crude cell-free extract. The
triose-phosphate isomerase was inactivated in the
presence of Mn ++ ions. Although cysteine stimulated
the activity of the GPDH enzyme, this could not affect
the measurement of the overall aldolase assay reaction.

Moles of cysteine added
% of enzyme

Activity/minute /ml activity_a/

0 0.38 100

2.67 x 10-2 2.13 561

a/The observed activity was arbitrarily set at 100% in the absence
of added cysteine.

The effect of potassium, sodium and ammonium ions on the

activity of the aldolase can be seen in Figure 9. The aldolase

activity was significantly increased by KC1 and to a lesser extent

by NaCl. NH4C1 also activated the enzyme.

pH Characteristics of the "Psychrophilic" Aldolase

The aldolase possessed a very narrow pH optimum. In the



240

220

200

180

160

140

120

100

Figure 9.

40 80 120 160 200 240

Added salt concentration (mmoles)

The effect of Na+, K+ and NH+ ions on the activity of the "psychrophilic"
aldolase. The enzyme sample4 used for this experiment was purified
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was concentrated 10-fold and dialysed 36 hours against buffer. Triose-
phosphate isomerase was not detected. There was no effect of these
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40

purified state (Figure 10), the pH optimum was found to be 6. 85-

7.05.

Temperature was observed to have an effect on the pH opti-

mum of the enzyme.1/ Figure 11 shows that as the temperature of

the reaction decreased, the pH optimum increased.

Figure 12 more clearly shows the effect of temperature on the

pH optimum for this aldolase. Although it is probably fortuitous, at

psychrophilic temperatures (5-15 C) the optimum pH for this enzyme

would be near 8.0, the pH of the ocean.

Figure 13 shows the effect of pH on the optimum temperature

of activity. Once again the interrelationship of temperature and pH

and their affect on enzyme activity can be seen.

Figure 14 shows more clearly the effect of pH on the tempera-

ture optimum for this aldolase.

Kinetic Characteristics of the " Psychrophilic" Aldo lase

The K and Vmax were calculated using the method of Line-
m

weaver and Burk (1934). Figure 15 shows that at 25 C the K ism

10
-4

and V is 2404 moles FDP cleaved per minute per2.8 x 10 max

mole protein.

1/In these and the following experiments, the effect of pH and
temperature on the activity of GPDH enzyme was carefully monitored.
Only at the extremes of pH and temperature could the values reported for
aldolase activity be unreliable. Also, no triose-phosphate isomerase
was present in the enzyme preparations used in these studies.
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Figure 16 shows a plot of 1/T versus log10 rate. The value

calculated for the Arrhenius activation energy was 12,800 cal per

mole at pH 7.0.

The Amino Acid Composition of the "Psychrophilic" Aldo lase

Table 6 shows the composition of the amino acid residues in

the "psychrophilic" aldolase.

Molecular Weight

In the sedimentation velocity experiment Schlieren optics were

not used due to the low concentration of protein available. The UV

scan pattern for the enzyme, however, showed a diffuse peak with

an S value of 3.45.

Molecular weight was also determined by Sephadex G-200

column chromatography. Table 7 shows the molecular weights and

the elution constants of the proteins used in standardizing the G-200

column, together with the data obtained for the "psychrophilic"

aldolase. The data from the table, together with the calibration

curve calculated from it, can be seen in Figure 17.

For the Sephadex G-200 column used, the equation becomes

the following:

log M = 6.666 0.956 (Ve/Vo)
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Table 6. Amino acid composition of the "psychrophilic" aldolase.

Amino acid

Calculated number Number of
of residues /molecular residues to

weight = 50, 800 nearest integar

Lysine 24. 88 25

Histidine 7. 98 8

Ammonia 45. 77 46

Arginine 17. 48 17

Aspartic acid 54. 71 55

Threonine 31. 95 32

Serine 26. 36 26

Glutamic acid 53. 80 54

Proline 21.89 22

Glycine 47. 34 47

Alanine 50. 95 51

Valine 33. 42 33

Methionine 7. 06 7

Isoleucine 29.62 30

Leucine 41.61 42

Tyrosine 10. 52 11

Phenylalanine 16. 79 17

Cystine/ 2 2. 79 3

Tr yptophan not determined
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These constants were statistically determined using linear regres-

sion analysis on a Monroe Model 1785 Calculator. This equation

is in good agreement with the one reported by Determann and Michel:

log M = 6.696 - 0.987 (Ve/Vo)

The molecular weights obtained using the above equations

were 50, 800 and 47,000 daltons respectively.

Table 7. Molecular weights and elution constants of the proteins.

The V
e

/V
o

values were obtained using a Sephadex

G-200 column.

Protein Molecular weight Ve / V
o

I. Standards

Pepsin

Malate dehydrogenase

Muscle aldolase

II. Sample

"Psychrophilic" aldolase

35, 500

79,000

147, 000

2. 23

1.85

1.65

50, 800 2.05
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DISCUSSION

Fructose 1, 6-diphosphate aldolase from Vibrio marinus, an

obligately psychrophilic marine bacterium, has been isolated and

purified 506-fold. The purity of the aldolase was demonstrated

by the following: 1) re-chromatography on DEAE-cellulose did not

increase the specific activity, 2) the enzyme preparation was free

of glyceraldehyde 3-phosphate dehydrogenase and triose-phosphate

isomerase (two of the most common contaminants of aldolases) and

3) there was one protein band produced on disc-gel electrophoresis.

The aldolase was found to be unstable in the purified state

because: 1) storage overnight at 5 C and 0 C decreased the activity

by 10% and 25% respectively, 2) aged preparations of the enzyme

showed several minor bands on disc-gel electrophoresis, presum-

ably due to degradation of the aldolase, and 3) ultracentrifugation

of the protein gave a broad peak using UV scan optics, again indicat-

ing the enzyme was unstable. Further supporting evidence for its

instability is shown in Figures 6 and 7. A criterion for purity of an

enzyme is the demonstration of a constant specific activity across

the protein peak using G-200 column chromatography. Figure 7

shows that the specific activity drops off on either side of the protein

peak on G-200 chromatography. Since disc-gel electrophoresis gave

one band after G-75 chromatography, these reductions in specific
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activity probably occurred due to the instability of the enzyme.

Figure 6 shows a graph of the re-chromatography of the

aldolase on DEAE-cellulose. The enzyme eluted from the column in

approximately the same position as reported previously. It can be

seen from the figure that 280 nm absorbing material was washed

from the column, followed by a like peak just prior to the elution

of the active aldolase. The first two peaks showed no activity. The

active fractions assayed lower in total activity than did the prepara-

tion first placed on the column, but the specific activities of the

two preparations were in good agreement. The summation of the

amount of protein in.the three peaks was in good agreement also with

the amount of protein initially placed on the column. Thus, the

appearance of the inactive protein peaks along with the decrease in

activity associated with the active peak indicated there was degrada-

tion of the enzyme.

It was of interest that in the crude cell-free extract, there was

little or no loss of aldolase activity with prolonged storage. Pos-

sibly the protein environment surrounding the enzyme helped protect

the enzyme from inactivation. In these studies bovine serum

albumin or some other material might have been able to stabilize

the aldolase in the purified state. However, no attempt was made to

show this. Instead, each experiment was performed using a fresh

enzyme preparation.
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The aldolase from V. marinus proved to be typical of Type II

aldolases isolated from other bacterial species. It was inhibited by

EDTA and stimulated by Mn++ ions. Although Mn++ ions stimulated

the "psychrophilic" aldolase to the greatest extent, other ions were

found that could substitute, e. g., Cu++ and Mg++ ions. Similar

results were found by Kobes et al. (1969) using the aldolase isolated

from yeast. They found that Zn++ ions could restore activity, but

other ions such as Co++, Ni++, Mn++ and Fe++ could also substitute.

Bard and Gunsalus (1950) found that their clostridial aldolase

required Co++ and Fe++ ions and that Zn++ could not stimulate the

activity. Quinn (1969), however, showed that the aldolase from B.

stearothermophilus, like the V. marinus aldolase, was activated

by Mn++ ions. There would seem to be differences in the specific

divalent metal ion requirements depending on the source of the

aldolase. While there are differences in the specific metal ion

requirement for each aldolase, this metal ion dependency is always

observed. One of the means used in distinguishing Type II from

Type I aldolases is based on this criterion.

The "psychrophilic" enzyme was also activated by K+ and Na+

ions. This property is characteristic of Type II aldolases and has

been reported by several laboratories (Morse and Horecker, 1968).

It was of interest, however, that NH4+ ions activated the enzyme.

Activation by NH4+ has only been reported recently by two other
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laboratories (Sugimoto and Nosoh, 1971 and Freeze and Brock, 1970),

both working with thermophilic bacteria. Now, activation by NH4+

ions has been shown in an aldolase from a psychrophile. It is of

interest that the NH4+ ion activation has only been shown in organisms

with unusual thermal characteristics.

Indirect evidence suggested this aldolase required the presence

of free sulfhydryl groups for activity. The enzyme was found to be

more active when cysteine was added to the assay mixture. Also,

the aldolase exhibited an initial lag period when assayed, which

could be prevented by preincubation of the enzyme with cysteine.

Direct evidence that the aldolase from V. marinus contained

cystine and/or cysteine can be obtained from the amino acid analysis

performed on this enzyme (Table 6). Since 3 half-cysteines were

found, two possibilities exist: 1) there may be one disulfide bond

per molecule plus one free sulfhydryl group or, 2) there may be

no disulfide bridge existing between the cysteine residues in the

enzyme molecule.

Other evidence which indicated the aldolase was a Type II came

from the fact that the K was found to be typical of this type of
m

enzyme. Although the Vmax
proved to be slightly lower than the

values obtained from other laboratories, overwhelming evidence

points to the fact that the aldolase from V. marinus is typical of

aldolases isolated from other bacterial species.
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An attempt was made to calculate a molecular weight for the

aldolase by sedimentation velocity experiments. The enzyme proved

to be unstable in the purified state and UV scan optics did not show

a sharp distinct boundary. The instability of the aldolase probably

accounted for the presence of low molecular weight components and

hence the low S value determined from the ultracentrifuge experi-

ment. A typical S value for Type II aldolases would be around 5.5.

The "psychrophilic" aldolase gave an Svalue of 3.45.

Another molecular weight determination was made, however,

using Sephadex G-200 column chromatography with protein standards

of known molecular weights. For this procedure a freshly purified

aldolase preparation was used. The molecular weight value obtained

for the aldolase after plotting the relative elution volume versus the

log of the molecular weight was 50,800. This value was calculated

using the constants from our equation. The molecular weight

obtained using the constants calculated by Determann and Michel

(1966) gave a value of 47,000 for the "psychrophilic" aldolase.

The differences in the molecular weight values obtained lie in

the fact that slightly different constants were calculated for the two

equations. Determann and Michel (1966) compiled data from many

laboratories in order to formulate their equation. Their equation

would be the best fit for data obtained under a variety of experimental

conditions and over a wide range of molecular weights. In order to
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insure accuracy, three protein standards were used and the constants

for our equation calculated by linear regression analysis. For this

reason the value of 50,800 would be the preferred value.

Yet, the molecular weight for the "psychrophilic" aldolase is

smaller than those reported for most yeast-type aldolases (70, 000).

This is, however, considerably smaller than the values reported

for the Type I aldolases (140, 000).

The results obtained in the staining of the gels after disc-gel

electrophoresis depended on whether amido black or Coomassie

blue was used. Coomassie blue always produced more minor bands

than did the amido black stain. Apparently it is more sensitive to

components present in extremely low concentrations.

An isoelectric focusing experiment was performed during the

course of this investigation. The aldolase was shown to focus at

its isoelectric point, but in so doing it formed a white floculant

precipitate. This was found to be due to the divalent cation require-

ment of the enzyme and to the decreased solubility of the protein at

its isoelectric point. This precipitate could be resuspended (only

sparingly, however) in buffer and activity recovered. It was impos-

sible to remove the ampholytes from their chemical complex with

the aldolase. Adjustment of pH and variation of ionic strength had

little effect in trying to dissociate the complex. Since ampholytes

react with the Lowry, no precise calculation could be made with
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respect to the amount of protein present. The aldolase, along with

its bound ampholyte, proved to be pure electrophoretically. It would

seem reasonable that if one could dissociate the complex one would

obtain a highly purified aldolase.

A value of 12, 800 cal per mole at pH 7.0 was obtained for the

Arrhenius activation energy. This value was determined in the range

of temperatures from L8 C to 30 C. For most enzymes, activation

energies fall within the range of 10, 000 to 25, 000 cal per mole. Burton

and Morita (1965) found that the psychrophilic enzyme, malate

dehydrogenase, from V. marinus had an activation energy signifi-

cantly lower than the same enzyme isolated from the mesophile,

E. coli. This is apparently not the case for the "psychrophilic"

aldolase from V. marinus. Since the enzyme proved not to be

psychrophilic in the purified state, one would hesitate to predict a

lower activation energy for this aldolase.

Amino acid analysis was done on the "psychrophilic" aldolase.

The amino acid composition of this protein as well as a thermophilic

aldolase and a rabbit muscle aldolase are shown in Table 8. These

data would seem to indicate that the amino acid composition of the

"psychrophilic" aldolase and other aldolases are similar. It is dif-

ficult to make any general correlations except that the aldolase from

V. marinus appears to be slightly higher in the acidic amino acids,
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Table 8. The amino acid composition of several aldolases. The
table shows the results of two completely different runs
on the amino acid analyzer for the "psychrophilic"
aldolase. The discrepancies found between the two
sets of data would indicate the presence of small amounts
of impurities in the preparations.

Amino acid residues in protein (g/100 g protein)

Amino Acid

Psychrophilic
Aldo lase

(V.
marinus)

a/Thermophihc-
Aldo lase

(B.
stearothe rmophilus)

Muscle

Aldo lase-b/

(Rabbit)

(1) (2)

Aspartic acid 12.46 11.51 9.70 9. 7

Threonine 6.83 5.07 4.66 7.1

Serine 4.97 5.50 3.67 6.57

Glutamic acid 14.20 16. 65 14.17 11.4

Pro line 4.52 4.03 3.29 5.71

Glycine 6.38 7.94 5.85 5.61

Alanine 8.15 7.77 7.25 8.56

Valine 7.12 6.16 7.94 7.40

Methionine 1.75 1.46 3.14 1.17

Isoleucine 6.97 5.15 7.08 7.87

Leucine 9.79 8.26 8.48 11.5

Tyrosine 3.41 3.98 3.07 5.31

Phenylalanine 4.98 5.02 4.14 3.06

Lysine 6.53 6.97 8.55 9.54
Histidine 2.22 3.59 2.41 4.21

Arginine 5.46 4.02 6.67 6.33

a/After S. Sugimoto and Y. Nosoh, (1971).

b/After H. Shimizu and H. Ozawa, (1967).
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aspartate and glutamate, and lower in the basic amino acids, arginine

and lysine. It is questionable whether these differences are signifi-

cant. This, however, does not rule out the possibility of amino acid

sequence differences or differences in the secondary and tertiary

structures of the enzyme which contribute to their temperature

characteristics.

The effect of pH on the activity of the purified "psychrophilic"

aldolase gave results similar to those reported from other labora-

tories. A narrow pH optimum was observed at 6. 85 - 7.05. This

is again typical of Type II aldolases.

The effect of pH and temperature on the ionization states of

groups within an enzyme is well documented (Dixon and Webb,

1964). If the ionizable groups have an appreciable heat of ionization

then the effect of temperature on the kinetics of an enzyme reaction

(which in actuality is an effect on the pH functions due to an altera-

tion in pK values) may be quite pronounced. These ionization effects

may be either additive or antagonistic and both parameters must be

considered when either a temperature or a pH profile is performed.

This can be shown quite readily in Figures 11 and 13. The

first of these figures shows that as the temperature is decreased

the optimum pH for activity of the aldolase enzyme is increased.

Of greater interest, however, is the data presented in the second

figure. Figure 13 shows that as the pH increased the optimum
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temperature of activity decreased. Both of these data are repre-

sented more dramatically in Figures 12 and 14.

Although the in vitro temperature optimum for the aldolase is

25 C at pH 7.0, the organism never experiences this temperature or

pH in the environment. It is probably fortuitous but if one extrapolates

to the temperature and pH of the ocean, the optimum activity for the

aldolase from V. marinus falls in the range of 13-15 C and in the

pH range of 8.1-8.5. The average pH and temperature of the ocean

is 8.0 and 5-15 C, respectively. In this environment the aldolase

enzyme is working optimally under psychrophilic conditions.
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CONCLUSION

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. Workers have isolated several enzymes from

thermophiles and have tried to compare these proteins to their

counterparts in mesophilic bacteria. They have met with only

moderate degrees of success.

Most theories on psychrophilism have been based upon studies

made on whole cells, or on cell-free extracts. Until now, no enzyme

from a psychrophile has been isolated and characterized in an effort

to relate its biochemical properties to its thermal nature.

Psychrophilism is not a characteristic unique in marine

bacteria, however, its physiological basis in bacteria of marine

origin is of considerable interest. Since more than 90%, by volume,

of the ocean is colder than 10 C, it can be expected that the obligately

psychrophilic bacteria play an important role in the activities attri-

buted to bacteria in the sea. For this reason Vibrio marinus was

chosen for this study. It possesses an optimum growth temperature

of 15 C with a maximum growth temperature occurring at 22 C.

Biochemically, the aldolase from this organism showed no

peculiarity in Arrhenius activation energy, nor was there evidence
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of any unusual findings in the amino acid composition. These findings

are not surprising since the aldolase from V. marinus was not

obligately psychrophilic. The temperature optimum for this

enzyme was 25 C with no activity evident above 32 C. It is important,

however, that low temperature did not inactivate the enzyme since

activity could be observed as low as 4 C.

It follows, at least in the case of this aldolase from a psychro-

phile, that because of ionization effects, pH and temperature seemed

to act together allowing the enzyme to be active at low temperatures

and at elevated pHs. This might have broad physiological ramifica-

tions in an organism which generally survives at pH 8.0 and in a

temperature range of 5-15 C.

And finally, aldolases from all three thermal classes of micro-

organisms have adapted to a wide range of environmental conditions.

From an evolutionary point of view, the fact that these aldolases

possess similar catalytic properties, suggests that the active sites

of these enzymes have been conserved during evolution. The observa-

tion of conservation of active site is not unusual. The fact that these

aldolases existed and evolved in such widely varied environments

and can show similar properties is again testimony to this obervation.

It seems likely that other portions of the molecules might have been

modified to effect the temperature characteristics observed in the

various thermal classes of microorganisms.
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SUMMARY

Fructose 1, 6-diphosphate aldolase from Vibrio marinus has

been purified. It was found to be similar in properties to the Type II

aldolases isolated from other bacteria.

An attempt was made to relate the structure of the enzyme and

some of its kinetic data to the property of psychrophily. Amino acid

analysis showed no significant differences in composition for the

aldolase from V. marinus when compared to the amino acid composi-

tion found in a muscle aldolase and a thermophilic aldolase. The

Arrhenius activation energy for the psychrophilic enzyme fell into

the normal range of other enzymes and no correlation could be drawn

with the psychrophilic properties of the aldolase.

As pointed out in this investigation, it is mandatory that

enzyme activity be studied as a function of both temperature and pH.

These two parameters have been shown to be closely related and

variations in one can not be interpreted without consideration of the

other. This interrelationship may have great importance in the case

of V. marinus. Under the extreme stresses placed on it by the

oceanic environment, the aldolase seemed to be able to retain activity.

This would imply that the enzyme, functioning optimally at elevated

pHs, could be classified as truly psychrophilic.
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