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ABSTRACT

The effects of various ions added to the assay system for
purified mitochondrial and supernatant malate dehydrogenase.
have been studied. Phosphate, arsenate and zinc ions strongly
"stimulate the mitochondrial enzyme, Phosphate and arsenate
ions have little effect on supernatant malate dehydrogenase
whereas zine inhibits this enzyme. Potassium chloride, magn-
esium and manganese ions stimulate both the mitochondrial and
supernatant enzymes at concentrations less than 60 mM, and in-
hibit at higher concentrations; Citrate, sulfate and calcium
ions inhibit both enzymes at all éoncentrations tested. Tris-
acetate buffer stimulates both the mitochondrial and supernatant
enzymes, having a greater effect on the supernatant form. The
stimulation by phosphate is relieved by the addition of mages-
fum ion to the assay system. Magnesium ion (15 mM) causes a
50% drop in stimulation.
| Supernatant and mitochondrial malate dehydrogenases were
subjected to freezing and thawing under a variety of conditions
and the effects on enzymatic activity were studied. In general,
rapid freezing results in greater activity losses than slow
freezing. Consecutive freeze-thaws of the mitochondrial and
supernatant enzymes in Tﬁis-acetate and cltrate buffefs in the
presence or absence of mercaptoethanoi result in small activity

losses. Supernatant malate dehydrogenase displays a marked
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loss in‘activity when frozen quickly in a medium containing
both phosphate buffer and mercaptoethanol, NADH, OAA, NAD,
malate, potassium chloride and'ziﬁc ion, in order of decreasing
effectiveness, protéct against activity loss in this system.

if mercaptoethanol 1s omitted, activity loss is small. The
mitochondrial enzyme loges little activity when frozen and
thawed quickly in phosphate buffer with or without mercapto- °
ethanol.  Repeated freeze-thawing of mitochondrial malate de-
hydrogenase in the presence of both phosphate and magnesium
\1on results in extensive losses in activity. If Tris-acetate
buffer is substituted for phosphate buffer in this sjstem;
little activity loss occurs. Thg effects of freeze-thawing
on the supernatant enzyme are not greafly aitered by the add-
;tion Qf magnesidﬁ 1on. The magnesium ion -~ phosphate effect
suggests that these moieties may be factors in a cellular mech-
anism to regulate the activity of mitochondrial malate dehydr-
ogenase, Generally, the results indicate the behaviéral in-
dividuaslity of the mitochondrial énd supernatant forms of malate

dehydrogenase.
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INTRODUCTION

A. General Introduction

Malate dehydrogenase (L-malatq ::NAD oxldoreductase EC
1.1.1.37), a key enzyme in the tricarbbxylic,acid cycle, is an
L-hydroxydicarboxylic acid dehydrogenase (1) which catalyzes
thé following reversible_reacfionf

L-malate + NAD #== Oxalacetate - NADH + H*
It is distinct from the so-called "malic" enzyme that catalyzes
the decgrboxylation of malate, NADP can substitute for NAD
as coenzyme, but 1s less effective. MDH can catalyze the dehy-
drogenation of other related compounds, but oxalacetate and
malate are its main suSstrates (2).

The enzyme was discovered independently by Batelli and
Stern (3) and Thunberg (l}), and subséquently preparétions were
déscribed by Green (5), Straub (6) and Ochoa gt al. (7). The
preparation of Wolfe and Neilands (8) from pig heart was the
first withvacceptable purity for molecular weight determina-
tion, Davies and Kun (1) isolated and purified MDH from ox
heart mitochondria. They suggested that there might be move
than one molecular species of MDH iﬁ a‘cell; pointing to earlier
chromatographie analysés by Wolfe (9)Athét revealed two distinct
peaks of MDH activitj on-elution:from carboxymethyl—celluloée.‘

Delbruck et al. (10,11) and Wieland gt al.(12) were the first

to demonstrate a multiplicity of malate dehydrogenases in cells,

1
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Subsequently, Thorne (13) separated and studied two forms of

rat liver MDH from mitochondrial and supernstant fractions.
Siegel, Englard and Breiger (1!,15,16,17,18) isolated and char-
acterized mitochondrial and supernatant forms from beef heart,
and similar enzymes were isolated from pig, horse and pigeon
heart (19,20). Two MDH species have been isolated from rat brain
(21), six from human and sheep brain (22), three from humaﬁ

serun (23), four from Neurospora (2li), two from potato tubers

(25), two from pea seedlings (26,27), and two from Euglena (27).
In a number of cases where two forms were found 1£ was shown
that one was of mitochondrial origin, and that the other orig-
inated in the non-particulate porition of the cell. These and
subsequent works emphasized the ciear-cut distinction between
the supernatant and mitochondrial forms of MDH with respect to
extractability, physical properties, and kinetic behaviore.

As 1s evident iIn the extraction procedures, S-MDH Is easily
extracted, requiring only homogenation of the tissue 1n»buffer.
On the other hand, isolation of M-MDH requires acetone treat-
ment prior to disruption of the mitochondria in a homogenlzer,
The mitochondrial enzyme is more reéistaht to the effects of
organic solvents (i.e., acetone, alcohol) than is the supernat-
ant enzyme. Delbruck et al, (10,11) firsf described a charact-
eristic inhibition of the mitochondrial enzyme by high coﬁcen-
trations of OAA; This inhibition has been demonstrated for
M-MDH from several speciés; and it has been shown that S-MDH is
not sensitive to high OAA concentrations (1l;,16).

"As soon as workersvsucceeded‘iﬁ purifying these. enzymes

molecular weight determinations became feasible. Wolfe.and
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Neilands (8) reported a value of };0,000 * 5000 for pig heart
M-MDH. Thorne (28) reported 70,000 for the same enzyme. A
value of 15,000 to 20,000 was given by Davies and Kun (1) fbrv
ox heart MDH of mitochondrial origin. Values of 62,000 and
65,000 have been reported for beef heaft M-MDH, and a value of
52,000 wasAgiven for beef heart S-MDH (10,17).

The two enzymes exhibit distinct 6hromatographic behavior.
Englard et | al.(1}) found that beef heart S-MDH adsorbs to a
DEAE-cellulose column, whereas M-MDH is not retained. Thorne
(13) showed that rat liver M-MDH is retained by an Amberlite
IRC 50 column while S-MDH passes through, and that the reverse
is true when a DEAE-cellulose is used. Thorne et al.(29)
found that during electrophoresis on starch gel S-MDH moves as
a single band and 1s strongly anodal. On the other hand, M-~
MDH separates into several bands, some of which remain neaﬁ
the origin while others migrate toward the gathode. Recently
Kulick and Barnes (30) have succeeded in resolving the‘pig
heart S-MDH band into four entities which migrate slowly toward
the anode.

The amino acid compositions of M-and S-MDH show consider-
able differences. Siegel and Englard (18) compared beef heart
M- and S-MDH and found that S-MDH has more lysine, arginine,
tyrosine, methionine, aspartic acid, and tryptophan, whereas
M-MDH has more phenylalanine, glycine, pfoline, and threonine.
Thorne (19,20) reported thatvpig heart S-MDH has a higher prop-
ortion of arginine, aspartic acid, and tryptophan than M-MDH,

but a lower proportion of threonine, proline, and gljcine.

The sulfur chemistry of M-and S-MDH Serves as a disting-
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uishing feature fqr these enzymes. For beef heart MDH,}Siegel
and Engiard_(iB) reported a value of tweive SH groups per mole
for M-MDH and éix SH groups per mole for S-MDH. All the SH
groups In undenatured MQMbH are titratable with PMB, whereas
in S-MDH only one-half react even in the presence of excess
PMB., Titration of M-MDH with three equivaients of PMB results
"i{n activity loss. In contrast, titration of one=half of the SH
groups in S-MDH does not affect the activity. Their data in-
dicate that both enzymes lack disulfide linkages. Thorne and
Kaplan (28) determined a valué of fourteen SH groups per mole
in pig heart M-MDH and their results point to a lack of disul=-
fide bridges. A greater than six-fold mdlar excess of mer-
curial is required to cause acti?ity‘loss. These workers show-
ed that M-MDH binds two NADH molecules per mole, that the en-
zyme has a thirty to forty per cent helical content, and that
it lacks tryptophan, Siegel and Englard (31) found one tryp-
tophan residue per mole in beef heart M-MDH, and eight trypto-
phan residues per mole in the supernatanﬁ enzyme.

The persistant kinetic and molecular differences between
supernatant and mitochondrial forms of MDH indicate that they

are structurally different proteins.
B. The Effectsféf”rdhsQc@fnélate Dehydrogenase

Englard et 5;.(1&,18) mentioned several ionic effects on
M~-and S-MDH. M-MDH from both pig and beef heart showed in-
creased activity In the presence of added phosphate ion. A
similar effect was noted when sulfate, arsenate, maleate; and

EDTA were added to the assay medium, They concluded that the
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5
effect was due to an increase in the ionic strength of the ass-
ay medium,. The stimulation was ndﬁ observed with the super-
natant enzyme. ‘

During purification procedures for pig heart M-MDH, Jojce
and Grisolisa (32,33) found a considerable variancé in activity
and stability depending on whether the enzyme'was diluted in
water or ammonium sulfate,solution.‘ They also noted that in-
organic phosphate markedly stimulated malate formation fromv
oxalacetate in the presence of MDH. Replacement of Tris buf-
fer with phosphate buffer resulted in a four-fold incresase in
activity. Pre-incubation with Tris-HC1 bﬁffer, amonium sul-
fate, or NADH stimulated the enzyme to an extent that depended
on.its purlty, and its exposure tb dialysis or lyophilization.
Activity losses due td the latter two procedures appeared to
be restored on incubation with these agents.

Kresack (34) found that addition of magnesium ion to a
Tris-acetate buffered assay system resulted in increased act#.
ivity for commercial (mitochondrial) MDH from pig heart. The
effects of KCl on this enzyme suggested that the stimulation
was not an lonic strength effect, If phosphate buffer was sub-
stituted for Tris in the assay systém, addition of increasing
amounts of magnesium ion caused an inhibition.

Work by Vallee é& al.(35) on crude preparations of MDH
suggested that zinc was a component of the MDH molecule. He
achieved a fifty per cént inhibition of the enzyme by incuba-
tion with 1,10-0o=-phenanthroline, a chelating agent.' Pfleid-
erer and Hohnholz (36) were ﬁnable to confirm these results.

However, Harrison (37) analyzed MDH and found one_Zinc molecule
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per molecule of MDH. . He showed that o-phenanthroline inacti-
vated'the'enzyme'by removing zinc. Zinc ion and NADH but not
oxalacetate protected against this {nactivation. Zinc was

suggested to be the binding site for NADH.

C. Reversible Denaturation of Malate Dehydrogenase

Early attempts to reactivate MDH after inactivation were
variously successful. Thorne and Kaplan (28) raised the pH"
of an MDH preparation to 12 and recorded a loss of activity and
a quenching of fluorescence, Lowering the pH to 7 with acid
did not restore activity. Harrison (37) was unable to react-
ivate MDH with zinc ion after incubation with o-phenanthroline.
However, Joyce and Grisolla (32) showed that activity lost
through dialysis or lyophilization could be restored by ammon-
ium sulfate or NADH, Ammonium sulfate was particularly effect-
1ve and greater activation was achieved with purer prepara-
tions,
| Lactate’dehydrogenase, an enzyme composed of four subunits,
has‘been successfully inactivated and reactivated by several. |
wérkers (38,39,40,l41).  Deal et al.(}2) dissociated rabbit
muscle gldolase with acid into unfolded subunits, and reassoc-
lated the enzyme by neutralization with a substantial recovery
of activity. He described a general procedure for dissocia-
tion and reactivation of enzymes with acid and base (Li3). The
inclusion of mercaptoethanol in his system is worthy of note.
Other multi-chain enzymes have been reversibly inactivated in
urea, guanidine hydrochloride, acid, and sodium dodecyl sulfate,
t.e. aldolase (4ly), fumarase (L5), alkaline phosphatase (l16),
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‘and ®-glycerophosphate dehydrogenase (L7).

J _Burton and Morita (Li8) demonstrated that ¢rude prepara-
tions‘(cell-free extracts) of MDHifrom a marine péychrobhile
could be inactivated by heat and reactivated by cooling in a

medium containing mercaptoethanol, NADH, and malate; Munkres

(49) denatured Neurospora MDH reversibly with acid and
urea. v >v

Recently, Chilson et al.(lj0,l1) succeeded in reversibly
1nactivﬁting chicken, tuna, and pig heart M-MDH and big heart
86MDﬁ, using urea, guanidine hydrOchloride, lithium chloride,
and acid. In all cases, after the enzyme was completely in-
activated,_dilution}orﬁneutralizétion brought about a substan-
Atial restoration of éctivity under experimental conditions.
Their work suggested that previous attempts to reversibly denat-
ure MDH failed because of a 1ack of a suitable rédﬁCing agent.
The presence of such an agent was absolutely required in the
dissocliation step; yieldé of active enzyme were greatly in-
creased if it was included in the reactivatién mixturé also.
Ultracentrifugation studies indicated that the presence or ab-
sence of a reducing agent had é profound effect on the state
of aggregation of the enzyme dﬁring inactivafion.

Thé.reactivated enzyﬁes displayed the samevphysical and
kinetic characteristics as the native enzymes. The Inactil-
vated enzymes, on the contrary, showed extensive changes in
:thése properties; | |

Both the rate and extentrbr reactivation were dependent
upon the buffer used. For a mixture qontainihg 0.1 M sodium

'salt plus mercaptoethanol, the order of'effectiveness for re-
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activation of pigrheart MéMDH‘was'as follows:

citrate > malate >> phosphate > sulfate > Tris > ace‘tate'
The order was the same for protection against heat inactivation.
Halide ions inhibited reactivation.

NADH and NAD have been shown to protect a number of dehyd-
rogenases against inactivation by various ageﬁts (50,51,52,53).
Chilson et al.(}j0,L1) found that NADH enhanced~both’the rate
and the extent of reactivation of MDH whereas NAD had no efféct.

By mixing aliquants'from inactivated enzyme preparations
and then reactivating the mixture by dilution, the aﬁthors dem-
onstrated through starch gel electrophoresis the formation of
hybrids between MDH from different species and between S-and
M-MDH, The hybridization was inhibited by NADH and the hybrids
exhibited properties 1ntermediaté between those of the parent
enzymes. This is the first demonstration that vertebrate mal-
ate dehydrogenases can be reversibly dissociated into independ-
ently-acting subunits, The results show that the supernatant
and mitochondrial forms, while displaying a large number of dis-
tinguishing properties, possess enough similarity to permit
hybrid formation.

D. The Effects of Freeze-thawing

Low temperatures or freezing and thawing often has.a dras-
tic effect on the activity of an enzyme in solution.  Kirkman
and Hendrickson (5l)) showed that freezing and thawing caused
the dissociation of glucose-6~phosphate dehydrogenase, Markert
(55) used the process to 1nvest1gate'hybridizationkof LDH in
1M NaCl. He found that 1f two electrophoretically distinct
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forms were frozen together in NaCl, hybrids were formed by ran-
dom recombination of subunits that had presumably dissociated
during‘the freezing step. Van Eys et al.(56) pointed out the
importance of protein concentration and dilution effects.in
obtalning good quantitative data from freeze-thaw studies.,

Chilson et al.(57,58) has investigated thoroughly the eff=-
‘ects of freeze-thawing on LDH and other dehydrogenases, and
his experiments provide the basis for approaching the problen
of low temperature effects on proteins.

Previous workers (59,60,61) demonstrated that a sloﬁ rate .
of freezing and thawing had a greater effect on the propertiés
of proteins than a fast rate. With LDH, rapid freezing in a
dry ice - methanol bath and thawing at room temperature resulted
in no hybridization and little.activity loss whereas slow freez-
ing and thawing produced hybridization and caused greater loss
In activity. These effects are apparently due to different
periods of exposure to the critical conditions of the frozen
mixture,.

The effects of repeated freezing and thawing vary greatly
with different enzymes. Chilson and his fellow workers found
that often there was a large initial léss in activity followed
by a gradual drop-off that was not proportional to the number
of times the enzyme preparation was frozeh. |

They found that the components of the medium played a maj-
or role in the ffeeze-thaw effect, The presence of both phos-
phate and NaCl was required for hybridization of LDH. The
halides influenced activity loss in’order of their effective-

ness as denaturants. In all cases the enzymes were stable in
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the phosphate-halide mixture before freezing. This suggests
that the large in¢rea$e in salt ¢oncentration on freezing plays
a major role in affécting ehzymatié activity.  Chicken heart
M-MDH, in contrast to the other dehydrogenases tesfed, showed
remarkable stabili‘,ty toward freeze-thawing. |

A marked difference in the rate Qf hybridization and actQ
‘ivity loss with fepeatedlfreeze-thawing in sodium and potassium
phosphate was observed. Freeze-thawing in sodium phosphate?
pfoduced more extensive.lossés in activity and a faster rate
of hybridizatidn than was observed when potassium phosphate
was used. Van den Berg and Rose (62,63) have studied the prop-
erties of phosphate solutions on freezing, and have observed
éxtenéive changes in pH and conceﬁtration, pafticularly with .|
‘sodium phosphate. Tﬁe pH can drop as low as 3.5, and cbncen~v
tratiqns have been observed to increase from 0,02 M to 3 M.
In general, the pH and concentration changes of potassium phosé
phate on freezing are of a lesser degree and pH can increase
or decrease depending on the ratiovbf the monobasic to the‘dié
basic sait. "Freezing of a water solution results in.the fr-
eezing out of ice and crystallization of salts present depend-
ing on their solubility. The data of Chilson et al,(57,58)
on LDH suggest that thé denaturation of enzymes caused by freez-
ing is mainly ihe result or pH cnange rather than ice formation,
concentration changes, and low temperéture. »

Coenzymes have been shown to cause reduced dissociation
of various enzymes in thé presence of a number of denaturing
agents (50,51,52,53). Lea and Hawke (59) showed that NAD re-
duces activity los§ caused by_freezihg; ,:The'work of4Ch11son
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et al.(57,58) demonstrated that coenzymes reduce hybridization
and activity loss on freeze-thawing of a number of dehydrogen-
ases, The reduced form was the most effective in most cases.
The relative protective efficiency is related to the binding
constant of the enzyme and éoenzyﬁe.

- Freezing and thawing inereased the activity of the SH
‘groups of LDH toward mercurials; this suggests that some of the
inactivatibn resulting from the process is due to oxidation
of essential SH groups. Levitt (6l1) proposed that freezing

of cells allows protein chains to come into physical contact
pérmitting formation of stable intermolecular disulfide brid-
ges. On thawing the enzyme cannot re-form its native cohfor-
mation and hence remains inactive, Chilson et al, (57,58)
found that mercaptoethanol protected'LDH against inactivation
but not against hybridization.

It appears that freezing causes a dissociation into sub-
units and thawing causes a reassociation. Failure to'reass-
ociate properly results in hybrid formation and activity loss.

Freeze-thaw studies on MDH have been sparse. Joyce and
Grisolia (32) reported that concentrated crude preparations of

'M-MDH lost 27% activity on an initial freeze, but were stable
to further freezes. Kresack (3&) reported a ;3% loss in act-
ivity for commercial MDH when‘this enzyme was frozen and thawed
overnight, If magnesium ion was included in thevstorage mix-
ture, all activity was lost on freezing.

The present study was undertaken in order to determine
more preclsely and to compare the effects of various ions on

purified S-and M-MDH. The effects of freeze~thawing on these
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enzymes were investigated also and the results were related to

the ionic effects.
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THE EFFECTS OF IONS ON THE ACTIVITY OF MITOCHONDRIAL
AND SUPERNATANT MALATE DEYDROGENASE
A. Methods

Primary standard grade Tris(hydroxymethyl)aminomethane
was obtained from the Fisher Scientiflic Company. NADH and
NAD were obtained from Boehringer Mannheim and Son. EDTA
(tetrasodium dihydrate), oxalacetic acid, bovine éerum albunin, .
and DEAE~cellulose were purchased from the California.Corpor-
ation‘for}Biochemical Research. . Zinc Sulfate and citric acid
were purchased from British Drug‘Houses Ltd. 2-mercéptoeth-
anol was from Eastman Orgénic Chemlcals, and l,lO-o-phénanthro-
liné, Hyflo Super Cel,vsucrose, and émmonium sulfate were ob-
tained from Fisher Sclentific Co, as were the réagent grade
chemicals used for the ionic studies, 4

For the assays, oxalacetate and_NADH were prepared fresh
déily in delonized water and were kept at 0°c. An inhibltor
forms in NADH solutiéns:when-they are stored in the frozen
state (65).

Sﬁpernatant MDH was purified from whole pig heart accord-
ing'td the procedure of* Englard and Bbeiger (16) as described
in the APPENDIX. Mitochondrial MDH Qaé purified according to
the procedure of Wolfe and Neilands (8) with modifications as
described in the AP?ENDIX. For the studies of the effects of

ions added to the assay syétem, the mitochondrial and superna-

13
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tant enzymes were diluted one part to thirty in 20 mM Tris-
acetate buffer, pH 7., and serum albumin was added (1 mg .per
ml). These preparations were dialyzed four times against 20
mM Tris-acetate bﬁffer, pH 7.4, to remove extraneous ions =-
ammonium sulfate,vin‘particular. The dialyzed samples were
divided into 0.5 ml portions and stored frozen in the deep fr-
‘eeze, For each experiment, a sample was thawed and diluted
with a 1 mg per ml solution of serum albumin. A second dile-
ution was made with 20 mM Tris-acetate buffer; pH 7.4, such
that a sﬁitable reaction rate was achieved when a 0.1 ml sample
was assayed. For the freeze-thaw‘studies the enzyme prepara-
tions‘were not dialyzéd.

Spectrophotometric assays wefe made at 3&0‘mp with a Beck-
man model DU spectrophotometer coupled to a Gilford 2000 absorb-
ance recorder. The temperature of the cuvette chamber was
maintained at 25.0 £ 0.5° with a Haake circulating water bath.

Enzymatic activity was determined by measuring the rate
of conversion of NADH to NAD. FPor the control assay, the
quartz cuvette (1 ml volume; 1 em light path) contained, in or-
der of addition, 100 mmoles Tris-acetate buffer, pH 7., 0.76
Jamoles OAA, 0.38 ymoles NADH, and deionized water to give a
total volume of 0.9 ml. Lastly, 0.1 ml of sultably diluted
enzyme preparation was added after the rest of the ingredients
had been mixed. This will hénceforth be referred to'és the
"standard assay system". Activity was expressed as.pmbles
NADH oxidized per minute, using the molér absorptivity of 6.22
X103 for NADH. ' |

For the freeze-thaw Studigs a mixture was prepared con-
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taining, in order of addition, buffer, serum albumin, mercapto-
ethanol, ionic species, and\deionized water, Enzjme was added
last‘with‘a lambda pipette to give a protein concentration of
0.053 mg per ml. The mixture was divided into two equal por-
tions in thick-walled test-tubes.  One part was stored on ice
for the dﬁration of the experiment, to servé as a control;vthe
‘other was subjected to either of two methods of freezing. The
ffast freéze" involved immersion in a dry ice - acetone bath’
(-35°, approximately) for two minutes. For the "slow freeze"
the preparation was placed in the deep freeze (-10 to =13°C)
for one hour or_more. After the freezing period, the sample
was aliowed to thaw at room temperature in a closed chamber.

As soon as thawing was complete, the sample was placed on ice

and a suitably diluted sample was assayed as described above.
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B. Results
i. The Effects of Ions Added to the Assay System |

The effects of a number of divalent cations added to the
~assay system for M-and S-MDH were investigated. The chlorides
of'magnesium,'manganese and calecium génerallyyhad an inhibitory
effect on both enzymes at concentrations greaterkthan 50 to 60
mMe. Figure 1 depicts these results. Low concentrations (5
to 30va) of manganese stimulated both enzymes to a maximum of
1109 6ver control activity. Magnesium ion had a similar eff-
ect on S-MDH but not on M-MDH.,

To determine if the observed low concentration stimulat-
lon was an ionic strength effect, increasing concentrations
of KCl were added to the assay mixture. Figure 2 shows that
stimulation to a maximum of 1104 over the control level was
achieved with the greatest stimulation occurring at KCl conc-
entrations in the range of 20 to L0 mM, - Inhibition is obser-
ved at concentrations greater than 80 mM.

An attempt was made to determine the effects of Tris on
the activity of M-and S-MDH. ~An assay mixture without Tris
and enzyme was neutralized at réomktemperatﬁre by titration
with NaOH to a pH of 7.h.kTo this mixture KCl was added to bring
the ionic strength to the level of the standard mixture, and
the enzyme was assayed. For both M-and S-MDH the activity re-

corded when Tris was absent was approximately 20 to 30 % lower

16
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than that obtained using the standard assay system (100 mM
Tris). However, the absorbance of the neutralized mixture

was lower than that of the standard assay mixture. It is likely
that some NADH was broken down (probably by hydrolysis of the
phosphate bond) by exposure to room temperature and/or sudden
increases in pH.‘ With only 10 umoles of Tris-HCl buffer in
the neutralized mixture the activity was close to that obser-
ved with the standard mixture, and no drop in the absorbance
was noted. With 30 to 10 smoles of Tris-HCl buffer in the
system, greater activity thanvachieved with the standard sys-
tem was observed. This may have been due to é pH effect. Tris-
HC1l conéentrations greater than 100 amoles inhibited both M-
and S-MDH slightly. (See Figure 3)

Figure li shows the effects of low concentraﬁions of zinc
sulfate on the activity of M-and S=MDH. For M-MDH maximum
stimulation of about 180% over the control level was found.
Precipitation of zinc sulfate at concentrations greater than
18 mM prevented investigations at higher concentrations. The
decréase in stimulation by the addition of greater than 6 amoles
of zinc ilon was probably due to a lowering of the pH of the
assay mixture, since the“zinc sulfate was made up in dilute
acid. Addition of zinc ion inhibited S~MDH at all concentra-
tions investigated. ~ Addition of various amounts of sodium
sulfate to the assay mixture revealed that sulfate ion had
little effect on elther enzyme,

The effect of inecreasing concentrations of potassium phos-
phate on the activity of M-and S-MDH is shown 1ﬁ Flgure 5. M-

MDH is stimulated strongly with a maximum of 150% over the con-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18
trol level occurring at 100 mM phosphate. . Sodium arsenaﬁe
bhad a very similar effect on_H4MDH;7 S-MDH was influenced very
slightly by arsenate and phosphate.

‘Figure 6 illustrates the effects of magnesium ion on the
activity of phosphate-stimulated M~MDH., Magnesium chloride
(15 mM) reduced the phosphate-produced stimulation by 50%.

"Precipitation at magnesium conceﬁtrations greater than 6Q mM
made it impossible to détermine the amount of magneSiﬁm fon
required to compleﬁely abolish phOSphaté aCtivation. The data
suggest that a one-£§-one magnesiquto-bhOSphate ratio would

be required. The addition of magnesiﬁm to the aséay mixture
bontainiﬁg added phosphate and S-MDH gave results resembling

those obtained when magnesium ion alone was added to»the assay

system for S-MDH.
11, The Effects of Freeze-thawing

Tables 1 and-é show the effects of two consecutive fast
freezes on the activity of M-and S-MDH, Part C of the APPEN-
DIX presents more detailed data. - In the standard mixture (pot-
aséium phosphate buffer; serum.albumin, and mercaptoethanol),
the sﬁpernatant enzjmé proved remarkably uhstgble. Howéver,
omission of meréaptoetbanol or replacement ofl phosphate buffer
with Tris-acetate or citrate buffer results in a relatively
small loss of activity after two fast freezes. NADH, O0AA,
NAD, malate, 1 M KCl, and zinc chloride, in order of decreasiﬁg
effectiveness, protect S-MDH against activity loss when fast
frozen in the standard mixture; Potassium chloride (1 M) in-

. creases loss of agtivitylin the phosphéte system without mer-
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captoethanol. In direct contrast to the effect of fast-freez-
ing S-MDH in the standard mixture, consecutive slow-freezes
result in either stimulation or in small losses in activity.

M-MDH was stable when fast-frozen in the standard mixture,
and some stimulation was observed. ‘Omission of mercaptoethanol
resulted in greater loss of activity and addition of KCl had
a similar effect. |

Addition of magnesium ion to the standard mixture contain-
ing either S-or M-MDH resulted in increased activity loss. When
the standard mixture was made 30 mM in magnesium ion, fast-fr-
eezing caused drastic loss of activity for the mitochondrial
enzyme., | If phosphate buffer was replaced by Tris buffer in
this system, activity loss was slight. Freeze-thawing M-MDH

in the standard mixture contalning zinc ion resulted in small
activity loss. Substitution of sodium phosphate buffer for
potassium phosphate buffer In the standard mixture resulted in

little change ih activity on freezing and thawing.
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Figure 1

The Effect of Magnesium Ion on the
Activity of M=-and S-MDH
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- Legend

Various amounts of magnesium chloride were added to the
standard assay system (0 = 200 jmoles). The assays were car-
;i;atéﬁt immediately after addition of enzyme. The activity
(nmdles\per min) of the eanmé ih_the'presence of various am=
ouﬁts of ion was expressed as follows: |

activity of enzyme sample at time ¢ 1

activity of enzyme sample in the
presence of ion at time t

X 6423 X 1073 Jmoles min~

The average activity of the enzyme‘samples'at zero time was

6.23% 107> zmoles min"l.
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FPigure 2

The Effect of Ionic Strength on the Activity
of M- and S-MDH
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Legend

Various smounts of KCl were added to the standard assay
system (0 - 200 umoles). Assays were carried out immediately

after addition of enzyme. Data were expressed as in Figure 1.
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Figure 3

The Effect of Tris-HCl on the Activity
of M- and S-MDH
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Legend
A mixture containing 22,8 umoles 0AA, 0.56 umoles NADH,

and various amounts of Tris-HCl buffer, pH 7.l, was prepared
and was neutralized with 0.025 N NaOH to a pH of 7.\h. Suif-
ably diluted enzyme was added and the assay was carried out

immediately. Data were expressed as in Figure 1,
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Figure |

The Effect of Zinc Sulfate on the Activity
of M-and S-MDH

Legend

Various amounts of zinc sulfate dissolved in dilute HC1
were added to the standard assay system. Assays were carried
out immediately after addition of enzyme. Data were expressed

as ih Figure 1,
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Figure 5

The Effect of Phosphate on the Actlivity
of M-and S-MDH
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Legend
Various amounts of potassium phosphate buffer, pH 7.l,

were added to the standard assay system. Assays were carried

out immediately after addition of enzyme. Data were expressed

as in Figure 1,
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Figure 6

The Effect of Magnesium Ion on the
- Activity of M-and S-MDH Assayed
in the Presence of Phosphate

I3 T T I T T l T | [ |
12 7]
-
. —
X
Elo-  © 7
Eol -
n o
':5',8 — \°\ B
£ -
Q?ﬂ—/u"n-n-n\n\o M MDH -

6 | | | | S- MDH | |

0 10 20 30 40 50 60 70 80 90 100

Mg# mM
Legend

~ Potassium phosphate buffer, pH 7.), (100 pmoles) was in-
cluded in the standard Tris-acetate system and various amounts
of magnesium chloride were added. Assays were carried out
Iimmediately after additionyof enzyﬁe.' Data were expressed as

in Figure 1.
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Table la, lb

The Effects of Freeze-thawing on
the Activity of M-and S-MDH

Leggnd

S-MDH and M-MDH mixtures prepared as described on page
1} were fast-frozen and thawed twicé in succession and a suit-
ably diluted sample was assayed.

i. The standard mixture (1 ml) contained 0,053 mg per ml
M or S-MDH, 100 umoles potassium phosphate buffer,.pH Tty 041
mg per ml bovine serum albumin, and 10 umoles mercaptoethanol.

1i. Other mixtures were simiiarvto the standard mixture
except as noted in column one of the table. The notation of
a buffer indicates that this buffer'replaces the potassium
phoéphatg buffer used in the standard'mixture. -

‘Tﬁe concentrations of the various additions are as_follgws:

Sodium phosphate or Tris-acetate buffer seeeeeeesssee 100 mM
KCL seeeeessrennasensessssessnsssessnncassssasosress . 1M
NADH ecececvsacsoscscncssscasasiasnsnsnssocscssrsnse 753 W
FAD secvsescccosocsasacssenasascssassssassssssasssss 752 UM
OAR eeceossesvessoscssossssvsssssosssvossecccssccncs o7 MM
Ma11C 8CLd eesssvcsonssocescsssossscssssosansccsnsce ToltS mM
Zinc sulféte ...........;..;......;..;............;. 2 mM

Hagnesiﬁm 6hl°r'id3 ooo‘oco‘ooooinoo._sotooc00;000000000010“30 mM

- For detailed freeze-thaw experiments see APPENDIX C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table la - S-MDH

28

Systenm

% Activity Remaining

a. Tris-acetate buffer o3
b. Standard mi.xture 3.0
6. Sodium phosphate buffer 22
d. Without mercaptoethanoi 88.8
€. Tris;acetate buffer 'plds 99.0
KCl : ' ‘
f. Without mercaptoethanol 98,0
plus 10 ymoles Mgt
' g. Tris-acetate buffer plus 93.)
- 20 pmoles Mg
h, Plus} 2 pmoles ZnH iS.O
1. Plus NADH 76.5
jo Plus NAD 30.6
k;}Plus OAA 61.0
1. Plus malic acid '29.6
m, Plus‘KCI} 14 .8
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Table 1lb - M-MDH

29

Systeni

% Kctivity Remaining |

e

b.

Cs

d.

f.

g

h.

i.

e.

Je

Tris-acetate bﬁffer
Standafd mixture
Without mercaptoethanol -
Plus KCl

Plus 10 pmoles Mg#

Plus 30 pmoles Mg#

Tris-acetate buffer plus
20 pmoles Mgt

Tris-acetate buffer plus
2 pamoles Znt

Tris-acetate buffer plus
KC1

Plus 2 pmoles Znte

09.3
108.9
86.6
8l
80.3

17.5

102.8
122,.5
91.7

97.7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




30

Ce Discussion

The slight stimulation of M-and S-MDH observed for low
concentratioﬁs of magnesium and manganese ions appears to be
the result of non;specific lonic strength effects. Concentra-
tions of KCl giving a similar ionic stréngth‘cause a similar
stimulation. The inhibiting effects at concentrations of mag-
nesium, calcium and manganese greatér than 60 mM also appear
to be due to ionic strength changes.

» In contrast, the stimulation of M-MDH by zinc¢ lon is a
spécific effectf Vallee et gl.(35) and Harrison (37) have
suggested thdt.zinc is an 1ntegrai part of the MDH molecule.
Harrlson has suggested that it represents the binding site for
NADH. The stimulation observed when zinc ion is included in
the assay medium may be a reactivation of inactive enzjme since
zinc may be 1qst during the preparation procedure. Zinc may
bind specifically to some region of the protein molecule and
causé‘a slight alteration'in\conformation_favouring increased
turn~over of substrate.

An attempt was made to remove zinc from M-MDH by incuba-
tion with 10 mM o-phenanthroline. The presence of this chel-
ating agent, however, caused no greater activity 1oss'with time
than was observedvin‘a control preparation. Addition of Q-phen-
anthroline to the assay mixture had.é negligible effect on act-

ivity. When the incubatiqn mixtures with and without o-phen-
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anthroline were assayed with the standard assay mixture plus

2 pmoles zinc ion, greater activiation was observed for the
preparation incubated with o-phenanthroline. The role of zinc
in the structure of M-MDH remains unclear.

Phosphaté and arsenate 16ns stimulate M-MDH to approximat-
ely the same degree as zinc lon. As with zinc ion, the stim-
‘ulation cpuld be a reactivation or the result of binding to
specific sites on the protein. Together with the evidence
that phOSphate adheres to the surface of the enzyme, these ob-
servations suggest that phosphate plays a very‘specific role
:1n the structure of M-MDH. ‘

Neiﬁher phosphate nor arsenate brings about any signifi-
cant stimulation of S-MDH, Zinc ion inhibits the supernatant
enzyme strongiy at low concentrations. The inhibition is gr-
eater than that caused by high concentrations of other divalent
métal ions such as magnesium or calcium, suggesting that more
than an ionic strength effect is involved. ~ Zinc may bind
irreversibly to some group at the active center of the enzyme
énd thus produce a poisoning effect similar_to_that produced
by heavy metai ioné on a number of enzymes. The inhibition
also suggests that zine iS‘not a part of the supernatant enzyme.

The degree of activation of M-MDH produced by:zinc and |
phosphate is dependent on the history of the enzyme prepara-
tion; that is, éxposure‘to temperatﬁres above oﬂc, or to ffeez-
ing and thawing. After standing on ice for i hours a dilute
sgmple of MGMDH was stimulated onl& 15% over the control level,
The maximum stimulation produced by zinc and phosphate lons

varies considerably with different enzyme dilutions. However,
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there is a consistant activation.

Figure 6 shows that M-MDH activated with phdsphate is very
sensitive to the presence of magnesium ion, Only 1S umoles
of magnesium chloride were required to abolish 504 of the phosé
phate»producéd stimulation. This effect is similar to oﬁe des-
eribed by Kosickl and Lee (67).'They found that divalent metal
ions relieved inhibition of citﬁate synthase by ATf and other
nucleotides, presumably bybbinding polyphosphate chains on these
molecules. Urea - DTNB studies (68) have shown that phosphate‘
protects M-MDH against opening by urea, as evidenced by decreased:
avallability of SH groups. Also, addition of magnesium ion to
the phoséhate-containing system results in a faster unfolding
of the protein. The data for M-MDH indicates that magnesium -
ion binds the'phosphate involved in the stimulation. These
effects suggest a control system for the mipochondrial enzyme.
By regulating phosphate and magnesium concentrations in the
mitochondria the cell could control the activity of MDH. Ir
such a system exists for the mitochondrial enzyme, it is appar-
ently lacking for the supérnatant enzyme, since phosphate and
magnesium ion haveilittle effect on S-MDH. In Figure 6, the
slight peak observed at 20 mM magnesium is probably the non-
specific effect produced when magnesium is added to the'aséay
sjstem buffered by TrisQ

S-and M-MDH exhibit distinct behavior when frozen and
thawed in different medis, ‘.SeveralAfactors-must be taken into
account when studying freeze~thaw effects: changes in pH and
in salt and protein concentration, temperature effects, time

of exposﬁre to freezing, removal of "structured" water, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

specific and non-specific ion effects.

If.is known that water can form ordered crystalline str-
uctures around apolaf molecules 1f the concentration of the
apolar substance in water is high enough (69,70,71). Klotz
(69) has proposed.that similar structured water shouid exist
around apolar groups projecting‘from the prétein molecule since
the local concentration of such groups is‘high; this should
stéﬁilize\apolar bonds between groups on the protein. Kauz=
man (7}4) has prOpOSed ﬁhat‘hydrophobic bonds, the tendency for
apolar groups to associate in water solution, are a source of
‘stabilization for the protein molecule.

Remdval of water as ice would play havoc with the stab-
ilization of conformation provided by apolar or hydrophobic |
bonding, and togeﬁher with‘pH effects and ionic effects could
either facilitate dissociation of the protein into subunits or
cause local changes in conformation. .

Chilson et al.(57,58) suggested that pH changes account
for much of the inactivation produced by freéze-thawingg Sod-
ium phosphate solutions,which change pH with freezing more dras-
ﬁically than potassium phosphgte solutions, produced the greater
activity losses with LDH.  The data in Tables la and 1b show
that replacing potassium phosphate with sodium phosphate buffer
results in little change in the amount of activity lost. M-
MDH appears to be more stable to freeze~-thawing in sodium phos-
phate thah in potassium phosphate when mercaptoethanol is absent.
These results suggest that pH 1s not the major factor contri-
buting to activity loss of MDH with freezing.

The éffects of the rate of freezing and thawing on MDH
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activity differ from those observed for LDH. Chilson et 2al.
'(58) found that longer exposure to low temperatures (slow freez-
es) produced a greater amount of ﬁybridization and more exten-
sive losses in activity. The opposite effect was observed for
MDH. In a number of instances slowvfreezing produces a stim=
ulation. Slow freezing restorgs'activity iost by several fast
‘freezes in many cases. It appeérs that sudden freezing effects
irreversible changes in enzyme structure, whereas the slow pro-
cedure produces either small changes or‘changes that are reSt-
ored on thawing. The large differential in the temperatures

of the fast and slow-frozen mixtufes may be an important factor.

It should be poiﬁted out that while freeze-thaﬁing produced
dissociation of LDH into subunits, it may not have the same eff=-
ect on MDH. The evidence presented in this paper 1s insuffi-
cient to determine whether dissociation or merely local changes
in conformation occur. Both effects probably exist, but the
small activity losses produced in many cases‘suggest that the
amouﬁt of dissociation taking place is small.

Freezing and thawing'in the presence and absence of mer-
captoethanol produces some ﬁnexpected results, Previous fajl-
ures to reversibly inactivate LDH and MDH were attributed by
Chilson et al.to be due to the lack of a reducing agent (}1).
Acid ;nactivation of MDH in the absence of mercéptoethanol pro-
duced an initial increase in Sedimentgtion coefficient‘followed
bj conversioﬁ to a slower sedimenting form which could not be
reactivated by neutralization (41). Some of the inactivation
could be due to oxidation of SH grqups and to the formation of

intermolecular disulfide bonds as proposed by Levitt (58,6l).
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In phosphate buffer, mercaptoethanol appears to proteét
M-MDH from the effects of freeze-thawing. The proposals men-
tiéned above may apply here, However, consecﬁtive fast freezes
of an S-MDH mixture containing both phosphate and mercaptoeth-
anol cause a drastic loss in enzymatic activity. If mercap-
toethanol is excluded fom the phosphate - S-MDH system, the en-
zyme loses little activity. |

' On the basis of available data it is difficult to explain
this phenomenon., It has not been shown that pig heart S-MDH
lacks disulfide bridges, although beef heart S-MDH has none
(18). If indeed such bridges are present, it is possible that
freezing in phosphate buffer results in a cleavage of these
bonds. On thawing, the SH groups produced by the cleavage
would be maintained as such in the presence of excess reducing
agent and the native conformation would not be're-estéblished.
On the other hand, fast freezing in phosphate may expose essen-
tial SH groups which may react with mercaptoethanol in the en-
viroment existing in the frozen mixture. Fast fréezing in
6itrate or Tris-acetate may'not expose important SH groups.

The presence of mercaptoethahol makes little difference when
either S-or M-MDH is frozen and thawed in these buffefs.

Little difference in activiﬁy loss 18 noted whether the enzymes
are frozen in Tris-acetate or ciltrate buffer. Howevér, Chil-
son gﬁ_gl.(hO) reported tpat pig heart M-MDH can be reactivated
tova much greater extent}in citrété buffer than in Tris buffer.
This suggests that little dissociation occurs when S-or M-MDH
is frozen in citrate or Tris buffer.

Substrates are very effective protective agénts against
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activity loss of S-MDH when fast frozen in the standard mix-
ture., By binding to the active site they may.prevent phosph-
ate and/or mercaptoethanol from interacting with critical
groups on the protein molecule, by steric hindrance or by sta-
bilization of conformation. If dissociation is involved a
substrate could bridge the subunits and hold them together.

In view of the role of phosphate in the structure and act-
ivity of M-MDH, it is significant that freeze-thawing in the ™
.pﬁesenée of phosphate and mercaptoethanol causes_little act-
ivity loss for this enzyme. Phosphate appears to protect M-
MDH by some unknown mechanism against tﬁe effects of freeze-
thawing In the same way that i1t does against the effect of
urea denaturation (68).

Addition of magnesium ion to the mixture containing phose
phate and M-=MDH results 1In extensive activity loss on freeze-
thawing. This correlates with the ohservation that magnesium
relieves phosphate activation when added to the assay mixfure.
Whether phosphate exerts a speclal protective influence over
M-MDH against freeze-thawing effects cannot be posifively aff;
irmed since the enzyme losesilittle activity when frozen in
Tris or citrate buffer. Frozen mixtures of Tris and citratg
may provide different envirdnments than frozen phosphate solﬁ-
tions. It is noteworthy that magnesium ion has 11ttle effect
in a ﬁixture’buffered by Tris-acetate,'and that it does not |
cause increased activity loss in S-MDH mixtures buffered with
phosphate or Tris buffer. -

High salt concentration, such as that ppoduced #hen a galt

solution is frozen, is known to exert a number of effects on
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enzymes or model proteins leading to dissociation and/or'inact-
ivation., Effects on pK's of lonizable groups and on the act-
ivity coefficients of peptide bdnds, modification of solvent
(water) structure and protein-solvent interactions, and‘spec-
ific binding of ions must be taken\iﬁfo,account. The activity
losses of an M-MDH mixture containing KC1l (IM) differ little
from those observed for a mixture containing no added KCl. It
would appear that the effects of inclusion of magnesium lon
are not due to non-specific effects éuch as changes in water
structure (69,73), but rather to a specific interaction between
the ion and groups on}the protein molecule. |

KCl causes increased activity loss when a S-MDH mixture
containing phosphate but no mercaptoethanol is frozen and thaw-
ed., This may be the result of ionic strength effects on groups
exposed by phosphate. On the other hand, KCl protects S-MDH
against loss of activity in the standard mixture. In this
case there may be a competition between KCl and mercaptoethanol
for a group on the protein. This might also be the case with
zinc ion which also protects S-MDH, |

With the exception of the standard S-MDH mixture (plus or
minus mercaptoethanol) the presence of 1 M KCl in a freeze=-thaw
mixture makes little differénce in the amount of activity lost
by S- or M-MDH, This is in contrast to the results of Chilson
et al.(58) for lactate dehydrogenase, triosephosphate dehydro-
genase, and alcohol dehydrogenase, all of which showed extensive
1ésses,in éctivity when frozen in the presence of ﬁaCl and phos-
phate. However, chicken heart M-MDH.Shows’stability of the
same order as pig'héart M- and S-MDH.
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The results described in this paper point out the need for
further}experimenbation. The role of phosphate and zinc ion
in the strucfﬁre and behavior of M-MDH is by no means clear,
Fuarther studies;are required to confirm and define the‘possible
control system for M-MDH, The difficulty in interpreting the
results of the freeze-thaw studies Suggests more detailed in-
vestigations. Determination of the effects of freezing on the
properties of phosphate-mercaptoethanol solutions and the elec-
trophoretic characteristics of the enzymes after freezing and
thawing would resolve many problems. Also it would be interest-
ing to determine the role of sulfhydryl groﬁps in the strusture
of MDH.
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SUMMARY

The'supernatant_and mitochondrial forms of MDH behave
distinctiy in the presence of a number of cations and anions,
M-MDH is stimulated strongly by phosphate, arsenate and zinc
‘ions. The effect of these ions is not due to increases in
1onic strength in the assay medium but is probably related to
their presence in the structure of the enzyme. S-MDH is aff-
ected only slightly by phosphate and arsenate but is inhibited
strongly by zinc ion. The‘latter effect suggests that zine
is not a part of the S-MDH structure.

‘ Increases in ionic strength stimulate both M-and S-MDH
af low levels‘and inhibit at higher levels. A similar effect
is observed for magnesium, manganese and calcium ions.

‘Magnesium ion relieves the activation of M-MDH by phos-
phate through a binding of the phosphate. This observation
and others suggests that the activity of M-MDH may be regul-
ated in the mitochondria by éontrol of magnesium and phosphate
concentrations. |

M-and S-MDH are staﬁle to repeated freezing and thawing
in citrate and Tris-acetate buffers, with or without mercapto-
ethanol. S-MDH loses activity rapidly when fast-frozeﬁvin a
mixture containing both phosphate and mercaptoethanol. Omission
of mercaptoethanol from.this'mixture eliminates much of the

Inactivation. A specific interaction of phosphate, mercapto-
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ethanol and S-MDH at low temperature is apparent; however, the

nétuﬁé of this phenoménoh.is’not cleér.' The substrates NADH,

IOAA, NAD, and malate protect against aétivitj loss in tﬁis 8ys=-
tem, as dO'Qinc ion and KCl.

.Fast freezing generally results in gréatef losses of act-
ivity than does slow freezing. ‘.The data suggest that freez-
1ﬁg does not cause extenéive’d1530¢iatioﬁ of MDH into subunits
and that pH is not a major factor in causing loss of activity.

Increased activity losses are observed when M-MDH is fast-
frozen in a mixture containing phosphate and magnesium lon.
1f phosphate is replaced by Tris buffer, acti?ity losses on
freezing are Small. High ionic strength has~11ttle effect on
the activity of M- and S-MDH wpen tbesé are frbzen and thawed;
thus the effect of magnesium ion is not due to increased ionic
strength at temperatures near'freezing. The data suggest that
& protective influence of phosphate against the effects of
freeze-thawing exists which is relieved by magnesiuﬁ ion,

In general, the results point to an extensive behavioral

individuality of these enzymes.,
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APPENDIX

A, Preparation of Supernatant MDH

Pig heart S-MDH was prepared using the procedure of Eng-
lard and Breiger (16). All operations except the heat frac-
jonation were carried out in the cold room at L °C.

Fresh pig hearts were freed from fat and connective tis-
sue, diced and passed thrbugh 8 mechanical grinder. One kilo-
gram of mince was stirred for 15 minutes in 5 liters of ice
cold 0.25 M sucrose buffered with 0,01 M Tris-acetate, pH 7.6,
and the suspenslion was passed through cheesecloth, The fii—
trate that was collected had a pH of 6.1.

The pH of this extract was raised to 7.2 with ammond um
hydroxide, and armonium sulfate was added to 10% saturation.
Hyflo Super Cel (1 gm per 100 ml solution) was added and the
preparation was allowed to filter overnight. The clear fil-
trate was brought to 829 satufation with ammonium sulfaﬁe and
was centrifuged at 13,000 X g at S%. The resulting precip-
1tafe was dissolved in 0.05 M potassium phosphate buffer, pH
7.4, and was adjusted to 400 ml. This solution was brought
to 35% saturation with ammonium sulfate and was centrifuged
for 1 hour. |

The supernatant was heated quickiy to 60° and was held
at that temperature for 20 minuteg. The resulting brown pre-

cipitaté was removed by centrifugation and discarded. The
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supernatant was fractionated with ammonium sulfate and the pre-
cipitate between 3% and 72% saturation was removed by centri-
fugation and dissolved in 0.01 M potassium phosphate buffer,
pH 6.9, to a total volume of 75 ml. This solution was.dialy-
zed three times against 0,01 M potassium‘phosphate, pH 6.9, for
a total of 2} hours and then centrifuged.

The clear dialyzed preparation was applied to a 25X L em
~column of DEAE-cellulose which had been equilibrated with 0.01
M potassium phosphate buffer, pH 6.9, A large dark band moved
rapidly down the column on the application of 750 ml buffer,
leaving behind a lighter coloured band. A'gradient elution
was performed, using buffer concentrations of 0,01 M to 0.05 M,
The eluate was collected in 13 ml fractions at the rate of 30
to 40 ml per hour. Samples containing the majority of the
activity were pooled to yield 1 liter of pale yellow solution
which was then brought to 72% saturation with respect to am-
onium sulfate. The precipltate was collected by centrifugation
and dissolved in 20 ml potassium phosphate buffer, pH 7.li.

This preparation was dialfzed against increasing concentrations
of ammonium sulfate ranging from 55% to 72% saturation. Pre=-
ciplitates were removed at 554, 584, 60%, 65%, 704, and 72% sat-l
uration and were dissolved in 5 ml deionized water. The 70%
sample, which had‘the highest specific activity was used for -
all exberiments. It was stored in the deep freeze at =13°C.

The total yield was 17% and the 70% sample represénted a
160-fold purification. Englard and Breiger achieved a 142
yield after recrystallization and a 63-fold maximum purifica-v
“tion (for beef heart S-MDH).
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B. Preparation of Mitochondrial MDH

Pig heart M-MDH ﬁas prepared with modifications'according
to the procedure of Wolfe and Neilands (8). A1l operations
except the ethanol fractionation were carried out in the cold
at 4L . |
| Fresh whole pig heafts were defatted and minced in a mech-
anical grinder. The mince was washed five times with 25 liter
portions of 1ce water and was strained on cheesecloth. The
tissue was treated with a 90% acetone-water mixture for 30 min-
utes and then twice with pure acetone., It was collected on
cheesecloth and was dried in a vacuum desiccator, ‘

MDH was extracted from the acetone powder by homogenation
in a Waring blendor with 0.05 M sodium phosphaﬁe buffer, pH 7.0.
After removal of the insoluble debris, the milky solution was
brought to 30% saturation Qith reépecﬁ to ammonium sulfate‘and
the precipitate removed by centrifugation and discarded. Fin-
ally, the solution was made 65% saturated with respect to amm-
ohium sulfate, and the preciﬁitate that formed was recovered
by éentrifugation and dissolved in 0.01 M maleate buffer, pH
6.2; containing 0.2 M NaCl. The preparatibn was diélyzed
against this buffer for 15 hours, and then against 0.0l M mal~-
eate containing l.Xilofh'MZnCIZ for 12 hours. The precipi-
tate that formed was recovered by centrifugation and discarded.

After fractionafion with ethanol in the deep freeze at
=10 to ~13°C, the precipitate between 50% and 70% saturatioh
-was removed by centrifugation and diésolved immediately in cold

O;OS‘M phosphate‘burfer, pH T7.0.
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This preparation was dialyzed against 0,005 M potassium |
phosphate, pH 6.5, containihg 0.001 M EDTA for 8 hours. The
solution was then applied to a 25X i ecm column of carboxy-
methyl-cellulose previously equilibrated in the same buffer.
Elution with 550 ml buffer removed S-MDH contaminant. The
M-MDH was eluted with a gradient of 0,001 M to 0.15 M potassium
‘phosphate, pH 6.5, containing 0.001 M EDTA (7 ). Fractions
(10 ml) were collected at 100 to 120 ml per hour. Those wifh
the highest specific activity were pooled and the protein pre-
cipitated by adding ammonium sulfate to 774 saturation. The
precipitate was removed by centrifugation and was dissolved
in 0.05 M sodium phosphate, pH 6.5, containing 0.1 M KC1, and
the resulting prepération was applied to a 237< 2.5 em column
of Sephadex G-100 previously equilibrated in 0.05 M sodium
phosphate., The protein”was eluted with the same buffer and
15 ml samples were collected. The fractions with highest spec-
ific activity were pooled and the preparation was brought to
77% saturation with ammonium sulfate. The precipitate was
‘collected by centrifugatiéﬁ then dissolved in a 77% saturated
solution of ammonium sulfate. ‘The suspension was stored at
=10°C to =13° in the deep freeze. v |

A yield of 6% and a 200-fold purification were achieved.
Thorne (19) achieved a 15% yleld and a 120-fold purification -

for the same enzyme.
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"~ C. The Effects of Freeze-thawing
on the Activity of S~-and M-MDH

Legend

Fach section represents a series of consecutive freeze-
thaws., & "fast freeze" (f) was perfofmed.by immersion of the
mixture into a dry ice -~ acetoné bath for the time noted. A
"slow freeze" (s) was carried out in a deep freeze at -10°c
to -13% for the time noted. Following either a fast or a
slow freeze the ﬁixture was allowed to thaw at room temperat-
ure (25*0) then placed on ice as soon as thawing was completed.
A suitably diluted sampie was assayed immediately. A control
sample of each mixture was kept on ice for the duration of the
experiment and was assayed periodically. ‘The.per cent activ-
ity is glven by: | |

activity of freeze~-thaw mixture at time & ..
activity of control mixture at time € 100

The concentrations of the components of the mixtures are as
noted on page 27. |

Tables la,b,cyd,0,fy8 ceeessees The Effects of Freeze-thawing

’ ' in the Presence of Various
Buffers on the Activity of M-
and S-MDH With or Without
Mercaptoethanol

Tables 28,D4C seeseecccecceesss The Effects of Freeze-thawing
' in the Presence of 1 ¥ KCl on
the Activity of M~and S-MDH

With or Without Mercaptoethanol

Tables 38,DyC eeveeecssessoscee The Effects of Freeze-,thawivng
’ in the Presence of Magnesium
Ion on the Activity o% M-and

S-MDH
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Table I eeecesecesscocssccssces The Effects of Freeze-thawing
in the Presence of Zinc Ion
on the Activity of M-and S-MDH

Table S S0 00O OLIOIBOIOIRIIGEOROSIOIOGOEOCENIDOO The Effects Of Freeze-th&Wi.ng
in the Presence of Substrates
on the Activity of S-MD
the Standard Mixture
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Table la
No. Times| Time Time %
Frozen Allowed for
and for Thawing | Activity - System
Thawed | Freezing (min) : :
(min) Remaining
i. 1f 2 20 96.2 S-MDH,
Tris-acetate,
2f 2 20 ol.2 serum albumin,
mercaptoethanol
3r 8 21 89.6
Lr 20 25 79,6
Ss 60 20 172.9
bs 60 20 128.!
11, 1f 3 15 98.3 M-MDH,,
Tris-acetate,
er 2.5 1L 89.3 serum albumin,
mercaptoethanol
3f 2 1l 115.1
Iy 5 1l 100.0
Ss 60 10 109.5
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Table 1b
No. Times Time Time 4
Frozen Allowed for
and for Thawing | Activity System
Thawed Freezing (min)
' (min) Remaining
1. 1f 2 20 95,2 S-MDH,
v : Tris-acetate,
2f 2 , 18 97.6 serum albumin
3r 2 19 92.6
s 168 11 10h.4
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Table le
No. Times| Time Time %
Frozen Allowed for C ‘
and for Thawing | Activity System
Thawed Freezing (min)
: (min) Remaining
1. 1f 2 20 88.7 S-MDH,
, citric acid,
2r 2 18 89.7 serum albumin,
mercaptoethanol
3f 2.5 20 81.0
L 2 17 4.8
Ss 60 20 76.0
11, 1f 2 15 96.6 M-MDH,
’ . cltric acld,
2r 2 16 10,7 serum albumin,
mercaptoethanol
_3f 2 17 98.5 ’
| Lt 2.5 1l 113.3
Ss 56 11 104.0
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Table 1ld
No. Times Time Time %
Frozen Allowed for
and for Thawing | Activity System
Thawed Freezing (min)
: (min) Remaining
1. 1f 2 20 - 8.7 S-MDH,
potassium
2fr 2 22 3.0 Fhosphate, pPH 7.4,
serum albumin,
3f 2 20 1.4 mercaptoethanol
lis 66 .18 3.6
ii1. 1s 60 19 192.5 S-MDH,
potassium
2s 60 18 98,1 phosphate, pH 7.l,
‘ serum albumin,
3s 60 . 1L 80.6 | mercaptoethanol
Ls - 268 18 359.3
111, 1f 2 1l 99.1 ~ M-MDH,
- potassium -
2r 2.5 15 108.9 phosphate, pH 7.l
: , . serum albumin,
3r 3 13 145.1 mercaptoethanol
Lhe 5 12 115.2
5s 65 13 114.6
6r 2 2 89.8

UNIVERSITY OF WINDSOR 1IRRARY

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

Table le
No. Times| Time Time %
Frozen Allowed for ‘
and for Thawing | Activity System
Thawed Freezing (min) ~
(min) Remaining
1. 1f 2 22 9.8 S-MDH,
sodium
ef 5 20 2.2 phosphate, pH 7.l,
serum albumin,
3s 129 20 2.6 mercaptosethanol
110 lf 205 20 9108 M-}TDH’
sodlium
2f 2 20 107.6 phosphate, pH 7.l,
serun albumin,
3f 2 19 107.6 mercaptoethanol
s 219 17 113.0
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Table 1f
No. Times| Time Time %
Frozen Allowed for
and for Thawing | Activity System
Thawed Freezing (min)
(min) Remaining.
i. 1f 2 20 - 90.7 S-MDH,
| potassium
iy 2 2l 88.8 jphosphate, pH 7.l,
-serum albumin
3r 2.5 21 | 88.7
Ls 131 - 17 110.1
i1i1. 1f 2 18 91.3 ' M-MDH,
potassium
2f 5 18 86.6 phosphate, pH 7.,
- serum albumin
3r 3 1 80.4
Lt 2 15 80.8
5t 2 Il 96.0
6s 62 10 - 78.6
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Table 1g
No. Times Time Time %
Frozen Allowed for
and for Thawing Activity Systenm
Thawed Freezing (min) ‘
: (min) Remaining
i. 1f 3.5 21 82.1 S-MDH,
sodium
2f 2 21 78.8 phosphate, pH 7.l,
serum albumin
3f 2 22 76.9
~ sodium
2r 2 22 114.0  |phosphats, pH T7.l,
serum albumin
3r 2 22 114.6
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Table 2a
No. Times Time Time %
Frozen Allowed for ‘
and for Thawing Activity System
Thawed Freezing (min)
(min) Remaining
potassium
- 2r 2 22 1.8 phosphate, pH 7.l,
: serum albumin,
3f 2 17 T7 mercaptoethanol,
A 1 M KCl
ii. 1f L 16 98.8 M-MDH,
potassium
of 2 13 8l phosphate, pH 7.l,
serum albumin,
3r 2 v 15 82.5 ' mercaptoethanol,
' 1M KCl
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Table 2b
No. Times Time Time %
Frozen | Allowed for
and for Thawing | Activity System
Thawed Freezing (min) ’
' (min) Remaining
i, 1f 2 17 110.8 S-MDH,
Tris=-acetate,
2r 2 17 99.0 serum albumin,
mercaptoethanol,
3r 2 17 113.7 1 M KCl
11, If 2 19 90.2 M-MDH,
Tris-acetate,
2r 2 1l 91.7 serum albumin,
mercaptoethanol,
3f 2 16 112.9 I M KCl

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

63.1

Table 2c¢
No. Times| Time Time %
Frozen Kllowed for :
and for Thawing | Activity System
Thawed Freezing (min)
" (min) Remaining
i. 1r 2 18 87.2 S-MDH,
. potassium
- 2f 2 17 73.2 phosphate, pH 7.k,
~ serum albumin,
3f 2 16 61.2 1 M KC1
hs 296 8
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Table 3a
No. Times Time Time %
'} Frozen Allowed for '
and for Thawing | Activity Systenm
Thawed | Freezing (min)
’ (min) Remaining
1. 1f 2 18 ho3 S-MDH,
' potassium
- 2f 2 19 1.1 phosphate, pH T.li4
serum albumin,
3f 62 1k 1.8 mercaptoethanol,
, 10 ymoles Mg+
ii. 1f 2 20 88.9 M-MDH,.
potassium
or 2 19 80.3 phosphate, pH Telts
' serum albumin,
3f 2 20 83.8 mercaptoethanol,
‘ 10 smoles MgH
s 386 20 88.9 v
111, If 2 20 5.6 M-MDH,
potassiuwm
2r 2 20 17.5 phosphate, pH 7.l
serum albumin,
3r LS 18 1.6 mercaptoethanol,
30 pmoles Mg+
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Table 2b
No, Times| Time Time %
Frozen Allowed for ‘
and for Thawing | Activity System
Thawed Freezing {min)
(min) Remaining
i. 1f 2 19 - 93.L S-MDH,
potassium
2f 2 18 98,0 phosphate, pH 7.l,
' A serum albumin,
3f 2 23 91.1 10 pmoles Mg#H
s 159 11 ~ 89.5
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Table 3c
No. Times Time Time %
Frozen Allowed for
and for Thawing | Activity Systenm
Thawed Freezing (min)
(min) Remaining
Tris-acetate,
2r -2 20 102.8 serum albumin,
mercaptoethanol,
3f 2 19 68.7 20 pmoles Mgt
Ls 2)6 1l 57.0
11. 1f 2 21 95.0 M-MDH,
Tris-acetate,
2f 2 19 93,k serum albumin,
' mercaptoethanol,
3f 2 20 116.0 20 pmoles MgH
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Table |t
No. Times| Time Time %
Frozen Allowed for :
and for Thawing | Activity System
Thawed Freezing (min) ‘
: (min) Remaining
i, 1f 2 20 29.l1 S=MDH,
potassium
of 16 15,0 phosphate, pH 7.l
v serum albumin,
3f 2 16 10.7 mercaptoethanol,
- 2 ymoles Znt
s 120 1l 11.9
ii, 1f 2 18 101.9 M-MDH,
potassium
2f 2 18 97«7 phosphate, pH Tl
‘ serum &lbumin,
3r 2 18 93.2 mercaptoethanol,
2 pmoles ZnH
Is L3 10 98.2
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Table §
No. Times Time Time %
Frozen Allowed for
and for Thawing | Activity System ,
Thawed | Freezing (min) *
' (min) Remaining
i. 1f 3 16 7641 S«MDH,
potassium
2f 2 17 76.5  {phosphate, pH 7.l
serun albumin,
3r 2 17 68.9 mercaptoethanol,
_ : ' NADH
L 2 16 59.1
Ss 121 11 - 6T7.6
i1, 1f 2 17 47.5 S-MDH,
: potassium
2f 2 19 30.6  |phosphate, pH 7.l
serum albumin,
3r 2 17 26,0 mercaptoethanol,
NAD .
Ls 120 21 11.7
111, 1f 2 18 63.3 S-MDH,
o potassium
2f 2 18 61.0 phosphate, pH 7.l
serum albumin,
3f 2 17 38, mercaptoethanol,
OAA
Lt 2 16 38.9
5s 62 12 39.3
iv. 1f 15 ha.ly S-MDH,
potassium
2f 2 19 29,6 phosphate, pH 7.l
‘ , serum albumin,
3s 62 1l 29.h mercaptoethanol
: mallic acid
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