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ABSTRACT

1. Rabbit muscle alanine aminotransferase has been
purified to a state of homogeneity based upon analytical
ultracentrifugal analysis, disc gel electrophoresis, and
SDS gel electrophoresis. The enzyme has a molecular weight
of 110,000+4000, a S°200,w of 6.45, and is a dimer consisting
of two polypeptide chains of molecular weight 55,000£2000.

2. Analytical and preparative isoelectric focusing
indicate that the enzyme is actually a heterogeneous mixture
of 12-14 isozymes with isoelectric points between pH 7 and 9.
The isozymes are enzymatically active.

3. The enzyme contains approximately 2 moles of PLP
per mole of enzyme. The PLP is tightly bound and is not
readily resolved. Borohydride reduction results in complete
loss of enzymatic activity.

4., PCMB titration results in about 95% loss of activity
after 6-7 cysteinyl residues have reacted.

5. The pH activity optimum range is between pH 7.5 - 8.1.
Increasing ionic strength decreases enzymatic activity in a
manner which points to a primary kinetic salt effect. Phos-
phate retards this inhibition.

6. The enzyme is virtually specific for the substrate
pairs alanine plus o-ketoglutarate and pyruvate plus glutamate.
Mesoxalate, 2-ketobutyrate and a-amino valerate can act as
very weak substrates.

7. The Michaelis constants, measured in 0.1M phosphate,

pH 7.5 at 30°C are: pyruvate and ketoglutarate - 0.64mM;
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.glutamate - 17.5mM; alanine - 43mM.

8. The enzyme is inhibited by a wide variety of amino,
keto, mono and dicarboxylic acids, with proline, cysteine,
phenylpyruvate and the longer monocarboxylic acids being
especially effective.

9. Aminooxyacetate is a potent inhibitor, with a Ki

of 3 x 10'8

M.
10. An Arrhenius plot demonstrates 3 activation energies

between 12°C and 42°C.
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TRANSAMINATION

In 1945, Snell demonstrated that pyridoxal was converted

to pyridoxamine by autoclaving it with a variety of amino
acids. The reaction was completely reversible;l_
ah,
“Q“.‘\ o“
Sk
PYRIDOXAMWNE

This chemical transamination reaction led to the suggestion
that pyridoxal and pyridoxamine might serve as amino group
carriers in vivo by catalyzing the following coupled reaction
pair:
Amino Acid1 + Pyridoxal ¥ Keto Acidl + Pyridoxamine
Pyridoxamine + Keto Acid, 5 Pyridoxal + Amino Acid2

Summation: Amino Acid1 + Keto Acid2 5 Amino Acid2 + Keto Acid1

Further studies showed that it was the 5'phosphorylated
derivatives of pyridokal and pyridoxamine that were the active

metabolites in enzymatic transamination.z’3

In the non-enzymatic
reaction, metal ions were found to accelerate the transamination
reaction between pyridoxal and amino acids.4 During the course
of the transamination reaction, a distinct yellowing of the
solution occurs which was demonstrated by spectrophotometric
studies to be due to imine or Schiff base formation between
pyridoxal or its phosphate and amino acids. Later studies

showed the eqﬁilibrium to greatly favor imine formation.5 In

neutral aqueous solution the imines exist in the following

resonance and tautomeric structures:
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These findings confirmed the previously postulated suggestions
that imine formation was a necessary intermediate in the course of

6,7 gStudies with

both non-enzymatic and enzymatic transamination.
pyridoxal analogues demonstrated that the minimum structural
requirement for effective catalysis of non-enzymatic transamination
is a heterocyclic nitrogen or electronically similar nitro group,
the formyl group, and a phenolic group ortho to it.8’9 Formation

of an imine between pyridoxal and an amino acid results in a
conjugated system of double bonds that acts as an "electron sink”,
which in turn, weakens the bonds a,b, and ¢ of the alpha carbon
atom, with a resultant shift of electrons towards the electrophilic
heterocyclic nitrogen. Labilization of the C-H bond activated

the amino acid for transamination. The system of conjugated

double bonds is maintained in the planar configuration necessary
for electron withdrawal by hydrogen bonding between the imine
nitrogen and phenolic oxygen, or in the case of the metal

catalyzed reaction, by chelate formation of 5 and 6 membered

rings. The metal ion also serves as an electron sink. These

interactions are illustrated in the structures below.10
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The demonstration of the central role of pyridoxal in the

catalysis of transamination led finally to proposals of

. . . . 8
transamination mechanisms both in the presence

of metal ions. Except for the
both are essentially the same.

reaction is illustrated below:
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and absence11

presence of the chelate structure,

The metal catalyzed non-enzymatic
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The mechanism features labilization of the alpha hydrogen
of the aldimine, formation of a semiquinoid intermediate, and
subsequent protonation on the formyl carbon to form a ketimine
intermediate, followed by hydrolysis to the keto acid and
pyridoxamine. The reaction is fully reversible and depends
only on the concentration of amino and keto acid. Coupling of
two such half reactions results in the overall transamination
described earlier between different amino acid and keto acid
pairs.

7 8

Enzymatic transamination proceeds at a rate 10 - 10 times

12,13 Studies of

faster than the non-enzymatic reaction.
pyridoxal phosphate (PLP) semicarbazone formation have shown

the reaction to be catalyzed by amines. Since secondary amines
such as morpholine are even more effective catalysts, the reaction
must, therefore, proceed through a reactive, cationic Schiff base
intermediate which is structurally similar to a protonated Schiff

base.12

Qe O




In all PLP enzymes so far investigated, the carbonyl group
does not exist free, but is bound in an aldimine Schiff bond
linkage with an e-NH, group of a lysine at the active center
of the apoenzyme.14 Reduction with borohydride followed by
acid hydrolysis yields e-N-pyridoxyl lysine. The first step
in enzymatic transamination, therefore, must be a transal-
dimination whereby the internal aldimine linkage is displaced

15 Transaldimination

by the amino group of the substrate.
proceeds in two steps; the formation and breakdown of a
tetrahedral addition product. In order to account at least

in part for the tremendous rate accelerations of the enzymatic
transaldimination over the non-enzymatic reaction, an enzyme
promoted addition of a proton to the internal Schiff base must

d.12

be postulate Other factors, such as steric and electronic

distortions undoubtedly also play a role.

16 and

The slow rate determining step of both non-enzymatic
enzymatic17 transamination is the prototrophic shift between
PLP-aldimine and pyridoxamine phosphate (PMP) ketimine. The
rate of transamination between g-amino phenylacetic acid and
pyridoxal is greatly accelerated by an imidazole - imidazolium
buffer which catalyzes this prototrophic rearrangement by a

concerted general acid - base mechanism.18
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The iﬂgéfconféfsion of tautomeric coenzyﬁé - substrate Schiff
bases by properly located ionizable groups at the active site

of the transaminase apoenzyme can, therefore, be reasonably
inferred from the mechanism of the model system. Again, steric
and electronic factors probably account for the large catalytic
rate enhancement of the enzyme even over the imidazole catalyzed
system. It has been suggested that removal of the alpha carbon
proton requires that the C-H bond lie normal to the plane of

19 In addition, the removal of

the conjugated 7 bond system.
a proton from the 4-methylene group of deuterated pyridoxamine
in the reverse reaction has been shown to be stereospecific

20 These results further illus-

for only one of the deuterons.
trate the configurational constraints imposed by the apoenzyme
in effecting the transamination reaction.

The most thoroughly studied transaminase is pig heart
aspartic aminotransferase(EC2.6.1.1)* The enzyme exists in
both cytoplasmic and mitochondrial varieties which are quite

21

distinct from one another. The cationic mitochondrial enzyme

has a lower molecular weight, a somewhat different absorption

*Aminotransferase and transaminase will be used interchangeably.




spectrum, a diffefent amino acid content and is immunologically
quite distinct from the amionic cytoplasmic isozyme. The
Michaelis constant of the cytoplasmic enzyme for aspartate is
about one order of magnitude larger than for ketoglutarate,
whereas the opposite is true for the mitochondrial enzyme. The
apoenzyme of each isozyme is capable of catalyzing reversible
transamination between pyridoxal or pyridoxamine (not PLP and
PMP) and the normal amino and keto acid substrates. The
mitochondrial apoenzyme, however, is specific only for
oxaloacetate - ketoglutarate is ineffective. In addition,
phosphate ions are obligatory for activity. The cytoplasmic
apoenzyme utilizes either keto acid and is inhibited by
phosphate. Differential sensitivities to heat, pH, urea and
PCMB titration also distinguish between the two isozymes.22
The isozymes exhibit still greater complexity. Each isozyme
contains several subforms; the cytoplasmic ones have been most
intensely studied.13 There are four separable cytoplasmic
subforms designated alpha, beta, gamma and delta. The o and B
forms can be converted into the y and 8§ forms by treatment with

23 No differences can be detected

ammonium sulfate at high pH.
in the immunochemical properties, amino acid composition, peptide
maps, molecular weight or PLP content. Each subform has a MW of
93,000 and consists of two identical subunits.24 The subforms

do differ in the rate of recombination between apoenzyme and PLP,

'in specific activity, and in the mode of binding of the coenzyme.




\ The alpha subform binds the coenzyme in the active mode
characterized by spectral abserption peaks at 362 mp in basic
medium and 430 mu in acid. The alpha subform reacts with
carbonyl reagents, engages in reversible transamination with
amino acid substrates, reacts with borohydride to produce an
inactive, covalently linked enzyme - coenzyme reduced secondary
amine. The active alpha enzyme, therefore, contains PLP bound
as an internal aldimine to a protein amino group. The less
active subforms contain increasing amounts of material with an
absorption peak at 340 muy., Their spectral properties are not
affected by pH, and they do not react with carbonyl reagents,
substrates or borohydride. Resolution, however, removes |
stoichiometric amounts of PLP, as in the active subform. The
PLP, therefore, is probably bound as a substituted aldamine in
the inactive subforms, as has been postulated for the mode of

25 That this difference in

.binding of PLP in phosphorylase.
the mode of binding of the coenzyme in the various subforms is

a consequence and not a cause of the electrophoretic differences
is demonstrated by the fact that they all retain their
characteristic electrophoretic mobilities even after the

13 The subforms may, therefore,

~coenzyme has been removed.
be considered as "conformation isomers' whose tertiary
structure determine the nature of the apoenzyme - coenzyme
covalent linkage. The fact that the four subforms can be
isolated from a single pig heart excludes the possibility that

the heterogeneity arises from different animals.
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The detailed mechanism of the aspartate aminotransferase
reaction has been investigated by steady state kinetics, spec-
trophotometric and equilibrium studies with substrates and
substrate analogues, and fast reaction kinetics. All of these
approaches have substantiated the classical Snell-Braunstein
shuttle mechanism and have elucidated the nature of the reaction

17

intermediates. The studies of Velick and Vavra and

Jenkin526-30

, have shown that only binary complexes of aldehydic
enzyme with amino substrates and aminic enzyme with keto sub-
strates are active. Only the non-protonated aldimine enzyme
(with the phenolic proton removed) reacts with amino acid
substrates, the pKa for this protonation being 6.2. Keto acid
substrates and dicarboxylic acids of similar size and con-
figuration act as competitive inhibitors of the amino acids

by forming inactive abortive complexes with the protonated
aldimine enzyme. These dicarboxylic acids also bind to the
unprotonated aldimine enzyme less well and in addition, bind
quite well to the aminic enzymé. The amino acid substrates,
however, do not form abortive complexes with the aminic enzyme,
Binding of keto acid substrates and dicarboxylic acid inhib-
itors to the protonated enzyme results in a shift upward of

the aforementioned pKa, which explains why velocity vs pH
curves exhibit a pKa dependence on substrate concentration,

the pKa's always substantially higher than 6.2. The dissocia-

tion constants of the aldimine enzyme with amino acid sub-
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strates and substrate analogues does not display a pH dependence
between pH 6-10. In addition, the Vmax is constant in the
region pH 6-10. This pH independence of enzyme-substrate
intermediates indicates that the catalytic site is strongly
shielded from the surrounding aqueous media.

Spectral studies of enzyme-substrate and substrate analog
intermediates at high enzyme concentration have demonstrated
absorption maxima at 330, 362, 430 and 492 mu26'30. Comparison
with spectra of model compounds suggests that absoerbancy at
430 and 362 mu is due to aldimine derivatives, absorbancy at
330 mu is due to ketimine and tetrahedral addition complexes
and absorbancy at 492 mp is dueAto semiquinoid formation,
Alpha-methyl aspartate, which participates in transaldimination
with enzyme bound PLP, but which cannot form the ketimine
intermediate, produces an enzyme-amino acid complex with peaks

at 362 and 430 mu.L

Erythro-g-hydroxy aspartate reacts
rapidly forming the presumed semiquinoid intermediate absorbing
at 492 mu, followed by slow transfermation to ketimine, and

28

finally to pyridoxamine enzyme and keto acid. Threo-g-hydroxy

13 Unfortunately, identification

glutamate behaves similarly.
of these spectral peaks with specific reaction intermediates
is not straightforward since as has already been indicated,
the PLP enzyme and enzyme-dicarboxylic acid abortive complexes

also absorb: at 362 and 430 mpy and the PMP enzyme absorbs at

330 mu.
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ORD studies32

, however, have been able to distinguish.
between enzyme spectral peaks and those due to enzyme-
substrate complexes resulting from transaldimination, since
the former are associated with strong positive Cotton
effects whereas the latter are not and may even produce
negative Cotton effects. This technique has allowed the
assignment of the various absorption peaks to various
intermediates along the reaction pathway to be made with
greater confidence.
Fast reaction kinetics experiments, in addition to
determining the rate constants of the several steps in
the reaction mechanism, have also demonstrated that the
intermediates with spectral peaks of 430, 362 and 492 my
are on one side of the rate controlling step, and the inter-
mediates with absorption at 330 mp are on the other side.13
Chemical modification of the engyme has been quite
fruitful in implicating (or not implicating) various amino
acid residues as components of the catalytic site. Photo-
oxidation of the apoenzyme33 or treatment with the difunctional

34 results in disappearance

reagent, 3-bromopropionyl chloride,
of one histidine residue and consequent 100% loss of activity.
- Dinitrodifluorobenzene crosslinking of the lysine residue

that normally reacts with PLP to a nearby tyrosine,34 places

this tyrosine near the active site and supports earlier studies

that implicated a tyrosine residue as necessary for activity.
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In addition to the lysine residue engaged in aldimine linkage,
a nearby second lysine has also been implicated by acetylation
studies as part of the active site.35 Five cysteine residues
per monomer are present in the enzyme. Two residues react
rapidly with -SH group reagents causing no loss in enzymatic

activity. The third thiol group reacts two orders of

magnitude more slowly and its blocking by a large number of
reagents including DTNB, PCMB, N-ethylmaleimide, sulfite
and tetranitromethane results in essentially complete loss

6

of activity.3 Bromopyruvate can both alkylate this thiol t

group with concommitant inactivation of the enzyme and also

57 The last two thiol groups react only

act as a substrate.
under denaturing conditions. That thiol group III, however,

is not part of the catalytic site, is shown by the fact

that incorporation of one mole of cyanide into it to form

the uncharged S-CN product results in retention of over 60%
activity. Inactivation by the other reagents occurs apparently
by producting bulky or charged substituents on thiol group III
which interfere with the activity of the nearby catalytic

site.

These intensive investigations into the structure and
function of aspartate aminotransferase have resulted in the
presentation of a detailed reformulation of the mechanism
of transamination in which a: stepwise, dynamic scheme of the

interconversion of intermediates along the reaction pathway
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38

is postulated. This mechanism updates earlier detailed

schemes by accounting for most of the known facts presented

in thHis discussion and is shown below:
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The essential feature of the mechanism is that the active
site comprises two spatially distinct regions, one of which
binds the coenzyme in the absence of substrate, while the

other includes the substrate binding site and the catalytic

groups that participate in the prototrophic aldimine-ketimine

rearrangement. Sequential steps in the mechanism are linked
with sequential changes in the orientation of the coenzyme

as it rotates between these two regions.

" Stage 1 - Ordinary aldimines of PLP ‘have pKa's between 10-11.
The lowering of thepka to6.2 in aspartate.aminotransferase
is explained by the combined effect of protonation of the
heterocyclic nitrogen by a group % on the protein and a

positively charged group proximal to the phenolic oxygen.
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Group Z is thought to be the tyrosine residue that reacts
with difluorodinitrobenzene. The cationic group may be
the lysine residue next to the one involved in the internal

aldimine linkage.

Stage 2 - Binding of the substrate carboxylate group to the
cationic group results in a rise in the pKa of the phenolic
group to about 8. At the same time, neutralization of

the substrate carboxylate group lowers its amino group pKa

from 9.5 to 7.4.

Stage 3 - Proton transfer from substrate to coenzyme occurs.
Protonation enhances the electrophilicity of the C=N bond.
Neutralization of the phenolic anion lowers the pKa of the

ring nitrogen.

Stage 4 - Nucleophilic attack by the substrate amino group

to form a tetrahedral addition product follows. This can only

occur if the nucleophile is in a plane perpendicular to the
C=N bond. This is made possible by loss of the proton by

the ring nitrogen to group Z, followed by rotation of the

coenzyme about an axis through positions 2 and 5 of the ring.

Stage 5 - The protonated substrate-coenzyme aldimine inter-

mediate forms.

Stage 6 - The E-amino group of lysine, acting as a general
base, abstracts a proton from the a-carbon of the substrate,
producing a carbanion which is in resonance with the

previously postulated semiquinoid intermediate.
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Stage 7 - Proton donation by a general acid YH (possibly

the essential histidine) to atom C'y produces a tetrahedral
configuration which allows the ring to rotate back to its
original position where the ring nitrogen is reprotonéted.
This lowers the pKa of the phenolic group and the phenolic
hydrogen shifts to the ketimine nitrogen, thereby increasing
the electrophilicity of the ketimine carbon. Group Y
abstracts a proton from a molecule of water, and the Schiff

base is hydroly:zed.

" Stage 8 - A product keto acid is released. The amino group
of PMP is unionized since it is positioned near two cationic
groups. It is therefore capable of reacting with the
ketosubstrate in the reverse half reaction.

The mechanism explains several previously puzzling
facts. In model systems, positively charged Schiff bases
are most reactive, whereas in the enzyme, activity is
present at pH's whererbnly an ionized phenolic group is
possible (pKa 6.2). In the mechanism, profonation does occur,
but only subsequent to binding of the substrate. In
addition, the mechanism demonstrates why no transamination
occurs between the coenzyme and the lysine residue forming
the internal aldimine. Finally, the pH independence of
Vmax and enzyme-substrate dissociation constants can be

explained, since none of the steps in the sequence involves
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acceptance or release of protons from or to the medium - all
exchanges occur between intermediates in the reaction.
Although some aspects of this mechanism may be peculiar
only to aspartate aminotransferase, its essential features
are probably common to all transaminases and it may have
wider significance by serving as a model for other enzyme
mechanisms where alternation in the mutual orientation of
interacting components in enzyme substrate complexes may
explain otherwise incompatible facts.

Alanine aminotransferase (EC. 2.6.1.2) has been investigated
with far less vigor, probably because there is considerably less

. . . ., . 3
of it in most tissues under normal conditions. 9

40

The enzyme

42

has been isolated from pig heart, rat liver41 and beef heart.

Alanine aminotransferases are found in both cytoplasmic and
mitochondrial varieties in both heart and liver with more than

40,43 The mitochondrial

90% of the total of cytoplasmic origin.
enzyme is both labile and difficult to solubilize; the purified
enzyme from both tissues is the cytoplasmic one. With the rat
liver enzyme no amino or keto acids tested other than the
normal substrates gave any activity, although a number were

44

inhibitory. PCMB is a potent inhibitor. The kinetics of

the forward and reverse reaction fit the previously proposed

45 Aminooxyacetate

shuttle mechanism of other transaminases.
inhibits the reaction on an almost stoichiometric basis by

combining with the PLP form of the enzyme. It is competitive
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with amino acid substrates and uncompetitive with keto acid
substrates. Maleate and acrylate inhibit weakly by binding

to both forms of the enzyme. The enzyme exhibits an absorption
maximum at 430 my at pH 5 and at 335 mp at pH 8.3, with the
former peak decreasing and the latter increasing, as the pH

is raised from acidic to basic values. A pKa of 7.3 for this
shift can be determined.41 Reaction with aminooxyacetate
shifts the 430 mﬁ peak to 370 mu as a result of oxime

46

- formation. The molecular weight of the enzyme is 114,000

and appears to exist in at least two closely related sub-

46 Two moles

forms as judged by mobility on acrylamide gel.
of PLP and 23-30 titfatable -SH groups per 114,000 daltons’

can be detected.41 Amino acid analysis indicates 34 half-
cystine residues. Reaction of the first sevem or eight -SH
groups with PCMB or DTNB results in no loss of activity,

after which there is a proportional loss of activity over

the next 6-9 -SH groups reacting with PCMB. Complete re-
solution of the PLP.from the enzyme with PCMB and (NH4)ZSO4

is possible, although only 40% reconstitution can be achieved.?*
L-Proline is a competitive inhibitor of the PLP enzyme and
reacts to form a quaternary, cationic Schiff base with an

47

absorption maximum at 380 mu. The various spectral forms of

the coenzyme and their absorption maxima as postulated by

Segal are illustrated on the following page:41’46’47

*Treatment with borohydride results in complete loss of activity.
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Unlike aspartate aminotransferase, the unprotonated aldimine (362 mu)

does not occur in this enzyme.

The beef heart enzyme was isolated in a very low yield
and no attempt at physical of chemical characterization was

42 Kinetic studies indicated that the reaction mechanism

made.
is the familiar binary shuttle type. At high concentrations,
both alanine and glutarate are inhibitory. The keto acids,
even at concentrations 100 fold greater than their Km's, were
not. Product inhibition studies showed the product amino acid

to be a competitive inhibitor with respect to substrate amino

acid and noncompetitive with respect to substrate
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keto acid. Glutarate is a noncompetitive inhibitor of all
four substrates, indicating it combines with both PLP and
PMP forms of the enzyme, although it binds 10 times more
tightly with the PLP form. Maleate is an uncompetitive
inhibitor with respect to alanine and competitive with
a-ketoglutarate, indicating it combines only with the PMP
enzyme. o-Aminobutyrate is non-competitive with both alanine
and a-ketoglutarate, indicating it combines with both forms
of the enzyme. Unlike the rat liver enzyme, o-amino butyrate
could act as a substrate for the beef heart enzyme, but only
at 2% of the rate with alanine.

Pig heart alanine aminotransferase has a subcellular
distribution similar to that in the liver. The cytoplasmic

40 It has a molecular

enzyme has been obtained in high yield.
weight of 115,000 # 15,000 and a S,, of about 6. It has a
similar activity and absorption spectrum vs pH dependence

as the liver enzyme, with a pH optimum of about 8 and a pKa
for the spectral shift of 7.3. The reversible shuttle
mechanism explains the kinetics adequately. Unlike the beef
heart enzyme, pyruvate was found to competitively inhibit-

the amino acid substrates by binding to the PLP form of the
enzyme, but only at very high concentrations (Ki = 30mm, which
is about 100x's Km). Only o-aminobutyrate besides alanine

had any substrate activity (about 2% that of alanine),

although a large number of amino acids acted as weak com-

petitive inhibitors. Formate was found to stimulate activity
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in the direction of glutamate and pyruvate formation but

to inhibit it in the opposite direction., Other monocarboxylic
acids were inhibitory in both directions. This was inter-
preted to mean that formate activates by binding to the site
that normally binds the y carboxyl group of glutamate. The
spectra of the enzyme in the presence of mixtures of amino
and corresponding keto acid substrates exhibits peaks at
'330, 360 and 490 mu which presumably correspond to several
enzyme substrate complexes in equilibrium.48 These peaks
are remarkably similar to those observed with aspartate
aminotransferase under comparable conditions. Finally,

when examined by starch gel electrophoresis, the enzyme
appeared heterogeneous, although only one distinct band

of activity could be observed, leading to the conclusion
that the smearing was due to impurities rather than the
presence of subforms.

Although the physical and chemical properties of alanine
aminotransferase are not especially unique, its role in the
regulation of alanine and pyruvate levels under different
physiological conditions is probably of critical importance

to gluconeogenesis, as will be shown in the following section.
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GLUCONEOGENESIS

Amino acids account for greater than 50% of total

gluconeogenic carbon and alanine is the principle amino

49,50 In livers from fasted rats,

acid precursor of glucose.
perfused with a mixture of amino acids, glucose production

is half-maximal at normal amino acid concentrations and

approaches saturation at three times normal concentrations.

In livers from fed rats, maximum gluconeogenesis from alanine

is reached when the perfusate concentration is twenty times

the physiological level and the increase in the gluconeogenic

rate is essentially linear with increasing alanine. concen-=.

tration. With high concentrations of alanine, hepatic
transamination becomes rate limiting for gluconeogenesis.

Since alanine is the principal amino acid released by muscle,51

the rate of release of alanine from peripheral tissues can,
therefore, be most important in controlling hepatic gluconeogenesis.
These facts support the existence of an alanine cycle§0’51’99
which together with the well known Cori cycle,52 account for

the flow of metabolites from peripheral tissues to the liver

and unifies glycolysis, glycogenolysis, glycogenesis and protein
catabolism in a harmonious cyclical pattern (See Diagram).

In addition, glycerol (not shown) derived from lipolysis

also contributes to gluconeogenesis,
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" The Cori and Alanine Cycles

Cyc Amp A - Enzyme level or activity involved in the reaction is increased
by cyclic AMP. '
Cyc AMP V - Reduced by cyclic AMP.

The mechanisms,

where known, are considered in the text below.

*Oxalacetate > PEP occurs in guinea pig and rabbit liver to a significant extent, 100,101
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The conversion of alanine to glucose is enhanced by

glucagon and epinephrine by mediating an increase in the

49

level of cyclic 3',5'-AMP, Exogenous cyclic 3',5'-AMP

produces a similar effect. These agents also act to increase
gluconeogenesis from pyruvate and lactate. In the case of
pyruvate, this stimulation is thought to occur at the level

53

of increased transport into the mitochondria®” and increased

synthesis of the gluconeogenic enzyme, phosphoenolpyruvate
carboxykinase (EC 4.1.1.32).54 The mechanism by which enzyme
synthesis is induced by cyclic 3',5'-AMP is not known, but
Langan's demonstration that the nucleotide activates a specific
histone kinase points to a mechanism whereby histone phos-
phorylation could act to cause conformational changes in
histone structure with consequent derepression of portions

of chromosomal structure and resultant increased transcription

55,56

rates. More recently, a posttranscriptional site of

action of cyclic AMP has been postulated for the induction

of PEP carboxykinase.102

57 58

Increased glycogenolysis and decreased glycogen synthesis

are also mediated by cyclic AMP (and the hormones that stimulate
its production in the various organs) by conformationally
activating a kinase that activates phosphorylase kinase which,
in turn, converts the physiologically inactive phosphorylase b

59

to phosphorylase a. This same cyclic 3',5'-AMP dependent

kinase converts the physiologically active I form of glycogen

synthetase to the inactive D form.60
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Other enzymes involved in or related to carbohydrate

metabolism whose activity or levels are raised by cyclic 3',5'-

61 62

AMP are muscle phosphofructokinase and liver serine dehydratase.
The stimulation of enzymes in muscle which favor glycolysis and
the. stimulation of enzymes and processes in liver which favor
gluconeogenesis by a substance whose level is increased by
hormones known to raise gluconeogenic rates, together with
the fact that gluconeogenesis in muscle is insignificant, supports
the thesis that the direction of metabolite flow is as outlined
in the diagram above. It may safely be assumed that whatever
physiological conditions raise the level of cyclic 3',5'-AMP in
these tissues activates the rates of the Cori and alanine cycles
over basal values.
As for the stimulation of gluconeogenesis from alanine by cyclic
AMP, the site of action is unknown but the following observations
are at least indicative of certain conclusions. At high alanine
concentrations in the rat liver perfusafe, where hepatic trans-
amination to pyruvate becomes rate limiting for gluconeogenesis,
a higher concentration of alanine is found intracellularly than
extracellularly in the presence of glucagon than in controls.49’50
This "crossover'" is indicative of active transport of alanine
being under cyclic AMP mediated control, since a similar cross-
over occurs between the levels of pyruvate and PEP in glucagon
treated versus control livers, the latter effect being stimulated
by cyclic AMP induction of PEP carboxykinase and increased

transport of pyruvate across the mitochondrial membrane.

At physiological levels of alanine in the perfusate, this
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crossover between intra and extracellular levels is not seen,
probably because of the rapid utilization of the intra-
cellular alanine, which keeps its concentration low despite
its faster entry. With regard to the transamination step
itself, glucagon and cyclic 3',5'~AMP are stimulatory at

50

high alanine concentrations. Mallette et., al feel that

this occurs because of the lowering of pyruvate which reduces

the back reaction and not through the stimulation or induction

of alanine aminotransferase. However, other studies have

39,44,63 that hepatic cytoplasmic alanine and aspartate

shown
aminotransferase can be raised as much as eight fold over
basal levels under gluconeogenic conditions, whereas the
mitochondrial enzymes are either not affected or are only
transiently affected under some, but not all, gluconeogenic

43 The cytoplasmic isozymes are the ones chiefly

conditions.
involved in the gluconeogenic pathway in rat liver since
penicillamine, which inhibits cytoplasmic aminotransferases
and does not inhibit mitochondrial ones, also inhibits

63 The conditions which

gluconeogenesis from amino acids.
brought about these increased enzyme levels included a low
carbohydrate-high protein diet, alloxan induced diabetes and
daily hydrocortisone injections. Low carbohydrate intake
stimulates glucagon secretion, which in turn, raises cyclic

3',5'-AMP levels. The high protein level undoubtedly

stimulates gluconeogenesis by mass action. The effect of

= -
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glucocorticoids is complex. Adrenalectomy has no effect on
the ability of glucagon to stimulate cyclic 3',5'-AMP
production, whereas it increases the response to epinephrine.4g’64
However, in both cases, gluconeogenesis from lactate is severely
reduced in adrenalectomized animals and can be restored to near
normal ‘by injection of dexamethasone. Exogenously added cyclic
AMP stimulated gluconeogenesis in these adrenalectomized animals
only at very high concentrations.65 These results would in-
dicate that glucocorticoids exert a permissive effect on the
action of cyclic AMP., However, in the case of the inducible
rat liver enzymes PEP carboxykinase and tyrosine transaminase,
the effect of dexamethasone has been shown to be additive and
even synergistic to that of cyclic AMP in organ and tissue
cultures, thereby complicating any simple interpretation.102
The glucocorticoids also stimulate gluconeogenesis from
amino acids,66 although in this case. a permissive effect on
the action of cyclic AMP was not demonstrated under the non-
physiological conditions employed. Finally, glucocorticoids
act to stimulate protein catabolism in peripheral tissues,
leading to an increase in the rate at which alanine is made
available for conversion to glucose in the liver.67
Insulin lowers cyclic AMP levels in the 1iver,49 although

68

it has no such effect in muscle. Conversely, alloxan

diabetes raises cyclic AMP levels and this can be reduced

69

to normal by injection of insulin. The mechanism by which
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this occurs was unknown until recently as it affects neither
adenyl cyclase70 nor phosphodiesterase71 in broken cell
preparations. However, insulin does act in vivo on liver in
normal, diabetic and hypophysectomized rats and in vitro on
fat cells in culture to increase the activity of a membrane-

bound, high affinity cyclic AMP phosphodiesterase.los’104

In their excellent review, Robison et al.72

suggest that
insulin may stimulate the conversion of cyclic AMP to another
metabolite which would oppose its action. It is now thought
that insulin may also stimulate cyclic GMP synthesis, which
acts as a cyclic AMP antagonist in many systems.105
» In summary then, de novo synthesis of hepatic alanine
aminotransferase is stimulated many fold under conditions
where the level of or the sensitivity of target systems to
cyclic 3',5'-AMP is enhanced, strongly suggesting that this
gluconeogenic enzyme is under hormonal regulation in the.liver.
The central role of alanine in gluconeogenesis, together
with the dramatic rise in hepatic aminotransferase levels
under just those conditions where alanine utilization by
the liver is maximized, points to the possibility that
alanine aminotransferase levels in peripheral tissues,
especially muscle, may be regulated by hormonal controls as
well. Although amino acid levels in the blood are most
certainly determined in part by diet and protein catabolic

activity, the conversion of pyruvate to alanine in muscle

and its release is a process that suggests itself to be
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one that is under strict hormonal control. The work of

73 bears strongly on this suggestion. These

Bailin and Lukton
workers isolated a phosphorylase a - alanine aminotransferase
complex from rabbit muscle., The enzymes coeluted from DEAE
and G-200 columns and were subject to reciprocal controls.
Glutamate and pyruvate, the transaminase substrates, inhibited
transglucosylase activity. Conversely, glycogen and gl-1-Ph,
substrates, glucose and UDPG, inhibitors, and 5' AMP, the
positive effector of phosphorylase, inhibited the trans-
aminase activity. Inhibition by gl-1-Ph was competitive with
both transaminase substrates. 5' AMP inhibited only at
temperature below 37°C, and it acted non-competitively. At
37°C, 5' AMP reversed the inhibitory effects of gl-l-phos,
glycogen, UDPG and glucose on the transaminase activity.

These observations indicate the existénce of a protein-
protein complex whereby the binding of ligands by one enzyme
conformationally affects the activity of the second. The
physiological purpose for such a complex is not known, but

74 that phosphorylase serves as a

the suggestion of Krebs
repository for PLP raises the possibility that transfer of

the coenzyme between PLP enzymes occurs via protein-protein
interaction. Another possibility is that each enzyme acts

to dampen the activity of the other in vivo. During the

initial periods of active glycogenolysis, when the phosphorylase

substrate levels are high, the energy needs of the cell would

require that the end product of glycolysis, pyruvate, be
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shunted into the TCA cycle rather than be transaminated. At
the same time, the high pyruvate levels would tend to moderate
glycogenolytic activity. During periods of starvation, when
glycogen levels are low, transamination would be favored,
followed by release of alanine to the liver through the blood
where it is eventually converted to glucose. During refeeding,
and periods of glycogen synthesis, the raised glucose and

UDPG levels, by inhibiting transamination from pyruvate, would
decrease gluconeogenesis via alanine, which need would now be
markedly reduced.

This postulated scheme of feedback inhibition modulated
via protein-protein interaction is quite unique and deserves
further investigation. It must be added that highly purified
phosphorylase normally isolated by multiple recrystallization
contains only minute traces of alanine aminotransferase
activity.75

All of the observations noted above point to the fact
that the purification and characterization of muscle alanine
aminotransferase may be quite important for the development
of a firmer understanding of the relationship between glycolytic

and gluconeogenic pathways in mammalian systems.

Rty |
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MATERIALS AND METHODS
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Materials

Enzymes and other proteins:

Lactate Dehydrogenase (beef heart) and Glutamate
Dehydrogenase (beef liver) were obtained from Sigma Chemical
Co. Prior to use in assays, the enzymes were dialyzed
against .05M potassium phosphate, pH 7.5, to remove excess
(NH4)ZSO4. Phosphorylase '"b" was prepared by the method of

76

Fischer and Krebs and recrystallized three times. Phos-

phorylase "a'" was prepared by the method of Cori et.al.77
and was recrystallized three times. Bovine serum albumin
(crystalline) and ovalbumin were from Pentex. Pepsin and
chymo-trypsinogen were obtained from Worthington. For
preparation of alanine aminotransferase, frozem rabbit muscle,
Type I, deboned, from Pel-Freeze Corp. was used.
" Reagents:

L-a-alanine was obtained from Nutritional Biochemicals
Co. Sodium pyruvate, glutamic acid and a-ketoglutaric acid
and DPNH, were obtained from Sigma. PLP, 5'AMP, DTT, PCMB,
DTNB, 2-mercaptoethanol and all other keto acids were obtained
from Calbiochem. Enzyme grade (NH4)ZSO4, guanidine-HCl and
sucrose, as well as all other amino acids were obtained from
Sehwarz-Mann. Aminooxyacetic acid and sodium borohydride
came from K § K Laboratories. All other reagents used were
the purest grades commercially obtainable.

Acrylamide, N, N'-methylene bisacrylamide, N,N,N,N'-
tetramethylethylenediamine (TEMED), ammonium persulfate,

riboflavin and other chemicals used for disc gel electrophoresis

came from Canalco. Ampholine pH 3-10 and pH 7-9 used in
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isoelectric focusing were from LKB.

Column Chromatography:

Sephadex G-200 and DEAE-Sephadex A-50 was obtained from
Pharmacia, Inc. Hydroxylapatite, dry powder, came from

Bio-Rad Corp.

Instrumentation:

For all pH determinations, a Radiometer Model TTT1C pH
meter was used. Kinetic assays were performed in a water
jacketed, Beckmann DU spectrophotometerwith Gilford attach-
ment. Absorption spectra were obtained with a Cary Model 14
spectrophotometer. PLP determinations were done with an
Aminco-Bowman recording spectrofluorometer.
Equipment for disc gel electrophoresis and isoelectric
focusing was from Canalco. Preparative isoelectric focusing
was performed in the 110 ml column designed by LKB. Fractions
from column chromatography were collected in an Isco fraction
collector model 820 with double channel UV lightsource set
at 280 mu and elution profile determined with an Isco chart
recorder. Preparative centrifugation was done with the Sorvall
model RC2-B. Analytical ultracentfifugation was pérformed on
a Spinco model E analytical ultracentrifuge with Schlieren and
Rayleigh interference optics.
Methods:

Chemical and Physical Characterization:

Tryptophan and tyrosine were determined by dissolving the

ooy |
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enzyme in 6M guanidine HC1, .02M potassium phosphate, pH 6.5,

and measuring absorbance at 280 mu and 288 muy according to

the method of Edelhoch.78 By solving the two simultaneous
equations

Ext. Coeff.288 Norp 4815 + Mpyp385

Ext. Coeff.280 = NTRP 5690 + MTYRIZBO

N and M, the numbers of moles of tryptophan and tyrosine,

respectively, per mole of protein, can be determined.

PCMB titration was performed essentially according to
79

the method of Boyer. The enzyme was dialyzed against
several changes of .02M potassium phosphate, pH 6.5, to re-
move EDTA and DTT. 1.5 ml was pipetted into a cuvette con-
taining a micro spinning bar at a concentration of .193 mg/ml

6

(1.75'x 10°°M for a molecular weight of 110,000). Two ul PCMB

3

at 1.32 x 10°°M in H,0 was added; the solution mixed, and

2
allowed to stand 20-30 minutes at room temperature. The
change in optical density against a similarly treated blank
at 255 my was noted and a 5 ul aliquot was removed for assay
under standard conditions (see Enzyme Assay Section). The
process was repeated until enzyme activity was negligible.
Then 5 ul aliquots of PCMB were added at a time and the
absorbance, corrected for dilution, was measured 20-30
minutes after each addition. Each 2 uyl addition of PCMB

titrates approximately 1.0 SH group/mole enzyme. The same

procedure was followed with the enzyme dissolved in 6M
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guanidine-HC1l except that aliquots were not removed for

activity determinations.

PLP content was determined by a slight modification of the

80

fluorometric method of Yamada et al. 33,2 ul and 66.4 ul

of a 0.90 mg/ml enzyme solution were diluted to 2.0 ml with
H,0 in two 15 ml pyrex centrifuge tubes. Two ml of 10% TCA
was then added and the precipitate centrifuged at 27,000g.
The supernatants were pipetted into 6 inch test tubes and
extracted three times with equal volumes of ether. The ether
was carefully removed and 2.0 ml of the aqueous phase were
pipetted into 4 inch tubes. To these were added 20 pl of

IM acetic acid, followed by 0.2 ml of 0.2M phosphate, pH 7.5,
followed by 0.1 ml of .05M KCN. The mixture was heated to
50°C in a water bath for 30 minutes and then adjusted to

pH 3.8 by adding 1.0 ml of 0.5M tartaric acid. After cooling
to room temperature, the fluorescence intensity was de-
termined on an Aminco-Bowman spectrofluorometer at an ex-
citation wavelength of 325 mu and an emission wavelength of
420 mu. A standard curve was constructed by following the

™

same procedure with 0.25, 0.5, 1.0 and 1.5 ml of a 6 x 10
solution of PLP. Two ml H,0 treated similarly served as the

blank.

" Reduction with NaBH,:

To an enzyme solution at 0.25 mg/ml in .05M phosphate,

pH 7.5, was added 10 ul of freshly prepared .05% NaBH,.
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Aliquots were removed every minute, diluted 1:3000 in assay
medium to stop the reaction, and assayed. Assuming 2 moles
of PLP per mole enzyme, the molar ratio of BH; to PLP was

125:1,

Method 1:
Method similar to that of Matsuzawa and Segal.41
To 0.5 ml1 of a 0.47 mg/ml solution of enzyme dialyzed against

.05M phosphate, pH 7.5, was added 0.1 ml of 5 x 1073

M PCMB.
After standing 30 minutes at 0°C, 200 mg of (NH4)ZSO4 was

added and the suspension centrifuged. The precipitate was
washed with 1.0 ml of a saturated (NH4)ZSO4 solution containing
.0IM DIT. It was then dissolved in 0.5 ml of .05M phosphate,
.001M EDTA, .0IM DTIT, pH 7.5, dialyzed, and an aliquot

removed for assay. For reconstitution, PLP was added to

4M and incubated for 30

a final concentration of 1 x 10~
minutes at 30°C.
" Method 2:

Method of Shaltiel, Hedrick and Fischer81 for resolution
and reconstitution of phosphorylase b,

To 0.1 ml of enzyme at 2.35 mg/ml in .05M phosphate,
.001M DTT, .001M EDTA, pH 7.5, was added 0.4 ml of a solution
containing 0.5M imidazole, 0.125M cysteine-HC1l previously

adjusted to pH 6.2 at 0°C with citric acid. After 1 hour at

D°C, the solution was warmed to room temperature and 0.5 ml
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of a saturated (NH4)ZSO4 solution was added. The suspension
was centrifuged and the precipitate taken up in 0.4 ml
phosphate-DTT-EDTA buffer, dialyzed and assayed.

‘Protein concentration was determined by the microbiuret

method of Zamenhof.82

Absorption was measured at 310 mu
and 390 mp without correcting for the presence of DNA.

Bovine serum albumin was used for the standard curve.

Disc Gel Electrophoresis:

Method 1:

Low pH method of Williams and Riesfeld.83
The gels were prepared according to the instructions of the
Canalco manual. The separating gel contained 7.5% acrylamide
in a 0.375M acetate buffer, pH 4.3. The stacking gel
contained 2.5% acrylamide in a .0625M acetate buffer, pH 6.7.
No sample gel was used. The separatory gel catalyst was 0.14%
ammonium persulfate, the stacking gel catalyst .0005% riboflavin.
The upper and lower electrode buffer was .035M B-alanine-acetate,
pH 4.7. Protein in 10-30% sucrose was applied to the top of
the stacking gel, éllowed to enter at a current of 2 mamps/gel,
and then the current was raised to 4-5 mamps/gel for 1 hour.
The gels were removed from their tubes, stained for 1 hour in
0.5% Amido Black in 7% acetic acid, then destained electro-

phoretically in the Canalco Quick Gel Destainer and stored in

7% acetic acid.
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Method 2:

High pH method of Davis.84
Gels were prepared as above except that the separating gel
buffer was .375M Tris-Hcl, pH 8.9, the stacking gel buffer
was .0625M Tris-Hcl, pH 6.7, and the electrode buffer was
.038M glycine-Tris, pH 8.3. The separatory gel catalyst
was .07% persulfate. Protein entered the gel at an initial
current of 1 mamp/gel and was then raised to higher values

as described in the Results section. Running time was also

variable. Staining and destaining was as above.

SDS Gel Electrophoresis:

Electrophoresis was performed according to the method

of Weber and Osborn.85

Protein samples were preincubated at
37°C for 2 hours in .01M sodium phosphate buffer, pH 7.0,

1 % in SDS and 1 % in mercaptoethanol. 10 x 6 cm gels con-
taining 10% acrylamide, 0.1IM Na phosphate, pH 7.1, 0.1% SDS,
were polymerized with .075% persulfate. 3 to 15 ug of protein
was applied to each gel in a solution containing 3 ul of .05%
Bromophenol blue (tracking dye), 1 drop glycerol, 5 ul
mercaptoethanol, and 50 ﬁl of .01M phosphate, pH 7.0, con-
taining 0.1% SDS and 0.1% mercaptoethanol. Electrode buffer
was 0.1M phosphate, pH 7.1, with 0.1% SDS. A current of 8
mamp/gel was applied for 4-5 hours until the marker dye had
moved about 4/5 down the gel. The distance was measured for
each gel. The gels were then stained in a 0.25% solution of

Coomassie brilliant blue in 45% methanol, 9.2% acetic acid,

for 4-10 hours. The gels were destained in a solution of 25%
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methanol, 7% acetic acid, overnight. After destaining, they
were stored in 7% acetic acid and the positions of the blue

protein zones recorded.

‘Analytical Gel Isoelectric Focusing:

Gel electrofocusing was performed essentially according

86,87 In each

to the photopolymerization method of Wrigley.
gel tube was mixed a) 0.42 ml of a concentrated gel mixture

of the following composition: 0.2 ml of 1% TEMED, .014%
riboflavin solution, 0.75 ml of a 30% acrylamide, 0.8%
methylene bisacrylamide solution and .075 ml of a 40% solution
of Ampholine (pH 3-10 or pH 7-9) b) 50-60 pg protein in

.02-.05 m1 ¢) sufficient H,0 to a total volume of 1.26

2
ml. The final acrylamide concentration was 7.5% and the
Ampholine concentration was 1%. After water layering, the

gels were photppolymerized for 30 minutes. The anode buffer
was 0.2% sulfuric acid w/v and the cathode buffer was 0.4%

w/v diethanolamine. Electrofoeusing was carried out for 3 1/2
hours after gradually increasing the voltage to 275 volts

over a 10-15 minute period. Afterwards, gels were stained

for protein, according to the method of Vesterberg,88 for

30-45 minutes at 60°C in the following solution: methanol,

75 ml, TCA, 30g, sulfosalicylic acid, 9g, HZO’ 150 ml, and
Coomassie brilliant blue at a final concentration of 0.1%.
Destaining was carried out overnight against several changes of
a solution containing 25% ethanol, 8% acetic acid. Gels were

stored in 7% acetic acid.
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Photopolymerization results in a rather soft gel,
especially if it contains the pH 7-9 Ampholines, which

must be handled carefully.

- Preparative Sucrose Density Gradient Isoelectric Focusing:

The 110 ml electrofocusing column was filled exactly as
described in the LKB instruction manual, A linear sucrose
gradient of 0-40% was established using a Buchler polystaltic
pump. When about half the column was filled, approximately
2 1/2 mgm of enzyme (in about 3 ml) was added to the con-
centrated sucrose reservoir and filling of the columns
continued. The final concentration of Ampholines (pH 7-9)
was 1%.* The anode buffer was a 0.1N phosphoric acid solution
and 0.1N sodium hydroxide filled the cathode compartment. The
entire column was water jacketed and maintained at 4°-6°C.

600 volts was applied for 70 hours. Initially, 4.5 mamps
current was recorded which dropped to 0.5 - 1.0 mamp at the
end of the electrofocusing. After tbe current was dis-
connected, the column was drained slowly and 1.0 ml fractions
collected. Fractions were measured for absorbance at 280 mpu
in a Beckmann DU spectrophotometer and their pH recorded at
5°C with a temperature compensated Radiometer pH meter.
Aliquots were removed for assay.

Sedimentation Coefficient:

Purified enzyme was dialyzed against .05M phosphate,

.002M DTT, .00IM EDTA, pH 7.5, and centrifuged at 60,000

*The solution in the column also contained .006S5M DTT.




41

RPM and 20°C in a Spinco Model E analytical ultracentrifuge
with Schlieren optics. Photographs were taken every 16
minutes and the movement of the peak measured by a Nikon
microcomparator. By plotting the logarithm of the peak
displacement from the center of rotation agaimst time, the

sedimentation coefficient, S, was determined from the formula:

_di1ln x 3 where x=peak displacement

1 1
Sobs = T d% X gowz X 10 and w=angular velocity

Corrections for the density and viscosity of the solution

were made from the following relationship:

—_ _'- [+ = . .
SZO?W = S.ps (Ng) (Ngop) (1-9p20°,w) where n Xizcg§;5¥dof
Nspo n Ry
20 W 1 vpt,sol where p=density of
the liquid

and v = partial specific volume of the solute.

Centrifugations were done at several protein concentrations
and extrapolated back to zero to determine the concentration

independent sedimentation coefficient, S°20° w
9 .

Molecular Weight:

The molecular weight was determined by equilibrium
centrifugation in the analytical ultracentrifuge according
to the Spinco instruction manual using the high speed meniscus
depletion method of thantis.89 Enzyme was dialyzed against
the phosphate buffer described above and centrifuged at
several concentrations between 0.25 and 0,50mg/ml at 16,000

RPM and 20°C. After 15-20 hours, photographs were taken
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using the Raleigh interference optics system. Fringe dis-
placement was measured in the microcomparator. By plotting
the logarithm of the fringe displacement versus the square
of the distance from the center of the rotor, the molecular

weight can be determined from the following formula:

d In(Y_-Y
MW = - 2§T x T J
(1-vp)w? d(r?)

where R is the gas constant, T is the absolute temperature,

v is the partial specific volume of the solute [assumed to

be 0.74), p is the solution density (1.008 for this solution),
Yr-Yo is the fringe displacement, and r is the distance from
the center of the rotor. The fringe displacement is pro-
portional to the change in refractive index across the cell,
which in turn is proportional to the concentration gradient.

A plot which shows no deviation from linearity is indicative
of a homogeneous system in which only a single polymeric

species of one molecular weight is present in solution.

Enzyme Assay:

The standard assay mixture contained the following
components, unless otherwise specified:

4y

0.2M L-alanine, 0.0IM o-ketoglutarate, approximately 2 x 10
DPNH, 0.6 to 1.0 unit of beef heart LDH, 1.5 to 2.1lmg albumin,
appropriately diluted enzyme, and 0.1M KZHPO4, pH 7.5, in a
total volume of 3.0 ml. Assays were performed at 30°C in

a water jacketed Beckmann DU spectrophotometer with Gilford




43

attachment by following the decrease in absorbance at 340 mu

resulting from the oxidation of DPNH via the following

reaction:
transaminase
Alanine + a-ketoglutarate «————r0 Glutamate + Pyruvate
. DPNH |
Assays generally were started by adding the ketoglutarate lLDH
at zero time. Excess LDH ensures that the rate of DPNH Lactate+DPN

oxidation is equal to the rate of pyruvate formation. After
an initial lag period, the rate becomes linear with time

until 80-90% of the limiting reagent (DPNH) has reacted.
Specific activity is defined as the number of micromoles

of pyruvate formed per minute per mg of protein at 30°C,

The highly purified enzyme is stable when diluted to the

ug/ml range in 0.1M phosphate, pH 7.5, containing 1 mg/ml
albumin, for at least 20 minutes at room temperature and
several hours at 0°C. In the absence of albumin, the diluted
enzyme rapidly loses activity after a stable period of a few
minutes at either temperature and activity is not restored
even if the assay is performed in the presence of albumin.

If the enzyme is diluted in the absence of albumin, and
immediately assayed, also in the absence of albumin, the rate
is only about 50% that when both dilution and assay occur
with albumin present. This difference is taken into account,
and dilution and assays performed rapidly, in thosetexperiments
in which albumin was not present. Crude enzyme preparations do not
require albumin for stability. Variation of albumin concen-
tration over the range described in the standard assay did not

affect the rate. In the experiments described in the Results
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section, substrate and buffer ion concentrations as well as

pH and temperature are varied as noted with each experiment.
Assays were performed in the reverse direction in a

mixture containing glutamate and pyruvate at varying con-

centrations, .033M (NH4)ZSO4, 2x10-4M DPN, 0.2 - 0.4 units

of glutamate dehydrogenase and transaminase in the same

phosphate-albumin buffer at 30°C. The glutamate dehydrogenase

present is in sufficient excess to aminate the ketoglutarate

as fast as it forms:

transaminase
Pyruvate + Glutamate+«—————  Alanine +t0-Ketoglutarate
DPNH

NHﬁ GLDH

Glutamate
The reaction is followed by measuring the decrease in

absorbance at 340mu. Since glutamate is a product of the

GLDH reaction as well as a substrate of the transaminase
reaction, glutamate concentration was not raised above 22.5mM,
to minimize product inhibition. Specific activity is defined
as the number of micromoles of ketoglutarate formed per minute
per mg enzyme at 30°C.

To test the specificity of alanine aminotransferase,
alanine was replaced by a series of other amino acids in an
assay mixture containing ketoglutarate, GLDH and DPN, and
measuring the increase in absorbance at 340 mu. The rate in

the presence of alanine served as control. The reaction
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would proceed as follows:

transaminase

Amino Acid + Ketoglutarate¢¥’ - Keto Acid + Glutamate

GLDH | DPN

Ketoglutarate + DPNH + NH, *

To test the keto acid specificity, ketoglutarate was
replaced by a series of keto acids in the forward direction
assay. Mixtures in which transaminase was not present served
as controls for those keto acids which were substrates for
LDH. In the reverse direction, pyruvate was replaced by this
same series of keto acids. Transaminase-free controls
served to subtract the contribution to the observed rate
obtained from the reaction of those keto acids which were
substrates of GLDH.

To test for inhibitory action, amino, keto, mono and
dicarboiylic acids were present in both the forward and
reverse assays, with both inhibitors and substrates at
varying concentrations, as described in the Results section.
Specific activity is readily calculated from the following

formula:

Sp. Act = A 0.D. units/min x 3 x 1000

A O,
6.22 x 10° x mg protein X ml diluted enzyme
—

dilution factor
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Enzyme Purification: All procedures done at room temperature

unless otherwise specified.

1. Twenty four pounds of rabbit muscle, in 3 pound batches,
are ground once in a meat grinder and then suspended with
occasional stirring for 10 minutes in an equal volume of
.002M EDTA, .02M mercaptoethanol, pH 7.2 (Buffer A). The
suspension is poured through two layers of cheesecloth and
the extract collected. The cheesecloth is folded into a
bag and the bag squeezed to near dryness., The hash is then
reextracted with another volume of Buffer A and the extracts
combined. The liquid is then heated in a 85°-90°C water bath
to 56°-57°C, held there for 5-7 minwytes, and then chilled
rapidly to room temperature or below in an ice-water bath.
After the heavy denatured protein settles to the bottom, the
upper liquid is poured through a large funnel in which glass
wool is packed. The heavy bottom suspension is poured into
centrifuge cups and centrifuged at 12,000 RPM in a Sorval
RC2-B for 20-30 minutes. The supernatant is poured off
through the glass wool packed funnel and combined with the
earlier extract. The clear, pink liquid can be stored at
this point for several days in the cold., Generally, 12
pounds of tissue can be conveniently brought to this stage

in one working day.

2. To the total, clear extract is added 270 mg/ml of ammonium

sulfate at 0°-4°C. The lightly turbid suspension is centrifuged
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at 16,000 RPM using a Szent-Gyorgi-Blum continuous flow
attachment with high speed 1ift assembly. Flow rate should
be about 125 ml/min. Over the 3-4 hours required for the
procedure, the temperature of the suspension should not be
allowed to rise above 10°C, as more protein precipitates at
the higher temperatures with no increase in the yield of
transaminase. The packed precipitates (about 2-3 ml in each
tube) are taken up in 100-150 m1 .02M Tris-HC1l, .001M EDTA,
.01M mercaptoethanol, pH 8.5-8.6 (Buffer B). Insoluble
material is spun down and reextracted with an additional
50-100 ml of Buffer B. Insoluble material is spun out and
discarded and the clear supernatants combined. The supernatant
is dialyzed against several changes of 3 liters of Buffer B.

Any turbidity that develops is spun out.

3. Sufficient DEAE-Sephadex A-50 is swelled and equilibrated
with Buffer B to make 1 liter of gel. This is poured onto a
2 liter sintered disc funnel and suction applied until the
liquid drops just to the top of the gel. The dialyzed
supernatant from step 2 is carefully poured over the gel and
drawn into it with suction. Two .300 ml portions of Buffer B
are poured over the gel and sucked into it in a similar
manner. The liquid filtrate is discarded. Then 5 to 8 300 ml
portions of .02M Tris, .001M EDTA, .01M mercaptoethanol, .06M
NaCl, pH 8.5-8.6 (Buffer B) are poured over the gel with
suction. The filtrates are collected separately and assayed.

The active filtrates are combined and 270 mg/ml ammonium
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sulfate added. The lightly turbid suspension is spun down at
12,000 RPM in large centrifuge cups for 20-30 minutes. The
supernatant is discarded and the precipitate is taken up in
a minimum volume of Buffer B, and it is dialyzed against

several changes of this buffer. The liquid is yellow.

4. A2.5x 40 cm column of NDEAE-Sephadex A-50 is equilibrated

against Buffer B. The dialyzed enzyme from step 3 is applied

to the top of the column and washéd in with 2-3 column

volumes (350-500 ml) of Buffer B. A portion of the yellow

material moves slowly through the column about 1/3 = 2/3 (
the way down.* A linear gradient is then established between
Buffer B and Buffer B' (total volume=450 ml), and 5-10 ml
fractions are collected at a flow rate of 50-75 ml/hr and
assayed. Fig. 1 shows the elution pattern. The active
fractions are pooled and chilled to 0°C. 200-205 mg/ml of
ammonium sulfate are added and the very light suspension is
spun down at 0°C. The precipitate is discarded. After
allowing the supernatant to warm up to room temperature, an
additional 50 mg/ml (relative to the initial volume of the
liquid) is added and the suspension spun down at room
temperature. The precipitate is taken up in a minimum volume
of .001M phosphate, .002M DTT, pH 7.0, (Buffer C) and dialyzed

against several changes of this buffer. The solution is

intensely yellow.

*Yellow material that stays at the top 1s impurity.
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5. A 1.5 x 27 cm column of hydroxylapatite is prepared and
equilibrated with Buffer C. The dialyzed enzyme is applied
to the column and washed in with 1-1 1/2 column volumes of
Buffer C. The yellow material sticks to the upper 1-2 cm
of the hydroxylapatite. The buffer is then changed to
.012M, phosphate, .002M DTT, pH 7.0 (Buffer D), and 1-1 1/2
column volumes is washed in at 15-20 ml/hr. Yellow material
begins to spread slowly down the column. Before it reaches
the bottom, the buffer is changed to .028M phosphate, .002M
DTT, pH 7.0 (Buffer E), and 1-2 ce¢lumn volumes washed in.
Two ml fractions are collected., As the buffer front moves
down the column, the yellow material begins to concentrate
and move down the column with the buffer front. Some of the
yellow enzyme leaves the column before this front. Because
of this, the enzyme elutes in two peaks, the first broad and
shallow, as shown in Fig. 2. This procedure minimizes
contamination by material that elutes just before and just
after the enzyme. The active fractions are combined and the
volume is reduced by placing in a dialysis bag surrounded
with dry G-150 or G-200. The enzyme is then transfered to
another bag and dialyzed against .05M phosphate, .001M EDTA,
.002M DTT, pH 7.5 (Buffer F). The enzyme is 95-99% pure at
this stage as shown by disc gel electrophoresis at pH 4.3.
An alternate procedure is to elute the enzyme with .020M

phosphate, .002M DTT, pH 7.5, after the wash with Buffer C.
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Approximately 50% of the enzyme elutes in a broad shallow
peak just after a small peak of impurity. The remainder
can be eluted with .035M phosphate, .00ZM DTT, pH 7.0, but
it is considerably more impure. The enzyme eluted in the
shallow peak is pure or very nearly so as shown by disc
gel. The enzyme is concentrated as described above and

dialyzed against Buffer F.

6. If electrophoresis indicates any impurity in the enzyme
after step 5, it can be removed by one of two methods:

a) The enzyme is dialyzed vs Buffer C and hydroxylapatite
chromatography repeated as described in step 5.

b) Gel filtration on a 1.5 x 85 cm column of G-200
equilibrated with Buffer F is performed. The sample is
applied in a total volume of 1-2 ml and eluted with Buffer
F at 20-30 ml/hr; The impurity is heavier than the enzyme
and elutes somewhat ahead of it. The enzyme can be readily
followed because of its yellow color. The active fractions
are pooled, the volume reduced with dry G-200, and the
enzyme dialyzed against Buffer F. The enzyme is stored at
4°C and is stable for months if dialyzed against fresh

Buffer F every few weeks.




51

RESULTS
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A summary of a typical purification procedure is given
in Table I. Several facets of this purification procedure

require comment:

1. The specific activity of the initial extract will vary
between .025 and .070 with different batches of muscle tissue.
The specific activity of the heated extract will also vary
accordingly. Total activity of the heated extract will
generally vary between 15,000 and 25,000 units for 24 pounds.
Specific activity of the heated extract will, at.times,
increase slightly (10-20%) over that of the initial extract,
Heating may act to destroy a naturally occuring inhibitor in

the initial extract of some batches of muscle tissue.

2, Specific activity of the first ammonium sulfate precipitate
~genepally varies between 1.0 and 3.5. Residual transaminase
activity remaining in the supernatant is qualitatively differ-
ent from that which precipitates out. Two phenomenae illus-
trate this difference. By working up small quantities of
muscle tissue, additional ammonium sulfate fractionation of
the heated extract can be conveniently carried out. Adding

an additional 100-125 mg/ml of ammonium sulfate to the first
ammonium sulfate supernatant results in a precipitate con-
taining about 10-20% of the residual transaminase. Adding
another 200-250 mg/ml results in a third precipitate containing
most of the remaining transaminase. Thus, this third pre-
cipitate contains a transaminase that precipitates at an
ammonium sulfate concentration significantly removed from the
major transaminase fraction. In addition, the activity of the

former, when assayed in the presence of 0.4M D,L-alanine is
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90-95% inhibited compared to its activity with 0.2M L-alanine,

whereas little or no inhibition
assayed with D,L~-alanine. This
D-alanine further distinguishes
of the low yield, the sensitive

igated further.

3. Specific activity of the 3rd

generally varies between 60 and

occurs when the latter is
differential sensitivity to
the two transaminases. Because

transaminase was not invest-

ammonium sulfate precipitate

120, depending upon the

somewhat variable capacity of the DEAE-Sephadex column

chromatography to separate the enzyme from impurities.

4. The specific activity of the purified enzyme varies be-

tween 270 and 350. Therefore, disc gel electrophoresis

and not specific activity is the only useful criterion for

enzyme purity. This variability in specific activity may

be accounted for by enzyme aging or oxidation over the course

of the purification. Alternately, the isozymic composition

of different preparations may differ. As discussed later,

the purified enzyme is a heterogeneous mixture of many

isozymes, each of which may have a different specific

activity, so that the observed activity is an average, depend-

ent on the isozymic composition of the preparation.

5. The‘purified enzyme is in all probability of cytoplasmic

origin. Studies with other tissues have shown a mitochondrial

alanine transaminase to be present, but it represents no more

than 10% of the total activity.

In addition, it is difficultly

solubilized from the mitochondria and is quite heat labile.
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Centrifugation of the heated extract removes the mitochondria
in the rabbit muscle preparation and leaves most of the
activity in the clarified supernatant. Furthermore, experiments
with small quantities of rabbit muscle in which care was taken
to preserve mitochondria intact (extraction of freshly
butchered rabbit muscle in .025M sucrose at 0°C), followed by
centrifugation at 0°C to remove the mitochondria, showed that
only about 10% of the activity is in the mitochondrial
fraction. Workup of the mitochondrial-free extract gave
relative yields in the various fractions that were essentially
the same as preparations using the harsher extraction pro-
cedure described above. The isozymic heterogeneity describ-
ed later is, therefore, probably not the result of the

mixing of cytoplasmic and mitochondrial enzymes, but rather

is cytoplasmic in origin.

Disc Gel Electrophoresis:

a) Low pH - The purity of the enzyme recovered from the
hydroxylapatite column was determined by subjecting it to
analytical disc gel electrophoresis at pH 4.3. As shown in
Fig. 3, a single, sharp band of protein with only the
slightest traces of slower moving impurity can be seen.

These impurity bands, plus others, stain significantly more
intensely when preparations from earlier stages of the
purification are examined (not shown). The impurities in the

highly purified sample account for no more than 1-2% of the

PRovE =Y |
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total stainable material. Based on this single criterion,

the enzyme is essentially purified by the procedure outlined.

b) High pH - In order to further examine the state of purity
of the enzyme, electrophoresis at pH 9.5 was, performed. As
shown in Fig. 4a;, a rather broad slow moving band results,
which upon electrophoresis for longer periods, diffuses in
a manner which seems to indicate heterogeneity, as seen in

Fig. 4a, and 4az. Applying four times as much protein

results in a broad, unresolved band (Fig. 4b). Slicing of
corresponding unstained gels and assaying indicated that

the activity was spread over the same broad region.

The apparent conflict between the results of low and
high pH disc gel prompted the use of isoelectric focusing to
determine if further heterogeneity could be detected. Fig. 5
shows the band pattern obtained using a gradient of pH from
3-10. A cluster of 10-12 bands can be seen, with isoelectric
points between ©pH 7.5-9. A more dramatic and clearly re-
solved band pattern is observed when the gradient is narrowed
to pH 7-9, as seen in Fig. 6. Approximately 12-14 bands can
be resolved, with isoelectric points between pH 7.5-8.5.
This multiplicity of bands stands in striking contrast to
the results obtained at low pH with disc gel electrophoresis,
where only one band is observed. Since disc gel separates

molecules on the basis of both size and charge, whereas
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focusing only distinguishes between molecules with different
isoelectric points, the results seem to indicate that a

mixture of proteins of the same or similar molecular dimensions

but with variable charge is present in the "purified"enzyme.
Since the isoelectric points are spread over only 1 pH unit,
it is conceivable that electrophoresis at low pH could not
distinguish between molecules that had roughly similar net
charges 4-5 pH units below their isoelectric points. 1In
order to determine whether these multiple bands represent
heretofor unrecognized impurity in the preparation or are
instead, the result of extensive isozymic heterogeneity,
unstained gels subjected to isoelectric focusing were sliced
and assayed for enzymatic activity. These results are

shown in Fig. 7. It is clear that activity is spread
throughout the gel, with 4-5 peaks of activity detectable.
The fact that fewer activity peaks are detectable than protein
bands is probably due to the inability to slice the gel thin

enough to detect them.

Prep. Isoelectric Focusing:

In an attempt to obtain better resolution of the
enzymatic activity and to correlate this activity with zones
of protein, preparative sucrose density gradient isoelectric
was undertaken. Approximately 2 1/2 mg of 95% purified
transaminase (based on low pH analytical disc gel electrophoresis)

was applied to a 110 ml column and focusing performed for 70
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hours at 4°C. The elution profile is shown in Fig. 8. The
results clearly demonstrate the close correlation of peaks
of activity with peaks of 280 mu absorbance. Only one
protein peak is present, at pH 7.1, which does not correspond
to a peak of enzyme activity. This probably corresponds to
the 5% impurity present in that particular sample. Approx-
imately 8-10 activity peaks can be resolved, which although
less than can be detected visually on analytical gels, is
clearly indicative of isozymic multiplicity in the purified
enzyme and negates the possibility that the band pattern
observed on the gel is artifactual., Although multiple
enzymic subforms are not unique, as has already been dis-
cussed with regard to aspartate transaminase, the degree of
this multiplicity is quite extraordinary. Other purified
alanine transaminases, described earlier, were not shown to
contain any significant degree of heterogeneity. Although
this may have been due to the failure to utilize sufficiently
sensitive characterization procedures, the presemnce of this
remarkable multiplicity of isozymes in the rabbit muscle
preparation is not made any less significant thereby.
Mechanisms whereby such heterogeneity may arise is discussed

in some degail in the Discussion.

" SNDS Gel Electrophoresis:

The subunit structure of the enzyme was examined by SDS

gel electrophoresis. Fig. 9 shows only a single band of
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protein present in the 99+% purified preparation. This single
band is further evidence of enzyme purity. No evidence of
subunit heterogeneity exists, thereby eliminating different
molecular weight subunits as a possible reason for the
multiple band pattern seen in isoelectric focusing. This was
to be expected, since resolution of the isozymes occurs only
in a system that separates on the basis of net charge, not
molecular size and shape. The molecular weight of the
subunit was determined by plotting the logarithm of the
molecular weight of the enzyme and a series of marker
proteins against the relative mobilities of these proteins

in a series of SDS gels, Fig. 10 indicates the molecular
weight of the minimum alanine transaminase subunit to be

55,000 ¥ 2000.

" Sedimentation Coefficient:

The purified enzyme was examined in a series of
sedimentation velocity runs in the analytical ultracentrifuge.
Fig. 11 shows the sedimenting peak to be symmetrical with no
trace of faster or slower moving components, which is further
evidence for.the.molecular homogeneity of the purified enzyme.
The sedimentation coefficients were calculated according to
procedures outlined in the Methods.A typical plot of 1In
(peak distance) vs time is shown in Fig. 12. Plotting the
apparent S values vs concentrations and extrapolating to zero

concentration gave a perfectly fitted straight line and an
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S%n° of 6.45, as shown in Fig. 13,
20, w Z1g. 19

Molecular Weight:

The molecular weight of the purified enzyme was determined

by analytical ultracentrifugation using the high speed

meniscus depletion method as described in Methods. Runs at
four different concentrations were performed and the results

averaged. The molecular weight was found to be 110,000 + 4000.%

All plots of 1n(fringe displacement) vs (distance)2 were linear
with no hint of upward curvature near the bottom of the cell.
This is further indication of the homogeneity of the sample ‘ ‘
as far as molecular dimensions are concerned. Upward

curvature would point to a polydisperse system in which more

than one molecular species were present. A typical plot is

shown in Fig. 14. The molecular weight of the native enzyme

is twice that of the minimum subunit as determined by SDS

electrophoresis. The native enzyme is, therefore,

composed of polypeptide chains of similar or identical

molecular weight which are readily ruptured by incubation in

SDS and mercaptoethanol.

Trytophan and Tyrosine Content:

By solving the 2 simultaneous equations of Edelhoch as

described in Methods, the number of moles of tryptophan

*This value agrees closely with the molecular weights of pig
heart and rat liver enzymes desciibed earlier in the
Introduction.
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NTRYP’ per mole of enzyme may be determined. This solution

gives
-3
N = 0.D. : 0.D. 10
TRYP 288 mu _ 280 mp )
(Enz)molar x .332 nz)molar * - 097

Enzyme was diluted to a final concentration of 0.292
5

x 10™°M in 6M guanidine HC1l and O.D.'s of .180 and .105 at
280 mu and 288 myu respectively, were determined. Solving
the eguation gives NTRYP = 6.0

Solving the 2 simultaneous equations for tyrosine gives

-3
N 10
Mpyp * (0"D"2‘8'O‘mu . 0.D. yggmy ) 1.43)

iEnzimoIar iEnzimoIar

Using the above mentioned values, the equation reduces to
Assuming fdentical subunits, each polypeptide chain, therefore,

contains 3 tryptophan and 11-12 tyrosine residues.

" PLP Content:

The pyridoxal-5"-phosphate content of the purified
enzyme was determined spectrofluorometrically as described
in Methods. A standard curve of fluorescence intensity vs
PLP is presented in Fig. 15. Points are plotted on the

8M anad 6.54 x 10 8m enzyme. From these

graph for 3.27 x 10~
data, an average of 1.85 moles of PLP per mole enzyme

(310,000 molecular weight) is calculated. This value in-
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dicates that the enzyme contains one molecule of PLP per
subunit. The close agreement between theory and experiment
is further indication of the purity of the enzyme prepara-
tion - if the many bands seen in isoelectric focusing
represented impurity, then the measured PLP content would

be significantly less than 2 moles PLP/mole enzyme.

Sodium Borohydride Reduction:

Enzyme was treated with NaBH, as described in Methods
and assayed. 99% of the activity was lost within one
minute with no further change after 5 minutes more. Boro-
hydride acts to reduce the aldimine bond to a secondary
amine in PLP enzymes. The loss of activity with this re-
duction demonstrates the absolute requirement for an

aldimine group in the transamination reaction.

Removal of PLP from the Holoenzyme:

Method 1:

After treatment of the enzyme with PCMB and (NH4)ZSO4
followed by DTT treatment, the specific activity dropped
from 260 to 71, a loss of 73%. In the case of the rat liver
enzyme, a 98% loss occurred. Apparently, either PLP is
incompletely removed or irreversible modification of essential
-SH groups occurs, with resultant loss of activity. Attempts
at reconstitution with PLP resulted in only a small increase

in specific activity from 27% of the control, to 36%.
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Method 2:

Treatment with imidazole-citrate-cysteine resulted in
a drop of only 30% in the specific activity of the enzyme.
Because of this small effect, no reconstitution with PLP was
attempted.

These preliminary results indicate that PLP is tightly

bound to the enzyme and is not readily removed by conventional

means.

PCMB Titration:

Purified enzyme at a specific activity of 280 units/mg
was treated with PCMB as described in Methods. Fig. 16
shows the relative loss of activity with respect to the
number of moles of PCMB incorporated per mole of enzyme.
The results indicaté that the activity decreases in a roughly
linear fashion to about 5% initial activity after 6-7 SH
groups have reacted. In contrast, no loss of activity occurs
when the 1st 7-8 -SH group of the rat liver enzyme has

reacted with either PCMB or DTNB.41

Only after the next 6-9
groups are titrated is activity reduced by 90-95%. Attempts
to measure the total number of titratable SH groups in both
the presence and absence of 6M guanidine-HCl failed because

of the development of turbidity under both conditions after

7-10 moles of PCMB had reacted.
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Spectra:

Spectra of the pyridoxal and pyridoxamine forms of the
enzyme at pH 7.0 over the range 250 my to 500 myp are shown
in Fig, 17. 1In A, the buffer is .05M phosphate, .001M DTT,
.00IM EDTA. In B, the buffer is the same plus 0.2M L-
alanine. Wavelengths of the respective peaks are given in
the figure. The peak positions are nearly identical with
the corresponding peaks of the rat liver and pig heart
enzymes. The purified enzyme, as isolated, is in the
pyridokal form.

The effect of pH on the spectrum of the pyridoxal enzyme
is shown in Fig. 18. The pH was changed by successive
additions of small aliquots of 1M Na2C03 or 1M acetic acid,
and the spectra determined after each change, corrected for
dilution. As can be seen, the change in absorbance of the
330-335 my peak over the pH range examined is small. The
change in absorbance of the 410-420 my peak is more signif-
icant, with absorbance increasing as the pH decreases. An
isosbestic point at 380 mu can be seen. As discussed in the
introduction, the peak at 420 my is associated with the
protonated aldimine form of the enzyme-bound PLP. The pKa
of this group can, therefore, be determined by plotting the
change of absorbance against pH as shown in Fig. 19. A pKa
value of 7.4 - 7.5 can be estimated from the inflection
point of this plot. This value is close to that reported

for the rat liver and pig heart enzymes.40’41
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In the presence of 1 x 107°

M of the potent enzyme
inhibitor, aminooxyacetate, the peak at 420 mu disappears
and is replaced by one at 375 mu. With 0.1M proline, a
weak competitive inhibitor of alanine, a peak at 365 mu
replaces the 420 my peak. Formation of inhibitor - PLP

Schiff bases, described earlier in the Introduction,

.adequately accounts for these spectral changes. These spectra

are shown in Fig. 20 (A § B).

Enzyme activity was assayed over the pH range of 6.0-
9.0 at constant phosphate concentration and constant ionic
strength (these 2 parameters affect activity as will be
shown in the next section). If it is assumed that enzyme
activity is controlled by the reversible protonation of a
titratable group in the enzyme, then the midpoint of the
ascending 1limb of the activity vs pH curve would be equal
to the pKa of that group. This pKa, under the present assay
conditions, equals pH 6.6 - 6.8. Maximal activity occurs
between pH 7.5 - 8.1. Activity vs pH was also determined in
the presence of 3 different inhibitors, aminooxyacetate,
proline, and phenylpyruvate at the same phosphate and ionic
strength conditions. The results are plotted in Fig. 21.
The pH optimum for inhibition by aminooxyacetate is 6.5 -
7.0, whereas the inhibition optimum for proline is 8.0 -
8.5. Inhibition is maximal for phenylpyruvate at pH 6.0, but

it declines continuously as the pH is raised. Plots of §
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inhibition vs pH for these compounds are presented in Figs, 22-
24. Since none of the inhibitors havepKa's in the pH range
considered, the midpoints of either the ascending or descend-
ing limbs of the % inhibition vs pH curves of these compounds
are probably equal to thepKa's of groups on the enzyme that
either bind to or are modified by these inhibitors. These
pKa's are:

a) for aminooxyacetate - pH 7.9-8.1 b) for proline - pH 7.1-
7.3 c) for phenylpyruvate - pH 7.4-7.6

The experiments with aminooxyacetate yield curves which
strongly resemble curves obtained from similar experiments

performed with the rat liver enzyme.45

ITonic_Strength Effects:

The activity of alanine aminotransferase is strongly
inhibited by increasing ionic strength of the reaction
mixture. Fig. 25a shows the effect of increasing ionic
strength on enzyme activity at low phosphate buffer concen-
tration. If the data is replotted for log activity vs the
square root of the ionic strength a straight line relation-
ship is obtained, as seen in Fig. 25b. Multiplying by the
appropriate factors gives the corresponding second order
rate constants at each ionic strength. Fig. 25c is a
logarithmic plot of the rate.constants vs the square root
of the ionic strength. The slope, -2.2, which is reasonably

close to the integral value of -2,is approximately equal to
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the product of the charges of the bi-molecular enzyme-
substrate complex in the transition state of the reaction
pathway. This interpretation derives from the Bronstead

equation:
log k, = B+ 1.03 2, 2, I 1/2 at 30°C

which describes the primary kinetic salt effect, where 2,
and Zb are the ionic charges of the reacting species in
the activated complex. The above mentioned slape is,

therefore, equal to 1.03 Za Zb.

The relationship between log activity and V/ionic strength
in a high phosphate concentration buffer was examined and
was also found to be linear as shown in Fig. 26. However, by

.........

comparing the rates in Fig. 25b and Fig. 26, it can be seen

that at equivalent ionic strengths, the rate is greater when
the phosphate concentration is greater. In both experimental
series, the same quantity of enzyme was used. Phosphate,
therefore, activates the enzyme in some manner even as it
deactivates by virtue of its contribution to the ionic strength.
This is more clearly demonstrated in Fig. 27 which plots log
activity vs the square root of the ionic strength for a series
of reaction mixtures containing increasing concentrations of
phosphate. The measured slope is considerably less severe

than those of Fig. 25b and Fig. 26, illustrating thereby

the activating effect of phosphate by dampening the loss of

activity with increasing ionic strength.
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Effect of Temperature on Enzyme Activity:

The effect of temperature on a chemical reaction is

given by the Arrhenius equation:

d log rate _ -Ea
1 - Z.3R
a (p

where Ea is the activation energy. Fig. 28 is an Arrhenius
plot over the range 12°C to 42°C., Two bends occur, at 16°C
and at 35°C. Three activation energies can, therefore, be
calculated from the graph for this enzymatic reaction. They
are:

Below 16°C; Ea = 27,400 cal/mole

16°C - 35°C; Ea = 13,300 cal/mole

Above 35°C; Ea = 7,850 cal/mole

Possible explanations for this unusual occurrence will

be considered in the Discussion.
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Enzyme Specificity:

The ability of alanine aminotransferase to utilize
amino acids other than its normal substrates was tested as
described in Methods. The reaction mixtures contained
8.7 x 10"4M ketoglutarate and .04-,.05M of the following
amino acids: L-valine, L-leucine, L-isoleucine, L-prpline,
L-tryptophan, D-L-phenylalanine, L-methionine, glycine,
L-serine, L-threonine, L-asparagine, L-glutamine, L-cysteine,
L-aspartic acid, L-lysine, L-arginine, L-histidine, L-hydroxyproline,
a-aminoisobutyric acid, D,L,a-aminovaleric acid, B-alanine,
.004M L-tyrosine, .0025M cysteine.* Of all these, only the
a-aminovaleric acid had weak substrate activity of about 3%
the rate with .05M L-alanine.

The following keto acids were tested for their ability
to replace ketoglutarate in the forward direction assay:
ketovalerate, ketoisocaproate, ketocaprylate, phenylpyruvate,
ketobutyrate, oxaloacetate and mesoxalate. All were tested
at a concentration of 4mM except ketobutyrate which was at
0.5mM. Alanine was at .05M. Only mesoxalate reacted at
about 5% of the rate with ketoglutarate. In the reverse
direction, the same keto acids were tested replacing pyruvate
at a concentration of 2mM. Glutamate was at 15mM. Mesoxalate
gave about 5% activity in this assay as well. In addition,
ketobutyrate was also slightly active, with about 2% of the

activity with pyruvate. All others were inactive.

*Albumin was present in all assays.
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Kinetic Theory and Parameters:

The simplest minimal formulation to describe the trans-

aminase shuttle mechanism in which the enzyme reacts with one

substrate at a time is given by:

ki

ALA + E 2

ko
ks

E' + KG %

ke

ks
EX <
ky
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EY Z
ke

E' + PYR

E + GLU

17

(1a)

(1b)

where E and E' are the PLP and PMP enzymes, respectively, and

EX and EY represent sequences of intermediates over the course

of the reaction.

The reciprocals of the Michaelis-Menten rate

equations derived from this reaction mechanism are:

1
Ve

<[+

where v
f and r

the K's

7 Kara
mf TATK)
1 X
GLU
vmr ( ' EJLU) *

K
r%%) + 1) (2a)
KPYR)+ 1) (2b)

and V are initial and maximal velocities, the subscripts

refer to forward and reverse reaction directions, and

are Michaelis constants.

According to equation 2,

double reciprocal Lineweaver-Burke plots of initial velocity

vs concentration of

one substrate, alanine for example, at a

series of fixed concentrations of the second substrate, keto-

glutarate, should yield a set of parallel lines, one for each

concentration of ketoglutarate.

reaction.

The same is true of the reverse
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In addition, sets of parallel lines from the same data are
obtained when either substrate is considered as the in-
dependent variable. Fig. 29 shows the results obtained with
alanine as the variable substrate. Fig. 30 shows the plots
with pyruvate as the variable substrate. Plots with keto-
glutarate and glutamate as the variable substrates can be

derived from the data of Figs. 29 and 30, respectively. The

intercepts on the ordinates are reciprocals of apparent
1
maximal velocities, V'm, dependent on the cosubstrate con-

centration, and the intercepts on the abscissas are negative
1

reciprocals of apparent Michaelis constants, K's. These

are related to the concentration independent constants by

equations 3 and 4:

(3) 1 = 1 KSZ + 1 4 l = .1; KSZ + l
Vim = Sylgm| T K'gy o Sp (g Ky
S1
M1 _1 (KSI ! 1 1 /K 1
=3 = e =3 ; —_— = e Sl +
vim Sy {mmy) V™ Kl 1 (kg Fs2
1 1
Therefore, from Eq. 3, plotting V/m vs §2 yields Vm and KS2
1 1
and a plot of K'Sl agains; §2 yiilds KS1 and KSZ‘ As a check,

one can plot from Eq. 4. V'm vs §i and obtain Vm and Kg;,and
from a plot of K'Sz Vs l/Sl’ KS2 and KSl are obtained. Data

for all four substrates from these so called "secondary plots"
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are averaged and summarized in Table II. Secondary plots

derived from Figs. 29 and 30 are shown in Figs. 31 and 32

¥&spectively. It can be seen that the reaction rate with
alanine and ketoglutarate is more rapid than with glutamate
and pyruvate. In addition, the Michaelis constants for the
keto acids are 1-2 orders of magnitude lower than those for
the amino acids. The fact that the graphical plots are in
accord with the predictions of equation 2 is strong evidence
for the correctness of the mechanism described by equation 1.
Rate equations containing terms such as. KsqKs, would be
required if ternary rather than binary 3152 complexes
between enzyme and substrate formed, and the plots would

not be sets of parallel lines, but sets of lines that inter-
sected in the upper left quadrant of the graph.

Inhibitors?

A wide series of amino, keto, mono and dicarboxylic acids
were tested for their ability to inhibit both the forward and
reverse enzymatic reactions. Tables III-V summarizes these
experiments. Comparing Tables III and IV reveals the following;
1) the extent of inhibition by nearly all the compounds is
roughly the same in both reaction directions. 2) keto acids
are better inhibitors than their carboxylic acid analogues.

3) ekcept for meSoxalate, which is also a weak substrate, di-
carboxylic acids are poor inhibitors. 4) inhibition increases
with increasing chain length of monocarboxylic acids, a result

qualitatively similar to that obtained with the pig heart

SRES |
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enzyme.40 5) Intermediate and long chain fatty acids inhibit

better in the absence of albumin than in its presence (ex-
periments not shown indicated that short chain acids are mnot
affected by albumin), a not unexpected result,considering
the fact that albumin binds fatty acids.91
Table V indicates that alanine aminotransferase is in-
hibited to varying degrees by most of the natural amino
acids, with proline, tryptbphan and cysteine being especially
inhibitory. Proline inhibition has also been demonstrated
with the rat liver enzyme%7 and has been ascribed to PLP-
proline Schiff base fofmation. Inhibition by cysteine has
been shown with other PLP enzymes92 and has been explained
as the result of thiazolidine ring formation between cysteine
and PLP.93
The nature of the inhibition by certain of these
compounds was investigated more fully via inhibition kinetics.
Linear competitive inhibitions kinetics for alanine amino-
transferase in the forward direction is described by equation

5.17

o (faa 1, %6 1), 1 (fawa ke,
-V \TAD X TS X K[ ¥ \GALR) TTRG)

N

i

where KI dissociation constant of EI from E + I Z EI

and K! dissociation constant of E'I from E' + I & E'I

I

e |
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1
Vv  against

All other terms have been defined. By plotting
I at a fixed concentration of one substrate and several
different concentrations of the second, a series of lines
whi¢h intersect in the upper left quadrant result. Solving
equation 5 for the intersection point, projected on the -I
axis, yields KI when alanine is the varied substrate and K'I
when ketoglutarate is fhe varied substrate. This is the

94 For other types of inhibition, more

so called Dixon plot.
complex equations are involved which when treated by a

Dixon plot, give lines which intersect on the negative
abscissa in the case of a non-competitive inhibitor, and a
series of parallél non-intersecting lines in the case of

an uncompetitive inhibitor. Kinetic treatment of the reverse
reaction yields exactly the same patterns of lines. Several
of the inhibitory fatty acids were examined by these methods
and a typical plot with lauric acid as inhibitor, is shown

in Fig. 33. Where the lines cross in the upper left hand
quadrant, an inhibition constant competitive with pyruvate

of 0.21lmM can be measured. Where the lines cross on the
horizontal axis, an inhibition constant non competitive with
glutamate of 0.34mM can be seen. When phenylpyruvic acid

was the inhibitor, only competitive inhibition against both
pyruvate and glutamate could be demonstrated, as shown by

the dual intersections in the upper left quadrant of Fig. 34.
Similar results were obtained when alanine and ketoglutarate
were the variable substrates. With cysteine, non-competitive

inhibition against the amino acid substrates was seen,
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whereas uncompetitive inhibition against the keto acid
substrates resulted, as shown in Fig. 35 for the forward
reaction substrates. With proline, inhibition was com-
petitive against the amino acid substrates and uncompetitive
against the keto acid substrates, as shown in Fig. 36 for
the reverse reaction substrates. All of these inhibition
studies are summarized in Table VI.

To say that a substance is a competitive inhibitor of
an amino acid substrate is another way of saying that it
reacts with or binds to the PLP enzyme, whereas if the
substance is competitive with the keto acid substrates, it
means that it reacts with or binds to the PMP enzyme.
Conversely, if a substance is uncompetitive with the amino
er keto acid substrates, then it doesn't react with or bind
to the PLP or PMP enzyme, respectively. Cysteine inhibition,
therefore, is curious since it would be expected to inhibit
competitively with the amino acid substrates, rather than
noncompetitively, as it does.

Finally, inhibition by aminooxyacetate was examined
via Lineweaver-Burke reciprocal velocity vs substrate con-
centration plots. By varying one substrate concentration
while keeping the second constant in the presence and
absence of a fixed concentration of inhibitor, competitive,
uncompetitive and noncompetitive inhibition can be dis-
tinguished. For the case of a two-substrate shuttle
mechanism of which this transaminase is an example, competitive

inhibition results either in lines that intersect on the %
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axis, as is the case with a simple one-substrate enzyme, or
in lines with both slope and vertical intercepts different.17
For an uncompetitive inhibitor, Lineweaver-Burke plots of
reaction rates in both the absence and presence of inhibitor
result in a set of parallel lines. Fig. 37 shows amino-
oxyacetate inhibition of the forward reaction. The inhibitor

8M. Since

is competitive with alanine, with a K; of 3 x 10
the inhibitor can only react with the PLP enzyme, competitive
inhibition with the amino acid substrate is to be expected.

When assayed in the reverse direction, aminooxyacetate also
competitively inhibits glutamate with the same inhibition
constant. Inhibition of the keto acid substrate is un-
competitive over a portion of the concentration range ex-
amined, followed by a break in the plotted line as keto-
glutarate concentration increases. The same phenomenon

is observed in the reverse assay. This anomolous change may

be tentatively explained by assuming that at high concentrations
the keto acid begins binding to the PLP enzyme, thereby
preventing its interaction with aminooxyacetate. The net

effect would be to increase the reaction rate over what would

be expected if no binding took place, since less enzyme is
subjected to aminooxyacetate inhibition. Binding of pyruvate

to the PLP form of the pig heart alanine transaminase has

already been described in the Introduction.
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Phosphorylase - Transaminase Complex:

In an attempt to study the nature of the phosphorylase-
transaminase complex described by Bailin and Lukton,73
phosphorylase was prepared from frozen rabbit muscle tissue

as described and tested for protein-protein allosterism by
assaying for phosphorylase activity both in the presence and
absence of all four transaminase substrates. Transaminase
activity was assayed in the presence and absence of the
phosphoryiase substrates, glycogen and glucose-l-phosphate.

Not only was no effect on activity found in all cases ex-
amined, but the amount of transaminase activity obtained in

the purified phosphorylase preparations was at least twenty
times less than reported. Further recrystallization of the
phosphorylase only succeeded in reducing the transaminase
activity to negligible values. Other preparations, using
tissue obtained from freshly killed rabbits in different
physiological'conditions (young, old, pregnant, starved
overnight) gave the same negative results. One experiment
involved injecting an alloxan-diabetic rabbit for six days
with 5 mg/kg of prednisolone. Food was removed on the fifth
day and the animal killed 3 hours after the last injection.
Again, no protein-protein interaction could be detected. In
addition; there was no significant change in the total quantity
of transaminase in the initial extract,.indicating that this
treatment, which had previously been shown to increase

the level of alanine aminotransferase in liver,
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had no effect on the muscle enzyme., After purified trans-
aminase was obtained, it was mixed with both purified
phosphorylése a and b over a range of molar ratios, from
1:10 to 10:1, at various temperatures, in various buffers
(pH 7.5-8.0) and assayed for transaminasé activity in
both the forward and reverse direction at various sub-
strate concentrations in the presence and absence of 20mM
glucose-1-phosphate. Some of these experiments were
performed with an aliquot of initial muscle extract added,
to cover the possibility that some factor in this extract
might cause the two enzymes to interact. In no case was
any protein-protein allosterism detected. At most,
transaminase activity was depressed about 10% in the
presence of glucose-1l-phosphate. Even this effect can be
readily ascribed to the increased ionic strength in the
assay mixture containing the glucose-l-phosphate which has been

shown to depress transaminase activity.
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DISCUSSION
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DISCUSSION

The discovery of heterogeneity in muscle alanine
aminotransferase 1is nof surprising, considering the large
number of enzymes and other proteins which have been shown
to consist of several subforms. Although numerous examples
can be cited, a few will suffice to illustrate this wide-
spread phenomenon. Lactate dehydrogenase, the most
thoroughly studied isozymic system, consists of five
electrophoretically distinguishable fractions, composed of
two primary subunits, designated M and H, which are combined
togeéther randomiy in groups of four to form the active

95 The subunits are structurally and

tetrameric structures.
immunologically distinct and arise from different genetic
alleles. Considerable differences in enzymatic activity as

a function of substrate concentration, pH, temperature and

other variables exist between the various isozymes. The
distribution of these isozymes in the various tissues is
consistent with the biochemical pathways and metabolic
conditions existing in each tissue so that efficient utilization
of each isozyme occurs.

The functionality of other isozymic systems is less well
understood. Plasminogen, the zymogen that is converted to
plasmin, the clot lysing enzyme, can be separated by affinity
chromatography into two fractions that migrate as single but

96

distinct bands on gel electrophoresis at pH 4.3. When
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examined by gel electrophoresis at pH 9.5 or by isoelectric
focusing, however, each fraction separates into five isozymes
with a distinct isoelectric pH range. All other physical and
chemical criteria indicate complete identity of the two
fractions. The amino acid compositions and number of amides
in each original fraction were also indistinguishable,
allowing no straightforward explanation for ;hegisozymic
variability, nor can any physiological function be ascribed
to this multiplicity. This inexplicability is in fact the
case for most isozymes, LDH not withstanding.

Rat red cell hemoglobin can be separated on pH 9.5 gel
electrophoresis and isoelectric focusing into six fractions,
each of which has the same molecular weight and amino acid
composition.97 However, in this case, the differences in the
isoelectric points are ascribed to the difference in the
number of '"surface' carboxyl groups in each isozyme which can
be esterified. The source of the variability is not
identified, but blockage by amide or ester groups can be
imagined as well as the more subtle variability in carboxyl
group accessibility due to conformational differences in the
isozymes. In other systems, carbamylation or acetylation
of amino groups may play a role in isozyme generation,

The great sensitivity of isoelectric focusing in
distinguishing closely related molecular species is high-

98

lighted in the work of Susor et al, who showed that a

number of presumably purified enzymes were in fact hetero-
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geneous mixture of several isozymes. These enzymes included
aldolase A, glyceraldehyde-3-phosphate dehydrogenase, yeast
aldolase, yeast enolase, and pyruvate kinase. All other
criteria of purity had indicated that these preparations
were pure. That the generation of artifacts was not a
result of the isofocusing process was clearly demonstrated
by the presence of only one protein band in a sample of LDHM4,
which by definition should be homogeneous.

Although no attempt was made to investigate the basis
for the multiple electrophoretic forms of alanine aminotransferase,
principally because of the difficulty of preparatively resolv-
ing them, a simple model which accounts for the known facts can
be proposed, If it is assumed that five polypeptide chains of
the same molecular weight, but slightly different ratios of
cationic to anionic groups exist and combine randomly into
dimers, then 15 possible variants can arise. This would more
than account for the 12-14 observable bands on gel isoelectric
focusing. Amino acid content need not differ among any of
the pelypeptide chains; charge differences may arise by any
of the mechanisms described above. Obviously, purification
of the various isozymes is necessary for any conclusions to
be drawn. The various subforms of aspartate transaminase
discussed in the Introduction, may also be explained by a

similar model.

-
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Enzyme heterogeneity may also explain the curious
Arrhenius plot described earlier, in which 3 activation
energies were obtained over the range of 12° to 42°C.
Different sets of isozymes may become the dominant active
forms within different temperature ranges, each set having
its own charactertistic activation energy. In this regard,
the kinetic parameters determinéd in this investigation
could very likely be the result of an averaging of the
various isozyme activities at the temperature of 30°C at
which these parameters were studied. Individual iéozymes,
examined at various temperatures, may demonstrate unique
kinetic parameters.

Inhibition by fatty acids requires some comment. The
fact that inhibition increases with increasing chain length
points to the possibility that the enzyme active site
contains a hydrophobic pocket of considerable 1eng§h which
binds hydrocarbon chains with an efficiency proportional to
their length. Negative control of transaminase activity
by fatty acids can be reasonably postulated by these results.
Alternately, the inhibition may be simply due to the detergent-
like properties of the long chain molecules, which may act to
disrupt the transaminase struéture in a non-specific manner.
Whatever the mechanism, the net effect is the same.

Finally, the inability to demonstrate protein-protein
allosterism between alanine aminotransferase and phosphorylase

under a variety of conditions calls the conclusions of Bailin
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et al into doubt. If,in fact, the conditions which generate
such a complex in muscle tissue are physiologically unique,
then the outlook for bringing about or stumbling upon this
physiological state in experimental animals is not very
bright. However, a more intensive effort at ascertaining
the possible existence of such a complex is still justified,
considering the opportunities it would present for studying
allosteric interactions transmitted through perturbations

between two proteins.
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TABLES AND FIGURES
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TABLE I
Summary of Enzyme Purification Procedure

Protein Sp. Activity
Step Conc. mg/ml units/mg Total Units Volume - mls. % Yield
1. Initial Extract 24.7 .0355 ‘ 21,950 - 25,000 100
2. Heated and Filtered 9.6 .082 18,200 21,700 83
Extract
3.a) Ammonium Sulfate 10.4 2.7 10,400 370 47.5(100)*
Precipitate (1st)
b) 0-270 mg/ml - - 2,900 25,000 -
Supernatant
4, DEAE-Sephadex 0.85 7.4 ; 9,100 1,450 41.5(87.3)
Funnel Filtrate ‘
5. Ammonium Sulfate 19.3 17.0 7,400 22.3 33.8(71.2)
Precipitate (2nd)
0-270 mg/ml
6. DEAE-Sephadex 0.85 74.5 6,670 106 30.2(63.6)

Chromatography Eluant

7. Ammonium Sulfate 9.1 97.5 6,210 7.0 28.3(59.6)
Precipitate (3rd)
205-255 mg/ml

8. Hydroxylapatite 4.1 265 5,110 4.7 23.2(48.9)
Chromatography,
Reduced Volume

*The initial extract contains the D-alanine sensitive transaminase which is subsequently discarded.
The first ammonium sulfate precipitate is the first step in the procedure to contain only the D-
alanine insensitive transaminase. Yields in parentheses are, therefore, those of the D-alanine
insensitive transaminase.
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TABLE II

Michaelis Constants and Maximal Velocities Obtained in 0.1M Phosphate-Albumin, pH 7.5, 30°C

Kalan‘ine Kketoglutarate Kglutamate Kpzruvate
(40) (0.61) (16.5) (0.56)
43mM* (46) 0.64mM*(0.67) 17.5mM*(18.5) 0.64mM*(0.71)
V¢ S
(318) (90)
*%323 (328) *%93(95)

*Average value
**Average value, in micromoles/minute.mg

Values in parenthesis were calculated from two different secondary plots described by equations
3 and 4.
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TABLE III

Inhibition by Keto, Mono and Dicarboxylic Acids of the Forward

Reaction.

Alanine at 50mM, Ketoglutarate at 2mM. Acids at 20

mM unless otherwise indicated.

Albumin Present

Acid % Inhibition
Ketovalerate 81
Ketoisocaproate 75
Ketocaprylate 100
Mesoxalate 62
Phenylpyruvate 99
Malonate 8
Succinate 9
Malate 11
Adipate 18
Citrate 8
Levulinate 18
Acrylate 20
Maleate 17
Phenylacetate 31
Acetate 0
Propionate 13
Butyrate 38
Valerate 56
Caproate 68
Caprylate (2mM) 38
Caprate (2mM) 72
Laurate (0.2mM) 48
Myristate (.05mM) 40

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

No

Controls for inhibition of the coupling enzyme, LDH, by
the various acids, were necessary and the data above reflect
compensation for any effect on the LDH.
acids could not be tested because they were either potent
inhibitors or good substrates of LDH.

Certain carboxylic
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TABLE IV

Inhibition by Keto, Mono and Dicarboxylic Acids of the Reverse
Reaction. Glutamate at 15mM, Pyruvate at 2mM, Acids at 20mM
Unless Otherwise Indicated.

Acid % Inhibition Albumin Present
Ketovalerate 79 Yes
Ketobutyrate 54 Yes
Ketoisocaproate 73 Yes
Mesoxalate . 42 Yes
Ketocaprylate 99 Yes
Phenylpyruvate 93 Yes
Malonate. 4 Yes
Succinate * -
Malate * -
Adipate 18 Yes
Citrate 8 Yes
Levulinate 11 Yes
Acrylate 21 Yes
Maleate 19 Yes
Phenylacetate 43 Yes
Acetate 1 Yes
Propionate 13 Yes
Butyrate 42 Yes
Valerate 57 Yes
Caproate 64 Yes
Oxaloacetate 19 Yes
Oxalate 9 Yes
Caprylate (2ZmM) 37 Yes
Caprate (2mM) 68 Yes
Laurate (0.2mM) 15 Yes
Myristate (0.2mM) 24 Yes
Laurate (0.2mM) 36 No
Myristate (0.05mM) 31 No

Controls for inhibition of activity with the coupling
enzyme, GLDH, by the various acids were necessary and the
data above reflect compensation for any effect on the GLDH.

*Could not be measured because of strong inhibition of GLDH.
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TABLE V

Inhibition by Amino Acids of the Forward Reaction. Alanine at

A S e T
SRDRRESENEAL

50mM, Ketoglutarate at 2mM. Albumin Present in All Reaction

Mixtures. All Amino Acids at 50mM Unless Otherwise Indicated.

Amino Acid % Inhibition
L-valine 24
L-leucine 19
L-isoleucine 27
L-proline 64
D-L-phenylalanine (20mM) 15

(4 0mM) 26
L-tryptophan (20mM) 36
(40mM) 55
glycine 0
L-serine 10
D-L-threonine (100mM) 4
L-cysteine 89
L-tyrosine (2mM) 2
L-asparagine
L-glutamine 13
L-aspartic acid
L-1lysine 5
L-histidine 14

L-arginine
L-hydroxyproline

D-L-methionine (100mM) 33
a-aminoisobutyric acid 8
D-L-oa-aminovaleric acid (100mM) 37

R-alanine 0
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TABLE VI

. Inhibition Constants for Various Inhibitors of Alanine

Aminotransferase. All Assays Performed in 0.1M Phosphate,
pH 7.5, at 30°C. ‘

Inhibitor

Caprate
Caprate

Laurate
Laurate

Laurate

Laurate

Myristate
Myristate

Phenylpyruvate
Phenylpyruvate

Phenylpyruvate
Phenylpyruvate

Cysteine

Cysteine
Cysteine

Cysteine
Proline
Proline
Proline

Proline

Reaction Albumin
Direction Present
Reverse No
Reverse No
Reverse No
Reverse No
Forward No
Forward No
Reverse No
Reverse No
Reverse No
Reverse No
Forward No
Forward No
Reverse Yes
Reverse Yes
Forward Yes
Forward Yes
Reverse Yes
Reverse Yes
Forward Yes
Forward Yes

Type Of Inhibition

Competitive with keto acid

Non-competitive with amino
acid

Competitive with keto acid

Non-competitive with amino
acid

Competitive with keto acid
Non-competitive with amino
acid

Competitive with keto acid

Non-competitive with amino
acid

with keto acid
with amino

Competitive

Competitive
acid

withiketo acid
with amino

Competitive
Competitive
acid
Non-competitive with amino
acid

Uncompetitive with keto ac

Non-competitive with amino
acid

Uncompetitive with keto
acid

Competitive with amino
acid

Uncompetitive with keto
acid

Competitive with amino
acid

Uncompetitive with keto
acid

Ky

0.42mM
0.93mM

0.21mM
0.34mM

0.12mM
0.26mM

0.03mM
0.10mM

0.64mM
1.19mM

0.40mM
1.05mM

3.8mM

id-—
5. 2mM

13mM

10.4mM
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Fig. 1 DEAE-Sephadex A-50 chromatography. Conditions
as described in the text. 7.5 ml fractions
were collected.
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Fig.

2
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Hydroxylapatite chromatography.
described in the text., Two ml fractions were

collected. 1 microliter of column eluant was
used in the standard assay.

Conditions as
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Fig.

3
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Disc gel electrophoresis of hydroxylapatite
purified enzyme (sp. act.-265) at pH 4.3.

See Methods section for details. Approximately
30 ug of protein was applied. Stained with
Amido Black. Electrophoresis performed at

4 mamp/gel for 1 hour,
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TR

4A 4B

Disc gel electrophoresis - pH 9.5. See Methods for
details. Stained with Coomassie Blue.

Fig. 4a 1. 9 ug.of protein applied. Electrophoresis was for
75 minutes at 2 mamps/gel.
2. 9 ug.Electrophoresis for 6 hours at 1 mamp/gel.

3. 9 ug.Electrophoresis for 15 hours at 1 mamp/gel.

Fig. 4b 35 ug. applied. Electrophoresis for 3 hours at
-2 mamps/gel.




Fig.

S VORIV UM S

Isoelectric focusing (pH 3-10) of hydroxylapatite
purified enzyme (sp. act.-265) 60 ug protein applied
to each gel. See Methods for details. Each gel
contains enzyme isolated from a different preparation.




Fig., 6

Isoelectric focusing (pH 7-9) of hydroxylapatite
purified enzyme (sp. act.-265). 60 ug protein
applied to each gel. See Methods for details.
Each gel contains enzyme isolated from a different

preparation,




Fig. 7
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Activity vs slice number for pH 7-9 isoelectric
focusing gel.
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Fig. 8 Preparative isoelectric focusing (pH 7-9).
pH increases from right to left, see Methods
for details.
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Fig. 9
SDS gel electrophoresis of hydroxylapatite purified

enzyme (sp. act.-265). See Methods for procedure.
5 ug of protein applied. Stained with Coomassie Blue.
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Fig. 10 Mobility of alanine aminotransferase and 5 marker
proteins on 10% acrylamide - SDS gels. Markers-
bovine albumin (67,000); glutamate dehydrogenase
(53,000); ovalabumin (46,000); pepsin (35,000)
chymotrypsinogen (25,000). Corrected according
to Dunker and Reuckert.?®’
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Fig. 11
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Sedimentation velocity of hydroxylapatite purified
enzyme. Enzyme at 2.5 mg/ml in .05M phosphate,
.001M EDTA, .002M DTT, pH 7.5. Centrifugation at
60,000 RPM and 25°C. Sedimentation is from right
to left. Photographs taken every 16 minutes.
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Fig. 12 Plot of 1n (peak position) vs time for sedimentation
velocity of purified enzyme at 2.35 mg/ml. '
Centrifugation at 60,000 RPM and 20°C.
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Fig. 13 Plot of SZO°,w at several concentrations of protein.
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Fig. 14

111

Equilibrium sedimentation of 0.34 mg/ml purified
alanine aminotransferase. Ordinate - 1n fringe
displacem%nt. Abscissa - (distance from center
of rotor)“. Speed - 16,020 rpm. Temperature -
20.2°C. The molecular weight calculated from
this determination is 108,200.
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Fig. 15 Fluorescence Intensity vs PLP. See Methods for
details.
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Fig. 16 Loss.of enzyme activity with PCMB. See Methods
for experimental details. The points are the
average of 3 determinations.
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Fig. 17 Spectra of alanine aminotransferase

A. .05M phosphate, .001M EDTA, .001M DTT,
pH 7.0

B. same as A + 0.2M L-alanine
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Fig. 18 Effect of pH on the spectrum of alanine aminotransferase
Buffer - .05M phosphate, .001M EDTA, .001M DTT
pH adjusted with 1M Na2C03 and 1M acetic acid

A - pH 6.5
B - pH 7.0
C-pH 7.5
D - pH 8.0
E - pH 8.5
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Fig. 19 pKa determination. Absorbancies at 420 mu peak
from Fig. 18 plotted vs pH. -
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Fig. 20A Spectrum of alanine aminotransferase in the presence
of 1 x 10 °M aminooxyacetate. Buffer as in Fig. 17.

Fig. 20B Spectrum of alanine aminotransferase in the presence
of 0.1M L-proline. Buffer as in Fig. 17.
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Fig.

21

b)

d)

125

Enzyme actifity vs pH. Assay conditions - .066M
phosphate, 100mM alanine, 10mM ketoglutarate,
with albumin. u=0.25, adjusted with KCl.

same as a) + 1 x 10-7M aminooxyacetate
same as a) + 20mM L-proline
same as a) + 1.5mM phenylpyruvate
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Fig. 22
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Per cent inhibition by aminooxyacetate vs pH.
Conditions as in Fig. 21.
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Fig. 23 7Per cent inhibition by proline vs pH. Conditions
as in Fig. 21.
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Fig. 24 Per cent inhibition by phenylpyruvate vs pH.
Conditions as in Fig. 21.
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Fig.

25a
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e e 2wt | |

Activity vs ionic strength., Reaction mixture
contained .01M phosphate with albumin, 50mM
alanine, 1mM ketoglutarate + KCl to adjust ionic

strength to indicated values. Assays performed
at 30°C and pH 7.5.
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Fig. 25b Log activity vs the square root of the ionic strength.
Data of Fig. 25a replotted.
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Fig. 25c Log rate vs the square root of the ionic strength.
Data of Fig. 25a replotted.
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Fig. 26 Log activity vs the square root of the ionic
strength. Conditions as in Fig. 25a except
0.1M phosphate is present.
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Fig. 27

141

Log activity vs the square root of the ionic strength.
Conditions as in Fig. 25a except that ionic strength
is a function of phosphate concentration. No KCl is
added.
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Fig. 28 Arrhenius plot. Log activity vs the reciprocal of
the absolute temperature. Assay conditions -

0.1M phosphate with albumin, 0.2M alanine, 10mM
ketoglutarate, pH 7.5.
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Fig.

29

145

Double reciprocal plot of initial velocity vs
alanine concentration at a series of fixed
ketoglutarate concentrations. Assays performed
with 0.1M phosphate - albumin, pH 7.5 at 30°C.

3 ml assay mixture contained 0.24 ug enzyme of
specific activity = 265 units/mg.

Ketoglutarate concentrations: A) 10mM B) 0.9mM
C) 0.5mM D) 0.25mM E) 0.20mM

el
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Fig. 30 Double reciprocal plot of initial velocity vs
pyruvate concentration at a series of fixed
glutamate concentrations. Conditions as in
Fig. 29 except 0.48 ug enzyme was used in
each assay. Glutamate concentrations:

A) 22.5 mM B) 15mM C) 9mM
D) 6mM E) 3mM F) 1.8mM
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Fig. 31 Secondary..plots from data of Fig. 29.

Upper line - V%h vs l/ketoglutarate

1

"K'aTanine VS 1/ketoglutarate

Lower line
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Fig. 32 Secondary plots from data of Fig. 30.

Upper line - 1/K' vs 1/glutamate

pyruvate

Lower line - 1/V'm vs 1/glutamate
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Fig. 33 Dixon plot of alanine aminotransferase inhibition
by lauric acid. Assay for reverse reaction.
Buffer - 0.1M phosphate, pH 7.5, 30°C. No albumin
in assay mixture.
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Fig. 34 Dixon Plot of alanine aminotransferase inhibition
by phenylpyruvate. Assay for reverse direction.
Buffer - 0.1M phosphate, pH 7.5, 30°C. No albumin
in assay.
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Fig. 35
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Dixon plot of alanine aminotransferase inhibition by
L-cysteine. Assay for forward reaction. Buffer -
0.1M phosphate, pH 7.5, 30°C. Albumin present in
assay.
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Fig. 36 Dixon plot of alanine aminotransferase inhibition
by L-proline. Assay for reverse reaction. Buffer -
0.1M phosphate, pH 7.5, 30°C. Albumin present in
assay.

PN |




160

6mM Glu
2 mM Pyr

x 103

D
O
|

15 mM Glu
0.5 mM Pyr

15 mM Glu
2mM Pyr

pmoles/min.

L1 1 1 ]

l
-20 -0 O 10 20
INHIBITOR mM




161

Fig. 37 Lineweaver-Burke plot of alanine aminotransferase
inhibition by aminooxyacetate. Assay for forward
reaction. Buffer - 0.1M phosphate, pH 7.5, 30°C.
Albumin present in assay.
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