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A mutant strain of Salmonella typhimurium (SL 1634 dml-51) capable of growth
on D-malate as sole carbon source was shown to produce D-malic enzyme. This en-
zyme was absent in the parent wild-type strain which was unable to grow on D-
malate. Growth of the mutant on D-malate also resulted in a greatly increased level
of L-isopropylmalic enzyme compared with its level in the wild-type strain grown
on citrate or L-malate. The D-malic and 3-isopropylmalic enzymes, both of which
catalyze a nicotinamide adenine dinucleotide- and Mg,-dependent oxidative
decarboxylation of their respective substrates, were shown to be distinct enzymes
by selective inhibition with erythro-DL-3-hydroxyaspartate and by other methods.
Cell extracts of the mutant strain also oxidized DL-3-methyl-, DL-1-ethyl-, DL-3-
propyl- and DL-#B1-dimethylmalates, in order of decreasing activity. DL-1-Methyl-
malate was shown to be oxidized by both the D-malic and the 3-isopropylmalic
enzymes, whereas the oxidation of the other 3-alkylmalates appeared to be effected
exclusively by the 3-isopropylmalic enzyme. 3-Isopropylmalic enzyme activity was

induced by D-malate but not by L-malate, showing that it behaved as a D-malic-

type enzyme. Growth of Aerobacter aerogenes on D-malate, which caused induction
of D malic enzyme, resulted in only a small increase in the activity of 8-isopropyl-
malic enzyme.

In recent years, several investigators (2, 5-7)
have reported the occurrence of three separate
D-malic enzymes in a variety of bacteria. These
enzymes catalyze the oxidative decarboxylation of
D-malate or a D-/3-alkylmalate and require nico-
tinamide adenine dinucleotide (NAD) as coen-
zyme, as well as both monovalent and divalent
cations. Except for their stereospecificity with
respect to the D isomer, the reaction which they
catalyze is exactly analogous to that catalyzed by
the equally stereospecific L-malic enzymes.

Thus, Stern and Hegre (7) have shown that
extracts of Escherichia coli which were grown on,
or in the presence of, D-malate possessed an
inducible D-malic enzyme which catalyzed the
oxidative decarboxylation of D-malate to pyruvate
and CO2 in the presence of NAD. Also threo-D.-
a-hydroxy-/3-carboxyisocaproate is an intermedi-
ate in leucine biosynthesis in Salmonella typhi-
muriwn (2), and is oxidatively decarboxylated to

1 Recipient of a Special Fellowship from the National Institute
of General Medical Sciences, 1967-1968, during which part of
this work was done.

a-ketoisocaproate and CO2 by an NAD-depend-
ent f,-isopropylmalic enzyme which does not
attack D- or L-malate. Extracts of a Pseudomonas
species grown on pantothenate as sole carbon
source have been shown by Magee and Snell (5)
to cause oxidative decarboxylation of DL-f3#-
dimethylmalate and D-malate in the presence of
NAD. More recently, Rabin et al. (6) reported
that extracts of P. aeruginosa, grown on butyrate,
oxidize erythro-DL-f3-ethylmalate to a-ketovale-
rate; they have suggested that this oxidation
reflects a broad specificity of the ,B-isopropylmalic
enzyme present in these extracts.

This paper demonstrates that a mutant of S.
typhimuriwn (SL 1634, dml-51), capable of
growth on D-malate as sole carbon source, pro-
duces a large amount of D-malic enzyme, whereas
this enzyme is lacking in extracts of the parent
strain grown on citrate or L-malate. The dnm
mutant also possessed a higher level of f3-iso-
propylmalic enzyme and oxidized various f-alkyl-
malates at rates considerably higher than the par-
ent strain. By contrast, growth of Aerobacter
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aerogenes on D-malate caused induction of the
D-malic enzyme with only a small increase in the
activity of (3-isopropylmalic enzyme.

MATERIALS AND METHODS

Chemicals. The threo-D8-isomer of a-hydroxy-,1-
carboxyisocaproic acid was kindly provided by H. E.
Umbarger. [The intermediate in leucine biosynthesis
was shown to have the absolute configurational assign-
ment of threo-D,-a-hydroxy-/3-carboxyisocaproic acid
by Calvo et al. (3). Later, this group of investigators
(1) adopted the f-isopropylmalic terminology. Rabin
et al. (6) have pointed out that, when viewed as a
substituted malic acid rather than as a substituted
isocaproic acid, the intermediate would have the
configuration erythro-Lg-,j-isopropylmalic acid. We
shall refer to the intermediate as ,3-isopropylmalic
acid.] DL-t3,3-Dimethylmalic acid was supplied by
E. E. Snell. DL-,8-Methylmalic, DL-,-ethylmalic, and
DL-3-propylmalic acids were obtained from Cyclo
Chemicals Corp.; D-(+)-malic. L-(-)-malic and
erythro- and threo-DL-13-hydroxyaspartic acids were
purchased from Calbiochem, Los Angeles, Calif.

Organisms. The organisms used in this study were
(i) a wild-type prototrophic strain of S. typhimurium
(SL 934), obtained from B. A. D. Stocker, which was
unable to utilize D-malate for growth; (ii) a spontane-
ous mutant of SL 934 selected by growth on D-malate
as sole carbon source and designated strain SL 1634
dml-51 (dml refers to the gene which determines the
character of D-malate utilization); and (iii) A. aero-
genes NCTC 418.
Media and growth conditions. S. typhimurium strain

SL 934 was grown on the following medium (g/liter):
citric acid, 12; KH2PO4, 2.0; MgSO4.7H20, 0.4;
(NH4)2S04, 1.0; and Na2SO4, 0.71. The medium was
neutralized to pH 7.0 with KOH. This strain was also
grown on L-malate by substituting L-malic acid (15
g/liter) for citric acid in the above medium. Strain SL
1634 was grown on the following medium (g/liter):
D-malic acid, 2.0 (or DL-malic acid, 4.0); KH2PO4,
2.0; MgSO4*7H20, 0.4; and (NH4)2SO4, 1.0. The
medium was neutralized to pH 7.0 with NaOH.
Aerobacter was grown on the above citrate and
D-malate media.
Each medium was inoculated with a 1% inoculum

from a growing culture and was shaken on a gyratory
shaker for 18 to 20 hr at 35 C. Salmonella cells were
harvested in a Sorvall centrifuge at 8,000 X g for 30
min at 0 C, and Aerobacter cells were harvested in a
refrigerated Sharples Super-centrifuge at 23,000 rev/
min. The cells were stored at -20 C prior to use.

Preparation of cell extracts. Cell extracts were pre-
pared by sonic treatment of 1.6 g of wet cells in 6 ml
of 0.05 M tris(hydroxymethyl)aminomethane hydro-
chloride buffer (pH 7.5) for 2 min at 5 C with a
Branson Sonifier. Cell debris was settled by centrifuga-
tion at 27,000 X g for 20 min at 0 C in a Sorvall
centrifuge. The clear supernatant liquid contained
approximately 20 mg of protein per ml.

Assays. The oxidation of D-malate and ,B-alkyl-
malates was measured by determining the rate of
NAD reduction at 340 nm. The reaction mixture con-

tained: 2-amino-2-methyl-1 ,3-propanediol (Diol)-
chloride buffer, pH 9.0, 100,umoles; MgC92, 5 jAmoles;
KCI, 10 Amoles; NAD, 1 jAmole; and cell extract.
The amount of protein present in the reaction mixture
varied according to the substrate being tested, but was
in the range of 0.2 to 1.0 mg. The reaction was started
by adding 25 Mmoles of potassium D-malate or 10
;moles of,8-alkylmalate. In the inhibition studies (see
Tables 2 and 3), 20,moles of DL-fl-hydroxyaspartate
was added when D-malate was the substrate and 10
jumoles when ,B-alkylmalate was the substrate. The
final volume was 1.50 ml, the light path was 0.5 cm,
and the temperature was 22 C. One unit of enzyme
activity is the amount causing an increase in absorb-
ancy at 340 nm of 0.1 per minute, equivalent to
0.0048 umole of NAD reduced. Specific activity is
expressed in units per milligram of protein. Protein
was determined by the biuret method (4).

RESULTS

Table 1 shows the rate of oxidation of D-malate
and of various ,B-alkylmalates, in the presence of
NAD, by cell-free extracts of S. typhimurium
and A. aerogenes. Extracts of the parent Salmo-
nella strain grown on citrate were devoid of
D-malic enzyme and also failed to oxidize DL-/3-
propylmalate and DL-13,B-dimethylmalate. They
did have slight activity with DL-f3-methyl, DL-/3-
ethyl, and #3-isopropyl derivatives of malate.
Extracts of the dnm mutant grown on D-malate
or DL-malate had high levels of D-malic enzyme,
and they oxidized #3-isopropylmalate and all
other j3-substituted malates at greatly increased
rates. The levels of L-malic enzyme were not sig-
nificantly different in parent and dnm mutant
strains. Also, nicotinamide adenine dinucleotide
phosphate did not substitute for NAD in the
oxidation of D-malate or ,B-alkylmalates, dem-
onstrating that the L-malic enzyme had no sig-
nificant activity on these compounds.
With A. aerogenes, growth on D-malate, in

contrast to that on citrate, caused inducton of
D-malic enzyme, a high level of oxidation of
DL-f3-methylmalate, and increased rates of oxi-
dation of the DL-3-ethyl and ,8-isopropyl deriva-
tives of malate. Comparing the relative rates of
oxidation of D-malate and its congeners by
extracts of D-malate-grown A. aerogenes and by
highly purified E. coli D-malic enzyme (C. S.
Hegre and J. R. Stern, Federation Proc. 24:351,
1965), it was evident that, except for DL-f-pro-
pylmalate and f3-isopropylmalate, the order of
reactivities was the same. The lack of oxidation
of the former compound was more apparent than
real, since the expected specific activity (13.4 X
0.035 = 0.47) was below the limits of detection.
,B-Isopropylmalate, on the other hand, was oxi-
dized by its specific enzyme, which was partly
induced by D-malate and which may contribute
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TABLE 1. Oxidation of D-malate and ,8-alkylmalates by extracts of S. typhimurium and A. aerogenes

Salmonella Aerobacter on
E. coli

Substrate SL 1634 on D-malic
____________-- SL 934raon D-Malate Citrate enzyme
D-Malate DL-Malate

D-Malate ...................... 17.3a 16.3 0 13.4 0 lOOb
DL-,B-Methylmalate............. 76.5 (124) 63.0 (100) 4.2 (111) 13.7 (102) 0 85.0
DL-j3-Ethylmalate .............. 41.6 (68) 34.7 (55) 1.9 (50) 3.3 (25) 0.7 11.0
DL-,6-Propylmalate ............. 6.1 (9.9) 3.9 (6.2) 0 0 0 3.5
,3-Isopropylmalate ............. 61.8 (100) 63.0 (100) 3.8 (100) 2.6 (19) 0.8 0.8
DL-,I3I-Dimethylmalate.. 5.5 3.5 0 1.6 (12) 1.2 18.0
L-Malate + nicotinamide
adenine dinucleotide
phosphate ................... 23.8 42.5 36.0 46.3 12.6 -

a All values are specific activities. Those in parentheses are activities relative to that of ,B-isopro-
pylmalate (Salmonella) or D-malate (Aerobacter). Values less than 0.7 would not be measurable and
are designated 0.

b Activities of,-alkylmalates relative to D-malate with highly purified E. coli D-malic enzyme (C. S.
Hegre and J. R. Stern, unpublished data).

partly to the oxidation of the other ,B-alkyl-
malates (see below).
On comparing the rate of oxidation of,-alkyl-

malates with that of D-malate, one can see
(Table 1) that, in both the parent strain of Sal-
monella (which lacked D-malic enzyme) and the
dnl mutant strain (which produced D-malic
enzyme), the relative rates were quite different
from those observed with the purified E. coli
D-malic enzyme. Indeed, the relative rates of oxi-
dation of the ,B-methyl and 3-ethyl derivatives
were more or less the same in both strains when
compared with that of ,B-isopropylmalate. This
suggested that the oxidation of,-alkylmalates
was associated with the activity of the ,B-isopro-
pylmalic enzyme, which does not oxidize D-malate
(2), and was largely independent of the produc-
tion of D-malic enzyme.
To analyze the relative contribution of these

two enzymes to the oxidation of the ,B-alkyl-
malates, use was made of the observation (Hegre
and Stern, unpublished) that the D-malic enzyme
of E. coli was inhibited by erythro-DL-13-hydroxy-
aspartate but not by its threo-DL isomer. This
was also true of the Salmonella enzyme (Table 2).
With extracts of the dm1 mutant, erythro-DL-(3-hy-
droxyaspartate caused a large inhibition (65 to
83%) of the oxidation of D-malate but did not
affect the oxidation of,-isopropylmalate. The
threo isomer did not inhibit the oxidation of
either substrate. This was additional evidence
that the D-malic enzyme was distinct from the
,B-isopropylmalic enzyme and did not contribute
to the oxidation of (-isopropylmalate.

It was thus possible to utilize the differential
inhibition by the erythro-DL-f3-hydroxyaspartate

to analyze the relative contribution by the two
enzymes to the oxidation of the ,B-alkylmalates.
Experiments showed (Table 3) that only the
oxidation of DL-,3-methylmalate was significantly
inhibited by erythro-DL-f-hydroxyaspartate,
whereas oxidation of the ,B-propyl and 13i3-
dimethyl derivatives was little affected, and that
of (3-ethylmalate was not affected at all. Thus,
the j3-isopropylmalic enzyme ofSalmonella can ox-
idize all the ,B-alkylmalates tested. Again, from rel-
ative reaction rates, it was evident that the activity
of the ,8-propyl- and (313-dimethylmalates with this
enzyme was too low to be detected in the parent
strain. The D-malic enzyme also oxidized ,B-meth-
ylmalate at a significant rate, and the combined

TABLE 2. Effect of threo- and erythro-DL-1-
hydroxyaspartates on the oxidation of
D-malale and ,3-isopropylmalate by

extracts of S. typhimurium SL
1634 dml-51

Carbon source
Additions

D-Malate DL-Malate

D-Malate ...................... 23.Oa 16.3
D-Malate + threo-DL-,3-hydrox-
yaspartate................... 21.6 17.9

D-Malate + erythro-DL-,#-
hydroxyaspartate ............ 8.1 2.8

(3-Isopropylmalate ............. 64.0 63.0
,B-Isopropylmalate + threo-DL-(3-

hydroxyaspartate ........... 60.2 64.5
,3-Isopropylmalate + erythro-

DL-,-hydroxyaspartate ....... 65.0 63.8

a Specific activity.
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TABLE 3. Effect of erythro-DL-P-hydroxyaspartate
on the oxidation of DL-j3-alkylmalates by S.

typhimurium SL 1634 dml-51 grown on
DL-malate

Additions Specic Inhibition

DL-/3-Methylmalate............. 63.0 %
DL-f3-Methy1malate + erythro-

DL-ft-hydroxyaspartate....... 44.0 30
DL-jS-Ethylmalate.............. 34.7
DL-,8-Ethylmalate + erythro-

DL-ft-hydoxyaspartate ........ 34.7 0
DL-P-Propylmalate ........ .... 3.9
DL-f3-Propy1malate + erythro-

DL-j3-hydroxyaspartate ....... 3.5 10
DL-1313-Dimethylmalate . 3.5
DL-,I,8-Dimethylmalate +

erythro-DL-ft-hydroxy-
aspartate ......... ........... 3.3 6

attack of the two enzymes on this substrate
explains why it was oxidized more rapidly than
(3-isopropylmalate.

DISCUSSION

The results in Table 1 show that the wild-type
parent strain of Salmonella lacked D-malic
enzyme and hence could not grow on D-malate
as carbon source. Being a prototroph, it possessed
,B-isopropylmalic enzyme as a component of the
leucine biosynthetic pathway. Its failure to grow

on D-malate confirmed, at the nutritional level,
the biochemical observation of Burns et al. (2),
that partly purified ,B-isopropylmalic enzyme did
not oxidize D-malate. On the other hand, a
mutant (dm-51) of this strain which could grow

on D-malate as sole carbon source possessed
levels of D-mahc enzyme sufficient to account for
this character.

Interestingly, the mutant also possessed a

greatly increased activity (16- to 19-fold) of its
,B-isopropylmalic enzyme. This raised the possi-
bility that the mnl mutant possessed an altered
(3-isopropylmalic enzyme capable of oxidizing
D-malate. However, the finding that erythro-
DL-(3-hydroxyaspartate, a known inhibitor of the
D-malic enzyme of E. coli, inhibited the oxidation
of D-malate but not that of ,B-isopropylmalate
strongly supported the existence of two separate
enzymes. Genetic analysis (J. R. Stern and
B. A. D. Stocker, unpublished data) proved
conclusively that this was the case, since the
dml gene mapped in another segment of the
Salmonella chromosome from the leuB gene
which codes for the (3-isopropylmalic enzyme.

Both Salmonella strains oxidized a variety of

f3-alkylmalates, and the relative rates of oxida-
tion of methyl, ethyl, and isopropyl derivatives
were essentially the same in both strains. Of the
,B-alkylmalates tested, only the oxidation of
DL-f3-methylmalate was significantly (30%) in-
hibited by erythro-DL-j3-hydroxyaspartate, and it
was concluded that the oxidation of (3-ethyl,
i3-propyl and ,B,B-dimethyl derivatives was effected
solely by the (3-isopropylmalic enzyme. The
(3-methyl derivative was oxidized mostly by the
,B-isopropylmalic enzyme (approximately 70%)
and in part by the D-malic enzyme (approxi-
mately 30%).
The results compiled in Table 1 for Aerobacter

grown on D-malic acid and for the D-malic
enzyme of E. coli show that the D-malic enzymes
on these two organisms can oxidize ,B-methyl-
malate at about the same rate as D-malate. This
supports the conclusion that the erythro-DL-13-
hydroxyaspartate-sensitive portion of the DL-(3-
methylmalate oxidation by the dml mutant
Salmonella extracts was contributed by en-
dogenous D-malic enzyme activity. It will be
noted that the Salmonella D-malic enzyme is
much less reactive with (-ethyl-, ,B-propyl-, and
(3f3-dimethyl-substituted malates than is the
analogous enzyme in either E. coli or A. aero-
genes.
Growth of A. aerogenes on D-malate resulted

in a large induction of D-malic enzyme, whereas
the activity of the (-isopropylmalic enzyme was
only slightly increased. The extract of D-malate-
grown cells oxidized DL-(3-methylmalate as rap-
idly as D-malate and had small but increased
activities with DL-f-ethyl and DL-j3B-dimethyl
derivatives, whereas activity was not detected
with DL-(3-propylmalate. The substrate specificity
of Aerobacter D-malic enzyme is quite similar to
that of the purified E. coli enzyme and becomes
more so if one corrects for the expected contri-
bution by the ,3-isopropylmalic enzyme to the
oxidation of,B-alkylmalates.
The problem arises as to how the ,B-isopro-

pylmalic enzymes "views" the configuration of
its substrate (Materials and Methods). Does it
recognize the intermediate of leucine biosynthesis
as threo-D.-a-hydroxy-(3-carboxyisocaproic acid
or as erjthro-Lg-(3-isopropylmalic acid, i.e., as a
D or L isomer? Stern and Hegre (7) have shown
in E. coli that growth on D-malate induced both
D- and L-malic enzymes, whereas growth on
L-malate induced only the L-malic enzyme. S.
typhimuriwn strain SL 1634 is also an inducible
mutant, since extracts of cells grown on L-malate
or glycerol contain only traces of the D-malic
enzyme. The activity of (3-isopropylmalic enzyme
in extracts of S. typhimuriwn strain SL 1634
grown on L-malate (or glycerol) was found to be
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no greater than that in extracts of the parent
strain 934 grown on L-malate or citrate. Thus,
the 13-isopropylmalic enzyme, like the D-malic
enzyme, was induced by growth on D-malate
but not L-malate. By this criterion, as well as by
its capacity to oxidize ,B-alkylmalates that are not
attacked by L-malic enzyme (Hegre and Stern,
Federation Proc. 23:351, 1965), ,B-isopropyl-
malic enzyme belongs to the class of D-malic
enzymes, and the above result is strong, though
indirect, evidence that the Salmonella ,-isopro-
pylmalic enzyme "views" its substrate as a

threo-D5 isomer.
Rabin et al. (6) have presented evidence that

in P. aeruginosa the ,B-isopropylmalic enzyme is
responsible for the oxidation of erythro-DL-f-
ethylmalate. Here too, the enzyme may "view"
the active isomer, which they assume to be
erythro-Lg, as threo-D.-a-hydroxy-f3-carboxyval-
erate.
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