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l3mm.rsse(fXmaratehydrat Sm: ase, FX 4.2.1.2) has been found to catalyze 
the stereospecific hydration of the klscaner of trans-2,+epoxysuccinate to 
yield meso-tartrate. The product was characterized by various forms of chroma- 
tography and by combined gas-liquid chromatography-mass spectrometry. Attempts 
to dissociate the f'umarate-hydrating activity of the enzyme from the epoxide- 
hydrating activity were unsuccessful. 

Our finding that a soluble enzyme extract from a pseudcmonad which 

catalyzes the stereospeciflc hydration of the Ag-double bond of oleic acid 

(Schroepfer, 1965; Niehaus and Schroepfer, 1965; Schroepfer, 1966; 

Niehaus et al. (1970) also catalyzes the stereospecific hydration of the -- 

epoxide function of cis- and trsns-9,10-epoqstearate (Niehaus and - 

Schroepfer, 1967; Niehaus et al. 1970) led us to consider that other -- 

enzymes which catalyze the adtitian of the elements of water across a 

carbon-carbon double bond might also catalyze the hydration of the corres- 

ponding epoxides. With this possibility in mind we directed our attention 

to the enzyme fumarase (fumarate hydra&se, FC 4.2.1.2) which catalyzes 

the reversible interconversion of fumarate and kmalate (Alberty, 1961). 

Hydration of the corresponding epoxy-acid (trans-2,sepoxysuccinate) corres- 

ponding to mate, would, by an analogous stereochemical course, yield 

meso-tartrate. Moreover, the occurrence of such a process might conceivably 

be of physiological significance since Ltrans-2,3-epoxysuccinate Is a -- 

known natural product (Martin and Foster, 1955; Sakaguchi and Inoue, 1938, 

1. 'This work was supported by a grant (RF+09501) from the National Heart 
Institute. 
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1940) and since meso-tartrate is known to be a potent competitive 

inhibitor of fumarase (Wigler and Alberty, 1960). 

To Investigate this matter samples of Cl-l'+Cl-Dbtrans-2,3-epoxy- -- 

succinate (specific activities 10 pCi per mnole and 5.85 mCi per mmole; 

radiopurity in excess of 99%) were prepared from C1J4C1-fumarate by a 

modification of the method of Payne and W;Llliams (1959) for use as a sub- 

strate. F'umarase from swine heart muscle was obtained from 3 sources: 

Calbiochem (Los Angeles, California), Mann Research Laboratories (New 

York, New York), and Nutritional Blochemlcals Corporation (Cleveland, 

Ohio). These enzyme preparations were solubilized for use as described 

by Robinson et al. (1967). Incubation of the labeled DL-trans-2,3-epoxy- -- 

succinate with fumarase yielded meso-tartrate. Boiled enzyme controls were 

inactive. The product was characterized as meso-tartrate on the basis of 

(1) identical mobility of the product with that of authentic meso-tartrate 

on paper chromatographic analysis (Reio, 19581, (2) identical mobility of 

the dimethyl ester with that of authentic dimethyl meso-tartrate on thin- 

layer analysis on silica gel plates, (3) the same chromatographic behavior 

of the dlmethyl ester of the product and that of dimethyl meso-tartrate on 

gas-liquid chromatographic analysis on a 5% diethyleneglycol succlnate on 

Chrcmosorb W column, (4) the same chrcmatographic behavior of the b&- 

trimethylsilyl ether derivative of the dimethyl ester of the product with 

that of bis-trlmethylsilyl-dlmethyl meso-tartrate on gas-liquid chromato- 

graphic analysis on 3 different columns (5% diethylene glycol succlnate on 

Chromosorb W; 3% SE30 on Chromosorb W; and 3% QF-1 on Gas-Chrom Qz), 

and (5) the same mass spectrum of the his-ttimethylsJly1 ether de&v+ - 

tive of the timethyl ester of the product as that observed with authentic 

2. Using this column, the observed retention times (relative to that of 
methyl myristate) for the derivative of the product and that of the 
bis-trimethylsilyl-dimethyl ester detivatlves of meso-tartrate, D- 
mrate, and ktartrate were 0.37, 0.37, 0.41, and 0.42, respecFivel.y. 
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bls-trimethylsilyl-dlmethyl mesc+tartrate when analyzed by combined gas- 

liquid chromatograpQ+mass spectrcmetry3. 

The enzymatic reaction Is characterized by notable stereospeciflclty. 

Upon prolonged incubation of Cl- 14Cl-DLtrsns-2,3-epoxysuccinate wlth -- 

fumarase, the reaction proceded only to the extent of s 45% utilization 

of the incubated racetic substrate &lgure 1Y. In addition, the racemic 

25 

4 8 12 

HOURS 

WY=1 Time-course of the formation of meso-tsrtrate f&m racemic 
trans-2,3-epoxysuccinate. 

Dipotassium [1-14C1-DGtrans-2,3-epo~succinate (22.3 pmoles) -- 
in water (12 ~1) was incubated with fumarate hydratase (0.13 
mg; Calbiochem) in 0.01 M potassium phosphate buffer (0.6 ml; 
pH 7.31) at 30'. The progress of the enzymatic hydration 
was monitored by ascending paper radiochrcmatogeaplc analysis 
of aliquots (5 ~1) of the incubation mixture. 

e-33 converslon of labeled epoxysucclnate to mesc-tartrate. 

A-, boiled enzyme control. 

3. We gratefully actiowledge that this experiment was carried out ln the 
laboratory of Dr. James McCloskey (Houston, Texas). An LKB 9000 ccm- 
bined instrument was used. The column used was 1% SE-30 on Gas Chrcm P. 

4. Moreover, in a similar experiment, the unreacted substrate was Isolated 
after 7 hours of incubation (Q 42% conversion of the incubated substrate 
to meso-tartrate) and reincubated with furmrase for 5 hours. Slight 
$,zdltlonal conversion of the substrate to meso-tartrate was 

. 
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labeled trsns-epoxysucdnate was incubated with f’umarsse on a preparative 

scale. After the reaction had proceded to the extent of 35% utilization of 

the substrate (as judged by radiochromatographic assay), the unreacted epoxy- 

succinic acid was isolated and found to be optically active ([al, t 65O, 2, 

3.45 ethanol). Pure L-trsns-epoxysuccinlc acid is levorotatory ([al, - 118’, -- 

2. 1.0, ethanol; Miller, 1963). The results of these two experiments indl- 

cate the stereospecific nature of the reaction and that the absolute con- 

Mguratlon of the ensnticmer acted upon by the enzyme is 4. 

The catalytic activity of fumsrase for the hydration of L4x?ans- -- 

2,3epoxysuccinate is considerably less than that for the hydration of 

fumsrate. The calculated value of the turnover number for the enzyme 

with respect to L-trsns-2,3-epoxysucclnate (based upon a molecular weight -- 

for fumarase of 194,000 (Kanarek et al., 1964)) at 30~ was 5.82 moles of 

substrate per tinute per mole of enzyme. The corresponding value for the 

hydration of fuamrate (assayed by a modif’ication of the method of Kanarek 

and KU1 (1964)) under the same contitlons was 77,600, 

That the enzymlc hydration of the L-trsns-2,3-epoxystearate Is due to -- 

f’umarase and not to another enzyme Is strongly suggested by a constant ratio 

of epoxide-hydrating activity to fUnsrate-hydrating activity: (1) in samples 

of crystalline fumsrsse from 3 different commercial sources, (2) before 

and after partial inactivation of the enzyme by heat, and (3) before and 

after acrylsmide gel electrophoresls. Moreover, L-trans-2,3epoxysuccinate -- 

acts as a coqetitive Inhlbitor of the mate-hydrating activity of fumsrase 

and Ranarate acts as a canpetitlve inhibitor of the epotide-bdratlng actlv- 

ity of fumarsse. 

It is Important to note that Martin and Foster (1955) have previously 

reported the preparation of a cell-free extract of a species of Flavo- 

bacterium (selected to grow on Gtrans-2,3epoqsuccinate as a sole carbon -- 

source) which catalyzed the conversion of the epoxide to mes~tartrate. 

Whether this enzym3.c activity is due to fumsrase on another enzyme was not 
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established. More recently Allen and Jakoby (1969) have reported the 

isolation of an enzyme from Pseudanonas putida which catalyzes the quantlta- 

tive conversion of both isomers of trans-2,3-epoxysucclnate to meSo-taI%I%te. 

The findings in this study constitute an extension of the substrate 

range of fumarase wNch until recently (Nakamura and Ogata, 1968; Clarke 

et al., 1968; Telpel et al., 1968; Nigh and Richards, 1969), was re- 

garded as limIted to the interconversion of fumarate and &T&ate. We 

have previously reported that a crude enzyme preparation from a pseudamonad 

which catalyzes the StereospecifIc hydration of the Ag-double bond of oleic 

acid also catalyzes the stereospecific hydration of the epoxide function of 

cis- and trans-9,10-epoxystearate (Niehaus and Schroepfer, 1967; Niehaus - 

et al., 1970). The present report constitutes, to our howledge, the 

first description of findings which strongly suggest that a single enzyme 

which catalyzes the hydration of an olefin can also hydrate the corresponding 

epoxide. 
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