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Abstract. e-Isopropylmalate (IPM) synthase, the first 
enzyme in the biosynthesis of L-leucine, was purified 
to a specific activity of 12 gmole/minxmg protein 
from the valine-isoleucine double auxotrophic mutant 
A-81 of the hydrogen bacterium Alcaligenes eutrophus 
H 16. The activity in crude extracts of derepressed 
cells was 0.106 gmoles of isopropylmalate formed per 
rain and per mg protein. Gel electrophoresis and re- 
gel electrophoresis of the isolated main band resulted 
in several distinct bands, which were not altered by 
the additions of substrate e-ketoisovalerate, feedback 
inhibitor leucine or other effectors. 

The isoelectric points of the enzyme protein was 
between 3,9 and 4.0. The molecular weight was 
114 500 daltons and 100 000 respectively in the absence 
and presence of the feedback inhibitor leucine. The 
enzyme activity depended strongly on the pH, the 
optimum is at pH 8.2. The enzyme was could labile 
and exhibits temperature anomalies. 

Key words: Hydrogen bacteria - Alcaligenes eutro- 
phus H 16 - Leucine biosynthesis - ~-Isopropyl- 
malate synthase - Temperature anomaly - Cold 
lability. 

In Alcaligenes eutrophus H16 the branched chain 
amino acids are synthesized (Hill and Schlegel, 1969; 
Reh and Schlegel, 1969) via the pathway (Strassman 
et al., 1956) common to all organisms. Studies on 
trifluoroleucine resistant mutants of A. eutrophus H 16 
(Hill and Schlegel, 1969) indicated that the regulation 
of the branched chain amino acids biosynthetic path- 

Abbreviations Used. CoA = CoenzymeA; Tris = Tris(hydroxy- 
methyl)aminomethane hydrochloride; DTNB = 5,5'-dithiobis- 
(2-nitrobenzoic acid); IPM = e-Isopropylmalate; KIV = e-Keto- 
isovalerate 
* Prepared from doctoral thesis of the University of G6ttingen 
1973 

way and the feedback regulation of the IPM synthase 
in this organism differs from those in other organisms 
studied so far (Saccharomyces spec. ; Sai et al., 1969; 
Ulmeta l . ,  1972, Neurospora crassa; Webster and 
Gross, 1965, Salmonella typhimurium; Kohlhaw et al., 
1969). The feedback inhibition of IPM synthase by 
leucine and the growth inhibition of A. eutrophus by 
trifluoroleucine was overcome by L-valine (Hill and 
Schlegel, 1969). Experiments with crude extracts 
indicated that no leucine dependent dissociation- 
association equilibrium exists as in S. typhimurium. 
The IPM synthase from S. typhimurium was the only 
bacterial enzyme studied in detail. Therefore, the en- 
zyme attracted further attention, and the present 
paper describes the purification and the properties 
of IPM synthase of the hydrogen bacterium A. eutro- 
phus H 16. 

MATERIALS AND METHODS 
Organisms and Culture Conditions. Alcaligenes eutrophus strain H16 
(ATCC 17699 ; Wilde, 1962) was obtained from Deutsche Sammlung 
von Mikroorganismen, G6ttingen. The isoleucine and valine double 
auxotrophic mutant H 1 6 - A  81 was provided by Dr. Reh (Reh 
and Schlegel, 1969) 

The wild type cells were grown heterotrophically or auto- 
trophically in defined media described by Schlegel et al. (1961) in 
9 l-batches in a Biostat-fermenter (Braun, Melsungen) at 32 ~ 
The mutant cells were grown in the presence of I mM L-isoleucine 
and 1 mM L-valine. Batches of the mutant H 1 6 - A 8 1  used for 
enzyme purification were grown under conditions which caused 
derepression of the enzymes of the branched-chain amino acids 
pathway; i.e. growth was limited by continually adding small 
amounts of L-valine or L-isoleucine. High enzyme activities were 
obtained, too, when limiting amounts of the amino acids (0.75 mM 
L-valine or L-isoleucine) were added to the medium before growth. 
The cells were harvested by centrifugation (Cepa-centrifuge, Pad- 
berg, Lahr; 32000 x g) in the late logarithmic growth phase and 
stored at - 20 ~ C. 

Chemicals. c~-Ketoisovalerate (KIV) and phenylmethane-sulfonyl 
fluoride (PMSF), were obtained from Sigma Chemical Company, 
St. Louis, U.S.A. Aquacide I was purchased from Calbiochem. 
Inc., Los Angeles, U.S.A. Alumina Alcoa 305 and 5,5'-dithiobis- 
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(2-nitrobenzoic acid) (DTNB) were purchased from Serva Ent- 
wicklungslabor, Heidelberg, Germany. The materials for column 
chromatography were obtained from W. & R. Balston Ltd., Maid- 
stone, Kent, U.K. (Whatman DE 52), and from Pharmacia, Uppsala, 
Sweden (Sephadex). Coenzyme A (trilithium salt), acetyl phosphate 
(K, Li), phosphotransacetylase, combithek calibration proteins 
and citrate synthase (E.C. 4.1.3.7) were obtained from C.F.  
Boehringer, Mannheim, Germany. Ampholine Carrier Ampholyte 
was a product of LKB Produktor AB, Stockholm, Sweden. Acetyl- 
CoA was prepared by the method of Simon and Shemin (1953). 
D,L-cMsopropylmalate (IPM) was a generous gift from Dr. W. R. 
Martin, Chicago, U.S.A. 

Preparation of Crude Extracts. The packed frozen cells were re- 
suspended in 1.5 parts (w/v) of extraction buffer containing 250 mM 
potassium phosphate, pH 7.5, 2 mM e-ketobutyric acid, 5 mM 
L-valine and 100 mM potassium fluoride. Disruption of cells was 
accomplished by two means: Small quantities were passed twice 
through a French pressure cell (Amicon) at 2000 kp/cm 2 and at 
0 -  4 ~ C. Larger quantities (50 g wet weight) of cells were continu- 
ously sonicated (15 s/ml, Schoeller & Co., Frankfurt/M.) in the 
presence of 10 -20mg  alumina A 305/ml. The temperature was 
kept below 6 ~ C throughout the treatment. 

After sonication cell debris was removed by centrifugation at 
20000xg and 2~ for 30 min. The resulting supernatant liquid 
contained about 20 mg protein per ml. For experiments with crude 
extracts the disintegrated cells were centrifuged at 140000 x g and 
2 ~ C for 60 min and the supernatant was passed through a Sepha- 
dex G-25 column (13 ml gel/ml crude extract) previously equili- 
brated with 50 mM potassium phosphate (pH = 7.5) supplemented 
with 100 mM potassium fluoride and 100 mM potassium chloride. 
After gel filtration the enzyme was stabilized by addition of KIV 
(1 mM). 

Protein Determination. Protein was determined by the method of 
Beisenherz et al. (1953) and Lowry et al. (1971) both after precipi- 
tation with trichloroacetic acid. Crystalline bovine serum albumin 
was used as a standard. 

Enzyme Assay. In crude and partly purified extracts the IPM 
synthase activity was determined using a minor modification of the 
fluorimetric assay of Calvo et al. (1969). The standard incubation 
mixture contained in a volume of 1.00 ml: 250 gmoles Tris-HC1 
buffer pH 8.2, and 250 gmoles potassium chloride (or 250 gmoles 
potassium phosphate pH 8), 20 ~tmoles KIV, 20 gmoles acetyl 
phosphate (Li3), 0.2 mg coenzyme A and 0.01 mg phosphotrans- 
acetylase. The incubation time was normally 20 rain at 37 ~ C. The 
following modified procedures were used for the fluorimetric meas- 
urements: Two aliquots of 2.0 ml ether extract were evaporated at 
60 ~ C, and two aliquots of each acidic isopropylumbelliferone solu- 
tion were brought to a pH 10.2 with saturated sodium carbonate 
solution supplemented with 30 g boric acid/1. The fluorescence was 
measured in an Eppendorf photometer equipped with a fluorimetric 
attachment, which was calibrated with glasstandard No. 4617. 

After the enzyme had been purified by chromatography on 
DEAE-Sephadex the activity was routinely measured by monitoring 
continuously the reaction of DTNB with liberated CoASH at 
412 nm (Srere et al., 1963) (Zeiss PM 4 photometer with Servogor 
recorder, Goerz electro, Wien). The IPM synthase from A. eutro- 
phus H 16 was not inactivated by DTNB as is the enzyme from 
Salmonella typhimurium (Kohlhaw et al., 1969). The standard incu- 
bation mixture contained in a volume of 1.00 ml: 250 gmoles Tris- 
HC1 buffer pH 8.2 or phosphate buffer pH 8.0, 20 gmoles KIV, 
1 gmole acetyl-coenzyme A and 1 gmole DTNB. A molar extinction 
coefficient 11400 _+ 600 given by Robyt et al. (1971) was used. 

Alternatively, in some kinetic experiments and at pH values 
lower than 8.0, enzyme activity was measured by continuously 
monitoring the decrease of acetyl-CoA by following the absorption 

at 232 nm (Ochoa, 1955). For this test the substrate concentration 
had to be lowered to 1.5 mM KIV and 0.25 mM acetyl-CoA. The 
molar extinction coefficient was 5400. The rate of hydrolysis of 
acetyl-CoA was measured in parallel assays and considered when 
calculating enzyme activities. 

All assays were started by addition of the enzyme, deviations 
resulted in lower activity. Close agreement was found between the 
ftuorimetric end-point assay anf the continuous optical assay at 
232 nm and at 412 nm with DTNB. 

The photometer was equipped with a thermostat. When the 
temperature dependence of the enzyme activity was assayed, the 
temperature was measured directly in the cuvette using a Metratast 
P I with microdetector (Metrawatt, Nfirnberg); the error was less 
than 0.1 ~ C. The temperatures in the water baths of the fluorimetric 
assay were held constant by a Thermomix II (Braun, Melsungen) 
with an accuracy of better than 0.01~ Specific activities are 
expressed as micromoles of products formed per gram of protein 
per min at 30 ~ C. 

The concentration of acetyl-CoA was determined using citrate 
synthase (E.C. 4.1.3.7) (Srereetal., 1963); Lithium ions and 
oxidized coenzyme A did not affect the activity and stability of 
IPM synthase and determination of coenzyme A. 

Purification of IPM Synthase. The followed paragraphs describe 
the methods used in the purification of the enzyme. 

Ammonium Sulfate Precipitation and Gel Filtration with Sephadex 
G-150. Procedures to remove the nucleic acids had to be omitted 
since treatment by cetyltrimethylammonium bromide, protamine 
sulfate, streptomycin sulfate as well as by DNase-RNase resulted 
in coprecipitation or inactivation of the enzyme. 

Starting with the second ammonium sulfate precipitation all 
manipulations occurred at room temperature, since the enzyme was 
labile at low temperatures, especially at low ionic strength and at 
low protein concentrations during ion exchange chromatography. 
Only the initial purification steps had to occur at 0 - 4 ~  since 
at room temperature the proteolytic activity was too high even in 
the presence of inhibitors. 

The soluble protein (20000 g supernatant) was fractionated by 
the addition of solid ammonium sulfate; the solution was stirred 
for 10 min before centrifugation at 20000xg. The fraction be- 
tween 35 and 70~ saturation containing the IPM synthase was 
dissolved in a minimum volume of 100 mM potassium phosphate 
buffer (pH 7.5) supplemented with 250 mM potassium chloride, 
5 mM L-valine and 4 mM c~-ketobutyrate. Ammonium sulfate was 
removed by gel filtration with Sephadex G-25 (2.5 x 35 cm). De- 
salted extract (30 ml) was applied to a Sephadex G-150 column 
(5 • 140 cm) equilibrated with the above supplemented potassium 
phosphate buffer which was also used for elution. The fractions 
(20 ml) were collected at a flow rate of 35-40 ml/h. The IPM 
synthase was elnted from the column as a relatively small peak 
between the fraction numbers 6 0 -  85. These fractions were pooled 
and concentrated to 6 - 8  mg protein/ml using a Diaflochamber 
(filter UM 20 E). A second ammonium sulfate precipitation was 
carried out at 20-25~ nearly all the activity appeared in the 
saturation fraction of 256-346 mg ammonium sulfate per ml 
extract. All following steps were carried out at 2 0 -  25 ~ C. 

Chromatography on DEAE-Sephadex A-50. The 4 5 - 6 0 ~  ammo- 
nium sulfate fraction was desalted in a Sephadex G-25 column, 
which was equilibrated with 50 mM potassium phosphate (pH 7.2) 
containing 0.05 ~ sodium azide and 2.5 mM L-leucine. The desalted 
protein was applied to a DEAE-Sephadex A-50 column (2.5 x 40 cm) 
equilibrated with the latter buffer. The enzyme was eluted by a 
linear gradient between 100 and 200 mM potassium chloride con- 
tained in the elution buffer. The total volume was 2 • 1000 ml and 
the flow rate was 5--6 ml/h. The enzyme was eluted at a concen- 
tration of approximately 150 mM potassium chloride. Fractions 
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containing enzyme activity were pooled and concentrated by 
Aquacide I. Thereafter the enzyme was passed through a Sephadex 
G-25 column which was equilibrated with 50 mM potassium phos- 
phate (pH 7.8) supplemented with 4 mM L-valine, 0.05 ~ sodium 
azide and 50 mM potassium chloride. This extract was applied to 
a second DEAE-Sephadex A-50 column (2.5 x 30 cm) equilibrated 
with the buffer of the latest Sephadex G-25 column. The potassium 
chloride gradient now used was between 100 and 250 mM po- 
tassium chloride (2 x 750 ml). The enzyme was eluted at a concen- 
tration of approximately 180 mM potassium chloride. Fractions 
containing IPM synthase activity were pooled and concentrated 
by Aquacide I and then passed through a Sephadex G-25 column 
equilibrated with 50 mM potassium phosphate (pH 7.5) supple- 
mented with 20 mM potassium chloride, 0.05 ~ sodium azide and 
2.5 mM L-leucine. The enzyme solution was applied to a DEAE- 
cellulose column (2.5 • 60 cm). The elution of the protein was 
achieved by a linear potassium chloride gradient (2x 500 ml) 
between 50 and 150 mM potassium chloride in the same buffer. 
The enzyme eluted at approximately 80 mM potassium chloride. 

Gel Filtration on Sephadex G-200. The fractions from the DEAE- 
cellulose column containing enzyme activity were pooled and con- 
centrated to a volume of 1 - 2 ml with Aquacide I. This concentrate 
was layered on top of a Sephadex G-200 fine column (2.5 x 100 cm) 
equilibrated with 50 mM potassium phosphate (pH 8.0), 100 mM 
potassium chloride, 0.05 ~ sodium azide and 0.2 mM KIV. The 
enzyme was eluted in a symmetrical protein peak; the maxima for 
protein and IPM synthase activity corresponded exactly. 

Gel Electrophoresis and Isoelectric Focussing. For disc gel electro- 
phoresis the Shandon apparatus (Shandon Scientific Company. 
Ltd., London, England) equipped with glass tubes 0.5 x 7.5 cm or 
plexiglass tubes 0.7x 13 cm was used and run at 2 - 3  raM/tube. 
The systems of Davis (1964) and Williams and Reisfeld (1964) were 
used with 7~  or 5~  and 7.5~ or 5~ acrylamide, respectively. 
The amount of protein applied varied between 20 and 150 l.tg. The 
preparative plate-gel electrophoresis was done by the method of 
Stegemann (1972). For 0.6 cm gel a current of 20-  30 mA was used 
and for 1.6 cm gel 60-70 mA. The IPM synthase was detected 
by incubating the gel in the DTNB-test mixture. The yellow bands 
were marked with thin wires before the protein was stained with 
Coomassie blue or Amido black. Electrofocussing was carried out 
according to the method of Wrigley (1968) in tubes 5 x 100 mm using 
Ampholine in the pH ranges 3-10 and 3 - 6  (LKB carrier am- 
pholyte). A current of 1 mA/tube was applied for the first hour 
and 2 mA/tube for a further 2 h. The enzyme was detected by 
incubating the gel in the DTNB-assay mixture after shaking in 
Tris-HC1 buffer (pH 8.2, 1.25 M) for 10 rain; the protein was 
stained by the method of Hayes and Wellner (1969). For the 
measurement of pH and enzyme activity the gel was cut into 1 mm 
slices and leached in water (CO2-free) for I h. For scanning the gels 
a densitometer (Chromosorb, Joyce Loebel and Co. Ltd., Gateshead, 
England) was used at a wavelength of 620 nm (after staining the 
protein with Coomasie Blue) and 459 nm (after the incubation in the 
DTNB assay mixture). 

Uttrafiltration andAquacide IProcedure. The 400 mi Diaflo chamber 
(Amicon corporation, Cambridge/Mass., U.S.A.) was used with 
UM 20 E filters and a working pressure less than 3 atm N> Filters 
of the type PM for phosphate buffer and organic acids caused 
precipitation of the protein. Since considerable losses of enzyme 
activity occurred with solutions containing less than 2 mg protein/ml 
the enzyme was usually concentrated in a shaken dialysis bag (Union 
Carbide Corporation, Chicago, U.S.A.) in Aquacide I. 

Storage. The purified enzyme dissolved in the buffer of the Sephadex 
G-200 column was concentrated by Aquacide I, so that the final 
protein concentration was not less than 0.25 mg per ml. This 
solution was then frozen in thin layers and stored at - 2 0  ~ C. 

It was thawed quickly by shaking the tubes in a waterbath (30 ~ C) 
and kept at room temperature for use. 

R E S U L T S  

Enzyme Level at Different Growth Stages 

D u r i n g  growth in a batch-cul ture  the highest specific 
activity of the ~- isopropylmalate  synthase of Alcali- 
genes eutrophus H 16 was observed in cells harvested 
in the late exponent ia l  phase;  dur ing  heterotrophic  
growth 1 0 - 1 2  uni ts /g  prote in  were reached. Dur ing  
the early s ta t ionary phase the enzyme activity de- 
creased within a few hours  to less than  40 ~o of the 
m a x i m u m  values. By growing an  isoleucine, val ine 
double  auxot rophic  m u t a n t  (A. eutrophus H 16-A 81; 
Reh  and  Schlegel, 1969) under  L-valine or L-isoleucine 

l imit ing condi t ions  for the purif icat ion of  the I P M  
synthase,  enzyme fo rmat ion  became derepressed and  
the specific activity increased up to 30-fold compared  

to that  of  the wild type. 

Enzyme Stability 

In  crude extract  enzyme activity was labile and  lost 
a bou t  50 ~ of its activity in  5 h. However,  it was 
stabilized part ial ly ( 2 0 -  30 ~ loss of  activity per 5 11) 
in the presence of  a c omb i na t i on  of  5 m M  L-leucine 
(or valine), 0.01 M KC1, and  0 , 5 r a M  ~-ketoiso- 
valerate (KIV) as well as in the presence of  inhibi tors  
of proteolyt ic  enzymes such as phenylmethanesu l fony l  
fluoride (2 raM) or po tass ium fluoride (0.1 M). The 
purified enzyme was stable at 30~ and  p H  7.5 for 
more  than  10 days. Dur ing  freezing ( - 2 0 ~  and  

thawing,  it lost abou t  1 0 ~  of its activity, bu t  the 
enzyme could be stored at - 2 0 ~  for more  t han  
5 mon ths  wi thout  further loss of  activity (100 m M  
potass ium phosphate ,  pH 7.5 or pH 8.0 and  0.2 m M  
KIV).  

Purification of  the Enzyme 

The purif icat ion procedure  is summar ized  in Table  1 
and  resulted in a specific activity of 12 btmoles/min 
per mg of protein.  The overall  purif icat ion was 113 
and  the yield 2.25 ~ .  The puri f icat ion was complicated 
by the cold labili ty of  the enzyme and  its susceptibil i ty 
to a t tack by proteolytic  enzymes. Changes  of the 
pro te in  structure dur ing  puri f icat ion were p resumably  
avoided by the use of gel f i l t rat ion and  ion exchange 
ch romatography  (see "Effect of  Tempera ture" ) .  Disc 
gel electrophoresis of  the e n z y m e  purified by the 
indicated procedure  and  by preparat ive  plate-gel 
electrophoresis suggested a homogeneous  p repara t ion  
(see "Ge l  Electrophoresis") .  
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Table 1. Purification of  the IPM synthase from 50 g of wet cells of  Alcaligenes eutrophus H 16-A 81 

Fraction Total activity Specific activity Overall purification Yield (%) 
units/g protein 

Crude extract 1175 t 06 - 100 
1. Ammonium sulfate ( 3 5 -  70 %) 795 306 2.8 68 
Sephadex G-150 632 584 5.5 54 
2. Ammonium sulfate ( 4 5 -  60 %) 480 917 8.6 41 
1. DEAE-Sephadex 224 3790 35.4 19 
2. DEAE-Sephadex 105 6830 63.9 9 
DEAE-cellulo se 31 11700 109 2.6 
Sephadex G-200 26.5 12 050 113 2.25 

Preparative gel electrophoresis - 12 050 - - 
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Fig. 1. Disc gel electrophoresis (densitogram) of purified IPM 
synthase after Sephadex G-200 step (1) and after preparative plate 
gel electrophoresis (2). For  the re-gel electrophoresis (2) the main 
band of  a preparative gel was cut out and eluted with 10 mM 
Tris-HC1 buffer supplemented by I mM KIV, The system of  
Williams and Reisfeld (1964) was used in all cases. After staining 
with Coomasie Blue the gel was scanned for protein absorbance 
with a densitometer at a wavelength of  620 nm 

During ion exchange chromatography the presence 
of L-leucine of g-valine in the elution buffer resulted 
in a slight alteration of the adsorptive properties of 
the enzyme. During gel filtration on Sephadex G-150 
or G-200 the elution profile was altered by leucine, 
too; leucine was applied in varied concentrations 
(0.05-5.0mM) and both pH7.5 and 8.1. However, 
the effect was so small (see molecular weight deter- 
mination) that it could not be applied for enzyme 
purification as reported for the enzyme from Salmo- 
nella typhirnurium (Kohlhaw et al., 1969). 

Gel Electrophoresis 

The purified IPM synthase was subjected to analytical 
disc gel electrophoresis in 7 % polyacrylamide gels. 
The gel exhibited one major (R I 0.415) and three less 
intensive bands (R s 0.46; 0.62; 0.65) in the system of 

Davis (1964) and one strong (Ry 0.28) and two less 
intensive bands (Ry 0.36; 0.46) in the system of Wil- 
liams and Reisfeld (1964). The IPM synthase activity 
was localized in the main band in both systems. Less 
activity was found in the smaller band with the 
highest Ri-value. No further bands could be detected, 
when the gel (0.7x 13 cm) was heavily overloaded. 
Thioesterases were proved to be absent. 

The main bands were isolated by means of pre- 
parative "plate-gel electrophoresis" (Stegemann, 1972). 
Re-gel electrophoresis of the protein from the main 
bands gave again one major and three or two bands, 
respectively, as that of the original purified enzyme 
(Fig. 1). The addition of L-leucine, L-valine and/or 
KIV to the gel and to the gel electrophoresis buffer 
did not alter the number, the position or the intensity 
of the bands. 

Molecular Weight, Isoelectric Point, 
SH-Groups and p H-Optimum 

For IPM synthase an apparent molecular weight of 
114500 daltons was found by gel filtration on Sepha- 
dex G-200 in the presence of reference proteins 
(Ackers, 1964; Bergmeyer, 1974). This molweight was 
in accordance with the sedimentation coefficient 
$2o, w = 6.88 x 1013 determined by using sucrose den- 
sity gradient centrifugation (Martin and Ames, 1961). 
For both determinations 0.1 mM KIV had been 
added to the enzyme and to the buffer to stabilize 
the enzyme. A molecular weight of 100000 daltons 
was found by gel filtration on Sephadex G-200 (using 
the same columns as before) in the absence of KIV 
but in the presence of 2.5 mM leucine, using two differ- 
ent concentrations of protein. The purified enzyme 
(0.8 mg protein/ml) did not contain accessible free 
SH-groups as tested wi thDTNB in the absence and 
presence of 1 ~ sodium dodecylsulfate. The presence 
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Fig. 2. (A) The effect of  pH on the stability of the [PM synthase 
activity at 20 ~ C. 1"he incubation buffer contained 50 m M  potassium 
phosphate (pH 6.0--8.0) or 50 m M  Tris-HC1 (pH 8.0-- 10.0). After 
1 min (O), 15 min (O), 60 min 0q) and 180 min (Zx) aliquots were 
withdrawn and assayed for residual IPM synthase activity. The 
DTNB assay with 250 mM Tris-HC1 pH 8.1 at 30~ and with 
substrate concentrations of 1.5 mM KIV and 0.5 mM acetyl-CoA 
and the enzyme preparation after the DEAE-cellulose step was 
used. (B) Effect of pH on the activity of IPM synthase. The enzyme 
activity was determined using the fluorimetric assay (solid lines) 
started with crude extract after gel filtration on Sephadex G-25 
(1.2 mg protein/ml volume of the assay). Using ll0-fold purified 
enzyme (4.2 gg protein/ml voiume of the assay) the activity was 
determined with the optical assay at 232 nm (dashed lines). The 
substrate concentration was 0.75 mM KIV and 0.188 mM acetyl- 
CoA. Activity at the pH optimum was taken as 100%, e.g. 150 rel. 
fluorimetric units/20min or AOD232/min = 0.25. Buffer used: 
250 mM Tris-HC1 containing 250 mM KC1 (O) and 250 mM po- 
tassium phosphate ([3) 
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Fig. 3. The effect of temperature on IPM synthase activity 
(Arrhenius-plot). The fluorimetric assay was employed for deter- 
mination of enzyme activity using crude extract after gel filtration 
on Sephadex G-25 (dashed lines) and partially purified enzyme 
(DEAE-cellulose step) (solid lines). At the indicated temperature 
the assay mixture was preincubated for 5 rain without enzyme and 
for further 50 min after adding the enzyme. Buffer used: 250 mM 
Tris-HCl pH 7.5 (ApH/T = - 0.01) (Dawson et al., 1969) (O) and 
pH 8.0 (ApH/T=-0.0028) (Weast, 1968/69) (m); 250 mM po- 
tassium phosphate pH 7.5 (O). To avoid crossovers the lower 
curves in the figure were shifted on the ordinate to other values. 
The values are the means of two parallel experiments with the 
range as indicated by vertical bars, otherwise the differences were 
in the range of the size of the symbols 

o f  disulf ide b o n d s  (under  fur ther  inves t igat ion)  was 
de tec ted  by  the m e t h o d e  o f  R o b y t  et al. (1971). 

The  isoelectr ic  po in t  was de t e rmined  by  isoelectr ic  
focussing with  A m p h o l i n e  and  found  to be be tween 
p H  3.9 and  4.0. The  p H - o p t i m u m  of  enzyme act iv i ty  
m e a s u r e d  in Tr is-HC1 buffer  was be tween  8.0 and  8.5 
(Fig.  2 B). A t  p H  7.0 the  enzyme act iv i ty  was a b o u t  
15 % of  m a x i m a l  act ivi ty.  In  p h o s p h a t e  buffer,  the  
h ighest  ac t iv i ty  was obse rved  at  p H  8.2. N o  signif icant  
differences in the p H  dependence  o f  the act ivi ty  were 
encoun te red  us ing c rude  ext rac t  ( tested by  means  o f  
the  f luoromet r i c  enzyme assay) or  purif ied enzyme 
(using the op t ica l  assay wi th  D T N B ) .  In  the  range  
f rom 7.2 to  8.2, the  ac t iv i ty  o f  the purif ied enzyme 
r e m a i n e d  s table  for  several  hours ,  whereas  at  h igher  

and  lower  pH-va lues  r a p i d  inac t iva t ion  occur red  
(Fig.  2 A). 

The Effect o f  Temperature 

The  t e m p e r a t u r e  o p t i m u m  of  the purif ied enzyme 
was 44 ~ C. The  buffer (Tris-HC1 or  phospha te ) ,  the 
assay  employed ,  the  p H - v a l u e  (7.5 and  8.1), and  the 
concen t r a t i on  o f  the subs t ra te  ( ace ty l -CoA)  had  no 
m a r k e d  influence on the t e m p e r a t u r e  op t imum.  In  the  
in terval  be tween  55 - 60 ~ C, the ac t iv i ty  o f  the enzyme 
decreased  dras t ica l ly  and  reached  zero at  60 ~ C. If, 
however ,  the enzyme was incuba ted  for  5 rain at  65 ~ C 
in the  presence o f  its subs t ra tes  K I V  and  ace ty l -CoA 
and  was then quickly  coo led  to  40 ~ C, the enzyme 
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Fig. 4A and B. The effect of ionic strength (A) and of ZH20 con- 
centration (B) on enzyme stability at 0 ~ C. The 70-fold purified 
enzyme was stored on ice at pHT.5 in solutions containing: 
(A) Potassium phosphate (50, 250 and 650 raM) and ammonium 
sulfate as indicated; (B) 25 mM (E) and 250 mM (D) potassium 
phosphate and 2H20 as indicated in percent. The dashed lines 
represent the control experiment at 23~ The enzyme activity 
was determined by measuring initial velocities using the DTNB 
test (250 mM potassium phosphate, pH 8.1) 

activity was not impaired. In the absence of the sub- 
strates incubation of the enzyme for 5 min at 60~ 
resulted in irreversible denaturation. 

Anomalous, non-linear curves were obtained in 
the Arrhenius-plots (Fig. 3). This was observed espe- 
cially in phosphate buffer at pH 7.5 and less in Tris- 
HC1 buffer at pH 8.0. Identical results were obtained 
irrespective of whether the optical test at 232 and 
412 nm or the fluorimetric test with crude extracts 
or purified enzyme were used. No alterations of the 
anomalous curves were observed when the enzyme was 
preincubated at 40 ~ C for 20 rain, and then cooled to 
20~ before starting the assay. From the Arrhenius- 
plot (Fig. 3), an activation energy Ea of the enzyme 
reaction of 10.3 _+ 0.8 kcal/mol was calculated for the 
temperature range from about 28-35 ~ C. 

At low temperature a rapid loss of enzyme activity 
was observed. The cold lability could be overcome 
by stabilizing the enzyme either by buffers of increased 
ionic strength or by replacing H20 by 2H20 as is shown 
in Figure 4. The stabilizing effect of 2H20 on the 
enzyme at 0~ indicated that according to Lee and 
Berns (1968) hydrophobic effects between polypeptide 
chains are important for maintaining the native 
structure of this IPM synthase. 

Cation Effects 

In contrast to the stabilization of the IPM synthase 
at low temperature with KC1, no significant increase 
of activity was observed with the monovalent cations 
Li +, K + or Na + added as chlorides or sulfates (Davis, 
1964) using Sephadex G-25 treated enzyme (100 ml 

gel per ml of enzyme). High concentrations of KC1 
or KzSO4 inhibited the enzyme about 20 % (pH 8.1, 
400 mM; pH 7.5, 250 raM). No significant effect was 
detected with divalent cations, except with MnZ+; 
the enzyme was slightly activated (25%) by 1 mM 
MnCI2. 

DISCUSSION 

The specific activity of IPM synthase in extracts from 
Alcaligenes eutrophus H 16 is similar to that of other 
organisms (12-15 units/g protein); Neurospora crassa 
(Webster and Gross, 1965); Salmonella typhimurium 
(Kohlhaw et al., 1969); Saccharomyces spec. (Sai et 
al., 1969; Ulm et al., 1972); Paracoccus denitrificans, 
(Fischer, 1973); maize seedlings (Oaks, 1965). As- 
suming that the purified enzyme was homogeneous 
at a specific activity of 12 units/mg protein, and that 
the crude extract represented the total soluble cellular 
protein, IPM synthase constituted 0.05 % of the cell 
protein in autotrophically grown cells of A. eutrophus 
H 16 and 0.1% in heterotrophically grown cells. For 
the mutant H16-A 81 grown under conditions of 
derepression of IPM synthase a maximum value of 
2.8 % of the cellular protein was calculated. This value 
is comparable to 1.25 % calculated for S. typhimurium 
CV-19 (Kohthaw et al., 1969). 

A significant change of the enzyme during the 
purification procedure seems improbable since neither 
the activation energy nor the temperature anomalies 
of the Arrhenius plot were altered. The temperature 
anomaly seems to be real. It is certainly not due to 
either a non-linear function of the enzyme test, or to 
a different influence of temperature on the forward 
and the reverse reaction or to the presence of iso- 
enzymes, since different methods for measuring the 
enzyme activity have been applied since the IPM 
synthase reaction can be regarded to be an irreversible 
reaction (Webster and Gross, 1965) and since iso- 
enzymes were not detected. An anomalous dependence 
of the reaction rate on the temperature is regarded as 
a sensitive indicator of reactions occurring at the 
enzyme, especially of minor changes of enzyme con- 
formation, in the neighbourhood of the catalytic site 
(Han, 1972; Talsky, 1971). Therefore, both the de- 
scribed anomalous temperature dependence of en- 
zyme activity and the reversible inactivation of the 
enzyme at a temperature higher than 44~ might be 
due to reversible changes of the enzyme conformation. 
The activity of all IPM synthases investigated de- 
pended strongly on the pH and decreased drastically 
within a narrow range of the pH below the pH- 
optimum which was in range of pH8.0-8 .5  for the 
enzyme from A. eutrophus H 16, S. typhimurium (Kohl- 
haw et al., 1969), and Saccharomyces spec. (Ulm et 
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al., 1972), and between pH 7.0 and 7.8 for the enzyme 
from S. carlsbergensis (Sai et al., 1969), N. crassa (Ro- 
byt et al., 1971), and P. denitrificans (Fischer, 1973). 

The IPM synthase from A. eutrophus differs from 
those of other organisms in cold lability and anoma- 
lous temperature dependence. The apparent molecu- 
lar weight determined by gelfiltration of about 114 500 
is the smallest so far known for IPM synthases; a 
rapid dissociation-association equilibrium of the sub- 
units in the absence of leucine could not be excluded, 
therefore, the molecular weight might be higher. How- 
ever, if this equilibrium of the subunits exists, it did 
not strongly depend on the concentration of leucine. 
This conclusion was drawn from several gelfiltrations 
with different leucine concentrations and analytical 
gel-electrophoresis in the presence and absence of 
leucine; no alteration of the bands was observed. In 
contrast, the association-dissociation equilibrium of 
the IPM synthase from Salmonella typhimurium was 
strongly dependent on protein and leucine concentra- 
tions, resulting in molecular weights between 50000 
to 200000 daltons (Kohlhaw and Boatman, 1971) and 
in a single gel electrophoresis band only in the pres- 
ence of leucine. 

In analogy to the conclusions drawn by Webster 
and Gross (1965) for the IPM synthase from N. crassa, 
the relatively small differences of the apparent molec- 
ular weight of the enzyme from A. eutrophus H 16 
eventually resulted from a change of the Stokes' radius 
and the frictional rate during the binding of leucine. 

In contrast to the enzymes from fungi (Ulm et al., 
1972; Webster and Gross, 1965) the activity of the 
enzyme from A. eutrophus was not dependent on 
monovalent cations. 

Acknowle@ments. We are grateful to Dr. R. Brinkmann and to 
Mr. H. Mtiller for assistance in the preparation of batches of cells, 
to Dr. G. Wolf for advice and assistance with the preparative plate- 
gel electrophoresis and to Prof. Lars Ljungdahl for his critical 
reading of a preliminary manuscript. 

REFERENCES 

Ackers, G. K.: Molecular exclusion and restricted diffusion pro- 
cesses in molecularsieve chromatography. Biochemistry 3, 723 - 
730 (1964) 

Beisenherz, G., Bolze, H. J., Bticher, Th., Czok, R., Garbade, H. 
K., Meyer-Arendt, E., Pfleiderer, G. : Diphosphofructose-A1- 
dolase, Phosphoglyceraldehyd-Dehydrogenase, Milchs~ure-De- 
hydrogenase, Glycerophosphat-Dehydrogenase und Pyruvat- 
Kinase aus Kaninchenmuskulatur in einem Arbeitsgang. Z. 
Naturforsch, 8b, 555-557 (1953) 

Bergmeyer, H. U.: Methoden der enzymatischen Analyse, Bd. I, 
3. Aufl., S. 458,714. Weinheim: Verlag Chemie 1974 

Calvo, J .M.,  Bartholomew, J. C., Stieglitz, B.I.:  Fluorometric 
assay of enzymatic reactions involving acetyl coenzyme A in 
aldol condensations. Analyt. Biochem. 28, 164--181 (1969) 

Davis, B. J. : Disc-electrophoresis. II. Methods and application to 
human serum proteins. Ann. N.Y. Acad. Sci. (Wash.) 121, 
404-427 (1964) 

Dawson, R. M. C., Elliott, D. C., Jones, K. M., Elliott, W. H.: 
Data for biochemical research, 2nd ed., pp. 476-494. Oxford: 
Clarendon Press 1969 

Fischer, H.: Reinigung der e-Isopropylmalat-Synthase aus Micro- 
coccus denitr~'cans und enzymkinetische Messungen. Diplom- 
thesis, University of G6ttingen (1973) 

Han, M. H. : Non-Iinear Arrhenius-piots in temperature-dependent 
kinetic studies of enzyme reaction. I. Single transition pro- 
cesses. J. theor. Biol. 35, 543-568 (1972) 

Hayes, M. B., WeUner, D.: Microheterogeneity of L-amino acid 
oxidase. J. biol. Chem. 244, 6636-6644 (1969) 

Hill, F., Schlegel, H. G.: Die a-Isopropylmalat-Synthetase bei 
Hydrogenomonas H 16. Arch. Mikrobiol. 68, 1 - 17 (1969) 

Kohlhaw, G., Boatman, G. : Cross-linking of Salmonella isopropyl- 
malate synthase with dimethyl suberimidate; evidence for an- 
tagonistic effects of leucine and acetyl-CoA on the quaternary 
structure. Biochem. biophys. Res. Commun. 43, 741 - 746 (1971) 

Kohlhaw, G., Leary, T. R., Umbarger, H. E.: c~-Isopropylmalate 
synthase from Salmonella typhimurium. Purification and proper- 
ties. J. biol. Chem. 244, 2218-2225 (1969) 

Lee, J. J,, Berns, D. S.: Protein aggregation. Biochem. J. 110, 
465-470 (1968) 

Lowry, O. H., Carter, J., Ward, J, B., Glaser, L.: The effect of 
carbon and nitrogen sources on the level of metabolic inter- 
mediates in Escherichia coli. J. biol. Chem. 246, 6511-6521 
(1971) 

Martin, R. G., Ames, B. N.: A method for determining the sedi- 
mentation behavior of enzymes. Application to protein mixtures. 
J. biol. Chem. 236, 1372-1379 (1961) 

Oaks, A. : The synthesis of leucine in maize embryos. Biochim. 
biophys. Acta (Amst.) 111, 79-89 (1965) 

Ochoa, S.: Crystalline condensing enzyme from pig heart. In: 
Methods in enzymology, Vol. 1 (S. P. Colowick, N. O. Kaplan, 
eds.), pp. 685-694. New York: Academic Press 1955 

Reh, M., Schlegel, H. G. : Die Biosynthese von Isoleucin und Valin 
in Hydrogenomonas H 16. Arch. Mikrobiol. 67, 110-127 (1969) 

Robyt, J., Ackerman, R. J., Chittenden, C. G.: Reaction of pro- 
tein disulfide groups with Ellman's reagent: A case study of 
the number of sulfhydryl and disulfide groups in Aspergillus 
oryzae e-amylase, papain and lysozyme. Arch. Biochem. Bio- 
phys. 147, 262--269 (1971) 

Sai, T., Aida, K., Uemura, T. : Studies on ()-citramatic acid for- 
mation by respiration-deficient yeast mutants. V. Purification 
and some properties of citramajate condensing enzyme. J. gen. 
appl. Microbiol. 15, 345-363 (1969) 

Schlegel, H.G.,  Kaltwasser, H., Gottschalk, G.: Ein Submers- 
verfahren zur Kultur wasserstoffoxydierender Bakterien : Wachs- 
tumsphysiologische Untersuchungen. Arch. Mikrobiol. 38, 
209-222 (1961) 

Simon, E. J., Shemin, D. : The preparation of S-succinylcoenzyme A. 
J. Amer. chem. Soc. 75, 2520 (1953) 

Srere, P. A., Brazil, H., Gonen, L. : The citrate condensing enzyme 
of pigeon breast muscle and moth flight muscle. Acta chem. 
scan& 17, 5129-5134 (i963) 

Stegemann, H.: Apparatur zur thermokonstanten Elektrophorese 
und Fokussierung und ihre Zusatzteile. Z. Anal. Chem. 261, 
388- 391 (1972) 

Strassman, M., Locke, L. A., Thomas, A. J., Weinhouse, S.: A 
study of leucine biosynthesis in Torulopsis utilis. J. Amer. 
chem. Soc. 78, 1599--1602 (1956) 

Talsky, G. : Zur anomalen Temperaturabhfingigkeit enzymkataly- 
sierter Reaktionen. Angew. Chem. 83, 553-594 (1971) 



246 Arch. Microbiol., Vol. 112 (1977) 

Ulm, E. H., B6hme, R., Kohlhaw, G. : c~-Isopropylmalate synthase 
from yeast: Purification, kinetic studies, and effect of ligands 
on stability. J. Bact. 110, 1118 - 1126 (1972) 

Weast, R. C. : Handbook of chemistry and physics, p. D 80. Cleve- 
land: The Chemical Rubber 1968/69 

Webster, R. E., Gross, S. R. : The c~-isopropylmalate synthetase of 
Neurospora. I. The kinetics and endproduct control of c~-iso- 
propylmalate synthetase function. Biochemistry 4, 2309-2318 
(~965) 

Wilde, E.: Untersuchungen fiber Wachstum und Speicherstoff- 
synthese von Hydrogenomonas. Arch. Mikrobiol. 43, 109-137 
(1962) 

Williams, D. E., Reisfeld, R. A. : Disc-electrophoresis in polyacryl- 
amide gels. Extensions to new conditions of pH and buffer. 
Ann. N.Y. Acad. Sci. 121, 373-381 (1964) 

Wrigley, C. : Analytical fractionation of plant and animal proteins 
by gel electrofocussing. J. Chromatogr. 36, 362--365 (1968) 

Received November 1, 1976 


