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LITERATURE REVIEW

Introduction

Malate dehydrogehase can be found in nearly all eukaryotic cells,
The primary reaction catalyzed by this enzyme is reversible reduction of
oxalacetate to L-malate in the presence of of NAD(H), with the apparent

equilibrium at pH 7,0 lying in the direction of L-malate production(1).
Oxalacetate + NADH + H" == L-Malate + NAD" .

Malate dehydrogenase also catalyzes several reactions of minor importance,
including dehydrogenation of aspartate(2), along with oxidation of
D-tartrate, tartronate, oxaloglycollate, and o(~hydroxyglutarate(3). The
class of enzymes described above are celled simple malate dehydrogenases,
in order to differentiate them from the decarboxylating melate dehydro-
génases, or malic enzymes, which catalyze the conversion of L-malate to

pyruvate and carbon dioxide(1).
Pyruvate + COp + NADPH + HY — L-Malate + NADP"

No further references will be made with regard to the decarboxylating
malate dehydrogenases., All discussions will concern only the simple
malate dehydrogenases.

Malate dehydrogenase(MDH) appears to be associated with both the
inner membrane and the matrix of the eukaryotic mitochondria, There is
evidence that the mitochondrial MDH possesses certain structural pro-
perties that‘are also found in other mitochondrial enzymes, such as
agpartate aminotransferase, and that these properties can result in the

association of the enzyme with the inner membrane itself., Very dilute
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solutions of the types'§f lipids which comprise about 20% of the inner
membrane affect the properties of mitochondrial MDH(4), Lysolecithin
has been shown to reduce the rapid rate of thermal inactivation of the
miﬁochondrial MDH upon binding to the enzyme(5). However, lysolecithin
is only a minor component of mitochondrial lipids. On the other hand,
lecithin, a major lipid component, produced no measurable stabilization
upon binding(5). Palmitoyl CoA(6) and lipoic acid(7) are known inhib-
itors of malate dehydrogenase activity. There is evidence, - therefore,

that the enzyme can bind to lipids and become associated with the inner
membrane, |

The fact that mitochondrial MDH seems to be located in both the imner
membrane fraction and the inner membrane matrix could be due to ionic
effects, Increasing levels of succinate elicits the release of‘both
mitochondrial malate dehydrogenase and mitochondrial aspartate amino-
transferase from the innér membrane fraction'of'mitochondria(é)‘*
Increasing levels of eithér éucrose or certain monovalent and divalent
cations produce the same effect as succinate(9), The molecular bases of
these ionic-~ and lipid-related properties are unknown at the present.

Mitochondrial malate dehydrogenase catalyzes an important link in
the tricarboxylic acid(TCA) cycle, which is found in nearly all aerobic
organiéms. The cycle is thé common dentral pathway for the degradation
of the two-carbon acetyl residues derived no£ only from carbohydrates
but also from fatty acids and amino acids. The MDH reaction is one of
several in the tricarboxylic acid éycle which generate hydride ions, aﬁd
these, in turn, are transferred via the electron transport system for

the reduction of molecular oxygen to water(10).



Most eukaryotic cells are known to possess two forms of malate
‘dehydrogenase, the mitochondrial form(m-MDH) and a second form located
in the extramitochondrial cytoplasm(c-MDH)., A third type of MDH has
been found in various plant tissues, primarily in thé microbody,or
glyoxysome fraction, and is thought to function in the glyoxylate
cycle or photorespiration(10).

Both the mitochondrial and cytoplasmic forms of MDH participate in
the malate shuttle which transports hydride ions across the mitochondrial
membrane, L-Malate in the presence of phosphate is permeable and
thereby transfers a hydride ion when it is oxidized to oxalacetate by
the mitochondrial MDH, Mitochondrial and cytoplasmic forms of aspartate
aminotransferase act in a similar manner to transport hydride ions into
the mitochondria via permeable glutamate and aspartate, which are
co-~transported across the membrane by a specific carrier protein.
L-Malate is'also‘co-transported with X=ketoglutarate by a specific
transport system(10).

Mitochondrial and cytoplasmic forms of the same enzyme are examples
of isozymes, whose differentiation is based not only on cellular or
organelle origin, but also on distinguishing kinetic and mechanistic
characteristics, When compared with the cytoplasmic isézyme, the mito~
chondrial MDH from chicken heart posséssed higher specific activity, a
lack of tryptophan, a more cationic charge at pH 7,0, and was less
thermally stable(11), In addition, various studies indicate that each
MDH isozyme can exist in multiple subforms with different isoelectric
points., Although these subforms appear to be the result of genetic

differences or structural alterations arising either intracellularly or
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during preparative manipulations(gﬁg&,'deamination of asparaginyl and
glutaminyl residues) the subforms, unlike the isozymes, do not normelly
show different kinetic or mechanistic characteristics(11), One study
did indicate, however, that subforms which had undergone reversible
denaturation ﬁossessed different thermal stabilities(12). Kitto and
Kaplan(11) reported five subforms of the chicken mitochondrial MDH,
while the cytoplasmic isozyme had three subforms, The physiological
importance of these subforms is unknown, and may simply be artifacts

resulting from purification procedures.

Malate dehydrogenase has been purified to homogeneity from a wide
variety of sources. Porcine and bovine heért have been the sources of
most studies concerning the enzyme,.with Wolfe and Neilands(13) ?roducing
the first seemingly pure preparation of the porcine mitochondrial enzyme,
Most methods of isolation involved combinations of some of the following
preparative or purification procedures: acetone powders, ammonium sulfate
or ethanol fractionations, anion and cation exchange columns, Sephadex
columns, and crystallization(1). More recent advances involve affinity
chromatography using Blue Dextran Sepharose(14-17) or Adenosine 5'-mono-
phosphate-Sepharose(18), and hydrophobic interaction chromatography(19).

Simultaneous isolation of both isozymes from the same tissue can be
achieved either by careful removal of the intact mitochondria in the
crude extraction step or by anion and cation exchange chromatography of
the initial homogenate, The latter method has been used to advantage(1).

Kitto and Kaplan(11) devised a method for separation of the chicken heart



mitochondrial and cytoplasmic forms of the enzyme from the same homo-

genate, vhich netted final yields of 15% and 11% for the cytoplasmic and

mitochondrial isozymes, respectively.

Phygical Characteristics

The molecular weights of MDH from various species has been reported
to be from 15,000~70,000 grams/mole(1). The values reported for the
chicken heart enzyme alone have varied from 20,000 to 70,000 gm/mol(11).
More recently, the molecular weights for both isozymes have been consisw
tently reported to be in the 60,000~70,000 gm/mol range. Murphey(20)
measured the molecular weights of eight different MDH species, including
both chicken isozymes, and found them all to possess weights of 67,000
gm/mol.

A11 the experimental evidence indicated that animal malate dehydro-
genase was composed of two identical or very similar polypeptide chains
of molecular weight 33,000-35,000 gm/mol. The sﬁbunits of the dimer
must be held together by noncovalent bonds, since an absence of disulfide
bonds between the subunits has been reported(1).

There is a very distinct similarity in the amino acid composition of
the mitochondrial isozyme among different species, while a corresponding
similarity exists between the cytoplaémic isozyme from different éources.
In addition, a noticeable similarity exists between the mitochondrial and
cytoplasmic forms within the seme species(1). Schellenberg(21-24) has
claimed that tryptophan is present in both isozymes of MDH,  However,
Kitto and Kaplan(11), as well as Eberhart and Wolfe(25), have shown that

tryptophan is present in the cytoplasmié form, but is totally lacking in



the mitochondrial isozyme.

Kitto and Kaplan(11) performed immunological tests to further study
the similarities and differences between the chicken'isozymes. Antibodies
to mitochondrial malate dehydrogenase reacted strongly with the mitochon=-
drial isozyme,‘but produced no detectable cross-reaction with the cyto- -
plasmic form, Similarly, antibodies to cytoplasmic MDH reacted with the
cytoplasmic isozyme, but failed to éombine with the mitochondrial form.
Antibodies to the chicken cytoplasmic and mitochondrizl MDH do show
cross-reactions with their respective isozymes from species other than
chicken, and the amount of cross-reaction appears to be inversely related
to the taxonomic distance between the species involved,

The mitochondrial isozyme in chicken has a slight cationic or neutral
charge at pH 7,0, while the cytoplesmic subforms all have anionic charges
at pH 7.0. Kitto and Kaplan(11) reported five subforms of the mitochon-
drial isozyme in chicken, while the cytoplasmic isozyme had three sub~
forms. Porcine mitochondrial enzyme was reported to have sixz subforms
by Thorne et 21.(26), as determined by starch-gel electrophoresis. The
distribution pattern of these rorcine subforms was not affected by the
age of the tissue of origin, the purification procedures used or by a
number of degradative treatments, although methyl iodide and urea
treatment had some effect on the prepdrations. Afterlelution from the
gel, the subfbrmé of the porcine mitochondrizl enzyme were shown to be
relatively similar by some catalytic criteria, but to differ collec-~
tively from the porcine cytoplasmic.isozyme.

Chilson gt 2l.(27) studied the reversible dissociation of chicken -

mitochondrial MDH through the use of guahidine HC1l, pH extremes, 8 M urea,



and 6 M 1ithium chloride. Buffers containing phosphate, citrate, or
malate, salts, neutral pH, NADH, and the reducing agent /S-mercapto=-
ethanol were all found to promote the rate of reactivation and @révent
heat denaturation of the reassociated enzyme, while the presence of
halide ions héd a deliterious effect on reassociation of the denatured
MDH, Immunological studies and molecular weight determinations indicated
no difference between the native ana rénatured enzyme., Chilson gt al.
(27) also used these reversible denaturation studies té produce inter-
species hybrid forms of malate dehydrogenase(edch~subunit from a dif-
ferent species), including a hybrid of chicken mitochondrial and tuna
mitochondrial isozymes, which possessed an-electrophofetic mobility
intermediate between the two parent isozymes.

Detailed moleculai structural data has been reported for the cyto=
plasmic chicken heart isozyme only, and it has been found to possess a
close structural homology to dogfish lactate dehydrogenase(28), Uhether
this homology and structural data can be extrapolated to the mitochondrial
form of the enzyme is only speculative at this time. Howéver, for the
purposes of discussion of certain topics, the molecular model of cyto~
plasmic MDH shall be referenced occasionally.

- The possibility of a stable and active monomer of the enzyme has
genérated much discussion but little data in recent years. The question
of whether or not there is a structural basis for a stable and active
monomer camnot be answered with the molecular model of cytoplasmic MII,
This model indicates that there are no lnown residues of one subunit that
contribute to the active site on the opposite subunit. In addition, most

of the chain segments that comprise the'hydrophobic subunit interface



have meny more nonbonding interactions with atoms in their own poly-
peptide chain than with the paired subunit. Therefore, upon disso-
ciation, one might assume that it might take up an a}tered,orientation
with respect to the remainder of its polypeptide chain, Should this
occur, a confﬁrmation&l difference between a polypeptide chain in the
dimer form and one in the monomeric form would probably exist(1).
Whether or not this change could aliow or prevent the occurrence of an
active monomer is unknown.

Since the dimer of MDH has been shown to be comprised of two
identical, or close to identical, subunits, each dimer should possess
two equivalent binding sites in both the cytoplasmic and mitochondrial
isozymes, These two binding sites are thought to exist adjacent to the
subunit interface, but on opposite sides of the‘dimer, with the monomers
in a head~to-teil configuration(1), Holbrook and Wolfe(29) have showm
the existence of two binding sites for the porcine isozymes, while Kitto
and Kaplan(11) have reported two binding sites for the chicken isozynes.
The only cases of a single binding site in the MDH dimer have been
reported for the bovine isozymes., Gregory(30) and Siegel and Fllison(31)
report one binding site for the bovine'mitochondrial dimer, while Cassman
and Englard(32) have found a single binding site in the bovine cytoplasmic
isozyme,

There seems‘to be three basic models of enzyme types. Those enzymes
which possess a crevice for an active site, among them MDH, act upon
small molecules and chaing in which.the bond to be severed is relatively
exposed, Examples of the other two enzyme models are chymotrypsin and

carboxypeptidase, Chymotrypsin, thoughtvto have a shallow depression
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for an active site, appears to be designed to fit against a larger
structure and to act on peptide bonds rather than to enfold a single
- strand, Carboxypeptidase possesses a pit, which seems logical éince
it acts to remove the end of a chain, which can easily fit into the
pit-shaped active site(33).

Malate dehydrogenase is thought to possess a Y-shaped crevice for
an active site, which will be considered equivalent t§ the substrate
and coenzyme binding sites throughout this thesis, into which the
pyridine nucleotide binds in an open or extended conformation, This
open conformation of NAD® has been éhown to be considerably diffefent
from the nucieotide's configuration in solution, where it takes on a
folded or stacked conformation(34). The adenine end of thé'boundv
coenzyme is close to the solvent but still is iocaﬁed within a groéve
in the surface, while ths pyridine ring is completely buried in the
coenzyme binding cavity, The binding site for the substrate moiety has

been proposed to be directly adjacent to the coenzyme binding site.

Kinetic Analvsis

The mammalian malate dehydrogenase requires, as substrates, the
dicarboxylic acid, the dinucleotide coenzyme, and a proton from the
solvent, Most dehydrogenases are believed to overate via a compulsory
ordered addition of substrates, as shown in Figure 1. An abortive
ternary complex, MDH-NADH-L-mzlate, is shovm in the scheme, since these
are always péssible vhenever multiple substrates are involved, Althougt
this abortive ternary complex, MDH-NAD+-OAA, has yet to be reported(35),
The presence of an anion in the substrate binding site, which has been

suggested by crystallographic studies on cytoplasmic MDH, has not been
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Figure 1¢ The Mechanism for the Malate Dehydrogenase Reaction -

The catalytic pathway is an ordered reaction mechanism for malcote
dehydrogenase., The steps in the catalyzed oxidation for L-mnlate or
reduction of oxalacetate are represented by a schematic set of ordered
binding reactions. The substrates L-malate and oxalacetate are abbre-

‘viated MAL and OAA, respectively. The addition of a proton, a nccessary
step in the catalytic reaction, is indicated in dotted lines at three
different positioné in the pathway, This is to show that there are no
data on where it participates in an ordered scheme. 4An example of an

abortive termary complex is also shown(1).
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included in the reaction pathway(36). The pathway for the proton, which
is necessary for the formation of the productive ternary complex, has
also not been included, The rate-limiting step fbr.both»diregﬁions of
the catalytic reaction appears to be dissociation of the coenzyme and
not the intefconversion of productive ternary complexes(1).

Since there are a large number of functional groups on NADH that
have the potential of being involved in binding to MDH, fragments of
this coenzyme should also be bound, This has been shown to be true for
ADP, AMP, and ADP-ribose, with the latter substance being especially
similar to the coenzyme in both the\charge distribution around the
pyrophosphate bridge and the number of potential groups that could be
involved in hydrogen binding(37). |

Cassman and Vetterlein(38) reported the bovine heart cytoplasmic
MDH existed in phosphoryiated and dephosphoryiated-fbrms. The phos~
phorylated species(1 mol of phosphate per mol of enzyme) is said to have
a specific activity twice that of the dephosphorylated species, Differ-
-ences in the behavior of the two forms with respect to the coenzyme end
fructose=1,6-biphosphate was also reported; A gignificant increase in
specific activity has been observed b& Gregory for the bovine mitochon:
drial MDH upon'addition of phosphate to the assay mixture.! The presence
of these two forms may represent some type of metabolic control mechanism
that is similar to that kmown for several regulatory enzymes(38).

Toxicology involves the study of how the body handles foreign com-
pounds that have been introduced into the human organism, and the effect

that these substances have on various biochemical reactions. A large

1E. M, Gregory, unpublished data,
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number of nonphysiological compounds which affect the activity of malate
dehydrogenases have been demonstrated, Metal compounds such as plat-
inun(II), which have been used in cancer chemotherapy, complex irrever-
sibly with the enzyme(39). Phenols and substituted phenols(40) along
with the insecticide Kepone(41) are inhibitors of MDH,

Chemical Madification

Specific chemical modification ha_s ‘been used in an attempt to
identify the essential residues involved in the mechanism of the enzyme,
A variety of amino acids have been investigated for their role as poten=
tial active site residues by using various modification reagents.. Only
histidine has been clearly implicated as a catalytic active residue,
although modification of other amino acid residues can cause inactiva-
tion(1). Modification of sulfhydryi groups(30, 42~44), arginine(45),
lysine(46, 47), tyrosine(31), and methionine(l.,S) have all been reported
to cause inactivation of the enzyme, and have been suggested to occupy
a position in or near the active site, Since there is very little
published data on the specific chemical modification of residues in the
chicken ‘heart enzyme, most of the references here involve studies dem‘e
with other forms of MDH,

The reagent 5,5'-dithiobis-(2-nitrobenzoic acid)(DTNB) was found to
react with threé to four out of 10 to 11 thiol groups in the porcine
mitochondrial isozyme(49). Similar studies with the porcine cytoplasmic
(50) and ox kidney(49) enzymes demonstrated a reaction of two ~SH
residues with 5,5'-dithiobis-(2-nitrobenzoic aéid). Three of six

reactive cysteine groups were reported to combine with p-mercuribenzoate
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vhen the bovine cytoplasmic form was dsed(51).' None of these studies
reported a loss of enzymatic activity upon modification.

Porcine mitochondrial MDH was activated when combined with mer-
curials in léw concentrations but at higher concenirations of mercur-
ials was inaétivated(SZ). This phenomenon was examined with p-mercuri-
benzoate and it was found that maximum activation occurred after modi-
fication of three to fbur‘cysteine‘residuea. Reaction of seven to
eight residues produced greater but transient activation followed by
inactivation(53), - Stimudation by mercury(II) ions was reported by
Kuramitsu for porcine mitochondrial MDH, but the activation was
dependent on the presence of L«m&late(sz).v

N-Ethyl maleimide(NEM) has been shown by Gregory to modify two
essential thiol groups per molecule of enzyme for the porcine mito-
chondrial isozyme(42), and one essential thiol group per bovine mito-
chondrial dimer(30). Both reactions were inhibited by the presence of
coenzyme, Similar results were obtained with thé porcine enzyme by
utilizing 4,4'~bisdinethylaminodiphenylcarbinol (BDC-OH), as reported by
Humphries(54). It appears that the cytoplasmic form is not reactive
with modifiers of ~SH groups(1), wheréas the mitochondrial isozyme
sulfhydryl group is apparently necessary either for MDH activity or for
a stable conformation of the active enzyme,

The modification of a histidine residue at each active sité by iodo-
acetamide has been reported for both the porcine and bovine nitochondrial
isozymes by Gregory(30, 55). The ?roduct of the inactivﬁﬁion reaction
with the porcine heart enzyme was demonstrated to be a 34carboxymethjl-

histidine, These modification reactions could be prevented by the
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presence of coenzyme or substrate, Gregory(56) has isolated a labeled
tripeptide frém the porcine mitochondrial enzyme by the use of labeled
iodoacetamide and a protease digest, and this tripeptide, 3-carﬁoxy5 .
methylhistidine~glycine~-glycine, is thought to be present in the active
site, |

Modification of the active center histidine group has also been
reported involving the use of diethylpyrocarbonate(57), which acted
upon the porcine cytoplasmic isozyme, and elicited inactivation even
when the coenzyme was present, Reports of a histidyl modification by
jodoacetic acid(58) in mitochondrial MDH probably involves a histidine
residue that is different from the one mentioned above, No reaction -
with iodoacetate is reported by Gregory for either the porcine or bovine
mitochondrial isozymes!(56).

Yost and Harrison(59) have reported that porcine mitochondrial MDIU
is irreversibly inactivated by pyridoxal 5'—phosphate(PLP).. In view of
the usual reversibility of this reagent when:.reacted with the & -amino
group of lysine, and the unusual spectral properties of the derivative
formed, it was concluded that the reaction with PLP proceeded by way of
modification of lysine followed by thé formation of a secondary stable
complex, Such a complex might be a thiazolidine~like compound formed By
the reaction of the Schiff base with a neighboring cysteinyl residue.

Foster and Harrison(60) demonstrated that 2.4 arginyl residues per
dimer are modified by the reagent butanedione in the porcine mitochon-
drial enzyme. :This inactivation can be prevented by the presence of
coenzyme, suggesting that the modified residues are located near the

coenzyme binding site. Bleile gt 2l.(45) have reported a similar
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modification by butanedione in the poréine cytoplasaic isozyme. They
measured a total of four arginine residues modified, only two of which
could be protected by'the presence of coenzyme, and these two aﬁpeared
- to be essential,

Siegel aﬁd Fllison(31) have reported modification of a single
tyrosine residue with acetylimidazole'iﬁ the bovine heart mitochondrial
isozyme with resultant loss in catalytic activity. A similar modifi-
cation of tyrosine resulted from the presence of tetranitromethane,
Both reactions could be prevented by the addition of éoenzyme or sub-
strate, The presence of a single essential tyrbsine residué is in
agreement with the single active site reported by Gregory(BO) for the
bovine enzyme. |

Leskovac and Pfleiderer(48) claim to achieve modification of an
essential methionine residue in the active site;of-porcine'cytoplasmic
MDH, The reagent used was iodoacetate, which cérboxymethylated the
residue to give a carboxymethylmethionine éulfonium salt, Concentrations
of iodoacetate that were greater than 1000 molar excess over the enzyme
concentration were required to elicit a reaction; and the presence of

coenzyme offered only limited protection from inactivation.



EXPERIMENTAL, PROCEDURE

Materialg — L-Malic acid, oxalacetate(OAA), Z-nicotinamide adenine
dinucleotide(oxidized) (NAD"), A Z-nicotinamide adenine dinucleotide
(reduced) (NADH), iodoacetic acid(IAA), iodoacetamide(IAM), and 5,5'=di-
thiobis-(2-nitrobenzoic acid)(DINB) were supplied by Sigma Co., Ponceau S,
nitro blue tetrazolium(NBT), phenazinemethosulfate(PMS), L-cysteine,

/3 =mercaptoethanol(BME), and éthylenediaminetetraacetic acid, disodium
salt(EDTA) were also obtained from Sigma Chemical Co., N-Ethyl maleimide
was a product of Alarich Chemicals. Iodo-[§14Li]acetamide was from New
England Nuclear, Sephadex G-150, Blue Dextran Sepharose, and 10-Carboxy-
8ecy1 Sepharose were purchased from Pharmacia Fine Chemicals. Bio-Rex 70
and Carboxymethyl cellulose(CM 32) were obtained from Bio-Rad Labora-
tories, DEAE-Cellulose was supplied by Whatman, All.other chemicals
were of reagent grade,

Protein Congentration Determinations =~ In the purification of the
enzyme, protein was determined by the method of Lowry(61). Bovine serum
albumin was used for calculation of a standard curve.

All other protein coﬁcentrations were determined spectrophotomet-~
rically by measuring the absorption of light at wavelengths of 280 and-
260 nm, as described by Warburg and Christian(62). This method involwved
the use of a formula to correct for absorbance by non-protein substances.

Unless otherwise néted, the extinction coefficient reported by Kitto
and Kaplan(11) for the homogeneous enzyme was used, which was a value of
3,0 ml mg'1“cm”1. This extinction coefficient was verified for the homo-~
geneous chicken heart MDH, The molar quantity of enzyme, determined from

the extinction coefficient and molecular weight, acid hydrolyzed and
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analyzed with the amino acid enalyzer was identical to the molar quantity
of amino acid residues recovered, Since the amount of amino acid residues
is determined by a separate standard, these results verified that the
extinction coefficient was correct.

A11 protéin wvas dialyzed at 49, and the buffers contained 1 mM EDTA,

Catalytic Properties Determinations - Enzyme assaysbwere perforned
on a Unicam SP 800 at 25°, Except ﬁhere noted, all assays were performed
in 3 ml of 100 mM sodium pyrophosphate, pH 10,6, 4 mll NAD', and 33 mM
sodium L-malate, The reaction was initiated by enzyme addition and the
rate of absorbance increase at 340 nm was recorded,

The reduction of oxalacetate to L-malate was performed in 3 ml of
100 wM sodium phosphate, pH 7.4, 0.15 mM NADH, and 1.0 mM oxalacetate,
The reaction was initiated by the addition of enzyme and the rate of
absorbance decrease at 340 nm was recorded.

A millimolar extinction of 6,2 at 340 nm was assumed for NADH, One
unit of MDH was defined as the amount of enzyme catalyzingﬁthe converslon
of 1 micromole of substrate to product per minute under these conditions.

Enzyme Purification ~~ The procedure for purification of the chicken
“heart mitochondrial MDH, as presented here, is summarized in Table I,

The entire procedure was done at 4°, *

. Domestic chicken hearts, fresh or frozen ones that had been thawed,
were used as the source of the enzyme., Into a chilled Varing blendor
were placed 125 grams of chicken hearts, These hearts were then subjected
to low speed blending until they were well minced., Five hundred milli-~
liters of 25 mM sodium phosphate, 1 mlM EDTA, 1 mM BME, pH 7,0, was added

to the heart mince, The mixture was blended at high speed for one minute,
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Table I: Purification of Chicken Heart Mitoch’ondrial MDH

The purification scheme shown was used_ in isolating homogeneous
enzyme for the experimentation performed fof this thesis. The "Exper-
imental Procedure" section contains a description of the buffers used
in the purifiéation of the enzyme, and also the storage conditions for
‘the enzyme, FProtein concentrations and catalytic activities were
obtained according to the methods described in the experimental pro-
éédure section. Thé amount of recovery shown for the mitochondrial
isozyme in "Totai Percent Recovery" is low, since it is based on tﬁe
activity o'f-‘ the crude éxtrac‘o, which contained both the mitochondrigl
and cytoplasmic isozﬁes. The "Corrected Percent Recovery" is the
theorétical yield of only the mitochondrial isozyme, which assumes that
the activity that did adhere to the DEAE-cellulose and did not biﬁd to
the Bio-Rex 70 column(26% of the initial activity) was exclusively all
of the cytoplasmic isozyme. The figures shown are adjusted to ;c'epresent
the yield from 250 grams of tissue.



Table I: Purification of Chicken Heart Mitochondrial Malate Dehydrogenase

310,0 ml mg~! cm~1j 211 others are 3.0 ml ng~! cm=T

23,700

Aetivity Purif,

bTheorstical recovery of mitochondriel isozyme. See text for explenation.

Total  Corrected Specific
Volume Total % Protein Total
Step (m1)  Unitg/ml Units Recovery RecovervP (me/ml) _mz (U/me)
Crude‘Extracta : 910 63 57,250 100 100" 11.4 10,400 5.5
. DEAZ=Cellulose . v A
| Effluent® 1025 53 53,800 94 100 3.1 3200 17
Bio-Rex 70 Effluent 1755 6.5 11,300 20 0 0.7 1250 9
Bio=Rex 70 Pool 138 220 30,600 54 72 1.85 255 120
lmicon Filtrate(1st) 154 0.5 100 - - - - -
CiM 32 Pool(1st) 164 166 27,200  47.5 63 0.60 55 295
Amicon Filtrate(2nd) 147 0.5 100 - - - - -
CH 32 Pool(2nd) 127 187 42 56 0.35 45 340

Factor

1

3

22

54

62

Oc¢
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then cooled in ice for one minute, again blended at high speed for one
minute, and allowed to cool in ice for five minutes. This procedure
was repeated three times, for a total of eight one-m;nute treaﬁﬁents.
The tissue slurry(250 grams of heart, 1000 milliliters of buffer) was
centrifuged at 12,000 rpm(21,000 x g) for 20 minutes in the GSA rotor,
and the pellets discarded, The supernatant fluid(Crude Extract) was
retained and assayed for MDH activify.

DEAE-Cegllulose was packed in a 5 x 55 cm column until a final bed
volume of 950 ml had been achieved, and the resin was equilibrated in
25 mM sodium phosphate, 1 mM EDTA, 1 mM BME, pH 7.0, The crude extract
was passed through this column, with 94% of the MDH activity passing
unretarded through the DEAE-cellulose. The effluent changéd fron a
reddish, opaque mixture to a cleér red upon passage through the column,
This step probably eliminated most of the lipids from the mixzture, as
evident from the increased clairity of the mixture. Iven though mito-
chondrial MDH has a slight anionic charge at pH 7.0, it does not appre-
ciably adhere to this anion~exchange column under these conditions.
This is probably due to strong competition with the other substancés in
the crude extract(eg,z,, lipids) that épparently have a stronger affinity
for the DEAE-cellulose. The column effluent was assayed for MDH activity.

-Bio-Rex 70(200~400 mesh) was packed in a 3 x 60 cm colunn until a
final bed volumé of 230 ml had been attained, and the resin was equili-
_brated in 25 mM sodium phosphate, 1 mM EDTA, 1 mM BUE, pH 7,0, The DEAE-
cellulose effluent was pumped onto the column at a rate of 75 ml/hour,
followed by the phosphate buffer until the absorbance at 280 nm of the

column effluent was less than 0,1 absorbance units., Up to this point,
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an extinction coefficient of 10.0 ml mg'1 em~' was used, while for the
remainder of the purification scheme, ah extinction coefficient of

3.0 ml mg‘1 em~! was used, Following the Bio~Rex 70.chromatogréphy,

the enzyme solution became sufficiently pure to justify using the extinc-
tion coefficient reported by Kitto and Kaplan(11) for the homogeneous
enzyme, Prior to the Bio-Rex 70 step, the enzyme mixture was too impure
to use the smaller extinction coefficient. The MDH activity that does
not adhere to the Bio~Rex 70(Bio~Rex 70 Effluent) was presumebly the
remainder of the cytoplasmic form that did not bind to the DEAE-cellulose
column, since the cytoplasmic form is more anionic at pH 7.0 than the
mitochondrial isozyme, Even though the Bio-Rex 70 is a cation exchanger,
the mitochondrial isozyme remained bound to the column, poésibly due to
hydrophobic interactions with the acrylic polymer lattice., The enzyme was
eluted from the column by an ionic strength gradient. The gradient con-
sisted of 500 ml of 25 mM sodium phosphate, 1 mM EDTA, 1 mM BME, pH 7,0,
and 500 ml of 25 mM sodium phosphate, 250 mM NaCl, 1 mM EDTA, 1 mM BME,

pll 7,0, The effluent was collected in 8 ml fractions, dnd was assayed
for MDH activity(Figure 2). TFractions with specific activities greater
than 15 U/mg were combined(Bio~-Rex 70 Pool).

The pooled fractions were concentrated to about 30 ml using an
Amicon UM~10 ultrafilitration membrane with 70 psi of nitrogen pressure,
and the Amicon Filtrate(1st) and retentate were assayed for activity,
Carboxymethyl cellulose(CM 32) was packed into & 3 x 60 cm column until
a final bed volume of 250 ml was atfained, and the column wes equilibrated
in 5 mM sodium phosphate, 1 mM EDTA, 1 mM BME, pil 6,6, The concentrates

from two separate Bio-Rex 70 Pools were combined and dialyzed against



Figure 2: FElution Profile from Bio-Rex 70 Chromatography

A column of 3 x 60 cm was packed with Bio-Rex 70(200~400 mesh)
cation exchange resin and the enzyme sample, consisting of approximately
54,000 enzyme units with a specific activity of 17 units per milligram of
protein, was pumped onto the column, DBoth the ion exchange column and
vthe protein sample had been equilibrated with 25 mM sodiuvm phosvhate,
1 mM EDTA,.1 mM BME, pH 7.0, After adding the protein, the column was
washed with the phésphate buffer for 12 hours., At this time, a linear
ionic strehgth gradient ag deteiled in "Experimental Procedure" was
applied for protein clution at a flow rate.of 75 ml/hour. ‘Protein was
estimated in the collected fractions by absorbance at 280 nm, and
- enzyme activity was meésured by the standard assay system. The conduc~
tivity of each tenth fraction was measured at 4° with a conductivity

meter, The chrométography and all manipulations were performed at 4°,
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Elution Profile from Bio-Rex 70 Chromatography



three 4-liter volumes of the pH 6.6 buffer, and then pumped onto the

CM 32 column. This was followed with phosphate buffer until the absor-
bance at 280 nm of the column effluent was less than 0.1 absorbénce
units., The enzyme bound to this column because the pH had been lowered
to 6.6, and the mitochondriai MDH now had a slight'positive charge.

The enzyme was eluted from the column with an ionic strength gradient.
The starting buffer was 500 ml of the pH 6.6 buffer described above,
and the limit buffer was 500 ml of 60 mM sodium phosphate, 1 ml EDTA,

1 oM BME, pH 6.6, The effluent was collected in 8 ml fractions, and
was assayed for MDH activity(Figure 3). Fractions with specific active
ities greater than 100 U/mg were.combined(CM 32 Pool-~1st).

The pooled fractions were concgntrated by Amicon filtration as
above, and pumped onto a CM 32 column equilibrated with 5 m¥ sodiunm
phosphate, 1 mM EDTA, 1 mM BME, pH 6,6, The protein was eluted as
described above, Fractions with specific activities greater than
330 U/mg were combiﬁed(CM 32 Pool—-2ndj(Figure 4). These pooled
fractions were concentrated by dialysis in 2,9 M ammonitum sulfate,
pH 7.0, centrifuged, and the pellet resuspended in a minimum volume
of 2,9 M ammonium sulfate, pH 7.0, to-a protein concentration of
approximately 5 mg/ml. Final yield is about 45 mg of homogeneous
enzyme, with a specific activity of 340 U/mg, or 1920 U/mg in the
direction of oxﬁlacetate to L-malate, ©Studies were performed to
determine the best storage conditions for the homogeneous enzyme.
Various concentrations of ammonium.sulfate at pll 7.0 were prepared,
and the MDH was dialyzéd against them for three weeks., After this

time, the enzyme was centrifuged and redialyzed against phosphate
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PFigure 3: FElution Profile from First CM 32 Chromatography

) Approximately 54,000 enzyme units were piaced on 2 3 x 60 cm column
of carboxymethylcellulose 32 cation exchange resin, which had been
equilibrated with 5 mM sodium phosphate, 1 mM EDTA, 1 mM BME, pH 6,6,
The specific activity was 120 units per milligram of protein., The
“enzyme had been equilibrated by dialysis in the sodium phosphate buffer
described above, The protein was loaded onto the column, and ves
washed with the phéspha'be equilibration buffer for 12 hours. At this
time, a linear.ionic gradient as detailed in "Experimental Procedure"
was applied for protein elution at a flow rate of 75 ml/hour. Prétein
was estimated by the absorbance of the collected fractions at 280 nm,
and enéyme activity was measured by the standard assay system, The
condué’civity of each tenth fraction was measured at 4°, The chromato-

graphy and all maziipulations were performed at JA
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Figure 4: Elution Profile from Second CM 32 Chromatography
Approximately 48,000 enzyme units were placed on a 3 x 60 cm column
of carboxymethylcellulose 32 cation exchange resin, which had been
equilibrated with 5 m!M sodium phosphate, 1 mM EDTA, 1 mM BME, pH 6,6,
The specific activity was 295 units per milligram of protein. The
enzyme had been equilibrated by dialysis in the sodium phosphate buffer
described above, The protein was loaded onto the column, end was washed
with the phosphate equilibration buffer for 12 hours, At this time, a
linear ionic gradient as detailed in "Experimental Procedure" wes
applied for protein elution at a flow rate of 75 ml/hour., Protein was
estimated by the absorbance of the collected fractions at 280 nm, and
enzyme activity was measured by the standard assay system. The con-
ductivity of each tenth fraction was measured at 4°, The chromatography

and all manipulations were performed at 40,
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buffer at pH 7.0, The activity was measured in each fraction, and the
results are shown in Table II, ‘

c Agetate Electrophoresis -- Cellulose polyacetate strips
were used to estimate the isoelectric point of the enzyme. The Strips
were pre-soaked in 1.4 mM sodium phosphate-8.6 mM sodium citrate buffer
at 4°, and approximately 0.5 microliters of enzyme solution was loaded
per strip., The tank buffer used was as described above, and the electro-
phoresis was allowed to proceed at a current of 1.5 md/strip for two to
four hours at 4°, The pH of the electrophoresis'buffer wes varied
between 5,0 and 8.0, and the’enzyme solution was dialyzed against the
electrophoresis buffer to be used prior to the electrophoresis experiment.

A solution of 2 mg/ml Ponceau S'in 30 mg/ml trichloroacetic acid was
used to stain the strips for protein. The staining could be done at room
temperature either in the presence or absence of light.

Malate dehydrogenase activity was located through the use of a
specific tetrazolium staining mixture described by Dewey and Conklin(63).
The buffer used was 0,11 M L-malate, 0.10 M Tris HCl, pH 9,0, Into
100 ml of this buffer were dissolved 70 mg NAD™, 40 mg NBT, and 2.5 mg
PMS, The strips were placed in a flat ban, and were flooded with the
staining sdlution. The strips were developed in the dark at room temper~
ature .until the dark blue activity bands appeared.

Confirmatioﬁ that the isolated homogeneous enzyme was indeed the
mitochondrial isozyme was obtained through separation of intact mito-
chondria from the chicken heart tissﬁe. Six chicken hearts were minced,
mixed with 20 ml of 0.25kM sucrose, and homogenized with 20 strokes of a

Potter homogenizer, The resulting extract was diluted to 80 ml with
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Table II: Stability of MDH in Ammonium Sulfate(pH 7.0)

Homogeneous enzyme was stored at 4° in solutions of 1.2 M, 2,0 M,
and 2,9 M ammonium sulfate at pH 7,0 for three weeks, The enzyme was
then centrifuged and separated into precipitate and supernatant frac-
tions, and redialyzed in phosphate buffer at pH 7.0 for 48 hours.
Each fraction was then assayed to determine the amount of recoverable

enzyme,
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Teble II: Stability of MDH in Ammonium Sulfate(pH 7.0)

Anount, of MDH recoverable from storage
Ammonium Sulfate Supernatant Pracinitate‘ Total
1.2 M | 28% 0% 28%
2.0 4 14% 35% 49%
2.9 M 1% 98% 9%

o visible precipitate
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0.25 M sucrosé, and was centrifuged at 1000 x g. The pellet was discarded.
The supernatant was furﬁher centrifuged at 5000 x g, and the pellet washed
twice with 0,25 M sucrose., The resulting mixture wag‘centringed at
11,000 x g, and the pellet washed twice with 0,15 M KC1, The pellet was
resuspended iﬁ 25 mM sodium phosphate, 1 mM EDTA, 1 nM BME, pH 7,0.
Sonification was performed at 60 watts for 2,5 minutes in an ice-salt bath,
and the extract centrifuged at 11,000 x go The supernatant was then
assayed for malate dehydrogenase activity, and the electrophoresis was
performed as described above,

Molecular VWeight Determinations == Ultracentrifugel analysis of the
protein was carried out in a Beckman Model E ultracentrifuge equipped
with a schlieren optical system, OSedimentation constants were deter-
mined by the Ehrenberg(64) procedure, Sedimentation velocity studies
were performed at 59,780 rpm at 4° for 60 minutes, with an enzyme con-
centration of 40 micromolar., The solvent in each éase was 50 mM sodium .
phosphate, 1 mM EDTA, except at pH 4.8 and pH 4.6, where the buffer wes
50 mM sodium acetate, 1 mM EDIA,

Molecular weights were determined with a 2 x 100 cm column packed
with Sephadex G-150 that had a final béd volume of 270 ml, The column
was equilibrated either with 100 mM sodium phosphate(pH 7.0 or 5.0) or
50 mM sodium acetate(pH 4.8). The G-150 bed was protected by layering
5 ml of G=R5 on‘top of the packed column. An elution profile of the
column was determined by using the following standards: Blue Dextran
(2,000,000 gm/mol), catalase(250,000 gm/mol), yeast alcohol dehydrogenase
(140,000 gm/mol), bovine serum albumin(67,000 gm/mol), ovalbumin(45,000
gn/mol), and cytochrome ¢(13,000 gm/mol). The standards were divided into
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two groups, with three substances in each group, and a separate elution
study was performed for each standard group., Three milligrams of each
standard within a group were dissolved into 1 ml of buffer, which waé
then centrifuged to remove the undissolved material, Sucrose was added
to the standard solution to increase the density, and the solution was
added to the top of the column., Elution was carried out using the same
buffer under 15. cm of head pressure; and the effluent collected in 1,3 ml
fractions, Samples of the native and modified MDH were prepared, placed
on the column, and eluted in a similar manner,

Minimum molecular weight was also measured with SDS-polyacrylamide
gel electrophoresis(65, 66), This was carried out in both the presence
and absence of DME to determine if any disulfide bonds existed between
the subunits., The standards used were as follows, with the minimum
molecular weights given: Standard I — catalase(60,000 gm/mol), oval-
bumin(43,000 gm/mol), and cytochrome c¢(13,000 gm/mol), and Standard II —
bovine serum albunin(67,000 gu/mol), lactate dehydrogenase(36,000 gm/mol),
and hemoglobin(16,000 gm/mol). Protein staining was carried out as des-
cribed by Weber and Osborn(65) using 1.25 g of Coomassie brilliant blue
dissolved in a mixture of 454 ml of 56% methanol and 46 ml of glacial
acetic acid, The gels were destained using a solution of 75 ml of acetic
acid, 50 ml of methanol, and €75 ml of water, Gels were destained until
the discrete baﬁds were clearly observable, which normally required about
30 minutes,

£mﬁ1xLigﬁjL£ﬂglz§g§ — The amino acid composition of the malate
dehydrogenase, with the exception of tryptophan, was obtained according

to the procedure of Spackman, Stein, and Moore(67) using a Beckman 120B
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automatic amino acid analyzer. Samplés were hydrolyzed in 6 N HCl for
24, 48, and 72 hours at 1109, All values were extrapolated to zero time
hydrolysis, with the exceptioh of 1euciné, isoleucine,‘and valine, Cys-
teine residues were determined as cysteic acid, and methionine residues
were measured as methionine sulfone following performic acid oxidation
(68)., Tryptophan content was determined by the method of Edelhoch(69),
with yeast alcohol dehydrogenase an& lysozyme being used for positive
controls, Partial specific volume was calculated according to the values
published for the component amino acids(70). Hydrophobicity calculations
were determined from the amino acid composition, using the procedﬁre of
Bigelow(71).

Enzyme that had been modified by iodoacetamide was analyzed'by the
same procedure for determination of the residue modified by the reagent.
Iodoacetamide-modified enzyme and MDH that had been protected by coenzyme
were hydrolyzed and their composition determined by the amino acid
analyzer.

Kinetic Parsmeters —- The buffers used for determining K, in the
absence of phosphate were 100 nM sodium glycinate, 1 mM EDTA, pH 10.6,
and 100 mM Tris, 1 nM EDTA, pH 7.4. Bﬁffers used for calculating Ky in
the presence of phosphate were the same as those used in the normal
assay solutions., The Michaelis constants were determined by varying
individually the substrates in thé assay mixture, and the assays were
performed at 250 in the manner described, The data were subjected to
linear regression analysis with the.wang 600 Programmable Calculator,

Inactivation Kinetics == The rates of inactivation were measured by
incubating 100 to 1000-fold excess(0.34-3.4 mf) of the appropriate
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modifying reagents with 10 nmol of malate dehydrogenase(3.3 micromolar)

at 250 in either 50 mM sodium phosphate(pH 7.0 or 5.0) or 50 mM sodium
acetate, 1 mM EDTA(pH 4.8). Reactions were carried out in 3 ml volumes

in the absence of light until 95% inhibition had been achieved., The
concentrationé of enzyme and modifying reagent were increased 5-fold

for use in smino acid analysis. The conceﬁtrations of enzyme and modifying
reagents were increased 2,5-fold fbf use in quentitation of unmodified

free sulfhydryl groups by the method of Ellman(72).

The effects of substrates and coenzymes on the rate of inactivation
was determined by the addition of L-malate(5-10 molar excess, 20~37 micro-
molar), oxalacetate(5-10 molar excess, 20-37 micromolar), NAD*(10-50
molar excess, 37-170 micromblar), or NADH(1-10 molar excess, 7-37 micro-
molar) to the incubation mixture, Controls of enzyme incubated under
conditions identical with the test experiments, but with no modifying
reagent present, were assayed in parallel experiments.

Incorporation of iodo—[§14gi]acetémide was calculated from standard
methods of isotope dilution, An internal standard of cl4-toluene
(3.2 nanoCuries, was added to the vial after the initial readout was
determined. The radiocactivity was meésured a second time and the effic-
iency of counting was determined, Ten nanomoles of malate dehydrogenase
(3.3 micromolar) plus or minus 100 nmol of NADH(0,3Z mM) were incubated
with 5000 nmol of iodoacetemide(1.7 m!M), a mixture of labeled and unlabeled
reagent, at pH 7,0 as described above., When the nonprotected enzyme
sample reached 95% inhibition, the reaction was quenched with the addition
of 5000 nmol of/C?-mercaptoethanol(1.7 mM). After dialysis of the protein

samples against three 4~liter volumes of 50 mM sodium phosphate, 1 mil EDTA,
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pH 7.0, the samples were dissolved in secintillation fluid(2,5-diphenyl-
oxazole~toluene~Triton ¥-100), and the amount of radiocactivity per nmol
of protein was determined by scintillation counting in a Beckman Model
LS-133,

Other Inétrumentation‘-— The ISCO model 1200 PUP fraction collector
was used in conjunction with the chromatography columns, Centrifugation
was done in the Sorvall RC~5 centrifﬁge, using either the SS 34 or GSA
rotor, Buffer preparation involved the use of the Corning pl meter

model 12,



RESULTS AND DiSCUSSION
Purificats

Chicken heart mitochondrial malate dehyd:ogenase was not available
from any commerciol supplier, and had to be isolated and purified in the
laboratory. Sevéral purification schemes were tested before the final
procedure, shown in Table I, was determined. That procedure gave the
highest yield of homogeneous enzyme. The results in Table I have been
calculated to demonstrate the yield of one batch of crude extract(250 g |
tissue), even though the actual values for the CM 32 columns were twice
as large, since the yields of two Bio-Rex 70 columns were combined for
each of the first CM 32 separations, A comparison of specific activity
of the chicken isozyme with other MDH species is given in Table III,

The chicken heart mitochondrial isozyme possessed a specific activity
intermediate between those of the bovine and porcine mitochondrial fornms,
vhile all of the mitochondrial isozymes had spécific activities that
were 3 to 4~fold greater than those of the cytoplasmic isozymes.

The crude extract contained both cytoplasmic and ﬁitochondrial
forms of MDH, Therefore, the actual yield of purified isozyme was conm
siderably higher than indicated by yields czlculated on the total MDH
activity present in the crude extract. This difference in yields is
illustrated in Table I, The "Total Percent Recovery" colum represents
the amount of recoverabie malate dehydrogenase activity in each of the
purification steps, and includes activity from both isozymes, The
theoretical yield of the mitochondrial isozyme, shown in the "Corrected
Percent Recovery" column of Table I, was calculated assuming that the

MDH which bound to the DEAE-cellulose column, &s well as the MDH which

38
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Table III: Specific Activities and Number of Active Sites in }MDHs
 The specific.activity and number of active sites for the chicken
mitochondrial isozyme are based on experimentally determined values,
All other data shown are taken from values reported in the literature.
‘All specific acﬁivities were assayed under the same conditions, except

for the bovine and porcine cytoplasmic isozymes.
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Table ITI: OSpecific Activities and Number of Active Sites in MDHs

Species of MDH " Number of

{heart tissue) M&.&mﬂ.@ﬂ _&w
-Chicken Mito, | 340 Twoa
Bovine Mito. 310P dheb
Porcine Mito. 412°¢ Two®
Chicken Cyto. 652 Twoab
Bovine Cyto. 90%d Onéd

Porcine Cyto, 110" Two®

*Assayed under different conditions
83ee reference 11.
PSee reference 30.
CSee reference 42.
dSee reference 32,
®See reference 48.
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did not adhere to the Bio=Rex 70 columh,'was exnlusively eytoplasmic
MDH, Thus, twenty-six percent of the total initial activity in the

crude extract was assumed to be cytoplasmic MDH, Further references
to total yields and corrected yields are based on these assumptions.

The initial procedure was based on the method of Gregary(BG)‘fbr
éurification of bovine heart mitochondrial malate dehydrogenaseffram
acetone extracted héart muscle, NoAdifference was observed between
the total units recovered using the acetone powder procedure and using
~ fresh or frozen heart tissue. Since]no advantage was observed when the
acetone extraction step was included in the purification procedure,.
the use of this procedure was eliminated, -

The concentration of ammonium sulfate required to precipitate most
of the MDH activity was determined by varying the amount of ammonium
sulfate added to the crude éxtract, followed by assaying both the super-
natnat and precipitate for MDH activity. The fange of 1.5-2,7 M
ammonium sulfate concentration was determined by Gregory(30) to be the
optimal conditions for isolation of the bovine mitochondrial isozyme,
and this range was used as a basis for the chicken heart enzyme., Further
variation in these concentrations.yiel&ed the apparent optimal range
for the chicken heart mitochondrial MDH, The crude extract was made
1.2 M in ammonium sulfate, and the precipitate discarded. The majerity
‘of MDH activity was then recoverable in'the precipitate form upon the
subsequent addition of enough ammonium sulfate to make the solution 2,9 M,

When the carboxymethyl celluloée»colﬁmn was used as the finalhchrcma-
tographic step in the purification procedure, the corrected yield of the
isolated enzyme was 24%, while the specific activity obtained was 330 U/mg,
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Various purification procedures were further used in attempting to
increase both the yield and specific activity.

Blue Dextran Sepharose has been shown to be speqific for the dinuc~
leotide fold in proteins possessing this structure(14717). Space~filling
models of.the‘moiety thought to be involved in binding to this,site,;vf
reactive blue 2, show a remarkable similarity in configuration between .
the reactive moiety and the coenzymé, NAD®, Inclusion of a chromato-
graphic column of Blue Dextran Sepharose into the procedure in place of
the carboxymethyl cellulose gave a-cqrrected yield of 27%, but the
specific activity of the enzyme decreased to 300 U/mg. Since the specific
activity decreased in this isolated preéaration involving Blue Dextran
Sepharose, the use of this chromatographic_resin in the purification scheme .
was eliminated., Cellulose polyacetate electrophoresis of an enzyme‘
preparation that had passed through a Blue Dextran Sepharose column
indicated a single subform with mobility correépondingﬁtc that of the
solitary subform obtained using the final purification procedure, which
is discussed below.

Nearly 49% of the MDH activity was lost in the 1,2-2,9 M ammonium
sulfate fractionation steps, In addition, considerable activity*W%§<‘
being lost when the chromatography column fractions were concentrated
by dialysis against 3,9 M ammonium sulfate, Storage of homogeneous é
enzyme in a solution of 3.9 M»ammonium sulfate at 4° was'fbund‘to result
in loss of nearly all MDH activity over a period of several weeks, .This
behavior indicated that the chicken heart isozyme was less stable:ﬁnder
these conditions than other malate dehydrogenase species, For eiémple,

the bovine mitochondrial isozyme, which can be frozen while stored in



3.9 M ammonium sulfate, pH unadjusted,-' and still remain stable
indefinitely,

‘Studies were undertaken to determine the optima; conditions for
storage of the homogeneous enzyme., Solutions of 1,2 M, 2,0 M, and
2,9 M ammoniuﬁ sulfate(pH 7.0) at 40 vere utilized, and enzymé Tecovery
following dialysis of the enzyme against those solutions are given in
Table II. A 2.9 M ammonium sulfate-solution(pﬂ 7.0) was found to be
optimal for the storage of the purified enzyme, The mitochondrial isozyme
is completely stable under these conditions for at least six months.,
Apparently, the enzyme is not stable unless it is stored as the precipi~
tate, since over half of the activity was'lost in both 1,2 M and 2,0 M
ammoniun sulfate solutions, iﬁ which the enzyme remained unprecipitated,
Aﬁproximately 99% of the activity was recovered in the 2,9 M ammonium
sulfate precipitate fraction., It is not clear whether the instability |
of the enzyme in 3,9 M ammonium sulfate, pH unédjusted, is due to the
higher concentration of salt, the more acidic pH, or to a combination of
both of these factors, The dialysis of the homogeneous: enzyme against
3.9 M ammonium sulfate, pH 7.0, may yield data indicating whether the
salt concentration or pH was the priméry factor involved in the loss
of activity.

.In an attempt to eliminate all procedurecs in the purification scheme
that involved ammonium sulfate, other than storage of the homogeneous
enzyme, the crude extract was passed through a DEAE-cellulose colﬁmn and
pumped directly onto the Bio-Rex 70 column, and thereby eliminating the
need for the 1,2-2,9 M ammonium sulfate fractionation and precipitation

steps. The substitution of the DEAB-cellulose anion exchange column for
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the ammonium sulfate step increased -bhé’ total yield of MDH activity that
was added to the Bio-Rex 70 column from 51% to 94%, vhile at the same
time eliminating the majority of lipids from the crude tissue extract,
Passage through this column converted the dark red, opaque slurry into

a clear red soiution. The Bio~Rex 70 cation exchange column adsorbed .
the mitochondrial isozyme whereas the cytoplasmic isozyme failed to
bind to the chrometographic column.. The corrected.yield of mitochondrial
MDH from the clear yellow Bio-Rex 70 pooled fractions was 72%, While

the DEAE-cellulose column provided only a 3-fold increase in specific
activity, from 5.5 U/mg to 17 U/mg, the use of the Bio-Rex 70 column
inereased the specific activity to 120 U/mg, with a purification factor
of 22 vhen compared with the crude extract, The use of a carboxymethyl
cellulose colwm at a lower pH and with a phosphate buffer of lower

ionic strength provided a further purification of the enzyme to a specific
activity of 295 U/mg, with a purification factor of 54+  The corrected
yield of the CM 32 pooled fractions was 63%.

Previously, we had achieved a specific activity of 330 U/mg, although
with much lower yield than the procedure discussed above, and felt that |
the enzyme obtained using this proceduﬁe could be purified further,  Since
the specific activity of the enzyme eluted from this carboxymethyl cell=-
ulose column was not quite constant, although nearly so, over the,fréc—,
tions collected(see Figure 3), it was felt that the nearly homogeneous
preparation could be further purified by chromatographing the enzyme'
solution on the CM 32 column for a second time, Upon elution from‘this
second CM 32 column, the enzyme had a.specific activity of 340 U/mg in

each protein-containing fraction. Thus; the enzyme was purified 62-fold



/«‘5

with an overall corrected yield of 56%.

One further attempt to improve the purification scheme involved
hydrophobic interaction chromatography. The enzyme j.s fairly hydrophobié
(see Table VIII), and one would predict some interaction with a hydro-
phobic matrix; A nine milliliter bed volume of 10¥Car’oo;c;y'decy1 Sepharose
was equilibrated in 1 M potassium phosphate, 1 mM EDTA, 1 mM BME, pH 8,5.
Chicken heart was extracted into this buffer by using a Waring blendor in
a manner identical to that described in "Experimental Procedure" for
extraction of the heart muscle, i'me;x this mixture was washed through the
column, only about 30% of the initial activity remained bound to the
10-Carboxydecyl Sepharose. Elution of the bound enzyme from the column
was attempted with the phosphate buffer plus 5% ethanol, but only 6% of
the enzymatic activity was recovered, Further elution with 0,05 M
potassium phosphate, 1 mf EDTA, 1 mM BME, pH 8.5, recovered no further
MDH activity. The low yields of enzyme activ:i:ty resulting from
incorporation of the 10-Carboxydecyl Sepharose into the purification
scheme rendered this Step impractical.

The specific activity of 340 U/mg is much higher than the value of
260 U/mg previously reported by Kitto -and Kaplan(11)‘ for the mitochon~
drial isozyme, _Their reported yield was 11% as compared to tﬁe'toiﬁal
yield of 42% obtained from our studies. The homogeneity of the prepara~
tion of Kitto and Kaplan was illustrated by erystallization, molecular
weight studies, and sedimentation velocity éxp‘eriments, while the .criteria
for the purity of our enzyme preparation are discussed belovw.

Gregory reported a total yield of 40% for both the porcine mitochon-
drial isozyme(72) and the bovine mitochondrial form(30), The homogeneity
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of these enzyme preparations was deterﬁined by the same criteria listed
below for the chicken isozyme.
Criteria of Purity:
1) Constant specific activity -—- On the second chromatography
through the CM 32 column, the enzyme had a constant specific activity of
340 U/mg in the fractions pooled(see Figure 4).

2) Uolecular weight determinations -~ The enzyme preparation

eluted as a single, sharp peak of malate dehydrogenase activity when
chromatographed on a Sephadex G=150 column, In addition, SDS-polyacryl-
amide gels gave a single band when stained for protein following electro-
phoresis, Therefore, any contaminant must have the same monomeric and
nultimeric molecular weights as malate dehydrogenase, and the chances of
this occurring are rather remote.

3) Cellvlose acetate electrophoresis -- Single, corresponding

bands of both protein and MDH activity were observed when the enzyme
was subjected to electropliioresis on cellulose polyacetate strips. The
electrophoresis on polyacetate strips was repeated at several different
pH values and a single coincident protein and activity band was observed
in each case, Similar elecﬁrophoresis-of the mitochondrial extract,
described in the "Experimental Procedure" section, yielded bands of MDH
activity that were identical in electrophoresis characteristics, :
including pl, to that of the purified enzyme, This indicated that the
isolated enzyme was indeed the mitochondrial isozyme, and not the
cytosolic form,

4) 8

imentation equilibriun —-

Whenever the enzyme preparation was analyzed for sedimentation constants,
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the schlieren pattern obtained was a single, sharp peak(see Figure 5)
| These results are listed in approximate décreasing order of their
acceptance as reliable criteria of purity, They clearly indicate that
this enzyme preparation is homogeneous by these criteria, and that the
enzyme isolatéd is mitochondrial malate dehydrogenase,

The final purification scheme appears to be a very efficient and
fairly simple system for isolating ﬁhe chicken heart mitochondrial malate
dehydrogenase, The total time required for one complete purification is
usually 10-14 days,., The total yieldland final specific activity is
highef than any previously reported figures for the chicken heart
mitochondrial malats dehydrogenase,

Physical and Chemicsal Characteristics

Insight into the mechanism of an enzyme and the various properties
of the protein jag viyo may be gained through iﬁ vitro studies of the
physical, chemical, and catalytic properties of the homogeneous enzyme.
A number of techniques and instrumentation are available for the perfor-
mance of such studies, and a thorough physical and chemical analysis
is essential for understanding the enzyme function,

Molecular weight - Electrophoresis of the chicken enzyme on SDS=
polyacrylamide gels yiélded a single, sharp band that corresponded to
33,000 gm/mol. The same results were obtained in the presence and
absence of BME, indicating that no inter-chain disulfide bonds existed
between the subunits, This technique indicated that chicken heart
mitochondrial MDH is composed of two subunits of approximaetely equal
weight, All mitochondrial and cytoplasmic forms of MDH that hafe been
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Figure 5: Sedimentation Velocity of Chicken Heart Mitochondrial'MDH
The enzyme was dialyzed in 50 mM sodium phosphate, 1 mM LEDTA at

either pH 7,0 or pH 5,0, and the final protein conqentration of 40

micromolar., The protein was centrifuged at 59,780 rpm at 40 for

60 minutes, The photograph shown here was taken at 24 minutes after

the ultracentrifugation began., The upper pattern is the native enzyme

at pH 7.0, while the lower pattern is the native enzyme at pH 5.0.



Figure 5
Sedimentation Velocity of Chicken Heart Mitochondrial MDH




studied are reported to be dimeric at pH 7.0, There have been several
reports of microbial MDHs that possessed multimeric structures larger
than dimers. An example is B, subtilis MDH(74), which apparently has
four subunits.

The effects of variations in pH and enzyme concentration on molecular
weight were studied using a Sephadex G-150 column. Thebresults are sum-
marized in Table IV, along with corfesponding data for the porcine mito-
chondrial, bovine mitochondrial, and porcine cytoplasmic isozymes.
Chicken heart mitochondrial malate dehydrogenasé existed as a dimer at
pH 7.0, giving an apparent molecular weight of 67,000 gm/mol. This
value agreed with the value of 67,000 gm/mol reported by Kitto and
Kaplan(11) for the native enzyme. Upon dilution to 0.2 micromolar, the
chicken isozyme did not dissociate into monomers, as has been reported -
for the porcine mitochondrial isozyme., At this high dilution value, the
concentration of enzyme that eluted from the column corresponded to the
range found in the cuvette during kinetic studies and normal enzymatic
assays(75). However, coenzyme and substrate were not present.

Porcine mitochondrial, bovine mitochondrial, and porcine cytoplasmic
MDH existed as dimers of apparent moleﬁular weights 68,000-76,000 gm/mol
at pll 7,0, as did the chicken isozyme. The failure of the chicken heart
isozyme to discociate into monomers at low concentration indicated a
similarity to both the bovine mitochondrial and porcine cytoplasmic forms
of MDH, which also did not dissociate into monomers at concentrations as
low as 0.2 micromolar, 4 difference in behavior was observed with the
porcine mitochondrial enzyme, which was found to exist as monomers at

these high dilution values. The porciné mitochondrial isozyme could be



Table IV: Molecular Weights by Sephadex Chromatography

The molecular weight values shown for the chickeﬁ heart mitochon-
driael MDH were obtained with the use of an appropriately calibrated ‘
Sephadex G=150 column, The values shown for the other isozymes were
obtained by Sephadex G-100 chromatography, and were reported in the
iiteratufe. The pH and enzyme concentrations were as shown, and the

buffers used are described in the "Experimental Procedure" section.



Table IV: Molecular Weights by Sephadex Chromatography

Molecular Weight

Chicken Heart Porcine Heart DBovine Heart

Porcine Heart

Samnle Concentration m=DH m=}MDH(75) n-MDH(75) c=MDH{75)
Native Enzyme, pH 7.0 30 micromolar 66,000 68,000 68,000 76,000
Native Enzyme, pH 7.0 0,2 micromolar 62,000 36,000 ‘ 66,000 78,000
Native Enzyme, pH 5.0 30 micromolar 46,000 34,000 33,000 76,000

Native Enzyme, pl 4.8 30 micromolar 33,000 - -

[49
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reassociated into the dimeric form by-the addition of NADH,

The purpose of measuring the molecular weight of these isozymes at
this low concentration was to determine if the monomer could exigt at
cuvette concentrations. IEven though the porcine mitochondrial MDH did
exist as a mohomer at cuvetlie concentrations, this does not ﬁean‘that
the monomer is active, since the presence of coenzyme caused reassociation
of the active fbrm.' Although the cbncentratiqns of coenzyme in the
assay mixture may not be large enough to elicit all of the MDH monomers
to reassociate in£o dimers, there may be sufficient coenzyme to cause
transient dimers, or monomers that exist as dimers for short periods of
time, which would catalyze a reaction and :esult in a change in the -
absorbance at 34b nm, indication of enzymatic activity. Studies involving
active enzyme ultracentrifugation, which determines the sedimentation
coefficient of the enzyme while it is actively undergoing a reaction
catalysis, would probably yield invaluable dafa concerning the existence
of an active monomer,

A molecular weight of 46,000 gm/mol was measured for the chicken
mitochondrial MDH at pH 5.0. That value is intermediate between the
molecular weights for the dimer and ménomer configurations, which were
67,000 and 33,000 gm/mol, respectively. Upon dialysis of the enzyme
at pl 4.8, the chicken isozyme eluted from the G-150 column =2t a position
indicative of the MONOIET Decréasing the pH to 5.0 caused dissociation
into monomers in both the porcine and bovine mitochondriel isozymes,
while the porcine cytoplasmic MDH remained in the dimeric state.
Information was not available on the acid dissociation of the porcine

cytoplasmic species at pH values less than 5,0, if any such dissociation
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did occur, The chicken isozyme appeared to be slightly more resistant
to pHrdependent-dissociation into monomers than the bovine and porcine
mitochondrial forms, but was not as stable as porcine cytoplasmic MDH,

Sedimentation equilibrium studies were also used to determine the
molecular weight of the native enzyme. FProtein concentrations of
1,0 and 0.5 mg/ml gave calculated molecular weights of 69,800 and
72,200 gm/mol, respectively. The aﬁerage of these two values, 71,000
-gn/mol, actually deviates only 7% from the value of 67,000 gm/mol
obtained elsewhere, and this figure is well within the normal range of
error for such studies.

Kitto and Kaplan(11) reported two coenzyme-substrate binding sites
in chicken heart mitochondriael MDH, one active site being on each subunit.
Incorporation of Cl4-1abeled iodoscetamide, discussed in "Chemical Modi-
fication", further indicated the presence of two active sites per chicken
isozyme dimer. A comparison of the number of binding sites in the chicken
isozyme and other species of MDH is given in Table III, Nearly all
mitochondrial and cytoplasmic forms of MDH have been reported to posseés
one active site per subunit, with the exceptions of the bovine mito-
chondrial(30) and bovine cytoplasmic(ﬁS) isozymes. The two hovine
isozymes have been shown to contain dnly one active binding site per.
dimer, although it is not clear whether only one subunit contained an
active site, or‘whether two active sites were present and only one was
reactive.

Cellulose polyacetate electrovhoresis -- The technique of electro-~
phoresis on cellulose acetate strips was chosen to study the electro-

phoretic properties of the chicken isdzyﬁe. Electrophoresis of the
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native enzyme was attempted on polyacrylamide gels, but the MDH did not
migrate into the 5% gels, or resulted in bands that were smeared., The
somevhat hydrophobic nature of the enzyme may be part of the reason for
this behavior with polyacrylamide gel electrophoresis.

The isolation of chicken heart nitochondria was described in the
"Experimental Procedure" section, This mitochondrial extract was studied
for MDH activity, and was found to bossess, upon electrophoresis, a
single band of MDH activity which corresponded to that of the homogeneous
enzyme preparation, indicating that the purified enzyme was of mitochon=
drial origin.

Chicken heart mitochondrial MDH possessed a slight negative charge
atva 7.0. The isoelectric point(pI) of 6,5~7.0 was estimated by varying
the pH of the electrophoresis buffer., Compared with other malate dehydro-
genases(see Table V), the chicken heart mitochondrial isozyme had a pl
that did not differ significantly from those of other species. Cytoplasmic
forms of MDH, in general, have a lower isoelectric point than the mito-
chondrial species,

Amino A Analvsig -- Analysis of the amino acid composition of the
enzyme was carried out, with the resuits shown in Table VI, Numbers are
given as total residues per molecule of enzyme dimer., The data obtained
agreed very closely with those previously reported by Kitto and Kaplan(11),
which are also iisted in Table VI, The amino acid composition of other
malate dehydrogenases is shown in Table VII, ﬁhich indicates that most
MDH forms are quite similar in amino acid composition, especially when
the same isozyme is compared between species, The most noticezble

difference between isozymes is the abSeﬁce of tryptophan in the
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Table Vi Isoelectric Point of Malate Dehydmgenases

- . The isoel.ectric point of the chicken heai't mitochondrial MDH was
estimated using cellulose acetate strip electrophoresis by verying the
pH of the electrophoresis buffer. Conditions for the strip electro-
phoresis are described in the "Experimental Procedure" section, The
values shown for the other isozymes were reported in the literature,
and were derived from experimental schemes that were quite similar to

thg.t used for the chicken enzyme,



Table V: Isoelectric Points of Malate Dehydrogenases

Svecies

Chicken heart m-MDH
Bovine heart m-MDH
Ox heart m-}MDH
Porcine heart m-MDH

Spinach microbody MDH

ol
6.5-7.0
6.2(76)

> 6.9(76)
6.,1-6.4(76)
5.7(77)



Table VI: Amino Acid Analysis of Chicken Heart Mitochondrial MDﬁ

‘ The amino_acid conposition of the enzyme was determined after
%y 48, and 72 hour hydrolysis in 6 N HCl, Values for all residues
were extrapolated to zero time éf hydrolysis except leucine, isoleucine,
and valine., Methionine and cysteine residues were analyzed as methi-
onine sulfone and cysteic acid after performic acid oxidation.
Tryptophan contént was determined by the method of Edelhoch(69), The
literature values feported by Kitto and Kaplan(11) are shown for com-

parison, Numbers are given as total residues per enzyme dimer.
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Table VI: Amino Acid Anelysis of Chicken Heart Mitochondrial MDH

 Besidue Ixperimental Kitto and Kaplan(11)  Difference
Lys 52 L | 3
His 12 1 +1
Arg 21 20 +1
Asp 51 52 ‘ -1
Thr 43 44, -1
Ser L 42, +2
Glu 56 60 -l
Pro 48 41 7
Gly 58 61 -3
Ala 63 66 -3
Val 49 48 +1
Met? 1% 13 +1
Ileu 35 40 =5
Leu 54 57 -3
Tyr 9 9 0
Phe 26 ‘ 30 =4
Cys® 16 14 +2
Trp. o | 0 0

Total residues 651 657 -6

@Determined by performic acid oxidation
bDetermined by Edelhoch method
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Table VII: Amino Acid Composition of Various Malate Dehydrogenases

- The malate dehydrogenases listed were analyzed for amino acid
content in a manner similar to the methods described in "Expérimental
Procedure", All of these values were reported in the literature,

- and are expressed as total residues per engyme dimer,



Table VIT: Amino Acid Composition of Various Malate Dehydrogenases

Porciné Heart Bovine Heart Chicken Heart Porcine Heart Bovine Heart
Amino Aeid Mitochondrial(1) Mitochondrial(1) Cytovlasmic(1) Cytoplasmic(1) Cytonlasmic(1)
Lys 52 48 ~ 56 62 70
His 10 10 12 8 8
Arg 16 16 20 20 20
Asp 50 L6 68 72 78
Thr 42 38 30 32 2/,
- Ser 36 32 36 7 32
Glu 50 43 60 5, 58
Pro L6 40 28 24, 22
Gly 58 50 60 46 ’ 4,
Ma 66 60 60 64 58
Cys 14 16 8 10 10
Val 54 52 52, 52 50
Met 12 12 1 16 16
Tlen 42 42 42 38 36
Leu 56 52 42 38 36
Tyr 10 12 16 16 12
Phe 22 22 2/, 22 20

Trp 0 0 12 10 12

9
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mitochondrial isozyues.

Tryptophan content in the chicken mitochondrial MDH was analyzed
using the Edelhoch method(69), énd no'tryptophan residues were observed
for the enzyme, Positive controls for tryptophan content were yeast
alcohol dehydfogenase and egg white lysozyme, and Valuﬁs‘ﬁf R2,7 and 5.9,
respectively, were obtained for these proteins., These figures agreed
very well with the tryptophan conteht previously reported for these pro-
teins, which are 23 residues(21) and si# residues(69), respectively,

'The lack of tryptophan in the chickgn isozyme, in addition to égreeing
with the absence of the residues as reported by Kitto and Kaplan(11),>is
consistent with‘the lack of tryptophan as reported for most other mito~
chondrial malate dehydrogenases., The majority of cytoplasmic malate
dehydrogenases, in contrast, are reported to possess some tryptophan
residues., The fact that trjptophan.is not present in the mitochondrial
isozyme is in direct contrast to the findings of Schellenberg(21-24) with
the porcine mitochondrial isozyme, Schellenberg also proposed a general
mechanism for all malate dehydrogenases that involved the participation
of tryptophen as an intermediate hydride donor/acceptor on the enzyme.

Using the experimentally obtained values for the amino acid composi-
tion of chicken mitochondrial MDH, the partial specific volume was
calculated by the method of Cohn and Edsall(70), and a value of 0,74 ml/gm
was computed., This value is quite similar to the value determined for
the majority of proteins,

The data from the amino acid analyzer provided verification of the
extinction coefficient reported for chicken mitochondrial MDH by Kitto

and Kaplan(11). The results verified that the reported value of
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3.0 ml mg‘1 em=1 was correct. The molar quantity of enzyme, determined
from the extinction coefficient and molecular weight, and which had been
acid hydrolyzed and analyzed with the amino acid ana;yzer was idenﬁical

to tie molar qﬁantity of amino acid residues recovered, Multiplying the
total number éf residues obtained per enzyme dimer, 651 residues, by the
average molecular weight of an amino acid residue, 103 gm/mol, resulted

in a calculated molecular weight of'67,000 gm/mol for the native enzyme.
Since this value was identical to the réported molecular weight, and since
the amount of amino acid residues obﬁaiﬁed from the analyzer is determined
by a sepérate sfandard, these results verified that the extinction
coefficient was correct., One of the main reasons for the low extinction
coefficient of the enzyme is the absence of tryptophan and the small
number of tyrosine residues, both of which absorb very strongly at 280 nm.

The hydrophobicity of chicken MDH was calculated to be 1123 cal/res-
idue, which is very similar to the calculated hydrophobicities for other
MDH species, as shown in Table VIII, Malate dehydrogenases, as well as

- other dehydrogenases, possess slightly above_average hydrophobicities,
with the median value for most protelns being approximately 1050 cal/res-
idue, Examples of non-hydrophobic and quite hydrophobic proteins, by the
criteria discussed here, are fibroin end Gramicidin S, respectively.

.The hydrophobicity of a protein molecule can be calculated by the
method of Bigeldw(71) from the amino acid composition and a list of
weighted factors describing the hydrophobicity of each amino acid residue.
These factors are based on the free energy involved in transferring an‘
amino acid from an aqueous solution to an ethanolic solution., The total

hydrophobicity of a protein is a measure of the stabilization that a
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Table VIIT: Hydrophobicities of Dahydfogenases and other Proteiﬁs

The average hydrophobicities were calculated from the amino acid
é@mpositions of the verious proteins through the method of Bigelow(71).
The NPS values(non-polar side chain frequencies) were calculated
. according to the method of Waugh as described by Bigelow(71). Both
values are designed to indicate the hydrophobic or non-polar content
of proteins based on the number of non-polar residues versus polar

residues in the amino acid composition of the protein.



Table VIIT: Hydrophobicities of Dehydrogenases and Other Proteins

Protein Ayerage Hydrovhobicity(csl/residue NPS(71)
Chicken Heart m-MDH 1123 : 0.34
Poreine Heart m~MDH(71) 1171 : 0.36
Bovine Heart m-MDIH(71) 1174 ' 0.36
Horse Heart m=DH(71) 1124 0.36
Tuna Heart m-MDH(71) 1108 0,35
Porcine Heart c~MDH(71) 1139 0.34
Bovine Heart c-MDH(71) 1151 0.34
Chicken Heart c-MDH(71) 1152 0.36
Salmon AA MDH(71) 1092 0.34
Salmon BB MDH(71) 1074 0.32
B, subtilis MDH(71) 1200 0.40
E, coli MDH(71) 1131 0.37
Chicken heart LDH(74) 1044 0.34
Chicken muscle LDH(74) 1053 0.33
Porcine G3P DH(79) 1090 0.33
Chicken liver Glut. DH(20) 1097 0.33
Bovine ribonuclease(71) 870 0.23
Anache malonve Tibroin{(71) 440 0.02
Bovine pepsin(71) ' 1080 0.38
Catalase(71) 1200 0.37

Gramicidin S{71) 2020 0.80

g9
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molecule could achieve if all of its nbn«polar residues were buried
inside the polar shell or surface(71). - The average hyﬂrophobieities of
many malate dehydrogenases and other proteins, as shpwn in Table VIII,
can be compared to another method for measuring the hydrophobicity of a
protein, Thié method, called the NPS value, appears to be quite compat~
able with the method of Bigelow, since we see from Table VIII that the
two methods yield consistently simiiar values. The NPS value is a ratio
of the total number of non-polar residués, defined by Bigelow(71), and
the total muber of residues present in the prdtéin.

Kinetics = The Michaelis constant(K ) is defined as the substrate
concentration at which the reaction velocity is half maximal, The
Michaelis constsents for the substrates and coenzymes of chicken heart
mitochondrial MDH were determined in the presence and absence of phos-
phate or pyrophosphate., The K, of a substrate was determined by varying
the concentration of that substrate in the assay mixture., The data were
analyzed on Lineweaver-Burk plots, and the Michaelis constants were
calculated from linear regression of the data. Results are listed in
Table IX, The K values obtained for L-malate and oxalacetate(in the
presence of either pyrophospﬁate or pﬁosphate), which were 0,90 mlf and
0,03 mlf, respectively, agreed quite well with the reported values{(11)
of 0.9 mM and 0,038 mM, respectively., The presence of pyrophosphate or
phosphate caused a decrease in K, of about 38% for the cofactor and
around 21% for the substrate, Enzyme used was dialyzed in 5 mM sodium
phosphate, 1 mM EDIA, pH 7.0, |

The presence of either pyrophosphate or phosvhate caused a 35%

increase in the activity of the enzyme.} Phosphate~dependent activation
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Table IX: Michaelis constants(Kp) end Voo
Aggay mixtures and conditions are described in the "Experimentel
Procedure" section., The substrate whose Ky was being measured was
varied in concentration in the assay mixture, The presence of
pyrophosphate or phosphate appearedlté have a marked effect on
“decreasing the K; for both the substrate and thebcoenzyme, and the
relative change in the K, upon addition of the phosphate moiety is-
infdicated in the laét colum, The apparent Vi, effect in the presence
of a phosphate moiety is also shoun.
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Table IX: Michaelis Constants(Ky) and V..

Substrate Conditions Ko (1) Decreage |

HNAD™ no pyrophoéphate, pH 10.6 1.2

NAD* pyrophosphate, pH 10.6 0.75 37%

L-Malate no pyrophosphate, pH 10.6 1.15

L-Malate pyrophosphate, pH 10.6 10,90 22%

NADH no phosphate, pl 7.4 0.030

NADH - phosphate, pH 7.4 0,020 33%

0AA no phosphate, pH 7.4 0,040

0AA _ phosphate, pH 7.4 | 0,030 25%
Viay = 340 U/mg (pyrophosphate present)

= 250 U/mg (pyrophosphate absent)

§<-1
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has also bezen observed by Gregory with the bovine mitochondrial isoZyme1,
by Yost with the porcine mitochondrial isozyme(78), and by Cassman and
Vetterlein for bovine cyboplasnic MDH(38). The amount of pyrophosphate
or phosphate needed to elicit this activation was quantified. Michaelis
constants for phosphate or pyrophosphate vere determined in a mammer
similar to that described ebove, These were called Kp values, since
they were not true Michaelis constaﬁts. It vas noted ﬁhat the larger
the concentration of phosphate that the:enzyme dialysis buffer contained, .
the less pyrophosphate or phosphate was required to bring about this
activation, This pre-incubation-activation was found to occur in less
than 15 seconds, A graph of the effect of this pre—incubation—activationf
on the Kp of the phosphate moiety is shown in Figure 6, An apparent
saturation results in the range of 50 mM sodium phosphate incubation
buffer, with no significant further decrease in Kﬁ values being observed
when higher concentrations of phosphate were used in the incubation
buffer. |

Apparently the pyrophosphate or phosphate in the assay mixture is
binding or complexing with the enzyme, either at or near the active site
or some other site on the molecule. Céssman and Vetterlein(38) reported
that one mol of‘phosphate was bound per mol of enzyme in the phosphory—
lated form of the bovine cytosolic isozyme. The phosphorylated forﬁ
reportedly contéined covalently bound phosphate, while the phosphate
noiety in the chicken enzyme was not covalently bound to the enzyme.
This associated phosphate is thought to bring about a conformational
change vhich either increased the turnover rate or incréased the

affinity of the enzyme for the substraté and/or coenzyme., Incubation
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Figure 63 Activation of Pyrophdsphate and Phosphate
The activity of the enzyme was significantly inszeased when

pyrophosphate or phosphate was added to the assay mixture., The
amount of pyrophéspha‘be or phosphate moiety needed to elicit this
increased activity was determined as the Kp value, Fgrther studies
) revealed that the amount of moiety required to bring about this
activity increase decreased with the amount of phosphate present in
the buffer that the enzyme was dialyzed against before being assayed,

Each line represents enzyme that was dialyzed égainst a different
concentration of phosphate. UWhile this gré.ph illustrates the effeét
of pyrophosphate at pH 10.6, a graph of the effect of phosphate at pl

744 would look identical with the exception of smaller Kp values,
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of the enzyme with concentrations of phosphate prior to the catalytic
studies reduced the amount of pyrophosphate or phosphate required in
ﬁhe assay mixture to bring about this activation.

A second possibility is that the phosphate moiety could simply have
been eliciting a stabilization of the enzyme structure against activity |
loss under the conditions of dialysis, A slight change in the quaternary
structure of the enzyme may have reéulted in a slight loss of activity.
Upon addition of the phosphate'moiety,_ fhe structure of the enzyme was
stabilized and the full activity was restored.

WM Reversz.ble denaturation studies were
performed on the homogeneous enzyme in order ‘bo de’cem:.ne the stablllty
of MDH to lower pH values, and the recoverability of the enzyme that had
been exposed to acidic conditions, | VAR

Chicken heart mitochondrial MDH that had been exposed to pH 5,0 for
48 hours pbssesse& a specific activity of 192 U)hg when assayed at pH 10.6.
The enzyme was then dialyzed against 100 mM sodium phosphate, 1 mM EDTA,
pH 7.0 for 24 hours, whereupon the MDH regained all of ite activity when
assayed at pH 10.6(340 U/mg). Cellulose acetate electrophoresis of this
reactivated enzyme resulted in a Singie band of activity which corres—
ponded in mob:.llty to that of the homogeneous enzyme prepz ra.t:.on. |

Slmllarly, enzyme that had been exposed to pH 4.8 for A8 hours, and
possessed a specific activity of 185 U/mg(assayed at pH 10.6), could
likewise regain complete activity upon simple dialysis in pH 7.0 buffer.
Strip electrophoresis revealed a single band of activity which 'als.ot
corresponded to that of the homogeneous enzyme, |

These data indicated that the acid-exposed enzyme could indeed be
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reactivated, if the enzyme were dialyzed to pH 7.0 and stored in 2,9 M
ammonium sulfate(pH 7.0)., Other studies have reported the reversible
acid denaturation of chicken heart MDH using pH values as low as pH 2,0,
These same sﬁudies also reported the reversible acid denaturation of tuna
mitochondrial, porcine mitochondrial, and porcine cytoplasmic MDH, with
similar su@cess. Chicken heart mitochondrial MDH appears to be very
resistant to extremes of pH, both acidic and basic, especially when

certain buffers are present to aid in reactivation(27).

Chemical Modification

In theory, selective modification of specific residue types will
result in a change in the catalytic or regulatory activity of the enzyme.
If such a change does occur upon modification, the residue that has
reacted could be essential for the activity of the protein, although
this elone does not prove such an assumption, The presence of the
modifying groups on the residue could block the binding site or evoke
a conformational change that alters the behavior of the protein. In
the case of enzymes, inactivation upon modification implies either the
location of the modified residues near the active site, or the impor-
tance of the residue in maintaining a stable and active structure for
the enzyme. If part or all of the modified residues are protected from
modification by the presence of an excess of subsirate or coenzyme
during the modification procedure, the number of those essential resi-
due(s) that afe modified can be determined by differential labeling with
radioactive-modifying reagent. To increase the probability of a specific

reaction with only a limited number of residue(s) being modified, modifying
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reagents should be reasonably specific for the residue being modified;
and used in sufficiently low concentration to ensure modification of.
only the mdst reactive residues.

The reactivity of a group in a protein with a particular reagent
depends, among other things, ﬁpon the effect of the environment on the
group, and upon the ability of the reagent to enter that environment.
Because proteins are quite large, mény of their constitutive amino acid
residues, especially those of a hydrophébic nature, are partially
shielded from solvent by being buried beneath the pﬁotein surface, and
therefore are relatively unreactive with reagents present in the solvent.
Some residues possess unusually high reactivities as a result of their
presence in a catalytic center and their being near the active site(81).
More explicitly, the inereased reactivity of aﬁ‘active site residue may
 be due to the proximity of a charged group, a‘basic or«nucleophilié
group, or by virtue of possessing an ionic charge within a hydrophobie
region(73). Relative reactivities of groups can be affected either posi~
tively or negatively by neighboring groups., Inhanced reactivities are in
many cases, but not always, associated with the unique chemistry resulting
from‘the presence of a group in a cataiytic site(81). Lower concentra-
tions of modifying reagents will minimize the reactions of residues on the
enzyme surface that are not in the vicinity of the éctive site., Differ-
entietion between active center and non-active center reactive residues
can often be accomplished by using coenzyme or substrate to protect active
site residues from modification.

Chemical modification of the chicken heart mitochondrial melate

dehydrogenase was attempted using four mbdifying reagents, Todoacetate
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(I144), iodoacetamide(IAlM), 5,5'~dithiobis~(2-nitrobenzoic acid)(DINB),
and Neethyl maleimide(NEM) were tested for their ability to alter the
catalytic activity of MDH, If enzyme inactivation occurred, the residues
that had been modified were identified and quantified. Unless otherwise
specified, ali reactions were carried out in a total volume of 3.0 ml of
buffer at 250 with 10 nmol of enzyme(3.3 micromolar) present. Structures
of the modifying reagenté and the résulting reactions are shown in
Figure 7. |

Reaction of the four modifying reagents with the native enzyme at
pH 7.0 resulted in appreciable inactivation by the iodoacetamide only,
which was chosen for further studies. Reaction of 5,5'-dithiobis=~
(2-nitrobenzoic acid), or Ellman's reagent, and N-ethyl meleimide with
the native enzyme at pH values of 5.0 and 4.8, respectively, gave rapid
modification of the enzyme, and Neethyl maleimide was chosen for
further studies. Each reéction was performed using a control sample of
enzyme with no modifying reagent present, These results ere discussed

below, and are illustrated in Figure 8,

acetomide(TAM) —- The alkylating reagent
iodoacetate reacts primarily with sulfhydryl groups, although it also
undergoes modifications of both imidazole and amino groups, depending
upoh.the pH and the availability of these groups(81). Aﬁ pH 7.0 with
2000 nmol(0.7 mi) of iodoacetate, no appreciable reaction occurred with
chicken heart mitochondrial malate dehydrogenase, The reaction half-life
vas 640 minutes, with & rate constant of 1,1 x 10~2 min™1, These'results
are given in Table X and Figure 8, Gregory similarly repdrted no énzyme

inactivation by iodoacetate with either porcine mitochondriel(56) or
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Figure 7: Modification Reagents Used and Their Reactions
- The four modification reagents that were used in studying chicken
heart mitochondrial MDH are illustrated here, If the reagents reacted

with the enzyme, the reaction conditions and products are also shown.
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Figure 8: Inhibition of Mitochondrial MDH i th Modifying Reagen%c's

The modif_icaﬁion reactions were performed with 10 nmol of enzyme
(3.3 micromolar) in a volume of 3 ml at 250, The buffers used were
50 mM sodium phosphate, 1 mi EDTA at pH 7.0 or 5.0, and 50 mM sodium
écetate, 1 mi EDTA, pH 4.8, Native enzyme was dialyzed in tﬁe reaction
buffer prior to the modification reaction. All the reactions were
~allowed to procecd until 95% inhibition had been achieved, except the
case of iodoacetaté(IAA) reaction, which was continued for over two
hours and the results extrapolated, The legend for the graph is as
follows: —é—O——’iodoaceta'be(IM)‘zoo‘molar excess(0.7 mif) (a’c. pH 7.0,
—0 |

X— 5,51=~3ithiobis~(2-nitrobenzoic acid)(DINB)200 molar excess

iodoacetanide(IAM)500 molar excess(1,7 mM) at pH 7,0,

(0.7 mi) at pH 5.0, and ——O——— N-ethyl maleimide(NEM) 1000 molar
excess(3.4 mi) at pH 4.8, |
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Taple X: Modification of MDH by Iodoacetate(IAA) and
5,5'~dithiobis—(2-nitrobenzoic acid)(DINB)

The rates of inactivation by the modifying reagents IAA and DTIB
are indicated, Each reaction was carried out with 10 nmol of enzyme
(3.3 micromolar) in a volume of 3 ml at 25°, The iodoacetate modifi-
cation vas allowed to proceed for three hours, and the rates were

_extrapolated to give the half-life of the modification, The DINB
reaction was allowed to continue wntil 95% inhibition had been achicved.
Molar excess refers to the number of moles of modifying reégent present
as compared with the number of moles of enzyme present, Some of these

data are in Figure 8,
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Table X: Modification by Iodoacetate and Ellman's Reagent

Reagent pH molar excess  reagent concentration  iZ(min.)
Iodoacetate 7.0 200 0.7 mM 640
DTNB 540 200 0.7 mM 49
DTNB 5.0 500 1.7 mM < 58

8Most of modified enzyme precipitated from the solution
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bovine mitochondrial(30) malate dehydrogenases.

Iodoacetamide is also an alkyiating reagent that modifies ﬁhe same
groups as iodoacetate., Very rapid inactivation resulted at pil 7.0
when 5000 nmol(1.7 mM) of iodoacetamide was present, with a reaction
half-life of 42 min., and a rate constant of 0,017 min™!. Studies
were undertaken to determine the effects of reagent concentration and
pH on the rates of inactivation. Tﬁese results are summarized in
Table XI, A greater than 9-fold differénce in the reaction rate was
observed between ilodoacetamide concentrations of 0,34 mlf and 1.7 mi,
with reaction half-lives of 317 min. and 35 min., respectively. The
latier concentration was used in all further experiments. 4&n increase
in reaction rate was observed upon increasing the pH from 6.2 to 7.0.
A half-life of &9 minutes was observed for the reaction at pH 6.2,
while the reaction half-life decreased to 45 m;n. for the iodoacetamide
reaction at pH 7,0, Conditions of 1.7 mi iodoacetamide at pH 7.0 were
chosen for use in all further experimentation,

Studies df substrate and coenzyme protection from modification
showed that 10 molar excess(35 micromolar) of WADH slowed the inacti-
vation to a hglf;life of 710 min., yet similar and greater concentrations
of NAD™, L-malate, and oxalacetate gave very little protection from A
modification, The results from these studies are given in Table XI
and Figures 8-10, |

The increased protection from modification found with NADH vhen
compared with NAD+, and with oxalacetate when compared with L-malate,
can be explained by the Km values that each of these coenzymes or

substrates possesses. The increased protection from modification observed
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Table XI: Modification of MDH by Iodoacetamide(IAM)

Each reaction, unless otherwise indicated, was carried out with
10 nmol of enzyme(3.3 micromolar) in a volume of 3 ml at 25°, The
first set of data indicates the pH profile of the iodoacetamide modi-
fication, while the second set illustrates the rate effects of varying
both the iodoacetamide and enzyme concentrations at pH 7,0, The last
set of data shows the amount of protection afforded by the coenzymes
and substrates undér conditions of 500 molar excess(1.7 mM) of IAM at
pH 7.0, Mblar.excess in the first two sets of data rcfers to the
modifying‘reagent, whiie in the last seb it refers to the protecting
réagent. Some of these data are graphed in Figures 8-10.



Table XI: Modification of MDH by Iodoacetamide(IAM)

pil ar exeoess reagent concentration t%fg ming)
6.20 500 1.7 md 89
6.55 500 1.7 oM 6/,
6.95 : - 500 1.7 ml - 50
7.35 500 1 m s
7.75 500 1.7 mM : 25
1= 7.0 reagent .

MDH enzyme concentration reagent molar excess concentration tZ(min,)
10 nmol 3.3 micromolar 100 0.3/ mi 317
10 nmol 3.3 micromolar 200 0.67 mi 113
10 nmol 3.3 micromolar 500 1.70 mM 35
50 nmol 17 micromolar 500 8,40 mil 7.5
500 molar excess TAM(1.7 mi) at ol 7,0 . L

gconditions % (min,)
control{no protection) 43
1 molar excess NADH(7 micromolar) 72
5 molar excess MADH{20 micromolar) 208
10 molar excess VADH(37 micromolar) 711
5 molar excess NAD(20 micromolar) 52
10 molar excess HAD(37 micromolar) 55
50 molar excass HAD (170 micromolar) 75
5 molar excess L-melate{20 micromolar) L6
- 10 molar excess L-malate(37 micromolar) 54,
5 molar excess OAA(20 micromolar) L5

10 molar excess OAR(37 micromolar) 53



- Figure 9:¢ Iodoacetamide Modification of MDH

The modification reactions were performed with 10 nmol of enzyme
(3.3 micromolar) in a volume of 3 ml at 25°, The buffer used was
50 mM sodium phosphate, 1 mlM EDTA, pH 7,0, Native enzyme was dialyzed
in the reaction buffer prior to the modification reaction, ALl the
reactions were allowed to proceed until the 1,7 mM IAM-treated sample
had reached 95% inhibition of catalytic activity. Concentrations of
@ Se—
100 molar excess(0.34 mM), ——[J)—— 200 molar excess(0.7 ml), and
Y,

the modifying reagent iodoacetamide(IAM) were as follows:

500 molar excess(1 J o).
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Figure 10 Protection of MDH from Iodoacetamide Modiﬁca’cioh

The modification reactions were performed with 10 nmol of enzyme
(3.3 micromolar) and 500 molar excess iodoacetamide(IAM)(1,7 mlf) in a
volume of 3 ml at 25°, The buffer used was 50 mM sodium phosphate,
1 mM EDTA, pH 7,0, Native enzyme was dialyzed in the reaction buffer
prior to the modification reaction. Various concentrations of either
'coenzyme or substrate were added to the reaction mixture to determine
their value as proﬁection reagents. ALl the reactions were allowed to
proceed until the positive control(no protecting substances) reached
95% inhibition. Concentrations of the protecting substances were ‘as
' O
protecting’ substances,

>

) IAM + 10 molar excess(35 micromolar) L-nalate, and

follous: 500 molar excess(1.7 m!) iodoacetamide with no

O——IAM + 10 molar excess(35 micromola

NADH, IAM + 50 molar excess(170 micromolar) NAD®,

—NA\————IAM + 10 molar excess(35 micromolar) oxalacetate,
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Protection of MDH from Iodoacetamide Modification



39

with the coenzymes when compared withAthe‘substrates corresporids to the
ordered binding mechanism for dehydrogenases, in wﬁich the coenzyme must
bind to the enzyme befqre the substrate.

Less iodpacetamide(0.7 m) was required to give the same rate of
inactivation, which was a half-life of around 45 min,, with both poreine
(73) and bovine mitochondrisal MDH(30), but the concentration of coenzyme
requi:ed for full protection was thé same, Gregory was able to achieve
partial protection of the porcine enzymé with the use of high concen~"
trations of substrate, with the minimum concentrations being 117 i for
L-malate and greater than 16 mM for oxalacetate(73).

Ellman's method(72) was used to quantify the cysteine content of
the NADH-protected and IAM-modified enzyme samples. The results indicated
that no -SH groups had reacted with the reagent iodoacetamide., No sulfhy-
dryl groups were found to react with iodoacetamide in either the poreine
(73) or bovine(30) mitochondrial isozymes, Values of the number of free
sulfhydryl groups present in the native enzyme would indicate that no
disulfide bonds are present in the chicken isozyme, as is also true with
the bovine species,

Molecular weight determinations én a Sephedex G-150 colurm showed
the iodoacetamide-modified enzyme to have an apparent molecular weight.
of 60,000 gm/mol. The sedimentation velécity experiments with both the
- modified enzymevand protected samples indicated that both species remained
in the dimeric state., Iodoacetamide-modified species of both the pbrcine"
and bovine mitochondrial enzymes similarly remained as dimers. Sédimen-‘
tation velocity experiments of the protected chicken enzyme indicate that

it possessed a tighter subunit configurétion than the modified enzyme.
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These data are summarized in Table\XII;

Two moles of carbon~1/4 label from iodo~ Ec_uuﬂ acetamide were bound
per mole of enzyme., Amino acid analysis of the modified enzyme showed
the appearance of two carboxymethylhistidine residues per mol of enzyme,
and a concurrent decrease of two histidine residues per mol of enzyme.
Since it has been documented that there are two active sites per chiéken
heart mitochondrial MDH dimer(11), ﬁe can argue that two histidine
residues have been modified per mole of:enzyme. The location of these
histidine residues is probably in thg active sites, with one residue
being in each active site, Analysis of NADH-protected enzyme indicated
no radioactive incorporatioh and the absence of any carboxymethylhis-
tidine residues., The results for these studies are also found in
Table XII, Gregory has reported iodoacetemide-modification of a nistidyl
residue in each active site for both the porcine and bovine mitochondrial
isozymes(56, 30).

The reaction of the enzyme with iodoacetamide and not iodoacetate
is not what one would predict, Both reagents normally alkylate histidine
or cysteine, The -NHy group of the amide is only slightly better as an
eléctron donating group than the -0H ﬁoiety of the carboxyl group, and
this minute differencé does not explain the tremendous difference in-
reactivity of the two reagents with respect to the enzyme, Steric
effects could also not explain the difference rates, since both reagents
are approximately the same size. The only observable difference between
the two molecules is that at neutral pH, the carboxylate group is‘
negatively charged, while the amide group is neutral. The presence of a

negatively charged residue in the proXimity of the active site histidyl
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Table XIT: Properties of the Iodoacetemide-modified Enzyme

The table summarizes the properties of iodoacetamide~modified MDH,
Fach reaction was performed at pH 7,0 in 3 ml volume at 25°, Reactions
were performed with 10 nmol enzyme(3.3 micromolar) and 500 molar excess
_ﬁf IAM(1.7 mM), while the protected samples also contained 10 molar
~ excess of NADH(37 micromolar). Reactions enalyzed with Fllman's reagent
. contained a 2,5-fold increase in enzyme and reagents, while amino acid
- analyzed samples coﬁtaine& a 5-fold increése in enzyme and reagents.
The number of free sulfhydryl groups was determined with Ellman's
reagent, The quantity of histidine, carboxymethylhistidine, and méthionine
residues was determined using the amino acid anaslyzer., The determination
of_incorporated reagent was performed with a mixture of labeled and
unlabeled IAM using scintillation counting as described in the

"Experimental Procedure" section, The molecular weights of the samples

~ were determined by the use of a calibrated Sephadex G-150 column,

AN



Table XII: Properties of Iodozacetamide-modified Enzyne

Proverty

Free sulfthydryl groups
Activity

Histidines
Carboxymethylhistidines
HMethionines

Mol CM4-IAM/mol enzyme
Molecular weight

Native MDH  IAMomodified MDH  NADH-protected MDH
15 15 15
100% 5% 100%
12" 10 12
0 2 0
14 1, 14
0 2 0
66,000 60,000 66,000

Difference

95%

D

NSO N

26
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group could prevent the iodoacetate anion from approaching thé histidine
residue, but would have no effect upon the neutral amide group. The
presence of an anionic>group in the substrate bindiné site has been
suggested by crystallographic studies on porcine cytoplasmic MDH(36),
indicating a possible molecular basis for this theory of charge

repulsion,

1..D3 hi

(NEM) —- Ellman's reagent, 5,5'-dithiobis-(2-nitrobenzoic acid), combines
with free sulfhydryl groups to form a thionitrobenzoate-substituted
protein, One mole of thionitrobenzoate anion is released for each mole
of -SH group modified, This anion possesses a gtrong absorbance at 412
nm, and can be used to quantify the number of sulfhydryl groups
modified(81).

Ellman's reagent gave no apparent reaction with the chicken isozyme
at pH 7.0, based on catalytic activity. However, it combined very
rapidly with native mitochondrial MDH at pH 5,0, After 20 minutes
incubation of 10 nmol(3.3 micromolar) of enzyme with 5000 nmol(1.7 mlf)
of DINB, the protein precipitated from the solution, indicating a very
rapid rate of reaction. Modification of nearly all sulfhydryl groups
of the enzyme may have occurred under these conditions, or at least ’
enough of the -SH groups to result in the modified enzyme precipitating
out of solution. A rapid reaction apparently occurred, in which
modification of one sulfhydryl group may have brought about a conforma~
tional change that exposed one or more unmodified -SH groups, although
no date was available as to whether this actuelly occurred, It is

uncertain as to the number of sulfhydryl groups that were actually
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modified by Kllman's reagent under theéa conditions., The data for these
modifications are shown in Table X and Figure 8,

The reaction of Ellman's reagent with free sulfhydryl groups of
proteins normally occurrs at pll 7,0 and above., This is due to the
pK' of the sulfhydryl group being approximately 8.3. At more basic
pH velues, the sulfhydryl enion is present and reacts with DINB more
rapidly than does the protonated-fbfm. However, this reagent could
not react with the chicken enzyme until:eiﬁher the dimer had dissociated
or a conformational change>had resulﬁed from the lower pH conditions.

Sulfhydryl groups add across the double bond of N—ethyi maleimide
in a manner quite like the Michael reaction, This modifying reagent
could not react with the dimeric enzyme, but did react when the enzyme
was dissociated(see Table XV). Even though the mercaptide ion mentioned
as the nucleophile for these two modifications does not normally exist
to a significant degree at pH 5.0 and below, the presence of strong
hydrogen bonding from the solvent and with near-by residues may have
given the thiol group enough anionic character to elicit the reaction.
The protonated form of’sulfhyﬂryi groups normally do not possess enough
nuéleophilic character to elicit such a reaction.

Although the reaction of 1.7 mif Neethyl maleimide.with chicken
heart mitochondrial MDH at pH 7.0 and 6.0 was negligible, rapid inacti-
vation occurred‘upon dissociation of the dimer 2t pH 5.0 and below,.
With a concentration of 3.4 ml{ l-ethyl meleimide, modification téok,
place over twice as fast at pH 4,8 than at pH 5.0, The half;life.a£3
pH 4.8 was 32 min,, while at pH 5,0 the half-life was 68 min, Rate

constants were 2,2 x 10~ min~1 and 1.0 x 10-2 min‘1, respectively.
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The addition of 10 molar excess(35 micromolar) of NADH offered nearly
full protection of the enzyme from inactivation., These data are shown
in Figures 8, 11-13,

The dependence of the inactivation rate upon N~ethyl maleimide con~
centration was tested to determine the effects of reagent concentration
upon inactivation kinetics at pH 4.8, Reagent concentrations of 340
micromolar gave a half-life of 115 ﬁin., whereas concentrations of 3.4 mM
‘N-ethyl maleimide gave half-lives of 321min. . Nearly 8 4=fold differ-
ence in reaction rates was observed for these two concentrations of
nodifying reagent. The latter concentration of reagent at pH 4.8 was
chosen for a1l further experiments involving N-ethyl meleimide.

An equivalent rate of inactivation observed at pH 4.8 with the
chicken isozyme could be observed with half the reagent concentration
(1.7 o) and at a higher pH of 5.0 for both the porcine(73) and bovine
(30) mitochondrial isozymes., The chicken enzyme was fully protected from
both N-ethyl meleimide and iodoacetamide inactivation by a 10 molar excess
(35 micromolar) of NADH, This concentration of NADH was also used to
protect the bovine mitochondrial and porcine mitochondrial MDH from
modification by N-ethyl maleimide and iodoacetamide(30, 73).

Bstimates of molecular weight by chromatography on a calibrated
Sephadex G=150 column indicated that the N-ethyl maleimide-modified
enzyme was dissdciated into 33,000 gm/mol monomers at pH 4.8, Sedimen-
tation velocity experiments indicated that MDH that had been modified by
N-ethyl maleimide at pH 5,0 remained in the monomeric state even when
the pH was inecreased to 7.0. If a 5 molar excess(18 micromolar) of NADH

was then added to the modified enzyme'at pH 7.0, the chicken isozyme



926

Figure 11: Effects of pH on lodification of MDH by N-Ethyl I'Ialéimide
The modification reactions were performed with 10 nmol of enzyme
(3.3 micromolar) in a volume of 3 ml at 250, The buffers used were
50 mM sodium phosphate, 1 mM EDTA at pH 7,0, 6.0, and 5.0, and 50 m
sodium acetate, 1 mM EDTA, pH 4.8, . Native enzyme wes dialyzed in the
. reactién buffer prior to the modification reaction. The reactions at
pH 4.8 and pH 5.0 were allowed to proceed until 95% inhibition had be
achieved, while thé other two reactions continued for slightly over ¥
hours, and the results extrapolated. Concentrations of the H-ethyl

meleimide(NEM) were as follows: O—— 500 molar excess(1.7 mi

at pH 7.0, —(J 1000 molar excess(3.4 mM) at pl 6,0,——0O—

A———1000 molar exce

1000 md],ar excess(3.4 mM) at pH 5,0, and
(3.4 uwM) at pH 4.8,
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Figure 12: Effects of Reagent Concentration on Modification of MDH
by N-Ethyl Meleimide

The modification reactions were performed with 10 nmol of enzyme
(3.3 micromolar) in a volume of 3 ml at 25°. The buffer used‘ vas
50 M sodium acetate, 1 mif EDTA, pH 4.8, Native enzyme was dialyzed i
the reaction buffer prior to the modification reaction. 411 the
reactions were allowed to proceed until the 1000 molar excess sample !

reached 95% inhibition, Concentrations of the l-ethyl meleimide were

follows: O 100 molar excess(0,34 mt), ——[J——— 200 mol

excess(0.7 mM), ——@—— 500 molar excess(1,7 mM), and pp—

1000 molar excess(3.4 mM),
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Figure 13: Protection of MDH from Modification by N-Ethyl Maleimiae

The modification reactions were performed with 10 nmol of enzyme
,(3'3 micromolar) and 1000 molar excess of N-ecthyl maleimide(NEM)(3,4 md
in a volume of 3 ml at 25°, The buffer used was 50 mi sodium acetate,
1 m}M EDTA, pH-A.S. Native enzyme was dialyzed in the reaction buffer
prior to the modification reaction. Various concentrations of NADH
were added to the reaction mixtures to determine the value of the

coenzyme as & protection reagent., The concentrations of the coenzyme

were as follows: ——QO——— 1000 molar excess(3.4 mlf) NEM with no
protecting substances, (J——NEM + 1 molar excess(7 micromolar)
NADH, L NEM + 5 molar excess(R0 micromoler) NADH, and

——O——NEM + 10 molar excess(37 micromolar) WADH, All of the
reactions were allowed to proceed until the modified enzyme at pl 4.8,
at which the enzyme was entirely in the monomeric state, was 95%
inhibited. Even though the NADH~protected samples exhibited increased
initial rates of activity, with over a A4-fold increase iﬁ the 10 molar
excess sample when compared with the unprotected sample, this graph
does not reflect this difference in activily because each sample posses
a separate control thal was deficient in modifying reagent but possesse

the same amount of enzyme and NADH,
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Protection of MDH from Modification by N-Ethyl Maleimide
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reassociated into the dimer, Enzyme tﬁat had been modified at pH 4.8,
followed by a decrease in acidity to pH 7.0 and subsequent addition of
an equal amount of NADH, would not reassociate to the degree that enzyme
modified at pH 5.0 would., Both the éorcine and bovine mitochondrial MDHs
were observed to dissociate into monomers upon modification by Ne-ethyl
maleimide, as was the chicken isozyme., Once modified, the bovine and
porcine mitochondrial isozymes would reassociate only in the presence

of large concentrations(90 micromolar) of NADH(75), whereas the modified
chicken isozyme only required a concentration of 35 micromolar NADH,

N~ethyl meleimide apparently reacted at a reasonable rate only with
the monomeric form of the enzyme, as did Ellman's reagent., At pH 5.0,
N-ethyl maleimide reacted with the monomer and apparently shifted the
equilibrium in the direction of the monomer, since the modified enzyme
existed entirely in the monomeric state in the absence of coenzyme.

The rate of inactivation by N-ethyl maleimide at pH 4.8 was much faster
than at pH 5,0, This observation is consistent with the model‘of the
enzyme dissociating into monomers before the -SH groups are exposed to
the solvent. Data for these studies are listed in Table XIII,

Studies involving NADH protection of the native enzyme from N-ethyl
maleimide modification at pH 5.0 and pH 4.8 revealed that increased
concentrations of NADH resulted in higher initial rates of enzymati§
activity, with ﬁearly a L=-fold difference between the unprotected
sample and the 10 molar excess(35 micromolar) NADH sample at pH 4.S.
Gregory has also observed these differences in enzymatic activity.in
modification studies of the bovine mitochondrial isozyme at lowApH1.

Since sedimentation velocity experiments(see Table XV) indicatéd that
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Table XIII: Properties of N-Ethyl Maleimide Modified MDH

The molecular weight of the modified enzyme was determined using
a calibrated Sephadex G-150 column at pH 7.0. The modified enzyme was.
bbtained using 10 nmol(3.3 micromolar) of enzyme at pH 5,0 with 1000
molar excess(3.4 mM) NEM in 3 ml at 259,

The sedimentation velocity samples were obtained using 40 nmol
(13 micromolar) of enzyme at either pH 5.0 or 4.8 with 1000 molar excess
(13.4 mM) NEM in 3 ml at 25°, The modified enzyme waé then redialyzed
to pH 7.0, whereupoh the coenzyme was then added to debermine its
reassociation properties with respect to the modified enzyme. Thé
protected sample had a 10 molar excess(150 micromolar) of NADH, The

sedimentation coefficient for the native enzyme at pH 7.0 is 4.2-4.3.



Table XITT: Properties of N-Ithyl lMaleimide-modified Enzyme

Molecular Weight by Sephadex G=150 column at pH 7.0 === 33,000 gm/mol (monomer)
Sedimentation Velocity

pll of roagtign reagsociation reagent reassocistion reagent concentration ue
5.0 None . 0 micromolar 2.81
5.0 5 molar excess NADH 240 micromolar 3.80
FARS ' 1 molar excess NADH 80 micromolar T 2,93
.8 5 molar excess NADH ' 240 micromolar 3.23

Enzyme protected with NADH at pH 5,0 had a value of 4.35s after increasing the pH to 7.0.

7oL
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excess coenzyme could reassociate the native enzyme into dimers at
low pH, these protection studies may indicate that the monomer is much
less active, if active at all, than the dimer state. |

Assays for modified sulfhydryl groups by Ellman's methdd(72),indi-
cated that the number of -SH groups that reacted with N-ethyl maleimide
depended both on the relative concentrations of enzyme and reagent, and
also on the pH, If 25 nmol of enzyﬁe(9 micromolar) and 4.2 mM N-ethyl
maleimide were allowed to react at pH 5.0, a total of six -SH groups
wvere modified, The same reaction at pH 4.8 resulted in the modification
of 11 sulfhydryl groups. By increasing the enzyme and reagent concone-
trations 2,5-fold at pH 5.0, the number of sulfhydryl groups reacting
increased to at least 13, with most of the modified protein precipitating
out of solution, Final data are shown in Table XIV, The number of groups
modified increased with either a lowering of the pH or an increase in the
enzyme and reagent concentrations. Reaction of one -SH group may have
caused a conformational change that exposed one or more previously hidden
groups, meking them available for subsequent modification. The essential
sulfhydryl groups are apparently among the six groups modified during
the first set of conditions described ébove, and the actual number of
essential sulfhydryl groups is probably less than six, However, there
are no data to support these hypotheses.

Gregory reported a single essential sulfhydryl residue modified with
N-ethyl maleimide per active site in both the porcine mitochondrial iso-
zyme(73), which contains two active sites, and bovine mitochondrial MDH
(30), which contains one active site per dimer. None of the essential

sulfhydryl groups in the chicken isozymé, which may be as many as six,
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Table XIV: FEllman's Assays of N~Ethyl Modified MDH

The reaction volume was 3 ml at 25°, The effects of varying both
the pH and the enzyme and reagent concentrations on the number of -SH
groups modified were studied. The concentrations used are shown in
the table, Enzyme protected with 10 molar excess(90 micromolar) of

NADH at both pH 4.8 and 5.0 showed no modified sulfhydryl groups.



Table XIV:

25 nmol
25 nmol
25 nmol
25 nmol
60 nmol

2Modified enzyme precipitated from solution

Ellman's Assays of N-Dthyl Maleimide-modified Inzyme

MDH concentration

8 micromolar
8 micromolar
8 micromolar
8 micromolar

20 micromolar

molar excess NI

0

0
500
500
1000

reagent concentration

0 mi
o m
4o2 mi
Le? mM
20 mit

unmodified modified
pH =SH groups =SH groups

5.0 15 0
P 15 0
5.0 9 6
L8 3 1M
5.0 2 138

Enzyme protected with NADH at both pH 5.0 and 4.8 had 15 unmodified sulfhydryl groups.

Lol
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do not appear to be located at or near the active site, but are probably
exposed by the dissociation of the enzyme into monomers., Alterations in
the quaternary structure}are clearly implicated upon‘modificatioh with
either Ellman's reagent or N-gthyl meleimide., Since the coenzyme NADH
has been shown to reassociate the dissociated enzyme into the active
dimeric state, the ability of coenzyme to completely prevent any modifi-
cation of the enzyme by Neethyl maléimide indicated that the initial
modification of a sulfhydryl group probably occurred at the subunit inter-
face., Since the modified enzyme could not readily be reassociated by
the presence of coenzyme, the modified sulfhydryl groups probably were
more closely associated with maintaining an enzymatic structure that
was catalyticly active than with the actual catelytic process itself,

The type . of modification by N~ethyl maleimide is obviously very
different for the chicken isozyme when compared with the porcine and
bovine systems, since the modification is non~specific with respect to
the essential residues, and prevents complete reassociation by coenzyme
into the complete dimeric form, with the amount of reassociation depending

upon the number of groups modified,
S it Di iation a associati
Molecular weight determinations and ultracentrifugation studies
are two of the more common methods for determining the dissociation and
reassociation of subunits in multimeric molecules, Most of the studies
to determine monomer-~dimer transitions in the native enzyme wnder

various conditions were performed with sedimentation velocity experi-~

ments, and the results are given in Table XV. An additional listing
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Table XV: Sedimentation Coefficients of Chicken Heart Mitochondfiél‘MDH

| The enzyme sample was subjected to centrifugation at 59,780 rpm for
60 minutes at 4%, Sedimentation coefficients were determined from the
' fime-dependent migration of the enzyme in‘the ultracentrifugal field.
Each sample contained 40 micromolar concentrations of native enzyme,
and the buffer used was as indicated, The data are arranged to indicate
the effects on sedimentation coefficients of various pls, various coénzyme
rconéentrations, andldifferent buffers, Molar excess refers to the number
of moles of coenzyme present in the sample compared to the number of

" moles of the enzyme.



Table XV

Sample

50 m!M phosphate, pH
50 - mt phosphate, pH

50 mi phosphate, pH

50 mM phosphate, pH
50 mM phosphate, pH

50 mM phosphate, pl

110

7.0
5¢5
5.0
L8
4ob

5.0

1 molar excess
5 molar excess
10 molar excess
10 molar excess

50 molar excess

- e s eme  ewe e e

50 mM pvhogrhate, ol

NADH(80 micromolar)
NADH(240 micromolar)
NADH(440 micromolar)
NAD™ (440 micromolar)
NAD™(2,0 mM)

[Laa

1 molar excess
5 molar excess
10 molar excess
10 molar cxcess

50 molar excess
25 mlf phosphate, pH
25 mM Tris, pH 7.0
25 mM Tris + 100 mi

NADH(80 micromolar)
HADH(240 micromolar)
NADH(440 micromolar)
NAD" (440 micromolar)
NAD" (2,0 mlf)

7.0

phosphate, pH 7.0

Sedimentation Coefficients of Chicken Mitochondrial MDH

4e12y 4a22, 4,20
416

4.,00, 3,75, 3.5
2.91, 2.79 (monomer)
2,83 (mononer)
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for comparison with values reported for other native forms of malate
dehydrogenase can be found in Table XVI, Studies of subunit dissoci-
ation and reassociation in the chemically modified enzyme were discussed
in their respective sections in "Chemical Modification". Unless other—
wise stated, all experiments were performed in 50 mM sodium phosphafe,
1 mM EDTA vhen the pH was 5.0 or above, and 50 mM sodium acetate, 1 ml
EDTA when the pH was below 5.0. | |

Effect of enzyme concentration ~- The lack of dissociation in the
chicken isozyme upon dilution to 0.2‘micromolar'has previously been
discussed in the "Physical and Chemical Characteristics" section.

Effect of ol -~ The effects of pH on the quaternary structure of
chicken heart mitochondrial MDH were evaluated by determining molecular
weight or sedimentation velocity as a function of pH., The results are
summarized in Tables IV and XV. These techniques indicate that the
chicken isozyme existed as a dimer at pH 7.0, The s value of 4.2 for
the native enzyme agrees cloéely with the value of 4.3 reported by Kitto
and Kaplan(11). Between pH 7.0 and pH 5,5, the chicken isozyme remained
in a dimeric state, but dissociated into the monomer at »H 4,8 and below,
Chicken heart mitochondrial MDH gave molecular weight and sedimentation
coefficient values at pH 5,0 that were intermediate between those of the
dimer and monomer., An apparent equilibrium existed between the monomer
- and dimer forms in the chicken isozyme at pH 5,0, vhich shifted completely
to the monomer upon an increase in acidity to pH 4.8,

Porcine mitochondrial, porcine cytoplasmic, and bovine mitochondrial
MDH all existed as dimers at pH 7.0, as did the chicken heart enzyme.

Both the porecine mitochondrial and bovine mitochondrial isozymes
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Table XVI: Sedimentation Coefficients of Various Malate Dehydroéeﬁases
The sedimentation coefficient for the native chicken enzyme was

~ obtained in a manner described elsewhere. All of the other values

have been reported in the literature, and were obtained in a manner

similar to that described in the "Experimental Procedure" section.
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Table XVI: Sedimentation Coefficients of Various Malate Dehydrogenases

Source of enzyme | Sedi ation ici pi
Chicken mitochondrial - 4.2
Porcine mitochondrizl(75) Le2
Bovine mitochondrial(75) b ods
Porcine cytoplasmic(75) beols
Bovine cytoplasmic(38) kb
Chicken cytoplasmic(11) 4.3
E. coli(74) ‘ beoke

B, subtilis(74) 6.7
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dissociated into monomers upon lowering the pH to 5.0, while the porcine
cytoplasmic form remained in the dimeric state at this pH., Although

the chicken isozyme required & slightly lower pH of 48 before converting
to the monomeric state, the similarity of the chicken mitochondrial
isozyme was much greater with the porcine and bovine mitochondrial MDH,
in this respect, than with the porcine cytooiasmic form, which did not .
dissociate into monomers under any of the conditions reported.

Effect of vyridine nucleotides — The effects of coenzyme on the
quaternary structure of chicken heart MDH were evaluated by determining
sedimentation velocity as & fumction of coenzyme concentration. Various
concentrations of NADH and NAD" caused partial or complete reassociation
of the monomers into the dimeric state at pH 5.0 and pH 4.8, Since the
affinity of the enzyme for NADH was higher than.fbr NAD*, smaller
quantities of the NADH moiety were required to achieve the dimeric state
under these conditions. Concentrations of 80 micromolar and 440 micro-
molar of NADH and NAD+, respectively, were required to elicit §omplete
reassociation of the chicken enzyme to the dimer at pH 5.0, when the
enzyme was present at a concentration of 40 micromolar, The porciné
miﬁochondrial and bovine mitochondrial isozymes, when present at the
same concentration as the chicken isozyme, could also be reassociated
at pH 5.0, but required slightly higher concentrations of coenzyme,

240 micromolar NADH and 4.0 mM NAD*(75),

The fact that NADH binding favored reassociation of subunits is in
direct contrast to observations made by Shore and Chakrabarti(82); They
reported dissimilar effects for the reduced and oxidized coenzyme forms,

with the NADH causing dissociation of the enzyme,
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Larger quantities of NADH and NAD® were required to bring about the
reagsociated state at pH 4.8 than at pH 5.0 in the chicken isozyme. For
chicken heart mitochondrial MDH at a concentration of 40 micromolar, NADH
was required at a concentration of 240 micromolar, while the amount of
NADY needed was some quantity much larger than 2,0 m!, probably in the
neighborhood of 4.0 mM, Those quantities of coenzyme correspond almost
exactly to those required to reassociate the monomers of porcine and
bovine mitochondrial MDH at pH 5.0, Since the chicken enzyme has com-
pletely dissociated into monomers at pH 4.8, this would indicate that
the chicken isozyme required the same amount of coenzyme to reassociatle
complete monomer to complete dimer as does the other two isozymes.

Apparently, the amount of oxidized coenzyme required to elicit the

dimer at pH 4.8 compared to pH 5.0 is disproportionally larger than the

amount of NADH required. This could be due to a simple binding effect.



SUMMARY

A composite of the subunit interactions of the chicken isozyme
in the native and modified forms is given in Figure 14, This shbuld
be compared with the composite diagram for the porcine and bovine mito-
chondrial isozymes, shown in Figure 15, The main difference between the
two schemes is the absence of dissociation at high dilution values, the
monomer~dimer equilibrium state at pH 5,0, and the failure of the Nili-
modified enzyme to completely reassociate into the dimer when coenzyme
is present in the chicken isozyme., .

The porcine, bovine, and chicken heart mitochondrial isozymes all
existed as dimers at pH 7,0 at concentrations of 30 micromolar. When
the enzyme was diluted to 0,2 micromolar, only the porcine enzyme dissoci-
ated into monomers, while the bovine and chicken isozymes remained as
dimers., This dissociation of the porcine MDH could be reversed by the
addition of NADI the enzyme solution.

Upon lowering of the pH of the enzyme to 5.0, the porcine and,bovineb
enzymes dissociated into monomers, The chicken isozyme existed in a
monomer—dimer equilibrium at pH 5.0, and required a more acidic pH of 4.3
before being completely converted to the monomeric state, DIither the
addition of coenzyme or an increase in the pH to 7.0 reassociated all
three enzyme fb:ms into dimers.

Todoacetamide reacted with all three isozymes at pH 7.0 to give
modified prodﬁgtso The modifying reagent converted a histidine residue
in each active site to a carboxymethylhistidine residue. The product in
each case was an inactive dimer, Modification of the isozymes by iodo-

acetanide could be prevented by a ten to one ratio of NADH o enzyme.,

116
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Figure 14: Subunit Interactions of Chicken Heart Mitochondrial MbH

The subunit interaction scheme for chicken heart mitochondrial
malate dehydrogenase is shown. This figure is based on both molecular
weight and sedimentation velocity studies of both the native and
modified enzyme., At pH 5,0, an equilibrium exists between the monomeric
and dimeric forms, with the predominant form being the dimer. The
symbol indicates two monomers that have reassociated to a

certain degree, but not to the extent of existing as a dimer,
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Figure 14
Subunit Interactions of Chicken Heart Mitochondrial MDH
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Figure 15¢ Subunit Interactions of Porcine and Bovine Mitochondrial MDH

The scheme for the subunit interactions of porcine mitochondrial
malate dehydrogenase is shown, The bovine mitochondrial isozyme follows
the saﬁe pattern, except that the bovine enzyme does not dissociate at
high dilution, The diagram is based on both molecular weight and

sedimentation velocity studies of both native and modified enzyme(75).
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COENZYME

(pH 7.0) | pH 5.0 N-ETHYL MALEIMIDE,
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Figure 15

Subunit Interactions of Porcine and Bovine Heart Mitochondrial MDH
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N-Ethyl maleimide modified an;asséntial sulfhydryl group in both
the porcine and bovine isozymes at pH 5,0, The product of this modi-
fication was inactive monomers, which could be completely reassociated
into inactive dimers by the addition of NADH at pH 7,0, This modifi~.
cation by N-ethyl maleimide could be prevented by the presence cf>
coenzyme,

N~Ethyl maleimide reacted over twice as fast with the chicken isozyme
at pH 4.8 as at pH 5.0, The number of sulfhydryl groups modified depended
on both thé pH and the reagent concegtration. Six sulfhydryl groups were
modified at pH 5.0, while eleven éulfhydryl groups reacted at pH 4.8.
Increasing the enzyme aﬁd reagent concentrations at pH 5.0 rgsulted in
the modification of 13 sulfhydryl groups. The product of each reactioﬁ'
was inactive monomers, The modified enzyme would not reassociate tq the
degree observed with the porcine and bovine enzymes upon the addition of
NADH at pH 7,0, with the amount of reassociation depenaing on the number
of sulfhydryl groups modified, The quifieation reactions at both pH 5.0
and pH 4.8 could be prevented by the presence of coenzyme.

The characterization of the chicken isozyme'as eithér’a porcine~like
, or a bovine-like system simply is not possible, since there are certain
properties possessed by chicken heart mitochondrial MDH that could place
it in either category. One of the properties that the chicken isozyme
shared with the Bovine-system only was a failure to dissociate at high
dilution; One of the properties shared with the porcine—system only
was the number of active sites., Most of the properties of the chiéken
heart enzyme.were shared in common with both porcine and bovine mito-

chondrial isozymes, but there were some characteristics which only the
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chicken isozyme possessed, such as the failure to dissociate completely
at pH 5.0, and the non-specific modification of the sulfhydryl groups
by N-ethyl maleimide, _As we are attempting to compare an avian system
with two mammelian systems, the remarkable similarity between the three
systems is rather amazing.

Investigation of‘other oligomeric enzymes by means of the tech-
niques cited above could provide significant information concerning the
quaternary structures of such enzymes in solution. This information
couid be used to gain insight’into the mechanisms and possible regul—
ation of oligomeric enzymes at physiological concentrations and

pH values,
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A CHARACTERIZATION OF CHICKEN HEART MITOCHDNDRIAL

MALATE DEHYDROGENASE

by
James Stuart Nichols

Chicken heart mitochondrial malate dehydrogenase has been purified
by an improved isolation method to give 56% of the initial mitochondrial
enzyme, The purified enzyme has a specific activity of 340 U/mg. This
homogeneous énzyme‘has been shown to be.pure by several criteria,

The enzyme has been shown to beia dimer with a molecular weight of
67,000 gnm/mol. Upon exposuré of MDH to pH 4.8, the enzyme dissociates
into 33,000 gm/mol monomers. At pH 5.0, an apparent equilibrium exists
between the monomeric and dimeric states, |

If pyrophosphate or phosphate were present, stabilization of the
enzyme occurred, causing an increase in the enzymatic activity and a
decrease in the Ky values for both substrate and coenzyme, probably by
an induced conformational change.

Iodoacetamide»was found to modifj two histidine residﬁes, one group
in each active site, per enzyme dimer at pH 7,0, Ellman's reagent reacted
with enzyme at QH 5.0, possibly modifying most of the sulfhydryl groups.
N-Ethyl maleimide modification of the enzyme's sulfhydryl groups at
pH 4.8 was found to be slightly more specific in its modification than
Ellman's reagent, The number of sulfhydryl groups modified by Neethyl
maleimide increased with either lowering of the pH or an increased
reagent concentration., Six -SH groups were modified at pH 5.0, while

eleven sulfhydryl groups reacted at pH 4.8, The presence of NADH was



found to prevent modification entirely when either Ne-ethyl maleimide or
iodoacetamide was present,

A model of subunit interactions in the native a.gd modified chicken
isozyme is presented, and is compared with the model of the porcine and

bovine isozymes,
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