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Procedures that have been developed for the purification of acetylornithine 8-
transaminase from Escherichia coli W also lead to the simultaneous purification
of ornithine 8-transaminase. These two enzymatic activities have the same
electrophoretic mobility and are identical immunochemically. Studies of inhibi-
tion kinetics demonstrate that the two substrates, acetylornithine and orni-
thine, compete for the same active site of acetylornithine 8-transaminase; thus,
the ornithine §-transaminase activity in E. coli is due to acetylornithine 8-
transaminase and not to a separate specific ornithine -transaminase.

The biosynthesis of arginine in the procar-
yotic and eucaryotic microorganisms that have
been studied proceeds via a series of N-acety-
lated intermediates (5, 7, 10, 12, 15, 16, 20, 21).
The fourth step in this sequence of reactions
is catalyzed by acetylornithine &-transami-
nase (acetylornithine aminotransferase, EC
2.6.1.11), and this reaction is depicted below:

a-N-acetyl-L-glutamate
y-semialdehyde (Reaction 1)
+ P

L-Glutamate

a-N-acetyl-L-ornithine
+

a-ketoglutarate

Many of the microorganisms that have been
studied also possess an ornithine 3-transami-
nase (13) (ornithine-ketoacid aminotrans-
ferase, EC 2.6.1.13). The reaction catalyzed by
this enzyme is shown below:

L-Glutamate y-semialdehyde L-Ornithine
(Reaction 2)
+ P +
L-Glutamate a-Ketoglutarate

In organisms that possess an ornithine §-trans-
aminase, this enzyme does not seem to be in-
volved in arginine biosynthesis, but in the deg-
radation of arginine (22). Eckhardt and Leisin-
ger have recently demonstrated the presence of
ornithine &-transaminase activity in Esche-
richia coli, strain K-12 (unpublished data).
The synthesis of ornithine §-transaminase in
the wild-type strain of E. coli K-12 has been
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" shown to be repressible by arginine; by con-

trast, it is inducible by arginine in an argD
mutant of E. coli K-12 (Eckhardt and Leisin-
ger, unpublished data). Similarly, in the wild-
type strain of E. coli W, the synthesis of acetyl-
ornithine §-transaminase is subject to repres-
sion by arginine (19), and a mutant of strain W
has been isolated that has an acetylornithine 8-
transaminase that is inducible, rather than re-
pressible by arginine (2). Both the arginine-
repressible and arginine-inducible acetylorni-
thine 8-transaminases from E. coli strain W
have been purified to homogeneity (M. Shen,
Ph.D. thesis, North Carolina State Univ., Ra-
leigh, N.C., 1970), and considerable evidence
exists that indicates that these two transami-
nases are different proteins (3, 9).

In view of the similarities in regulation of
synthesis of the ornithine 8-transaminase in
the K-12 strain and the acetylornithine é-trans-
aminase in the W strain of E. coli, the possibil-
ity existed that there were two different trans-
aminase proteins. The purpose of this commu-
nication is to present the evidence that has
accumulated concerning the regulation of these
enzymatic activities, as well as the biochemical
evidence which indicates that in E. coli W,
ornithine 3-transaminase activity is due to the
wild-type and the arginine-inducible acetylor-
nithine 8-transaminases and not due to specific
ornithine §-transaminases.

MATERIALS AND METHODS

Strains and culture conditions. The organisms
used in this study were the wild type E. coli strain W
(ATCC 9637) and a mutant of strain W (W2T1M12)
that has an arginine-inducible acetylornithine 8-
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transaminase. The genotype of the wild-type strain
is represented by M*T*R*. M refers to the location of
the mutation that leads to inducibility of the trans-
aminase in the inducible strain, T refers to the wild-
type acetylornithine &-transaminase structural
gene, argD, and R refers to the arginine regulatory
gene, argR. The inducible strain was isolated from a
transaminase-deficient mutant and its genotype is
represented by M—TR*, met pro~ (W2T1M12).

The wild-type cells were grown in minimal salts
medium (medium E) of Vogel and Bonner (19) to
which glucose, autoclaved separately, was added
asceptically to give a final concentration of 0.5%.
The growth medium of the mutant was supple-
mented by the addition of pL-methionine (100 ug/ml)
and pL-proline (25 ug/ml). Growth was determined
turbidimetrically in a Klett-Summerson colorimeter
with a no. 66 filter.

In experiments that involved induction and
repression of the transaminase activities, samples of
overnight cultures that had been grown in medium
E supplemented with proline, methionine, and argi-
nine were added to fresh medium. After the cells
reached an exponential phase of growth (40 Klett
units), they were harvested aseptically by centrifu-
gation at 25°C in a Sorvall RC2-B centrifuge for 15
min at 15,000 rpm.

The packed cells were suspended in 1.5 ml of 0.1
M potassium phosphate buffer, pH 7.0, containing
1.0 mM 2-mercaptoethanol and 0.1 mM ethylenedia-
minetetraacetic acid. Extracts were prepared from
the suspensions by disruption in a Branson model S-
75 Sonifier at 0°C. Unbroken cells and cell debris
were removed by centrifuging at 15,000 rpm for 15
min, and extracts were assayed immediately for
transaminase activity and protein content.

Those experiments in which homogeneous prepa-
rations of both the wild-type and the arginine-induc-
ible transaminases were required, 150 ml of a 12-h
culture of each of the strains, grown in minimal
medium supplemented with the appropriate amino
acid mixtures, was used as an inoculum for a 15-liter
culture in the same medium. The cells from four 15-
liter cultures were harvested with a Sharples con-
tinuous-flow centrifuge after 8 to 10 h of incubation
without aeration at 37°C. A yield of 1.0 to 1.5 g, wet
weight, of cells was usually obtained per liter of
medium. The packed cells were suspended in 0.1 M
potassium phosphate, pH 7.0 (30 g of packed cells
plus 70 ml buffer), containing 1 mM 2-mercaptoetha-
nol and 0.1 mM ethylenediaminetetraacetic acid and
disrupted by passage through a French pressure
cell. Cell debris and unbroken cells were removed by
centrifuging at 78,000 x g for 3 h in a Spinco model L
preparative ultracentrifuge. The supernatant frac-
tion was decanted and dialyzed against 30 volumes
of 0.1 M potassium phosphate, pH 7.0, and this
fraction was then used for further purification of the
wild-type transaminase, as well as the inducible
acetylornithine 8-transaminase by procedures
which have been described previously (9).

Assay of enzymatic activities. The standard as-
say conditions for acetylornithine &-transaminase
were those described by Albrecht and Vogel (1).
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Each reaction mixture contained 50 umol of potas-
sium phosphate, pH 8.0; 6.0 umol of a-N-acetyl-L-
ornithine; 1.7 umol of a-ketoglutarate (neutralized
with 2.0 M KOH to pH 7.0); 0.05 wmol of pyridoxal 5-
phosphate; and enzyme in a total volume of 0.5 ml.
The reaction was initiated by the addition of enzyme
and the incubation was carried out for 15 min at
37°C. The reaction was stopped by the addition of 0.3
ml of 6 N HCL. The reaction mixture was then
heated at 100°C for 30 min in a boiling water bath
and allowed to cool to room temperature. The mix-
ture was neutralized by the addition of 1.0 ml of 3.6
M sodium acetate, and 0.2 ml of aqueous o-amino-
benzaldehyde (4 mg/ml) was added. The o-amino-
benzaldehyde reacts with Al-pyrroline 5-carboxyl-
ate, the product of the hydrolytic reaction, which
results in the formation of a yellow color. The ab-
sorbance (light path, 1 cm) of this yellow solution
was determined at 440 nm in a Gilford model 2000
spectrophotometer. Maximum color development oc-
curs within 15 min of incubation at room tempera-
ture. In those situations in which turbidity appeared
to be present, the solutions were clarified by centri-
fuging before the determination of the absorbance.

The reaction conditions that were used for the
determination of ornithine 3-transaminase activity
were exactly the same as those used for acetylorni-
thine 8-transaminase with the exception that orni-
thine was substituted for acetylornithine at a con-
centration of 6 umol per reaction mixture; and 50
pmol of sodium-glycinate, pH 9.3, was substituted
for potassium phosphate. The final pH of the reac-
tion was 8.8.

Enzyme unit. The unit of Albrecht and Vogel (1),
defined as that amount of enzyme that will give an
absorbance of 0.1 at 440 nm (light path, 1 cm), was
employed.

Protein determination. Protein was determined
by the method of Lowry et al. (11).

Compounds and reagents. Pyridoxal 5-phosphate,
2-mercaptoethanol, and ethylenediaminetetraacetic
acid were acquired from Calbiochem. a-N-acetyl-L-
ornithine was also obtained from Calbiochem and
was shown by chromatography and electrophoresis
not to contain contaminating impurities of orni-
thine. o-Aminobenzaldehyde was a product from K
& K Laboratories. Enzyme-grade ammonium sul-
fate was purchased from Schwarz/Mann, and Sepha-
dex was purchased from Pharmacia Fine Chemicals;
Coomassie brilliant blue was obtained from the
Colab Laboratory. All other chemicals were of re-
agent grade.

Homogeneous preparations of transaminase were
used in all experiments reported below except those
experiments concerned with induction and repres-
sion by arginine. The preparations of enzyme were
judged to be homogeneous by analytical disc gel
electrophoresis, preparative gel electrophoresis, im-
munoelectrophoresis, and high-speed sedimentation
equilibrium (9).

RESULTS
Identification of glutamic y-semialdehyde
as the product of ornithine transaminase. The
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reaction that is catalyzed by the enzyme acetyl-
ornithine é-transaminase (reaction 1) is revers-
ible and will lead to the formation of an N-
acetylated intermediate acetylglutamic y-semi-
aldehyde if a-N-acetylornithine is the sub-
strate. The presence of the acetyl moiety on the
a-nitrogen of a-N-acetylglutamic y-semialde-
hyde prevents this intermediate from forming a
cyclized derivative. Ornithine 8-transaminase
(reaction 2), which uses ornithine as the sub-
strate, leads to the formation of glutamic y-sem-
ialdehyde that can readily undergo cyclization
to form Al-pyrroline 5-carboxylic acid. If trans-
amination should occur between ornithine and
a-ketoglutarate at the a-amino nitrogen rather
than at the §-amino nitrogen, then a-keto-8-
aminovaleric acid would be formed, which
would non-enzymatically cyclize to A'-pyrro-
line 2-carboxylic acid. Both Al-pyrroline 5-car-
boxylate and A!-pyrroline 2-carboxylate will
react with o-aminobenzaldehyde to give colored
adducts. To distinguish between these two pos-
sibilities in the transamination of ornithine, a
proline auxotroph of E. coli W (strain 38W-2)
was selected. This auxotroph is capable of uti-
lizing A'-pyrroline 5-carboxylate but not Al-
pyrroline 2-carboxylate as a source of proline
for growth. Partially purified preparations of
ornithine é-transaminase were incubated with
ornithine and a-ketoglutarate for 4 h and the-
products of this reaction were separated from
the protein by ultrafiltration by using a collo-
dion bag. A product of the reaction that was
present in the ultrafiltrate was found to support
the growth of the proline auxotroph. The ultra-
filtrate that was obtained from a control experi-
ment in which ornithine was omitted from the
reaction mixture did not support the growth of
this proline-requiring mutant. Neither glu-
tamic acid nor a-ketoglutarate, alone or in
combination, was capable of supporting growth
of the proline auxotroph; however, extremely
slow growth was observed when ornithine was
incorporated into the growth medium. The size
of the colonies that were observed when orni-
thine served as the source of proline was ex-
tremely small. These results provide evidence
that the product of ornithine 8-transaminase is
glutamic y-semialdehyde and not a-keto 8-ami-
novaleric acid. The extremely slow growth on
ornithine demonstrates that some ornithine
transaminase activity is apparently present in
V1VO.

Effect of enzyme concentration and time
course of aminotransferase activity. The ini-
tial reaction velocities of the ornithine and ace-
tylornithine §-transaminases are linear with
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respect to enzyme concentration. The extent of
each of these enzymatic reactions was found to
be linear with time for at least 2 h. Pyridoxal
phosphate is labile at pH 8.8 (the pH of the
ornithine transaminase assay) and because of
this lability, the concentration of this cofactor
must be increased to 0.1 M in order to main-
tain linearity of the reaction over a 2-h period.

Induction and repression of acetylornithine
d-transaminase and ornithine 5-transaminase
in E. coli W. The data presented in Table 1
show that both the ornithine and acetylorni-
thine 8-transaminases are repressible by argi-
nine in the wild-type strain of E. coli W. The
concentration of arginine (100 ug/ml) in the
growth medium results in an 80 to 85% repres-
sion of both of these transaminase activities. In
the inducible strain of E. coli W, acetylorni-
thine 8-transaminase is induced approximately
fivefold by arginine, whereas ornithine 3-trans-
aminase is only induced approximately twofold
by arginine. This difference in the apparent
degree of inducibility could be due to instability
of the ornithine transaminase at pH 8.8 or the
effect of pH on the substrates.

The effect of pH on acetylornithine and
ornithine -transaminase. The data presented
in Fig. 1 show that acetylornithine 8-transami-
nase is active over a wide pH range, from below
7.0 t0 9.5, and has maximum enzymatic activity
at around pH 8.2. In contrast, ornithine 8-
transaminase shows little activity below a pH
of 8.0 and displays a pH optimum at approxi-
mately 8.7.

Purification of acetylornithine and orni-
thine 3-transaminases. Crude enzyme extracts

TABLE 1. Induction and repression of
acetylornithine 8-transaminase and ornithine &
transaminase in E. coli W

Sp act®
Minimal medium Minimal medlum +
L-arginine
Strain
Acetylor- ohsns | Acetylor- s
nithine 5- Ornithine nithine 5- Ornithine
tr i lJ:l-nl:rans- tr e :;:_-ana—
nase inase nase inase
Wild type 7.0 0.80 0.99 0.11
Inducible 1.4 1.55 7.0 2.94

@ Cells were grown and harvested as described in
the experimental procedures and the enzymic activi-
ties and protein contents were determined as de-
scribed in the experimental procedure.

b The data are expressed as units of transaminase
activity per milligram of protein.
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Fic. 1. Effect of pH on acetylornithine and orni-
thine 8-transaminases in the inducible strain. The
reaction medium was the same as that described in
the experimental section. Acetylornithine é-transam-
inase (26 U) and ornithine 8-transaminase (7 U)
were used with 50 umol of glycine NaOH (pH 7.0 to
10.0). Symbols: @, Acetylornithine 8-transaminase
activity; O, ornithine 8-transaminase activity. The
pH of each reaction mixture was determined after
incubation at 37°C for 15 min.

were obtained from the arginine-inducible
strain and were subjected to purification proce-
dures that employed ammonium sulfate frac-
tionation and chromatography using Sephadex
G-200, O-(triethylaminoethyl) (TEAE)-cellu-
lose, Sephadex G-100, and diethylaminoethyl
(DEAE)-Sephadex (Table 2). The procedures
employed for the purification of the ornithine
and acetylornithine 8-transaminases show that
these two enzymatic activities purified together
and that the ratio of the two enzymatic activi-
ties remained relatively constant throughout
the purification procedures. Those fractions
that were obtained from DEAE-Sephadex were
subjected to further purification by using pre-
parative disc gel electrophoresis. Analysis of
the protein components that were isolated from
preparative disc gel electrophoresis demon-
strated that both the acetylornithine and orni-
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thine 8-transaminase activities were present in
the same electrophoretic fractions. The fact
that these two enzymatic activities from the
arginine-inducible strain of E. coli purified to-
gether suggested that these two enzymatic ac-
tivities were associated with the same protein.
Because previous evidence had indicated that
the arginine-inducible and repressible acetylor-
nithine &-transaminases were different pro-
teins (3), the possibility existed that the orni-
thine §-transaminase and the acetylornithine
8-transaminase would be different proteins in
the wild-type strain. The wild-type acetylorni-
thine 8-transaminase was purified according to
the same procedures as described for the induc-
ible transaminase in Table 2. Throughout puri-
fication it was not possible to detect any frac-
tion that showed ornithine transaminase activ-
ity and not acetylornithine 8-transaminase ac-
tivity. The two transaminase activities purified
together and the ratio of activities, acetylorni-
thine/ornithine, remained relatively constant.
The specific activity of the purified acetylorni-
thine 8-transaminase was 107 and the specific
activity of the ornithine 6-transaminase was 11,
giving a ratio of 9.7. The ratio of the two specific
activities remained constant throughout purifi-
cation, which suggests that the two transami-
nase activities are also associated with the
same protein in the wild-type strain. The differ-
ence in the acetylornithine/ornithine 8-trans-
aminase specific activity ratios between the in-
ducible strain (6.1) and the wild-type strain
(9.7) is most likely due to the fact that the
inducible transaminase and the wild-type
transaminase are different proteins (3, 9).
Analytical disc gel electrophoresis of orni-

. thine and acetylornithine &-transaminases.

TaBLE 2. Purification of acetylornithine &
transaminase and ornithine 8-transaminase from the
inducible strain of E. coli W*

Acetylor- s
nithiie 8- Osnzlthme Ratio of ace-
transami-| O FP8 | tylorni-
Fraction nase aminase | yhine/orni-
thine activi-
Sp act (U/|Sp act (U/ ties
mg) mg)
Crude 32.9 4.6 7.2
Ammonium sulfate 46.4 8.6 5.4
Sephadex G-200 125.0 18.9 6.6
TEAE-cellulose 366.8 51.2 7.2
Sephadex G-100 405.2 61.1 6.6
DEAE-Sephadex 466.0 76.7 6.1

¢ The experimental procedures employed in the
purification of the enzymes according to the scheme
presented have been described previously (9, 14).



Vor. 127, 1976

Additional evidence, which demonstrated that
the ornithine and acetylornithine §-transami-
nase activities are characteristics of the same
protein, was obtained by subjecting purified
extracts derived from DEAE-Sephadex chroma-
tography to analytical disc gel electrophoresis
using 7% polyacrylamide gels (Table 3). After
electrophoresis, the acrylamide gels were cut
into 1-mm slices, and each of these slices was
assayed for both acetylornithine and ornithine

TABLE 3. Relative migration of transaminase
activities in 7% acrylamide gels subjected to

electrophoresis at pH 9.5°
R, relative to bromophenol blue
Strain Acetylornithine 8-  Ornithine 8-
transaminase transaminase
Wild type 0.38 0.37
Inducible 0.49 0.49

¢ Purified extracts of the wild-type and inducible
strains of E. coli W obtained from DEAE-Sephadex
chromatography were subjected to disc gel electro-
phoresis at pH 9.5 in 7% polyacrylamide gels. The
gels were extracted and immediately frozen. The
frozen gels were cut into 1-mm slices and the slices
were analyzed for acetylornithine and ornithine 8-
transaminase activities.

ACETYLORNITHINE AND ORNITHINE §-TRANSAMINASE
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d-transaminase activities. The data presented
in Table 3 show that the ornithine 8-transami-
nase has the same relative migration as the
acetylornithine 8-transaminase from both the
wild-type and the inducible strains.

Immunochemical identity of acetylorni-
thine and ornithine 5-transaminases. Purified
preparations of acetylornithine &-transami-
nases obtained from the arginine-inducible and
the wild-type strains were used to prepare anti-
bodies against each of the transaminases. The
ornithine 8-transaminases that were purified
from the wild-type and inducible strains gave
identical cross-reactions with the antibodies
that had been prepared against acetylornithine
d-transaminases from the wild-type and induc-
ible strains. The identical cross-reactions be-
tween the ornithine 8-transaminases and the
antibodies prepared against the acetylornithine
d-transaminases provide additional evidence
that the two enzymatic activities are associated
with the same protein (Fig. 2).

Evidence that the substrate-binding sites
for acetylornithine and ornithine are identi-
cal. Because the wild-type and arginine-induc-
ible acetylornithine §-transaminases carry out
a transamination with ornithine as the sub-
strate, the possibility exists that more than one

F1c. 2. Ouchterlony immunodiffusion analysis of ornithine transaminase with anti-acetylornithine 8-
transaminase antibody. Left: In the center well was placed antibody prepared against the wild-type acetyl-
ornithine 8-transaminase. In the wells at 12, 5, and 7 o'clock was placed wild-type acetylornithine 8-
transaminase. The wells at 2 and 10 o’clock contained wild-type ornithine transaminase. Right: In the center
well was placed antibody prepared against the inducible acetylornithine 8-transaminase. In the wells at 12,
5, and 7 o’clock was placed inducible acetylornithine 5-transaminase. The wells at 2 and 10 o’clock contained

inducible ornithine 8-transaminase.
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substrate-binding site is present on each en-
zyme and that these binding sites are separate
and specific for acetylornithine and ornithine,
respectively.

The results presented in Table 4 provide evi-
dence that suggests that acetylornithine and
ornithine bind at the same catalytic center. The
absorbance that was obtained in experiment 1
with 5.4 mM ornithine as the 8-amino substrate
was 0.056. Boiling of the reaction mixture in
the presence of hydrochloric acid did not de-
crease nor increase the absorbance. The absorb-
ance observed in experiment 2 with 1.4 mM
acetylornithine as the 8-amino substrate was
0.247, and this absorbance was observed only
after hydrolysis by hydrochloric acid. In experi-
ment 3 (Table 4), it can be seen that acetylorni-
thine interferes with the enzyme’s reaction
with ornithine. The presence of 1.4 mM acetyl-
ornithine caused approximately 48% inhibition

TABLE 4. The inhibition of acetylornithine and
ornithine 8-transaminase activities of the arginine-
inducible acetylornithine 8-transaminase by
ornithine and acetylornithine®

Transaminase act
Substrate concn

(mM) (absorbg;c)e at 440
Expt

Orni-  Acetylor- Ob-
thine nithine Expected served
1 5.4 0.056
2 1.4 0.247
3 5.4 1.4 0.056 0.029
4 5.4 1.4 0.303 0.172

¢ Acetylornithine 8-transaminase from the wild-
type and inducible strains obtained from TEAE-
cellulose chromatography was used for inhibition
studies. The development of the yellow color that
results from the reaction between o-aminobenzalde-
hyde and A!-pyrroline 5-carboxylate cannot occur
when acetylornithine is used as a substrate until
after acid hydrolysis of the reaction mixture. On the
other hand, when ornithine is used as substrate, the
product of the transamination will spontaneously
cyclize and will react with o-aminobenzaldehyde
without hydrolysis of the reaction mixture. The ac-
tivity that was due to acetylornithine §-transami-
nase was determined after hydrolysis by beiling in
the presence of 6 N HCI and was measured as the
increase in absorbance above that which was pres-
ent before hydrolysis. The reaction medium con-
tained a final volume of 0.5 ml; various concentra-
tions of ornithine and acetylornithine are as de-
scribed below; glycine NaOH (final pH 8.8), 50 umol;
a-ketoglutarate, 1.7 umol; pyridoxal 5-phosphate,
0.05 umol; and enzyme, 19 U. The activity of orni-
thine §-transaminase was measured in experiment 3
and the activity of acetylornithine §-transaminase
was measured in experiment 4.
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of ornithine transamination. In experiment 4,
acetylornithine and ornithine were also present
in the reaction mixture, and the mixture was
hydrolyzed at the end of the reaction. If there
were two independent reaction centers, the
sum of the absorbances obtained for experiment
1 and 2 (Table 4) should be observed in experi-
ment 4. The absorbance value of 0.172 after
hydrolysis is well below the additive absorb-
ance of 0.303. If the absorbance due to ornithine
transamination (0.029) is subtracted from the
observed absorbance after hydrolysis (0.172),
the absorbance that is actually due to the ace-
tylornithine transamination is 0.143, which
represents a 42% inhibition of acetylornithine
transamination by ornithine.

In view of the mutual inhibition of transami-
nation of the two 8-amino substrates by both
acetylornithine and ornithine, it appears that
each of the substrates serves as a competitive
inhibitor of the other. However, the possibility
still remains that each of these substrates has a
different binding site and that each substrate
serves as an allosteric inhibitor of the other.

The data presented in Fig. 3 and 4 show that
acetylornithine and ornithine are competitive
both in the case of the wild-type and in the case
of arginine-inducible transaminases. The data
presented in Table 5 provide additional evi-
dence for the existence of only one binding site
for acetylornithine and ornithine for both wild-

‘type and arginine-inducible transaminases.

The K| values for acetylornithine and ornithine
are similar to the K,, values for acetylornithine
and ornithine, respectively, for both the wild-
type and arginine-inducible enzymes.

DISCUSSION

Ornithine 8-transaminase activity in E. coli
W is due to acetylornithine 8-transaminase, not
to a distinct enzyme. In the wild-type strain,
the ratio of activities of acetylornithine 8-trans-
aminase and ornithine 5-transaminase remains
essentially constant throughout purification. In
the arginine-inducible strain in which the syn-
thesis of acetylornithine 8-transaminase is in-
duced by arginine, the ratio of activities of ace-
tylornithine 8-transaminase and ornithine 8-
transaminase also remains constant through-
out purification. The Michaelis constants of or-
nithine and acetylornithine for the transamina-
tion reaction are essentially the same as their
respective inhibition constants (Table 5), which
indicates that both substrates compete for the
same active site.

The K, for ornithine in the ornithine §-trans-
aminase assay (9.6 mM) is 20 times greater
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Fic. 3. Competitive inhibition by ornithine of the
acetylornithine 8-transaminase isolated from the
wild-type and arginine-inducible strains. The reac-
tion conditions were the same as those described in
Table 4. (A) represents the wild-type acetylornithine
8-transaminase activity. The acetylornithine concen-
trations were 0.14, 0.7, and 1.4 mM; @, no ornithine
was added; O, 27 mM ornithine was added. (B)
represents the acetylornithine 8-transaminase activ-
ity from the inducible strain. The acetylornithine
concentrations were 0.7, 1.4, and 7mM; @, no orni-
thine was added; O, 27 mM ornithine was added.

than the K,, for acetylornithine (0.48 mM) in
the acetylornithine §-transaminase assay. The
ornithine 8-transaminase assay is carried out
at a pH of 8.8, whereas the acetylornithine §-
transaminase assay is assayed at pH 8.0. The
increase in pH of the assay medium of the
ornithine 8-transaminase is most likely respon-
sible for the difference in K,, for the two sub-
strates since the K,, for acetylornithine in the
acetylornithine 3-transaminase assay is about
15-fold higher at pH 8.8 than it is at pH 8.0. The
increase in K,, of both of these substrates would
not be primarily due to a change in the degree
of protonation of the 8-amino group, but is most
likely due to a change in the ionic environment
in and around the active center of the enzyme.
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F1c. 4. Competitive inhibition by acetylornithine
of ornithine 8-transaminase activity from the wild-
type and arginine-inducible strains. The experimen-
tal procedure is exactly the same as that given in the
legend to Table 4. (A) represents the wild-type orni-
thine 8-transaminase activity in which the ornithine
concentrations were 5.4, 10.8, and 27 mM. Symbols:
@, No acetylornithine was added; O, 0.14 mM acetyl-
ornithine was added. (B) represents the ornithine
transaminase activity of the inducible strain in
which the ornithine concentrations were2.7,5.4, and
27 mM. Symbols: @, No acetylornithine was added;
O, 1.4 mM acetylornithine was added.

TABLE 5. Michaelis constants and inhibition
constants of acetylornithine and ornithine for the
wild-type and arginine-inducible acetylornithine -

transaminases®
Acetylornithine Ornithine
Strain Ku Ky Ka, K
mM mM mM mM
Wild type 0.48 0.33 9.65 12.37
Inducible 1.54 1.20 7.5 6.9

@ The procedures followed were the same as those
described in the legends of Fig. 3 and 4. The data
were analyzed using a computer program originally
written by W. W. Cleland (4).
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The fact that the enzyme recognizes orni-
thine as a 8-amino substrate in addition to
acetylornithine is most likely due to the depro-
tonation of the a-amino group of ornithine at
pH 8.8. At a pH of 8.0, 82% of the a-amino
group of ornithine is protonated and at this pH,
there is no detectable ornithine 3-transaminase
activity. At a pH of 8.8, about 42% of the o-
amino group of ornithine is unprotonated and
this increase in the unpronated form could ex-
plain the increase in ornithine transamination
that takes place. The a-amino group of acetyl-
ornithine is acetylated and therefore is not eas-
ily protonated.

Accordingly, the ornithine transamination
reaction is probably not normally of physiologi-
cal significance in E. coli. The fact that a glu-
tamic acid y-semialdehyde-responding mutant
will grow, at a reduced rate, in the presence of
ornithine indicates that ornithine transami-
nase activity is present and could be useful for
the utilization of arginine if the cell is forced to
grow on arginine as a sole source of carbon and
nitrogen. The finding that the arginine-induc-
ible acetylornithine §-transaminase of E. coli is
active with ornithine as the substrate, how-
ever, suggests a possible evolutionary relation-
ship of this enzyme to the ornithine 8-transami-
nase of other microorganisms, especially since
ornithine 8-transaminase is inducible by argi-
nine in Bacillus subtilis (8), Neurospora crassa
(6), and Aspergillus nidulans (14). Very re-
cently the synthesis of acetylornithine é-trans-
aminase has been shown to be induced by argi-
nine in Pseudomonas aeruginosa and this en-
zyme also has ornithine 8-transaminase activ-
ity (17). It has been proposed that the arginine-
inducible enzyme plays a dual role in that it is
active in the biosynthesis, as well as in the
degradation of arginine. It will be of interest to
compare the structure of the inducible acetylor-
nithine &-transaminase of E. coli with the
structures of ornithine transaminases from
other microorganisms, as well as from mamma-
lian species.

The first indication that ornithine &-trans-
aminase activity was present in E. coli was
observed in the K-12 strain. The work pre-
sented here does not preclude the possiblity
that there are two distinct transaminases in the
K-12 strain; but, the antibodies prepared
against the strain W acetylornithine §-trans-
aminases do cross-react with partially purified
preparations of ornithine and acetylornithine 8-
transaminases from the wild-type and argi-
nine-inducible strains of E. coli K-12 and there
has been no evidence to date of two distinct
transaminases in the K-12 strain (unpublished
data).

BILLHEIMER ET AL.

J. BACTERIOL.

ACKNOWLEDGMENTS

This investigation was supported, in part, by the North
Carolina Agricultural Experiment Station, Raleigh, N.C.,
and by Public Health Service Biomedical Sciences Support
grant BG 72-1.

LITERATURE CITED

1. Albrecht, A. M., and H. J. Vogel. 1964. Acetylornithine
§-transaminase. Partial purification and repression
behavior. J. Biol. Chem. 239:1972-1976.

2. Bacon, D. F., and H. J. Vogel. 1963. A regulatory gene
simultaneously involved in repression and induction.
Cold Spring Harbor Symp. Quant. Biol. 28:437-438.

3. Billheimer, J. T., and E. E. Jones. 1974. Inducible and
repressible acetylornithine 8-transaminase in Esche-
richia coli: different proteins. Arch. Biochim. Bio-
phys. 161:647-651.

4. Cleland, W. W. 1963. The kinetics of enzyme-catalyzed
reactions with two or more substrates or products. ITI.
Prediction of initial velocity and inhibition patterns
by inspection. Biochim. Biophys. Acta 67:188-196.

5. Cybis, J., M. Piotrowska, and R. Weglénski. 1972. The
genetic control of the arginine pathways in Aspergil-
lus nidulans mutants blocked in arginine biosyn-
thesis. Acta Microbiol. Pol. Ser. A: 4:163-169.

6. Davis, R. H.,, M. B. Lawless, and L. A. Prot. 1970.
Arginaseless neurospora: genetics, physiology, and
polyamine synthesis. J. Bacteriol. 102:299-305.

7. DeDenken, R. H. 1962. Pathway of arginine biosyn-
thesis in yeast. Biochem. Biophys. Res. Commun.
8:462-466.

8. De Hauwer, G., R. Lavelle, and J. M. Wiame. 1964.
Etude de la pyrroline deshydrogenase et de la regula-
tion du catabolisme de ’arginine et de la proline ches
Bacillus subtilis. Biochim. Biophys. Acta 67:188-196.

9. Forsyth, G. W., E. C. Theil, and E. E. Jones. 1970.
Isolation and characterization of arginine-inducible
acetylornithine &-transaminase from Escherichia
coli. J. Biol. Chem. 245:5354-5359.

10. Isaac, J. H., and B. W. Holloway. 1972. Control of
arginine biosynthesis in Pseudomonas aeruginosa. J.
Gen. Microbiol. 73:427-438.

11. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

12. Prozesky, O. W. 1969. Regulation of the arginine path-
way in Proteus mirabilis. J. Gen. Microbiol. 55:89-
102.

. 13. Scher, W. L., Jr., and H. J. Vogel. 1957. Occurrenbe of

ornithine §-transaminase: a dichotomy. Proc. Natl.
Acad. Sci. U.S.A. 43:796-803.

14. Stevens, L., and A. Heaton. 1973. Induction, partial
purification and properties of ornithine transaminase
from Aspergillus nidulans. Biochem. Soc. Trans.
1:749-751.

15. Sadi, J., and G. Dénes. 1967. Mechanism of arginine
biosynthesis in Chlamydomonas reinhardti. I11. Puri-
fication and properties of acetylornithine 8-transami-
nase. Acta Biochim. Biophys. Acad. Sci. Hung. 2:279-
289.

16. Udaka, S. 1966. Pathway-specific pattern of control of
arginine biosynthesis in bacteria. J. Bacteriol.
91:617-621.

17. Voellmy, R., and T. Leisinger. 1975. Dual role of N2-
acetylornithine 5-aminotransferase from Pseudomo-
nas aeruginosa in arginine biosynthesis and arginine
catabolism. J. Bacteriol. 122:799-809.

18. Vogel, H. J., and D. M. Bonner. 1956. Acetylornithine
of Escherichia coli: partial purification and some
properties. J. Biol. Chem. 218:97-106.



Vor. 127, 1976 ACETYLORNITHINE AND ORNITHINE 5-TRANSAMINASE 1323

19. Vogel, H. J., and R. H. Vogel. 1974. Enzymes of argi- 21. Vogel, R. H., and H. J. Vogel. 1963. Evidence for

nine biosynthesis and their repressive control. Adv. acetylated intermediates of arginine synthesis in
Enzymol. 40:65-90. Neurospora crassa. Genetics 48:914.

20. Vogel, R. H., and H. J. Vogel. 1963. Acetylated inter- 22. Weiss, R. L., and R. H. Davis. 1973. Intracellular local-
mediates of arginine synthesis in Bacillus subtilis. ization of enzymes of arginine metabolism in Neuro-

Biochim. Biophys. Acta 69:174-176. spora. J. Biol. Chem. 248:5403-5408.



