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the concentration of free K+ and Mgz+ must be low enough to 
prevent protection. How other cell constituents effect the rate 
of inactivation at 23" is also not known. 

References 

Brandts, J. F. (1969), in Structure and Stability of Biological 
Macromolecules, Tirnasheff, S. N., and Fasman. G. D., 
Ed., New York, N. Y . ,  Marcel Dekker. 

Dawson, R.  M. C.,  Elliott, D. C., Elliott, W. H., and Jones, 
K.  M. (1969), Data for Biochemical Research, New York, 
N. Y . ,  Oxford University Press, p 109. 

Grisolia, S. (1964), Physiolog. Rev. 44;657. 
Haeckel, R., Hess, B., Lauterborn, W., and Wuster, K.-H. 

Hanson, K .  R.  (1966), J .  Mol. Biol. 22,405. 
Holleman, W. (1966), Ph.D. Thesis, Michigan State Univers- 

Hunsley, J. R., and Suelter, C. H. (1969a), J .  Biol. Chem. 

HunsIey, J. R., and Suelter, C. H. (1969b), J.  Bioi. Chem. 

Kauzrnann, W. (1959), Aduan. Protein Chem. 14, l .  

(1968), Hoppes-Seyler's 2. Physiol. Chem. 349,699. 

ity, East Lansing, Mich. 

244,4815. 

244,4819. 

Kuczenski, R .  T., and Suelter, C. H. (1970a), Biochemistry 

Kuczenski, R .  T., and Suelter, C. H. (1970b), Biochemistry 

Kuczenski, R .  T., and Suelter, C. H. (1971), Biochemistry 

Lanyi, J. K., and Stevenson, J. (1970), J .  Biol. Chem. 245,4074. 
Llorente, P., Marco, M., and Sols, A. (1970), Eur. J .  Biochem. 

13,45. 
Monod, J . ,  Wyman, J., and Changeux, J.-P. (1965), J .  Mol. 

Biol. 12, 88. 
Rutter, W. J., Hunsley, J. R., Groves, W. E., Calder, J.,  

Rajkumar, T. V.,  and Woodfin, B. M. (1966), Methods 
Enzymol. 9,479. 

9,939. 

9,2043. 

IO, 2862. 

Schachman, H .  K.  (1957), Methods Enzymoi. 4,32. 
Scheraga, H. A., Nemethy, G., and Steinberg, 1. Z. (1962), 

Schimke, R.  T., and Doyle, D. (1970), Annu. Reu. Biochem. 

Somero, G. N. (1969), Biochem. J .  114,237. 
von Hippel, P. H., and Schleich, T. (1969), in Structure and 

Stability of Biological Macromolecules, Timasheff, S. N., 
and Fasman, G. D., Ed., New York, N. Y . ,  Marcel Dekker. 

J .  Biol. Chem. 237,2506. 

39,929. 

Oxidized Triphosphopyridine Nucleotide Specific Isocitrate 
Dehydrogenase from Azotobacter vinelandii. 
Reactive Sulfhydryl Group with Cyanide" 

Albert E. Chung,? James S. Franzen, and Janina E. Braginski 

ABSTRACT : A thiocyano derivative of Azotobacter vinelandii 
isocitrate dehydrogenase has been prepared. The modified 
enzyme is prepared by displacing a thionitrobetlzoate group 
from monothionitrobenzoate derivative of the enzyme with 
cyanide. The replacement of the thionitrobenzoate group by 
cyanide results in the regeneration of catalytic activity in the 
enzyme. The results indicate that the most reactive thiol 
group of the enzyme is not essential for catalytic activity 
although its modification by iodoacetic acid, p-hydroxy- 

T he TPN+-specific isocitrate dehydrogenase from Aroto- 
bacter Dinelandii (ATCC 9104) contains three cysteine residues 
which exhibit different reactivities toward thiol reagents 
(Chung and Franzen, 1969). One of the thiol groups of the 
enzyme is readily titrated with DTNB. This titration results 
in an almost complete loss of catalytic activity. The enzymatic 
activity is restored by treatment of the modified enzyme with 
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Modification of a 

mercuribenzoate, N-ethylmaleimide, and 5,5'-dithiobis(2- 
nitrobenzoic acid) results in almost complete loss of catalytic 
activity. The Michaelis constants for both TPN+ and iso- 
citrate were unchanged by the modification of the native 
enzyme. The pH stability of the thiocyano derivative was 
determined, the enzyme is stable at pH 8 and 9.2 but becomes 
increasingly unstable at lower pH values. In the thiocyano 
enzyme a second thiol residue previously inaccessible to Ell- 
man's reagent becomes accessible for titration. 

DTT; this restoration of activity is accompanied by a stoi- 
chiometric release of the TNB chromophore and regeneration 
of the free thiol group of the enzyme. The reactive thiol group 
is also titrated by iodoacetic acid with complete loss of cataly- 
tic activity. Concomitantly one carboxymethyl group is bound 
per mole of enzyme. Treatment of the enzyme with HMB re- 
sults in the rapid titration of two thiol groups with complete 
loss of catalytic activity and the slow titration of the third 
thiol group. The proximity of the most reactive thiol to the 
active site of the enzyme is indicated by the observation that 
substrates of the enzyme decrease the reactivity of the thiol 
with respect to DTNB. The thiol groups of the enzyme exist 
in an interesting steric relationship. Titration of the reactive 
thiol with DTNB and subsequent exposure of the mono-TNB 
derivative of the enzyme to mild denaturing conditions results 
in the formation of an enzyme species which contains an 
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intramolecular disulfide bridge (Braginski et al., 1970). In the 
formation of this modified form of the enzyme the bound 
chromophore is displaced. The disulfide enzyme is devoid of 
activity but upon reduction with DTT partial restoration of 
activity is observed. The proximity of the reactive thiol group 
to the active center of the enzyme and the interesting steric 
relationship and differential reactivities of the three thiol resi- 
dues prompted a further investigation into the functional roles 
of these residues in the enzyme. In this communication the 
preparation and some general properties of a thiocyanoalanine 
derivative of the enzyme are described. 

Experimental Section 

Materials. All nucleotides and coenzymes, threo-D&-iso- 
citrate trisodium salt, DTNB, DTT, and HMB were purchased 
from Sigma. [14C]Potassium cyanide was obtained from New 
England Nuclear, Boston, Mass. All other reagents were 
analytical grade obtained from various commercial sources. 

Preparation of Isocitrate Dehydrogenase. Isocitrate de- 
hydrogenase with a specific activity of 110-1 30 enzyme units/ 
mg of protein was prepared by a modification of the method 
described by Chung and Franzen (1969). In the modified 
method the CM-cellulose fractionation was omitted and the 
final SephadexG-100 chromatography repeated. This modified 
method resulted in a higher yield of enzyme which was of 
comparable purity as determined by acrylamide gel electro- 
phoresis (Ornstein, 1964; Davis, 1964), and sedimentation 
velocity analysis in the Spinco Model E analytical ultracentri- 
fuge. 

Preparation of TNB-IDH. The monothionitrobenzoate 
derivative of isocitrate dehydrogenase (TNB-IDH) was pre- 
pared by titrating isocitrate dehydrogenase with Ellman's re- 
agent (Ellman, 1959) until one thiol group had been titrated 
and less than 5 Z of catalytic activity remained. A typicalprep- 
aration was carried out as follows. Enzyme (90 mg) was 
dissolved in 44 ml of 0.05 M potassium phosphate buffer (pH 
7.0) and mixed with 0.5 ml of a solution containing DTNB 
at a concentration of 4 mg/ml of 0.05 M potassium phosphate 
buffer (pH 7.0). The solution was allowed to stand in the dark 
at room temperature. The course of the reaction was moni- 
tored by measuring the absorbance of the solution at 412 nm 
at  fixed intervals. The reaction was complete within about 30 
min at which time approximately 1 equiv of thioljmole of 
enzyme was titrated. This preparation contained less than 5 Z 
of the activity of the native enzyme. Complete activity could 
be regenerated by the addition of excess DTT. The solution 
containing the titrated enzyme was freed of excess DTNB and 
released TNB chromophore by gel filtration on a Sephadex 
G-25 column. The protein solution obtained after concentra- 
tion by ultrafiltration was used for the preparation of the 
thiocyanoalanyl derivative of isocitrate dehydrogenase (SCN- 
IDH). 

Preparation of SCN-IDH. The thiocyanoalanyl derivative 
of the enzyme was prepared as follows. In a standard spectro- 
photometer cuvet 12 mg of TNB-IDH in 2 ml of 0.1 3 M potas- 
sium phosphate buffer (pH 7.2) was mixed with 1 ml of a 
freshly prepared solution containing 9.1 mg of potassium 
cyanide/ml of 0.5 M postassium phosphate buffer (pH 7.2). 
The reaction mixture was immediately placed into the cell 
compartment (maintained at 30") of a Cary Model 1605 re- 
cording spectrophotometer and the release of the TNB 
chromophore followed at 412 nm. The release of chromophore 
was complete after about 25 min. The net change in absorb- 
ance was calculated from the final reading and the absorbance 

of the initial enzyme solution after correction for dilution by 
the potassium cyanide solution. In the preparation of the 
radioactive derivative the procedure was unchanged except 
that [ 4Clpotassium cyanide replaced the unlabeled compound. 

Enzyme Assay and Kinetics of Enzyme Reaction. The enzyme 
activity was measured as previously described (Chung and 
Franzen, 1969). The kinetic constants for TPN+ and iso- 
citrate were obtained in the usual manner (Cleland, 1970). 
The effect of varying the isocitrate concentration at several 
fixed nonsaturating concentrations of TPN+ on the rate of 
reaction was determined. Primary plots of reciprocal initial 
velocity us.  reciprocal varying substrate concentrations were 
obtained, from these plots secondary plots of intercepts against 
the reciprocal of fixed substrate concentrations were made. 
These secondary plots yielded the Michaelis constants for 
TPN+ and isocitrate. 

Protein Determination. Protein concentration was deter- 
mined either by the absorption of the protein solution at 280 
nm (Chung and Franzen, 1969) or by the method of Lowry 
et al. (1951) with native IDH as standard. 

Results 

Stoichiometry of Reaction o j  TNB-IDH with [14C]KCN. The 
TNB-IDH which was treated with [14C]KCN contained 0.9 
mole of TNB/mole of enzyme as determined by release of 
chromophore after treatment with excess dithiothreitol. The 
release of chromophore by treatment with ['*C]KCN was 
0.74 mole/mole of enzyme. Measurement of the radioactivity 
bound to the enzyme after exhaustive dialysis indicated that 
1.18 moles of cyanide was bound/mole of enzyme. Incubation 
of the radioactive enzyme with sodium hydroxide at pH 12 
released thiocyanate which was assayed by the method of 
Sorbo (1957). The release of thiocyanate was 1.06 moles of 
thiocyanate/mole of enzyme. These data are summarized in 
Table I and indicate that cyanide reacts with TNB-IDH, 
releases approximately 1 mole of chromophore/mole of en- 
zyme, and forms 1 mole of thiocyano derivative which is pre- 
sumed to be thiocyanoalanine in analogy with modei reactions 
(Wood and Catsimpoolas, 1963; Catsimpoolas and Wood, 
1966) and the formation of thiocyanoalanyl derivatives in the 
regulatory subunit of aspartate transcarbamylase (Vanaman 
and Stark, 1970). 

Kinetics of Thionitrobenzoate Release from TNB-IDH by 
CN-. The kinetics of release of chromophore under the stan- 
dard experimental conditions previously described were 
studied. The log of the final absorbance at 412 nm minus the 
absorbance at time, t ,  was plotted against time. From the slope 
of the plot the first order-rate constant determined for the dis- 
placement of the TNB from TNB-IDH was 0.17 min-I. The 
tl/ ,  for the reaction was 4.1 min. 

Properties of the SCN-IDH. The SCN-IDH yielded one 
symmetrical peak in the analytical ultracentrifuge. This peak 
had a sedimentation constant of 4.9 S. Analysis by Sephadex 
G-100 chromatography of the radioactive SCN-IDH yielded 
one radioactive peak which was coincident with the catalytic 
activity of the enzyme. The elution volume was identical with 
that of an untreated homogeneous preparation of IDH. The 
modified enzyme was inactivated by rabbit antibody pre- 
pared against native enzyme and yielded one precipitin band 
by the double-diffusion Ouchterlony test against the antibody 
to native enzyme. These results indicate that the SCN-IDH 
retained its monomeric structure and its native conformation. 

The samples of SCN-IDH were catalytically active and had 
specific activities which varied between 40 and 70 enzyme 
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FIGURE 1: pH stability of SCN-IDH. SCN-IDH was diluted in 
various buffers to yield a final protein concentration of 18 pg/ml. 
Prior to exposure to the various buffers the specific activity of the 
enzyme was 64 enzyme units/mg of protein. Immediately after dilu- 
tion in the appropriate buffer an aliquot of the diluted enzyme solu- 
tion was assayed for activity. The solution was allowed to incubate 
at 24" and at fixed time intervals aliquots were assayed for activity. 
The buffers used were: pH 3.9,O.l M sodium acetate; pH 5.0, 0.05 hi 
sodium acetate; pH 5.8,0.05 M potassium phosphate; pH 7.0,0.05 M 
potassium phosphate; pH 8.2, 0.5 M Tris-acetate; pH 9.1, 0.05 M 
Tris-acetate. The enzyme was almost instantaneously inactivated at 
pH 3.9 and its change in activity is not recorded. The pH of the 
incubation for curves 1-5 are 9.1, 8.2, 7.0, 5.8 and 5.0, respectively. 

unitslmg of protein. The TNB-IDH which was normally used 
to prepare the SCN-IDH had specific activities of less than 
5 enzyme units/mg of protein. These specific activities may be 
compared to  that of native enzyme which varied between 110 
and 130 enzyme units per mg of protein. 

The kinetics of the reduction of TPN+ by isocitrate catalyzed 
by the SCN-IDH was studied at several concentrations of 
TPN+ and isocitrate. The plots of reciprocal velocities against 
reciprocal substrate concentrations where isocitrate and TPN+ 
were the variable substrates, respectively, were linear. Linear 
secondary plots of intercept 6s. the reciprocal of fixed sub- 
strate concentrations were obtained from these plots. Analysis 
of these secondary plots yielded Michaelis constants for iso- 
citrate and TPN+ of 8.2 X 10-6 and 1.1 X 10-6 M, respectively. 
These values may be compared with 1.1 x 10-5 M for iso- 
citrate and 1.0 X 10-6 M for TPN+ when unmodified enzyme 
was used under identical conditions of pH, temperature, ionic 
strength, and metal ion concentration. These Michaelis 
constants are essentially unchanged in the modified enzyme. 

The p H  stability of the SCN-IDH enzyme was determined. 
The results are shown in Figure 1. The modified enzyme is 
stable at room temperature at pH values between 8 and 9 but 
loses approximately 40z of its activity after incubation at 
pH 5 for 20 min. The residual activity appears to  be stable at 
this pH. At p H  3.9 the enzyme is almost instantaneously in- 
activated. 

Treatment of [ 4C]SCN-IDH with mercaptoethanol at 
room temperature for 2 hr and subsequent dialysis resulted 
in partial release of radioactivity. The release of radioactivity 
was followed by an  increase in the specific activity of the en- 
zyme and an  increase in the number of titratable thiol groups. 
In contrast, treatment of the enzyme with 4 M guanidine 
hydrochloride resulted in a loss of activity and no loss of 

TABLE I: Stoichiometry of Reaction of TNB-IDH with 
[l"C]KCN: 

Reaction 

Stoichiometry 
(mole/mole of 

Enzyme) 

TNB released by CN- 0.74 

SCN released 1 . 0 6  
[ C]CN- bound 1.18 

~_~~__.___ ~ ~ ~~~~~ 

a The TNB released by cyanide was determined as described 
in the text. After reaction of TNB-IDH with [ITIKCN as 
described, the reaction mixture was exhaustively dialyzed 
against 0.05 M potassium phosphate buffer (pH 7.0) until the 
dialysate was free of radioactive cyanide. The protein content 
of the dialyzed enzyme solution was determined spectro- 
photometrically and 0.1 ml of the solution was removed and 
mixed with 10 ml of a solution containing 5.5 g of 2,5-di- 
phenyloxazole, 0.1 g of 1,4-bis[2-(5-phenyloxazolyl)]benzene, 
667 nil of toluene, and 333 ml of Triton X-100 for radioactivity 
measurement. The radioactivity was determined with a Becli- 
man LS-100 liquid scintillation counter. The specific activity 
of the [ 'CIKCN used for the reaction was 106 cpm/pmole. 
The number of moles of [lC]CN- bound was determined 
from the radioactivity in the dialyzed sample. The stoichiome- 
try of binding was determined from this value and the protein 
concentration. The stoichiometry of SCN- released was 
determined according to Sorbo (1957). SCN-IDH (5.8 mg) 
was incubated for 30 min at pH 12 a t  37" and at the end of 
this time the SCN- released was determined. The color 
development was compared with a standard curve obtained 
with potassium thiocyanate. 

radioactivity from the protein. However, the guanidine-treated 
enzyme had lost titratable thiol groups. These results are 
summarized in Table 11. The loss in titratable thiol groups by 
guanidine hydrochloride treatment was perhaps due to the 
formation of an  intramolecular disulfide bridge sincc the 
sedimentation velocity pattern of the guanidine hydrochloride 
treated enzyme after removal of the denaturing agent exhibited 
one major peak which had an  si,,,, of 4.1 S, this value is close 
to that for the native enzyme, ciz., 4.6 S. Furthermore, a mix- 
ture of the guanidine hydrochloride treated enzyme and nativc 
unlabeled enzyme when mixed together and chromatographed 
on a column of Sephadex G-100 resulted in a coincidence of 
radioactivity and enzyme activity in the eluted fractions. 
Polymerization by the formation of intermolecular disulfide 
bridges is thus ruled out. 

It has previously been reported that only one thiol group 
per mole of native enzyme is readily titrated by Ellman's re- 
agent (Chung and Franzen, 1969). This titration was usually 
complete within 20 rnin under standard conditions. No further 
reaction was observed. The SCN-IDH was not readily titrated 
by Ellman's reagent. However, exposure of the modified 
enzyme to Ellman's reagent overnight resulted in the further 
titration of a second thiol group. The progress of this reaction 
was followed by the release of chromophore at 412 nm on a 
Cary 1605 recording spectrophotometer. After removal of 
excess Ellman's reagent and released chromophore the enzyme 
was treated with potassium cyanide. This resulted in the re- 
lease of bound chromophore and partial regeneration of 
catalytic activity. These results are summarized in Table 111. 
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TABLE 11: Effects of Exposure of ['4C]SCN-IDH to Mercapto- 
ethanol or Guanidine Hydrochloride.0 

TABLE III: Modification by IDH by Ellman's Reagent and 
Cyanide: 

Radio- sulfhy- 
activity dry1 

Remain- Sp Act. Content 
ing (cpm/ (Enzyme (moles/ 

mg of Units/ mole of 
Treatment Protein) mg) Enzyme) 

~~ 

TNB 
Released 

TNB Bound from Sp Act. 
to Enzyme Enzyme (eu/mg 

Treatment of Enzyme) of Enzyme) Protein) 
(mole/mole (mole/mole of 

None 5130 48 1 .5  
0 .1  M Mercaptoethanol 2750 72 2.6 
4 M Guanidine hydro- 5605 8 0 . 5  

chloride 

o [~C]SCN-IDH samples, each containing 4.3 mg of 
protein, were separately incubated with 0.05 M potassium 
phosphate buffer, or buffer containing either 0.1 M mercapto- 
ethanol or 4 M guanidine hydrochloride for 1 hr at 23". At the 
end of this time each sample which was in a total volume of 
2 ml was dialyzed at 4" against three changes of 1000 ml of 
0.05 M potassium phosphate buffer (pH 7.0) over a period of 
24 hr. The protein content, radioactivity, and enzyme activity 
in aliquots of each sample were determined. The sulfhydryl 
content of the samples were then determined by titration 
with HMB by the method of Boyer (1954). 

A sample of ['CISCN-IDH was subjected to tryptic diges- 
tion for five hours at pH 7,37" at an enzyme to trypsin ratio of 
20 : 1. The resulting peptides were subjected to high-voltage 
electrophoresis in a Camag HVE system for 60 min at pH 3.6 
with a potential gradient of 65 V/cm. The electrophoretogram 
was scanned for radioactivity with a Packard radiochromato- 
gram scanner. The electrophoretogram revealed a single radio- 
active peak which migrated approximately 2 cm toward the 
anode. This result suggests that the radioactive cyanide resides 
on a single peptide and a single thiol residue is modified by 
cyanide. 

Discussion 

The results reported in this communication have indicated 
that isocitrate dehydrogenase can be modified by a combina- 
tion of treatment with Ellman's reagent and cyanide to yield 
a stable modified but active enzyme species which presumably 
has a reactive cysteine residue replaced by a thiocyanoalanyl 
residue. Wood and Catsimpoolas (1963) and Catsimpoolas 
and Wood (1966) have shown that cyanide is capable of cleav- 
ing the disulfide bonds in cystine peptides to yield a thiol and 
a thiocyanoalanyl derivative which subsequently cyclizes to 
form the N-acyl-2-iminothiazolidine derivative followed by 
hydrolysis of the N-acyl bond. More recently Vanaman and 
Stark (1970) have demonstrated the formation of a thiocyano 
derivative of the catalytic subunit of aspartate transcarbamy- 
lase from Escherichia coli by displacement of the thionitro- 
benzoate group with cyanide from the enzyme titrated with 
Ellman's reagent. In Vanaman and Stark's work it was shown 
that the above modification did not affect the catalytic activity 
of the enzyme. The thiocyano group could be released by 
treating the enzyme with mild alkali and could be quantitated. 
Their modified enzyme was stable. The experiments described 
here with isocitrate dehydrogenase indicate that the enzyme 

None 115 
DTNB 0 . 9  1 .7  
DTNB + CN- 0 . 8  40 
DTNB + CN- + 0.69 8 . 1  

DTNB + CN- + 0 . 7  26.7 
DTNB 

DTNB + CN- 

= IDH (3 ml) containing 2.9 mg of protein/ml was titrated 
with Ellman's reagent at room temperature in the dark. 
After 120 min excess reagent and released TNB were removed 
by gel filtration on a Sephadex G-25 column. The protein 
solution in 0.05 M potassium phosphate buffer (pH 7.0) was 
concentrated by ultrafiltration through an Amicon Diaflo 
apparatus. After concentration the enzyme was treated with 
potassium cyanide essentially as described in the text. The 
release of TNB from the enzyme by cyanide was determined 
at 412 nm in a Zeiss PMZ I1 spectrophotometer. The mixture 
was passed through a Sephadex G-25 column to remove 
excess reagents and released chromophore and the protein 
reconcentrated as before. The activity and protein content 
of the solutions were determined. The SCN-IDH was titrated 
with Ellman's reagent overnight at 23" in a Cary 1605 record- 
ing spectrophotometer. From the net change in absorbance 
at 412 nm and the protein concentration determined by its 
absorbance at 280 nm the stoichiometry of the titration of 
thiol groups was determined. This sample was dialyzed over- 
night against 0.05 M potassium phosphate buffer (pH 7.0) 
and its catalytic activity and protein content determined. 
This sample was treated once more with potassium cyanide 
and the release of chromophore determined at 412 nm. The 
release of chromophore was accompanied by a partial regener- 
ation of catalytic activity as shown in the last line of the 
table. 

indeed contains one thiocyanoalanine residue by the stoi- 
chiometry of displacement of thionitrobenzoate by cyanide, 
the binding of radioactive cyanide in stable linkage, the loss 
of one thiol residue, and the release of 1 equiv of thiocyanate 
by mild alkali. The modified enzyme is stable and does not 
spontaneously release the bound radioactivity. 

The bound radioactive cyanide may be partially released 
by treatment with 0.1 M mercaptoethanol with a regeneration 
of a thiol residue. Treatment of the enzyme with either 0.1 N 
HC1 or 4 M guanidine hydrochloride did not result in the loss 
of radioactivity from the macromolecule. Analysis of the 
guanidine hydrochloride treated enzyme either by gel filtration 
or by analytical ultracentrifugation revealed that the enzyme 
did not undergo extensive fragmentation. In the model re- 
actions previously mentioned peptide bond cleavage accom- 
panied the cleavage of the disulfide bond and subsequent re- 
arrangement. With the aspartate transcarbamylase subunit, 
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fragmentation of the protein followed denaturation. Our 
results indicate that if fragmentation of the SCN-IDH oc- 
curred the peptide released was not of sufficient size to alter 
the sedimentation or gel filtration patterns significantly, i.e., 
if the enzyme is cleaved the modified thiol must have been 
close to the N terminus of the enzyme polypeptide chain. This 
possibility has to be explored further. 

Previous work on the Azotobacter isocitrate dehydrogenase 
(Chung and Franzen, 1969) and on the pig heart enzyme 
(Colman, 1969; Colman and Chu, 1970) indicated that modi- 
fication of thiol groups resulted in loss of catalytic activity. 
The thiol groups were protected to varying degrees from thiol 
reagents by substrates. This observation suggested that the 
thiol groups were involved in the catalytic function of these 
enzymes. Since the modifying reagents were either bulky and/ 
or charged, other explanations are possible. The thiol modifi- 
cation could: (a) sterically hinder substrate binding, (b) cause 
a conformational change in the tertiary structure of the en- 
zyme, or (c) alter the charge around the active site and thus 
modify binding of the substrates. In the experiments reported 
in this communication we have shown that the reactive thiol 
group of the Azotobacter enzyme is not essential for catalytic 
activity. Conversion of the reactive thiol of this enzyme into a 
thiocyano group yields an enzyme preparation which has 
approximately 30-50z of the catalytic activity of the native 
enzyme. 

The inhibition of the Azotobacter enzyme by Ellman's re- 
agent, HMB, and iodoacetic acetic acid may be attributed to 
the charge and or size of these modifying agents. It appears 
that the above reagents do not cause gross conformational 
changes in the enzyme structure since all these modified en- 
zymes give precipitin bands with rabbit antiserum prepared 
against the native enzyme. Furthermore, no gross changes 
have been observed in their circular dichroism spectra. The 
thiocyano group is uncharged and less bulky than either the 
HMB or TNB group. This combination of lack of charge and 
smaller size perhaps allows substrates to bind to the active 
site of the thiocyano enzyme. 

The kinetic studies indicate that K ,  for both TPN' and 
isocitrate were not significantly altered for the SCN-IDH 
when compared with native enzyme. The effect of modification 
then is to alter the maximal velocity of the enzyme. The man- 
ner in which this is accomplished is not clear at present. At- 
tempts were made to determine if the SCN-IDH could react 
more effectively than the unmodified enzyme with DPN+ and 
deaminoTPN+ as substrates. It was found that the specificity 
of the modified enzyme is not much different from that of the 
native enzyme. The marked instability of both enzymes at pH 
4 is of some interest. The instability of the SCN-IDH may 
possibly be due to peptide bond cleavage although this has to 
be established. 

The accessibility of a second thiol residue of the enzyme to 
Ellman's reagent in the SCN-IDH is of some interest. In  the 
native enzyme only one thiol residue can be titrated per mole 
of enzyme. The titration of this group apparently blocks the 

second thiol group from attack by the modifying reagent. 
Removal of the bulky charged chromophore by cyanide 
allows the reagent to react slowly with the second thiol group. 
The proximity of these two thiol groups in the native enzyme 
is emphasized by the following observations (a) mild denatura- 
tion of TNB-IDH results in displacement of chromophore 
with the generation of an intramolecular disulfide bridge 
(Braginski et al., 1970), (b) the second thiol group in TNB- 
IDH is titratable if the TNB chromophore is replaced by CN-. 

The behavior of these two thiol groups in IDH is reminis- 
cent of the behavior of cysteine-149 and -153 of glyceralde- 
hyde phosphate dehydrogenase (Harris, 1970). The behavior 
and function of these groups may also be compared with those 
in the a subunit of tryptophan synthetase in which a very re- 
active sulfhydryl group protects a presumed active-site sulfhy- 
dryl group (Malkinson and Hardman, 1969). It is not clear at 
the moment whether or not the second thiol group in IDH is 
involved with the catalytic mechanism. It seems at the present 
time that the second thiol group can be modified in a similar 
manner with cyanide as the first reactive group with the re- 
tention of some catalytic activity. 
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