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BLATT, L. (University of Wisconsin, Madison), F. E. DORER, AND H. J. SALLACH.
Occurrence of hydroxypyruvate-L-glutamate transaminase in Escherichia coli and
its separation from hydroxypyruvate-phosphate-L-glutamate transaminase. J. Bac-
teriol. 92:668-675. 1966.-The formation of L-serine from hydroxypyruvate by a
transamination reaction with L-glutamate has been demonstrated in extracts of Es-
cherichia coli. The level of activity with hydroxypyruvate is approximately one-tenth
that observed with hydroxypyruvate-phosphate in cell-free extracts. The transamina-
tion of hydroxypyruvate, but not hydroxypyruvate-phosphate, is inhibited by in-
organic phosphate. No marked differences in the levels of activity with hydroxypyru-
vate were observed in extracts from bacteria grown under different conditions. Heat
treatment of enzyme preparations at 65 C rapidly destroys the activity with hydroxy-
pyruvate-phosphate, but not that with hydroxypyruvate. Fractionation of extracts
with lithium sulfate and alumina Cy resulted not only in a 10-fold purification, but
also in a complete separation of the two activities, thereby establishing that two dif-
ferent enzymes are involved in the transamination of hydroxypyruvate and hydroxy-
pyruvate-phosphate. Hydroxypyruvate transaminase is present in two mutants that
require serine for growth. The inability of hydroxypyruvate to replace the growth re-
quirement for serine, even to a! limited extent, was shown to be due to the inability of
the bacteria to accumulate this compound actively.

The transamination of hydroxypyruvate-phos-
phate with L glutamate to yield serine-phosphate
hasrecentlybeenestablishedas one step in a major
biosynthetic route from glucose to serine in
Escherichia coli (15, 20). The individual steps in
the conversion of glycolytic intermediates to
serine are: D-3-phosphoglycerate +-+ hydroxy-

pyruvate-phosphate serine-phosphate -- ser-

ine. The reactions are catalyzed by a specific
dehydrogenase, transaminase, and phosphatase,
respectively. This route for serine formation has
been designated as the phosphorylated pathway
and has been demonstrated in animal (9) and
plant (6) tissues as well. Since mutants of E. coli
that lack D-3-phosphoglycerate dehydrogenase
have a growth requirement for serine, this orga-

nism is dependent upon the phosphorylated
pathway for serine biosynthesis (20).
The transamination of hydroxypyruvate with

L-alanine to yield serine has been demonstrated
in animal (18) and plant (23) systems and is one
reaction in a second route for serine biosynthesis
via the nonphosphorylated pathway (22). The
individual reactions in this sequence are: D-
glycerate *-* hydroxypyruvate * serine. All of

the enzymatic steps for this pathway were dem-
onstrated by Large and Quayle (10) in extracts
of Pseudomonas AM1 grown on C1 compounds.
In a brief communication, Smith et al. (Bacteriol.
Proc., p. 107, 1956) reported that extracts of E.
coli, Crook's strain, contain the transaminase
and serine-phosphate phosphatase of the phos-
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phorylated pathway and the D-glycerate dehy-
drogenase of the nonphosphorylated pathway.
The present studies show ftat extracts of E.

coli catalyze not only the transamination of hy-
droxypyruvate-phosphate with L-glutaMate, but
also that of hydroxypyravate to a lesser, but still
significant, extent. Data are presented which
establish tt the above reactions are catalyzed
by two different transaminases.

MATERIALs AN METHODS

Substrates, coenzymes, and enzymes. The lihtum
salt of hydroxypyruvate was synthesized by the
method of Dickens and Williamson (4) and was
assayed spectrophotometrically with reduced nic-
otinamide adenine dinucleotide (NADH2) and D-
glycerate dehydrogenase isolated from spinach leaves
(8). L-Serne-phosphate was prepared by the procedure
of Neuhaus and Korkes (14). The dimethylketal of
hydroxypyruvate-phosphate (Calbiochem) was con-
verted to the free acid as outlined by Ballou (1) and
was assayed spectrophotometrically with NADH2
and avian D-3-phosphoglycerate dehydrogenase (21).
Other amino acids and a-ketoglutarate were commer-
cial preparations. All substrates were neutralized to
pH 7.0 before use. The synthesis of 3-C4-hydroxypy-
ruvate was carried out as described earier (7). Uni-
formly labeled C'4-L-serine was obtained from Volk
Radiochemical Co., Burbank, Calif. Glutamate dehy-
drogenase and alkaline phosphatase, calfmucosa type
I (Sigma Chemical Co., St. Louis, Mo.), pyridoxal
phosphate (Calbiochem), and nucleotides (P-L Labora-
tories) came from the commercial sources indicated.

Bacterial strains. A culture of the E. coli K-12 used
in these studies was obtained from R. L. Metzenberg
of this department. The mutant strains ofE. coli K-12,
strains S and S/G, were obtained from S. Simmonds
of Yale University. These serine-glycine auxotrophs
grow on a glucose-salts medium supplemented with
L-serine (strain S) or L-serine or glycine (strain S/G).
Biochemical studies and genetic analysis have shown
that these two strains have the same lesion in the
biosynthetic pathway from glucose to serine, namely,
the loss of phosphoglycerate dehydrogenase. In
addition, strain S has a second block in the mecha-
nism for the transport of exogenous glycine into the
cells (11).
Media and growth conditions. Three different syn-

thetic media were used during the course of this in-
vestigation. Medium A contained the following, per
liter: Na2HP047H20, 36 g; KH2PO4, 5 g; (NHO2S04,
3 g; sodium citrate, 3 g; MgSO4O7H20, 200 mg;
CaCl2H20, 3 mg; FeS0Or7H2O, 5 mg; glucose, 10 g.
This medium was used in the experiments referred to
in the text as high phosphate growth conditions. For
studies with low levels of phosphate, the defined
medium described by Garen and Levinthal (5), with
1.6 X 10 M KH2PO4 replacing the peptone (Difco)
and sodium glycerol-phosphate, was employed. The
minimal medium of Davis (3) with glucose or other
carbon sources was utilized in other aspects of this
work. In each case, the carbon source was autoclaved
separately and was added to the sterile salts solution.

The mutant strains were grown on Davis minimal
medium supplemented with either L-serine or glycine
at a concentration of 3 pAmoles per ml. The ability of
strain S/G to grow on D-glycerate or hydroxypyruvate
was tested in the presence and absence of serine to
determine whether toxic products were formed from
the two former compounds. In fact, it was established
that hydroxypyruvate did decompose at 37 C and at
pH 7.4 to yield products which were toxic to the
bacteria. Therefore, these studies were carried out at
25 C and pH 6.5, under which conditions cultures
containing serine and either of the above two com-
pounds grew well.

In the initial studies, or when different nutritional
conditions were investigated, the bacteria were grown
in 4-iter flasks in I liter of medium. The cells were
incubated, with shaking, at 37 C in a New Brunswick
incubator and were harvested in the log phase of
growth. For growth studies, bacteria were grown im
125-ml De Long flasks with side arms suitable for
turbidimetric measurements in a Coleman Universal
spectrophotometer. Growth was followed by measur-
ing the optical density (OD) at 650 mp.

In later studies, to obtain sufficient quantities of
material with which to work, the bacteria were grown
in the pilot plant in the Department of Biochemistry
with the cooperation and assistance ofJohn C. Garver.
The bacteria were grown in 120 liters of medium A at
37 C with vigorous aeration for 5 hr. The cells were
harvested in a Sharples centrifuge, and an acetone
powder of the cell paste was prepared. The acetone
powder was stored at 4 C in vacuo over alumina.

General conditions used for enzyme preparations.
The following conditions were employed, unless other-
wise specified. All operations were conducted at
0 to S C. Sodium borate buffer (pH 8.0) ofthe specified
molarity was used routinely. Suspensions (50 ml) of
whole cells or of acetone powders were subjected to
ultrasonic treatment with a Branson model LS-75
sonifier at maximal power settings for 2.5 min. The
temperature of the suspension was maintained below
15 C during sonic treatment. Centrifugations were
carried out in a Servall model RC-2 centrifuge at
30,000 X g for 30 min. Fractionations with lithium
sulfate were made by the slow addition, with stirring,
of the calculated amount (w/v) of solid lithium sul-
fate. The resulting suspensions were equilibrated for
30 min before centrifugation.

Cell-free extracts of whole cells. Cells harvested in
the log phase of growth were chilled and collected by
centrifugation. The pellet was washed with 0.05 M
buffer and resuspended in a volume of buffer equal to
four times the wet weight of the cells. The suspension
was subjected to ultrasonic treatment, and cellular
debris was removed by centrifugation. The super-
natant solution was dialyzed against 100 volumes of
0.05 M buffer for 4 hr with buffer changes every 30
min. The solution (cell-free extract) was used im-
mediately or could be stored at -15 C with no loss
in activity.

Extraction and fractionation of acetone powders. A
typical enzyme preparation was prepared as follows:
15 g of acetone powder was suspended in 150 ml of
0.05 M buffer, and the suspension was stirred for 1 hr.
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The suspension was subjected to ultrasonic treatment
and then centrifuged. The resulting supernatant solu-
tion (120 ml; fraction I) was brought to 18% satura-
tion by the addition of 21.6 g of solid lithium sulfate.
The precipitated protein was-removed by centrifuga-
tion, and the supernatant solution was brought to
32% saturation by the further addition of 16.8 g of
lithium sulfate. The precipitate was recovered by
centrifugation and was dissolved in 36 ml of 0.05 M
buffer (0.3 of the original volume). This solution was
dialyzed against 2 liters of 0.05 M buffer for 2 hr with
buffer changes every 30 min (fraction IL). The enzyme
solution was then adjusted to pH 4.6 by the slow addi-
tion, with stirring, of 1 N acetic acid. The suspension
was equilibrated for 20 min, and the precipitated
protein was removed by centrifugation. The super-
natant solution was adjusted to pH 8.0 by the slow
addition, with stirring, of 1 N sodium hydroxide
(fraction III). This solution was fractionated with
lithium sulfate, and the 15 to 32% fraction recovered
(fraction IV).

Separation of the two transaminases with alumina
C-y. The 15 to 35% lithium sulfate precipitate (frac-
tion IV) was dissolved in 0.005 M sodium borate
buffer (pH 8.0) in a volume equal to 0.35 of that from
which it had been precipitated. The solution was
dialyzed against 1 liter of the same buffer for 2 hr
with buffer changes each 30 min. The enzyme solution
was then mixed with a suspension (48 mg/ml) of
alumina C-y (2) such that a final gel-protein ratio of
10:1 was obtained. The pH of the suspension was
adjusted to 6.0 with 0.1 N acetic acid and was stirred
for 20 min. The suspension was clarified by centri-
fugation, and the supernatant solution was adjusted
topH 8.0 with 1 N sodium hydroxide and then assayed
(gel supernatant solution). The volumes of the re-
spective buffers used to elute the gel in the three sub-
sequent steps were equal to the volume of the gel
supernatant solution. In each case, the gel was re-
suspended in the buffer, stirred for 20 min, and then
centrifuged. The molarities of the sodium borate buffer
(pH 8.0) used in the successive elutions of the gel
were 0.01 M, 0.25 M, and 0.50 M. Each supernatant
solution (gel eluate) was assayed.

Standard incubation systems for transaminase
assays. The assay for both transaminases was routinely
carried out in the forward direction, i.e., the formation
of serine or serine-phosphate. The standard incubation
system used to measure the hydroxypyruvate trans-
aminase contained: pyridoxal phosphate, 0.03 /Armoles;
hydroxypyruvate, 25,moles; amino acid, 25,moles;
sodium borate buffer (pH 8.0), 500,moles; ethylene-
diaminetetraacetate (EDTA), 100 ,umoles; enzyme;
and double-distilled water to a final volume of 6 ml.
The reaction mixture employed for hydroxypyruvate-
phosphate transaminase contained: pyridoxal phos-
phate, 0.03 MAmole; hydroxypyruvate-phosphate, 5
,umoles; amino acid, 25 ,umoles; sodium borate buffer
(pH 8.0), 500,moles; EDTA, 100 ,umoles; enzyme
(0.1 of that amount used in the assay of hydroxy-
pyruvate transaminase); and double-distilled water to
a final volume of 4.0 ml. Separate incubation systems
containing only the a-keto acid or only the amino acid
were used as controls for both transaminases. In

experiments designed to measure the enzymatic or
nonenzymatic recovery of serine or serine-phosphate,
these amino acids were added to the above systems
in the absence of a-keto acid and amino donor, or in
the absence of enzyme, respectively. Separate experi-
ments with varying substrate concentrations demon-
strated that the above assay conditions were satis-
factory. The above conditions were used in all ex-
periments, unless indicated otherwise with a given
result.

Incubations were carried out in a water bath at 37 C.
The enzyme preparation (fraction used is indicated
with the individual experiments), pyridoxal phosphate,
and amino acid were allowed to equilibrate at 37 C
for 10 min. The reaction was then initiated by the
addition of the a-keto acid and allowed to proceed
for 1 hr.

Protein was determined by the method of Lowry
et al. (12) with bovine serum albumin as the standard.
The specific activity of the enzymes is equal to the
number of micromoles of product formed per hour
under the above conditions per milligram of protein.

Determination of serine-phosphate and serine.
Serine-phosphate was converted to serine by hy-
drolysis with alkaline phosphatase. Serine was de-
termined by the amount of ammonia liberated by
periodate oxidation. The details of these methods are
described elsewhere (D. A. Walsh and H. J. Sallach,
J. Biol. Chem., in press).

Determination of a-keto acids. Hydroxypyruvate
and a-ketoglutarate were measured spectrophoto-
metrically in the presence of NADH2 with D-glycerate
dehydrogenase (23) and glutamate dehydrogenase
(D. A. Walsh and H. J. Sallach, J. Biol. Chem., in
press), respectively.

Growth of strain S/G on the product of hydroxy-
pyruvate transamination. In these experiments, hy-
droxypyruvate and glutamate were incubated in the
standard incubation system with 25 mg of enzyme
(fraction III) for 1 hr. The reaction was stopped by
placing the tubes in a boiling-water bath for 5 min. A
complete system stopped at zero-time was used as the
control. Denatured protein was removed by centri-
fugation, and concentrated Davis minimal media and
glucose were added to the supernatant solutions to
bring them to the normal concentration of salts and
glucose in the Davis medium. The samples were
sterilized by filtration through a membrane-filter
apparatus (Millipore) and were inoculated with
strain S/G. The increase in turbidity was followed
for 24 hr.

Uptake of radioactive hiydroxypyruvate and L-serine
by strain S. For this experiment, cells of strain S were
grown at 25 C in Davis medium supplemented with
serine and adjusted to pH 6.5. A 100-ml subculture
was harvested in early log phase, washed, and re-
suspended in the above medium, but without serine.
The bacteria were then incubated for 30 min, centri-
fuged, and resuspended in 15 ml of the same medium.
This suspension was used to inoculate four parallel
cultures. Two cultures (5-ml volume) were used to
follow the uptake of radioactive hydroxypyruvate or
L-serine. The other two cultures (20-ml volume)
were used to follow the growth of the bacteria on these
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compounds. Both sets of cultures contained 3.2
,umoles/ml of either hydroxypyruvate or L-serine.
OD readings and samples for the determination of
radioactivity were taken at the time intervals noted in
the text. To measure uptake, the bacterial cells were
separated from the culture fluid by filtration through
membrane filters and were washed with ice-cold salts
solution. The filters were dried, mounted on aluminum
planchets, and counted with a microthin window gas-
flow counter operated in the Geiger region. The
specific activity of both C"4-serine and C14-hydroxy-
pyruvate was 64,000 counts per min per ,mole.

Heat inactivation. In these experiments, the enzyme
(fraction II) was dissolved in 0.05 M sodium borate
buffer (pH 8.0). The enzyme solution (20 ml) was
added to a 125-ml Erlenrneyer flask in a water bath
maintained at 65 C. The flask and contents were
gently swirled to insure uniform heating. Samples,
taken at the time intervals indicated in the text, were
cooled rapidly in an ice-salt bath. Denatured protein
was removed by centrifugation, and the supernatant
solutions were assayed for transaminase activities.

RESULTS

Quantitative data for the biosynthesis of
serine from hydroxypyruvate and various amino
acids in cell-free extracts of E. coli K-12 grown
on glucose salts medium are presented in Table
1. Individual control experiments were carried
out with each amino acid in the absence of hy-
droxypyruvate. In no case was serine formation
observed with the amino acids alone. Since L-
glutamate was the most active amino group donor
of those investigated, it was used in subsequent
studies. Additional experiments demonstrated
that both hydroxypyruvate and L-glutamate
were required for serine biosynthesis. No sig-
nificant amount of serine was formed with either
substrate alone, as measured by the periodate
method. Samples of reaction mixtures were sub-
jected to paper chromatography and to analyses
on the Beckman-Spinco amino acid analyzer.
The results of these studies confirmed the fact
that serine was the product formed in the com-
plete incubation system. The values obtained
for serine production with the amino acid ana-

lyzer and by the periodate method were in good
agreement, and, therefore, the latter method was

used in subsequent studies.
If the reaction observed is one of transamina-

tion, equimolar amounts of serine and a-keto-
glutarate should be formed. This result was ob-
tained (Table 2). In separate experiments, it was
established that the reaction is proportional to
the amount of enzyme used in the incubation
system.

Since it has been shown that D-amino acids
undergo transamination reactions in microorga-
nisms (13), the activities of the D- and L-isomers

were compared in this system. Neither D-glU-
tamate nor D-alanine participated in the trans-
amination reaction to any significant extent. As
further proof that the product of the transamina-
tion reaction was L-serine, the ability of the
enzymatic product to support the growth of the
serine auxotroph, strain S/G, was investigated.
Bacterial growth in samples prepared as de-
scribed in Materials and Methods was followed
for 24 hr. The sample from the incubation (1 hr)
that contained both hydroxypyruvate and L-glU-
tamate as substrates supported the growth of the
auxotroph. No growth was obtained with the
zero-time control sample. These results establish
that the serine formed in the transamination
reaction is of the L-configuration.

TABLE 1. Serine formation by transamination of
hydroxypyruvate with various amino acidsa

Amino acid added Total serine formed

jAmoles
L-Glutamate ............ 6.5
L-Alanine ............... 4.4
L-Aspartate 2.0
Glycine ................. <0.2

a Enzyme = 15.7 mg of protein, cell-free extract.

TABLE 2. Equivalence of product formation in the
transamination reactiona

Products

Reactants
Serine a-Keto-

glutarate

IsAnoles ,umoles

Hydroxypyruvate alone......... 0.4 0
Glutamate alone................ 0 0.3
Glutamate + hydroxypyruvate. 4.7 4.2

Enzyme = 17.3 mg of protein, fraction III.

The reverse reaction has not been studied in
detail. Glutamate and alanine have been identi-
fied as the respective products of the transamina-
tion of serine with a-ketoglutarate or pyruvate
by chromatography of reaction mixtures on the
amino acid analyzer. Hydroxypyruvate was es-
tablished as the other product of the reaction by
spectrophotometric assays with NADH2 and
spinach D-glycerate dehydrogenase. Under com-
parable incubation conditions, product formation
in the reverse direction is much less than that of
the forward reaction, i.e., serine biosynthesis.
As had been demonstrated earlier in other

laboratories (15, 20), there is a very active hy-
droxypyruvate-phosphate transaminase in ex-

VOL. 92, 1966 671



BLATI, DORER, AND SALLACH

tracts of E. coli K-12. The level of activity of
this transaminase in crude extracts is approxi-
mately 10-fold greater than that of the hydroxy-
pyruvate transaminase (Table 3). It was found
that the transamination of hydroxypyruvate,
but not hydroxypyruvate-phosphate, is inhibited
by inorganic phosphate (Table 4). This observa-
tion led to experiments designed to determine

TABLE 3. Comparison of the levels of activity of
the two transaminases

Amino acids pres-
ent at termuna-

Reactants tion of reaction

Serine-P Serine

,umoles "moles

Experiment la
Glutamate alone.................0
Hydroxypyruvate-P alone........0
Glutamate + hydroxypyruvate-P.. 3.0
Control with added serine-P (5

,Amoles) and no substrates...... 4.0
Control with added serine-P (5
,Amoles) and no enzyme ......... 4.8

Experiment IIb
Glutamate alone.- 0
Glutamate + hydroxypuruvate ... 3.2
Control with added serine (5

,umoles) and no substrates.-.....- 4.1
Control with added serine (5

,umoles) and noenzyme.- 4.8

a Enzyme = 2.85 mg of protein, fraction I.
b Enzyme = 28.5 mg of protein, fraction I.

TABLE 4. Inhibition studies with inorganic salts

Reactants ~Inorganic Per cent
Reactants salta activity

Glutamate + hydroxy-
pyruvateb................. None 100

KH2PO4 58
NaH2PO4 56
K2SO4 84
Na2SO4 87
KCl 100
NaCl 100

Glutamate + hydroxy-
pyruvate-phosphatec ...... None 100

KH2PO4 100

a The amount used was 10 Mmoles per incu-
bation.

6 Enzyme in this series = 15.5 mg of protein,
fraction I.

c Enzyme in this series = 1.55 mg of protein,
fraction I.

whether the concentration of inorganic phos-
phate in the growth medium might affect the-
level of the hydroxypyruvate transaminase in
the bacteria. For these experiments, bacteria
were grown in high or low phosphate media, and
cell-free extracts were prepared as described in
Materials and Methods. No marked differences in
the levels of activity of either transaminase were
noted under the two different growth conditions.
Similar results were obtained in experiments in
which bacteria were grown on Davis minimal
medium with fructose replacing glucose as the
carbon source.

Hydroxypyruvate transaminase has been dem-
onstrated in extracts of the mutant strains S and
S/G. The relative levels of activity of this trans-
aminase and of hydroxypyruvate-phosphate-
transaminase are essentially the same as those
found in strain K-12. Different growth conditions.
were investigated. Replacement of glucose by
fructose did not result in a marked difference in
the activity of hydroxypyruvate transaminase in
strain S. The same result was obtained with strain
S/G grown on glucose or fructose supplemented
with either glycine or serine.

In confirmation of the observations of Pizer
(16), it was found that strains S and S/G do not
grow when the serine or glycine is replaced by
equimolar amounts of D-glycerate or hydroxy-
pyruvate. Although the levels of hydroxypyruvate
transaminase are relatively low, the lack of at
least limited growth on hydroxypyruvate was
unexpected. Therefore, experiments were carried
out to determine whether the bacteria were ca-
pable of accumulating this compound. The up-
take of radioactive hydroxypyruvate into cells of
strain S was compared to that of C14-L-serine by
the procedures described in Materials and Meth-
ods. The data (Table 5) indicate that very little
hydroxypyruvate enters the cells. Uptake of
serine, on the other hand, is quite rapid. The
slight increase in OD of the culture containing
hydroxypyruvate does, however, parallel the
limited incorporation of radioactivity observed.
If hydroxypyruvate can only enter the cells by
the process of passive diffusion, then the cells
will only become isotonic with the medium with
respect to this compound. In early log phase
(OD650 = 0.3), the bacterial cells will constitute
about 0.001 of the volume of a 1-ml suspension.
At equilibrium, the cells in this amount of sus-
pension will contain approximately 0.1% of the
hydroxypyruvate added to the medium, i.e., 3.2
X 10-3 mole. This result was observed. There-
fore, the failure of the mutant strain to grow on
hydroxypyruvate can be explained by the inabil-
ity of the cells to accumulate this compound
actively.
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TABLE 5. Uptake of radioactive hydroxypyruvate
and L-serine by Escherichia coli strain S

Calcu-
Time Radio- lated

Compound ofsam- activity uptake ODe
pling of cells (pmoles

mmi count/min
C14-L-serinea........ 0 4,757 74 0.29

40 15,950 249 0.31
80 19,271 301 0.35
140 20,637 322 0.42
330 28,077 439 0.69

C14-hydroxypy ru-
vate". 0 0 0 0.26

40 82 1.3 0.26
80 175 2.7 0.27
140 171 2.7 0.28
330 212 3.3 0.31

a Specific activity = 64,000 counts per min per
Amo1e.

The question as to whether the lower activity
observed with hydroxypyruvate, as compared
with that with hydroxypyruvate-phosphate, repre-
sents the action of the same enzyme on two dif-
ferent substrates was an obvious point to be
considered. The effect of heat on the two activi-
ties was investigated (Fig. 1). The marked lability
of the activity with hydroxypyruvate-phosphate
and the marked stability of that with hydroxy-
pyruvate are indicative that two different enzymes
are involved.

Preliminary studies on the fractionation of
extracts with lithium sulfate led to changes in
the ratio of the two activities, but no complete
separation was achieved by this procedure. This
observation was a further indication that separate
enzymes were participating in the two reactions.
A complete separation of the two tansaminases
was achieved by the use of alumina Cy (Table
6). Hydroxypyruvate-phosphate transaminase,
but not hydroxypyruvate transaminase, is ad-
sorbed on the gel atpH 6.0, under the conditions
described in Materials and Methods. Both trans-
aminases at this state have been purified ap-
proximately 10-fold, relative to the acetone
powder extracts. Preliminary studies showed
that an additional1 twofold purification of the
hydroxypyruvate transaminase can be achieved
by heat treatment of gel supernatant fraction at
65 C.

In view of the structural similarity of the a-
keto acids that are substrates for the two trans-
aminases, it was of interest to determine whether
the substrate for one transaminase would inhibit
the activity of the other enzyme (Table 7). No

z

ci

!)
I-

z
w

w

a-

TIME IN MINUTES AT 65 C
FIG. 1. Effect of heat on the activities of hydroxy-

pyruvate-L-glutamate (0) and hydroxypyruvate-
phosphate-z-glutamate (0) transaminases.

TABLE 6. Separation of two transaminases with
alumina C-y

Hydroxypyrn- Hydroyyru-
vate transami- vate

nase transaminase
Enzyme prepn

Specific Total Specific Total
activ- activ- activ- activ-
ity ity ity° ity

Fraction IV........... 0.4 100 3.5 100
Gel supernatant frac-

tion............... 1.1 87 0 0
Gel eluate, 0.01 M

buffer... ..... 0 0 0 0
Gel eluate, 0.25 M

-buffer....... ........0 0 0 0
Gel eluate, 0.50 M

buffer ............... 0O 12.7 90

a Expressed as pmoles of serine per hour per
milligram of protein.

b Expressed as ,umoles of serine-phosphate per
hour per milligram of protein.

significant inhibition was observed in the activity
of either transaminase.

DIscussIoN
The biochemical and genetic evidence that

the mutational loss of phosphoglycerate dehy-
drogenase results in a growth requirement for
L-serine clearly establishes that the phospho-
rylated pathway for serine biosynthesis is the
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TABLE 7. Studies with the separated transaminases

Reactants in addition to L-glutamate

I. Hydroxypyruvate transaminasea
Hydroxypyruvate-P ............
Hydroxypyruvate ........
Hydroxypyruvate + hydroxy-
pyruvate-P (5 ,moles)........

Hydroxypyruvate + hydroxy-
k pyruvate-P (10 ,Amoles)......
Hydroxypyruvate + KH2PO4

(10 ,umoles)..................
II. Hydroxypyruvate-P transam-

inaseb
Hydroxypyruvate ..............
Hydroxypyruvate-P ............
Hydroxypyruvate-P + hydroxy-
pyruvate (5 ,Amoles).........

Hydroxypyruvate-P + hydroxy-
pyruvate (10 /moles)........

Hydroxypyruvate-P + KH2PO4
(10 ,4moles)..................

Amino acids pre-
sent at termina-
tion of reaction

Serine-
Senrne phos-

phate

Amoles jsmoles

0
3.1

2.9

2.9

1.1

0

phosphatase, is another possible precursor of
hydroxypyruvate. Additional studies are required
to determine whether this compound is formed
in bacterial systems and to assess any physio-
logical role for the hydroxypyruvate-L-glutamate
transaminase in E. coli.
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major one in E. coli (20). On the other hand,
the present studies have demonstrated that ex-
tracts of this organism catalyze the formation of
L-serine from hydroxypyruvate via a transamina-
tion reaction with L-glutamate. Furthermore, the
results show that the enzyme catalyzing this
reaction is different from the transaminase
carrying out a similar reaction with hydroxy-
pyruvate-phosphate. Hence, at least one enzyme
of the nonphosphorylated pathway for serine
biosynthesis is present in low levels in E. coli.
However, even a minor role for hydroxypyruvate
transaminase in serine metabolism would be
dependent upon a metabolic source of its a-keto
substrate. D-Glycerate is a precursor of hydroxy-
pyruvate in plant (19) and animal (21) systems.
The brief report of Smith et al. (Bacteriol. Proc.,
p. 107, 1956) suggests that such a reaction occurs
in E. coli, Crook's strain. a-Keto--B-hydroxy
acid reductase, an enzyme involved in valine and
isoleucine biosynthesis, has been purified from
E. coli (17) and has been shown to catalyze the
oxidation of reduced nicotinamide adenine
dinucleotide phosphate in the presence of hydrox-
ypyruvate, as well as with the intermediates in
the valine and isoleucine pathways. Hydroxy-
pyruvate-phosphate, through the action of a
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