
One of the most perplexing prob- 
lems of intermediary metabolism has 
been the nature of the mechanism by 
which some microbial cells derive all 
the energy they need, and synthesize 
the complex substances which they re- 
quire, from compounds containing only 
two carbon atoms. One key to the solu- 
tion of this problem was an under- 

standing of how acetate was metabo- 
lized by such cells. For over 50 years, 
since Harden (1) suggested that two 
molecules of acetate condensed to form 
succinate, the enigma was never satis- 

factorily resolved. Harden's suggestion 
was later incorporated in a scheme, 
the Thunberg-Knoop dicarboxylic acid 
cycle (2), which seemed to account for 
a number of biochemical events related 
to the metabolism of acetate in bac- 
teria. There was increasing evidence by 
1955 that bacteria could also use the 
Krebs tricarboxylic acid cycle (3) for 
the same purpose. The net result of 
both mechanisms was complete oxida- 
tion of acetate to carbon dioxide and 
water. But the differences in the re- 
quirements of the two cycles to achieve 
the same result frustrated attempts to 
reconcile observations and theories into 
a unified concept acceptable to all 
workers. The pitfalls which impeded 
progress on this problem have been re- 
viewed by Ajl (4), Elsden (5), and 
Kornberg (6). 

The discoveries of isocitrate lyase by 
Olson (7) in 1954 and malate syn- 
thase by Wong and Ajl (8) in 1956 
were crucial in the ultimate resolution 
of the problem. These two enzymes, 
acting in concert, form a cyclic mecha- 
nism, the glyoxylate bypass (9). The 
bypass provides an efficient means by 
which the cell can synthesize one mole 
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of succinate from two moles of ace- 
tate, and thus serves to replenish the 

tricarboxylic acid cycle with four-car- 
bon acids drained from the cycle dur- 
ing cellular biosynthesis. Reviews by 
Ajl (4), Krampitz (10), Krebs and 
Lowenstein (11), and Kornberg and 
Elsden (12) summarize this research 
and form a foundation for the work 
to be discussed here. 

Several years ago a new and chal- 
lenging aspect of intermediary metabo- 
lism became apparent when efforts in 
our laboratory were directed toward 

answering the question: Are there en- 
zymes which catalyze the condensation 
of glyoxylate with short-chain fatty- 
acid esters of coenzyme-A (CoA) oth- 
er than acetyl-CoA? If so, what prod- 
ucts are formed, how are they metabo- 
lized, and what function do they have 
in bacterial physiology? 

Condensation with Propionyl-CoA 

It occurred to us that the biosyn- 
thesis of dicarboxylic acids of greater 
molecular weight than malic acid might 
be possible through reactions similar 
to that catalyzed by malate synthase, 
provided the cells were adapted to 
grow on compounds other than ace- 
tate. Thus, Escherichia coli, when grown 
aerobically in a mineral-salts medium 

containing propionate as the sole car- 
bon source, contained an enzyme that 
catalyzed the formation of a-hydroxy- 
glutaric acid from propionyl-CoA and 

glyoxylate (13). There was no disap- 
pearance of substrates or formation of 
condensation product in the presence 
of boiled enzyme. a-Hydroxyglutarate 
was produced only when both glyoxy- 

late and propionyl-CoA were included 
in the reaction mixture. Analysis of in- 
cubation mixtures containing /3-methyl- 
malyl-CoA or f,-methylmalate, adeno- 
sine triphosphate (ATP), and CoA in 
the presence of E. coli extracts failed 
to reveal a-hydroxyglutarate; only p- 
methylmalate could be recovered (14). 
This strongly suggested that a-hydroxy- 
glutarate is produced by direct enzy- 
matic condensation between glyoxylate 
and the /8-carbon of propionyl-CoA, 
and that fl-methylmalate is not an in- 
termediate in this reaction. 

a-Hydroxyglutarate synthase was 
found in high concentrations in cells 
grown on propionate, but not in those 
grown on acetate. It is specific for 
propionyl-CoA; in the presence of 
glyoxylate there is no reaction with 
the CoA esters of acetate, butyrate, or 
valerate (13, 15). The enzyme has 
been partially purified by fractionation 
with ammonium sulfate and subsequent 
chromatography on diethylaminoethyl 
cellulose. It requires Mg2+ for maxi- 
mum activity and functions optimally 
at pH 8.5 (15). 

Condensations with Butyryl- 

and Valeryl-Coenzyme A 

A strain of Pseudomonas aeruginosa, 
orginally isolated from shake cultures 
in which butyrate was the sole source 
of carbon, contained an enzyme which 
catalyzed the condensation of glyoxy- 
late with the a-carbon of butyryl-CoA 
to yield /8-ethylmalic acid, but not a- 
hydroxyadipic acid or a-hydroxy-,8- 
methylglutaric acid, the other theoreti- 
cally possible condensation products 
(16). Highest specific activity was 
found in the fraction of cell-free ex- 
tracts precipitated by 40-to-60-percent 
ammonium sulfate. Like a-hydroxy- 
glutarate synthase, the enzyme requires 
Mg2+ and an alkaline pH (8.0 to 8.5) 
for maximum activity. /-Ethylmalic 
acid-C14 was demonstrable on chro- 
matograms when either glyoxylate-1- 
C14 or (butyryl-3-C14)-CoA was in- 
cluded in complete reaction mixtures. 
If the enzyme or one of the sub- 
strates was omitted, /3-ethylmalate was 
not detected. Final identification of the 
condensation product as ,-ethylmalate 
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was made by synthesizing the radioac- 
tive derivative 5-ethyluracil (16). Both 
a-hydroxyadipic and a-hydroxy-p-meth- 
ylglutaric acids failed to react with 
urea to form a uracil derivative. 

In analogy to the 3/-ethylmalate syn- 
thase reaction, crude extracts of valer- 
ate-grown E. coli catalyzed the disap- 
pearance of glyoxylate and valeryl- 
CoA, with the concomitant formation 
of ,/-n-propylmalate (17). If either 
substrate was omitted, or if boiled ex- 
tract was used, the reaction did not 
occur. The enzyme was purified ap- 
proximately 30-fold from these extracts 
by fractionation with ammonium sul- 
fate and with acetone. ,f-n-Propylma- 
late synthase appears to be specific for 
valeryl-CoA since, in the presence of 
glyoxylate, no activity could be de- 
tected with the CoA esters of acetate, 
propionate, or butyrate. Likewise, com- 

pounds structurally related to glyoxy- 
late (acetaldehyde, glycollate, glycoal- 
dehyde, and glyoxal) could not replace 
glyoxylate in the presence of valeryl- 
CoA. ,f-n-Propylmalate synthase, like 
malate synthase, a-hydroxyglutarate 
synthase, and 3-ethylmalate synthase, 
exhibits greatest activity at pH 8.5 in 
the presence of Mg2+. 

In experiments with 30-fold-purified 
enzyme preparations, /3-n-propylmalate- 
C14 was formed when glyoxylate-1- 
C14 and unlabeled valeryl-CoA con- 
densed, or when unlabeled glyoxylate 
and (valeryl-1-C14)-CoA were em- 
ployed as substrates (18). 

CoA esters of acetate, propionate, 
butyrate, and valerate are not the only 
compounds which condense enzymati- 
cally with glyoxylate. When radioactive 
glyoxylate was used in a very sensitive 
assay (described below), glyoxylate 
condensed with CoA esters of such 
diverse acids as isovaleric, caproic, lac- 
tic, crotonic, and 3-hydroxybutyric. 
Enzymatic activity for all these con- 
densations was present in extracts of 
valerate-grown E. coli, although the 
condensation with lactyl-CoA occurred 
more rapidly with extracts of propio- 
nate-grown E. coli. These reactions 
were not apparent when boiled extracts 
were used. 

Condensation Products as CoA Esters 

Throughout the early stages of this 
work we considered the malate syn- 
thase reaction as the model for the 
condensation of glyoxylate with CoA 
esters of propionate, butyrate, and val- 
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Table 1. Influence of carbon source on occurrence of enzymes that catalyze the condensa- 
tion of glyoxylate with coenzyme-A esters of fatty acids. 

Specific activity" 

Inoculum Carbon Ratio of 
source M 3-Ethyl- a-Hydroxy- 3-n-Propyl- activitiest 

Malate malate glutarate malate synthase sy as 
synthase synthase synthase 

Acetate-adapted Acetate 61.2 0.0 0.0 16.0 
E. coli 

Propionate-adapted Propionate 59.0 4.8 10.5 15.7 1.0/2.2/3.3 
E. coli 

Butyrate-adapted Butyrate 56.8 .11.8 9.3 15.8 1.0/0.8/1.3 
P. aeruginosa 

Valerate-adapted Valerate 44.6 38.1 40.1 38.4 1.0/1.1/1.0 
E. coli 

* Disappearance of glyoxylate (m/,moles per 15 minutes per milligram of protein). t B-Ethylmalate 
synthase / a-hydroxyglutarate synthase / /-n-propylmalate synthase. 

erate. Thus it was reasoned that these 
reactions could be assayed by the spec- 
trophotometric method of Dixon and 
Kornberg (19). By this method the 
rate of condensation of acetyl-CoA and 
glyoxylate, accompanied by a cleavage 
of the thiol ester bond of acetyl-CoA 
and generation of reduced CoA, could 
be measured at 232 mlu. 

The activity of the condensing en- 
zymes was always considerably less 
than expected in view of the ease with 
which the free acid condensation prod- 
ucts could be isolated. Results obtained 
with other assays which measured total 
release of sulfhydryl groups during the 
reactions were likewise disappointing. 

We hypothesized that the condensa- 
tion products were formed as CoA 
esters and that activity noted during 
assay could be largely due to enzymatic 
deacylation. The isolation and identifi- 
cation of the condensation products as 
the free acids could likewise have been 
the result of deacylation and, in addi- 
tion, of hydrolytic effects on the thiol 
ester bonds during chemical work-up 
of the reaction mixtures. This view 
was substantiated by two further ob- 
servations. First, the deproteinized re- 
action mixtures, after continuous ex- 
traction with ether, could be treated 
with alkali, again acidified, and again 
extracted with ether. The extracts were 
found to contain significant additional 
quantities of the condensation products 
as the free acids. (The strength of 
alkali used, length of contact with the 
ester, and temperature of reaction vary 
considerably, depending on the CoA 
ester to be hydrolyzed.) Second, the 
condensation products were poorly, or 
not at all, metabolized as the free acids 
by dialyzed extracts, whereas the CoA 
esters were readily metabolized. 

If the condensation products oc- 
curred as CoA esters, obviously the 
substrates and the products would both 
absorb at 232 m[u and the validity of 
the assay would be highly question- 
able. One way to quantitate these re- 
actions is to measure the disappear- 
ance of radioactive glyoxylate as a 
function of the fatty-acid CoA ester; 
the residual radioactive glyoxylate could 
be isolated and counted as the p-nitro- 
phenylhydrazone. An assay based on 
this concept (20) has proved eminent- 
ly suitable for malate synthase and the 
other condensing enzymes. The method 
is specific and quantitative since the 
residual glyoxylic p-nitrophenylhydra- 
zone is isolated chromatographically, 
and all the glyoxylate can be account- 
ed for. The technique is sensitive to 
changes of less than 1 m,umole in 
glyoxylate concentrations; stoichiome- 
try of the malate synthase reaction 
(disappearance of glyoxylate and for- 
mation of malate) was readily demon- 
strable. 

With the new glyoxylate-C14 assay, 
crude extracts of E. coli grown sep- 
arately on acetate, propionate, and 
valerate and of P. aeruginosa grown 
on butyrate were assayed for each of 
the glyoxylate-condensing enzymes. As 
shown in Table 1, malate synthase was 
present in high concentrations in cells 
grown on all fatty-acid carbon sources. 
That cells grown on acetate catalyzed 
only two of the four condensation re- 
actions suggests that the condensations 
were catalyzed by separate enzymes 
rather than by a single enzyme having 
broad specificity. Further, a convinc- 
ing argument for the heterogeneity of 
these enzymes was provided by the sig- 
nificant difference in the destruction by 
heat of their activities (21). 
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Formation and Metabolic 

Role of Glyoxylyl-CoA 

The hypothesis that the condensa- 
tion products in these reactions were 
formed as CoA esters, although use- 
ful for interpreting some of our ob- 
servations, seemed deficient on thermo- 
dynamic grounds. Formation of CoA 
esters would appear more likely if both 
substrates in a given condensation re- 
acted as the CoA esters. Glyoxylyl- 
CoA, however, was then an unknown 
compound, and we had no evidence to 
indicate that it participates in these re- 
actions. 

Fortuitously, the formation of a new 
radioactive metabolic intermediate 
formed from acetyl-CoA and C14-la- 
beled glyoxylate was detected chro- 
matographically during development of 
the radioactive glyoxylate assay (22). 
After the eluted compound was treated 
with alkali, labeled glyoxylate was iden- 
tified as the p-nitrophenylhydrazone de- 
rivative by co-chromatography with au- 
thentic glyoxylic p-nitrophenylhydra- 
zone. 

Coenzyme A was identified as 
the only other constituent by chroma- 
tography, from its ultraviolet absorp- 
tion spectrum, and from its ability to 
replace authentic CoA in the phospho- 
transacetylase assay (23). The forma- 
tion of the new metabolite, glyoxylyl- 
CoA, can be demonstrated in reaction 
mixtures, at pH 8.0 to 8.5, which con- 
tain glyoxylate, acetyl-CoA, Mg2+, 
and extract of valerate-grown E. coli. 
It is undetectable in reactions in which 
acetyl-CoA is lacking or boiled extract 
is used. Either CoA and ATP or CoA 
esters of propionate, butyrate, and 
valerate are capable of substituting for 
acetyl-CoA. 

The mechanism of glyoxylyl-CoA 
formation has not been elucidated, but 
it could involve a thiophorase transfer 
of CoA from the fatty-acid CoA ester 
to glyoxylate, in the following manner: 

acetyl-CoA 

glyoxylate glyoxylate 
---* glyoxylyl-CoA + acetate 

This proposal is experimentally veri- 
fiable with the use of labeled CoA. 
The enzymatic transfer of labeled CoA 
from acetyl-CoA-S35 to glyoxylate and 
the identification of glyoxylyl-CoA- 
S35 are currently being investigated in 
our laboratory. 

If this basic reaction also occurs in 
the formation of condensation products 
resulting from interaction of glyoxylate 
with CoA esters of three-, four-, and 
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propionyl-CoA 

glyoxylate 

--^ 0propionate + glyoxylyl-CoA - 

_-~ _ propionyl-CoA - 

CoA-SH + o?- hydroxy- 

y.O gglutaryl-CoA 

._* 
Metabolic 
Products 

Fig. 1. Proposed mechanism for formation of condensation products as coenzyme-A 
esters. 

five-carbon fatty acids, the mechanism 

using propionyl-CoA, for example, can 
be envisioned as in Fig. 1. 

Thus, formation of glyoxylyl-CoA 
and its ultimate condensation with acyl- 
CoA esters of fatty acids of larger 
molecular weight than acetate is ther- 

modynamically acceptable, accounts 
for the metabolism of the condensa- 
tion products as CoA esters, and re- 

quires no more CoA than does the 
condensation of acetyl-CoA with 

glyoxylate to form malate, since re- 
duced CoA would be constantly re- 

generated in the process. 

Metabolism of a-Hydroxyglutarate 

Early attempts to determine the fate 
of a-hydroxyglutarate were concerned 
with its oxidation. The acid as the 
L-(+) isomer was found to reduce 

methylene blue in the presence of crude 
extracts obtained from propionate- 
grown E. coli supplemented with CoA, 
ATP, and Mg2+. Virtually no dye 
reduction occurred in reactions lack- 

ing extract or the supplements, or when 
the D-(-) isomer was used as the 
substrate. The CoA ester of the L-(+) 
isomer was then prepared and, in its 
presence, the 60-to-75-percent ammo- 
nium sulfate fraction of the cell-free 
extract catalyzed the reduction of nico- 
tinamide adenine dinucleotide (NAD); 
NAD phosphate (NADP) and ferricy- 
anide were incapable of substituting for 
NAD. Repeated attempts to find the 
expected product of oxidation, a-keto- 
glutarate, were unsuccessful (24). 

These data indicated that the L- 

(+)-a-hydroxyglutaryl-CoA was not 

oxidized directly, but only after it had 
been converted to another product in 
the metabolic pathway. When this pos- 
sibility was explored, we found that 
disodium L- (-) -a-hydroxyglutarate was 
cleaved by undialyzed crude extracts 
of propionate-grown E. coli. The prod- 
ucts were identified as lactate and 
acetate by paper and silicic acid chro- 

matography (25). From 260 ,mole 
of substrate, 119 /.mole of acetate 
and 59 /mole of lactate were recov- 
ered. The lack of stoichiometry be- 
tween the products suggested that lac- 
tate was further metabolized by the 
crude extracts and, indeed, later ex- 
periments showed that this was the 
case. 

Since E. coli grown aerobically on 
propionate contains the tricarboxylic- 
acid cycle enzymes and isocitrate lyase, 
in addition to enzymes catalyzing both 
the synthesis and cleavage of a-hydroxy- 
glutarate, a cyclic pathway of pro- 
pionate metabolism was suggested (25) 
as shown in Fig. 2. 

Efforts to investigate the further 
metabolism of lactate by E. coli 
seemed, on first inspection, to be of 
questionable value since the process has 
been so well studied. Unexpectedly, a 

dialyzed 65-to-75-percent ammonium 
sulfate fraction was found to catalyze 
the NAD-dependent oxidation of DL- 

lactyl-CoA (26). Lactate could not sub- 
stitute for lactyl-CoA, and neither 
NADP nor ferricyanide could replace 
NAD as the hydrogen acceptor. A 
compound isolated from complete re- 
action mixtures, but not from controls, 
was distinguished from pyruvate by its 
chromatographic properties and the ab- 
sorption spectrum of the 2,4-dinitro- 
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phenylhydrazone (DNP-hydrazone) de- 
rivative. The 65-to-75-percent am- 
monium sulfate fraction was devoid of 
lactate dehydrogenase activity, and 
lactyl-CoA did not serve as a substrate 
for crystalline lactate dehydrogenase. 
Hence the enzyme involved was not 
lactate dehydrogenase. 

The unknown compound was identi- 
fied as hydroxypyruvic aldehyde (27) 
by the following criteria: (i) It formed 
an osazone with 2,4-dinitrophenylhy- 
drazine; (ii) it was degraded to glyoxy- 
late and formaldehyde by periodic acid 
oxidation; and (iii) it formed a bisulfite 
addition product. 

Hydroxypyruvic aldehyde was ester- 
ified by glutathione in the presence of 
a 40-to-50-percent ammonium sulfate 
fraction of E. coli, and by crystalline 
glyoxylase I (28); the ester was iso- 
lated and identified by its absorption 
spectrum. With the use of crude ex- 
tracts of propionate-adapted E. coli, 
in which both glyoxylase I and glyoxy- 
lase II activity are present, we have 
shown the formation of glyceric acid 
from the isolated glutathione thiol ester 
of hydroxypyruvic aldehyde. Glyceric 
acid was identified by paper chroma- 
tography, and the identification was 
confirmed by treatment of eluates with 
4,5-dihyd,roxy-2,7-naphthalene disulfon- 
ic acid. The absorption spectra of 
the derivative of the eluate and the 
derivative of authentic glyceric acid 
were identical. 

Finally, crude extracts containing 
phosphoglycerate kinase and 3-phos- 
phoglycerate kinase converted glycerate 
to 3-phosphoglycerate and subsequent- 
ly to 1,3-diphosphoglycerate (27). 

Prior to the initial report by Reeves 
et al. (26), hydroxypyruvic aldehyde 
had not been observed as a product 
of biological reactions, although Rack- 
er (29) had shown that the synthetic 
compound was a substrate for glyoxy- 
lase I. Thus, the suggestion that the 
function of the glyoxylase system is to 
detoxify methylglyoxal (30) is appar- 
ently not applicable in the case of hy- 
droxypyruvic aldehyde. Since hydroxy- 
pyruvic aldehyde is produced enzy- 
matically, the glyoxylase system may 
provide a mechanism for the entry of 
this compound either into the tricar- 
boxylic acid cycle via pyruvate or into 
the glycolytic pathway. 

The partial sequence of reactions in- 
volved in the metabolism of lactyl- 
CoA appeared to be as shown in Fig. 3. 
It is obvious that the formation of 
hydroxypyruvic aldehyde from lactyl- 
CoA is neither simple nor direct. To 
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TCA cycle 
via pyruvate 

/ 
lactate 

o- hydroxy- 
glutarate acetate 

propionyl 
-CoA citrate 

glyoxylate oxalacetate 
isocitrate 

mtlate 

succinate fumarate 

Fig. 2. Suggested pathway of propionate 
metabolism in Escherichia coli. [Redrawn 
from (25)] 

elucidate this part of the pathway we 
began with the premise that lactyl- 
CoA was oxidized to pyruvyl-CoA 
(31). Indeed, extracts of propionate- 
grown E. coli did catalyze the forma- 
tion of pyruvyl-CoA from C14-labeled 
lactate in phosphate buffer supplement- 
ed with CoA, ATP, Mg2 +, and with 
reduced glutathione (32). Pyruvyl-CoA 
was isolated and identified as the radio- 
active hydroxamate by column and pa- 
per chromatography and was further 
characterized by formation and chro- 
matography of the DNP-hydrazone. 
Under the same conditions lactyl-CoA 
was also isolated from unlabeled lac- 
tate; pyruvyl-CoA could not be detect- 
ed unless the sensitivity of the proce- 
dure for identification was greatly in- 
creased by the use of radioactive lac- 
tate. It was thus apparent that E. coli 
extracts contained a lactyl-CoA synthe- 
tase and, in the absence of added NAD, 

Cli CCHH2OH 

CHOH -- -9 C=0 -- 

COSCoA CHO 

lactyl-CoA 

CH20POSH 

CHOI{ 
I 

COOH 

2-phospho- 
glyceric acic 

hydroxypyruvia 
aldehyde 

CHsOPOH 

- CHOH - 
I 

CH20P031 

1. S-diphospho- 
1. glyceric acid 

had sufficient hydrogen acceptor to oxi- 
dize the lactyl-CoA to pyruvyl-CoA. 

When either acetyl-CoA or propio- 
nyl-CoA was substituted for reduced 
CoA in the presence of lactate, lactyl- 
CoA formation could be demonstrated 
by isolation of the hydroxamic acid 
derivative. Hence lactyl-CoA may be 
synthesized by alternative means when 
provided with appropriate substrates. 

Spectrophotometric Evidence 

Direct spectrophotometric evidence 
was also obtained for the oxidation of 
lactyl-CoA by crystalline yeast alcohol 
dehydrogenase (33). In addition, spec- 
trophotometric assay of lactyl-CoA 
oxidation, both by the crystalline yeast 
enzyme and by a 60-to-80-percent am- 
monium sulfate fraction of E. coli in 
the presence of NAD, established that 
there was no stereospecific require- 
ment for either D-(-) or L-(+) isomers 
of lactyl-CoA; both isomers were ap- 
proximately equally effective as sub- 
strates. The 60-to-80-percent ammo- 
nium sulfate fraction of E. coli con- 
tains a very active alcohol dehydro- 
genase but is devoid of lactate dehy- 
drogenase activity. Furthermore, lactate 
dehydrogenase from E. coli has an ex- 
tremely low affinity for the CoA ester 
of lactic acid under assay conditions 
optimum for this enzyme when lactic 
acid is used as substrate. That the for- 
mation of pyruvyl-CoA from lactyl- 
CoA is not catalyzed by lactate de- 
hydrogenase was confirmed by the fail- 
ure of lactyl-CoA to serve as a sub- 
strate for crystalline yeast lactate dehy- 
drogenase. It is, therefore, highly im- 

CH2OH 
I 

C. C=O 
I 

HCOSG 

hydroxypyruvia 
aldehyde 

glutathione ester 

CH2OH 

- - CHOH 
I 

COOH 

glyceric 
acid 

Glycolytic Pathway 

- Tcarboxylic acid 
Cycle 

via pyruvate 

Fig. 3. Metabolism of lactyl-CoA in Escherichia coli. 
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Fig. 4. Formation of citramalic acid by an isomerization mecl 

probable that cellular oxidation of lac- action m 

tyl-CoA is catalyzed by lactate dehy- in which 
drogenase. or in wh 

These results recently became more was isola 

easily understood, as will be discussed Dowex-1- 
below, when it was found that cell- formed 
free extracts of propionate-grown E. was co-cl 
coli contain enzymes which catalyze tic citram 
the propionyl-CoA-dependent forma- scintillatic 
tion of citramalate (a-methylmalate) cut seque 
from glyoxylate (34). Since the same ograms s 
extracts catalyze the biosynthesis of a- was fixed 

hydroxyglutarate from propionyl-CoA tion. Idei 
and glyoxylate, a-hydroxyglutarate may confirmec 
be enzymatically isomerized to citrama- and chro 
late. drazone c 

Citramalate, found in complete re- From 

COOH 
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H2SO4 C=O 
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ixtures, but nc 
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lich boiled extr 
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howed that the 
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CH3COOH + HCOH -- HCOOH CHC + CO2 -- Ba CO3 
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N0 0 .acetone 

barium 
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Fig. 5. Degradation of C1-labeled citramalic acid. 
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well as previous reports by others (35, 
36), the aldol cleavage of citramalate 
should yield pyruvate and acetate. We 
had already shown that a-hydroxyglu- 
tarate was cleaved by E. coli extracts 
to lactate and acetate, but had never 

COTOH been able to isolate pyruvate. We main- 
tain that pyruvate is, in fact, one of the 

1- -C H T cleavage products but that it is rapidly 

I 1 converted to lactate by the very active 

CH3 lactate dehydrogenase present in crude 
extracts of E. coli. Data presented (32) 
indicate that a lactyl-CoA synthetase 

lic acid catalyzes the formation of lactyl-CoA 
and that this product is oxidized by 
alcohol dehydrogenase (or possibly by 
a specific lactyl-CoA dehydrogenase) 
to pyruvyl-CoA. The fact that the for- 
mation of pyruvyl-CoA can be demon- 
strated only with the use of labeled hanism. 
lactate indicates that this intermediate 
is actively metabolized and therefore 

)t in controls cannot accumulate in appreciable 
was lacking amounts. 

act was used, Experiments vital to the establish- 
atography on ment of the isomerization of a-hydroxy- 
-d citramalate glutarate to citramalate are currently 
ed glyoxylate being carried out. This type of isomeri- 

with authen- zation would be completely analogous 
nt counting by to the glutamate -> /3-methylaspartate 

y of segments (37) and methylmalonate -> succi- 

aper chromat- nate (38) isomerizations. If this mech- 
radioactivity anism is applied to the formation of 

tramalate posi- 1-methyl-l-hydroxysuccinic acid-2-C14 
itramalate was (citramalic acid) from glyoxylate plus 
)n to acetone (propionyl-2-C14)-CoA, the reaction se- 
the DNP-hy- quence of Fig. 4 is evident. 

By degradation of the C14-labeled 
siderations, as citramalate, the original position of the 

label in the citramalate could be de- 
termined and isomerization by means 

H*coon+ co of a shift of two carbons confirmed. 
The labeled citramalate was degraded 

formic ac id by the method illustrated in Fig. 5. 
+ All the radioactivity was found in 

the CO2 derived from acid treatment 
CHaCOOH of BaCl403; none was detected in ace- 

acetic acid tone DNP-hydrazone. These qualita- 
tive observations indicate that the label 
in citramalate was derived from the 
carbon No. 2 of propionate. This is 
commensurate with an isomerization 
mechanism involving a two-carbon 
(-CH2COOH) shift in a-hydroxyglu- 
tarate. Proof of this mechanism must 
await quantitative data from the use of 
(propionyl-2-C14)-CoA. 

YP-hydrazone The proposal given in Fig. 6 for 
derivative the biosynthesis of pyruvyl-CoA from 

hydroxyglutarate is consistent with the 

foregoing data. The conversion of 

pyruvyl-CoA to hydroxypyruvic alde- 
hyde could be envisioned as in 

Fig. 7. 
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There is a precedent for the reaction 

0 

R-C-S-CoA -- R-CHO 

Burton and Stadtman (39) reported 
an aldehyde dehydrogenase in Clostri- 
dium kluyveri which catalyzes the re- 
versible NAD-dependent conversion of 
acetaldehyde to acetyl-CoA. 

There is also evidence for the re- 
action 

R-C -R-CH R-CHH 

in the studies of Kusunose et al. (40), 
in which octanoate was oxidized to 8- 

hydroxyoctanoate in a psuedomonad. 
When citramalate was formed as a 

consequence of the enzymatic conden- 
sation of propionyl-CoA and glyoxy- 
late, a considerable quantity of suc- 
cinate was produced. The origin of 
the succinate was investigated by in- 

cubating a-hydroxyglutarate-l-C-4 with 
an extract of propionate-grown E. coli, 
CoA, ATP, Mg2+, and NADP (41). 
The reaction was terminated by de- 
proteinization with 50-percent sulfuric 
acid, and the reaction mixture was 
divided into two parts. To one part 
was added 2,4-dinitrophenylhydrazine; 
the resulting isolated DNP-hydrazone 
was chromatographically identical to 
succinic semialdehyde DNP-hydrazone. 
The other part was extracted with 
ether, and unlabeled succinic acid from 
the extract was readily identifiable 
chromatographically. Carbon dioxide 
formed during the enzymatic reaction 
was trapped as barium carbonate, 
which proved to be highly radioactive. 
Carbon dioxide produced from control 
reactions lacking CoA or ATP was 
only 25 percent of that formed in the 
complete system, an indication that the 
concentrations of endogenous CoA and 
ATP in the extract were low. 

When the experiment was repeated 
with a-hydroxyglutarate-5-C14, as ex- 
pected, the CO2 produced was unla- 
beled, whereas succinate and succinic 
semialdehyde DNP-hydrazone were 
highly radioactive. That succinic semi- 
aldehyde was a precursor of succinate 
was evident from the observation that 
E. coli extracts catalyzed a succinic 
semiraldehyde-dependent reduction of 
NADP. This was measured spectro- 
photometrically and confirmed by di- 
rect chromatographic isolation of suc- 
cinate from reactions in which suc- 
cinic semialdehyde, E. coli extract, and 
NADP were present. 
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From recent work in Kornberg's lab- 
oratory (36) it appears that citrama- 
late is cleaved to pyruvate and acetate 
only when the substrate exists as the 
CoA ester. High levels of succinate in 
E. coli, formed as a consequence of 
the condensation of glyoxylate and pro- 
pionyl-CoA, may indicate that a sig- 
nificant proportion is present as suc- 
cinyl-CoA. By a CoA transferase reac- 
tion succinyl-CoA would serve as a 
CoA donor to citramalate, as has al- 
ready been shown by Cooper and Korn- 
berg (36). The reaction sequence 
shown in Fig. 8 reflects these consid- 
erations and offers a basis for future 
experiments. 

Metabolism of ,-Ethylmalate 

The structure of ,-ethylmalate indi- 
cates at least two possibilities for its 
metabolism: dehydration and oxidation. 
To date our efforts have been mainly 
concerned with the former. 

A parallel was recognized between 
the enzymatic hydration of fumarate 
to malate and the analogous, but prev- 
iously unreported, hydration of ethyl- 
fumarate to fl-ethylmalate. Ethylfuma- 
rate absorbs strongly and sharply in 
the ultraviolet region at 220 mju. 
Fumarate has an absorption maximum 
at a wavelength of 208 myk, and since 
its hydration can be assayed at a wave- 

length as high as 300 ml, (42) we 
also used the 300-m, wavelength to 
observe a protein-dependent decrease 
in absorbance in the presence of ethyl- 
fumarate. The initial velocity was very 
low even at high concentrations of sub- 
strate. But initial velocity data showed 
that decrease in absorbance was at least 
100-fold more rapid with ethylfumaryl- 
CoA as substrate than with the free 
acid (43). 

The reaction was catalyzed by di- 
alyzed crude extracts of butyrate-grown 
P. aeruginosa and the 20-to-40-percent 
ammonium sulfate fraction of the ex- 
tract. This fraction contains no detect- 
able fumarate hydratase activity. 
Among the metal ions tested, decrease 
in absorbance was stimulated only by 
Mn2+ and was most rapid at pH 9.0; 
above this pH, Mn2 + caused a non- 
enzymatic decrease in absorbance and 
was simultaneously oxidized. Optimum 
pH in the absence of Mn2+ was 9.5. 
The initial velocity of hydratase activi- 
ty is a linear function of protein con- 
centration, and the Michaelis constant, 
Kn, for ethylfumaryl-CoA is 5.3 X 
10-4M. 

Rapid dehydration of both a- and 
f-ethylmalyl-CoA was also observed 
spectrophotometrically, but the free 
acids were poorly dehydrated even 
when very high substrate concentra- 
tions were used. In unexpected con- 
trast to hydration of ethylfumaryl-CoA, 

dehydration of a- and 8-ethylmalyl- 
CoA was most rapid at neutral pH, 
and Mn2+ was inhibitory. If ethyl- 
fumaryl-CoA was an intermediate in 
the conversion of p- to a-ethylmalyl- 
CoA and was in equilibrium with the 
hydration products, and one enzyme 
was responsible for the conversion, the 
optimum pH and Mn2+ stimulation 
should be the same for dehydration of 
both ethylmalyl-CoA esters and hydra- 
tion of ethylfumaryl-CoA. 

The apparent paradox was resolved 
when it was found that ethylmaleyl- 
CoA, but not the free acid, was readily 
hydrated to a-ethylmalate optimally at 
pH 7 and in the absence of Mn2+, 
which was inhibitory. The hydration 
product of ethylfumaryl-CoA was ,f- 
ethylmalate, and not a-ethylmalate. 
These observations indicate that two 
different enzymes were involved, each 
having its own specificity for the cis 
and trans geometrical isomers. The hy- 
dration products, /- and a-ethylmalate, 
were isolated as the free acids, al- 
though the free acids are, in turn, 
dehydrated much more readily as CoA 
esters. It is probable that these com- 
pounds are metabolized and formed as 
CoA esters and that the ease with 
which they are isolated and identified 
as free acids is due to manipulative 
or enzymatic deacylation. 

a-Ethylmalic acid was isolated and 
identified from reaction mixtures con- 
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taining f/-ethylmalyl-CoA or ethyl- 
maleyl-CoA as substrates, but not from 
those containing ethylfumaryl-CoA. The 
a-ethylmalate was degraded by concen- 
trated sulfuric acid at room tempera- 
ture and subsequent distillation at 
100?C in the presence of dilute sul- 
furic acid. The distillate containing 2- 
butanone was collected in 2,4-dinitro- 
phenylhydrazine. The resulting DNP- 
hydrazone chromatrographed identical- 
ly with and had the same spectrum in 
ultraviolet light as authentic 2-buta- 
none DNP-hydrazone. a-Ethylmalate- 
C14 was identified in the same manner 
from reaction mixtures containing both 
glyoxylate-2-C14 and butyryl-CoA as 
substrates in the presence of crude ex- 
tracts of P. aeruginosa. The DNP-hy- 
drazone derivative was radioactive as 
expected. Controls containing boiled 
extract failed to yield labeled a-ethyl- 
malate. 

These observations, coupled with the 
previous finding that 8/-ethylmalate is 
the product of the condensation of 
glyoxylate with butyryl-CoA, suggest 
the pathway shown in Fig. 9. The degra- 
dation of a-ethylmal,ate and formation 
of the hydrazone derivative are indi- 
cated in Fig. 10. 

Upon the formation of an a-sub- 
stituted malic acid, the pathways of 
the metabolism of a-hydroxyglutarate 
and /8-ethylmalate seem to converge. It 
will be recalled that citramalate is pro- 
duced after the condensation of pro- 
pionyl-CoA and glyoxylate and prob- 
ably arises from the isomerization of 
a-hydroxyglutarate. Since cleavage of 
citramalate to form acetate and pyru- 
vate has been demonstrated (35, 36), 
we were encouraged to expect a similar 
reaction with a-ethylmalate, leading to 
formation of a-ketobutyrate and ace- 
tate (44). An indication of the break- 
down of a-ethylmalate was obtained 
when the CoA ester was incubated in 
the presence of Mg2 +, phenylhydra- 
zine, and crude extract of P. aeru- 
ginosa at pH 7.0; a rapid increase in 
absorbance was recorded at 324 m/x, 
which is close to the absorption maxi- 
mum for a-ketobutyrate phenylhydra- 
zone. But when the free acid was sub- 
stituted for the CoA ester, or when 
boiled extract was used, no increase in 
absorbance occurred. There was a simi- 
lar lack of absorbance increase in the 
absence of phenylhydrazine. These ex- 
periments were repeated with 8/-ethyl- 
malyl-CoA and free ,B-ethylmalic acid, 
and identical results were obtained. 
The reaction is based on the formation 
and trapping of a-ketobutyrate as the 
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phenylhydrazone. This principle has 
been utilized effectively in assaying iso- 
citrate lyase in which glyoxylate formed 
from isocitrate is trapped as the phenyl- 
hydrazone; the rate of increase of ab- 
sorbance at 324 m,/ is a measure of 
phenylhydrazone formation and thus of 
enzyme activity (19). 

When the assay mixture employing 
pf-ethylmalyl-CoA was further incuba- 
ted and then deproteinized and treated 
with 2,4-DNP hydrazine, a DNP-hy- 
drazone was formed. Purification of 
the hydrazone and analysis of it in the 
visible light region in alkaline solution 
provided a spectrum identical with that 
of authentic a-ketobutyric acid-2,4- 
DNP-hydrazone. The absorption maxi- 
mum in both cases was 437 m/x. The 
identity of the hydrazones was con- 
firmed by paper chromatography in 
several solvent systems. 

The reverse reaction has been studied 
in greater detail. The 40-to-60-percent 
ammonium sulfate fraction of extracts 
of P. aeruginosa contains virtually all 
of the catalytic activity for synthesis 
of a-ethylmalate from a-ketobutyrate 
and acetyl-CoA (or of acetate in the 
presence of CoA, ATP, and Mg2+). 
a-Ethylmalate is not detected in the ab- 
sence of either of the substrates (or 
of CoA, or ATP) or enzyme. a-Ethyl- 
malate is assayed fluorometrically, af- 
ter treatment with sulfuric acid and 
reaction of the resulting keto acid with 
resorcinol, by the method of Strass- 
man and Ceci (45). The K, values 
for acetate and a-ketobutyrate are simi- 

and fatty 

lar to those reported by Strassman and 
Ceci (45) for acetate and a-ketoiso- 
valerate when bakers' yeast extract was 
used as the source of enzyme. Where- 
as Strassman and Ceci's system requires 
only catalytic quantities of CoA, the 
reaction catalyzed by P. aeruginosa 
needs substrate quantities for enzyme 
saturation. The Km values for ace- 
tate and CoA in our system are 2.4 
X 10-4M and 1.2 X 10-4M, respec- 
tively. We consider this an indication 
that a-ethylmalate is produced as the 
CoA ester, although the compound is 
isolated from reaction mixtures almost 
entirely as the free acid. Here, as be- 
fore, an enzymatic deacylation prob- 
ably occurs, but as yet this has not 
been investigated in detail. 

The formation of a-ethylmalate from 
a-ketobutyrate and acetate was also 
shown chromatographically. Areas of 
paper chromatograms in which the 
compound was located were removed 
and continuously extracted with ether. 
a-Ethylmalate, contained in the extract, 
was degraded by sulfuric acid and heat, 
and 2-butanone-2,4-DNP-hydrazone was 
synthesized. The RF values of the de- 
rivative were indistinguishable from 
those of the DNP-hydrazone derivative 
of authentic 2-butanone in several sol- 
vent systems. 

It was suggested earlier that p-ethyl- 
malate might undergo oxidation at the 
hydroxyl group. We found that the 
20-to-40-percent ammonium sulfate 
fraction of the crude extract of P. 
aeruginosa contains an enzyme which 
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oxidizes p-ethylmalyl-CoA in the pres- 
ence of NAD (the free acid is oxidized 
at very low rates). When the substrate 
was prepared with the use of ethyl 
chloroformate in the mixed anhydride 
synthesis (46), rapid reduction of NAD 
was observed, and no cofactor was re- 
quired or found stimulatory. But when 
the substrate was prepared with the 
use of methyl chloroformate, the ini- 
tial rate of f-ethylmalyl-CoA oxidation 
was almost four times greater in the 
presence of Mg2+- than in its absence. 
A keto compound was readily isolated 
from reactions containing the substrate 
free of ethanol, that is, it was pre- 
pared with the use of methyl chloro- 
formate, whereas this had not been 
possible when ethanol-contaminated 
substrate was used (33). The reason 
for this difference in the ability of the 
substrate to be oxidized became clear 
when we investigated further the syn- 
thesis of 3-ethylmalyl-CoA and other 
CoA esters. Ethanol is formed as a by- 
product of the synthesis of CoA esters 
by the mixed anhydride method in 
which ethyl chloroformate is used. 
Ethanol may interfere with the oxida- 
tion of CoA esters of acids containing 
hydroxyl groups by enzymes depend- 
ent on NAD. This interference is based 
on the ubiquity of alcohol dehydro- 
genase in cel,l-free extracts which, in 
the presence of ethanol and NAD, may 
mask the activity of CoA-ester dehy- 
drogenases. The use of methyl chloro- 
formate takes advantage of the facts 
that methanol (las a byproduct in the 
synthesis) is such a poor substrate for 
alcohol dehydrogenases from a num- 
ber of sources and that its presence 
will not interfere with the assay of 
other dehydrogenases requiring NAD 
(33). The oxidation of ,-ethylmalyl- 
CoA is being further studied in our 
laboratory. 

The significance of the metabolism 
of 8-ethylmalyl-CoA is speculative, 
since the pathway remains to be com- 
pletely defined. However, there may be 
interrelations between this and other 
known metabolic reactions. 

It appears that the formation of /3- 
ethylmalate from glyoxylate and buty- 
rate, with its further metabolism to ace- 
tate and a-ketobutyrate, is actually a 
mechanism for the reduction of glyoxy- 
late and the oxidation of butyrate. This 
mechanism, based on consecutive de- 
hydration of f/-ethylmalate and rehy- 
dration of ethylmaleate to a-ethylma- 
late, is analogous to the interconversion 
of citrate and isocitrate by way of cis- 
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aconitate. Although in propionate me- 
tabolism the mechanism is different, 
the result is similar: glyoxylate is re- 
duced to acetate and propionate is oxi- 
dized to pyruvate. In both cases glyox- 
ylate reduction can be considered a 
means for the conservation of acetate. 

a-Ethylmalate is formed from P- 
ethylmalyl-CoA and ethylmaleyl-CoA, 
and also from the condensation of a- 
ketobutyrate with acetyl-CoA. The 
same reactions are utilized in the path- 
way by which /3-isopropylmalic acid is 
synthesized from a-ketoisovaleric acid 
and acetyl-CoA by other microorgan- 
isms (45, 47). Except for the forma- 
tion of isocitrate, the participation of 
glyoxylate in the formation of 3-alkyl- 
substituted malic acids has not here- 
tofore been investigated. Such acids 
serve as precursors of leucine, lysine, 
and glutamic acid according to the 
generalized mechanism proposed by 
Strassman and Ceci (45). Thus, con- 
densations of appropriate CoA esters 
with glyoxylate might provide an alter- 
native route to these f-substituted malic 
acids. 

Metabolism of ,-n-Propylmalate 

In comparison with a-hydroxygluta- 
rate and 3-ethylmalate, little is known 
of the fate of ,-n-propylmalate. But, 
since 3-ethylmalate and ,f-n-propylma- 
late are homologs and are formed by 
the same condensation mechanism, 
their metabolism may be similar. 

We do know that cis-enol oxalacetic 
acid can be isolated from prolonged 
incubations of reaction mixtures con- 
taining glyoxylate and n-valeryl-CoA in 
the presence of extracts of valerate- 
grown E. coli (18). The same com- 
pound is also isolated from incuba- 
tions of n-propylmalate supplemented 
with CoA, ATP, and Mg2+. Forma- 
tion of cis-enol oxalacetate in the first 
system is dependent on the presence 
of active protein, glyoxylate, and n- 
valeryl-CoA. In the second system, ac- 
tive protein, CoA, and ATP are like- 
wise essential. 

When glyoxylate-1-C14 and unla- 
beled n-valeryl-CoA were used, the re- 
covered oxalacetate was labeled. The 
reverse [with (n-valeryl--C14) -CoA], 
however, was not true. Clearly, the 
formation of oxalacetate from /3-n- 
propylmalate does not occur by a 
simple splitting off of the propyl side 
chain. If this were the case, oxalacetate 
would be labeled when either of the 

substrates was labeled in the carbon No. 
1 position. 

/f-n-Propylmalate might break down 
to acetate and a-ketovalerate in a way 
similar to that in which fl-ethylmalate 
gives rise to acetate and a-ketobuty- 
rate. One would then expect acetate to 
be labeled if glyoxylate-l-C14 and un- 
labeled valeryl-CoA were incubated 
together. The labeled acetate could 
then condense with glyoxylate to form 
malate which, in turn, could be oxi- 
dized to labeled oxalacetate. This could 
not occur if labeled valeryl-CoA was 
used, since the label would reside in 
a-ketovalerate but not in acetate. Ad- 
mittedly, this scheme presupposes six 
sequential enzymatic reactions. But it 
should be noted that incubation periods 
ranged from 7 to 15 hours (incubations 
of 3 hours or less were insufficient to 
detect oxalacetate), supplemented crude 
extracts were used, and pH was neutral. 
Under these conditions such a scheme 
might be possible. 

Enzyme Induction and 

Cellular Regulatory Mechanisms 

Since the reactions catalyzed by a- 
hydroxyglutarate, 3-ethylmalate, and /3- 
n-propylmalate synthases closely resem- 
ble that catalyzed by malate synthase, 
the factors influencing their formation 
may be closely allied with those con- 
trolling the synthesis of malate syn- 
thase. Several mechanisms may operate 
to induce malate synthase. In E. coli 
grown on acetate, the enzyme appears 
to be induced by glyoxylate provided 
by the functioning of isocitrate lyase 
(48). In other organisms, malate syn- 
thase seems to be formed by a dere- 
pression mechanism, and in still others 
the enzyme is apparently constitutive 
(12). In a recent report (49) evidence 
is presented that two malate synthase 
isoenzymes are formed in an E. coli 
mutant grown on glycollate; one is 
considered as a derepressed enzyme, the 
second is thought to be induced by 
glycollate (50). In the following para- 
graphs we will consider the possibili- 
ties for induction of the other glyoxy- 
late-condensing enzymes. 

As has been discussed previously, 
these condensing enzymes are formed 
during growth on various short-chain 
fatty acids. If these enzymes are in- 
duced by glyoxylate, the metabolism 
of the fatty acids must proceed, at 
least in part, via a beta-oxidation mech- 
anism to yield acetate. Acetate, then, 
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by inducing the formation of isocitrate 
lyase, presumably by lowering intracel- 
lular concentrations of phosphoenol- 
pyruvate (51), could give rise to an 
intracellular pool of glyoxylate. This 
mode of induction is supported by the 
fact that in cells grown on glycollate 
the activity of these condensing en- 

zymes is low. However, these enzymes 
are not detectable in cells grown on 
acetate (see Table 1). Since growth 
on acetate provides high concentrations 
of isocitrate lyase, the functioning of 
which would supply glyoxylate, these 

enzymes would be expected to be pres- 
ent in acetate-grown cells if glyoxylate 
were the inducer. 

It is possible that each of the con- 

densing enzymes is induced by the re- 

spective substrate fatty acid per se. 
However, this concept appears unten- 
able in light of the fact that valerate- 

grown cells possess, in addition to the 

/f-n-proplymalate synthase, a/-ethylma- 
late and a-hydroxyglutarate synthases. 
Beta oxidation of valerate may give 
rise to propionate and acetate, but it is 

unlikely that under these conditions an 

appreciable amount of butyrate would 
accumulate. This conclusion is also sup- 
ported by the fact that valerate-grown 
cells possess, in addition, enzymes 
which catalyze condensations of glyoxy- 
late with 3-hydroxybutyryl-CoA, cro- 

tonyl-CoA, isobutyryl-CoA, caproyl- 
CoA, and lactyl-CoA. The products of 
these condensation reactions have not 
as yet been identified. 

Induction by Derepression 

It is also possible to explain the for- 
mation of these condensing enzymes, 
under appropriate growth conditions, 
by a derepression mechanism. A great- 
er degree of derepression of enzyme 
formation may result from growth on 
valerate than occurs during growth on 
acetate, propionate, or butyrate. This 
hypothesis might be investigated by de- 
termining the effect on the formation 
of these enzymes of various factors 
which influence growth on these sub- 
strates. 

In most microorganisms studied, the 
glyoxylate-bypass enzymes are repressed 
when the products of their reactions, 
that is, succinate or malate, or sub- 
strates which can give rise to these 
products, that is, glucose, are available 
in the growth medium. It will be in- 
structive to determine whether such 
growth conditions also repress the other 
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glyoxylate-condensing enzymes, espe- 
cially since the products of these 

glyoxylate-condensing reactions are bi- 

ologically unique. The repression of 
malate synthase by succinate, for ex- 
ample, would not result in a cessation 
of malate formation, since malate may 
be formed from succinate via the tri- 
carboxylic-acid cycle. In contrast, how- 
ever, repression of the other glyoxylate- 
condensing enzymes by acids of the 
tricarboxylic-acid cycle would stop the 
formation of the products of the en- 
zymes, since, it is generally thought, 
these products are not formed during 
the usual metabolic reactions involving 
succinate or other tricarboxylic acid 
intermediates. If the condensation prod- 
ucts added to the growth media re- 
pressed their respective glyoxylate-con- 
densing enzymes, for example, if a- 
hydroxyglutarate repressed formation 
of a-hydroxyglutarate synthase, but not 
of the butyrate or valerate-condensing 
enzymes, this would provide further 
evidence that the condensation reac- 
tions are catalyzed by separate enzymes. 

Control of Enzyme Activities 

In many biosynthetic pathways the 
operation of an enzyme is controlled 

by inhibition of enzyme activity as well 
as by repression of enzyme forma- 
tion. Preliminary evidence indicates 
that 8,-ethylmalic acid, the product of 
the butyryl-CoA-glyoxylate condensa- 
tion, inhibits malate synthase activity. 
If such feedback inhibition does exist 
amongst the various pathways gener- 
ated by the condensation of glyoxylate 
with fatty acid CoA esters, it would 
constitute a significant control mecha- 
nism; the product of one enzymatic re- 
action might then inhibit the other 
glyoxylate-condensing reactions. 

Kornberg (52) has shown that phos- 
phoenolpyruvate is a potent inhibitor 
of isocitrate lyase from E. coli Bm. 
Succinate likewise inhibits this enzyme 
in Micrococcus denitrificans (53) and 
Pseudomonas indigofera (54). How- 
ever, with isocitrate lyase of E. coli 
E 26, the strain used in our labora- 
tories, neither phosphoenolpyruvate 
nor succinate at concentrations used 
by the workers cited above exhibited 
significant inhibition. Preliminary ex- 
periments indicate that a-hydroxyglu- 
tarate and pf-ethylmalate, on the con- 
trary, markedly inhibit isocitrate lyase 
activity. Thus there may be an ef- 
ficient control mechanism whereby the 

accumulation of a product derived 
from glyoxylate may control the for- 
mation of that product by inhibiting a 

primary glyoxylate-yielding reaction. 
Such a regulatory system apparently 
does not exist in the isocitrate lyase- 
malate synthase system in E. coli since, 
as Umbarger (55) has shown, malate 
does not inhibit isocitrate lyase activity. 

Conclusion 

Numerous advances have been made 
and a new concept has evolved as a 

consequence of investigations on the 
role of glyoxylate in bacterial metabo- 
lism. The key reactions are those by 
which glyoxylate, probably as the co- 
enzyme-A ester, condenses with CoA 
esters of fatty acids with higher molecu- 
lar weights than acetate. That glyoxy- 
late may play a highly important role 
in cellular physiology is further ap- 
parent from evidence that it also con- 
denses enzymatically with CoA esters 
of isovalerate, caproate, lactate, croto- 
nate, and 8-hydroxybutyrate. The sig- 
nificance of these condensations (and 
the metabolism of the products) in the 
total economy of the bacterial cell is 
not yet clear. What is apparent, how- 
ever, is that acyl-CoA synthetases for 

many organic acids exist in bacteria 
and that these activated compounds 
are probably more prevalent in inter- 

mediary metabolism than had been 
realized. 

A most interesting observation is the 
conversion of glyoxylate to acetate via 
the glyoxylate-fatty acid condensation 
product. Thus yet another avenue is 
provided for the bacterial synthesis,,of 
acetate. This may be more clearly un- 
derstood from the cycle of reactions 
shown in Fig. 11. 

This "a-alkylmalic acid cycle" sum- 
marizes the essential biochemical fea- 
tures of the metabolism of glyoxylate 
as a function of both propionate and 
butyrate. The means differ by which 
a-hydroxyglutaric and p,-ethylmalic 
acids are metabolized to citramalic and 
a-ethylmalic acids, respectively. But the 
fact that the latter are formed and un- 

dergo an aldol cleavage to yield ace- 
tate unifies these pathways and makes 
possible the generalized cyclic scheme. 
This proposed mechanism provides ace- 
tate and an a-keto acid by reduction 
of glyoxylate and oxidation of a fatty 
acid. 

The inner cycle may be considered 
as a modified tricarboxylic-acid cycle, 
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the operation of which depends on 
isocitrate lyase to furnish glyoxylate 
necessary for the fatty-acid condensa- 
tion reaction and also to provide suc- 
cinate, the precursor of oxalacetate. 

We have attempted to summarize 
data concerning a relatively unexplored 
area of intermediary metabolism. Spe- 
cifically, these investigations relate to 
the central role of glyoxylate in the 
metabolism of fatty acids and other 
mono- and dicarboxylic acids in bac- 
teria. Considerable progress has been 
made in elucidating the condensations 
of glyoxylate with various fatty-acid 
CoA esters and the metabolism of 
these condensation products. Future ef- 
forts must be directed towards evaluat- 
ing the significance of these reactions 
in the growth and total economy of 
the bacterial cell. 
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