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I. INTRODUCTION

Enzymes are proteins whose biological function is the
catalysis 6f chemical reactions in living systems. Many of
these enzymes contain non-protein components, coenzymes,
which are essential for enzyme activity. One of these co-
enzymes, pyridoxal phosphate, is the active form of vitamin
BS' It is required for many types of biological reactions
and is the key compound in some of the most important reac-
tions of protein chemistry. One type of reaction utilizing
pyridoxal phosphate is the elimination and replacement of
substituents on the g-carbon of amino acids. The present
study involves one of the many enzymes which carry cut this
type of reaction, the L-threonine dehydrase of sheep liver.
By studying a specific reaction involving pyridoxal phos-
phate, it is hoped that our knowledge of the mechanism of
action of pyridoxal phosphate eniymes will be increased.

The L-threonine dehydrase of sheep liver is an excellent
enzyme for study because it is readily available and excep-
tionally stable. This enzyme converts L—fhreonine to
a-ketobutyrate and ammonia, both of which are easily mea-
sured.

In order to carry out a detailed study of the enzyme,

it is necessary to have it in a highly pure form. There-

fore, the first part of this work concerns the purification



of the enzyme. Although a homogeneous preparation has not
been obtained, the present pur?fication procedure provides
"a convenient preparatian cf enzyme of high purity. In order
to determine how much further work is necessary to obtain a
homogeneous preparation, sedimentationuand eiectrophoretic
mobility deterhinations were performed.

A study was made of the stability and activity of the
enzyme under various conditions of temperature and ionic
environment. This information should be useful in any
further attempts to purify the enzyme. In addition this
study has provided some information concerniﬁg the relation-
ship between the enzyme, coenzyme and their environment.

L—serine, a homolog of L-threonine, also acts as a
substrate for the enzyme but inactivates the enzyme in the
process. This inactivation is studied in'some detail. The
results of this study has led to the prbposal of a modified
mechanism involving the cpnversion of L-serine to pyruvate

and ammonia.



II. LITERATURE SURVEY

The first detailed study of the deamination of 5
p-hydroxy amino acid by bacterial cells and tissues was by
Gale and Stephenson in 1938 (1). They followed the deam-
ination of DL-serine by the release of ammonia in the pres-

ence of cells of Escherichia coli. This reaction proceeded

anaercbically, thus distinquishing it from oxidative deam-
ination. 1In 1943, Chargaff and Sprinson, showed that the
ﬁ-hydroxyl group of serine was required by the enzyme for
activity; replacement of the hydroxylic hydrogen by larger
groups resulted in a loss of activity {(2). Pyruvic acid
was also isolated as a product of the deamination of‘serine.
- Therefore, a mechanism was postulated in which serine was
dehydrated to U-aminoacrylic acid (2,3). This intermediate
was tautomerized to the unstable imine, which on hydrolysis
vielded pyruvate-and ammonia. Although this basic mecha-
nisﬁ is still accepted, it has been modified to include

the role of pyridoxal phosphate. Dehydrases require pyr-
idoxal phosphate as a coenzyme. Additional evidence for
this basic mechanism has been presented by Phillips and
Wood (4). 1In a denterium oxide medium the L-threonine de-

hydrase of E. coli was shown to incorporate deuterium into

the -position of threonine as well as into the ﬁlposition

of a-ketobutyrate. In the presence of borotritide,



&-aminobutyrate was formed with tritium exclusiyvely on the
x~-carbon. All of the steps were reversible with the excep-
tion of the hydrolysis to products.

The accepted mechanism of the deamination of L-threo-
nine, including the function of pyridoxal phosphate in this
mechanism is shown in Fig. 1. No attempt is made to show
'~ the manner in which the coenzyme is bound”to the apoenzymé.
Although the exact mode of binding is not known, some in-
sight into the probable binding of the coenzyme has been
revealed for other pyridoxal phosphate enzymes. The prin-
ciple place of binding appears to be through the carbonyl
group of the coenzyme. In all of the cases studied, phos-
phorylase, homoserine dehydratase (also known as cysta-
thionase), aspartate aminotransferase (also known as
glutamic-oxaloacetic transaminase or glutamic-aspartic
transaminase), serine transhydroxymethyiase, and L-aspartate-
4-decarboxylase, the carbonyl group of the coenzyme is not
free (5-9). Instead it appears to be bound to the enzyme
"either as an 2ldimine or in a form that readily converts
to such an aldimine. The aldimine structure is supported
by the appearance of spectral peaks at one pH or another
which have been attributed to a Schiff base linkage be-
tween the coenzyme and protein. Aspartate aminotransferase,
phosphorylase, homoserine dehydratase, glutamic acid

decarboxylase, and serine transhydroxymethylase reveal a



Fig. 1. The mechanism of the conversion of L-threonine to o~detobutyrate
and ammonia by L-threonine dehydrase.
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peak at 415 mum to 430 mu, which is superimposed over the
spectrum of the protein_(lo—ls). This peak shifts to 360
mu in the case of aspartate aminotransferase, homoserine
dehydratase, gnd glutamic acid decarBoxylase, as the pH is
increased (10,16,17). Reduction of the aldimine results

in the loss of the 415 mm to 430 mu peak and, in addition,
the loss of enzyﬁe activity. The reduced Schiff base of
phosphorylase, homoserine dehydratase, aspartate amino-
transferase, serine transhydroxymethylase and L-aspartate-
4-decarboxy1ase can be isolated following partial hydrolysis
of the enzyme and the former’carbonyl carbon is now cova-
lently linked to the ¢-amino group of 1ysine. Therefore,
if the aéomethine link between a lysine residue of the apo-
enzyme and pyridoxal phosphate pre—exists in the enzyme,
the formation of the enzyme-substrate complex probably takes
place by a process of "transaldimination" father than by
elimination of water (18,19). The phosphate group of the
coenzymé also has been iﬁplicatéd as a site of binding
resulting from its effectiveness in resclving aspartaté
aminotransferase and its inhibition of the recombination

of apoenzyme and coenzyme (20,21). In addition, the affin-
ity of the apoenzyme of aspartate aminotransferase for pyr-
idoxal is about 1/10 of the affinity of the apoenzyme for
pyridoxal phosphate (19). A correlation of the inhibitory

potencies of various coenzyme analogs for different pyridoxal



phosphate enzymes reveals that every substituent grouping
of pyridoxal phosphate affects the firmness of the binding
of coenzyme and enzyme (22).

Since the enzymatié reaction results only in the ¥é-
movnl of water, this type of enzyme has been called a de~
hydrase, which is the term used here. Other workers have
used "deaminase'" or "dehydratase'" to refer to the same
enzyme. The official nomenclature for this enzyme accord-
ing to the International Union of Biochemistry and the
International Union of Pure and Applied Chemistry is E.C.
4.2,1.16: L-threonine hydro-lyase (deaminating) (23).

‘ In 1943, Chargaff and Sprinsbn showed that DL-threo-
nine was converted to @-ketobutyrate and ammonia (3).
Since then, dehydrases have been isolated which aré specific
for the individual isomers of serine and threonine.

Escherichia coli‘is particularly interesting in this respect.

The work of Wood and Gunsalus showed that the dehydrase of

E. coli was most active towards L-threoniné (24). Then

Metzler and Snell readily separated a D-serine dehydrase
from the L-serine or L-~threonine dehydrase also present
(25). Later, Umbarger and Brown isolated two distinct
L;threonine dehydrases, one adaptive and the other consti-~
tutive (26). It is interesting to note that although de-
hydrases have heen isolated with very different substrate

requirements, no dehydrase has been isolated specific for
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only one of the two substrates, threonine and serine.

All of the dehydrases studied thus far require pyri-
doxal phosphate as a coenzyme (25-32). This requirement
is shown in the following ways. Many dehydrases require
the coenzyme for maximum activity (25,27,33). 1In addition,
the coenzyme can be resolved from the threonine dehydrases

of Neurospora, the rumen microorganism LCI and sheep liver

(27,29,32). The apoenzyme is catalytically inactive;
activity is restored partially or totally, by incubation
with added pyridoxal phosphate.

Additional methods have been used to show the require-
ment for pyridoxal phosphate in other vitamin Bg enzymes.
The use of spectral observations were discussed previously.
It is also possible to release the coenzyme from the enzyme
by treatment with concentrated acid or alkali and to isolate
the coenzyme. This has been accomplished in the case of
aspartate aminotransferase, phosphorylase, homoserine de-
hydratase, and serine transhydroxjmethylase (10,15-17,34).
The presence of pyridoxal phosphate bound to the enzyme
also can be detected by microbiological assays (35).

Although pyridoxal phosphate appears to be the coenzyme
associated with serine and threonine dehydrases, some of
these enzymes require additional additives for maximum ac-
tivity. Adenylic acid and glutathione activate the L-threo-

nine dehydrase of E. coli (24,26). Glutathione alsec
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activates the L-threonine dehydrase of the rumen micro-
organism LCI (29). Adenosine diphosphate activates the

threonine dehydrase of Clostridium tetanomorphum (36).

Monovalent cations, especially potassium and ammonium,
activate many dehydrases (1,30,32,37-41). Since these
enzymes also require pyridoxal phosphate, the other co-
factors may play a structural role. This is apparently
true in the case of the L-threonine dehydrééé of E. coli,
for which Phillips and Wood showed that the presence of
adenyiic acid favors the formation of a more active dimer
(4,42).

Meister EE.%E: studied L-aspartate-4-decarboxylase and
aspartate aminotransferase and found that they are activated
by o-keto acids, as well as by pyridoxal phosphate (35,43-
47). The effects of the activation by pyridoxal phosphate
and by o-keto acids are not additive. Both activators
feverse the inhibition by amino acids. Meister postulated
that the incubation of a vitamin B6 enzyme with its sub-
strate or substrate analog inactivates it as a result of
the conversion of enzyme-pyridoxai phosphate to enzyme-
pyridoxamine phosphate. This conversion would be reversed
by a-keto acids or pyridoxal phosphate. Enzyme-pyridox-
amine phosphate dissociates readily yielding apoenzyme,
which would be reactivated by pyridoxal phosphate. Vitamin

B6 analogs, which could not form Schiff bases with substrates,
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inhibit the reaction by replacing enzyme-pyridoxal phos-
phate but protect the enzyme from inactivation by retard-
ing dissociation of pyridoxamine phosphate. Thus the enzyme
catalyzes two reactions; one transamination, which can de-
stroy or regenerate the coenzyme needed for the other reac-
tion, in this case decarbcxylation. Meister has suggested
that all vitamicn B6 enzymes may have this ability to under-
go transamination and that this ability may sefve as a
control mechanism.

The L-threonine dehydrase of sheep liver was first
purified by Sayre and Greenberg in 1955 (48). Additional
purification was accomplished by Nishimura and Greenberg
and by Davis and Metzler ¢32,40,41). Both used similiar
purificatioﬁ‘procedures consisting of three heat treat-
ments, two ammonium sulfate fractionations and.chromatog-
raphy on diethylaminoethyl-cellulose. Nishimura also
included an acetone precipitation step.

The sheep liver L-threonine dehydrase has been ob-
served to have activity towards L-threonine, L-serine and
L.-allothreonine (32,40,41,49). Activity on L-allothreo-
nine is apparently 0.23 times as rapid as that on L-threo-
nine. As with the L-threonine dehydrase of E. coli,
L—serine inactivates the enzyme within 5 minutes at pH 7
(24). At higher pH values, the enzyme is not completely

inactivated after 5 minutes; product is still produced
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but at a lower rate. Therefore, the enzyme is modified by
the action of serine.

Other general properties of this enzyme include its
_ resistance to heat; its activation by monovalent cations;
its inhibition»by carbonyl reagents; and its stability
over a pH range of 5.5 to 9 (32,40,41,49). The enzyme is
stable at 75°C for 15 minutés with no loss of activity.

+ .+ +
, Li , and Na ,

Monovalent metal ionms, Kt NH4+, Rb
activate the enzyme in decreasing order. Carbonyl spe-
cific compounds, namely hydroxylamine and semicarbazide,
competitively inhibit the enzyme. The Michaelis constant

is pH dependent, whereas the maximum velocity is not. Ky
has been calculated to be 8 X 10™% M for L-threonine and
approximately 4 X 10_3 M for L-serine at pH 9 (40,41).

Reviews on serine, threonine and homoserine dehydrases
by Greenberg can be found in The Enzymes and in Methods of
Enzymology (50,51). A recent review on pyridoxal phosphate,
including both enzymatic and non-enzymatic studies, is also
available (52).

In the purification of the L—threoﬁihe déﬁydrase of
sheep liver advantage was taken of the relatively recent
innovation of gel filtration on Sephadex. Sephadex consists
of a three dimensional network of a crosslinked polysac-

charide, dextran. This insoluble network has a nonionic

¢character; however, it has some polar properties because
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of the high content of hydroxyl groups (53). Its hydro-
philic character causes it to swell considerably when
mixed with an aqueous solution. The swelling is depen-
dent on the degree of crosslinkage. A h;gh degree of
crosslinkage gives a compact structure with low porosity,
whereas a 1ow degree gives a highly porous structure.

The separation of substances on Sephadex is mainly
caused by its molecular sieving properties, by which the
smaller particles are retained by their diffusion into
the gel grains and the larger particles pass through the
column, since they are too large to diffuse through the
gel. Once the smaller molecules have been washed through
the column, no regeneration is necessary and the column
can be used again without repacking.

The use of Sephadex was first described by Porath and
Flodin (54). They showed its application to the desalting
of proteins and the fractionation of a mixture of saccha-
rides; Since then, over 200 papers have been published
describing the use of Sephadex in various techniques and
applications. These applications include the desalting of
proteins (54-57); the fractionation of polymers according
to their ﬁolecular weight (58-60); the separation of mix-
tﬁres by zone precipitation (61); the concentration of
solutes of high molecular weight (62,63); and its use as a

support for thin layer chromatography and electrophoresis
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(64-867) .

Ionic groups have also‘bgen introduced into Sephadex,
coupling ion exchange properties with molecular sieving
properties.' Three ion exchange Sephadex gels are avail-
able. They include an anionic gel, containing the diethyl-
aminoethyl (DEAE) radical and two cationic gels, containing
the carboxymethyl and sulfonylethyl radicals.

In 1961, Porath separated the two basic polypeptides
oxytbcin and vasopressin by chromatography on DEAE-Sephadex
(68). Since then the ion exchange Sephadex gels have been
used extensively in thé purification of proteins. Quite
frequently multiple fractions of enzymes have been obtained
(69-72) . DEAE-Sephadex has also been used for thin layer
chromatography (73§.

Additional iiteratﬁre} including a series of reference
cards containing abstracts of publications on the use of
Sephadex and Sephadex ion exchangers, can be obtained from
Pharmacia Fine Chemicals, New Market, N.J.

AG11A8 is a new ion retardation resin for fhe chromato~
gfaphic desaiting of biochemicals. This resin is made by
polymerizing acrylic acid inside Dowexil to fo?m polymer
beads containing paired anion and cation sites. These
sites attract mobile anions and cations and associate
weakly with them. As a result, AGllA8 absorbs both anions

and cations in equivalent amounts, leaving a neutral
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environment in contrast to the acidic and basic environ-
bments of conventional ion exchange resins. The absorbed
salts can be eluted with water and the column used again.
The use of polyacrylamide gels for disc gel electro-
phoresis is another application of the property of molecular
sieving. Polyacrylamide gels are thermostable, trans-
parent, strong, relatively inert, nonionic and_can be pre-
ﬁéféd with a wide range of pore sizes. The viscosify of
the gel is dependent on its pore size relative to the
radius of the particle. ‘This introduces a molecular
sieving effect and enables particles with the same mobility
but of different size to be separated. This technique
takes advantage of the effects of discontinutities in pH
and gel pore size. The proteins first enter a large pore
gel in which they are sorted out according to their mobil-
ities into highly concentrated discs. These discs pass
into a small pore gel where further separation takes place.
The theory of disc gel electrophoresis has been
described by Ornstein (74). Disc gel electrophoresis has
been used as an analytical tool for both clinical work and
research. Normal human serum is separated into about 25
discrete bands (75,76). Crystalline protein preparations,
e.g. trypsin, chymotrypsin, ribonuclease, protamine sulfate,

globin and lysine vasopressin have been shown to contain

more than one component (77). Disc gel electrophoresis has
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been compared to starch gel and agar electrophoresis (78,
79). The results indicate that disc gel electrophoresis
gives similiar separations, easier, faster, and with less

cost per experiment.
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ITI. EXPERIMENTAL

A, Materials and Equipment

1. Materials

a. Buffered substrate, 0.1 M, pH 8.9. A mixture

of 0.2978 gm. L~threonine or 0.2627 gm. L-serine and 1.05
meg. of sodium hydroxide was prepared and diluted to 25
ml,

b. Buffered substrate, 0.1 M, pH 7.2. A solution

of 0.2978 gm, L-threonine or 0.2627 gm. L-serine in 25 ml,
‘of 0.1 M phosphate buffer, pH 7.2 was prepared.

c. Tris-carbonate buffer, 0.5‘M, pH 8.95. A mix-

ture of 6.05 gm. recrystalliZed tris (hydroxymethyl) amino-
methane, 4.2 gm. sodium bicarbonate and 2.3 meq. of hydro-
chloric acid was prepared and diluted to 100 ml.

d. Potassium phosphate buffer, 0.5 M, pH 7.2. A

mixture of 61.27 gm. potassium monobasic phosphate and -
19.33 gm. potassium dibasic phosphate was prepared and
diluted to one liter. . This solution was diluted to pre-
pare phosphate buffers of lesser concentration.

e. Trichloroacetic acid, 25%. A solution of 25 gm.

trichloroacetic acid in 100 ml., of distilled water was
prepared.

f. 2,4-Dinitrophenylhydrazine reagent. A solution

of 0.250 gm. recrystallized 2,4-dinitrophenylhydrazine in
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500 ml, of 2.0 N hydrochloric aqid was prepared and filtered.
g. Sodium hydroxide, 2.5 N. A solution of 100 gm.

reagent grade sodium hydroxide in one liter of boiled,
deionized, distilled water was prepared.

h. Nesslers solution, No. 1. A nixture of 35 gm,

potassium iodide, 50 gm. mercuric iodide and 300 meq. of
sodium_hydroxide was prepared and diluted to one liter.'

i. Nesslers solution, Fo. 2. A mixture of 4 gm.

potassium iodide,_4 gm. mercuric iodide and 1.75 gm. gum
ghatti was prepared and diluted to one liter with ammonia
free distilled water.

j. Molybdenum reagent. A mixture of 5 gm. ammonium

molybdate and 0.15 meq. of sulfuric acid was prepared and

diluted to 100 ml.

k. Ninhydrin solution. A solution of 0.80 gm. stan-

nous chloride in 50 ml. of 0.20 M sodium citrate buffer,
pH 5.0 was prepared. This solution was added to 2 gm. nin-
hydrin in 50 ml. of methyl cellosolve.

1. Saturated ammonium sulfate, pH 7.3. Ammonium

sulfate was added to boiling distilled water until no more
would dissolve. The cooled supernatant was decanted and a
diluted sample (1/5) was adjusted to pH 7.3 using concentra-
ted ammonia. The saturated supernatant was likewise ad- ‘
justed based on the diluted sample.

m., Pyridoxal phosphate, 0.001 M. A solution of
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070067 gm. pyridoxal phosphate, monohydrate in 25 ml. of
0.1 M phosphate buffer, pH 7.2 was prepared and stored in
a freezer.

n. Sheep liver. Fresh sheep liver was brought

from Iowa Packing Co.; Des Moines, Iowa, packed in ice

and immediately used or frozen for future use. In later
experiments, fresh sheep 1iver was shipped in dry ice from
Wilson Packing Co.; Omaha,, Nebraska»and remained frozen
until used. _Arrangements were always made to secure fresh,
mature sheep livers. L-threonine dehydrase was also pre-
pared in the laboratory of Dr. Leodis Davis; Howard Uni-

versity; Washington, D.C.

o. Sephadex and Diethylaminoethyl-Sephadex.

Seph#dex and DEAE~Sephadex were obtained from Pharmacia
Fine Chemicals; New Market, N.J.

p. Aquacide. Aquacide I and II were obtained from
Calbiochem; Los Angeles, Calif.

q. AG11A8, ion retardation resin. AG11A8, ion

retardation resin was obtained from Bio Rad Laboratories;
Richmond, Calif.
2. Apparatus

a. Disc gel electrophoresis. Equipment and solu-

tions were obtained from Canal Industrial Corporation;

Bethesda, Md.

b. Collodion tube and apparatus. Collodion tubes
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and apparatus were obtained from Carl Schleicher and Schuell

Co.; Keene, N.H.

B. Analytical Methods

1. Enzyme Assay

A mixture of 0.9 ml. of enzyme solution and 0.3 ml.
cf 0.5 M tris-carbonate bgffer, pH 8.95, was placed in a
constant temperature bath, at 37°C. The buffered substrate
was also placed in the bath. After 5 minutes, 0.3 ml. of
0.1 M buffered substrate, pH 8.9 was added to the mixture
and incubated for 30 minutes. The reaction was stopped
by the addition of 0.5 ml. of 25% trichloroacetic acid.
After‘centrifﬁgatiOn, one ml. of the supernatant was
assayed for keto acid by the method of Sayre and Greenberg
(48) . Two ml. of 2,4-dinitrophenylhydrazine reagent were
added to the ml. of supernatant. After 15 minutes, 2 ml.
of 95% ethanol and 5 ml. of 2.5 N sodium hydroxide were
added. The solution was allowed to stand for 10 minutes
to develop the color and the optical density was read at
520 mu in a Beckman Model DU spectrophotometer against a
denatured enzyme blank. The «-keto acid present was de-
termined’from a standard curve. An optical density of 1.00
was equivalent to 1.20 micromoles of a-ketobutyrate or‘l.OO
micromole of pyruvate. The production of a-keto acid was

linear witk time. Therefore, the number of enzyme units



22

were computed by multiplying the absorbancy at 520 mw by
the factors 1.11 X 2 X 2 X 1.20 corresponding to the aliquot
size, the reaction time and the conversion factor obtained
from the standard curve. When L-serine was used as the
buffered substrate, the reaction time was one minute;
therefore the factor 2 was replaced by 60 and the conver-
sion factor 1.20 was replaced by 1.00.

g . Protein determination

During the purification the absorbancy of a diluted
enzyme solution at 280 mu was measured as an indication
of the content of protein and other light absorbing mate-
rial. As the purification of the enzyme increased, an
optical density of 1.00 approached an equivalent of 1 mgm.
protein (32).

3. Unit of enzyme

A unit of enzyme was arbitrarily defined as that
amount of enzyme producing one micromole of a-keto acid
in one hour at 37°C, pH 8.9. The unit of enzyme as de-
fined by the International Union of Biochemistry is that
amount of enzyme which will catalyse the transformation
of one micromole of substrate per minute under optimum
conditions of pH and substrate concentration (23). There-
fore the unit used here is 1/60 of the International unit.

4. Purity index

The purity index was defined as the units of enzyme
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per ml, divided by the optical density of the enzyme solu-
fion»at 280 mpm.

5. Methods of concentrating the enzyme

a. 60% Saturated ammonium sulfate precipitation, PH

7.2. The enzyme solution was made 60% saturated with
ammonium sulfate at 25°C by adding 390 gm, salt per liter
of solution. Then the pH was adjusted to 7.2 using con-
centrated ammonia. The solution was allowed to stand at
least five hours and the precipitate was dissolved in the
desired volume of 0.1 M phosphate buffér, pH 7.2.

b. Dialysis against saturated ammonium sulfate

solution, pH 7.3. The enzyme was dialyzed against a
saturated ammonium sulfate solution pH 7.3 for at least
3 hours. The precipitate was dissolved in the desired
volume of 0.1 M phosphate buffer, pH 7.2.

c. Vacuum filtration using collodion tubes. The

apparatus consisted of a large glass tube closed at one end
with a side arm near the open end; a small glass tube opened
at both ends of which one end was tapered; a rubber stopper
with a hole in it containing an adapter for the tapered end
of the small glass tube; and a collodion tube capable of
retaining particles larger than 5 millimicrons.

The large glass tube was filled with buffer to a height
of a few inches below the side arm. A collodion tube

attached to the tapered end of the small tube was held in
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place by the adapter. The rubber stopper was fitted on
the large glass tube so that the collodion tube was sub-
merged in the buffer and the small gléss tube was open to
thevair. Then enzyme solution was added to the collodion
tube, by means of the sﬁall tube, to the height of the
buffer, The large glass tube was placed in an ice-~water
bath. A vacuum was\applied using a water aspirator. The
protein, in about 0.2 ml. of solution, was concentrated at
the bottom of the collodion tube. Eight ml. of solution
could be concentrated in an hour.

d. Evaporation in a dialysis tube. The enzyme

solution was placed in a dialysis bag in a cold room. An
electric fan directed air againsf the dialysis bag until
the solution reached the desired volume.

€. Sephadex. Sephadex G-25, coérse, was added to
the enzyme solution until the suspension became thick. It
was stirred for 10 minutes to insure complete swelling.
The resin was allowed to settle and:a disk of filter paper
placed over it. If was centrifuged and the supernatant
retained. The filter cake was washed two or three times

with buffer. The above is the method of Flodin (60).

f. Aquacide I and II. The enzyme solution was
dialyzed against a viscous solution of 15% Aquacide I or
7.5% Aquacide II. The Aquacide concentrated the enzyme

solution by dehydration.
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The concentrated enzyme solution resulting from the
above methods was dialyzed against 0.1 M phosphate buffer,
PH 7.2 for 12 hours.

6. Ammonia determination

For the measurement of.ammonium sulfate in effluent
fractions from Sephadex columns a modification of the
procedure of Hawk, Oser and Summerson was used (80). For
the measurement of ammonia production by the enzyme the
proéedure of Johnson was used (81). After stopping the
enzyme reaction using trichloroacetic acid, one ml. of the
supernatant was added to 2 ml. of distilled water, 2 ml.
of Nesslers solﬁtion No. 2 and 5 ml. of 1.0 N sodium hy-
droxide,‘shaking between each addition. The solution was
aliowed to stand 15 minutes to develbp_the color and'the
optical density was read at 490 mM!against a denatured
enzyme blank.

7. Phosphate determination

.Phosphatevwas determined by the.method‘of Sudo et al.
(82). Four ml. of-sample solution‘were mixed with 0.4 ml,
of molybdenum reagent. Then 0.4 ml. of freshly prepared
hydroquinone solution (0.050 gm. in 10 ml. of distilled
water) was added and this solution was warmed in a Wgter
bath‘at 50f60°C for 15 minutes. The optical density of the
cnoled sample was determined at 660 mM against a reagent

blank.
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8. Amino acid determinaticn

Amino acids were determined by the method of Moore and
Stein (83). To 0.1 ml. of sample was added 1.0 ml. of nin-
hydrin solutiorn. The resuiting sblution was heated for 20
minutes in a boiling water bath. Five ml. of diluent (1:1
of n-propanol and water) were added and the solution was
allowed to stand 15 minutes. The optical density was read
at 570 mm against a reagent blank,

9. Disc’gel electrophoresis

The procedure recommended by Canal Industrial Corpo-
ration was followed. Premixed standard gels were poly-
merized in 5 mm, i.d._x 70 mm. cylindrical glass tubes.
First a small pore, lower gel was polynmerized in which the
electrophoretic separation actually takes place. Next a
largé pore, spacer gel was polymerized in which the proteins
are sorted according to their mobilities into highly con-
centrate&_discs before feaching.the lower gel., Finally, a
large pore, upper gel containing the sample was polymerized.
The ends of the vertical column were immersed in tris-
glycine buffer, pH 8.6 and a current of 4 ma. per column
was maintained for_30-45 minutes. The gel was removed from
the column and immediately stained unless stated otherwise.
For protein déterminations, the stain was amido black.
After destainingvelectrophoretically, the columns were

stored in 10% acetic acid.
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C. Purification Procedure
The purification was carried out at 2°¢c whenever
possible. Centrifugations were carried out using an Inter-
national high speed»refrigerated éentrifuge, Model HR-1 at
10,000 rpm. for 20 minutes. However, whenever cloudy
samples were obtained, a Servall SS-1 centrifuge at 20,000
x g was used for 30 minutes; to remove the cloudiness.

1. Activity test

Each liver was tested rapidly by adding 60 ml. of 0.1
M phosphate buffer, pPH 7.2 to 15 gm. of ground liver and
homogenizing for 30‘seconds, The remainder of the liver
was frozen immediately. The homogenate was assayed and
those livers containing 20 units per gm. or above were
selected for purification.

2. Homogenate @g)

Fresh or thawed, fresh frozen, sheep liver was washed
with cold distilled water, ground in a hand meat grinder
and homogenized in a waring blendor for 45 seconds with
twice its volume of 0.1 M phosphate buffer, pH 7.2. The
'purity index of this homoéenate was used as the starting
level and all expressions of purification wére based on

this wvalue.

3. First heat treatment
The crude homogenate was poured into a four liter

beaker and heated to 70°C in a boiling water bath, with
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stirring_(about 15 minutes). Immediately upon attainment of
this temperature, the homogenate was cooled in“an ice-water
bath to 20°C (41). The heat treated material was filtered
tﬁrough muslin into a large beaker and the precipitate ex-
tracted once with 1/10‘the original volume. The filtration
required about 5 hours. |

4. First ammonium sulfate fractionation (é})

The solution was made 40% saturated with ammonium
sulfate at 25°C by adding 243 gm. salt per liter of sol-
ution. Stirring was achieved using a magnetic stirrer.

At this point the pH was adjusted to 7.2 by the addition of
concentrated ammonia. After standing at 2°C for at least
four hours, the solution was filtered with a Hormann filter
using a D-3 filter pad. Enough Celite Hydrofiow filter aid
was added to form a half-inch pad. The filtrate was reF
tained and brought to 55% saturation with ammonium sulfate
by adding 97 gm. salt per liter of solution. The precipi-~-
tate was collected after allowing the solution te stand
overnight. It was then dissolved in 1/5 the original vol-
ume of 0.1 M phosphate buffer, pH 7.2. The amount of
ammonium sulfate used was taken from a table in Methods of
Enzymology, p.76 (84). _

5. Second heat treatment (41)

The solution was brought to 70°C in a boiling water

bath (about 5 minutes) and was then transferred to a



29

constant temperature bath at 70°C and maintained at this‘
temperature for 10 minutes. A magnetic stirrer was used.
The precipitate was discarded,

‘ §;~Second ammonium sulfate fractionation

The heat treated solution was made 30% saturated with
ammonium sulfate at 25°C by adding 176 gm. salt per liter
of solution. Then the pH was adjusted to 7.2 with concen-
trated ammonia. This solution was allowed to stand at least
five hours. The precipitate was discarded ahd theiclear
supernatant was brought up to 50%'saturation with ammonium
sulfate by the addition of 127 gm. salt per liter of sol-
ution. It was allowed to‘stand overnight. The precipitate
‘was collected and dissolved in 10-25 ml. of 0.1 M phosphate
buffer, pH 7.2,

z. Preparation QE_DEAE-Sephadex gel

Dry_DEAE-Sephadex powder, A-50 medium, was suspended
in dilute phosphate buffer pH 7.2 and stirred a few minutes
to allow swelling of the gels. After sedimentation the
fines were removed by decantation. Additional phosphate
buffer was added and the decantation was repeated until all
the fines were removed. Then the gel‘was filtered using a
~Buchner funnel and washed with 100 ml. of 0.25 N hydro-
chloric acid followed by water. The neutral gel was placed
in 0.5 N sodium hydroxide and stirred for 15 minutes.

Afterwards, it was filtered and washed with water. Finally,
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it was placed in the appropriate buffer, usually 0.025 M
phosphate buffer; PH 7.2 and decanted several times.

8. Packing the column

A column, 2 x 36 cm,, fitted at the bottom with a
stopcock was filled with buffer. A small piece of glass
wool was placed over the outlet capillary fcllowed by a 2
cm, layer of glass beads. The top of the column was con-
nected to a large funnel. Buffer was added until it
reached the neck of the funnel, care being taken to avoid
air bubbles. The prepared DEAE-Sephadex gel was decanted .
and added to the funnel. An air driven stirrer was used to
agitate the gel. Buffer was allowed to flow through the
column at a rate of 40 ml./hr. When the gel reached the
bottom of the column, the flow was stopped to allow a 3 cm,
bed to form. Afterwards the flow was started again until
a height of 28 cm. was obtained. The funnel and connecting
fube were removed and a disk of filter paper with a diam-
eter slightly smaller than the bore of the column was
placed on the bed. The column was placed in a cold roon,
at 2°C and buffer was run through the column overnight to
stabilize the bed. This packing procedure is similar to
the one of Flodin (55).

In later experiments, satisfactory columns were pre-
pared by pouring a slurry of DEAE-Sephadex into the column

tube. The column was filled with buffer and a small piece
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of glaéé.woolﬁwas placed over the outlet capillary followed'
by a § dm. layer of glass beads. The buffer was drained to
about 1/5 the heéight of the column. A slurry of DEAE-
Sephadex was added and a layer of a few centimeters was
allowed to form. Then a flow rate of 40 ml./hr. was
started, More of the slurry was added when about 75% of

the gel had settled. This addition was repeated until the
gel column reached the desired height.

9. Preparation of the sample

The enzyme solution fromvthe second ammonium sulfate
fractionation was dialyzed against two one-liter changes of
0.025 M phosphate buffer, pH 7.2 for 24 hours. Any precip~
itate resulting from dialysis was removed by centrifuga-
tion. |

In later éxperiments, the residual ammonium sulfate
was removed and the phosphate buffer concentration was
changed from 0.100 M to 0.025 M by passing the enzyme sol-
ution through a 2.5 x 62 cm, Sephadex G-25, coarse, column
with 0.025 M phosphate buffer, pH 7.2. This column was
packed by adding a slurry of Sephadex G-25. A maximum of
20 ml. of enzyme solution could be passed thrbugh the col-
umn in 30 minutes. A two fold dilution usually occurred,
however this was no major problem since DEAE-Sephadex con-

centrated the protein.

10. Chromatography on DEAE-Sephadex



32

All runs were carried out in a cold room at 2°C. Ten
ml. fractions were Qollected.using a fractionchllector with
either»a drop counter.or volume counter. A 2.5 x 28 cm.
DEAE-Sephadex A-50, medium, column was prepared. Satisfac-
tory results were obtained using samples of 100 to 750 mgm.
protein. The sample was added to the column in 5 ml., ali-
quots and washed onto the column with an equivalent volume
of 0.025 M phosphate buffer, pH 7.2 also added in 5 ml.
aliquots. The protein appeared to be adsorbed at the top
of the resin bed indicated by the formation of a yellow
band. A stepwise elution was carried out using phosphate
buffers of 0.05, 0.10 and 0.50 M concentration, pH 7.2.

A flow rate of 45 nl./hr. was maintained.
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IV. RESULTS

A, Activation Attempts

1. Initial activity

Russell Ez_glglreported that the sheep liver L-threo-
nine dehydrase could be activated by conversion of a protein
precursor into the enzyme (85). They obtained a 20 fold
increase in activity by incubating the enzyme homogenate at
45°C for two hours at pH 9.0. However, attempts to repeat
this in our laboratory were unsuccessiul.

A preliminary investigation of the effect of various
proteolytic enzymes on the initial activity was undeftaken.
Liver homogenates were treated with carboxypeptidase, chymo-
trypsin, papain and trypsin for five minute and thirty min- |
ute periods at 37°C. At the end of each period, aliquots
were assayed following the regular assay procedure. The
results revealed that no activation had occurred as shown
in Table 1.

g. Effect 2£ o~keto acids

The effect of «~keto acids on the enzyme activity was
determined by following the production of ammonia. Sodium
pyruvéte, sodium Otketobutyrate, sodiﬁm c~ketovalerate and
o~ketoglutaric acid were adjusted to neutral pH and 0.3 ml.
of each was incubatéd with 0.6 ml, of enzyme for 15 minutes,

at pH 7.2, at 37°C. This mixture was incubated with 0.3 ml.
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Table 1. The effect of proteolytic enzymes on the L-threc-
nine dehydrase in sheep liver homogenates

Agent Incubationa Unitsb % Initial

6 mgm, time activity
None 0 1.90 100
Carboxypeptidase 5 1.37 73
Carboxypeptidase 30 1.43 76
Chymotrypsin 5 0.97 51
Chymotrypsin 30 0.54 29
Papain 5 1.25 66
Papain 30 0.61 32
Trypsin -5 0.44 26
Trypsin 30 ) 0.24 - 13
Trypsin & inhibitor® 30 1.88 99

4Time of 1ncubat10n of liver honocenates with the pro-
teolytic enzyme at 37 C.

bMicromoles of O~ketobutyrate produced per hour at 37°C,
pH 8.9,

cTrypsin soybean inhibitor.

of 0.5 M tris-carbonate buffer, pH 8.95 and 0.3 ml. of
buffered substrate, pH 8.9 for one hour at 37°C. The reac-

"5 M and 1 X 1072 1t of added

tion mixtures contained 1 X 10
o~keto acid. The reaction was stopped by the additipn of

045 ml. of 25% trichloroacetic acid. One ml. was used for
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the determination of ammonia by the method of Johnson (81).
The ammonia production of samples containing no added
&-keto acid agreed with the production of o-ketobutyrate
by these samples. No activation occurred. At 1 X 10“3 M,
the &-keto acids inhibited the reaction. Eable 2 shows
the effect of the addition of pyruvate and «~ketobutyrate

on the enzyme activity.

B. Purification Procedure

The present purification procedure is a modification
of the procedure of Davis and Metzler and is superior in
terms of the purification yielded and the time involved.
The modifications which were made include the following:

1._The method of collecting the precipitate from the
first heat treatment was changed in order to decrease the
time required fqr this step. 1In working up large batches
of liver, 3 or more livers, filtration through muslin was
used instead of centrifugation. The filtration process
required only two hours compared to at least 5 hours for
centrifugation, In addition the filtration process required
1éss attention. One disadvantage Qf the filtration process
was that not all of the enzyme solution was recbvered.
However, this loss was minimized by washing the precipitate
with buffer and filtering it aéain. Therefore, the entire

filtration process required about 4 hours. Whenever less



Table 2. The effect of o~keto acids on the enzyme activity?

Substrate o~Keto acid added Product

Concentration Act?vity
L-Threonine  =---==  —meeeo 18.00° 18.20° 100
L-Threonine Pyruvate 1x107° M 17.70° 08
L-Threonine Pyruvate S 1X 1072 M 4.12° 23
L-Threonine  &Ketobutyrate 1 X 107> M 17.70° 98
L-Threonine  aKetobutyrate 1 X 1070 M 9.00° 50
L-Serine —-mmm=  —emeee 2.52°  2.50° 100
L-Serine Pyruvate 1x10 %M 1.87° 75
L-Serine Pyruvate 1x 103 0.56° 22
L-Serine «Ketobutyrate 1 X 107° M 2.06° 82
L-Serine aKetobutyrate 1 X 107° M 0.81° 32

aTo 0.6 ml, of enzyme was added 0.3 ml. of oketo acid and incubated

15 minutes before the regular assay procedure,

bMicromoles of otketo acid produced per hour at 37°C, pH 8.9.

cMicromoles of ammonia produced per hour at 3700, pH 8.9,

9€
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than three livers were worked up at one time, centrifugation
was just as rapid as filtration through muslin and the recov-
ery of enzyme was better.

2. In the procedure of Davis and Metzler precipitation
from a 40% saturated ammonium sulfate solution was performed
after the second heat treatment. However a sizeable portion
of the enzyme was not precipitated under these conditions.
In addition, much of the precipitate was unwanted protein,
Therefore, a pilot fractionation was performed to determine
the concentration of ammonium sulfate most suitable for the
precipitation of the enzyme. Aliquots of enzyme solution
were made 30, 40, 45, 50, 55, and 60% saturated with ammo-
nium sulfate. The resulting precipitates were centrifuged
and»redissolved in an equal volume of phosphate buffer, pH
7.2. The results of this fractionation revealed that the
fraction which was precipitated between 30~-50% ammonium
sulfate saturation should be retained.

3. No appreciable purification resulted from a third.
heat treatment; therefore, it was eiiminated from the pro-
cedure.

4. Chromatographyvoh Sephadex G-25 was added to the
purification procedure. This addition decreased the time
reqﬁired to change the phosphate buffer concentration and
to remove the ammonium §ulfate remaining after the second

émmonium sulfate fractionation; chromatography on Sephadex
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G-25 required only 30 minutes whereas dialysis required 24
hours. In addition chromatography on Sephadex G-25 usually
increased the purity index of the enzyme. A typical elution
pattern of the chromatography of‘L-threonine dehydrase on
Sephadex G-25 is shown in Fig. 2. At least 90% of the pro-
tein and the units were recovered. *-

5. Chromatography on DEAE-Sephadex also was added to
the purification procedure. The stepwise elution of the
enzyme from DEAE-Sephadex is.shown in Fig. 3. A small
yellow band, fraction I was eluted from the columa at 0.10
M phosphate buffer, PH 7.2. A second yellow band, frac-
tion II was eluted at 0.50 M phosphate buffer, pH 7.2. A
small amount of protein could not be removed from the gel.
At least 61% of the protein and 77% of the units could be
recovered. | ‘ |

Fractions I and II, both contained enzyme activity to-
wardé L-threonine and L-serine and neither was activated by
pyridoxal phosphate, adenylic acid, adenosiqe diphosphate
or glutathione. Fraction I contained approximately 9% of the
protein and 48% of the units, which had been added to the
column, This was equivalent to a 5-10 fold purification of
the enzyme contained in fraction I over the previous step.
Fraction II contained 5-33% of the protein and 5-25% of the

unité placed on the column; equivalent to a 2 fold purifi-

cation,



Fig. 2. The elution pattern of the chromatography of L-threonine dehydrase
on Sephadex G-25. '
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Fig. 3. The elution pattern of the chromatography of
L-threonine dehydrase on DEAE-Seprhadex
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Therefore, one step was added, two steps were improved
and one step was eliminated to give a procedure consisting
of two heat treatments, two ammonium sulfate fractionations
and chromatography on DEAE-Sephadex. Table 3 shows the step
by step results of the purification of a typical batch of
L-threonine dehydrase. A final purity index of 300-600 units
per mgn. protein was usually obtained. However, final
purity indicies as high as 1600 units per mgm, protein have
been obfained but not consistently. Of fifteen»preparations,
two had purity indices above 1300 units per mgm. protein
and four had purity indices above 500 units per mgm. pro-
tein. The remainder had purity_indices below 500 units per
mgm. protein. Table 4 shows the range of variation in the
purification of L-threonine dehydrase.

The final purity inddex depended on the initial con-~
centration of enzyme in the sheep liver to a large extent.
This'concentration varied greatly. Nishimura reported
enzyme activities from zero to 160 units per gm., measured
at pH 7.2 (32).v The enzyme is less active at pH 7.2 com-~
pared to pH 8.9 (32,40,41). Davis reported enzyme activ-
ities from zero to 13 units per ml., measured at pH 8.9
(40,41). Our results, measured at pH 8.9, indicate enzyme
activities from zero to 75 units per gm. corresponding to
a range in units per ml. of crude extract from zero to 32.

No correlation could be made between the livers and their



Table 3. The step by step results of the purificatioﬁ of L-threonine

dehydrase
Fraction Volume Protein  Units®  Purity® TFold® vield
ml., mgm, index pure %
Homogenate 1?900 345,000 55,000 0f175 1 100
First heat 1,010 57,000 55,500 0.970 5 101
treatment _
First (NH,) SO4 520 4,950 62;000 12,50 72 112
fractiona%ign
Second heat 520 3,400 54,500 16.00 92 99
treatment
Second (NH )2804 26 740 47,500 64.00 365 87
fractionation
Chromatography on DEAE—Sepha.dexd ‘ ‘
Fraction I 30 17 7,520 445,00 2,500 25
Fraction II 40 41 3,180 80.00 450 9

AMicromoles of Q#ketobutyrate produced per hour at 37°C, pH 8,9,

bUnits of enzyme per mgm. protein.

cFo_ld purification over purity index of homogenate.

dUsed only 16 ml. of enzyme solution from second (NH4)2SO4 fraction,

44



Table 4. The range of variation in the purification of the L-threonine
dehydrase of sheep liver.

Fraction Purity Fold Yield
index purification %
Homogenate 0.06 - 0,18 1 100
First heat 0.63 - 1.49 4 - 10 57 - 216
treatment
First (NH') SO4 7.30 - 12.5 50 - 110 39 -~ 112
fractiona%i n
Second heat 8.32 - 22.1 55 - 126 45 - 99
treatment
Second (NH4)ZSO4 22,00 - 130 143 -~ 350 44 ~ 90
fractionation_
Chromatography on DEAE-Sephadex
Fraction I 289 -~ 1,680 893 - 19,700 3 - 30
Fraction II 62 - 164 370 - 2,500 6 - 29

Sy
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initial concentration of enzyme;‘hOWQVer we have observed
that lamb livers often contain less enzyme than mature
sheep livers, Those iivers containing 20 units per gm. or
above were selected for purification. Usually~3—5 livers
were selected at a time. They could be worked up through

the second ammonium sulfate fractionation in 3 days.

C. Methods of Concentrating Enzyme

The enzyme contained in fractions I and II from the
chromatography on DEAE-Sephadex was concentrated for further
studies. The protein concentration of these fractions was
usually low; the optical density at 280 mm was between 0.10
and 0.80. Therefore, a series of methods were investigated
to determine the most efficient method of concentrating the
enzyme., The methods were judged on the basis of the follow-
ing criteria:

1. The purity index'should not decrease.

2. The total units should not decrease.

3. Any volume desired should be attainable.

4, A minimum time should beArequired.

O0f the methods shown in Table 5, the ﬁse of ammonium
sulféte, 60% or saturated, and the use of vacuum filtration
best satisfied the above criteria. Each method recovered
all of the activity with very little loss of the total units.

The concentrate was a precipitate in the case of the ammonium



Table 5. Methods of concentrating enzyme

a

b
Time P Units® Purity

Method Volume P Units Activity
Before After hrs. mgm. index % % %
Vacuum 50 5 10 93 1460 ° 16 61 81 127
filtration
Saturated 25 3.2 2.5 62 277 45 67 80 120
(NHy) 9S04
60% (NH4)2804 50 10 5_ 25 2860 114 80 82 102
Sephadex 25 9 0.5 12 86 7 56 58 103
Evaporation 50 24 12 36 3400 97 114 98 87
Aguacide I 25 6 47 14 308 22 147 89 61
Aguacide I1I 25 13 47 11 272 25 119 79 66

21n all of the above methods, the concentrated enzyme was dialyzed
against two liters of 0.1 M phosphate buffer, pH 7.2 for 12 hours.

bP:_protein

CMicromoles of oketobutyrate produced per hour at 37°C, pH 8.9.

LY
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sulfate or a volume of about 0.2 ml. in the case of vacuum
filtration. Thereforé; each concentrate could be adjusted
to any desired volume, A maximum of five hours was required
in the case of ammonium sulfate. Vacuum filtration concen-
trated at a rate of 8 ml./hr. Each method had its opera-
tional advantages. Therefore, vaccum filtration was used
for small volumes, 25 ml. or less. Dialysis against sat-
urated ammonium sulfate was used for volumes up to 100 ml(
Larger volumés were concentrated by the method of precip-

itation from a 60% saturated ammonium sulfate solution.

D. Purity of Enzyme

The purity of the enzyme was studied on the basis of
its sedimentation and electrophoretic mobility. Those
enzyme preparations used for these studies had purity
indices of 300-500 units per mgm. protein. Although more
active preparations were available, their protein concen-
tration was too low to give satisfactory results. Attempts
to concentrate these very aétive preparations were unsuc-
cessful. It should be pointed out that no very active
preparations have been obtained since the results of the
methods for concentrating the enzyme were available.

1. Ultracentrifugation

Fraction I from the chromatography on DEAE-Sephdex

was concentrated and dialyzed against two changes of 0.05
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M phosphate buffer, pH 7.2 for 24 hours. The homogeneity
of‘this preparation was determined by centrifuging it at
59,780 rpm. in a Model E Spinco ultracentrifuge. A pro-
tein concentration of at least 5 mgm. per ml. of solution
was necessary for satisfactory results. Three peaks were
observed in the schlieren pattern, as shown in Fig. 4.
Although these peaks are not sharp, approximate sedimen-
tation constants were calculated by the following method.

(86):

dx
< = _df
sz
dx . swldt
3
Log x = smzt
2.303

s = sed1mentat10n constant in Svedberg
units (10-13 sec.)

X = distance from the center of rotation

in cm.
t = time in min.
w= angular velocity of the centrifuge

in radians per sec.

When Log x vs t is plotted, the slope equals %. F is
' ~10
the value w? for each speed and is equal to 9.79 X 10
' 2.303
for 59,780 rpm., Approximate sedimentation constants were

calculated from three different ultracentrifuge runs, as

shown in Table 6.



Fig. 4. The schlieren pattern of the L-threonine dehydrase of sheep liver

with a purity index of 405 units per mgm. protein. Centrifuged

at 59,780 rpm., in a Model E Spinco ultracentrifuge.

Pictures were
taken at 8 minute intervals.
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Table 6. Sedimentation constants of L-threonine dehydrase
after chromatography on DEAE-Sephadex?

Purity index Peaky Peak, Peakg
210 None 6.30 11.75
310 4.75 8.690 11.50
405 5.15 8.80 12.00 -

agltracentrifuge runs were made at 59,780 rpm. in a
Model E Spinco~u1tri§entrifuge. The values are given in
Svedberg units (107 sec.).

- Approximate molecular weights of the components were
determined by three different methods. In the first method,
the proteins were assumed to be spherical and 30% hydrated.
An equation showing the relationship between the molecular
weight and the sedimentation constant is shown below.

Corrections had to be made for the hydration of the protein

and they are also shown below (87).

‘M- = Nfs
T
f=/(1 w s
t+ws) =
Tb VF) ¢
fo: 6nar

3
r =4 M?)
\E§wﬁ
% i -
M = Ns§6mm (4v
Shr,

£
3

M = molecular weight
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]
it

Avogadro's number

s = sedimentation constant

<
n

partial specific volume

P = density of water

f = frictional coefficient (hydrated)
f.= frictional coefficient (anhydrous)
w = hydration of protein

n= viscosity

r

radius of protein

In the second method used to determine the molecular
weight, a plot ﬁas made of the sedimentation constant vs
molecular weight of several well characterized proteins.
The data was obtained from a table in Thé Proteins, p. 634
(87). The molecular weight was obtained frdm a smooth
curve drawn through the points. In the third method, the
same.assumptions were made as in the first mefhod. The
molecular weight was obtained f;om a nomogram in The
Proteins, p. 666 (87). Table 7 contains the molecular weights.

g, Disc gel electrophoresis

Fig. 5 shows the disc gel electrophoresis pattern of
the enzyme at various stages of the purification. The
protein concentration varied from step to step making
comparisons difficult. 1In addition as the purification
prqceeded, new protein bands appeared as they became more

concentrated. Nevertheless, it is 'possible to observe the
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Table 7. The molecular weight of the proteins in the
enzyme solution after chromatography on DEAE-

Sephadex
Sedimentation Molecular weight X 1073
constant A
Equation Graph -Nomogram
4,75 - 5.15 65 - 75 68 - 77 60 -7 70
8.60 - 8.80 158 - 164 172 - 180 110 - 150
11.50 -11.75 244. - 261 272 - 290 225 - 250

the disappearance of protein bdnds and the appearance of
new bands as the enzyme is purified.

In order to locate the enzyme on the gel coliumns,
after electrophoresis the gel columns were incubatéd with
L-threonine at 37°C for 20 minutes. The gel columns were
placed in 0.5% 2,4-dinitrophenylhydrazine solution and a
yellow band formed in the top portion of the column within
one hour. However, if the column was allowed to reméin in
the 2,4-dinitrophenylhydrazine solution overnight, it re-
acted with the pol&acrylamide gel, making the results
ambiquous and doubtful. The diffusion of O-ketobutyrate
out of the gel further complicated this staining prbcedure.
A fluorometric method for the determination of &-keto acid
also was tried using o-phenyldiamine (88). However fhe

high concentration of sulfuric acid dehjdrated the‘gel.



Disc gel electrophoresis patterns of L-threonine
dehydrase at various stages of purification.

A: homogenate

B: 1st heat treatment

C: 1st ammonium sulfate fractionation

D: 2nd heat treatment

E: 2nd ammonium sulfate fractionation

I: fraction I frombéhromatography on DEAE-Sephadex

I1: fraction II from chromatography on DEAE-Sephadex
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The general»location ofvthe enzyme was determined by slicing
the unstained gel columns, horizontally, into six equal sec-
tions. Each section was placed in one ml. of 0.1 M phos-
phate buffer, pH 7.2 and disruptedvusing a wooden applicator.
After standing‘overnight,_the supernatant was decanted and
incubated with L-threonine for 30 minutes. The addition of
0.5% 2,4—dinitropheny1hydrazine, 95% ethanol and 2.5 N
sodium hydroxide provided a qualitative test for the pro-
duction of X-ketobutyrate. Again the enzyme appeared to
- be 1ocated'in top ppftion of the gel.
3. Spectrum

The complete spectrum of fraction I and II, from the
chromatography on DEAE-Sephadex (260 mu to 500 mM revealed
two peaks. One peak absorbs at 278 mm, and corresponds to
the aromatic amino acids. Therother peak, as shown in Fig.
6, absorbs at 405 mm to 410 mM. This peak may represent
bound pyridoxal phosphate. More evidence is needed to prove
this though. The absorbancy in the 400 mM region possesses -
less than 10% of the absorbancy of the peak at 278 mi,
Occassionally the 405 mm to 410 mMm peak is observed in

less active preparations.



Fig. 6. The spectrum of L-threonine dehydrase between
350 mu and 500 mj.
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E. Stability of Enzyme

'Chromatography on DEAE-Sephadex required about 30
hours. _During‘part.of this time, the concentration of
enzyme was very low. After chromatography, the enzyme
occassionally, remained at room temperature several hours
while preparations were made for the assay. In order to
insure that no loss of enzyme occurred when the concen-
tration of enzyme was low or when the enzyme was retained
at room temperature for a considerable period of time, the
stability of the enzyme was determined under these condi-
tions.

It was observed that dialysis of the enzyme against
distilled water resulted in the loss of enzyme activity.
Therefore, the stability and activity of the enzyme under
variable conditions of ienic_envirenment was also determined.

1. Effect gf_temperature

Preliminary studies were carried out to determine the
stability of the enzyme frozen, refrigerated, and at room
temperature as a function of time.

a. Frozen. The enzyme solution was divided into
two portions. One portion was frozen and the other portion
refrigerated. Periodic determinations of the purity index
were made. As shown in Fig, 7, the enzyme is more stable
in the frozen state. The more active fraction lost activ-

ity at a faster rate. However, very littlemchange occurred



Fig. 7. The stability of L-threonine dehydrase as a function of time when
frozen and refrigerated. The purity index is based on the total
units and total protein. '

Frozen enzyme

—————————— . Refrigerated enzyme
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in the activity of both samples within one month. There-
fore, it is satisfactory to store the enzyme in the re-
frigerator during regular use. Some precipitate, believed
to be bacterial growth, formed in the enzyme samples and
was removed by centrifugation.

E. Room temperature. Again, the enzyme solution

was divided'into two portions.. One portion was refrigerated
and the other stored at room temperature (about 25°C).

Each portionvwas stored both as a concentrated enzyme solu-
tion and as a diluted enzyme sclution (1/100). The di-
luted enzyme soiutions were stored in test tubes, each
containing 0.9 ml. of enzyme solution. Periodic determi—
nations of the purity index were made. As shown in Fig. 8,
all the samples are stable for et least 12 houre. As
expected, the concentrated cnzyme solutions retain their
activity for a longer period of time. The refreigerated
‘diluted samples are of special interest because this is

the condition of the enzyme eluted from the column. After
36 hours, the refrigerated samples maintained their activ-
ity almost as well as the refrigerated concentrated samples.
Since the concentration of enzyme is low for only about 15
of the 30 hours required for chromatography, very little,

if any, enzyme activity is lost during the chromatography

on DEAE-Sephadex resulting from dilution.



Fig, 8. The stability of L-threonine dehydrase as a function 8f time when
refrigerated and stored at room_temperature (abqut 25°C).

A Concentrated refrigergted_enzyme

Diluted refrigerated enzyme

Concentrated enzyme at room temperature

DiJuted enzyme at room temperature |
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2. Effect gi ionic environment

The effect of the ionic environment was studied by de-
salting the eﬁzyme by means of chromatography and adding
various reagents to this desalted enzyme tc note their
effect., Similar experiments were run with enzyme diluted
to an extent that the original environment was negligible.

a. Desalting of enzyme. The enzyme was desalted by

chromatography on either Sephadex G-25, coarse, column, or
ion retardation resin, AGl1lA8, column. Therefore a Sephadex
G-25, coarse, column; 2.0 x 92 cm. and an ion retardation
column, 2.0 x 82 cn. were prepafed using deionized, dis-
tilled water. Threé ml. of enzyme solution containing 415
to 2350 units were added to either column and eluted with
redistilled water. Four ml. ffactions were collected. The
time required to complete the chromatography varied from

3 1/2 hours in initial experiments to 15 minutes in later
experiments. This variation in the time required for
chromatography did not affect the efficiency of the column.
A typical elution pattern is shown in Fig. 9. This partic-
ular elution pattern is from the chromatOgraphy on Sephadex
G-25. However chromatography on ion retardation resin gave
a similar elution pattern. A small amount of potassium was
still associated with the enzyme after chromatography. This
association was dependent on the initial potassium phos-

K

phate concentration fo a small degree; for example samples



Fig. 9. The elution pattern of the desalting of L-threonine dehydrase.
A

280
Millimoles of potassium phosphate

----------- Threonine units
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in 0.1 M potassium phosphate had 6 X 10—4 M still associ-
ated after chromatography and samples in 0.025 M potassium

phosphate had 2 X 10%

M'still associated. For stability
detérminations the enzyme in tubes 9-12 from the Sephadex
G-25 column or 18-22 from the ion retardation column was
used; it contained very little potassium phosphate and the

bulk of the desalted enzyme.

b. Stability of desalted enzyme. Immediately

following the elution of the desalted enzyme, solutions
used in this seqtion were prepared in thé following man-
ner. To 4.5 ml., of desalted enzyme was added 0.5 ml. of
each additive. For studies on the desalted enzyme, 0.5 ml,.
of redistilled water was added to the desalted enzyme.
The solutions were assayed in the usual manner.

The stability of the desalted enzyme is shown in Fig.
10. The enzyme was added to the column at zero time. A
dashed line is drawn from zero time to the time of the first
assay, indicating that the shape of the curve during this
period is not known. As illustrated, the enzyme is rapidly
inactivated in the presence of low salt concentration. This
inactivation appears to be affected by the time_required to
elute the desalted enzyme from the column. Otherwise, de-
salted enzyme solutions with the same concentration of po-
tassium phosphate would be inactivafed to fhe same extent

but they are not. Instead, as the time required for



Fig.

10.

The stability of the desalted enzyme as a function of time. The
dashed line represents the time from the addition of the enzyme
solution to a Sephadex G-25 column until the time of the first
assay. The shape of the curve during this time is not known.
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Require& 15 minutes for chromatography. 9
2 X 107 M potassium phosphate and 1 X 10™“ M
mercaptoethanol still associated.

Requireg 15 minutes for chromatography
1‘X 10 M potassium phosphate still associated.

Reduired 2 hours for chromatography.
6 X 10-4 M‘potassium phosphate still associated.

Required 3.5 hours for chromatography.
25 X 10"4 M potassium phosphate still associated.

Required 4 hours for chromatography.
3Xx104%wMm potassium phosphate still associated.
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elution increased, £he inactivation increased. The mini-
mum inactivation obtained was 34%, when the desalted
enzyme was eluted in 15 minutes.

Solutions were also prepared which were 5 X 10_3.M
with respect to potassium phosphate, potassium chloride and
ammonium sulfate. Their effect is shown in Fig. 11. The
time required to elute the desalted enzyme from the column
is depicted by the portion of the dashed line forming the
hypotenuse of the triangles. The additives were added at
least 1/2'hour before the assay was made. Therefore a
dashed line is drawn from the time of addition of the salt
to the time of the assay. It should be pointed out that
the desalting experiments yielded no evidence to suppoit
the‘reactivatioﬁ implied by the dashed line; however, the
results of dilution studies support the reactivation. All
of the salts inhibited the rate of inactivation. 1In addi-
tion, potassium phosphate appears to have reactivated the
désalted enzyme. At 5 X 1072 u potassium phosphate, the
apparent reactivation is more pronounced. The apparent
reactivation was also affected by the time required to elute
the desalted enzyme from the column; since the greater the
inactivation the less the apparent reactivation. The
highest apparent reactivation occurred when the desalted

enzyme was eluted in 15 minutes and 66% of the initial

activity was retained. The addition of potassium phosphate;



Fig.

11,

The effect of salts on the desalted enzyme as a function of time.
The time required to elute the
column is denoted by the portion of the dashed line forming the
hypotenuse of the triangles. The second dashed line illustrates
the time of addition of the salt to the time of the first assay.

Two experiments are illustrated.

Desalted enzyme

o- O

o o Desalted enzyme
- - Desalted enzyme
a A Desalted enzyme
o 1 Desalted enzyme

in
in
in
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-2
5 X 10 M potassium phosphate

5 X 10—3 M potassium phosphate

3

5 X 107° M potassium chloride

5 X 10'—3 M ammonium sulfate
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3 X 10'3

M, "reactivated" the enzyme to 93% of its original
activity. |

_Solutions of pyridoxal phosphate and adenosine diphos-
phate, 1 X 10™% M and of mercaptoethanol, 1 X 10™> M were
also prepared. Their effect is shown in Fig. 12. Pyridoxal
phosphate and mercaptoethanol stabilized thevdesalted enzyme;
however, no apparent activation was observed. Aderosine
diphosphate was ineffective.

Sinée mercaptoethanol retards the inactivation of the
desalted enzyme and is not a salt, an attempt was made to
utilize this effect to protect the enzyme during the de-
salting process. In this way, it would be possible to re-
tard or eliminate the initial inactivation. Initial inact-
ivation refers to the rapid inactivation taking place as
the enzyme is desalted on the column. Therefore, a
Sephadex G-25, coarse, column was prepared using 1 X 1072 u
mercaptoethanol. The enzyme was precipitated using ammo-~
nium sulfate and dissolved in 0.025 M phosphate buffer,

2 M mercaptoethanol. This en-

pH 7.2 containing 1 X 10~
zyme solution was added to the column and eluted with 1 X
102y mercaptoethanol in 15 minutes. As shown in Fig. 10,
compared to a enzyme solution desalted in»the absence of
mercaptoethanol, the mefcaptoethanol does not inhibit the

initial inactivation of the enzyme.

All of the previous results on the étability of the



Fig.

12.

The effect of additives on the desalted enzyme as a function of time.
The chromatography required 3.5 hours. The dashed line represents
the time from the addition of the enzyme solution tc a Sephadex G-25
column until the time of the first assay. The shape of the curve
during this time is not known. :
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desalted enzyme was from enzyme desalted by means of
Sephadéx G-25. When the enzyme was desalted by means of
the ion retardation column, similar results were obtained
as shown in Fig. 13.

Although the study of the effect of the ionic environ-
ment on the enzyme is not complete, the methods and tech-
nigues used up to this point were discontinued. The tech-
niques were unsatisfactory because they did not allow suf-
ficient control of the experiments. In addition, the in-
formation attainable was limited by these methods. The
disadvantages of the desalting methods are as follows:

1. Chromatography on either Sephadex G-25 or ion retar-
dation resin did not completely remove all of the potassium
phosphate from the enzjme solution; however, the concentra-
tion was low enough to affect the activity of the enzyme.

It was impossible to predetermine how much potassium phos-
phate would remain in the enzyme solution after the chroma-
tography. In order to compare the effects of various salts,
the ionic environment of the enzyme must be constant.

2. It was possible that the initial inactivation of the
enzyme in a low concentration of potassium phosphate was
actually caused by the column and not directly caused by the
ionic environment, especially since it appears that the ex-
tent of the inactivation was affected by the length of time

required to elute the desalted enzyme from the column.



Fig.

13.

The effect of salts on the desalted enzyme, prepared from an ion
retardation column, as a function of time. The time required

to elute the desalted enzyme from the column is shown by the
portion of the dashed line forming the hypotenuse of the triangle.
The second dashed line illustrates the time of addition of the
salt to the time of the first assay.
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3. If the initial inactivation does result from low
salt concentration, it would be interesting to know the
shape of the curve during the initial inactivation.

4, One of the most interesting questions raised by the
desalting experiments is does the addition of potassium phos-
phate actually reactivate the desalted enzyme? Since the
shape of the curve for the initial inactivation is not known
and since the potassium phosphate was added at least 1/2
hour before the assay was taken, it is possible that the
potassium phosphate is only stabilizing the enzyme from
further inactivation.

3. Dilution studies

In order to answer the questions raised by the desalt-
ing experiments, the potassium phosphate concentration was
reduced by means of dilution. Thé enzyme was concentrated
and dialyzéd for 24 hours against two changes of 0.10 M
phosphate buffer, pH 7.2.

a. Effect gi potassium phosphate on enzyme. The

concentrated enzyme solution was diluted 1/1,000 with dis-
tilled water or phosphate buffer to give the desired po-
tassium phosphate concentration and assayed immediately in
the usual manner. Téble 8 shows the activity of the enzyme
in the presence of various concentrations of potassium
phosphate. It clearly indicates that the enzyme is less

active in a low ionic environment. The activity remaining
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in the‘samples, at the same_potassium phosphate'éoncentra-
tion, obtained by means of either dilution or desalting in

15 minutes agreed very well,

Table 8., The activity of the enzyme in various concentra-
tions of potassium phosphate®

KHPP" % Activity

sone: 0, hrs.c 2, hrs.c 12, hrs.c
1x10 u 100 100 100
9x 103 u 100 - 100 97
1x103u 86 85 73
1x107%n 65 62 41
1x107° M 49 - 59 _— —
5% 10°° u 37 - 49 - _—

" @Pnzyme solution was diluted 1/1,000 with distilled
water or 0.1 M potassium phosphate, pH 7.2. The solutions
were assayed in the usual manner.

bKHP: potassium phosphate.

ClLength of time after the dilution of the enzyne.

b. Reversal of the inactivation of enzyme in a low

ionic environment. In order to show that the addition

of potassium phosphate reverses the inactivation resulting
from a 10W ionic environment, the following experiment was

performed. The concentrated enzyme solution was dialyzed
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24 hours against two changes of 0.025 M phosphate buffer,
pH 7.2. Therefore, solutions diluted 1/1,000, 1/2,500 and
1/5,000 with distilled water corresponded to a concentra-

5 5 6

tion of 2.5 X 10 ¥ and 5 X 107~ M potassium

M, 1 X 10
phosphate respectively. Portions of theseAsolutions were
adjusted immediately to 0.1 M potassium phosphate by the
addition Qf 2 ml. of 0.5 M potassium phosphate to 8 ml. of
the enzyme solution. As a reference, the concentrated en-
zyme solution was diluted as above, using 0.1 M potassium
phosphate. All of the above solutions were immediately
assayed for 15 minutes in the usual manner. The incubation
time was decreased to 15 minutes to reduce the possibility
of heat inactivation. A few assays were made in 10 minutes
and they agreed very well with the 15 minute assays. The
entire denatured incubation mixture (2 ml.) was used to
determine the (-ketobutyrate produced because the enzyme
activity was very low at these dilutions.

In order tokshow that the activity of the inactivated
enzyme had decreased to the level observed before it was
adjusted to 0.1 M potassium phosphate, other portions of
the iractivitated enzyme solution were adjusted at later
periods. As shown in Table 9, up to 98% of the original
activity could be restored by the immediate adjustment of
the potassium'phosphate concentration. Moreover, if the

adjustment was made an hour later 88% of the activity
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could be restored. Therefore, the addition of potassium
prhosphate does reverse the inactivation resulting from a
low ionic environment. However, there appears to be a

second, slower, inactivation which is irreversible.

Table 9. The reversal of the inactivation of the enzyme
resulting from a low ionic env1ronment by the
addition of potassium phosphate?

KHP % Activity KHP
conc. c d addition
Before After hrs.
-1
1X10 M 100 _— ——
2.5%10°M 60 26 0.00
, 77 2.00
1X10™° M 49 - 59 96 0.00
91 0.25
88 1.00
77 2.00
-6 .
5% 10 M 30 - 49 08 0.00
78 2.00

2The enzyme was assayed for 15 minutes in the usual
manner. The entire denatured reaction mixture (2 ml.) was
used for the determination of O-ketobutyrate.

bKHP: potassium phosphate.
cBefore the addition of potassium phosphate.

d ) v
After the addition of potassium phosphate.
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c. Effect of salts on the activity of enzyme. A

different approach was used in determining the activity of
the enzyme in various salts from the one used by previous
workers (32,40,41). They prepared the enzyﬁe in either

0.1 M sodium phosphate buffer, PH 7.2 or tris (hydroxy-
methyl)aminomethane buffer, pH 8.6 and used these solutions
as their basis of comparison. Therefore, their solutions
contained additional ionic species (buffer) which may have
affected their results.

The preseﬁt method (dilution) decreases the concentra-
tion of the additional ionic species to a greater extent;
the concentration of theﬂadditional species is 1/400 of the
added salt concentration. Salt solutions, 1 X 10_2 M, were
prepared and adjusted to PH 7.2. The solutionw were assayed
for 15 minutes in the usual manner. Again, the entire
denatured enzyme reaction mixture was used fér the determi-
) nation the ((-ketobutyrate produced. Table 10 shows the
relative activity of the enzyme in various salt concentra-
tions. These results agree very well with those “obtained
by other workers (32,40,41).

The results of the desalting and dilu%ion experiments
reveal that the enzyme is rapidly inactivated as a result
of its presence in a low ionic environment. Dialysis
against distilled water indicate that a total loss of

enzyme activity occurs in the complete absence of salts.
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Table 10. The activity of the enzyme in various salt

concentrations®
Sa1tP % Activity
Potassium phosphate 190
Potassium chloride 99
Sodium phosphate 79
Sodium chloride 77
Ammonium chloride 87
Lithium chloride 80

2The enzyme was assayed for 15 minutes in the usual
manner. The entire denatured reaction mixture (2 ml.) was
used for_the determination of otketobutyrate.

Prhe salt concentration was 1 X 10_2 M.

At 5 X 107% ¥ potassium phosphate only 39% - 49% of the
original activity is present. The immediate addition of
potassium phqsphate to a concentration of 0.1 M restores
the activity. The magnitude of this resforation by po-
tassium phosphate depends on the length of time the enzyme
remains in a low ionic environment, since_a second, slower,
irreversible inactivation also takes place. Previous
workers have shown that the salt effecté depend on the
monovalent.cation and is not an ionic strength effect
(32,40,41). The present work is in agreement with this

interpretation.
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F. Inactivatiog}by L-Serine

The inactivation of the L-threonine dehydrase of sheep
liver by L-serine is shown in Fig. 14 (32,40,41). Under the
regular assay conditions of high substrate concentration,
the production of (Ot-ketobutyrate is linear with time, up to
two hours. After this time, the production begins to de-
Crease with time as a result of substrate depletion. How-
ever, under the same conditions, using 8-10 times the con-~
centration of enzyme, the production of pyruvate from
L-serine is not linear with time. Instead at pH 8.9, there
is an initial burst of activity for about 2 minutes and~‘
then the activity decreases to a much slower rate which is
linear up to two hours. Moreover at pH 7.2, the initial
burst of activity lasts about 4 minutes and then the pro;
duction of pyruvate decreases almost to zero.

Once the enzyme has been inactivated by L-serine,
neither substrate appears to have an effect on the result-
ing enzyme activity. This is supported by the following
experimental evidence. When L-threonine and L-serine are
incubated together with the enzyme, results very similar
to those obtained with L-serine alone are observed (32).
When L-threcnine is incubated with the enzyme for 30 min-
utes and L-serine added after this time, the production of
X-keto acid decreases to a rate similar to that obtained

with L~-serine alone (40)., Moreover, when the enzyme has



Fig., 14, o«-Keto acid production as a function of time for the original

enzyme.
® Substrate: L-threonine, pH 8.9
i 5 Enzyme units
A A Substrate: L-serine, pH 8.9
40 Enzyme units
Substrate: L-serine, pH 7.2
o 2 Lo

40 Enzyme units



MICROMOLES OF O-KETQ RCID

‘NIW I L

68



90

been inactivated by L-serine, addition of L-threonine does
not increase the rate of O-keto acid production (40).
However, the pH of the reaction mixture does affect
the magnitude of this inactivation. For, if the enzyme is
inactivated at pH 7.2 for 30 minutes, an increase in the
pH, after this time, results in an increase in the rate of
production of pyruvate. Thus L-serine modifies or alters
the enzyme to a less active form. This alteration does not
appear to be affected by the substrate but ifs magnitude
is affected by the pH’of the reaction mixture.

1. Preparation EE altered enzyme

In order to learn more about the nature of this modifi-
cation, a study of the prqperties of the altered form of
the enzyme was undertaken. A Sephadex G—25, coarse, col-
umn, 2.5 x 62 cm. was prepared using 0.1 M phosphate
bﬁffer, pH 7.2. Enzyme prepared through the chromatography
on Sephadex G-25, was used for these studies. Usually 3.3
mlf of enzyme solution, containing 200 to 1600 units per
ml., were incubated with 1.1 ml. of 0.1 M phosphate buffer,
PH 7.2 and 1.1 ml, of 0.1 M buffered L-serine, pH 7.2 for
15 minutes at 37°C. The ratio of the reactants is approx-
imately the same as that used in the regular assay. After
incubation, this nmixture was added to the Sephadex G-25
column., The altered enzyme was eluted with 0.1 M phosphate

buffer, pH 7.2. Four ml. fractions were collected. The
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separation of the altered enzyme from L-serine and pyruvate
was complete»in 15 minutes. Ninhydrin solution was used to
detect the presence of amino acids. Ninhydrin solution
produced a faint blue color in those tubes containing the
altered enzyme; however, this was equivalent to the color
produced in the original enzyme solution by Ninhydrin solu-
tion. A typical elution pattern is shown in Fig. 15. The
pfotein peak was combined for further studies. Although
the altered enzyme was stable at 2°¢c for at least 5 days,
fresh altered enzyme solution was prepared each day. The
time of incubation of the original enzyme and L-serine had
very little effect on the resulting activity of the altered
enzyme.

2. Activity of altered enzyme

As a control, an enzyme solution was incubated with
L-threonine for 15 minutes and subjected to chromatography
on Sephadex G-25. The enzyme solution, before and after
the above'treatment was assayed in the following manner.

A mixture of 0.8 ml. of enzyme solution, 0.1 ml, of 0.1 M
phosphate buffer, pH 7.2 and 0.3 ml. of.0.5 M tris-carbonate
buffer, pH 8.95 was incubated at 37°C for 5 minutes. Then
0.3 ml, of 0,1 M bufferéd‘éubstrate, pH 8.9 was added to this
mixture and incubated for 30 minutes. The reaction was
stopped by the addition of 0.5 ml. of 25% trichloroacetic

acid. After centrifugation, one ml. was used to determine



Fig. 15, The elution pattern of the chromatography of L-~threonine dehydrase,
inactivated by L-serine, on Sephadex G-25.
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the h#keto acid produced. As shown in Table 11, fhe passage
of the enzyme through Sephadex G-25 does not affect the
purity index of the enzyme. The decrease in the protein
concentration and units after chromatography is due to

dilution resulting from the chromatography.

Table 11. The activity of the enzyme after incubation with
L-threonine for 15 minutes

Enzyme Protein. Units? Purity
mgn, index
Before chromatography 6.53 90.0 14.3
After chromatography 1.01 14f2 14,1
After chromatography 1.01 15.7 15.5

+ pyridoxal phqsphate

Micromoles of Otketobutyrate produced per hour at 37°C,
pPH 8.9,

The altered enzyme was assayed in the above manner.
The term altered enzyme refers to that enzyme solution
which has been incubated with 0.1 M buffered L-serine,
PH 7.2 for at least 15 minutes and isolated by chromatog-
raphy on Sephadex G-25. An eqhal quantity of the original
enzyme, based on the protein concentration was also assayed
in the above manner and compared to the altered ‘enzyme. As

shown in Table 12, the altered enzyme produced much less
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o/~ketobutyrate and pyruvate than the original enzyme in 30

minutes.

Table 12, The activity of the enzyme after incubation with
L-serine for 15 minutes

Enzyme Protein OAKetobutyratea Pyruvate?
mgmnm.

- Original 2.29 92.00 5.85
Origigal 2.29 61.00 6.60
+PLP’
Altered 2.29 11.37 1.72
Altered 2.29 11,44 '1.81
+PLPP

aMicromoles of product produced in 30 minutes at 37°C,
pH 8.9. '

bPLP: pyridoxal phosphate.

The effect of pyridoxal phosphate on the activity of
the altered and original enzyme is also shown in Tables 11
and 12, The assay procedure differed from the above pro-
cedure.in that 0.1 ml. of pyridoxal phosphate (100 micro-
moles) was substituted for the 0.1 ml. of phosphate buffer.
Before the assay was started, 0.8 ml. of the enzyme solu-
tion (altered or original) was incubated with the 0.1 ml of
pyridoxal phosphate for one hour. Afterwards, 0.3 ml. of

tris-carbonate buffer, pH 8.95 was added and the remainder
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of the procedure was the same as above. The pyridoxal phos-
phate in the reaction mixture was 6.67 X 107 M and it had
very little effect on the activity of the original or
altered enzyme. .Even when the pyridoxal phosphate concen-

4 to 3 X 1077 M, no signi-

tration was varied from 2 X 10~
ficant increase in activity was observed. Since pyridoxal
phosphate reacts with 2,4-dinitrophenylhydrazine, unusually
high blanks were obtained. Therefore, all of the samples
were read against a denatured enzyme blank, containg no
pyridoxal phosphate. Correétions were made for the pres-

ence of pyridoxal phosphate. At 6.67 X 10"5

M pyridoxal
phosphate the blank has an optical density between 0.090
and 0.120. Blanks for pyridoxal phosphate concentrations
above 2 X 10™% M were too dark to give reliable results.

3. Effect of substrate on the activity of altered enzyme

A mixtuie of 6.0 ml. of altered enzyme, 0.75 ml. of
0.1 M phosphate buffer, pH 7.2 and 2.25 ml. of 0.5 M
tris-carbonate buffer, pH 8.95 was prepared and incubated
at 37°C for 5 minutes. Then 2.25 ml. of 0.1 M buffered
‘substrate, pPH 8.9 was added. An aliquot, consisting of
1.2 ml. of the reaction mixture, was removed periodically
and added to a test tube containing 0.4 ml. of 25% tri-
chloroacetic acid. After centrifugation, one ml. of this
solution was used to determine the production of‘aLketo

acid.
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The above reaction mixture was at pH 8.9, For reac-
tibn mixtures at pH 7.2, 2,25 ml. of 0.1 M phosphate
buffer, pH 7.2 and 2.25 ml. of 0.1 M buffered substrate,
PH 7.2 were substitutéd into the abovevprocedure. When
pyridoxal phosphate was_included in the reaction mixture,
it.replaced the 0.75 ml. of phosphate buffer, Againvthe
altered enzyme was incubated with the pyridoxal phosphate
for one hour, before the tris-carbonate buffer was added.
The same altered enzyme solution was used for all the
measurements.

When L-threonine was used as the.sﬁbstrate, aliquots
were removed from the reaction'miXture 5, 10, 15, 30, 45,
and 60 minutes after the addition of the sﬁbstrate. The
results, as shown in Figs. 16 and 17, reveal that the pro-
~duction of 09ketobutyrate'af PH 7.2 or 8.9 is not linear
With time; instead, the rate of production increases with
time. |

When L-serine was used as the substrate, aliquots
were removed from the reactionimixture 1, 3, 5, 10, 20,
30, and 60 minutes after the addition of the substrate.
The results, as shown in Fig. 18, ?eveal that the produc-
tion of pyruvate at pH 7.2 or 8.9 is not linear with time.
Instead, the shape of the curves is the same as the shape
for the action of L-serine towards the original enzyme,

shown in Fig. 14.



Fig. 16. o-Ketobutyrate production at pH 8.9 as a
function of time for the altered enzyme.
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Fig. 17. o-Ketobutyrate production at pH 7.2 as a
function of time for the altered enzyme.
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Fig. 18, Pyruvate production as a function of
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4. Effect of pyridoxal phosphate on the activity of altered

enzyme

Nishimura and Greenberg observed that when the enzyme
is inactivated by L-serine, the coenzyme appeared to be
resolved (32). Dialysis of the inactivated enzyme, fol-
lowed by the addition of pyridoxal phosphate restored 95%
of the enzyme activity. Therefore, it appeared that the
modification by L-serine facilitated the dissociation of
cdenzyme from apoenzyme. Since diélysis only rempyed
pyruvate, serine and the resolved coenzyme from the enzyme
.solution and probably did not interact with the altered
enzyme, chromatography on Sephadex G-25 shouid yield simi-
lar results. Figs. 16, 17, and 18 show the effect of pyr-
idoxal phosphate on the altered enzyme. It is interesting
that pyridoxal phosphate does not alter the shape of the
curves, Alithough pyridoxal phosphate does increase the pro-
duction of <oketo acid in each case, the increase is small,
especially at pH 8.9. At pH 7.2, this increase is more
significant; the otketo acid production doubles. It should
be pointed out that the resolution studies of Nishimura and
Greenberg were done at pH 7.2. We have been unable to re-
store the altered enzyme to 95% of its original activity by
the addition of_pyridoxal phosphate, at pH 7.2. However, we
have been able to increase the activity of the altered enzyme

from 3% to 7% of the original by the addition of pyridoxal
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phosphate, at this pH. Although this effect is small, it
is significant. The effect of pyridoxal phosphate on the
altered enzyme; at pH 7.2 was observed only recently and

- should be stﬁdied in more detail.

In order to allowAtime'for the resolution of the co-
enzyme by L—serine, the altered enzyme was stored for 24
hours, at 2°c. However, assays of this solution yielded
results similiar to those above. Therefore, L-serine does
nct appear to resolve the coenzyme under the above conditions.

5. Reactivation of altered enzyme by L-threonine

The slope‘of the product vs time curves in Figs. 16,
17, and 18 is equal to the average velocity of the reac-
tion. ‘When this curve is linear, the average velocity is
equal to the instantaneous velocity at any point on the
curve. However, when the curve is not linear, in order to
determine the instantaneous velocity, it is necessary to
obtain the slope of the tangent to the curve, at that parti-
cular point. The instantaneous velocity of the altered
enzyme towards L-threonine was determined from tangents to
the curve. As the reaction time increased, the velocity of
the altered enzyme approached the velocity of the original
enzyme., Therefore, it appears that L-threonine reverses
the inactivation of the enzyme caused by L-serine.

In order to show that a reversal of the inactivation

by L-serine does occur when L-threonine is incubated d
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with the altered enzyme, the following experiment was per-
formed. The altered enzyme was prepared in the usual man-
ner. A mixture of 6.0 ml. of altered enzyme solution, 2.0
ml, of 0.5 M buffered L-threonine, pH 8.9 and 2.0 ml. of
tris-carbonate buffer, pH 8.95 was incubated at 37°C for 10,
50, 105, or 150 minutes. After incubation, the mixture was
added to the Sephadex G-25, coarse, column and eluted with
0.1 M phosphate buffer, pH 7.2 in 15 minutes. Four ml.
fractions were collected. The resultant enzyme solution
was assayed following the same procedure used to determine

the activity of the altered enzyme. Table 13 shows the

--activity of the original, altered and reactivated enzyme.

Table 13 clearly illustrates that the activity of the
altered enzyme is restored by its incubation_with L-threo-
nine. Incubation of the altered enzyme with L-threonine
for 105 minutes, restores 88% of the original activity.
Longer incubations do not increase the reactivation. The
apparent higher restoration of the enzyme_activity towards
L-serine is believed to result from the departure from
linearity of the production of pyruvate with time.

As shown in Fig. 19, reactivated enzyme, prepared by
the incubation of altered enzyme and L—threonine for 90
minutes, produced #-ketobutyrate linearly, after a short
lag period. However, when the incubation time was increased

to 120 minutes, no lag period was observed.



Table 13. Reactivation of altered enzyme by incubation with L-~threonine
Enzyme Incubation® Substrate Protein Productb Product %
time mgm, Protein Activity

Original 0 Threonine 14,75 ~ 150 10.10 100
Altered 0 Threonine 3.08 5.22 1.68 17
Altered 10 Threonine 0.80 1.78 2.12 22
Altered 60 Threonine 0.81 4,23 5.20 52
Altered 150 Threonine 0.75 6.30 8.40 83
Originalc 0 Threonine 14.75 170 11,50 100
Altered® 0 Threonine 3.08 6.40 2.07 18
Altered® 10 Threonine 0.80 2.21 2.76 24
Altered® 60 Threonine 0.81 5.00 6.17 55
Alteredc 150 Threonine 0?75 6,92 9,28 81
Original 0 Serine 15.00 14.20 0.95 100
Altered 0 Serine 3.08 0.87 0.28 30
Altered 10 Serine 0.80 0.27 0.32 34
Altered 150 Serine 0.75 0.72 0,97 102
Original® 0 Serine 15,00 .17.50 1,17 100
Altered® 0 Serine 3.08 1.00 0.32 26
Altered® 10 Serine 0.80 0.30 0.37 32
Altered® 150 Serine 0.75 0.88 1.25 107

aDuration of incubation of altered enzyme with L-threonine.

bThe micromoles of a-keto acid produced in 30 minutes at pH 8,9, 37°cC.

c
Samples contained pyridoxal phosphate.

L0T



Fig. 19, o-Ketobutyrate production at pH 8.9 as a function
of time for the reactivated enzyme.

o ° 90 minute preincubation
with L-threonine

A N 120 minute preincubation
with L-threonine
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6. EM of the altered enzyme

The same assumptions made inAdetermining KM’ the
Michaelis constant, for the original enzyme were used to
determine Ky for the altered enzyme (32,40,41). It was
assumed that the enzyme reacts with the substrate to form a
Michaelis complex, which can either dissociate to free en-
zyme and substrate or decompose irreversibly into free en-
zyme and product, as shown below. Lineweaver and Burke
developed a relationship based on these assumptions in
which when 1 is plotted against 1 the slope equals Ky and
the y interZept equals 1 (89). SKM is obtained”by‘dgviding
the siope by the interczgt,

E + Sz——)t—-'—,—-"ESK"—>E+ P

PT R
E = enzyme
s = substrate
ES = Michaelis complex (enzyme-substrate complex)
P = productv
v = initial velocity of one unit of enzyme
Ky = Michaelis constant
Vu = maximum velocity

The production of ¢-ketobutyrate is linear during the
first 10 minutes of the reaction of the altered enzyme on

L-threonine, as shown in Fig. 16. Therefore, the altered
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enzyme was assayed for 10 minutes in the regular manner,
using various concentrations of buffered L-threonine, pH
8.9. The velocities were converted to the base of one unit
of enzyme as defined in the analytical methods.

A élot of 1 vs 1 for the altered enzyme is shown in
Fig. 20. By erwingsthe most extreme points possible
through the data, a variation of 3 X 10™% M in the K, was
observed. A K, of 2.48 X 1073 u wés determined for the
altered enzyme, at pH 8.9. This value agrees very closely
with the KM for the original enzyme, 2.54 X 10-3 M, at pH

8.9. Assuning that K, equals KS’ the dissociation constant

M
of the Michaelis complex, then the affinity of both enzymes
is the same. If this is true, L-serine does not affect the
rate of the formation of the Michaelis cpmplex. Since

L-serine inactivates the enzyme, VM’ as expected, is much

lower in the case of the altered enzyme.



Fig. 20. Reciprocal plot of initial velocity, v, versus
substrate concentration, s, of the altered
enzyme for L-threonine at pH 8.9.
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V. DISCUSSION

Any serious study of an enzyme requires that it be in
a highly purified form. The present preparations of L-threo-
nine dehydrase of sheep liver do not meet this réquirement.
However, a purity index of 1600 units per mgm. protein has
been achieved by the present purification procedure.
Although this value is higher than any reported in the lit-
erature, comparisons are complicated by differences in the
assay procedure. Our reaction wés performed at pH 8.9,
whereas Nishimura and Greenberg's, who reported an activityv
of 773_units per mgm. protein, reaction was performed at
PH 7.2. (32). The enzyme is more active at pH 8.9; there-~
fore, it is-p&ssible that a value of 773 at pH 7.2 is
equivalent to 1600 at pH 8.9, It should be pointed out
that the initial corcentration of enzyme in our sheep liver
homogenates was less than 1/2 those reported by Nishimura
and Greenberg.

In order to get a better idea of the purity of our
enzyme preparations, the results of the experiments on the
sedimentation and electrophoretic mobility are considered.
The presence of three peaks in the schlieren pattern and
four or more bands on the polyacrylamide gel columns indi-
cate that these preparations contain at least three proteins.

The calculated sedimentation constants, although approximate,
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suggest_that the components differ considerably in size,

as shown by the molecular weights derived from these
sedimentation constants., These molecular weights are valid
only if the assumptions made are valid; therefore, they
should be regarded only as approximate‘molecular weights.

When these preparations were placed on Sephadex G-
200, which separates molecules up to a molecular weight of
150,000 to 200,000, nc apparent separation was observed.
This is consistent with the molecular weight of the two
larger proteins. The small protein can be explained, if it
is not spherical. An asymmetric protein would resemble a
larger protein in its action towards Sephadex.

Since schlieren patterns of preparations with a purity
index above 500vunits per mgm., protein could not be obtained,
it is'impossible to assess the purity of these preparations.
However, on the basis of the experiments on ultracentrifu-
gation and disc gel electrophoresis one more purification
step may‘yield a homogeneous prepargtion of the ehzyme.
Sucrose gradient centrifugation or preparative pquacryl—
amide gel electrophoresis are excellent possibilities,
since they are preparative applications of the above ana-
lytical methods. Other possible methods include chroma-
tography on columns of hydroxy apartite, agar or Bio-Gel
(capable of separating substances up to a molecular weight

of 300,00; obtained from Calbiochem; Los Angeles, Calif.).
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- Improvements on the present purification procedure also
should be considered. If one could control the concentration
of enzyme in the sheep liver, this would help tremendously.
Various workers have induceq the dehydrases of E. coli by
adding high concentrations of DL-threonine, DL-serine,
L-leucine or glycine to their diet (90,91,92). Greenberg
et al. have induced the threonine dehydrase of rat liver by
adding DL—£hreonine intraperitoneally (28,93). In addition,
Potter and Qno have shown that the diet affects the threo-
nine dehydrase activity of rat livers (94).

Surprisingly, the two most active enzyme preparations
were not froﬁ sheep livers.with unusuallf high concentra-
tions of enzyme. Instead, an unusually high purification
resulted from the second ammonium sulfate precipitation.
Attempts made to determine the cause of’this unusual in-
crease in purification, by varying the experimentalvtech-
niques involved in this step, were unsuccessful. It is
possible that the previous heat treatment removed an agent
from the enzyme solution, thus accounting for this increase.

Chromatography on DEAE-Sephadex is very rewarding,
since it gives a 5-10 fold purification and also two active
fractions. However, 30% of the enzyme could not be re-
moved from the column, even when the phosphate buffer con-
centration was increased to 1.0 M. Although the present

conditions for chromatography give satisfactory results,
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improvements are needed.

The two fractions obtained from the chromatography on
DEAE-Sephadex are very similar in their properties, i.e.
specificity, spectrum, and electrophoretic mobility. The
only differences observed were their elution pattern and
purity index. Therefore, it is possible that a portion of
the enzyme is in the form of a complex with contaminating
material, thus accounting for fraction II. However, the
poesibility that the fractions are isozymes can not be
excluded. Isozymes are enzymes from the same source which
catalyze the same reaction but have different physical
properties.

It is not surprising that the addition of w-keto acids
did not activate the enzyme. Otherwise, one would expect
an autocatalytic process to take place during the normal
reaction. The inhibition caused by the «o-~keto acids at

1 X 1073

M is prebably a result of product inhibition. It
is interesting that no aminotransferase hae been isolated
with significant activity towards L-threonine. In addition,
L-threonine is transaminated very slowly in model systems
containing pyridoxal phosphate (95;96). Therefore threonine
dehydrase may play a majof_fole in the deamination of threo-
nine in biological systems.

All of the dehydrases studied thus far are activated by

monovalent cations, especially K% and NH4'+ (1,30,32,37-41).



118

In addition, tryptophanase and the B-protein of tryptophan
synthetase, both of which have serine dehydrase activity,
are also activated by K' and NH," (38,39,97). Although Na'
inhibited many of these enzymes, it activates our enzyme
slightly (40). Holzer Qbserved_that NH;. had the greatest
effect on‘the yeast threonine dehydrase (37). This is
interesting since ammonia is one of the products of the
reaction. As expected, Holzer observed‘an autocatalytic
process during the normal reaction (98). 1In the case of our
enzyme K * has the greatest effect and no autocatalytic pro-
cess involving NH4+'has been observed.

Happold and Beechey postulated four methods of activa-~
tion by K" and NH4+ and discussed the consequences of each
(99). The four methods are:

1. That'KJ'or NH4+ are essential for activity.

2. That X% or NH4f are engaged in anchoring the sub-
strate or coenzyme to an active centre.

3. That K' or NH&' affect the organization of the
enzyme molecule.

4. That KV or NHQ’ accelerate the rate of breakdown of
the enzyme-substrate complex.

According to the discussion, if methods 1 or 2 are

- . . <+
involved, an increase in K

concentration would result in
an increase in the affinity of enzyme for substrate, thus

lowering the KM' The maximum velocity would remain
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unchanged. In contrast, if methods 3 or 4 are involved, an
increase in K_Pwould result in an increase in Vy and Ky
would remain unchanged. Davis and Metzler have determined
the effect'of K4-pn the Ky and VM of the sheep liver
L-threonine dehydrase (40,41). At pH 8.6; in the presence
of 0.002 M Potassium chlcride, the Michaelis constant was
8.3 X 10°° M compared to 1.9 X 107> M in the absence of
added quassium chloride. The maximum velocity was un-
changed. = This data is consistent with methods 1 or 2. Our
results on the initial inactivation of the enzyme of the
enzyme in a low ionic enviromment and its subsequent reacti-
vation does not enable us to discriminate between the pos-
tulated methods of activation. However, the fact that there
is also a siow irreversible inactivation following the ini-
tial iractivation is not consistent with methods 2 and 4.
Therefore, method 1 is implicated but the present data is
not sufficient to prove any of the possibilities mentioned.
The inability of the desalting, dilution or dialysis
experiments to resolve the coenzyme indicates the tenacity
in which it is bound to the apoenzyme. Although the appar-
ent resolution of the coenzyme has been observed using
L-serine, this interpretation is not consistent with the
- present data. The principle observations which contradict
the hypothesis of resolution are given below:

1. It is impossikle to restore the activity of the
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altered enzyme by its incubation with added pyridoxal phos-
phate. Although a small increase in activity is observed
when pyridoxal phosphate was added at pH 7.2, prolonged
standihg did not affect the increase by pyridoxal phosphate.
2, The possibility that the apoenzyme is unstable is
eliminated since the addition of L-thrgonine restores the
activity under the same conditions.
| 3. The reactivation by L-threonine is not consistent
with a mechanism in which the coenzyme has been removed.
Therefofe, a new mechanism is proposed for the inacti-
vation of the enzyme by L-serine, as shown in Fig. 21. In
this mecizunism L-serine forms an aldimine with the carbonyl
carbon of pyridoxal phosphate. Free rotation around the
#-carbon of serine allows the hydroxylic oxygen to come in
close proximity to the aldimine carbon. A nucleophilic
attack by the oxygen on the aldimine carbon would result in
the formation of an oxazolidine ring as shown in reaction 2
of Fig. 21. This altered complex would be in equilibrium
with the normal ES complex. Therefore reactions 1 and 2
would be in competition for the wormal ES complex. The
formation pf the oxazolidine ring would prevent the libera-
tion of free engyme. At high serine concentration all of
the enzyme would normally be in the form of an enzyme-sub-
strate complex; therefore most of the enzyme would be in the

altered form.



Fig. 21. The proposed mechanism of the inactivation of L-threonine
dehydrase by L-serine,
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Removal of the excess serine by chromafography on
Sephadex G-25 would result in a solution containing both
normal and altered ES complexes. Thus incubation with
- L-threonine would shift the equilibrium towards the normal
enzyme-serine complex. This complex would dissociate to
free enzyme and pyruvate. The free enzyme would then react
with L-threonine. Thus at the end of 120 miputes about 88%
of the enzyme is in the fofm of enzyme—threonine'complex.

The altered enzyme solution's action towards L-serine
is explained as follows. When the excess L—seriﬁe is re-
moved, the equilibrium of the complexes shifts towards the
- normal enzyme-serine complex, which can dissociate to give
free enzyme and serine. Therefore, when the enzyme is incu-
bated with L-serine, an initial burst of pyruvate production
occurs until the equilibrium has shifted towards the altered
enzyme-serine complex.

The effect of pyridoxal phosphate on the enzyme is more
difficult to explain. One possibility is that the carbonyl
carbon of the coenzyme is normally in the form of an aldimine
with an e¢-amino group of lysine. Therefore, when an ES com-
plex is formed this amino group is freed. In the case of
the altered enzyme-serine complex, the free amino group
would react with the added pyridoxal phosphate. This newly
formed aldimine would then compete with the altered coenzyme

for its site on the apcenzyme. If the rate of reactivation
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by pyridoxal phosphate is much slower than the rate of
reactivation by L-threonine at pH 8.9, the reactivation by
pyridoxal phosphate would be masked at this pH. If the
relative ratss of reactivation are -reversed at pH 7.2, re-
activation by pyridoxal phosphate would be observed at this
PH.

The oxazolidine ring involving pyridoxal phosphate and
L~serine, has no direct suppert; however, analagous struc-
tures have been cited in the literature (8,11,20,100-103).
The sulfur analog, cysteine, is known to form a similar
thiazolidine ring with pyridoxal phosphate (8,20,100-102).
Cori et al. have proposed a structure for the role of
pyridoxal phosphate in phosphorylase involving a similar
five-membered ring with group X in the place of the hydrox-
ylic oxygen (11,100). They have postulated that X can be
an oxygen, sulfur or nitrogen atom. Dempsey and Christensen
have proposed a similar structure for the binding of pyr-
idoxal phosphate to bovine plasma albumin (103). All of
these structures absorb at 330 mm . The observance of a
peak at 330»@» on the addition of L-serine to our enzyme
would support the present proposal. In nonenzymatic
systems, oxazolidine compounds can be prepared by reacting
carbonyl compounds with g-amino alcohols (104,105). These
oxazolidine compounds are usually in tautomeric equilibrium

with the open chain Schiff bases.
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Possible future eﬁperiments related to the inactivation
of the enzyme by L-serine are given here. Similar experi-
ments should be done using the analog of serine, cyéteine.
Hydroxylamine is reported to resolve the enzyme (32). It
would be interesting to see if the results of resolution
studies using hydroxylamine would fit the present proposal.
There is no reason that the mechanism should necessarily
be the same, especially since a similar structure would
involve a three membered ring. However, the homolog,
ethanolamine, would be interesting in this respect. Since
pyridoxal phosphate does restore some activity at pH 7.2,
the effect of analogs of pyridoxal phosphate should be
observed.

The use of Sephadex has been very fruitful in the
present work. Its molecular sieving properties has allowed
the study of many properties of the enzyme by a different
approach. Although some of these properties had been
studied previously, the use of a different approach enabled
us to corroborate the previous work; to attain new informa-
tion concerning the properties of the enzyme; and to eval-

uate the interpretations related to these properties.
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VI. SUMMARY

1. L-threonine dehydrase of sheep liver has been
purified by a combination of heat treatments, ammonium
sulfate fractionations and chromatography on DEAE-Sephadex.
Purity indices between 300-500 units per mgm. protein
usually are obtained, although in exceptional cases, purity
indices as high as 160C units per mgm. proteiﬁ havé been
obtained. _ ‘

2. Chromatography on DEAE-Sephadex yielded two frac-
tions containing enzyme activity. Both fractions were
active towards L-~threonine and L-serine and neither was
activated by pyridoxal phpsphate, adenylic acid, adenosine
diphosphate or glutathione. Fraction I, by order of elution,
contained enzyme which had been purified 5~10 fold over that
which had been placed on the column; fraction II contained
enzyme purified 2 fold. "

3..U1tracentrifugation studies indicated that at least
three components are present in the enzyme solution after
chromatography on DEAE-Sephadex. Approximate sédimentatioh
constants were calculated to be 4.75-5.15, 8.60-8.80, and
11.50-12.00. The molecular weight of these components is
approximately 60,000-70,000; 110,000-180,000; and 225,000~
290,000‘respective1y.. The}heterogeneity of these prepara-

tions was also indicated by the presence of four or more
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bands on disc gel electrophoresis columns.

4. A series of mefhpds fof concentrating the enzyme
were investigated'and precipitation by ammonium sulfate or
vacuum filtration proved to be the best.

5. Fractions I and II absorb at 278 mu and between 405
mu ~ 415 mum. The 278 mm peak corresponds to the_aromatic
amino acids and the 405 mm - 415 mu peak is believed to be
caused‘by}bound pyridoxal phosphate.

6. The enzyme is stable at room temperature, at least
12 hours; refrigerated; at least one month; and frozen, at
least 6 months.

7. The enzyme is ipnactive in the absence of an ionic
environment. The immediate addition of potassium phosphate
restores the activity. The amount of restoration by potas-
sium phosphate depends on the time of its addition, for a
slower irrevqysible inactivation also takes place. The
enzyme is most active in the presence of K.

8. The enzyme acts on L-serine as a substrate but is
rapidly inactivated in the process, partially at pH 8.9 and
more completely at pH 7.2. owever, incubation with L-threo-
nine at pH 8.9 leads to a gradual restoration of activity
up to 88% of the original. The addition of pyridoxal phos-
phate to the inactive enzyme has no effect upon the activity
or rate of reactivation at pH 8.9. However, at pH 7.2, the

addition of pyridoxal phosphate leads to a doubling of the
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small activity towards L-threonine. These observations are
discussed in terms of the proposed formation of an oxazol-

idine ring, between serine and the bound coenzyme.
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