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Methionine was decomposed by some bacteria which were isolated from soil. The
sulfur of the methionine was liberated as methanethiol, and part of this became oxi-
dized to dimethyl disulfide. Detailed studies with one of these cultures, Achromobac-
ter starkeyi, indicated that the first step in methionine decomposition was its oxida-
dative deamination to a-keto-y-methyl mercaptobutyrate by a constitutive amino
acid oxidase. The following steps were carried out by inducible enzymes, the synthesis
of which was inhibited by chloramphenicol. a-Keto-y-methyl mercaptobutyrate was
split producing methanethiol and a-keto butyrate which was oxidized to propionate.
The metabolism of propionate was similar to that described for animal tissues; the
propionate was carboxylated to succinate via methyl malonyl coenzyme A, and the
succinate was metabolized through the Krebs cycle.

From studies of the decomposition of methio-
nine by bacteria, mostly of the genus Pseudomonas
(15, 23-26, 30, 35), it was concluded that the
principal products are the volatile sulfur com-
pounds, methanethiol and dimethyl disulfide,
and a-keto butyric acid which is further decom-
posed and can serve as the source of carbon and
energy for growth. Fungi produced the same
sulfur compounds and a-keto butyrate but they
were unable to utilize methionine as a source of
carbon and energy because they could not trans-
form a-keto butyrate (27-29).

Cleavage of the C-S bond of the amino acid
with production of a-keto butyrate follows the
oxidative deamination. Subsequent events are
speculative; no study has been published of the
course of events during degradation of the
butyrate.

This report is concerned principally with the
dissimilation of methionine by one of several
methionine-decomposing bacteria isolated from
soil, identification of the sulfur products, and the
establishment of the series of reactions through
which a-keto butyrate is dissimilated.

MATERIALS AND METHODS

Cultures and cultural methods. Both untreated soils
and soils enriched with methionine (1.0%) were
plated out on a basal salts agar medium which con-
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tained 0.5%, methionine as the only organic nutrient
(28). Many bacterial cultures were isolated from these
plates and tested for their ability to decompose
methionine. The most active strain, NE-2, was identi-
fied as Achromobacter sp. by the method of Skerman
(32), and it has been described as a new species, 4.
starkeyi (Ruiz-Herrera, Antonie van Leewenhoek J.
Microbiol. Serol., in press).

The liquid medium containing 0.5% methionine
was similar to one described previously (28) but it
differed in that the pH was 7.2. For some experiments,
0.05%, yeast extract (Difco) was included in the me-
dium because it shortened the lag period of growth.
In some media glucose (19,), alanine (0.5%), and
K.SO, (0.05%,) were used in place of methionine. The
culture was inoculated into 100-ml portions of culture
medium in 250-ml Erlenmeyer flasks which were
incubated at 27 C on a rotary shaker (250 cycles/
min). For experiments with washed cells, the culture
solutions were centrifuged; the recovered cells were
washed three times with 0.05 M phosphate buffer (pH
7.3) and finally diluted with an amount of buffer
sufficient to provide a suspension with 1.4 mg (dry
weight) of cells per ml for all experiments.

Oxygen uptake was measured by a Bronwill War-
burg respirometer at 28 C by standard techniques
(34). Cellfree extracts were prepared from cells
which were disrupted by means of a Ribi cell frac-
tionator. The extracts were centrifuged in the cold at
10,000 X g for 30 min, and the supernatant served
as the crude enzyme extract. Formation of ammonia
(9) or keto acid (27) from methionine or a-keto-y-
methyl mercaptobutyric acid (a-keto methionine)
served as evidence of deamination. The term de-
methiolation refers to liberation of methanethiol re-

1286



VoL. 104, 1970

sulting from cleavage of the C-S bond of methionine
and related compounds. It was determined by means
of Conway units as previously described (29). Forma-
tion of keto acid from DL-methionine by cell-free
extracts served as evidence of oxidation of methio-
nine. For this determination, 1 ml of crude cell extract
was added to 2 ml of a solution containing 2.5 umoles
of pL-methionine, 1.5 umoles of tris(hydroxymethyl)-
aminomethane (Tris) buffer (pH 7.3), 3 umoles of
ethylenediaminetetraacetic acid (EDTA), and 0.3
wumole of mercaptoethanol. After 1 hr, 0.5 ml of 50%,
trichloroacetic acid was added, the precipitate was
removed, and the amount of keto acid in the super-
natant was determined.

Oxidation of a-keto butyrate was determined by
measurement of the 14CO. liberated from a-amino
butyrate-I-“C by cell-free extract incubated in the
presence of D-amino acid oxidase. The reaction mix-
ture (1.8 ml) contained 1.0 ml of cell-free extract,
150 pmoles of Tris buffer (pH 7.3), 40 umoles of
MgCl;, 1.6 umoles of lipoic acid, 1.6 wmoles of
nicotinamide adenine dinucleotide (NAD), 0.8
umole of diphosphothiamine (DPT), 0.5 mg of
p-amino oxidase, 1 mg of crude catalase, and 0.4
umole of a-amino butyrate-/-4C with a specific ac-
tivity of 0.25 xCi/umole. Incubation was carried out
in Conway units in which the #CO, was trapped in
0.5 ml of 509, KOH held in the center chamber.
After 1 hr, carrier K:CO; and BaCl, were added to
the KOH. The precipitate was recovered and washed,
and its radioactivity was determined.

Propionate activation was determined by the
method of Berg (4) for measurement of yeast aceto-
coenzyme A-(CoA)kinase. The reaction mixture con-
sisted of 0.8 ml of cell-free extract, 100 umoles of
phosphate buffer (pH 7.3), 10 umoles of MgCl,, 10
umoles of adenosine triphosphate (ATP), 50 pmoles
of NaF, 20 umoles of reduced glutathione, 10 umoles
of sodium propionate, 0.2 umole of CoA-SH, and 200
wmoles of hydroxylamine. The final volume was 2.0
ml. After 1 hr, 4 ml of acid FeCl; was added, the mix-
ture was centrifuged, and absorbancy per cm of the
supernatant fluid at 540 nm was measured by a Beck-
man DU spectrophotometer.

Carboxylation of propionyl-CoA was measured as
described by Lane and Halenz (18). The 4 ml of reac-
tion mixture contained cell-free extract, 150 umoles
of Tris buffer (pH 7.4), 6 umoles of MgCl,, 15 umoles
of reduced glutathione, 12 umoles of ATP, 30 umoles
of KCl, 1 umole of propionyl-CoA (or 1 ymole of
sodium propionate and 1 mg of CoA-SH), and 0.1
ml of NaHCO; with an activity of 50,000 counts/
min. After 1 hr, carrier NaHCO; was added followed
by 0.3 ml of concentrated H,SO,, and the tubes were
held in a boiling-water bath for 10 min. After cen-
trifugation, the supernatant fraction was extracted
with ether in a liquid-liquid continuous extractor. The
ether layer was removed and evaporated; and the
residue was dissolved in water, transferred to plan-
chets, and evaporated; and its radioactivity was
determined.

Succinic dehydrogenase was determined by the
method of Ells (10) by using 3.0 ml of the following
reaction mixture in 3 ml absorption cells with a
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1-cm light path: 150 umoles of phosphate buffer (pH
7.3), 0.45 umole of 2,6-dichloroindophenol, 0.15 mg
of phenazine methosulfate, 30 umoles of KCN, and
6 umoles of sodium succinate. The reaction was initi-
ated by addition of 0.1 ml of cell-free extract (1.5 mg
of protein). Change in absorbancy (A OD) was fol-
lowed in a Beckman DU spectrophotometer coupled
to a Photovolt Varicord recorder.

When methyl malonyl CoA mutase was measured
by the method of Beck (1), there was interference
from high levels of succinic dehydrogenase in the
crude cell extract. Therefore, it was determined in-
directly, substituting 1.2 umoles of methyl malonyl
CoA for the 6 umoles of succinate in an incubation
mixture similar to that used to determine succinic
dehydrogenase. The reaction was started by addition
of 0.2 ml of cell-free extract. Change in absorbancy
per cm was recorded at 600 nm.

Analytical methods. Determination of keto acids,
sulfate, and methanethiol, and separation of methane-
thiol and dimethyl disulfide from incubation mixtures
was carried out as previously described (28). Loss of
methionine determined by the method of Lavine (20)
is referred to as methionine deamination; loss de-
termined by the modified method of Hess and
Sullivan (14) is referred to as demethiolation. Produc-
tion of methanethiol served as the index of breakdown
of thioethers. Methanethiol was determined by a
method similar to that previously described (29), by
using Conway dishes. The outer chamber contained
0.5 ml of cell suspension (6 mg, dry weight) and 0.5
ml of a 20 mMm solution of the substrate. The center
well contained 1 ml of 5%, mercuric acetate. The units
were incubated at 28 C. To stop the reaction, 0.1 ml
of 809, trichloroacetic acid was injected through the
rubber stopper into the outer chamber. After being
held for 1 hr at 37 C to trap all of the methanethiol,
the thiol in the mercuric acetate was determined.

Ammonia was determined by the Conway micro-
diffusion technique (9). The ammonia was titrated
with 0.02 N H;SO,. Organic acids were separated
from the acidified culture solution with ether in a
continuous liquid-liquid extractor and analyzed by
paper chromatography. Spots were developed as
described previously (28). Protein was measured by
the method of Lowry et al. (22), by using crystalline
bovine serum albumin for the standard. Propionyl
CoA was synthesized by the method of Simon and
Shemin (31), and methyl malonyl CoA was prepared
by the method of Trams and Brady (33); the con-
centration was measured by the hydroxyamate method
of Lipmann and Tuttle (21). Methionine was used to
prepare a-keto methionine as described previously
(28). Radioactivity of dried samples was measured
by a model 186A gas flow counter (Nuclear-Chicago
Corp.). The radioactivity was corrected for self-ab-
sorption by extrapolation to infinite thinness.

RESULTS

Methionine dissimilation by growing bacterial
cultures. Twelve cultures isolated from soil were
cultivated for 10 days in the basal medium in
which methionine was the only source of carbon,
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nitrogen, and sulfur. Residual nitrogen and
products of its breakdown were determined at
48-hr intervals. Most cultures had long lag
phases. Table 1 shows that several cultures
decomposed most of the methionine. Loss of the
amino acid as measured by the amounts of
deamination and demethiolation was similar;
there was, however, somewhat more deamination
than demethiolation. High levels of growth were
associated with high levels of methionine decom-
position. Neither sulfate, thiosulfate, nor poly-
thionates was detected in any of the culture
solutions. All of the solutions developed a strong
odor of methanethiol.

We reported previously (27-28) that the en-
zymes involved in methionine breakdown by
Aspergillus sp. (identified as A. flavus) were
constitutive. Results obtained with the bacterial
cultures showed that, although deamination was
brought about by a constitutive enzyme system,
demethiolation was effected by an inducible
enzyme. The demethiolase was induced by D-
and L-methionine and by ethionine. The following
failed to induce demethiolation: S-methyl-L-
cysteine, vy-mercaptobutyrate, alanine, and glu-
tamic acid.

Alanine was an excellent source of nitrogen for
growth of the bacterium on glucose, ethionine
was fair, and the following were poor: ammonia,
nitrate, glutamic acid, and S-methyl-L-cysteine.
L-Methionine was superior to D-methionine.

All of the following experiments were carried
out with the culture of A. starkeyi which grew well
in a medium in which methionine was the only
organic compound. Figure 1 shows that it de-
methiolated several thioethers. Highest demethio-
lase activity was noted with a-keto methionine.

TABLE 1. Decomposition of methionine by
bacterial cultures isolated from soil

Loss of methionine

Culture Dry wt NH#_N
Deamina- |Demethio-
tion lation
mg/100 ml % % mg

B3-1 108 100 96 12.1
F1-1 90 100 95 10.0
F1-2 85 100 97 9.2
NE-2 80 100 94 10.2
F1-3 70 100 95 10.4
NE-1 67 100 84 11.9
F2-1 13 17 15 0
B1-2 13 12 11 0.7
C1-2 10 9 14 0.2
C3-1B 10 15 8 0.1
B1-1 5 17 16 0
C2-1a 5 12 4 0

RUIZ-HERRERA AND STARKEY

J. BACTERIOL.

0S5

{ MOLES THIOL FORMED

TIME (MIN)

FiG6. 1. Decomposition of thioethers by A. starkeyi.
Symbols: X, a-keto methionine; O, L-methionine; @,
D-methionine; A,a-hydroxy methionine; A, DL-
ethionine.

Both p-methionine and DL-ethionine were de-
methiolated rapidly, whereas L-methionine and
a-hydroxy-+-methyl mercaptobutyric acid (a-
hydroxy methionine) were transformed more
slowly.

Miwatani et al. (24) and Kallio and Larson
(15) noted that more methionine was decomposed
by Pseudomonas sp. under anaerobic conditions
than in the presence of oxygen. We found (28)
that oxygen was required by Aspergillus sp. to
split the thioether bond of methionine. To test
the effect of oxygen on demethiolation of methio-
nine by washed cells of A. starkeyi, washed cells
grown on a methionine medium were incubated
with 10 mmoles of DL-methionine in a final
volume of 10 ml of 0.05 M phosphate buffer
(pH 17.3). Either nitrogen or oxygen was bubbled
through the cell suspension. The effluent gas was
passed through 59, mercuric acetate held in an
ice bath to trap evolved methanethiol. Demethio-
lation occurred only when oxygen was present.

Demethiolation and deamination of methionine
by washed cells. To identify the volatile sulfur
compounds produced from methionine, a 9-ml
suspension of washed cells (29 mg, dry weight)
was incubated with 1.6 umoles of DL-methionine
(methyl labeled, 0.125 uCi/umole) in 0.05 M
phosphate buffer (pH 7.3). A stream of air was
passed through the culture solution and then
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through 59 mercuric acetate and 39, mercuric
chloride to trap the released radioactive volatile
sulfur compounds. Analysis of the trap solutions
and results of other experiments showed that
methanethiol was the principal sulfur product
and that there were small amounts of dimethyl
disulfide which appeared late in the incubation
period. Similar results were obtained with another
bacterium (30) and a fungus (28).

Demethiolation of DL-methionine was little
affected by reaction from pH 5.5 to 9.0, but it
was somewhat greater above neutrality. From
pH 5.5 to 8.0, the amount of deamination was
nearly the same but above pH 8.0 it decreased.
On the molar basis, deamination was approxi-
mately four times as great as demethiolation.

Effect of inhibitors on breakdown of methionine.
Sodium arsenite inhibited demethiolation 699, at
a concentration of 10~3 m. Others (15, 24, 25)
have reported also that arsenite inhibits break-
down of methionine by bacteria. Hydroxylamine,
NaCN, and NaN; at 10~® M had no inhibitory
effect on either deamination or demethiolation
of methionine. Jodoacetate, p-chloromercuriben-
zoate (PCMB), and semicarbazide at the same
concentration did not affect deamination, but
evolution of methanethiol was reduced 809, by
iodoacetate and PCMB and 319, by 3 X 1073 M
semicarbazide. The same concentration of semi-
carbazide reduced oxygen uptake 539, when
methionine was the substrate.

Initial reaction in breakdown of methionine.
When 154 mg (dry weight) of cells was incubated
with 10 mmoles of methionine in a solution con-
taining 10~% M semicarbazide, a keto acid was
trapped as its semicarbazone. This was trans-
formed into its 2,4-dinitrophenylhydrazone
(DNPH) by addition of 0.19, dinitrophenylhy-
drazine in HC], and the yellow compound was
recrystallized from ethyl alcohol-water and dried
over CaCl,. The DNPH was analyzed by de-
scending paper chromatography in water-saturated
butyl alcohol (7) and butyl alcohol-ethyl alcohol-
water (5:4:1; reference 5). Only one spot ap-
peared and it had the same mobility as the
DNPH of a-keto methionine.

The hydrazone was analyzed also by paper
electrophoresis in 0.02 M Veronal buffer of pH 8.5.
In 5 hr the material migrated to a single spot at
the same distance from the cathode as the DNPH
of a-keto methionine. The uncorrected melting
points of the recrystallized derivatives of the
unknown and of pure a-keto methionine were
150 to 153 C and 150 to 151 C, respectively. This
evidence establishes the identity of the keto acid
which was produced by cells inhibited by semi-
carbazide as a-keto methionine, and suggests
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that it is the first product of methionine break-
down.

Intermediate carbon compounds of methionine
dissimilation. A 20-ml reaction mixture contained
110 mg of washed cells (dry weight), 400 pmoles
of pL-methionine, and 0.05 M phosphate buffer
(pH 17.3). After 2 hr the cells were spun down in
the cold, 1.0 ml of concentrated H,SO, was added
to the supernatant fluid, and the volatile acids
were collected by steam distillation, neutralized
with KOH, and analyzed by paper chromatog-
raphy with ethyl alcohol-water-concentrated
NHOH (95:5:1; reference 17). Only one spot
developed, and this had the same Ry value as
propionic acid. Nonvolatile acids were adsorbed
on a celite column, eluted with ether, and ana-
lyzed by paper chromatography with the solvent
system just described. Four spots developed which
had Ry values of 0, 0.02, 0.09, and 0.17. The spot
which was the most strongly marked was that
with R 0.09, and it was identified as o-keto
butyric acid which had the same mobility. The
spot with R 0.17 was similarly identified as o-
hydroxy methionine.

The detection of propionic acid suggests that
the a-keto butyric acid was oxidized to propionic
acid which was metabolized by the same reactions
effected by animal tissues. This involves car-
boxylation of the propionic acid to methyl
malonate and its rearrangement to succinic acid
(2, 3, 11-13, 16, 19). Therefore, evidence was
sought about this supposition.

At pH 4.5 but not at pH 7.3, a-keto butyrate,
propionate, and succinate were oxidized by
washed cells without a lag phase. Methyl malo-
nate was not oxidized, which was contrary to
expectation. The effect of chloramphenicol (CAP)
on oxidation of substrates by induced and non-
induced cells was determined as follows. The
culture was grown for 72 hr in the basal medium
containing methionine to obtain induced cells
and in a similar medium which contained glu-
cose, alanine, and K.SO, in place of methionine
to obtain noninduced cells. The washed cells
were suspended in 0.05 M phosphate buffer
(pH 4.5) containing 2 umoles of substrate.
Figure 2 shows that CAP at 58 ug/ml did not
inhibit oxidation by induced cells of either
methionine, a-keto butyrate, or propionate but
it did inhibit their oxidation by noninduced cells.

These results indicate that the enzymes involved
in dissimilation of methionine following the step
of deamination are induced and that their syn-
thesis is blocked by CAP. It was noted also
that the amounts of oxygen taken up by the cells
in the oxidation of some substrates agreed well
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Fic. 2. Effect of chloramphenicol on oxidation of substrates by induced and noninduced bacterial cells. Symbols:
O, @, pL-methionine; A, A, a-keto butyric acid; 01, B, propionic acid. Closed symbols, no chloramphenicol; open

symbols, 55 ug of chloramphenicol per ml.

with the calculated oxygen uptake except for
methionine (Table 2).

If succinic acid is an intermediate in methionine
degradation, it would be expected that malonate
would inhibit oxidation of the postulated inter-
mediates, since it has been well established that
it is a competitive inhibitor of succinic dehydro-
genase. Cells used to test the effect of malonate
were obtained by the same procedure as that
used for the preparation of induced cells, used
in the preceding experiment. The following
radioactive substrates were introduced into the
respiration vessels: 0.5 uCi/umole of propionate-
1-4C, 0.25 uCi/umole of a-amino butyrate-
I1-MC. After oxygen uptake was determined for
3 hr, the contents of the center wells of the respi-
ration vessels were removed, the walls were

TABLE 2. Oxygen uptake by A. starkeyi in the
presence of some substrates

umole of Oz per umole of
substrate
Substrate

Experimental | Theoretical®

DL-Methionine. .. .. ... ...
a-Keto butyrate. ... .. ...
Propionate. .............
Succinate................
a-Amino butyrate. .. ....

W =N A
00 Lth 00 0O O\
W = N W
[V NV RV RV RV ]

¢ Assuming that oxidation beyond succinate
was the same as for succinate, and that for me-
thionine there was oxidative deamination and
oxidative decarboxylation of the resulting keto
butyrate (reactions 1 and 4 in text).

TABLE 3. Effect of malonate on the oxidation of
postulated intermediates by washed pregrown
cells of A. starkeyi

Q(0y)? 1COs liberated®
Substrate® No | Malo- No | Malo-
bt | mate; fmbibitor | 228

DL-Methionine. .. .. .| 14.8 0
«-Keto butyrate. .. .| 3.8 0
Propionate-7-14C... .| 2.3 0 |250,000{ 1,299
Succinate...........| 6.6 0
a-Amino butyrate-

1-M4C.. ... ... ... 4.8 0 [172,400{25,624

s Two micromoles.

b Expressed as microliters of O; per minute per
milligram of protein. Values were calculated from
the slopes of the oxidation curves.

¢ Specific activity of the propionate was 0.5
1Ci per umole, and of the a-amino butyrate, 0.25
uCi per umole. Values expressed as counts per
minute.

washed several times, and the washings were
added to the withdrawn solution. Sufficient
K:CO; carrier to produce 10 mg of BaCO; was
added to the solution followed by BaCl.. The
precipitated BaCO; was recovered by filtration,
dried with acetone, glued into planchets; the
radioactivity was then determined. No correction
was made for self-absorption. Table 3 shows
that malonate blocked oxidation of the five
substrates. Cells of the bacterium in a solution
containing methionine and 5 mM malonate were
incubated for 1 hr, after which the acids were
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extracted with ether in a liquid-liquid continuous
extractor after acidification with concentrated
H.SO,.. The extracted acids were analyzed by
paper chromatography with isoamyl alcohol
saturated with 4 M formic acid (12). The results
showed that succinic acid had accumulated.

Tests on cell-free extracts of the bacterium were
made for the following enzymes which were
presumed to be involved in dissimilation of
methionine: amino acid oxidase, a-keto butyrate
oxidase, propionic acid kinase, propionyl-CoA
carboxylase, methyl malonyl CoA mutase, and
succinic acid dehydrogenase. Tables 4 to 8 and
Fig. 3 show that all of these enzymes were present,
but the level of propionyl-CoA carboxylase was
low.

TABLE 4. Amino acid oxidase in cell-free
extract of A. starkeyi

umoles of ketoacid per
min per mg of protein
Conditions Ketoacid
Total Net®
umoles

Complete system. .. .| 2.44 |40 X 10%(28 X 10°
No methionine......| 0.77 |12 X 102 0
No enzyme..........| O 0 0
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TABLE 7. Propionyl CoA carboxylase in
cell-free extract of A. starkeyi

Ether- [MCO: incorporated
Conditions soluble | per min per mg of
compounds® protein®
Complete system....... 540 9,000 X 10°
No propionyl CoA. . ... 1 16 X 103
Propionate and CoA- M
SH instead of pro-

pionyl CoA.......... 20 320 X 108
No enzyme. ............ 1 16 X 10%

e Expressed as counts per minute.

TABLE 8. Occurrence of methyl malonyl-CoA
mutase in cell-free extract of A. starkeyi

umoles of DCPIP"f oxicltiz_ed
m;
Conditions A}’:g;B' per min per mg of protein
Total Net¢
Complete system. .. .[0.305 [4.0 X 10%2.9 X 103
No methyl malonyl
CoA. . ......|0.100 (1.1 X 10° 0
Noenzyme‘.........O 0

e Without methionine.

TABLE 5. Decarboxylation of a-amino butyrate
by cell-free extract of A. starkeyi

CO: per min per mg of
protein®
Conditions 4CO:

Total Net?
Complete system. ....... 5,350 |5,842 X 108 (5,522 X 108
No amino acid oxidase

or catalase............ 7,854 (8,700 X 10%|8,380 X 103

No lipoic acid or DPT®. .|5,788 |6,321 X 103 (6,001 X 103
No enzyme............. 293 320 X 108 0

¢ Expressed as counts per minute.
b Without enzyme.
¢ Diphosphothiamine.

TABLE 6. Propionate kinase in cell-free
extract of A. starkeyi

pmoles of hydroxamate per min
Hydrox- per mg of protein
Conditions amate
formed
Total Net®
umoles
Complete system. .| 0.440 61 X 103 50.5 X 108
No CoASH.., ..| 0 0 0
No propionate 0.018 2.5 X 10 0
No enzyme. ...... 0.055 8 X 108 0

@ Without propionate or enzyme.

s Values expressed as change in absorbancy
per minute.

b 2,6-Dichlorophenol indophenol.

¢ Without methyl malonyl CoA.

1.0 o

ABSORBANCY AT 600 MM

TINE (WIN)

FI1G. 3. Determination of succinic dehydrogenase in
cell-free extract of A. starkeyi. Lines are tracings from
the recorder. Line 1, no substrate; line 2, no phenazine
methosulfate; line 3, no enzyme; line 4, complete sys-
tem. A change of 0.1 in absorbancy corresponds to oxi-
dation of 0.0157 nmoles of succinate.
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DISCUSSION

Our results show that the first step in the deg-
radation of methionine by A4. starkeyi is its oxida-
tive deamination to a-keto methionine which is

CH;—S—CH,—CH,—CH(NH,)—COOH 19,
+2H

_—

2CH,—SH M

CH,—S—CH.—CH.—CO—COOH

CH,—CH,—Cco—cooH 192,

CH;—CH,—COOH + CoA—SH + ATp —H:0
CH;—CH,—CO—S—CoA + CO, + ATP

COOH—CH(CH;)—CO—S—CoA

_

COOH—CH,—CH,—CO—S—CoA +H:O,

COOH—CH;—CH;—COOH

the substrate for demethiolation. The following
evidence supports this hypothesis. (i) Semicarba-
zide, iodoacetate, and PCMB inhibited demethio-
lation but not deamination and, in the presence of
semicarbazide, the only keto acid recovered was
the semicarbazone of a-keto methionine; (ii)
a-keto methionine accumulated during bacterial
growth and disappeared subsequently; (iii)
decomposition of a-keto methionine by washed
cells was more rapid than that of methionine.

The fact that oxygen was required for demethi-
olation of both methionine and a-keto methionine
suggests that oxygen is required for permeation of
a-keto methionine or that cleavage of the C-S
bond with release of methanethiol involves an
oxidative step. The probability that a-keto
methionine and not methionine is the substrate
for demethiolation was suggested by Challenger
and Charlton (8), Canellakis and Tarver (6; E. S.
Canellakis and H. Tarver, Fed. Proc., p. 194,
1952), Miwatani et al. (24), and Segal and
Starkey (30) based on the observed rates of
deamination and demethiolation. Different results
were obtained by Wiesendanger and Nisman
(35) with Clostridium sp., by Kallio and Larson
(15) with Pseudomonas sp., and by us with Asper-
gillus sp. (29), from which it was concluded that
both deamination and demethiolation were
carried out by the same enzyme.

With respect to the sulfur products, our results
are similar to those obtained by Segal and Starkey
(30) with a bacterial culture and by us with Asper-
gillus sp. (27, 28). Both methanethiol and di-
methyl disulfide were formed but, based on the

—_—
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times of their appearance, it is concluded that
the disulfide is formed by oxidation of the thiol.

Our data suggest that A. starkeyi dissimilates
methionine by the following series of reactions.

CH,—S—CH,—CH,—CO—COOH + NH, (1
CH,;—CH,—CO—COOH + CH,—SH )
H,C—S—S—CH, 3
CH,—CH;—COOH + CO, O]
CH;—CH,—CO—S—CoA + ADP + ©)
inorganic orthophosphate
COOH—CH(CH,;)—CO—S—CoA + ADP + (6)
inorganic orthophosphate
COOH—CH;—CH,—CO—S—CoA Y
COOH—CH,—CH;—COOH + CoA—SH ®8)
To trichloroacetic acid cycle )

The concept that a-keto butyric acid, propionic
acid, methyl malonate, and succinic acid are
intermediates in degradation of methionine is
supported by the following evidence. (i) Induced
cells oxidized all of the postulated intermediates
except methyl malonate, and oxidation of these
compounds by noninduced cells was inhibited by
CAP; (ii) propionic acid, a-keto butyric acid,
and succinic acid accumulated when the cells
were incubated with methionine; (iii) malonic
acid inhibited oxidation of the postulated inter-
mediates; (iv) the enzymes required to bring about
the series of reactions were detected in induced
cells with one important exception. The enzyme
which was not detected in the cell extract is the
demethiolase that releases methanethiol from
oa-keto methionine. Many attempts to obtain
this enzyme in cell-free extracts failed, but addi-
tional attempts are being made to isolate the
enzyme and establish its mode of action.

ACKNOWLEDGMENTS

This investigation was supported by the Texas Gulf Sulfur
Co., and by a Fellowship held by J. Ruiz-Herrera provided by
the Comisién de Operacion y Fomento de las Actividades Aca-
démias del Instituto Politécnico Nacional.

LITERATURE CITED

1. Beck, W. S. 1962. Methylmalonyl CoA isomerase, p. 581-587.
In S. P. Colowick and N. A. Kaplan (ed.), Methods in
enzymology, vol. 5. Academic Press Inc., New York.

2. Beck, W. S., M. Flavin, and S. Ochoa. 1957. Metabolism of
propionic acid in animal tissues. III. Formation of suc-
cinate. J. Biol. Chem. 229:997-1010.

3. Beck, W. S,, and S. Ochoa. 1958. Metabolism of propionic
acid in animal tissues. IV. Further studies on the enzymatic



VoL. 104, 1970

»

14.

15.

16.

17.

. Flavin, M.

isomerization of methyl-malonyl coenzyme A. J. Biol.
Chem. 232:931-938.

Berg, P. 1962. Assay and preparation of yeast aceto-CoA-
kinase, p. 461-466. In S. P. Colowick and N. O. Kaplan
(ed.), Methods in enzymology, vol. 5. Academic Press Inc.,
New York.

. Block, R. J., E. L. Durrum, and G. Zweig. 1958. A manual of

paper chromatography and paper electrophoresis, 2nd ed.
Academic Press Inc., New York.

Canellakis, E. S., and H. Tarver. 1953. Studies on protein
synthesis in vitro. IV. Concerning the apparent uptake of
methionine by particulate preparations from liver. Arch.
Biochem. Biophys. 42:387-398.

. Cavallini, D., N. Frontali, and G. Toschi. 1949. Determina-

tion of keto-acids by partition chromatography on filter-
paper. Nature (London) 163:568-569.

. Challenger, F., and P. T. Charlton. 1947. Studies on biological

methylation. X. The fission of the mono- and di-sulfide links
by moulds. J. Chem. Soc. (London), p. 424-429.

. Conway, E. J. 1963. Microdiffusion analysis and volumetric

error. Chemical Publishing Co., Inc., New York.

. Ells, A. H. 1959. A colorimetric method for the assay of

soluble succinic dehydrogenase and pyridinenucleotide-
linked dehydrogenases. Arch. Biochem. Biophys. 85:561-
562.

. Flavin, M., H. Castro-Mendoza, and S. Ochoa. 1957. Metabo-

lism of propionic acid in animal tissues. II. Propionyl
coenzyme A carboxylation system. J. Biol. Chem. 229:
981-996.

and S. Ochoa. 1957. Metabolism of propionic
acid in an’imal tissues. I. Enzymatic conversion of propionate
to succinate. J. Biol. Chem. 229:965-979.

. Flavin, M., P. J. Ortiz, and S. Ochoa. 1955. Metabolism of

propionic acid in 1 ti . Nature (London) 176:823-
826.

Hess, W. C., and M. X. Sullivan. 1943. The cysteine, cystine,
and methionine content of proteins. J. Biol. Chem. 151:
635-642.

Kallio, R. E., and A. D. Larson. 1955. Methionine degrada-
tion by a species of Pseudomonas, p. 616-631. In W. D.
McElroy and H. B. Glass (ed.), A symposium on amino
acid metabolism. Johns Hopkins Press, Baltimore.

Katz, J., and I. L. Chaikoff. 1955. The metabolism of pro-
pionate by rat-liver slices and the formation of isosuccinic
acid_J. Amer. Chem. Soc. 77:2659-2660.

Kennedy, E. P., and H. A. Barker. 1951. Paper chromatog-
raphy of volatile acids. Anal. Chem. 23:1033-1034.

. Lane, M. D., and D. R. Halenz. 1962. Mitochondrial pro-

pionyl carboxylase, p. 576-581. In S. P. Colowick and
N. O. Kaplan (ed.), Methods in enzymology, vol. 5. Aca-
demic Press Inc., New York.

METHIONINE DISSIMILATION

19.

20.

21.

22.

23.

2s.

26.

27.

30.

31

32

33.

34,

3s.

1293

Lardy, H. A., and J. Adler. 1956. Synthesis of succinate from
propionate and bicarbonate by soluble enzymes from liver
mitochondria. J. Biol. Chem. 219:933-942.

Lavine, T. F. 1943. An iodometric determination of methio-
nine. J. Biol. Chem. 151:281-297.

Lipmann, F., and L. C. Tuttle. 1945. A specific micromethod
for the determination of acyl phosphates. J. Biol. Chem.
159:21-28.

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.

Mitsuhashi, S. 1949. Decomposition of thioether derivatives
by bacteria. I. Methylmercaptan formation and the prop-
erties of the responsible enzyme. Jap. J. Exp. Med. 20:211
222

. Miwatani, T., Y. Omukai, and D. Nakada. 1954. Enzymatic

cleavage of methionine and homocysteine by bacteria. Med.
J. Osaka Univ. 5:347-352.

Ohigashi, K., A. Tsunetoshi, and K. Ichihara. 1951. The role
of pyridoxal in methylmercaptan formation, partial purifica-
tion and resolution of methioninase. Med. J. Osaka Univ.
2:111-117.

Onitake, J. 1938. On the formation of methyl mercaptan
from L-cystine and L-methionine by bacteria. (In Japanese.)
Osaka Shika Gakkai Zasshi 37:263-270.

Ruiz-Herrera, J., and R. L. Starkey. 1968. Descomposicion
de la metionina por una enzima de Aspergillus sp. Rev.
Latinoamer. Microbiol. Parasitol. 10:33-40.

. Ruiz-Herrera, J., and R. L. Starkey. 1969. Dissimilation of

methionine by fungi. J. Bacteriol. 99:544-551.

. Ruiz-Herrera, J., and R. L. Starkey. 1969. Dissimilation of

methionine by a demethiolase of Aspergillus species. J.
Bacteriol. 99:764-770.

Segal, W., and R. L. Starkey. 1969. Microbial decomposition
of methionine and identity of the resulting sulfur products.
J. Bacteriol. 98:908-913.

Simon, E. J., and D. Shemin. 1953. The preparation of S-
succinyl coenzyme A. J. Amer. Chem. Soc. 75:2520.

Skerman, V. B. D. 1967. A guide to the identification of the
genera of the bacteria with methods and digests of generic
characteristics, 2nd ed. Williams & Wilkins Co., Baltimore.

Trams, E. G., and R. O. Brady. 1960. The synthesis of
malonyl-C4 coenzyme A. J. Amer. Chem. Soc. 82:2972-
2973.

Umbreit, W. W., R. H. Burris, and J. F. Stauffer. 1964.
Manometric techniques, 4th ed. Burgess Publishing Co.,
Minneapolis, Minn.

Wiesendanger, S., and B. Nisman. 1953. La L-méthionine
dé pto dé i un nouvel enzyme a pyridoxal-

phosphate. C. R. H. Acad. Sci. 237:764-765.




