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SUMMARY

sferases from Escherichia colli were purified to

criterion of gel electrophoresis. The first

enzyme (enzyme A}is active on L-aspartic acid, L-tvrosine, L-

phenylalanine and

L-trvptophan; the second enzvme {(enzyme 3B) is

active on the aromatic amino acids. Both are marginally active

with L-methionine
as co-substrates.

with transaminase

and utilize a—ketoglutarate and oxaloacetate
Enzvme A is identical in substrate specificity

A and is a multispecific asparate aminotrans-

~

ferase (EC 2.6.1.1); enzyme B has never been described in E. coli

before and is an aromatic-amino—acid aminotransferase (EC 2.6.1.

57). The two enzymes are different In V.. and K_ values with

their common substrates and pyridoxal phosphate, in heat stability

(enzvme A being he

at-stable and enzyme B being heat-labile at 55°)

and in pH optima with the amino acid substrates. The molecular

weights of enzymes

A and B were estimated by gel filtration to

be about 82,000 and 88,000, respectively. In organisms grown in

minimal medium, enzyme B wWas repressed by tvrosine by 90% whereas

enzyme A was unaffected.

These two enz

composition, each

ymes show broad similarity in thelr amino acid

enzyme appears to consist of two subunits of

equal size and with apparent molecular weights of 43,000-45,000

estimated by SDS gel electrophoresis. Enzyme B may be converted

to enzyme A by controlled proteolysis with subtilisin. The con-
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version was detecte@ by the genera£ion of new aspartate amino-
transferase activity from enzyme B and was further verified by
identification by acryvlamide gel electrophoresis of the newly
formed enzvme A. The above results suggested that the two
enzvmes are products of two genes different in a short, probably

terminal, nucleotide sequence.
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I. INTRODUCTION

A. Pathwavs of biosvnthesis of aromatic amine acids in micro-

organisms

The general outlines of the pathways to the aromatic amino
acids tyvrosine, phenylalanine, and trvptophan have been known
for sometime, and they were first reviewed by Umbarger and Davis
(1963). Since then, the situation regarding the "branch point”
in aromatic biosynthesis has been extensively studied, and much
information on the biochemical genetics and control of the bilo-
synthesis of aromatic amino acids has accumulated; '

A general outline of the pathways to be discussed consists
of a "common arcmatic pathway" leading through shikimate to
chorismate, after which there is branching to the individual
pathways (Fig. 1). )

a) Common aromatic pathway.

The common aromatic pathway invelves the condensation of
two products of carbohydrate metabollsk, phosphoenolpyruvate and
ervthrose 4-phosphate, to give a ;traight chain seven—carbon
compound which is then cvclized and undergoes a number of reac-
tions through shikimate %o chorismate (Fig. 2).

Tn recent research, the main advance has been the clarifi-

cation of the region of the branch point (Fig. 1), where, from
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chorismate, 2 series of individual pathways diverge. After the
esteblishment of 3—enol—pyruvylshikimate—S-phosphate (Fig. 2) as
an intermediate on the common aromatic pathway, two groups (Gibson,
1962; Rivera, 1962) studying the conversicn of shikimate . to an-
thranilate showed that EPSAP was a precusor of anthranilate, as
well as of phenvlpyvruvate and gg;;-hydroxyphenylpyruvate.

Gibson andeGibson (1962) and Gibson and Gibson' (1864) suggested.
that a specific branch point compound was involved, and this
compound was sought by examining a mutant in which the pathways

to tryptophaﬁ, tvrosine and chenylalanine wexe blocked. This
specific branch point compound was named chorism;c acid (cheorismic
meaning separating) which has been isolated £rom culture fluids of
E. coli {Lingens et al. 1967), N. crassa- {DeMcss, 1965) and

Saccharomvees cerevisiae (Lingens and Miller, 1967) indicating

the general rcle of the cempound 1n aromatic biosynthesis.

b) Tryptophan pathway.

The pathway of tryptoghan biosynthesis is 28 set in Fig. 3,
showing the series of enzyme reactions involved in this pathway
from chorismic acid to tryptophan.

c) Pathways to phenyvlalanine and tyrosine

The intermediates between chorismate, phenylalanine, and
tyrosine, namelyv, prephenate, phenylpyruvate and p-hydroxyphenylpy-
suvate (Fig. 4) have been known for 2 number of years {Cotton and

Gibson, 1965). These intermediates are formed in the phenylalanine
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and tyrosine pathway in E. coli, A. aerogenes, Saccharomyces
cerevisiae and N. crassa. Tyransamination is involved in the last
step of the phenylalanine and tyvrosine synthesis.

fe

5. Transamination

a} Chemical Transamination ' t2>>

In this reaction an amino group is transferred from one
molecule to ancther yithout the intermediate participation of
free ammonia. Such reactions were first cbserved by Herbst and
Engel (1934) who demonstrated transfer of the c-amino gfoups of
amino acids to c-keto acids in boiling agueous solution. The .

reaction between pyruvic acid and phei@lalanine gave alanine,

chenvlacetaldehyde, and carbon dioxide:

G5
C =20 + ?Hz ] 3 Ci‘,h - NHZ + (IZI::.Z + C02
COCH ?H - NH, CooH CHEO
Toos
pyruvic ohenvlalanine ‘+ alanine phenvlacet-

acid aldehyde
b). Enzymatic transamination |
Enzymatic transamination was £first reported by Braunstein
and Xritzman (1937). These workeré observed ‘transfer of amino
groups to c-keto acids in pigeon breast muscle. The transforma-
tion of an amino acid to the analogous a-keto acid, and reversql

of this reaction, were observed by Needham (1930) . Needham found




that deamination-of glutamic acid and aspartic acid could occur
in pigeon breast muscle without appearance of ammonia. . Further
evidence for the existence of the transamination reaction was
provided by Szent-Gvorgyi (193€) who reported that +he rate at
which oxaloacetic acid disappeared was greatly increased when
glutamic acid was added to pigeon breast muscle. He later con-
firmed the findings with an enzvme preparation from the same
tissue (Szent-Gyorgyi, 1937).

Braunstein and Xritzamnn (1937) originally reported that
c-ketoglutarate and oxaloacetate could accept +the g—-amino groups
of a large number of amino acidés. The studies of Cohen (193%)
showed that the analytical procedure§ and techniguesemploved in
+he original investigations were inadequate, and subsequent studies
bv Cohen (1940) ancé by sraunstein (1947) led to the reviseéd con-
clusion that only three amino acids (glutamic acid, aspartic acid
and alanine) participated significantly in transamination.

The glutamate—alanine and glutamate—aspartate reactions for
scme time were considered to be tﬁe major systens concerned with
amino group transier. 1+ is now recognized that many other o-
ketoglutarate—amino acid reactions are catalyzed by preparations
of animal and plant tissues, and of micoorganisms. In moIeé recent
jnvestigations the occurrence of éransamination reactions invelving
many amino acids has ween clearly established. Feldman and

Gunsalus (1950) demonstrated the formation of glutamate froem

- -

»
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a—ketoglutarate and a number of amino acids with cell suépensions

of E. coli ang Pseudomones fluorescens. Appreciable glutamdte

formation was observed with aspartate, valine, leucine, norleucine,
tvrosine, phenylalanine, trvptophan, and methionine, while some-
what less activity was noticed with isoleucine, threonine, lysine,

histidine, and glvcine. Similar resulis were obtained with

Bacillus subtilis although the transamination rates were lower. It is
of interest that the c-ketoglutarate-alanine reaction could not
be shown in E. coli and proceeded relatively slowly with P.

fluorescens. Fractionation of cell extracts of E. coli vield

preparations capable of catalvzing reversible transamination
between c-ketoglutarate and phenylalanine’ or tyrcsiﬁe, and these
reactions were accelerated by pvridoxal phosphate.

C. Significance of Transaminaticn in Amino Acid Metabolisn.

The widespread occurrence and broad specificity of the tran-

samination reaction suggests that it plays a significant rol\\“\\,

—_—

ra
in the metabolism of animals, plants, and microorganisms.

Pransamination participates in the process of oxidative deamination
of L-amino acids iﬁ marmalian tissue and is related to the‘urea-
forming mechanism. The ability of the a-keto acid analogs to re-
place the corresponding c-amino acids in supporting growth is
consistent with the existence of ‘active transaminase svstems.

;n Woed and Cboley's study (1954}, young rats were found to grow

as rapidly on a diet consisting of ten e sential amino acids
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plus glutamic acid, as when fed a ration in which five essential
amino acids (leucine, isoleucine, valine, phenylalanine, and
methionine) were replaced by their a-keto acid analogs and an
equivalent source of nitrogen. This finding suggests that the
+otal transaminase activity of the intact rat is great and in
view Qf the necessity for the simultaneous presence of all the
amino acids for protein svnthesis it may be concluded that tran-
samination of these five a-keto acids occurs rapidly.

Transamination provides a mechanism for the reversible y

-

formggion of alanine, glutamate. and aspartate from pyruvate and
+he analogous a—keto acidé intermediates of the citric acid cycle.
A transamination step 1s often invoived in the Biosynthesis of
aminc acids by microorganisms:(e.g- iscleucine, valine, leucine,

phenylalanine, and tvrosine) . Tpn Escheridria coli,. there appeared

to be at leasc threefdistinct rransaminases jnvolved in such
reactions (Rudman and Meister, 1953). b Y

The first, designated “transamiﬁase A", was shown to catalvze
transamination of tvrosine, phenylalanine, tryptophan ancé aspar-
tate, as well as, toka lessermextent, me+thionine and leuciné, with
c-ketoglutarate OY oxaloacetate as cosubstrate. The second,
"eeansaminase B", catalyvzed +ransamination of leucine, isoleucine,
and valine with essentially no activity roward aspartate,trypto-
phan and tvrosine and little activity toward methionine and

v

phenvlalanine and also with a-ketoglutarate Or oxaloacetate as
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cosﬁbstrate. Tﬁe third enzyme "transaminase c" catalvzed the
transamination between a-ketoisovaleraté and the amino acids
alanine and a—aminoﬁutyric acid. Table I summarizes the transa-
minases from E. coli according to this study (Rudman and Meister,
1953) .

The tranéamiqase A, B, C nomenclature has since commonly
been employved in the literature for E. coli.

D. Repression of Transaminase A in E. coli.

There is evidence that the synthesis of transaminases like a
number‘of other enzymes, can be repressed. Repression of
rransaminase 3 (assayed as tyrosine and phenvlialanine aminctrans-
ferases) by tyrosine was flrst reported by Silbert, Jorgensel and
Lin (1963). It was repressed about 70% by_tyrosine in E. coli
Klz,B'anﬁ %. Other amino acids did nct have. significant effect
on the formation cf this enzyme. Even under maximal repression

of the enzyme by- tyrosine, the cells were able to utilize this

amino acid as the stle source of nitrogen and the activity of ‘
this enzvme was the first rate limiting factor fo£ growth. 1t was
concluded that normally the enzyme functiorns biosynthetically, but
under speéial conditions.it could catalyze a catabolic reaction
in the deamination of tyrosine for nitrogen (Silbert et al., 1963).
The gene controlling this repression was later designated
tyr R bv Wallace and Piétard (1969) . Thev postulated that tyr R
codes for a protein aporepressorsﬁﬁgzgt‘when combineé with
tyrosine, causes repression of DAHP “synthetase (tyx), chorismate

mutase T and its associated prephenate dehydrogenase activity, and
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TABLE I

Transamination between a-keto acids and various amino acids

catalyzed by extractsof E. coli.

(Rudman and Meister, 1953)

Transaminase L-Amino Acid

‘A asoartate,tvr051ne, phenvlalanlne, tryptophan,
(methionine, leucine)

B leucine, isoleucine, valine
(methionine, Dhenvlalanlne)

c valine, alanine, amincbutyvrate

LR}




-13-

transaminags A. Davidson and Pittard in 1971 postulated that the
aporepressor can (i) combine with tyrosine to control the regulen
consisting of the aro ¥ tyr A operon and the structural gene for
transaminase A and (ii) combine with phenyvlalanine and repress
the svnthesis of DAHP synthetase {(Phe) . The aporepressor must,

therefore, have affinity for both tyrosine and phenvlalanine.

E. Purpose of Present Work

The work in this Thesis was prompted by the observation refer-
red to previously, namely, that transaminase A was repressible by
only 70% by tyrosine. It was considered possible that the remal-
ning 30% of unrepressible activity might represent an alternate
form of transaminase A, not subject to repression. In the course
of our studies it was found that tyrosiné does not, in fact, repress.

transaminase A but ancther, new enzyme, aromatic-amino-acid amino-

+ransferase.
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MATERIALS AND METHODS

A. Materials:

,

Chemicals and theilr sources are listed below.

Eastman Kodak Co. (Rochester, N.Y.)
Acrylaminde, bis-acrylamide, tetramethyl ethyvlenedia-
mine (TEMED)}, Z—mercapﬁoethanol. |

Fisher Scientific Co. Ltd. {(Montreal, Quebec)
Ampholvtes (L.K.B.), Ammonium persu%fate
Ethvlene diamine-tetraacetic (EDTA), and ali buffer,
salts.

Mandel Scientific Co. Ltd. (Montreal, Quebec).
Diethylaminoethyl-cellulose (DE-52)

Pharmacia Fine Chemicals AB (Montreal, Quebec).
Sephadex G-200 superfine, céymotrysinogen A, aldolase,
ovalbumin, bovine serum albumin.

Pierce Chemical Co. (Rockford, Illinois)
Sodium dodecvl sulfate (SDS)

Schwartz/Mann (Orangeburg, N.Y.) . ‘

Urea (ultra pure), Ammonium sulfate (enzyme grade).

Sigma Chemical Co. (St. Louis, Missouri)
amino acids.
pvridoxal phosphate, dithiothreitd%
s«-ketoglutarate, nitroblue tetrazoiium

nicotinamide adenine dinucleotide (NAD+), NADH
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sodium azide, phenazine methosulfate

glutamate dehydrogenase, malate dehvdrogenase, sub-
tilisin, tautomerase, trizma, Sucrose, dichloro-
phenolindophenol (DCI®) .

B. Methods:

1. Enzvme Assays

Tvrosine: 2-oxoglutarate aminotransferase was assaved
by the method of Diamondstone (1966). The reaction mixture
contained in 3.2 ml the following: 0.2 M potassium phos-—
phate buffer, pH'7.3, 6.0 mM L-tvrosine, 9.4 mM a-ketoglutarate,
38 uM pyridoxal phos?hate and enzyme. The mixture was prein-
cubated at 37° for 10 min and the reaction was started by ,
adéing c-ketoglutarate. After 10 min the reaction was stoppég//-
with 0.2 ml of 10 N NaCH. After 30 min at room temperature
the optical density at 331 nm was read agalnst a control to
which NaOE had been added prior to c-ketoglutarate. A molax
extinction coefficient of 15,000 M1 em™! was used. Tyrosine
aminotransferase in some kinetic experiments in the presence
of aspartate was assayved by the enol borate-tautomerase
method (Lin et al., 1958) because a substance absorbed
strongly just below 331 nm in the Diamondstone assay.

Phenvlalanine aminotransferase was assayved as the

tyrosine aminotransferase except that tyrosine was replaced
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by 6 mM phenylalanine and the optical density was read at
315 nm. A molar extinction coefficient of 17,500 M oem™?
was used.
Tryptophan aminotransferase was assaved alsc as the
tyrosine aminotransferase except that tyrosine was replaced
by 6 mM L-tryptophan and the optical density was read at<335 nm.
A moiar extinction coefficient of 10,000 M ! em™! was used.
Aspartate: 2-oxoglutarate aminotransferase (E.C. 2.6.1.1)
was assaved by the method of Karmen (1955) by coupling with
malate dehydrogenase at 25°c. The reaction mixture contained
in 3.0 ml the following: 0.1 M potassium phosphate buffer,
PH 7:6, 178 mM i—asparate, 6.4 mM c-ketoglutarate, 38 um
pvridoxal phospate, 0.24 mM NADE, 10 units malate dehydrogenase
and enzyme.' The reaction was started by adding the enzynme
and was followed by the fall of optical density at 340 nom.
A molar extension coefficient of 6.2 X 103 M7t em~} was used.

Methionine aminotransferase was assaved by the method

of Chesne and Pe;mont (1973). The reaction mixture contalned
in 3.0 ml the following: 1 u mole c-ketogluﬁarate, 40 u
moles methionine, 0.15 u mole NAD+, 0.08 p mole pyridoxal
phosphate, 0.08 u mole phenazine methosulfate, 0.06 u mole
dichlorophenolindophenol, 100 ug glutamate dehydrogenase,

0.1 M potassium phosphate buffer and enzvme. The reaction
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was started by adding a-ketoglutarate and the optical
densiég was read at 600 nm. _A molar extinction coefficient
of 16,500 M~ ' em ' was used.

In some experiments all enzyme acgivities were assayed
bv estimating the product (either glutamic acid or aspartic
acid). 0.8 ml of 30% trichloroacetic acid was added to
terminate the reaction and the product (in the supernatant
£luid@, after removing the precipitated ;;otein by centrifﬁgation
if necessarvy) was estimated 1in a Beckman amino acid analyzer,

Model B.

One enzvme unit 1s defined as that amount of enzyme
which catalyvzes the conversion of 1 u mole of substrate to
product per minute at the temperature of the assay. Enzyme
specific activities are expressed as units per mg protein.
Drotein concentration was determined bv the method of Lowry
et al. {1951) or spectrophotometrically (Layne, 1957).

2. Growth of Microorganisms

E. coli B were grown in 100 ml of the minimal medium 356

(Monod et al. 1951) with 0.125% glucose in 300 ml nepheloflasks
at 37° in a rotary shaker at 200 r.p.ﬁ. The logarithmically
growing cells were harvested 4-5 hours after inoculation by
centrifugation and washed twice with 0.9% NaCl.

Frozen Escherichia coli Crookes (H.T.C.C. No. 837%)

were obtained from General Biochemicals. The organisms had
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.

been grown at pH 6.5 to late log phase in a minimal medium
with sodium succinate as the carbon source.

-

3. Preparation of Crude Extract

hY

For each experiment approximately 100 g of E. coli
crookes were suspended in a Waring blender in about 1 liter
of 0.2 M potassium phosphate buffer, pE 7.3 containing‘EDTA
1 mM, dithiothreitol 1 mM, e-ketoglutarate 2.0 mM and pyvridoxal
chosphate 0.2 mM. The suspensicon was sonicated with 2
Bronwill Biosonic III Ul+rasonic disintegrator for 1 min
using the standard 3/4" probe in volumes of 50 ml and was
centrifuged for 30 min at 27,000 x g in a Sﬁrvall RC-2 ultra-
centrifuge. The clear supernatant fluié (crude extract) was
used for further purification.

4. Enzyvme Purification

e . . o} -
All purification steps were carried out at 0-4 and
all potassium phosphate buffers were at pHE 7.0 and contained

£pTa and dithiothreitol 1 mM, e-ketoglutarate 2.0 mM and

pyridoxal phosphate 0.2 mM.

a) Ammonium sulfate Fractionation

Crystalline ammonium sulfate (enzyme grade from Schwatz/
Mann) was added slowly to +he clear crude extract to 35%
saturation (199 g per liter). After constant stirring for 1

hour, the mixture was centrifuged for 10 min at 27,000 x-g
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and the precipitate was removed andxdiscarded. The resulting
supernatant ffaction was brought, without pE adjustment, to

70% saturation with ammonium sulfate (449 g per liter). The

pE at this point was.about 5.2. After stirring for 1 hour

or more, the precipitate was collected bv centrifugation
(27,000 x g} and dissolved in a minimal amoun£ of 0.02 M potas-
sium phosphate puffer. Trace amount of insoluble material

was removed by centrifugétion. |

b) Heat Treatment

The enzyme solution was diluted to a protein concentration
of about 10 mg per ml with 0.02 M potassium phosphate pbuffer.
The sclution was brought rapiély to SSO-in patches of 200-300 ml
in a boiling water bath and maintained at this temperature
in another water bath at 55° with constant stirring for. 5
minutes after which it was quickly chilleg2;9.0—4° in a 0;9%
NaCl - ice water bath. The bulky precipitate was remcved by
centrifugatiOn and discard?d. Spli@ ammonium sulfate was
added to the supernatant £luid to 70% saturation. The preci-
pitate which formed was collected by centrifugation, dissolued”
"in a minimal volume of 0.005 M potaésium phosphate buffer,
and the solution was centrifuged at 27,000 x g for lO\minutes
to remove insoluble material. The”clear preparation was then
dialvzed for 16 hours against 4 liters of the above buffer.

The solution was then centrifuged to remove trace precipitate
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which was formeé during the dialvsis.

) Calcium Phosphate Gel Fractionation

Calcuium phosphate gel was prepared according to the method
of Swingle and Tisellus (1951). To 450 g pure Sucrose in 2 1.
of water 75 g Ca0 was added. The suspension was agitated perio-
dically “for several hours until most haé dissclved, and was
clarified. Conc. H3PO, (about 18 ml) was added dropwise with
continucus stirring over the course of an hour to 800 ml of the
calcium-sucrose solution, chilleé to abput 5°, until the pE dropped
£o 9.5; after this the stirring was continued for 4 hours. The
resulting precipitate of*calcium phosphate was +horoughly washed
with 200 1. of distilled water (20 1. each time). The gel con-
centration was kept at about 30 mg/ml, ané the gel was stored at
4° for several months prior to use.

The enzvme solution was diluted with 0.005 M potassium

phosphate buffer tc a proteiln concentration of about 1%. B

suspension of calcium phosphate gel w&s +hen added tc give a
gel:protein ratio of 3:1, by weight. afrer stirring for 10 min,
the mixture was éentrifuged at 55000 x g for 15 minutes. Most
of the ehzyme activity remained ;n'the supernatant fluid. The
enzyme solution (supernatant £1uid) was concentrated by ultra-

f;ltration in a Diafle apparatus (Amicon Corporation, with

PM-10 membrane). During this procedure 200 ml of 0.005 M potassium

»
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vhosphate buffer, pH 7.0 were passed through the eniyme

solution.

d DEAE-Cellulose Column Chromatography
A

Wet microgranular DEAE-ceilulose (whatman DE-52} was
equilibrated in ample 0.05 M potassium phosphaEg’buffer pH
T.Q (10 times the volume of cellulcse) . This suspenslion was
stirred and alloweé to stand for 15 minutes. Fine particles
were removed by sucking ¢£ff the supernatant fiuid. The process
was repeated until the supernatant fluid reached the same pE
as that o? the buffer (pE 7.0). The column (2.7 X 70 cm) was
packed ané washed with 500 ml of 0.05 M potassium phosphate
buffer. The concentrated e;zyme solution obtained by calciumh
phosphate gel fractionation was then applfed\ to the column.
Elution was carried out with WO successive{linear sodium chlo-

. .

ride gradients, the first (1000 ml) 0.1 - 0.5 M, ané the second

(500 ml)iO.SL:j;.O'M sodium chloride solution. Fractions of

5 ml each were collected and assayved for enzyme activity-

Pooled fractions were concentrated in the Zmicon ultrafiltration
units. During this procedure 1 liter of 0.05 M potassium phoé—

phate buffer, pH 7.0 were passed through the enzyme solution.

]

e} Isoelectric Focusing

Iscelectric focusing was pverformed accozding to. the pro-

-~ L]
cedure described in the manufacturer's instruction mannual. Both
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LKB 4102 (110 ml) and LKB 8102 (440 ml) electrofocusing columns
were used. The narrow pH range used to achieve the highest
possible resolution was obtained by an initial focusing of 6%
carrier ampholvtes, pE 4 - 6. A linear giadient of sucrosé
including ampholytes was formed manually in the electrofocusing
column. The gradient was lavered over the anode solution (56 ml
distilled water, 485 g sucrose and 0.8 ml concentrated sulfuric

acid for LKB 8102 column) and the cathode solution (1% sodium

hvéroxide) was lavered cover the gradient. Five to six watts of

power output was ma}ntained for the duration (6 days) of the
electrofocusing proceaure. After electrofocusing was completed, .
the column contents were drained@ ané collected in 3 ml fractions.
The pH of the fractions was determined irmmediately and subse-
guently the fractions in the 4.3 - 4.9 pH range were pooled. The

pooled fractions were used to form the second gradient as des-

cribeé before. In this final focusing witﬁ the enzyme prepa- ‘
ration (2.0 ml, 160 units) from the previous pd;ification step
(DEAE-cellulose c¢olumn chromtatography) the concentration of

carrier ampholvtes was about 1 - 1.5%. Eleqtrofocusing was

carried out for 5 days and a power load of 2 watts was maintained

for that duration. After electrofocusing the column contents

were drained anéd 2 ml fractions were collected. The pHE of the

fractions was determined immediately and the fractions were

assaved for tyrosine aminotransferase. 1In one electrofocusing
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experiment the fractions were assayed also for aminotransferase .
activities toward the L-aromatic amino acids, (tvrosine, phenyl-

alanlnatrvptophane) L-aspartic acid arnd L-methionine. Fractions

.

containing enzyme activity were pooled and then placed in an
Amicon ultraﬁiltration unit (membrane PM-10) attached to a 2.5
liters reservior. The carried ampholytes were removed by passing
2-3 liters of 0.05 M potassium phosmhate buffer, pH 7.0 through

’ thlS pooleé fractions. The enzyme solutions were then concentratea
to a volume of 3-5 ml and kept at -20° —300: The concentrated

" fractions were used for further characterization studies.

5. ElectfgphoreSLS in Polvacryviamide Gel

Polyacrvlamlde disc gel electronhoresxs was cerrled cut-at
1-2° in the Trié-glycine'bufferj pH 8.3, systém as descrlbed_by
Davis (1964) except that the acrylamide monomer concentration was
10. 5%: The'gels were prepared in rglass tubes 75 x 5 mm, and a

b
current of 3 ma per gel was apolled Bromphenol Blue was used

.

as the tracking dve. The dye rank off the gel at about 2% hours,
but runs were often extended'to obtain better separation. At the
completion of electrophoresis, after the power supply was turned
off, the gel tubes'were removed from the upper reservoir'and-the
gels extruded from the ttbes by rimming under water. The ex-
truded gels were fixed with LZ 5% trichloroacetic and for 30

minutes at 650, then stalned with Coomassie Brilliant Blue solu—

tion (0.2% Commassie Blue in 45% ethanol and 10% acetic acid,



(w/v/v}) for 30 minutes at quhand destained with etharol:

acetic acid:water (25:10:65 v/v/v), for two intervals of 30

minutes at 65°. The gels were then destained with several changes

of 10% acetic acid at 65°. The destainéd gels were also kept in

this solution (Bulletin, AN 32, Oretec Incorporated, 1970).
Aminotransferase activity was detected directly on the gel ,,//’

by the method of Ryvan et al. (1972). After extrusion, the gels

were incubated at 35° in the dark in a fixture containing the

following in 60 ml of 0.2 M potassium phosphate buffer, pH 7.5:

60 mg a-ketoglutarate, 120 mg NAD+, 2 mg phenazine methosulfate,

20 mg nitrobluetetrazolium, 4 mg pyridoxal phosphate, 40 mg NaNsj.,

6 units of glutamate-dehydrogenase and the desired amino acid at

6 mM, except aspartate and methionine which were present at 150 mM.

Incub;tiOn was carried out for 20 - 30 minutes. The presence of

aminotransfgrase was indicated by a purple band on 2 light violet

background when stored in 10% acetic acid. The staining was

entirely satisfactory for all the aromatic amino acids. The

staining for aspartate and methionine were very poor and the ‘
resulting bands were Very faint. Prolonged incubation with
aspartate to 45 — 60 minutes improved the staining but it also
resulted in much darker background.
The staining method for aminotransferase activities in
gels 1S actually mainly applicable for aromatic aminotransferase

activity. It is based on the reaction between phenazine metho-
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sulfate and arylpyruvates,‘i.e., p-hydroxyphenylpyruvate,~phenyl-
pvruvate and indolepyruvate (the products of aromatic amino acid
transamination) (Schepartz, 1963).. Valeriote et al. (1969) used
a similar method to stain tyrosine'aminotransferase activity in
gels. They used monoiodotyrosine and p-iodonitrotetrazolium
instead of tyrosine and nitré?lue£etrazolium in the absence of
NAD+, NaN; and glutamate dehydrogenase.

Af;er completlon of the experiments described in this
Thesis Dr. Mavrides applied the method used by Rehfeld et al.
(i972) to stain aspartate am%Eotransferase in gels. The staining
mixture contains the substrates for the transaminase reaction
and Fast Violet B salt which reacts with oxaloacetate to form a
chromoéenic compound (Brewbaker et al., 1968). Bright red
bands éégear at the position of enzyme activyﬁy.

Tn the repression experiment, Eyrosine aminotransferase
activity of the two enzymes in the gels was assayved by.the
Diamondstone method (1966) in gel slices corresponding to the
‘activity bands as vigualized in one gel by the staining tech-
nigue. The gel slices were mashed in a 7-ml glass homogenizer
with a glass rod and subsegquently w1th the plunger, iﬁ 2.0 ml
of assay buffer containing tyrosine and PLP. The gel suspension
was/transferred to a 25-ml Erlenmeyef £lask and the homogenizer
was rinsed with the remaining assay mixture (1.1 ml) and the

rinsings were +ransferred to the £1ask. The reaction was
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started as usual with «-KG and terminated after'a‘ld min in-
cubation at §?° with 10 N NaO¥. The assay mixture was centri-
fuged at 27,000 x g and the absorbance of the clear supernatant
was read at 331 nm by scanning. The linearity of the reaction
with time and enzyme concentratioa had been ascertained in pre-
llmlnary experiments.

In studies concerned with the relative szze and charges of
+he enzymes, gels were prepared at various acrylamide concent-
rations andéd a constant acryvlamide to bis—acrvlamide ratio oév
30:1 (Hedrick and Smith, 1968) .

. The molecular weight of subunits was esulmahed by sodium
docecvl sulfate (SDS) gel electrouhoresms as cescrlbed by Webex
and Osborn (1969) . Samples and protein standards were incubated
at 60° for 10 minutes in 0.01 M sodium phosphate wuffer, pE 7.0,
containing 1% SDS, 2.5% 2-mercaptoethanol ané 2M urea {ultra pure).

The gels were electropﬁbresed at 3 ma per gel at room temperature
]

and stained as described for Davis gels. The following protein ‘

-

standards were used: chvmotrypsinogen A, aldclase (tetramer),

ovalbumin and bovine serum albumin.

6. ﬁélecular Weight Estimation !

a) Gel Piltration

The molecular weights of the pure enzymes were estimated by
gel fil+tratration in a calibrated column (1.5 x 100 cm) of

Sephadex G-200 (Superfine) that had been Drev10uslv equllbrated
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in 0.05 M potassium phosphate buffer. The column was eluted with
the same buffer at a flow rate of ;T§ mlzhour. Fractions (0.5 ml)
were collected and assayed for aminoééansferase activity. The
following protein standa;@s were uéed: Chymotrysinogen A, oval-
bumin, bovine sefum albumin and aldolase. The protein was moni-

tored by absorption at 280 nm (Layne, 1957) .

b) Sodium Dodecvl Sulfate (SDS) Acrvlamide Gel Electrophoresis

The molecular weight of subunits was estimated by SDS
acryvlamide gel electrophoresis as described previously.

7. Amina Acid Composition

L 4
Samples of enzyme A (38 ug) ané enzyme B (17 ug) were

hvdrolyvzed with 6 N HCl solution and transferred to a heavy wall
Pvrex glass tube. 'She sglutions were frozen, the tubes cons-—
tricted, evacuated for 15 minutes, sealed and then placed in an
oven at 110° for 24 hours. After hvdrolysis the tubes were
opened and ECl-was removed in a vacuum descicator and the hydro¥
lyzate resuspended in 0.2 sodium-c¢itrate buffer, pH 2.0 and
applied to a cartridge. Analysis oI the hydrolvzate was carried
out on a TSM amino acid autoanalyzer equipped with an automatic

integrafor.
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8. Heat Sensitivitv Tests

The solutions of purified enzymes were diluted 10-fold with
0.2 M potassium phosphate buffer, pE 7.3 to a final volume of
4.0 ml and bovine serum albumin was added to a *lnal concen—
tration of 5 mg/ml. The solutlons were Dlaced in +hin-walied 20
x 100 mm glass tubes suppllea with small magnetic stirring bars
and were immersed into a water bath at 100O with constant stir-
ring until the temperature was raised to about 52°. Thi;,re*
quired about 20 seconds. The tubes were +hen transferred to 2
water bath at 55° and kept at this temperature fort 10 minutes
with constant stirring. Aliguots were withdrawn at speéified
time ihtervals, quickly chilled in jce and centrifuged at
27,000 x g for 10 minutes. The supernatant fractions were
assaved for enz}me activity. An aliguot was withdrawn before
‘heating ané kept in ice throughout and served as the zero time
;ontrol. Activities were expressed as percentage of the control.

9. Apoenzyme Formation

The purified enzyme solutions were allowed to form the

pyridoxamine form which is believed to be more dissociable than

the pyridoxal form (Guirard and Snell, 1964) in the sresence of
L-tyrosine. Purified enzymes 2 and B were diluted 20-fold and
40-fold, respectively, with 0.1 M potassium chosphate buffer,

pE 7.0, supplemented with 1 mM EDT2, 1 mM dithiothreitol and 5> mM
L-tyrosine to a volume of 8.0 ml, and were allowed to stand at 4°
for four hours. They were then dialyzed for 19 hours against two

changes of 2 liters each of the above buffer minus L-tyrosine.

.

et
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‘In the absence of added@ pyridoxal phosphate enzyme A still pos-
sessed 56% of the activity cbtained upon full activation with the
cofactor, the corresponding'figure being 9% for enzyme B. Full
restoration of the original activity was observed in the presence
of pvridoxal phosphate. The experiment was repeated replacing L-
tyrosine with L-phenvlalanine with no more success. Therefore,
in kinetic experiments designed to calculate the Km and Vmax of
pvridoxal phosphate the plots of the velocity (vertical axis)
versus the appérent (added) pvridoxal phosphate concentration
were extrapolated to zero velocity. The intercept of the curve
with the horizontal concentration axis (to the left of the velo-
city axis) was set as zero pvridoxal phosphate concentration and
the new real cofactor concentrations were written on ‘the hori-
zontal axis. Double reciprocal plots were then constructed to
calculate the approximate Xm ané Vmax values £or pyridoxal
phosphate.

i0. Kinetic Experiments

Double reciprocal plots according to Lineweaver and Burk

(1934) were used for the calculation of kinetic constants.  Since ‘

in transamination reactions more than one substrate is in-
volved, the Xm and ymax values are apparent values at pE 7.3 and
were calculated for each variable substrate while pyridoxal
phosphate and z-ketoglutarate were at saturating and L-tyrosine
at 6.0 mM concentrations. /The amount of enzymes used for these
experiments were: enzyme a, 1-2 ug for the aromatic activities

ané about 0.29 ug for the aspartate activity; enzyme 3, 0.07 -
~ .
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0.15 ug for the aromatic activities.

11. The Effect of pH on the Km : )

Km values were calculated by the method of Lineweaver .and
Burk (1934). The effect of pH on the Km values was studied by
caleculating Km values over a wide pH range. As discussed by
Dixon amd Webb (1964) the ionization constant of ionizing groups
at the active site of the free enzvme (Re), or. in combination
with the substrate (Kes) may be‘calculated as pKe (-logKe) or
pKes (-logKes) values from plots of pKm versus thé pH. Bends in
the curves with the concave side downwards represent the ioni-
zations of the free enzyme OT the free substrate, whereas bends
with the concave side upwards represent medified ionizations of
the enzyme or substrate in the enzyme-substrate complex.

12. Proteolvsis of Enzvme B

Enzyme B was incubated at 37° in 4.0 ml of 0.02 M Tris-HCl

buffer pE 8.0, in the presence of bovine serum albumin (0.3 mg/mL)’ ‘
and 0.2 pg of subtilisin. In some experiments the amoﬁnt of
subtilisin was increased to 0.4 and 0.8 pg. Aliguots (0.3 ml)
were withdrawn at 5 minutes intervals, quickly chilled in ice and
subsequently assayed for tyrosine and aspartate aminotransferases
activities. Aligquots were withdrawn after 5, 10, and 15 minutes
incubation and were pooled and the pooled mixtures were subjected
to acrylamide gel electrophoresis for 4 hours at 3 mA per gel.
The gels were then stained for tyrosine aminotrahsferase acti-
vity.

Another proteolytic enzyme, érypsin, was also tried apd the

amounts of trypsin used were varied from 0.2 to 40 ug.
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IIT RESULTS AND DISCUSSION - | ™

-

A. Purification of Tyrosine Aminotransferase Activity ané its

Separation into two Fractions bv Tsoelectric Focusing

Table II summarizes the purification procedure. Enzyme
activity was monitored as tyrosine aminotransferase but the
.fractions collected in the isoelectric focusing experigent (with
+he 110 ml column) were assayed also for aspartate aminotransfe-
rase, trvptophan aminotransferase and phenylalanine aminotrans-
ferase. The £fraction after the calcium phosphate gel step was
dialvzed, concentrated and subjected "to DEAE-cellulose chrémato-
graphy. The elution pattern for this procedure is shown in Fig.
5. Six peaks were obtained but the first peak (peak I) consti-
tuted 99% of the total enzyme activity, the other five peaks
representing only 1% of the rotal activity. These f{ve peaks
may represent other minor forms of aminotransferase of unkndwn
significance and they were not investigated further. When the
pooled fractions of peak I were assayed with different amino
acids as substlates 2 specificity emerged which was in agreement
with that of transaminase A 2as first reported by Rudman and
Meister (1953) as shown in Table IIL.

Since staining for protein after polyacrylamide gel electro-
phoré%is of peak I revealed 2 large number of bands (Fig. 6), it

was decided to attempt 2 further fractionation of the activity

1.
1
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A
! TFigure S

\&:

LV .
DEAE-Cellulose Chromatocravhv of Aminotransferase Activity

The enzvme after the calcium phosphate gel step was chromato-

graphed on a DEAE-cellulose column (2.7 X 70 cm). The enzyme

activity was eluted with two successive linear NaCl gradients

and 5 ml fractions were collected. The column fractions were

assaved as tyrosine aminotransferase (o). Protein (o) was deter-
. » )

mined by the Lowry method (1951). .Peak I is pletted on 2

contracted activity scale (insert).”

-
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Table III E
e P
." - - . - - - " -
Relative amino acid specificity of peak I with c-keto-
~Qlutarate or oxaloacetate as cosubstrate (:“
| : Relative activity with:
Amino Acid
a-ketoglutarate oxaloacetate
- S
L-aspartic acid \\\ 4.35 | -
L-glutamic acid - 4.60
L-tyrosine 1.00 1.00 N
' N : ~ -
. L-tryptophan E 0.95 - 0.66
L-phenvlalanine 0.86 0.64
L-methionine 0.21 0.28
L-valine - 0.03 © Q.04
L-cysteine _ 0.04 .01
L-leucine - 0.03 . 0.00
- L=alanine 0.03 0.04
L—isoieucine_ rd 0.00 0.00

Amino acid concentration in assay nixtures was 6 mM.

Xeto acid concentration was 10 mM. The specific tvrosine
aminotransferase activitieé were set equal to 1.0.
Activities were éetermined by measﬁring glutamate and

L)

asparatate with the amino acid analyzer.
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Figure 6

-~

Polvacrvlamide gel Electrochoresis of Peak 1

The partially purified enzyme (peak I) by DEAE—ceIlulose}f/’

chromatography was electrophoresed in 10.5% Davis gels

(1964). 7.5 ug of protein was applied in the gel. The left:
gel wa stained‘?E£\Fyrosine aminotransferase and thefright

gel for protein. c .

&
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by isocelectric focusing. Isoelectric focusing 1is pbtained by
imposing a potentia&hon an electrélyte system in which the pH
steadily increases from the anode to the cathode.ﬂ Provided that
the pH éradient islsufficiently stable for the duration of an
experiment, ampholytes; such as proteins and peptices, present
in the electrolyte system w}ll be repelled by both electrodes,
and each ampholyvte species will ‘collect at the piace in the
gradient whére ?he pH of the grad{ént'is'equal to the isoelectric
point of that species. This focusing is caused bv the electric
field, thus the name isoelectric focusing.

Isoeleétric focusing in the small (1io ml) column'resulteé
in the purification and re;olution of the tyrosine aminotransferase
activity into two partially overlapping peaks (Fig. 7). Aspartate
éﬁinotransfefase’activity virtually coincidea Qith peak A.” Because
of £he overlap o;{;;z;all amounts of enzvme from either peak
could be obtained without cross;contamination. In the large-
(440 ml) preparative column, which could be icaded with 5-6

+imes more enzyme units, superior regolution was obtaired and

sufffcient amounts of enzymes were recovered for kinetic and

* other gxperiments. Fig. 8 shows the separation-obtained in the

large column. Isoelectric points of 4.54 and 4.61 were observed

for peaks A andrB, respectively. This profile was reproducible.

The intermediate low aétivity fractions were rejected and only the
fvactions of the highest activity from each peak were pooled, dialy-

. . ! .
zed and concentrated by ultrafiltration and tested for protein and
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-

! ' ~ % ’
Figure 7

-

'
\f‘—isséigzgglc focusing of Peak I from DE-52 column chromatography

Tsoelectric focusing of an enzyme preparation (peak I, Fig. 5)
obtained after the step of DEAE-ceilulose column chromatorgraphy.
27 units of.;nzyme in 0.5 ml (total protein 7.5 mgi were applied
on the column. The run lasted 96 hours with a voltage range of
300-490 V and a current range of 1.4-1.5 ma. 1.0 ml fractioné
‘were colleg;g?_and assayed for the swo activities. TA, tyrosine

. N ] .
aminotransferase; ASpA” asﬁ%rtate aminotransferase.

LN
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enzyme activity by gél elect;ophbresis in order to check the homo-
geneity of the purified enzymes.

There have been reoorts of artifacts formed during electro-
focusing due to Ampholine-protein interaction (Illingworth, 1972).
Such a possibility may be checked by refocusing of the peaks. If
refocusing of the original peak vields again a single peak with
the orlglnalapl it may be concluded that éhe original 'peak is
not artlfactual. As shown in Fig. 9, individual refocusing of
enzvme A and B vielded single peaks with iSbelectric points of *
4.55 and 4.60 respectively, which c01nc1ded with the original
pl of enzyme A and B (Fig. 8).- Thus, the 90551b111tv of artl—
facts due to Ampholines was eliminated in this case. .

~

B. Homogeneitv of Final Preparation

The enzymes separated by electrofocusing (Fig. 8) were

| electrophoresed in 10.5% Davis gels (Figs. 10, 11, 12). Each

of the two enzymes gave a single protein band and a single enzyme
activity band wheﬂ stained in the presence of L-tyrosine, L-phenvi-
anine, and L-trvptophan. Therefore, by the criterion of gel
electrophoresis, the two preparations, & and B, were obtained

free of each other and foreign proteins. These preparations were
used for the study of many enzyme properties including subunit
structure, heat sensitivity, enzyme h}netics, amino acid com-
‘position, and the conversion of enzyme A by subtilisin.

{
C. Characterization of the Enzymes
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Figure 8

Isoelectric focusing of Peak I on 440 ml column

Iscelectric fdcusiﬂg of an enzyme prepaiation (Peak I) obtained
after the step of DEAE-cellulose column chromatography. Tyrosine
aminotfansfergse, 160 units, was placed in the large 440 ml pre-
parative column maintained at 2-3°. The experiment proceeded
until the maximum power had reached 0.8 watts and haa stabilized
at that level for 24 hours. The average run lasted 111 hours.

Two ml fractions were collected and assaved for tyrosine amino-
transferase. Fractions 147 to 149 from Peak A and fractions 166
to 169 from Peak B were poqied, dialyzed, and concentrated. as

described under "Matexials and Methods".
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, ' « FPigure S

Refocus;nq' of -enzvmes A and B

0.8 and 1.65 units of enzymes A and B prev1ouslv separated as
in Fig. 7 were applied separately on a 110°ml iscelectric focus-
ing column. Procedures and conditions- were as described in .

"Materials and Methods".
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Figure 10

Polvacrvlanide gel electrophoresis of enzymes A and B

Polvacrylamide gel electrophoresis (in 75 X 5 mm tubes) after
isoeiectric foousing, dialysis and concentration. A, enzvme A; -
B, enzvme B were electrophoresed in 10.5% Davis gels. All the
gels were pre-run for 1 hour at 3 mA per gel.' The three gels
on the left were loaded with 3286 ug of enzyme A and 0.29 ug of
enzvme B, run for 2 hours at 3 mA per gel andé stained for protein.
The three gels on the right were loaded with 0.48 ug of enzyme A
fand 0.15 ug of enzyme B (0.24 pg of enzyme A in the mixture},

and were run as the gels on the left but in a different experiment.

They were stained for tvrosine aminotransferase activity.
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Figure 1l

& . -

Polvacrvlamide gel electrophoresis of enzvmes A and B

Polvacrvlamlde gel electrophore515 (iz~75 x 5 mm tubes) after
- isoelectric £focusing, dlalVSlS and concentratlon. Enzyme A

and enzyvme I were électrophoresed in 10.5% Davis gels.  All the
gels were pre-run for 1 hour at 3 ma per gel. 0.48 g of
enzvme ‘A and 0.15 ug of enzyme B (0. 24 pg of enzyme A in the

mlxture) were applied. They were stained for Dhenvlalanlne

aminotransferase activity.
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Figure 12 -

Polvacrvlamide gel electrophoresis of enzvmes A and: B

-

- Enzymes A and B were electrophoresed in 10.5% Davis gels. All °

gels were pre-run for 1 hour at 3 mA per gel. The concentration

of the proteins applied to the gels were 0.48 ug and 0.15 ng.of

enzymes A and B respectively. (0.24 ug of enzyme A in the

mixture). The gels were gtained for tryptophan aminotransferase -

_activity. o ‘ ,
o

z
¢
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1. Enzvme stability

at all stages of the purification, aminotransferase activity
was stable to ;iéhging and thawing iﬁ the presence of 0.2 mM
pyridoxal phospﬁ;te:(PLP), 20 mM‘a—ketoglutarate {(e=KG), 1 mM
dithiothreitol (DTT), and 1 mM ethylenediamine tetra-acetate
(EﬁTA).- The purified enzymes A and B are stable even at very

low proteln,concentratlon varv1ng from 30 to 200 ug protel

d.ﬂ'
ml, without loosing significant activity at -25° after sévgral

months. o i \\
As is the general p;actice,‘DTT‘and EDTA were uéed to
prevent denaturation of enzyme during 'enzyme purifica;io.n ?év
cedures. Pvr;doxal phosphate ®'nd a;ketOglutarate protect °;
terSLne am;notransferase against heat lnactlvatlon. Fig. 13

shows that a—ketoglutarate when added to partially purified

) . . . o
enzyme (peak I)., affords slight protection of aminotransferase

activity against heat+ inactivation and that pyridoxal phosphate
- »
gives much better protection (87% recovery of activity) than

c-ketoglutarate. It was shown that tpe combination of PLP and
a=KG glves slightly better Drotectlon than the former alone when
the enzyme-ls heated at 55° for 3 mlnutes in 0 2 M potass;um
phosphate_buffer, pH 7.3. When aspartate was used as the sub-

strate the aminotransferase activity was about 90% stable and

PLP alone protected 100%.
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Figure 13 :

Protection of aminotransferase against heat inactivation

- .
The p;rtially purified enzyme (peak I from DEAE-cellulose column

chiqmatography) was diluted to a protein concentration of 0.3 mg
. :

~per ml. PLP and a-KG were at 0.2 mM and 2.0 mM respectively.
The mixture was heated for 5 min at 55° and the enzyme was assayed

A

as tyrosine aminotransferase activity by using a-KG and OAA as

substrate (1 and 2) whereas 3 was assayed as aspartate aminotrans-’

~—

-
ferase with a-KG as cosubstrate;\\\ﬁh

&
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2. Substrate Specificities

0.3 ml (18 units) of partially purified enzyme (peak I) was .
electrofocused over a narrow pE range from-4.3 to 4.9. An iso-
eiéctri; focusing experiment is j1lustrated in Fig. 14. Two
peaks,, enzyme A ané enzyme B, were observed with isoelectrié
poiﬁts of 4.34 and 4.60 respeci?wely. when the fractions were
éggayed with the amino acids L tyrosine, L—pheny;alanine, aﬁd
C—tryptophan (with a-ketoglutarate as cosubstrate), the peak
activities with the three aminc acids occurred in fraction 55
for enzvme A and fraction 61 for enzyme B (Fig. 1%a). When the
fractions were assaved for aspartafé aminot;ansferase (Fig. 1l4b),
the activity completely coigcided with enzyme A.. The conclusion
for the identity of aspartate and ‘aromatic amlnotransferase
activitle; in enzyme A was conflvmea by gel electroohore51s of
enzyme A. Staining the gel for protein, aspartate amlnotrans-
ferase, and a mixture of aspartate and ﬁvrosine aminotransferases
resulted .in a2 single band in each case (¥Fig. 15) . ‘In another
isoelectric focusing experiment (not shown) the fractlons were
.assaved for methionine aminotransferase also. Two peaks were
observed for this activity also which ccmpleteiy coincided with
the two peaks observea with the other activities. .Thus enzyme
A had the o*lglnal sneczf1c1tv of peak I (Table III) and was

transaminase A°but enzyme B was & new enzyme specific for the

romatic amino acids only.




Figure l4

Isoelectric Focusing of Peak I from DE-52 column chromatographv

Isoelectric focusing of an enzyme preparation (peak I, Fig. 5)
obtained ;fter the step oﬁ DEAE-cellulose column chromatography.
Eighteen units of tyrosine aminotransferase were placeé in the
small 110 ml column. Thé rﬁn lasted 114 hours with a voltage
range of 300-500 V and a current range of 1.10-1.30 mA. The
maximum power reached 0.65 W and had étabilized_for 20 hours
prior to the collection of fracéions. 0.8 ml fractions were
collected and assayed for amino acid aminotransferase activities
with tvrosine (e - @), phenylalanine'(o - o) and trvptophan

(A — A) as substraté?f( The profile of aspartate aminotransfe-
rase (A - A) 1is sho;n in the right~-hand panel together with that
of tyrosine aminotransférase for easy comparison. The staﬁdard
abbreviations of amino acids followed by the letter A indicate

»
the respective aminotransferase.
J

<
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Figure 15 -

Polvacrvlamide gel electrophoresis of enzvme A
Polyvacrylamide gel electroPhoreéis (in 100 mm x 5 mm tubes?
after isoelectfic focusing, dialysis, and concentration of
enzvme A. The gels were pre-run for 1 hour and then were loacded
with 0.48 ng (left gel) and l.92iug'(middle and right gels) of
enzyme A and runlfor 4.5 hours at 3 mA per gel. The left gel
was stained for protein (Prot) , the middle gel for aspartate
aminotransferase (Asp), and the right gel for both tyrosine and

aspartate aminotransferases (Tvr + Asp) .

’
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3.  Repression of enzvme B bv tvrosine

An important and consistent visual observation was that only
enzvme B stained less intensely freom extracts of cells grown in
the presence of tvrosine, whereas enzyme A was not affected.
This effect is~;lear in Fig. 1l6. Densitometric tracings con- -
firmed +the visual observation (Figst 17,18). This method however,

* could not guantify the effect because only the enzyme near the
periphery of the gel would react and the intensity of staining
did n&t, most Drobablv, reflect‘initial velocity. Table IV shows

-
the effect of tyrosine on enzymes A and B in cells grown in the

presence of this amino acid. The effect was guantified as

described in Materials and Methods and in the legend. Enzyme B

v

was repressed by 90% whereas A was rot affected.
The above results show that L-tyrosine represses the new
enzyme B and not enzyme A (transaminase A) as had been reported

by others (Silbert et al., 1963) .

4.. Heat Sensitivity

The time course of activity loss of the two enzymes toward
their substrates (tryptophan was not included) at 55° is shown in
Fig. 19. Enzyme B lost activity rapidly with tyrosine and phenyl-

-

alanine as substrates so that after 10 min less than 10% of

the Oflglnal activity was left._ Enzyme A, however, was relati-
vely heat-stable, with 52% and 64% of the original activity re-
maining after 10 min with tvrosine and phenylalanine, respectively,

as substrates. Far each enzyme the initial rate of inactivation

as well as the final activity loss {especially forx enzyme A) was
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Figure 16

Polvacrvlamide gel

Electrophoresis of two crude Extracts of E. coli B
Enzvme activity bands in aérylami@e gel {(Davis gel} electrophor
resis of two crude extracts of E. coli B grown in the absenge‘
(left gel) ané in the presence (right gel) of L-tyrosine (25 ug/
ml). 56 ug of protein was applied on each gel. Electrophoresis

was cgrried out for 4.5 hours at 3 mA per gel. The gels were

stained for tyrosine aminotransferase acitivity.
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Figure 17

Densitometer tracings of tvrosine aminotransferase

}
i
i
|
i
|
e . i
activity bands after acrvliamide gel electrophoresis :
The control gel from Figure 16 was scanned at 570 nm in a Gilfoxd :

spectrophotometer. The scanning rate was 2 inch/min. The full ' |

scale absorbance was 2.0 OD units.

- .
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Figure 18 ‘ - -

o

Densitometer Tracings of Tvrosine amincotransferase

activitv bands after acrvlamide qel electrophoresfk

The gel from Figure le (+ tvrosmne) was scanned at 570 nm in a

Gilford Spectrophotometer. The. scannlng rate was 2 1nch/m1n.

_The full scale absorbance was 2.0 OD units.

(39
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Tahge v

Effect bv L-tvrosine én enzvmes A and B assaved as

- L-tyrosihe aminotransferase
E. coli B were g;éwn‘in the absence ;qg presenceof L-tyrosine
(25 pg/ml) . Crude extracts (27,000 x g supefnatant) COrrespon-
5ding to 433 ug protein (84.8 m unikf from the control and 27.6 m
units Groﬁ the tyrosine—supplemented culture in term of tyrosine
aminotransferase) were applied on the gels. Electrophoresis was
carried out for 4.5 hours at 3 mA gel. The slices from 5 gels
correSponding to enzyvme A were combined and treated as described
.in "Materials and Methods". The same procedure was carrled-out
/for 5 gels co;respondiﬁg to enzvme B. They\were then divided
into 5 egual portions. One was adéed to th; blank assay flask

and the remaining 4 were assaved. The figures under "enzyme m

units" represent average activities per gel but the individual

-
-

values were very similar.

; [ Growth Medium Enzyme m units | percent repression by [
’ tyrosine
T
A : B Crude A 3 A+ B
Extract
hiinimal. x 3.52  12.36 I \- -
Minimal pius tyrosine 3.86 1.26 71 pil \90 68

¥
-
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Figure 19
R
EHeat stabilitv of the murified enzvmes A and B at 55°
The purified enzyme solutlons were diluted 10-fold with 0.2 M .

potassium phosphate buffer, pHE 7.3, ;8 a final volume of 4.0 ml.
Bovine serum albumin was added to a flgal concentration of 5 mg/
nl. Aftér heating at 55° at various ﬁime ighervals as -indicated
in the figure, enzyme A wWas asgaved with aé@artate (Asp) , phenvl-

alanine (Ph&) ., aRd tyrosine'TTYf) #nd enzyme B was assaved with

phenylalanine'and tvrosine. :

ELAY

C
T~
'&l
(-
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more pronounced with. tyrosine than with phenylalanine as subs-
#rate. More striking was the almost ‘complete absence éf inacti-
vation of enzyme A with aspartate as substrate seen against its
partial‘}dss of activity with the two aromatic amino acids (Fig.
1%). Avheat sensitivity test such as this applied to a crude
or semlpurlfled preparatién éontaining the two enzymes would
vield a heat-stable aspartate amlnotransf’/ase, a more labile
phenvlalanlne amlnotransferase and an even\more labile tvrosxneg
aminotransferase and it “would be misinterpreted to suggest the
existence of one enzymé specific-for aspartate and one enzyme
(and possibly two) specific for the aromatic amino acids. Such
a plot, derived from an experiment with a crude gxtract, was
published bl Colller and Kohlhaw (1972) in support of the non-
ldentltv of the two tynes of act1v1 . The heat stability of
ﬁ%nzvme A with aspartate as substra 2 does not in itself support

‘
+he notion that enzyme A consists ?f different enzymic proteins.

. . >
It simpl¥y reflects the existence of a single multispecific enzyme
as was shown previously (Figs. l4, 16). Experiments addressed to

"this problem are described later in this thesisy(p. 103).

5. "Kinetig Experiments
K J

'Figures 20-26 show, the Michaelis—Menten piots and\the corres-
ponding 1,ineweaver-Burk plots for enzymes A and B with/ their subs-
Erétéé and PLP. Table V lists the various Xm and Vmax values for
enzymes A and B. _Thé vmax Qalues cIeariy indicate that the major
activity tepward ﬁﬁe‘arohatic amino acids resides inyenzyme B, the

B/A ratio for Vmax varying from about 14 to 25. In the presence
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- Figure 20

Michaelis—-Menton and Lineweaver—-Burk plots for Enzvmes A .and B

Effect of amino- acid {(tyrosine) concentrations on enzyme
velocity and correspending ILineweaver—-Burk plots with enzyme
L

A (e——») and enzvme B (o———0) assaved as tyrosine amino-

transferase. 0.015 units of enzymes A and B were used in this

experiment.

LI
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* transferase.

Figure 21

< {a,b,c.d) .

Michaelis-Menten and Lineweaver-Burk plots for enzymes A and B

Effect of, amino acid substrate (L-phenylalanine) on enzyme A

(¢————e) and B {(o—0) assayéE/;;\phenylalanine amino-

-

\
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Pigure 22
(a,b)

-

-purk plots for enzymes A and B

Michaelis-Menten and Lineweaver
Effect of substrate (trvptophan) on enzymes A (e .e) and -~
B (@—) assayed as tryptophan aminotransferase.
d
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Figure 23

(a,b) . .

Michaelis-Menten and Lineweaver—-Burk plot for Enzvme A

partate} on enzyme A {e———e) assaved

Effect of substrate (As

as aspartate aminotransferase.
\—

e
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Figure 24

) (arb:c_rd)

Michaelis-Menten and Lineweaver-Burk plots for enzvmes A and B

(————— @)} and

-

Effect of substrate (a-ketoglutarate) On enzyme A

B (0 —0} assayed as tvrosine aminotransferase.
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Figure 25

(a,b,c,C)

“Menten and {ineweaver—-Burk plots for enzymes A and B

Michaelis
o) and

Effect of substrate (oxaloacetate) on enzymes A (e

o) assayved as tvrosine aminotransferase.

B (¢
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Figure 26

(a,b,c,d)

A\

Michaelis-Menten and 1 ineweaver-Burk plots for Enzvme A and B

Effect of pvridoxal phosphate concentration on enzyme A (e——e)
and enzvme B (0——0) assaved as tyrosine aminotransferase. The
plots of the velocity (vertical axis) versus the apparent (added)
pyridoxal phosphate concentration were extrapolated to zeIOC
velocity. The intercept of the curve with the horizontal con-=
centration a.# (to the left of the velocity axis) was set as
zero pyridoxal phosphate concentration and +he new PLP concentra-
tions were also written below the horizontal axis. Double reci-
procal plots then were constructed to calculate the approximate
Xm and Vmax values for PLP. 0.015 units of enzymes A and B were

used in this experiment.
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Table V

Km and Vmax values for enzymes A and B

The nmoles of each enziyme in the purified preparations were
estimated from the known molecular weights and protein coi-

centrations. The latter.were calculated frem the zamino acid

analyses.
.
r ] B/A rati £
. ; T
Substrate Enzyme Km vmax retro o7
Vmax Km
M wnits/nmole

L-tyrosine A |1.43x107° 0.79
) - 25.3 0.43

B 6.25 x 10 20.00

1L-phenylalanine A 2.17 x 10°° .66
. o iy 13.8 0.15

B 3.33 x 10 9.10

L-tryptophan A 5.00 x 10°° 0.85
. 3 17.7 _ 2.00

B 10.0 x 10 15.02

1,-aspartate A s.40 x 107° 3.14

o-ketoglutarate A 0.71 x 10°° 3,28
- - 5.1 35.2

d B 2.50 x 1077 16.67

-4

oxaloacetate A 3.70 x 10 2.52
' z 11.9 8.5

. B 3.13 x 10 ° 30.03

pyridoxal phosphate A 2.50 x 1077 0.453
34.9 40.0

" n 3 |1.00 x 107 15.02
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of equimolax amounts of the two enzymes a maximum of gﬁiy about

7% of the total Vmax toward phenylalanine and only a/few percent
toward trvotophan and tvros;ne would be contrlbutedabv enzyme A.
The major activity of enzyme A however, 1S toward a;partate as_
attested by the high Vmax for tkhis amino acid in contrast to the
much lower Vmax values for the aromgtlc amino aéids {(Table V).
Since aspartate aminotransferase was assayved at 25 whereas

the aromatic aminotrgnsferases were assaved at a? , the relative
magnitude of vmax for aspartate 1s actually underestimated in
Table V by a factor of about 2 (if about 2.0 be considered the
value of temperature coefficient QlO in this instance] . Thus,

in in vitro assavs of crude extracts the aspartate aminotransfe-
rase 1is contFibuted by enzyme A whereas the aromatic amino aqid
aminotransferase activity is for all practical purposes attri- f
butable Eo enzyme B. The vmax values for ﬁhe two keto acids and
pyridoxai phosphate (in the presence of tyrosine as the amino acid
subsﬁrate) were also higher with enzyme B than with enzyvme A as
indicated by their high B/2 ratio. The Km values for a-ketogluta-
rate and pyridoxal phosphate were 35-fold and 40 fold higher with
enzyme B than with enzvme A, respectively, indicating significantly
higher affinities of the keto acid and +he cofactor for enzyme A
.than for enzvme B. Fig. 27 shows in fact that enzyme A is inhi-

bited by c—ketoglutarate at concentratlons which do not vet

saturate enzyme B.
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Figure 27 1

Michaelis-Menten plot for enzvmes A and B

velocities (u moles/min/ml} for tyrosine aminotransierase

activities against the concentration of s-ketoglutarate with

enzyme A (curve A) and enzyme B (curve B).
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6. Effect of pH on Km values

The following experiments were designed in an attempt to
gain some insight into the cause for the different heat stabilities
of enzyme A with aspartate and the aromatic amino acids as subs-
trates (Fig. 19).

As discussed by Dixon and Webb (1L964) the ionization constants
of ionizing groups at the active site of the free enzyme (Ke) , or
in comblnatlon with the substrate (Kes) may be calculated as PKe
(-logKe) or pKes {- log&es) values from plots of pXm versus the pH.
Bends in the curves with the concave side downwards rep;esent the
jonizations of the free enzyme OY the free substrate, whereas
pends with the concave 51de upwards represent modified ionizations
of the enzyme or substrate in the enzyme-substrate complex. AS
seen in Fig. 28 there appear to be two ionizing groups at the
active site of the free enzvme A with the pK values, pKeIand pKez,
of about.6.5 and §.2, respectively, whether estimated in the
presence of aspartate oI tyrosine as substrates. This is kinetic
evidence, 1in addition to the physical ev;dence (Figs 14, 15). that
the activities toward the aliphatic and arcmatic substrates reside
in the same protein and that a single site is involved in the
binding of botﬁ aspartate and tyrosine. With tyrosine as subs—
trate the above pKe values are increased to the pXes values of 7.1
and 8.4, respectively. This indicates that the pKe values of both

ionizing groups are affected by the binding of tyrosine. With

4{*'
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Figure 28

The effect of pH on the pEm

The effect of pH on the pKm (-log Km) of enzyme A with L-
tyrosine and L-aspartate {two upper panels) and of enzyme B
with L-tyrosine (bottom panel). K - jonization constant: Pk =

-log K; pRe refers to an ionizing group of the free enzyme; pKes

_to enzyme combined with substrate: PKS rofers to an ionizing

group of the free substrate; pKse refers to an ionizing group
of the free substrate; PKse refers to an ionizing group of the
free substrate in combination with the enzvme. The following
buffers were ﬁsed: pH 6.0-6.5, citrate-phosphate: pH 7.0-9.0,

Tris. HCl; pH 9.5-11.0, glycine-NaOH.
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-
aspartate as substrate a single pKes value of 7.5 appears: which
may have resuited either from a decreased pKe2 or an increased
pKel. In either case, 1t appears that only one of the ionizing
groups 1is affected by the binding of aspartate.

The effect of pH on the Km with enzyme B was also studied

(Fig. 28). Two pKe éalues were revealed equal to about 6.5 and '
9.7. The latter may in fact reflect denaturation of the enzyme.
At any rate no other bends were pregent and their absence suggests
that no modification of ionizing constant(s) occurred with tyrosine
as substrate. . .

| The above results suggest that the different heat sensitivi-
ries of enzyme A with its two‘substrates mév:be interpreted in
rerms of the optimal jonic environment at the active site required
for the binding of tyrosine and aspartate. That ionic environ-
ment may change as & result oﬁ;confofmational changes caused by
heat. The difference between the effects of binding of tyrosine

—

- - - - - - o~
and aspartate on the ilconization constants at the active site may ‘

suggest different modes of binding for these two substrates, &s
might be expected for, two SO dissimilar molecules. Hence, ig~
.would be expected that the range of conformatlons, within which
optimal binding is still posaible, is different for the two
subsérates. The most stringent conformation, in terms of ionic
environment at the active site, is that which is involved in the

binding of tyrosine, SO that heat may well affect the binding of

¥
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this subsitrate (obsexrved as partial joss of catalytic activity)
while the binding of aspartate is not affected. This seems to be
a plausible explanation for the observed differential heat
sensitivity of this homogeneous enzyme for aspartate and the

3
arcmatic amino acids. Subtle differences in the modes of binding
of tyrosine and phenylalanine may also be responsible for the
slightly higher heat lability of the enzyme in the presence of
tyrosine than inlthé presence of phenylalanine as substrate
(Fig. 19).

Other ionizing éroups, unrelated to the jonizations of the
free or combined enzyme, are &as follows: With tyrosine as sub-
strate, a thixd downward bené at pE 9.12 most likely represents
the second ionization constant (9.11) of tyrosine (Handbook of
Chemistry and Physics, 19¢9). It is followed by an upward bend
at pE of 9.30 which represents the modified pKs of‘lyrosine once
bound to the enzyme, and is indicated as pKse in Fig. 28. 2
similar changerin +he ionization constant of nitrocatechol
sulfate by bindigg +o arvlsulfatase has been repérted {Dodgson
et al. 1955) and is quoted by Dixon and Webbd (1964) . With
aspartate as substrate the last downward bend at pH 9.94 mpst
likely represents, being sO similar to it, the third ionization
constant of 9.82 of free aspartic acid (Handbook of Chemistry and
pPhysics, 1969) -

The plots of Fig. 28 should be viewed as an attempt only .
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=
énd not as a defznltlve answer to the problem raised by tig)heat
stability experlments. The bends are caused by slight change
in the pKm values and the linear parts do not always approximate
integral slopes of - 1 and + 1 as required by theorv. Since
no statistical tests were applied, it is not known whether the
deviations from the theoretical requirements are due to experimen-
tal errors and the conclusions are essentially correct, of that

rd

the experimental points are essentially correct and the inter-

7. Inhibition

pretation gi %Eéve improper.
shdies

Because aspartate 1is +he substrate of an enzyme (enzyme R)
ith significant activity towaxd +he aromatic amino acids it
was decided to study its possible role as an inhibitor when
both enzyme A and enzyme B were assayed as aromatic aminotrans-—
ferases. Figures 29-32 show the Michaelis—-Menten and Lineweaver— .

Burk oiots for the aspartate inhipition of enzvmes & and B, with

L-tyrosine (Figs. 29,30) and c.—-ketoglutarate (Figs. 31, 32) as i

the varied substrates. Table VI lists the types of inhibition

by L-aspartate of both enzymes with respect to L-tyrosine and

a—ketoglutarate. Aspartate is an uncompetitive inhibitor with

respect tO tyrosine (parallel lines were obtained in the double

reciprocal plots) and a non-competitive inhibitor with respect

to c-ketoglutarate, oL zymﬁ\ . Tn addition, the aromatlc sub-
|

strate phenylalanine (used eb%use of its solubility, instead of

|
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Figure 29

{a,b)

Inhibition bv L-aspartate of enzvme A assaved as tvrosine

aminotransferase

Michaelis-Menten and Lineweaver—Burk‘plots with tyrosine as the,
varied substrate and aspartate (3 mM) as the inhibitor. The
control {(-Asp) contained no aspartate. Tvrosine aminotransferase
was assaved by the epol borate-tautomerase method (Lin et al..

1958) .
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.

Figure 30
(arb)

IL-aspartate of enzvme B assaved as tvrosine
-

Inhibition bv
aminotransferase

See Fig. 29 for conditicns.
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Figure 31

(a,b)

Inhibition bv L-aspartate of, enzyme A assaved as tvrosine

aminotransferase

Michaelis-Menten and ILineweaver-Burk plots with c-ketoglutarate
as the varied substrate and aspartate (3mM) as the inhibitor.
The control (-Asp) contained no aspartate. Tyvrosine aminotrans-
ferase was assayed by the enol horate-tautomerase method (Lin

et al., 1958).

— —
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Figure 32 l

(arb)

S

Inhibition by L-aspartate of enzvme B assayed as tvrosine

aminotransferxase

See Fig. 31 for conditions.
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Table VI

Tvpes of inhibition bv L-aspartate and inhibition constants

Enzyme varied Tvpe of inhibition K. (M)
Substrate *

Tyrosine uncompetitive 1.96 x 1073

A .
a-ketoglutarate noncompetitive 1.67 x 10°°
Tyrosine noncompetitive 6§.20 x 1073

B
s-ketoglutarate noncompetitive 4.86 x 1073

-

The double reciprocél plots according to Lineweaver and

Burk were used and L—aspartate was present at 2 fixed 3 mM ﬁ

-

concentration. The enzyme activity was assaved as tyrosine

aminotransferase.,
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tgéé;ine) is an uncompetitive inhibitor of enzyme A with aspartate
as the varied substrate (Fig-. 33). With enzyme Bhboth inhibitions
were of the non-compétitive type (Table VI).

The significance.of uncémpetitive inhibition is generally
obscure although it is th&eght by some to reflect binding of the
inhibitor with £he ES complex (Dixon and Webb,- 1964). This, in
fact, is supported by Fig. 29%9a where the inhibition by aspartate
increases with increasing substrate (tvrosine) concentration.

Thus it seems that in enzyme A one site (the active site) serves
£or the binding of both aspartate and tvrosine (different sites
would generate noncompetitive inhibition) and this woulé be in
agreement with the multiple substrate specificity of enzyme A.
The presence of a single site for tvrosine and aspartate agrees
with the same tentative conclusion derived from the effects of
pE on Km (see previous tection) - . ’

Oon the other hand, the nonceompetitive inhibition of enzvme
B by aspartate with tvrosine as the varied substrate (Table vVI)
underlines the difference between enzyme A and enzyme B with

R \/ .

respect to aspartate binding: aspartate binds enzyme B at 2 site
s

other than the active site and aspartate is not a proper sub-

strate for enzyme B.

g. pH-Activity Curves

In general, enzymes are only active overa 1imited range of

pH and in most cases a definite optimum pH is observed. The pH

.
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Figure 33

Inhibition by oghenvlalanine of enzvme A assaved as

aspartate aminctransferase
the varied substrate and

Lineweaver-Burk plots with aspartate as

phenylalanine (10mM) as the inhibiter.
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optima of enzymes A and B with different substrates are shown in
Fig. 34 which illustrates the dependence of activity of the two
enzymes on PH. The optima for enzyme A with its four substrates
vary from 8.0 (toward aspartate) to 9.0 {(toward tyrosine) with
§.5 being the pH 0pt1mum toward phenvlalanlne and trvptophan
(Fig. 34A). For enzyvme B the pH optimum toward tvrosine drops
to 8.0 with ?.5 and §.0 being the optima toward ohenvlalanlne
and tryvptophan (Fig. 34B). 1In the view of the physical evidence
of homogeneity the differences in the pH opt;ma of each enzyme
with its substrates reflect the differences in the pK values

of the substrates rather than the existence of gifferent enzymesS.

9. Molecular Weight Estimation and Subunit Structure Study

The‘molecular weights of enzymes A and B were estimated by
gel £iltration. When fraction I (froﬁ DEAE-cellulose column
chromatography) wWas passed through a colum? of Sephadex G-200
it resolved into two peaks (Fig. 35). Their elution voliumes cor-—
responded to +hose obtained when pure enzymes 4 and B were
individually or as 2 mixture passed +hrough the sameé column.

The molecular weights of +the two enzymes *ere calculated by gel
filtration 1in 2 calibrated column of Sephadex G-200 ané found to
we 82,000 and 88,000 for A ané B, respectively (Fig- 36) .

The subunit strﬁcture was deterﬁined py sodium dodecyl sul-

_fate (SDS) gel electrophoresis. Bach enzyme OR acryvlamide gel

electrophoresis in the presence of sDS vielded 2 single protein

-

.
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Figure 34

pH-activity curves for enzvmes A and B

Dependence of activity on pH of the purified enIiymes A (left)
and B (right). The -following buffers were used: PH 6.0-6.5,

citrate-phosphate; pH 7.0-9.0 Tris. HCl; 9.5-11.0, glyvcine-NaCkE.

The enzymes were assaved with tyvrosine (e = o}, phenylalanine
(o - A), tryptophan (o - ¢) and enzyme A in addition with

aspartate (A - A). The standard abbreviations of amino acids.

followed by the letter A indicate the respective aminctransferases.

\\
/
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Figure 35

Gel Filtration of Fraction I

Gel filtration of fraction
column (1.5 cm x 100 cm) .

and the remaining fractions
tein was applied on the col

+he buffer described in the

—

I on Sephadex G—Zdo (fine grade)
Fractions 1-30 were about 1.5 ml each
about 0.5 ml each. 150 pg of pro-
umn and elution was carried out with

"Materials ag% Methods" .
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Figure 36

Standard curve of molecular weight estimation ¢

Estimation of ;he molecular Qeights of enzyme A and B by gel
£iltration in the column described in Fig. 35. The column was
calibrated with four known molecular weight protein standards:
chymotrypsinogen A, ovalbumin, B.S.A. (bovine serum. albumin) and
~aldolase. The Kav value was calculated with +he fromula: Kav =
ve - Vo where Ve = elution volume, VO = elution volume for Blue
Vt—Vo .

—_~" Dextran 2000,and V, = +otal bed volume.
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band which corresponded to a molecular weight of 42,000 to 45,000
(range of five experiments). gince the molecular weights of
enzymes A and B -were estimated to he about 82,000 and 88,000,
respectively, each appears to consist Of two subunits of equal
size. In two experiments, one of which is shown in Fig. 37, a
slightly higher subunit molecular weight for enzyme B (43,000)
than for enzyme A (42,000) was calculated. The failure to calcu-
l1ate consistently 2 higherSSubunit nolecular weight for enzyme

5 than for enzyme A is due to the short distance traveled by
proteins of so similar size in the S$DS gel (about 1.7 cm in 5

hours at § ma per gel) - ' -

10. ElectronhoreSis at various Gel Concentrations

The method of Hedrick and smith (1968) affords a way to
establish whether the separationS'observed on gel are due to
difference in charge, size or both. When the log of protein
mobility relative to the dve front is plotted versus acrylamide
gel concentration, size isomeric proteins give a_ family of non-
parallel 1ines extrapolating to a common peint in the vicinity of
0% gel concentration while charge isomeric proteins give a parallel
family of lines. proteins differing in both charge and size
give nonparallel lines jntersecting at gel concentrations other
than 0%. When enzymes n and B were applied,separately on acry-
lamide gels at various concentratlons (from 5 tO 10%) single

protein bands were obserﬁed and Fig. 38 shows two nonparallel

A
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Figure 37

Molecular weight Estimation bv §.D.S. acrvlamide gel

Electrophoresis

~

Estimation of the molecular weights of enzvmes A and B by gel
electrophoresis in the presence. of sodium dodecyl sulfate (s.D.5. )
The standaxrd proteins used were: L. bovxne serum albumin; 2.

ovalbumin; 3. aldolase; 4- chymotrypsimogen A.

-

N
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3 J . _ )
lines whiéh on extrapolation intersect at about 18.5% acrylamide
gel ‘concentration. The nonparallel ‘'lines of Fig. 38.indi§ate

that the separation of enzvmes A and B is due &0 both charge and
size differences. The charge difference made isoelectric separa-
tion possible and t@g size.difference made separation‘by gel

£iltration possible.

11. Electrophoretic Behaviours of Enzymes A and B in Polg:'

acryvlamide Gels.

Enzyvme A appears Lo be a sllghtlv more acidic protein than
enzyme B (Fig. 7, 8). Hence, it would be expected to migrate

-

faster than enzyme B in the basic Davis gels toward the anode.

’
.

Being of lower molecular weight than enzyme B, and nresumaglv
gmaller, enzyme A would be expected to migrate faster im the
gels for this reason too. Howevel, it is enzyﬁe B that dis-
plaws a higher mobility (Fig. 10}. The cause for this unexpected
behaviour must probably be scught in the unrellablllty of iso-
electric focusing as & means for determining true isoelectric
points. It hag been reported (Iilingworth, 1972) that the
isoelectric point of & single proteiln band in the presence of
commercial carrier ampholytes night be in error due to their
adsorption on to other polyelectrolytes such as protelns, which
might also result in the formation of pseudoisoenzymes. The
possibility of falseﬁlsoelectrlc points may have materialized

in this instance. It is possible that the removal of “stlcky“

"

A
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L

Figure 38

The effect of different acrvlamide concentrations on the nmobilities

of the purified enzymes A and B [lines A and.B, respectively]. -

£ about 18.5% acrylamide

The lines on extrapolation intersect &

concentration. Rm, relative mobility [Hedrick and Smith, 1968].

Each point is the average of tripliéate samples.
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carrier ampholytes (illingworth, 1972) from either one O both
enzymés by uwltrafiltration dialysis restored the original order
in the relative magnitude of the isoelectric points of.the native
proteins and resulteéd in the mobilities observed in gel electro-
phoresis. The relative mobilities observed in geis (Fig. 10)

may simply mean that the différence in the iscelectric points 1is
the reverse of that suggested by lsoelectric focusing (Figs. 7.8
ané 1s suff1c1ently large tc override the size dlfference, thus
causing the larger enzyme B to migrate faster than the smaller
enzvme A.

12. Amino Acic Composition

The amino acid composition of the two enzymes was locked
into with the purpose of obtaining some insight into the chemical
constitution of the two enzvmes. Thelr similarity in size and
especially in charge suggested that th?f might be similar proteins.
The data of Table VII suggested similarities in the number ¢i many
amino acid residues. The significant diffefgnces in the number of
amino acid residues appear +o be limited to glutamic acié, glycine,
alanine, valine and possibly to lysine and phenylalanine.

The possibility that enzyme A might be obtained by controllea
proteclysis of enzyme B was examined in the experiments‘described
below.

13. Conversion of Enzvme B to Enzvme 3 by subtilisin Treatment

Incubation for 30 minutes of enzyme B at 37° in the presence
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Table VII

Amino acid composition of enzymes A and B

The figures indicate the nearest integral number of amino acid
residues per molecule of enzyme. Approximately 40 ng of en-

zyme A and 18 png of enzyme B.were hydrolysed.

Difference i
Amino acid Enzyme A Enzyme B iit;ize Ai-

Asp 86 §3 -3

Thr 4z 59 -3

.Ser " 37 _f 40 . +3

{ Glu. 89 109 +20
Pro 33 | 38 *6

Gly 61 77 +16

Ala 87 101 +14

Val 50 63 *i3
| Met 15 14 h
% Ile 30 34 4
i Leu 74 71 -3
Tyt 12 14 "2
Phe 58 30 S

His 12 14 *2

Lys 35 46 it

1 Arg 43 57 =
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of subtilisin resulted in a nearly six-fold increase in its very
low basal aspartate aminotransferase activity in the first 10
minutes and the activity declined ogly slightly thereafter (Fig.
39). The tyrosine aminotransfefase activity declined rapidly in
the first 10 minutes to about 50% of its zero time value and
remained prapticaliy unchanged thereéfter. Incuba;ion il the
absence of subtilisin (control) resulted in some loss of tyrosine
aminotransferase a;tivity, whereas the.aépartate aminotransferase
activity did not change, in agreement with-gﬁé relative heat
stabilitiés,of ihese two activities (Fig. 19). These results
suggested that enzyme-A witnh its typical aspartate'aminotransfer-,
ase activity was the product of the controlled proteolysis of
enzyme B.by subtilisin. - This was Gemonstrated by gel electro-
phoresis of subtilisin;treated eﬁzyme 5. Figure 46'(ge1 2) shows
clearly an activity band ;ith‘the moﬁility of enzvme A. This bandA
is absent from the zeré +ime control (gel 1) and the subtilisin
control (gel 4).' Incubation with subtilisin concentrations

-

double and guadruple that used in Fig. 39 resulted in the gene-

ration of much lower net aspartate aminotransferase activity

(Fig. 41). This is probably due to more advanced proteolysis of '

enzyme B resulting in lower aspartate aminotransferase activity-

Another proteolytic epzyme, rrypsin, was also tried without”

success, in concentrations varied fron 0.2 - 40 pg. 3Both tvrosine

ané aspartate aminotransferase activities were lower than that
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Figure 39

~

Generation of Aspartate aminotransferase activity from

Enzvme B bv limited proteolvsis with subtilisin

Enzvme B (l.Siunits) was ingubated.at 37°c in 4.0 ml of 0.2 M
Tris. HCl buffer, pE 8.0, in the presence of bovine serum albumin
(0.3 mg/ml) and 0.2 ug of-subtilisin. Aliquots (0.5 ml) were
withdrawn at the indicated times and assayed for enzyme activities.
Control, in the absence of subtilisih; ASpPA, aspartate aminotrans-

ferase; TvrA, tyrosine aminotransferase.
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Figure 41
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' of the zero time control (not shown). Trypsin hydrélyzes
peptide bonds formed from the carbonvl groups of lvsiné and af—

-ginine. On the other hand the spec1f1c1tv of subtilisin is very

broad.‘

D. Detsction of -Enzvmes in Fresh Crude Extracts of Other Strains

In addition to detecting the enzymes in the freéh crude
extracts of E. coli B by polvagrvlamide gel electrophoresis and-
the stainingltechnique (Fig. 16) the enzvmes were also detected
in the fresh crude extracts of E. coli Crookes and the tyrogipe
auhotronh M 83-8 (not shown) . Interestlnglv, the aétivity bands
of the two strains <O responding to enzynme B migrated with diffe-
rent mobilities in t#iuléls, the one from straln B being the faster.
Electrophoresis of a mixed exfract and staining for tvros;ne
aminotransfe;ase éctivity resulted in‘three activity bands (Fig. 42}.
The activity bandé‘correspénding to enzyme A had the same mobility

from the two strains. _Apparently, the larger protein (enzyme B)

- may be slightly different in different strains.
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Figure 42-

i

Polvacrwlamlde Gel Electrophoresis of Purified Enzvmés A and B,

an@ Crude Extracts of E. coli B and Crookes o

Polvacrvlamlde gel electrophoresis (in 5 x 75 cm tubes) of frac- . =
tion f'(after-DEAE cellulose chromatographv% purified enzymes

A and B, crude exEFacts from E. coli Crookes [cE (Crookes)] and

fresh E. coli B [ce (8)]. All thgwgels were pre-run for 1 hour .
at 3 mA per gel. . Fraction I, 7.5 ug: enzyme A, 0.48 ug: CE

(Crookes) , 38 rg; CE (8), 100 ug. Stain for tyrosine aminotrans-

ferase activity.

~
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TV GENERAL DISCUSSION AND CONCLUSIONS _ v

The present investigation demenstrated the separation
of two¥apparently structurally similar éminptransferases £rom
E. coli which were puriﬁie& to homogeneity by the criterion
of gel electrophoresis; These two enzymeé were designated-
as enzymes’A and B for convenience. Enzyme A is an aspartate
aminotransfera: c 2.6.1.1) better Known as transaminase
a (Rudman & Melster, 1953). Enzyme B is an aromatic—amino-acid
aminotransferase d has been recently assigned the numbexr
EC 2.6.1.57 (Enzymes Nomenclature: 'Recommenéat;ons (1972) of
the fnternational Uniomr of Pure and Applied Chemistry and
Internatlonal Union of Blochemlst;v‘ Supplement NOC- l:
additions and Corrections (19753) - Biochim. Biophvs. Acta.
429 (1976), 1-45). Enzymes A and B showed the follow1ng differences
in their properties:
a) Substrate specificity.-
Enzyme-A is specific for aspartate and the aromatic
amino acids and enzy-nf B for the aromatic 'amlno acids
only.’ . “
©b) K and Vg, values (Table V) |
c) Heat sensitivity with different amino acids as substrates.-

Wlth tyrosine and ahenvlalanine as substrates,
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enzyme A is more heat-stable than enzymeé B after

10 minutes at 55° and with aspartate as a substrate,
enzvme A is heat-stable under the same conditions
(Fig. 19).

d) Optima pH for the same substrate (Flg. 34) .

e) Repression by tyrosine.-

When organisms were grown in the.presence of L-
tyrosine, enzyme B is selectively repressed whereas
enzyme A is unaffected.

£) lfference in electrophoretlc mobility.-

Enzyme B has a slightly highér electrophoretic
mobility than A towards the anode.

g) élthough the isoelectric 901nts of enzvmes A and B
obtained from the jsoelectric focusing: experiment, '
may ﬁot represent théir true isocelectric points \\:
(Results ané Discussion) , they still indicate a.//f’/
slight difference between them. f

J

h) Difference in nolecular welghts of native Drotéln

and subunits.- ) ) \“‘\\EWNM'
4 The two enzymes have similar but definitely differemi

molecular weights, the latter being 82,000 and 88,000
for eﬁzvmes A and B, respectively. fTach enzyme Ccon-
sists of equal subunits with the molecular weights

of 42,000 to 45,000 for enzymes A and B resuectlvelv.

1
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i} Amino acid composltlon.

. The enzymes show a broad similarity in amlno'acid
composition.

The similaritles in size and charge readily explain the
fajilure of  Rudman and Meister (1953) +o distinguish betweel the
two enzymes in their classic gtudy on transamination in E. coli
with the then available technigques.

The isoelectric_focusing experiment (Fig. 14) indicates that
enzyme A is spec1f1c for the aromatic amino acids and aspartate

and enzyme B is spec;flc for the aromatic amino acids only.

‘From the results of the kinetic studv (Table V), vma values

clearly indicate that the major activity of enzyme A is towards
aspartate with minor but SLgnlflcant activities rowards the
aromatic aminc acids. All aspartate aminotransferases SO far
studied show significant actzvzty.towards the aromatic amino acids
{(Shrawder and ﬁartinez—Carfioﬁ} ;972; Miller and Litwack, 1971;

Forest and Wightmai., 1973). The major activity rowards the

aromatic amino acids xesides. iIn .enzyme B. ‘
Isocelectric focusing and acrylamide ‘gel electrophoresxs

failed to resolve the activity of enzyme A towards asoartate_

from the activity tow;rds the aromatic amino acids in enzyme A

(Figures 4R, 15). With the ]atter method, & single protein

bhand was obtained gven when the acryiamide concentration was

variea from 5 to ll%. Thus, the two kinds of activity could be
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distinguished by neither size nor charge differences. Collier
and Kohlhaw (1972) -reported the nonidentity of aspartate and
aromatic amino acid activities in transaminase &, & conclusion
pase@ on experiments with crudg extracts. OQur own experiments
confirm the original specificity of transaminase A (aspartate
aminotransfgraée) as given by Rudman and Meister (1953) but. in
adéition, demonstrated the presence of a distinct enzyme for the
aromatic amino acids.

Enzyme B, formerly reported as form IB by Mavrides and Orr
(1974) is an aromatic-amino-acid aminotransferase and its "dissec-
tion" from-enzyme A 1S of some conseguence regarding the actual
aminotransferase involved-in the regulation of tyrosine and
phenylalanige biosynthesis. It has been reported (Silbert et al.
1963) that transaminase a of E. coli is specifically repressed
by L-tyrosine ané so 1is the new enzyme B (Table IV). The enzyme,
assayed only as tyvrosine and phenvlalanine aminotransferases, '
was found in the crude extract to be heat-labile and to account
for most of the activity towards the two aromatic amino acids -
(silbert et al., 1963). The heat-lability and substrate specifi-
city conform{aith the properties of enzquig. It is clear that
- ,bv assaying only for arormatic éminotransferase activities iq the
crude'extraét, +he above—mentioned investigators (silbert et al,
1963) were not observing the repression of transaminase A but of

the new enzyme B. Thev were led to their conclusion because of
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B
omission to assay for aspartate aminotransferase: Accordingly,
references in the literature on the repression by tyrosine of
transam%nase A assayved as tyrosine aminotransferase {(which is the
usual practice) reflect the repression of enz?me B, not of
+ransaminase A, which is not represéed by tyrosine (Collier and
Kohlhaw 1972; .Mavrides, unpublished resulnE).

In the study of Silbert et al, (1963) , evidence was presented

purporting to show that there exists in E. coli a specific

phenylalanine aminotransferase distinct from transaminase A with

+he following properties studied in crude extracts: 1} relatively

heat-gtable at 60° (25-30% loss of activity aftex 10 minutes); 2)

'non-repressible by tyrosine or anry other amine acids; 3) it
contributed about 20% of the total activity towards pnenylalanizg;
4f its resolution from the activity rowards tyrosine could not
be achieved by ammonium sulfate fractionation and DEAE-celiulose
chromatography.g These are properties‘of enzyme A which: I) 1is
relatively heat-stable with phenylalanine (30% 1oss of activity
at 55°, Pig. 19); 2} 1is not repressed by tyrosine (Table IV):
3) contributes littie to the total activity towards phenylalanine
(Table V}: and 4} was separated with some difficulty from the

. A
strictly aromatic activity of enzyme 8, with technigues not used
by or unavailable to the previous investigators (Silbert et 21,

1963). It is conceivable that these investigatoIs were describing

properties of transaminase A itself against +he background of the
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unsuspected enzyme B and attributed them to a specific phenyléla—
mine aminotransferase which has never been purified and charac-
trized. In polyvacrylamide gel electrophoresis of crude extracts
we have never detected a phenvlalanine aminotransferase activity
band in addition to the bands due to the two enzymes s£udied in
this Thesis. ’

+ The conversion of enzyme B to enzyme A by controlled pro-
teclysis in the presence of subtilisin’is of interest. The
proteolytic removal of polypeptide tract(s) appears to result
in the generation of aspartate aminotransferase activity. It
is unlikely that the process is of physiological significance.
Since enzyme B is selectively repressed by L-tyrosine whereés
enzyme A 1s unaffected, the two enzymes are most probably procducts
of two genes different only in & short, probably terminal, nucleo-
tide segquence. The enzymological implications of the conversion
are of interest also. it clearly seems that cleavage of polypep-
ride(s) from enzyme B is sufficient to generate a new activity,
aspartate aminotransferase, typical of enzyme A. In this respect,
the conversion 1is reminiscent of the long known zymoééh—enzyme
relationships- To the best of our knowledge this is the first
instance of an enzyme being convefted +o another distinct, physiocle-
gically occurring enzyme bY controlled proteolysis.

Enzyme B has been included as 2 DeW enzvme with the recom-

mended name aromatic—amino—acid aminotransferase {EC 2.6.1.57)
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in Supplement No. 1 to the Enzyme List (Enzyme Nomenclature:
Recommendations (19725 of the International Union of Pure and
Applied Chemistry and the International Union of Biochemistry.
Supplement No. 1: additions and Corrections (1975) . Biochim. ,

Biophys. Acta 429 (1976), 1-45).
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