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The wild strain of Serratia marcescens rapidly degraded threonine and formed
aminoacetone in a medium containing glucose and urea. Extracts of this strain
showed high threonine dehydrogenase and "biosynthetic" threonine deain
activities, but no threonine aldolase activity. Threonine dehydrogenase-deficient
strain Mu-910 was selected among mutants unable to grow on threonine as the
carbon source. This strain did not form aminoacetone from threonine, but it
slowly degraded threonine. Strain D-60, deficient in both threonine dehydrogen-
ase and threonine deaminase, was derived from strain Mu-910 and barely de-
graded threonine. A glycine-requiring strain derived from the wild strain grew in
minimal medium containing threonine as the glycine source, whereas a glycine-
requiring strain derived from strain Mu-910 did not grow. This indicates that
threonine dehydrogenase participates in glycine formation from threonine (via
a-amino-,8-ketobutyrate) as well as in threonine degradation to aminoacetone.

The following four enzymes are involved in
threonine degradation by microorganisms. Thre-
onine dehydrogenase (EC 1.1.1.103) degrades
threonine to a-amino-fi-ketobutyrate in Esche-
richia coli (29), an Arthrobacter species (21),
and others (3, 6, 19). Threonine aldolase (EC
2.1.2.1) cleaves threonine to acetaldehyde and
glycine in some microorganisms (10, 17, 24, 33).
Threonine deaminase (EC 4.2.1.16) converts
threonine to a-ketobutyrate and ammonium ion.
In E. coli (9, 30) and Salmonella typhimurium
(20), "catabolic" threonine deaminase degrades
threonine under anaerobic culture conditions.
"Biosynthetic" threonine deaminase is possibly
concerned with threonine degradation as well as
with isoleucine biosynthesis (4).
During a study on isoleucine production from

threonine, we observed that a wild strain of
Serratia marcescens rapidly degraded threonine
(11). Moreover, we obtained regulatory mutants
producing large amounts of isoleucine in a me-
dium containing glucose and urea (13, 15). This
finding indicated that S. marcescens possesses
a high potential activity for threonine synthesis.
Therefore, we expected that S. marcescens
would produce large amounts of threonine if
threonine degradation was prevented and thre-
onine biosynthesis was released from feedback
controls.
To establish microbial production of threo-

nine, we examined threonine degradation by S.
marcescens, isolated a mutant deficient in the
degrading enzymes, and, furthermore, derived
regulatory mutants from it. This paper deals

with the features of threonine degradation by S.
marcescens.

MATERIALS AND METHODS
Bacterial-strains. The wild strain and derivatives

of S. marcescens Sr4l (23) listed in Table 1 were used
in our experiments.
Media. Threonine degradation by growing cells was

examined with a medium containing 10% glucose, 1%
urea, 0.1% K2HPO4, 0.1% MgSO4-7H20, 0.0002%
FeSO4 .7H20, 3% CaCO3, and 1 or 2% L-threonine.
Glucose was autoclaved separately and mixed with the
other components.
To determine the growth of strains and the enzyme

activities of cells and to isolate mutants, the media in
Table 2 were used. When threonine was used as the
carbon source, the nitrogen source, or both, the me-
dium contained yeast extract at a concentration of
0.01%, where it accelerates growth but minimlly
serves as the carbon or nitrogen source.

Isolation of mutants. Cells were mutated with N-
methyl-N'-nitro-N-nitrosoguanidine by a modification
of the method of Adelberg et al. (2). For the selection
of threonine dehydrogenase-deficient strains, mutated
cells were spread on Thr-C agar plates. After 5 days of
incubation at 30°C, small colonies found were picked
and placed on nutrient agar slants and tested for
aminoacetone formation from L-threonine with cell
suspensions. Mutants lacking this activity were puri-
fied by single-colony isolation. For the selection of
amino acid auxotrophs, mutated cells were further
treated with nalidixic acid to enrich auxotrophs by the
method of Weiner et al. (32).
Threonine degradation by growing cells. The

medium given above was used for threonine degrada-
tion by growing cells. A loopful of cells grown on
nutrient agar slants overnight was inoculated into 15
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TABLE 1. Strains of S. marcescens Sr4l used
Threonine Threonine

Strain Parent Auxotrophy dehydrogen- deaminase
ase

8000 (wild) None + +
Mu-910 8000 None - +
D-60 Mu-910 Isoleucine - -

I-102 8000 Glycine or serine + +
D-62 Mu-910 Glycine or serine - +

TABLE 2. Media used for growth study, enzyme
assay, and isolation ofmutants

Additive' (%)

Medium' L-Threo- Glucose (NH4)2 Yeast ex-
rune S04 tract

Minimal 0 0.5 0.1 0
Thr-C 0.5 0 0.1 0.01
Thr-N 0.5 0.5 0 0.01
Thr-CN 0.5 0 0 0.01

'Media Thr-C, Thr-N, and Thr-CN are those con-
tainig threonine as the carbon source, the nitrogen
source, and both, respectively. For minimal medium,
glucose was used as the carbon source, unless other-
wise noted.

bThe compounds were added to a salt solution
containing 0.7% K2HPO4, 0.3% KH2PO4, and 0.01%
MgSO4 7H20.

ml of the medium in 500-ml Sakaguchi shakng flasks.
The other culture conditions and the estimation of the
growth were described previously (12). Growth is ex-
pressed as dry cell weight. For assays of L-threonine,
aminoacetone, and glycine in the medium, the culture
broth was centrifuged to obtain the supernatant. L-
Threonine was measured by bioassay, using Leucon-
ostoc mesenteroides P-60. Aminoacetone was deter-
mined by the method of Urata and Granick (31).
Glycine was detected by paper chromatography.
Growth study. CelLs were grown in test tubes (15

by 150 mm) containing 3 ml of medium with a Hitachi
automated recording incubator system (5). Incubation
was at 30°C with shaking (140 rpm, 4-cm stroke).
Growth was turbidimetrically measured it 660 nm at
1- or 6-h intervals by the automatic method. An optical
density of 0.10 corresponded to 3 x 10" cells per ml.
Enzyme assays. Cells were grown in 500-ml shak-

ing flasks containing 150 ml of medium at 300C with
shaking. Cells were harvested from exponentially
growing culture by centrifugation and washed twice
with 50 mM tris(hydroxymethyl)aminomethane-hy-
drochloride buffer (pH 8.5). Cells were suspended in
the same buffer, and cell-free extracts were prepared
as described previously (14). The extracts prepared
thus were used for the assay of threonine dehydrogen-
ase and threonine aldolase. Cell-free extracts for thre-
onine deaminase were prepared by the method stated
previously (14).

Threonine dehydrogenase was assayed as follows.
The reaction mirture contained 20 ymol of L-threo-
nine, 0.5 nmol of nicotinamide adenine dinucleotide,
100 pmol of tris(hydroxymethyl)aminomethane-hy-

drochloride buffer (pH 8.5), and extracts (0.2 to 1.0 mg
of protein) in a total volume of 1.0 ml. Incubation was
carried out at 30°C for 30 min. The reaction was
stopped by the addition of 1.0 ml of 0.3 M trichloroa-
cetic acid and deproteinized by centrifugation. Ami-
noacetone in the supernatant was determined by the
method of Urata and Granick (31). The activities in
the extracts were stable at 0 to 10°C for several days.

Threonine aldolase was assayed as follows. The
reaction mixture contained 20 umol of L-threonine, 0.2
pmol of pyridoxal phosphate, 100 gLmol of tins-
(hydroxymethyl)aminomethane-hydrochloride buffer
(pH 8.5), 1 Itmol of L-isoleucine, and extracts (0.2 to
1.0 mg of protein) in a total volume of 1.0 ml. Isoleucine
was added to inhibit a-ketobutyrate formation by thre-
onine deaminase. Incubation was performed at 30°C
for 30 min. The reaction was stopped by the addition
of 1.0 ml of 0.3 M trichloroacetic acid, and the mixture
was deproteinized by centrifugation. The carbonyl
compound in the supernatant was determined by the
methods of Paz et al. (26) and Greenberg (8).

Threonine deaminase was assayed as described pre-
viously (14), except that the reaction mixture was
incubated at 300C.

Specific activities are expressed as micromoles of
products per milligram of protein per minute.

Chemicals. N-Methyl-N'-nitro-N-nitrosoguani-
dine was obtained from Aldrich Chemical Co., Mil-
waukee, Wis. All amino acids were the L-isomers. All
reagents were of the highest quality commercially
available.

RESULTS
Threonine degradation by growing celis

of the wild strain. Threonine degradation by
the wild strain was studied using the medium
containing glucose and urea as the carbon and
nitrogen sources (Fig. 1). Threonine in the me-
dium decreased as the culture proceeded. Large
amounts of aminoacetone were found in the
supernatant of the medium during the exponen-
tial growth phase. Glycine was not formed dur-
ing the period tested.
Threonine-degrading enzymes in the

wild strain. To determine the pathways of
threonine degradation in S. marcescens, threo-
nine dehydrogenase, threonine aldolase, and
threonine deaminas were investigated with ex-
tracts prepared from cells grown in various me-
dia (Table 3). Threonine dehydrogenase activi-
ties in the celis grown on threonine as the carbon
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TABLE 3. Activities of threonine dehydr
threonine aldolase, and threonine deamin

wild strain

Sp act'

Mediuma Threonine n Threonin
dehydro- aldolase
genase pH 9.0

Minimal 0.0029 NDd 0.088
Thr-C 0.020 NDd 0.062
Thr-N 0.0095 NDd 0.030
Thr-CN 0.018 NDd 0.033

biosynthetic threonine deaminase is involved in
threonine degradation.

Isolation of a threonine dehydrogenase-
deficient mutant. The growth of the wild strain
on threonine was examined to determine the

39 conditions for selecting threonine dehydrogen-
&, ase-deficient mutants. The wild strain grew on

threonine added as the carbon or nitrogen
source, although slowly. The growth was accel-
erated by a small amount of yeast extract (Fig.
2; media Thr-C and Thr-N).

Strain Mu-910 was selected among small col-
onies on plates containing threonine plus limit-
ing amounts of yeast extract as the carbon
sources. This strain completely lacked threonine
dehydrogenase activity and did not grow in me-

uwoacetone dium Thr-C. Nevertheless, this mutant grew in
train. The medium Thr-N, although more slowly than the
ued. Sym- wild strain. Therefore, we supposed that en-

the super- zymes other than threonine dehydrogenase also
und in the degrade threonine to the nitrogen source.

Threonine degradation by growing cells
of strains Mu-910 and D-60. Threonine deg-

uge in the radation by strain Mu-910 in the medium con-

taining glucose and urea was significantly slower

than that by the wild strain (Table 4). Threonine
deaminase-deficient strain D-60 was isolated

e deaminase from strain Mu-910 as an isoleucine auxotroph,

pH 7*4C

0.065
0.042
0.021
0.021

a The components were described in Table 2.
b Micromoles of product per millam of protein

per minute.
' For catabolic threonine deaninase (28), the activ-

ities were determined at pH 7.4 in the presence of 1
mM AMP.

"ND, Not detected.

source, the nitrogen source, or both (medium
Thr-C, Thr-N, or Thr-CN) were higher than the
minimal medium. No threonine aldolase activity
was observed with the celLs grown in any me-

dium.
Threonine deaminase activities were exam-

ined at pH 9.0 and 7.4 in the presence and
absence of isoleucine to determine the existence
of catabolic threonine deaminase (28). The ac-

tivity at pH 7.4 in cells grown on threonine was
lower than that in celLs grown in the minimal
medium and was completely inhibited by isoleu-
cine, as in the case of the activity at pH 9.0.
These data indicate that S. marcescens has no

threonine deaminase other than the biosynthetic
deaminase under the aerobic conditions. How-
ever, this does not exclude the possibility that

I, 1.0

X 0.3

0.

= 0f

4-

QI

A

O 24 46 72 0 24 46 72
Cultu time (h)

FIG. 2. Growth of the wild strain and strain Mu-
910 on threonine. Media: A, Thr-C; B, Thr-N.
Strains: 0, wild strain; 0, Mu-910.

TABLE 4. Threonine degradation by strains Mu-910
and D-60a

L-Threonine found (mg/ml) at;
Stmin

24 h 48 h 72 h 96h
Wild 9.6 6.0 3.1 1.4
Mu-910 9.9 8.8 7.9 6.1
D-60 10.2 9.5 8.8 8.6
a The medium for threonine degradation (1% L-thre-

onine) was used. For strain D-60, 10 mM L-isoleucine
was added. The three strains showed similar growth
curves.
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since threonine deaminase is possibly involved
in threonine degradation. This strain barely de-
graded threonine under the same conditions.
Controls ofthreonine dehydrogenase for-

mation. In E. coli, threonine dehydrogenase
was recently reported to be induced by leucine,
but not by threonine (25). Therefore, the effect
of both amino acids on the formation of threo-
nine dehydrogenase in S. marcescens was stud-
ied (Table 5). The activities of threonine dehy-
drogenase in the medium containing succinate
as the carbon source were higher than those in
the medium containing glucose. Threonine had
no effect on formation of the enzyme. The activ-
ities were markedly elevated by leucine in the
presence of either glucose or succinate. These
data suggest that threonine dehydrogenase is
induced by leucine and possibly controlled by
catabolic repression.
Some properties of threonine dehydro-

genase. Properties of threonine dehydrogenase
were studied with crude extracts. Optimal pH
was near 10 in glycine-KOH buffer. The activity
was stable, since a decrease of the activity was
not observed when the extracts were treated at
40°C for 5 min The apparent Km value for
threonine was calculated to be 0.55 mM. The
enzyme required nicotinamide adenine dinucle-
otide as a coenzyme. The activity was com-

pletely inhibited by low concentrations of p-

chloromercuribenzoate and HgCl2, indicating
that the enzyme has SH groups for the active
center. K+ and NH4' ions did not enhance the
activity, in contrast to the enzyme of Staphylo-
coccus aureus (6). Substrate specificity was also
investigated. DL-Hydroxynorvaline and DL-al-
lothreonine were converted to aminoketones by
the crude extracts. Since threonine dehydro-

TABLE 5. Leucine-mediated induction of threonine
dehydrogenase in the wild strain

Addition to minimal me- Sp actb of

Carbon source threonine de-
dium (mM) hydrogenase

Glucose None 0.0026
L-Threonine (10) 0.0030
L-Leucine (1) 0.0062
L-ThreonIne (10) + L- 0.0080

leucine (1)

Succinate None 0.0081
L-Threonine (10) 0.0094
L-Leucine (1) 0.027
L-Threonine (10) + L- 0.016

leucine (1)

"Cells were grown in minimal medium containing
0.5% glucose or 1.4% sodium succinate hexahydrate as

the carbon source.
b Micromoles of product per milligram of protein

per minute.

genase-deficient strain Mu-910 did not produce
aminoketones from these compounds, threonine
dehydrogenase is considered to catalyze the for-
mation of aminoketones from these threonine
analogs. Aminoketone formation was not ob-
served when D-threonine, L-homoserine, and
DL-fl-hydroxyleucine were used as substrates.
Growth of glycine-requing strains on

threonine as the glycine source. There was

the possibility that threonine would be con-
verted to glycine via a-amino-,B-ketobutyrate.
To clarify the role of threonine dehydrogenase
in glycine formation, glycine-requiring strains I-
102 and D-62 were derived from the wild strain
and threonine dehydrogenase-deficient strain
Mu-910, respectively. Strain I-102 slowly grew
on threonine alone in the minimal medium, and
the growth on threonine was accelerated by
leucine (Table 6). This strain exhibited higher
growth rates on threonine and leucine when
succinate was used as the carbon source than
when glucose was used. We suppose that this is
due to the higher activities of threonine dehy-
drogenase in the medium containing succinate.
On the other hand, the growth of strain D-62
was observed neither on threonine nor on thre-
onine plus leucine.

DISCUSSION
Threonine was rapidly degraded by the wild

strain of S. marcescens in the medium contain-
ing glucose and urea as the carbon and nitrogen

TABLE 6. Effect ofamino acids on the growth rates
of strains 1-102 and D-62

Specific growth rate
Addition to minimal me- (k)bStmin diume (mM)

Glucose Succi-
nate

I-102 None <0.02 <0.02
Glycine (3) 0.28 0.37
L-Serine (3) 0.69 0.46
L-Leucine (1) 0.03 0.02
L-Threonine (10) 0.06 0.10
L-Threonine (10) + L- 0.11 0.19

leucine (1)

D-62 None <0.02 <0.02
Glycine (3) 0.28 0.41
L-Serne (3) 0.48 0.46
L-Leucine (1) <0.02 <0.02
L-Threonine (10) <0.02 <0.02
L-Threonine (10) + L- <0.02 <0.02

leucine (1)

a Cells were grown in minimal medium containing
0.5% glucose or 1.4% sodium succinate hexahydrate as
the carbon source.

b The specific growth rate constant, k, is defined as:
k (h-') = In 2/mass-doubling time (h).
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FIG. 3. Proposed pathways for threonine degra-
dation in S. marcescens.

sources. This is disadvantageous for the con-
struction of threonine-producing strains of S.
marcescens. For these reasons, we examined the
threonine-degrading enzymes and isolated a mu-
tant deficient in both enzymes. Furthermore, we
derived threonine-producing strains from this
deficient mutant (16).
Threonine dehydrogenase degrades threonine

to a-amino-fl-ketobutyrate. Two pathways for
the degradation of a-amino-fl-ketobutyrate are
possible: the aminoacetone route and the glycine
route (Fig. 3). S. marcescens accumulated large
amounts of the direct or indirect product of the
reaction catalyzed by threonine dehydrogenase
in the medium containing threonine. The prod-
uct, which is likely to be aminoacetone because
a-amino-,8-ketobutyrate is decarboxylated non-

enzymatically and rapidly (18), disappeared in
the early stationary phase. Aminoacetone is
deaminated to methylglyoxal in an Arthrobacter
species (7). S. marcescens did not grow on ami-
noacetone as the nitrogen or carbon source (data
not shown). This may be due to a toxic action
caused by a high concentration of methylglyoxal
accumulated in the cells (1). Therefore, the fur-
ther pathway for aminoacetone degradation is
not known in S. marcescens.
Another pathway for a-amino-,8-ketobutyrate

degradation is the glycine route. a-Amino-fl-ke-
tobutyrate-coenzyme A ligase cleaves the sub-
strate to glycine and acetyl coenzyme A in the
presence of coenzyme A (22). This ligase was
first studied as an enzyme forming aminoacetone
from acetyl coenzyme A and glycine (31). There-
after, the role ofthis enzyme in glycine formation
from a-amino-fi-ketobutyrate was suggested in
an Arthrobacter species (21). Newman et al.
revealed the participation of threonine dehydro-
genase in glycine formation from threonine in
vivo in E. coli (25). Recently, Potter et al. dem-
onstrated that the glycine thus formed was con-

verted to serine, which acted as the actual nitro-
gen donor (27).

In the minimal medium, S. marcescens pro-
duces glycine primarily from serine, as other
bacteria do. But in the miimal medium con-
taining threonine, threonine dehydrogenase is
involved in glycine formation from threonine.
This was confirmed by the growth of glycine-
requiring mutants with or without threonine
dehydrogenase activity. Therefore, a-amino-,B-
ketobutyrate-coenzyme A ligase probably de-
grades a-amino-,l-ketobutyrate to glycine and
acetyl coenzyme A, although we have not yet
examined this enzyme in S. marcescens. Never-
theless, this route seems to be a secondary one,
since the other product, aminoacetone, was
found in large amounts when S. marcescens was
grown on threonine.
Threonine dehydrogenase of S. marcescens is

controlled by catabolic repression and by leu-
cine-mediated induction, as observed in E. coli
(25). This is consistent with the observation that
a glycine-requiring strain grew most rapidly in
the medium containing threonine plus leucine
as the glycine source and succinate as the carbon
source. Nevertheless, the physiological signifi-
cance of the leucine-mediated induction of thre-
onine dehydrogenase is not clear at present.
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