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The highly active isocitrate dehydrogenase . , threo-D.s-isocitrate:NADP oxido- 
reductase (decarb-xylat ing),  EC 1. i . i .42 ] was isolated and characterized from a 
clarified sonic cell-free extract  (~f Azolohactcr vim' lamti i  Strain (). The purification 
was achieved by using a c .mb ina t i on  of (NI-I4)2S() 4 precipitation and preparat ,wy 
disc electrophoresis. Analytical  disc electrol)horesis studies revealed that  the purified 
enzyme was a single protein component  having an isoele('tric point ()f (>.I. "l'he m()- 
lccular weight ()f the A. v inc lamhi  ist)citrate, dehy'dr()genase was 78 ooo and amino 
zttid an:.tlvses showed that  3 half-cystine residues were present per molet:ulc ()f enzy'mc. 
The enzyme possessed an exceptionally high Vmax value. It reduced 722 #moles of 
NAI )P -  per rain per mg protein at 37:; the calculated turnover  number  was 5 b ooo. 
The apt)arent Km for the racemic Dt.-is(~citrate was 3.6 '  IO -s M and the apparent  Km 
fl~r N A D P  was 1.8.IO 5 M. The enzyme was specit:w for the threo-D-isomer ",rod 

required Mn"" (5" io 4 31) for maximum activity. Partial actiwttion also was achieved 
by Mg'-", Co 2 and Cd z:-. The active species appears to exist as a polymeric unit  
c~msisting of re- ,miners with a molecular weight of x 5 ooo-2o ooo. "l'he enzvnw was 
sensitive t~ fl-chhwomercuribenzoate and inhibi t ion was also obtained with ATP, 
pyrol)hosphate and by the concerted action of glyoxylate and oxaloacetate. 

IN'IROI)U('TION 

The resting cell preparations of A. vim' landi i  Strain O used fiw the is . la t ion 
of  the isocitrate dehydrogenase were grown under N_o-tixing condititms using ace.tate 
its the st)h: source of carbon. The isocitrate dehy'drogenase present in this micro- 
organism is unusual  in that  it possesses an exceptionally" high specitic activity. In 
the initial stages of purification, its specific act ivi ty  is at least i o - i o o  times higher 
than any . t he r  NAI) ~- or NADP--det}eildent dehydrogenase found in this organism. 
The purified enzwne exhibited specific activities at least Io-3o times higher than 
that ,)f any ()ther purified isocitrate dehydrt)genase. The t)()ssil>ility exists that this 

.\l)breviati(m: I'CMIL p-('hh)r()naercuribenzoic aci(l. 
• l~(:l>rint reqtlt 'sls should I)e maih,d to this author's I loust(m address. 
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unusually high activity is associated with the Na-fixing capabilities of the Azotobacter 
species, the NADPH formed serving as the primary s(mrce of reducing equivalents. 
This possibility is further augmented by the fact that the Azotobacter also possesses 
relativeh" large amounts of an unusually active transhydrogenase 1, which would then 
allow for NAI)H generation by the reduction of NAD + via NADPH, should that 
form of reduced pyridine imcleotide be required as the prime energy source for the 
reduction of N.~. Thus it was ~,f interest to isolate and characterize this enzyme in 
Azotol)acter so that it could eventually be compared to other tmrified isocitrate 
dehydrogenascs l'rom bacterial and mammalian origin. 

MA'II.:RIAI..'S ANI) MF.THOI)S 

Chemicals 
The. clmmicals used, their respective abbreviations and sources, are listed below: 

NA l )P ' ,  H.-isocitrate, threoq)s-isocitrate, p-chloromercuribenzoic acid (PCMB), Tris- 
HCI buffer and myokinase (Sigma Chemical Company, St. Louis, Mo.) enzylne grade 
(NH4).aSO a, bovine serum albumin, chymotrypsinogen A (Mann Research Laborato- 
ries, New York, N.Y.); ATP {disodium salt), ADP (sodium salt), AMP (P-l. Bio- 
chemicals, Incorporated, Milwaukee, Wisc.); alnpholyte solutions (I.KB Instruments, 
Incorporated, Rockville, Md.). Crystalline l)-(--)-fl-hydroxybutyric dehydrogenase 
was obtained as a gift from C F. Boehringer Company, Tutzing, Germauy. The 
acrylamide gel electrophoresis reagents were obtained from Canalco (Rockville, Md.). 

Preparation of cell-free extracts 
(.'ells of ,.1. ;,im'landii Strain O were grown under N~_-fixing conditions in x5-1 

quantities using glass carboys and forced aeration at 33 °. A modified Burk's nitrogen- 
free medium 2 was used with I°',, sodium acetate (73 raM) as the sole source of carbon. 
The cells were grown to the late log phase and harvested. The cell pastes were washed, 
homogenized, and standardized turbidimetricallv prior to disruption by sonic oscil- 
lation. The details of this procedure have been described previously 3,4. The sonic 
extract was then subjected to differential centrifugation. The clarified supernatant 
fraction (designated Sa), which remained after the final centrifugation at 144 ooo .'," ~, 
for 2 h exhibited the highest specific activity and contained essentially all of the 
activity units for the isocitrate dehydrogenase. 

.'1 crvlamide gel elcctrophoresis 
Several types of acrylamide gel electrophoretic procedures were used in this 

study. Analytical disc electrophoresis was performed using o.5 c m x  6.5 cm glass 
columns. The gel svsteln consisted of a sample gel, spacer gel and a 7.5°o acrylamide 
separating gel. The cathode was at the top of the gels and the anode at the bottom. 
This procedure has been described in detail by ORXSTVZI.X 5 and DAws 6. Preparatory 
acrylamide gel electrophoresis was performed using the Canalco Model PDE-7o Prep 
Disc colunm. Other pertinent details are presented under m-SULTS and in the legends 
of the figures as they apply to isolation and characterization of the isocitrate dehydro- 
genase. 
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Isocitrate dehydro~cnase assay 
The spectrophot(mmtric assay used fl~r measuring is~witrate (tehydrogenase 

activity' has been described previouslyL These assay, conditions were found to bc 
optimal for the is{witrate dehydrogenase of A. vindandii. 

The assay' system used to detect isocitrate dehydrogenase activity in acrvlanfide 
gels was a medification of that used for the lactate and malate dehydrogenases by 
(..;OLDBERG 8. The final concentrations of the assay reagents were identical to th .se  
described previously v with the addition of o.8 mg of p-nitrotetraz(,limn blue and 
o. 14 mg of phenazine methosulfate per ml of reaction mixture. The acrylmnide gels 
were immersed in this mixture, and incubated in the (lark at 37 ° f~,r 15 45 rain. A 
red band developed at the site ~,t" isocitratc dehydrogenase activity. 

Amino acid an@,sis 
Samples were first dialyzed against distilled water and evaporated to dryness. 

o.1 ml of performic reagent (i vol. of 3O0'o H20 2 in 2o vol. of formic acid) was a(lded 
to the dried sample and incubated for I h at o °. After perfl}rmic oxidaticm the protein 
sample was dried in a desiccator and hydrolyzed with 6 M H(21 fllr 24 h at IIO ° (ref. q). 
After acid hydrolysis, the protein sample was suspended in (1. 7 ml of citrate buffer 
(pH 2.2) and o.2 ml (approx. 50/*g of protein) was applk d per colunm on a Beckman- 
Spinco Model 239) amino acid analyzer. Sulfhydryl content of the isocitrate dchvdr.-  
genase was also determined by the spectrophotometric procedure ~'f F-.LLMAN 1°. 
Tryptophan content was not determined. 

Electron microscopy 
The samples used ff~r electron microscopy were prepared by combining several 

peak fractions of the highly purified isr/citrate dehydr,genase. These samples were 
concentrated to a small volume by (NH4)=SO 4 precipitation an(l diah'zed against 
o.oo5 M phosphate buffer (pH 7.5) until all residual NH 4" were removed. The speci- 
men was then prepared for negative staininglL The sample cc.ntaincd 52/~g protein 
and was stained with sodium methylphcsph(;tungstic a~id (o.25~},,) at pH 7.o. "the 
final stain solutic, n also c(mtaincd 75 / *1 cf o.o3% sucrose per ml. 

RESULTS 

A survey, study on the dehydrcg(nase activities, present in the S a ffm-ti-n ~;f 
A. vinclandii, rew.'aled that the isocitrate dehydr,genase pcssess(d ;m unusually high 
activity, I ts  specific activity" (zo-I2/~moles NADP + reduced per rain per mg protein 
at 37 °) was at least one order of magnitude higher than that exhil)ited by any of the 
other dehydrogenases assayed. The A. vinelandii isocitrate dehydr(~genase was ap- 
prox. 4 ° times me, re active than the glutathione reductase, glyceral(lehyde-3-phos- 
phate and a-ketoglutarate (tehydrogenases which were the second, third and fourth 
most active enzymes, rest)ectively. The D-(--)-fl-hydroxybutyrate dehydrogenases 
also exhibited a reasonable high specific activity, but was still Ioo-fold less active 
than the isocitrate dehy(lrogenase. 

Purification of the isocitrate dchydrogenasc 
The isocitrate dehydrogenase of A. vim'landii was isolated in pure i~,rm bv a 

Biochim. Biophys. Acta, 22o (i97o) 416-429 
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relatively simple procedure previously presented in a preliminary communication ae. 
The details which were not previously described are as follows: the first stage of 
purification involved a stepwise (NH4)2SO 4 fractionation of the S a fraction. The 
fraction which contained the highest specific activity as well as 5o% of the activity 
units, precipitated at the 7o--8o°,,o (NH4)2S() 4 saturation levels, or the S a (7o-8o) 
fraction. The specific activity for the isocitrate dehydrogenase in this fraction usually 
ranged from 13o to I5O/mmles of NADP f reduced per nlin per mg protein at 37:'. 
The S a (7o-8o) fraction was then subjected to preparatory disc electrophoresis for 
further purification. The gel system consisted of 8 ml of a sample gel which contained 
38 nag of protein, o. 4 cm spacer gel, and a 1.5 cm separating gel consisting of 5% 
acrylarnide. The recommended electrolyte, "Dis glycine (pH 8.3) buffer (Prep-Disc 
Instruction Manual, Canal Industrial Corporation, Rockville, Md.) was supplemented 
with 5 "IO ~ M isocitrate. The fractions were eluted from the preparatory disc colunm 
with Tris-glycine buffer (pH 8.8) which contained 5" IO-4 M isocitrate and 2. i o  5 M 
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Fig. [. E lu t ion  profile of  the  S 3 (7 °.. 80) fract ion which conta ined  the  h ighly  act ive  isoci t rate  
dehyd rogenase  of  A.  vinelandii. The  purified e n z y m e  is represented  by the  t rai l ing peak in the  
Prep-Disc  e lec t rophores is  on 5% acry lamide  gel. 'l't'm inset shows the  degree of protein  homogene i t y  
of  the  f rac t ions  des igna ted  A, B, (', I) and  E. These  were de te rmined  by analy t ica l  disc electr(i- 
phores is  on 7.5%- ac ry lamide  gel and  s ta ined  for protein.  
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Mn('l, .  The ttow rate  for the elution buffer was 2.4 ml/min anti a current  of 5 mA 
was used. The to ta l  e leetrophoresis  t ime was 8 h. The elution profih: ob ta ined  by this 
type  of elec'trot)hc~resis is shown in Fig. I. The protein concentra t ion ,  measured as 
absorbance  at 28o nm (solid line), and specific ac t iv i ty  tier the isoei t ra te  dehvdro-  
genase (dashed line), are shown cm the left ordinate .  Both were ph) t ted as a function 
of the fraction number  or volume of eluate.  

Elec t rophore t ic  nl igrat ion proceeded from the ca thode  (top) to the anode 
(bottom).  big. I shows tha t  the isoci t ra te  dehydrogenase  ac t iv i ty  was exclusively 
associated with the t ra i l ing protein  peak.  The fractions indica ted  (m the specific 
ac t iv i ty  profile by  the le t ters  A, B, C, D, and E were selected fi~r fur ther  analy'sis by 
disc eleetrophoresis  using 7.5°..0 acrv lamide  gels (inset ,,f l;ig. I). ()nlv the leading 
slope (Tubes No. 6 5- 7 o) of the ac t iv i ty  peak (A of Fig. I) contained more than .nc, 
l)rotein band on analysis  by  disc electr,,t)horesis. The amount s  of ( 'ontaminat in< 
prote ins  were re la t ive ly  small  as indicated by  the arrows in (iel A (reset). :ks shown, 
t i l t  f ract ions be.yond Tube No. 7 ° revealed only single protein species which re 
presented the purified isoci t ra te  dehydrogenase  as shown by gel assax's 12. 

3loh'cular weight determination 

Tile nmlecular  weight of tile isoci t ra te  dehydrogenase  was deter tn ined according 
to the procedure described by  ANI)REWS 13. Z Sephadex (;-IOO column (I. 5 cm ,.: 
6o cm), was equi l ibra ted  with o.o2 M phosphate  buffer (pH 7-5) and loaded with i ml 
of sample  which conta ined 3- 5 mg to ta l  protein.  The marker  prote ins  used to ca l ibra te  
the column were the l> ( - - ) - /5 -hydroxybu ty ra te  dehydrogenase  from Rhodopseudomo- 

~tas sphcroides (reel. wt. 85 ooo), bovine serum a lbumin (reel. wt.  67 ooo) and chymo- 
t ryps inogen A (n.)l. wt. 25 ooo). Each marker  wan passed through tile column sepa- 
ra te ly ,  and the absorbance  lneasurenlents  at 28o nnl were used t~ deternl ine  the 

"1":\ B | . I ' ;  I 

AMINO ACID COMP()SI'IION O1" "I'tIF. 1SOCITRATE I)I,:IIYI)ROGENA.qE OF .'~, Ui~l('lfl~ldll 

.4 mine acid ld, stdues/molccule" 

Lysinc ~3 
I tistidine x t, 
Ar~ininc 23 
Aspartic acid ¢)9 
Threonine'" 39 
Scrinc *" ";7 
(;lutamic acid Oo 
l'roline _,s 
(;lycinc Sx 
Alanine So 
Hal f-c.vstine"" 3 
Valint, 35 
Methioninc 9 
I solcucinc 3 ° 
l . c u c i n c  .t 8 
Phenylalanine 13 

" Mol. wt. 78o00. 
"" Corrected to zero time of hydrolysis. 

"'" l)ctcrmined by the I'h.L,~u~.'q '° procedure and as cysteic acid after performic oxidation. 

Beochim. 13tophys. .4 eta, 22o (107 o) .I 16- 429 
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elution profiles of bovine serum albumin and chymotrypsinogen A. Enzylne activity 
was used to establish the elution patterns for the D-(-)-fl-hydroxybutyrate and 
isocitrate dehydrogenases. The volume of effluent obtained for the isocitrate dehydro- 
genase from A. vinelandii corresponded to a molecular weight of 78 ooo. 

Amino acid a~mlyses 
Amino acid analyses were perfimm:d on the single protein fractions (Tubes 

No. 84 and 8b) obtained from the l~rep-1)isc eluate in Fig. I. The results of amino 
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Fig. 2. Acry lamide  gel (protile) showing the  pH grad ien t  (solid circles), and  specific ac t iv i ty  analy-  
ses (open circles) ob ta ined  af te r  isoelectric focusing.  Slice No. 25 had  the  h ighes t  specitic ac t iv i ty  
and  a pH of  6.1 which represen t s  the  isoelectric point  of  the  isoci t rate  dehydrogenase  of .4. vim.- 
landii.  

acid analyses are shown in Table I. Tile values represent the average integral number 
of residues per molecule assuming a molecular weight of 78 ooo for the isccitrate 
dehydrogenase. The value given for the half-cystine cnntent is the average integral 
value obtained by both chromatographic (3.I residues) and spectrophotcnwtric 
(3.7 residues) determinations. 
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Isoelectric point determination 

The S a ( 7 o - 8 o )  fraction was used fl~r isoelectric fl)cusing studies to determine 
the isoelectric point of the A. vindandif  isocitrate dehydrogenasel4,16. Since this value 
can be obtained using enzvnle act ivi ty  as a marker, it was not necessary to llse the 
highly purified dehydrogenase. The results of this s tudy are shown m Fig. 2. The 
ampholyte  mixture had a pl!  range of 3-:ro. The pH for the various gel slices (left 
ordinate) are plotted as a function of gel slice number.  The pH gradient  established 
by isoelectric focusing of the anlpholyte  mixture is shown by the broken line. The 
i>ocitratc dehydrogenase act ivi ty  (right ordinate), obtained after eluting the enzyme 
from each slice, is shown by the solid line. "fhe highest rate of act ivi ty  was found in 
gel .qlice NI~. 25, which corresponded to the fraction having a pH value of 6.r. Since 
the enzyme c~mcentrated at this point,  the pI  of the isocitrate dehydrogenase from 
A. vlm'lamtii is ~}.I. This pI  value was verified by use of another  amph(~lyte mixture 
which exhibited at much narrower p l t  range closer to the isoelectric point. The electro- 
focusing profile pat tern  was almost identical to that  shown in Fig. e except that  the 

pH gradient  ranged between pn 5 and 7. 

('llrastructurc studies 
The unstalde nature  ~,f the highly purified A..,,inelandii isocitrate dehydro- 

genase was evident upon examinat ion  bv electron microscopy. Fig. 3 shows an elec- 
tron micrograph of the isolated enzyme. The predominant  protein s tructure is 
relat iveh'  small and corresponds to a molecular weight of 15 oo0 20 ooo. "l'he larger 
species ~t" protein, ,,f which onh" one particle, is clearly visible (see inset A), corresponds 
to a molecular weight of about  85 ooo. This lat ter  value corresponds closely with the 
molecular weight value obta ined for the isocitrate dehydrogenase b.x" Sephadex 
chr, mmtography.  Inset t3 appears to be it side view of the larger molecular weight 
species shown in A . . \ s suming  that  the isocitrate dehydrogenase preparat ion examined 

I . 

A B 
Fig. 3. Electron photonficrograph of tile dissociated fi)rm of the highly purified isocitratc dehv- 
d,'ogenasv of A. v~mland~z. (magnificatiml -ooooo "< ). "l'he inset (A) shows tile isolated view of 
what appears to be thc intact polymeric enzyme molecule; while inset (B} is prob;tbly the skh. 
view of intact enzyme molecule. The magnifications fl)r (A) and (B) arc each .1ooooo - .  Molecular 
weights were estimated from the abc~ve electron micrographs by. use of the following formula: 
()utm- diameter (sphcrc~ 1.3"~/mol. wt.; an average value of 1.37 g/ml was assumed for tilt. 
density ~l" protein. 
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by electron microscopy was highly purified (a wdid assumption based on disc electrc- 
phoresis analyses at pH (1.5 and 8.5}, a high percentage of the species of tool. wt. 
85 ooo should have been fimnd. Since this was not the case, one can c(mclude that  
the majori ty ()f the protein molecules observed in the electron micr(~grat)hs examined 
di(t not represent the "nat ive" (,r active state of the enzyme. This suggests that  the 
enzyme was dissociated into subunits having a m()lecular weight of r 5 ooo-2o ooo 
which probably occurred during the preparatory phases during which the protein 
sample was treated for vlectron micr(:scot)ic studies. ('(mse(tuently the predominant  
protein species remaining after this t reatment  had a nmch lower molecular weight 
than the original enzyme pr()tein. However, the electron micrograph does establish 
that  if the structures seen in insets A and B (,f Fig. 3 are the natural  f(wms of the 
A. vim'landii isocitrate dehydr(~genase, the enzyme is a polynwri(' unit with a mo- 
lecular weight ()f approx. 85 o()o, the monomers having a molecular weight of 15 ooo-  
2 0  0 0 0 .  

Kinetic characterization studies 
The first kinetic parameter  examined for the A. vinelandii isocitrate dehy(lro- 

genase was the effect of N A D P  + concentration. The apparent  Vmax was 714//moles 
of NAI)P  + reduced per rain per mg protein at 37~'; the apparent  Km for N A D P  + was 
1.8. io -s M. With varying substrate concentration, the apparent  rmax was 729 pmoles 
of N A D P  =- reduced per rain per mg protein at 37"; the apparent  Km fi~r 1)L-isocitrate 
was 3.6 '  IO 5 M. An average of  the two maximum specific activities tha t  were calcu- 
lated at infni te  substrate and acceptor concentration was 722/,moles of NAI)P  + 
reduced per min per mg protein at 37 °. Therefore, the turnover  number  for the .4. 
rinelandii isocitrate dehydrogenase, based on the Vmax value of 722 #nloles of N A D P  ~- 
reduced pe.r rain per ing protein at 37 ° (tool. wt. 78 ooo), was calculated to be 56 ooo 
at 37 °. By" comparison, the turnover number  for the mammaliau NADP4-specific 
isocitrate dehydrogenase is 35oo at z5 ° (ref. I6). 

Substrate stereospecificity of the A. vinelandii isocitrate dehydrogenase was 
demonstrated by use of  the threoms-isocitrate isomer as well as bv the racemic 
mixture of 1)k-isocitrate. Total N A D P  + reduction was measured using known amounts  
of these substrates. "rhe enzymat ic  reaction was allowed to proceed to completion in 
the presence of both excess N A D P  ~ and enzyme. In the presence of o.r pmole (~f the 
I)L-isocitrate o.o5/~nmle of N A D P H  was formed, indicating that  only 5o°{, of the 
isocitrate was enzymatical ly oxidized. With o.I pmole of threo-Ds-isocitrate, o.oO 
ttmole of N A D P H  was formed, indicating that  9o°,i, of this form of the substrate was 
oxidized in the presence of N A D P -  and the A. ",'inelandii-isocitrate dehydrogenase. 
Thus the active isomer is the thrco-Dsqsocitrate, which is also the natural  substrate 
for all other isocitrate dehydrogenases (mammalian and bacterial) studied to (late. 

The e.ffcct of metal ions 
All isocitrate dehydrogenases (both NAI)  +- and NADP+-dependent)  exhibit a 

requirement for added metal cations. Maximum actiwttion of the isocitrate dehydro- 
genase fl'om A. vinelandii was obtained when the assay reaction mixture contained 
o.5 mM MnCI.,. This dependency fi~r Mn 2 ~- for act ivi ty and its concentration relation- 
ship for maxinmm turm~ver are shown in Fig. 4. ()nix" IO°~ of  the maximum activity 
was obtained when no Mn 2" were present in the assav mixture. This low degree of 

Biochim. Biophys. Aaa,  e2o (i()7o) 4~6-4_,() 
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ac t iv i t y  could have been due to trace amount s  of cat ions  present  in the assay reagents.  
The ixwrease in the specific ac t iv i ty  of the isoci t ra te  dehydrogenase  was almost  l inear 
with respect  to bin": concentra t ion  in the range of o.ooI-O. 5 mM MnCI.,. Maximum 
s t imula t ion  was ob ta ined  when MnC1 z reached a level of o.5-I .O raM. The enzvmc 
react ion was d i s t inc t ly  inhibi ted when the amount  of Mn"-: in the assay mix ture  was 
grea ter  than r.o In.M. 

5;timulation of isoci t ra te  dehydrogenase  ac t i v i t y  by  other  metal  ions was ;tls,) 
invest igated.  At a final concentra t ion  level of 5" I0-4 M, only Mg 'a:, ( 'o "~- and ( ' d "  
produced subs tan t ia l  ac t iva t ion ,  which represented 65, 47 and 40%, respect ively,  ~)f 
tha t  ob ta ined  with MnC1,.,. Very slight s t imula t ion  (approx.  8%) was noted with ( 'u ''~ 
and Zn"-,  whih', no act iwt t ion was obta ined  with Fe 3+, .Mo ~:-, Ni"-', Ca ~ , A1 s~ , Ba" ' ,  
F e  'a: , H g  2-  and Sr 'a' . I t  is of interest  to note tha t  ( 'd 2" which has been repor ted  to be 
a vicinal di thiol  inhibi tor  Iv did not  inhibi t  isoci t ra te  dehy'drogenase ac t iv i ty ,  1)ut 
a c t u a l h  ac t iva ted  the  enzyme when subs t i tu ted  for Mn '~ . This finding suggests thal  
none of the 3 sulf l lydryl  groups conta ined per molecule ~f enzvnle are funct iomd 
vicinal dithiols.  

hzh ib i t ion  by ..t 7"1' 
A c,)inmon inhibi tor  of isoci t ra te  dehxdrogenase  ac t iv i ty  is t h e  nuch;otid~., 

-VI'P (re£s. IS 23). ATKINSON 2'! has shown tha t  the NAl)~-specific i soci t ra te  dehydro-  
genase from .yeast is regula ted  by  the ATP/AM P rat io  in the presence of a myokinase ,  
a phenomenon referred to as adenvla te  control.  The myokinase  added  to known 
amount s  of ATP  and AMP equi l ibra ted  the ATP,  A D P  and AMP concent ra t ions  to 
their  p roper  "na tu ra l "  ratios.  Regulat ion by  adeny la te  was not  exer ted  on the 
NAI)P~-specif ic  isoci t ra te  dehydrogenase  of A. -,,inelandii. Inhibi t ion  bv an adenyla te  
compound,  however,  was observed in this sys tem which could be accounted for by 
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tile action of ATP alone. The addition of AMP and/or lnyokinase did not contribute 
to this inhibition. At a I mM concentration,  ATP caused no inhibition of the A. 
vindandii isocitrate dehydrogenase. At 4 nlbl, ATP caused 49% inhibition and at a 
concentrat ion of IO mM it inhibited the reaction by 74°,,o- Inhibition of the isocitrate 
dehydrogenase by ATP was competi t ive with regard to Mn a+. Similar kinetic analyses 
revealed that  ATP exerted a noncompeti t ive type of inhibition with respect to both 
NAI)P"  and isocitrate. Since the pyrot)hosphate moiety of ATP enables it to act as 
a metal chelator, this mechanism was investigated to help explain the inhibition by 
ATP. e\t a concentrat ion of IO raM, l~y.rophosphate produced 89°.i, inhibition while 
:\'1"1 ~, at this same concentration,  caused only 74~!o loss of activity. The inhibition 
by pyrophosphate  was noncompeti t ive with respect to Mn 2+, as well as with respect 
to both isocitrate and N A D P ' .  Thus it appears that  the chelation of Mn"' by the 
pyrophosphate  moiety of ATP could account fiw inhibition exerted by ATP. I lowever, 
A'I 'P inhibition was competi t ive with respect to Mn "+ while t~yrot~host~hate inhibition 
was not. This suggests that  the adenosine moiety of ATP, which is similar to the 
adenosine nloiety of N A D P ' ,  allows it to act at or markedly influences the reaction 
site of  bin"" on the enzyme. 

Concerted inhibition studies 
The bacterial is{}citrat{, dehydrogelmse may also be inhibited by the concerted 

action {}f gly{}xylate and oxaloacetate 's. This type of inhibiti{m was noted also for 
the A. vinclandii is{}citrate {lehydrogenase. When I mM glyoxylate plus I mM oxalo- 
acetate were added to the s tandard assay system, a {)o{~, decrease in the rate of the 
reaction was observed. If a Io-fold excess of isocitrate was added after 4 min, the 
inhibition caused by the conlbined effect of gly'oxylate and oxaloacetate was allevi- 
ated, and the rate of the reaction was restored to 87°~, of the control value. Neither 
glyoxylate  nor oxaloacetate ahme produced this marked inhibitory effect. At a 
concentrat ion of I ,riM, glyoxylate ahme produced i7~;  inhibition while oxaloacetate 
by itself caused 56°..~ inhibition of tile A. ",'inclandii isoeitrate dehydrogenase. 

Other metabolic intermediates also were examined as possible inhibitors of the 
.'1. vim4amtii isocitrate dehydrogenase. Among these were pyruvate,  glutanlate, 

T A B I A :  I I 

" r i l e  EFI . 'ECT OF I S O C I T R A T E ,  . ~ A I ) P  ¢ A N D  M n  'a' o N  I N H I B I T I O N  OF Til l ' ;  A .  vincla)tdii I S O C I T R A T E  

I) I ,2HYDROGENASI. ;  B Y  l ' ( ' 3 I B  

Incubation system Component initiating Inhibition 
reaction (%) 

S t a n d a r d  a s s a y  I s o c i t r a t e  o 
S t a n d a r d  a s say ,  E n z y m e  7 
S t a n d a r d  a s s a y  t P C M B "  E n z y m e  7 
P C M B  .:. e n z y m e  l s o c i t r a t e ,  N A I ) I  ~' ,  M n  2- 1oo 
I ~ C 3 I B  -t- e n z y i n e  : N A I ) P *  I s o c i t r a t e ,  3 I n  z -  97  
P C M I ~  -. e n z w n e  .; Mxa 2¢ I s o c i t r a t e ,  N A D P +  93  
I~C.MB }. e n z y m e  ~- i s o c i t r a t c  N A D P * ,  3 I n  ~ ~c~ 
P C M B  -~- e n z y m e  -z- N A D P "  • M n  2+ I s o c i t r a t e  "-'4 
I ' C M B  - t  e n z y m e  • i s o c i t r a t e  + M n  2~ N A I ) P +  o 

" T h e  t i na l  c o n c e n t r a t i o n  o f  p - c h h } r c } n a e r c u r i b e n z o i c  a c i d  ( I K ' M B )  w a s  I .  ~{} B M. 
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aspar ta te ,  ci t rate ,  a -ke tog lu ta ra te ,  succinate,  malate ,  proline .:tnd arginine. ()f these, 
only g lu t ama te  produced a significant effect, causing 43'~. inhibi t ion ;it a I IIIM 
COllCtqltrat ioi1 level. 

Inhibition studies with PC3IB 
The mamnml ian  isoci t ra te  dehydrogenase  is known to be inhibi ted by I'('MI~ 

(ret;. 22, 2~) 28) and by 5 ,5 ' -d i th iobis- (z-ni t robenzoic  acid) "27, both of which react 
with sul thydryl  groups.  In s tudying  sul thydryl  inhibi t ion with the isoci t rate  dehvdro-  
genase of A. ;'inclandii, PCMB was used at  a final concentra t ion  of t .  IO 6 bl with 
the s t anda rd  assay system. 

The d a t a  in Table I I show tha t  if PCM B is added  to the s t anda rd  assay mixture ,  
and the react ion is s t a r t ed  by the addi t ion  of enzyme,  there is essent ia l ly  no loss of 
ac t iv i ty .  However ,  if the enzyme is incubated  for 8 rain with P( 'MB and the react ion 
is then s ta r t ed  by the addi t ion  of istmitrate,  N A D P  + and Mn 2=, there is a complete  
or ioo~li, loss of ac t iv i ty .  This suggests tha t  the r eac t iv i ty  of the enzxme sul thvdrvl  
groups with Pt 'bl t3 was complete  in the absence of subs t ra te ,  N A I ) P  ~ and Mn e ' .  
Fur the r  s tudies reveah 'd that  incubat ion of the enzx'me with bin 2 ,  N A I ) P '  or iso- 
c i t ra te  alone e, ml\~rred l i t t le or no protect ion ag;tinst P('MI3 inhibiticm, lb~wever, 
complete  protect ion against  PCMB inac t iva t ion  was afforded when the enzyme was 
incubated  in the presence of both  isoci t ra te  and Mn '~' , and the react ion was in i t ia ted  
bv the addi t ion  of N A I ) P  +. Thus it appears  tha t  substrcite and Mn"' react con- 
cur ren t ly  with the enzyme and prevent  PCMB from react ing with the tiff,Is asscci;tted 
with isoci t ra te  dehydrogenase  ac t iv i ty .  Incubat ion  of the enzyme with N A D P  and 
.Mn 2~ together  allowed only 24c),, inac t iva t ion  suggesting tha t  i soci t ra te  M n "  binds 
more efficiently to protect  the sul thydryls  associa ted with the act ive site than doe., 
the NAI)P~--Mn "~ complex.  These studie.s imply  tha t  thiol  fum't ion,  as reflected by 
PCblB inhibi t ion,  is more crit ical for the  binding of subs t ra te  to the enzyme,  in the 
presence of bln e-: , than for nucleot ide binding.  

I)ISCUSSION 

Recent ly ,  (£HUNG AND FRANZEN 2'a r epor ted  on the isolation ,Jf the isoci t ra te  
dehydrogenase  from A. vinclandii Strain 9Io4 (ATC('). The purified enzyme had a 
specific ac t iv i ty  . f  I35 / ,moles  of N A I ) P -  reduced per rain tYer mg protein at 30::. In 
the studies presented he.re, on the isoci t ra te  dehydrogenase  from A. vindandii Stra in  
(), specific act ivi t ies  of 65o/~moles of N A D P  ~- reduced per rain per mg protein  (37';) 
were ob ta ined  for tile highly purified enzyme under  the s t anda rd  assav condit ions.  
Specific act ivi t ies  of 135, for A. ;'inelamtii Stra in  O, were usual ly  observed after  the 
(NtI4).aSO 4 precip i ta t ion  step,  or the S a (7 °. 8o) fraction. "l'his difference between the 
specific act ivi t ies  of the two s t ra ins  (Strain O vs. ATCC Stra in  9IO4) may  be due to :  
(a) the fact tha t  different prote ins  may  car ry  out  the ident ical  react ion;  (b) may  be 
retlections c~t tim differences between the two isolat ion procedures  or (c) differences 
in the ctssav conditimas. ( 'HtXt;  .\Yl) I:R.XNZI-N "u used ~Ig a~ ins tead of Mn"", as the 
ac t iva t ing  d iva lent  catitm, and their  assays  were performed at  pH 7.() (3o') instead 
of pH 8.o (37°). The condi t ions used for assaying the isoci t ra te  dehydrogenase  front 
Strain  9Ol 4 would not have been op t imal  fl)r the St ra in  () enzyme. 

]Jiochim. t l i ,>phys. .qHa,  "-'2o (x97 o) .! I6-429 



ISOCITRATE D E H Y D R O G E N A S E  OF AZOTOBACTER 427 

Amino acid composition 
The isocitrate dehydrogenase from A. vinelandii Strain O was flmnd to contain 

3 half-cystine residues per molecule of enzyme (Table I), which contirms the value 
reported by ('HUNt; AND I:'RANZEN ~'~ tier the enzwne isolated from .4. vinelandii Strain 
91o4 . In this respect, the two enzymes are identical. This low value is in sharp con- 
trast to the 12 cysteine residues per molecule reported for the lllanlnlalian isocitrate 
dehydrogenase 2s. The mamnmlian isocitrate dehydrogenase is well known to be highly 
unstable and usually special precautions are taken to prevent its inactivationl~, a°. 
This instability could be at t r ibuted to the. oxidation of some of these thiol groups. 
Conversely, the stability of the enzyme from vt. vindamti i  Strain O conld be a 
reflection of its low thiol content.  

The content  of several anfino acids reported for the A. vinelandii isocitrate 
dehydrogenase of Strain 91o 4 (ref. 29) (lifters markedly from the values obtained fl~r 
the enzyme from Strain O (Table I). The values obtained fl~r serine, glutamic acid and 
glycine content  in the enzyme from A. vindandii  Strain O were 87, 9o and 8~ residues 
per molecule, respectively, while the. values reported fin the isocitrate dehydrogenase 
of Strain 91o4 were 42, (it and 45 residues per nmlecule, respectively. The leucine 
content fl)r Strain O was 48 residues per molecule while that  reported fl)r Strain 91o4 
was O(> residues per molecule. These major differences in amino acid content may be 
accounted for by the genetic differences between these two strains c,f A. "cint'la~utii. 
The (; C content of,.l. ~'inclandii Strain O is 66.8()0 (M. M,x.x'DF:L, pers-nal communi- 
cation) while that  reported for A. vinclandii Strain 91o4 (AT(C) is 0o.o°i, (ref. 38). 
Thus this diffelence in alllino acid comp~sition could reflect tile genetic difterence 
between these two strains of A. vinelandii. A more thorough s tudy of the amino acid 
data  reported by CHc.xu AND I:I~ANZEN 2'~ also revealed that  their amino acid analysis 
accounted fl~r only 88°..i, of their reported molecular weight of the isocitrate dehvdro- 
genase. The values reported for A. vinelandii Strain O (in Table I), which do not 
include a value for t ryptophan,  account for 98°o of the molecular weight of the 
isocitrate dehydrogenase. Therefore the low recovery of amino acid residues given 
for the isocitrate dehydrogenase of ,4. vindandii  Strain !)1o4, could also be due to 
technical diffmulties encountered in t~erforming the amino acid analyses on the 
purified enzyme. 

Of further interest in comparing the two isocitrate dehydrogenases is that  
maxinlal st imulation of the enzyme from Strain 91o 4 was obtained with .Mg"' at 
levels ranging from 6.  IO -~ to 2 • lO-2 M. It  is unusual that  M f  +, and not .Mn ~+, gave 
opt imum stimulation;  and that  Mn'-"" st imulated maximally at I .lO .2 M concen- 
tration. This finding differs markedly with those observed in this s tudy (Fig. 4), as 
well as those reported for other bacterial isocitrate dehydrogcnasesO~Ls", as. Our results 
show that  substantially higher activities were consistently obtained with Mn '-'! rather 
than with Mg 2:. This is particularly true at the concentration range of 5 ' I °  ~ 
1 • IO -a M (ref. 34). In addition, the data  in l:ig. 4 shows that  at levels above I • IO -8  M, 

Mn "0+ inhibited the isocitrate dehydrogenase from Strain O. SIEl~mcr et al. a°, reported 
that  even the mammalian NAI)P'-spe( ' i f ic  isoeitrate dehydr(Nenase is also nt(~rc 
effectively act ivated by Mn 2:- than by Mg "~. Thus the NAl)P:--sI)ecilic isoeitrate 
dehydrogenases from A. vinelandii Strain O and beef heart are more similar in their 
act ivation resptmse to Mn"-' and Mg 2~ and this appears to (lifter markedly from the 
metal ion requireinents reported for the enzyme isolated from A. vinelandii Strain ()~o 4. 
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PCM B inhibition studies on the isocitrate dehydrogenase o f  A. vim'landii Strain 
() (Table I I) und ,ub ted ly  reflect on the mechanisna of action of this enzvme. The fitct 
tlmt I • IO '~ M PCMI~ inhit)its the reaction indicates that  functional sulthydryl grmws 
are involved in enzyme activity. This has been shown t() be the case for the manlnmlian 
isocitrate dehydrogenaseaL'~s, aa. There is also evidence which suggests that  the active 
substrate f-r  the dehydrogenat ing react i .n  is an isocitrate Mn at complex, l . . .xxc;;xx a~ 

was able to show that the addition of I . I O  4 M Mn ~ ions increased the effectiveness 
~t" isocitrate binding tl) the dehydrogenase front porcine heart, tlis da ta  indicated th;tt 
isocitrate could displace N..XI)PH in the presence of M n " .  This suggested that  Mn'-'" 
were needed for substrate binding and that  the Mn 'a~ isocitrate complex had a higher 
afflnitv for the enzyme than the M n '  NAI.)PH c, miplex. ('ol.M:xx ~7 reported that 
l)t~tli isocitrate 3In '-'~ and N: \ I ) I ' I t  bln e" could protect the mamntalian enzyme from 
inactivation by 5,5'-dithiobis(2-nitrobenzoic acid) and that  a methionvl residue wa~ 
involved in the active site. The data  in Table I I shiny that  only a c ,mbina t ion  of 
isocitrate and Mn"L when preincubated with the isocitrate de.hydrogenasc, was able 
to protect the enzyme completely against inactivati,,n by P('Mt¢. So it is p,ssible 
that  isocitrate Mn": may also be the "active substrate con|plex" flw the isocitrate 
deh,,'drogenase of .-1. ;'im'landii Strain (). In this regard the isocitrate dehydrogenasc 
from the Strain () A. vim'la.ndii appears similar to  the mammalian enzvme. 

A(" K N ()V'.'I. I.A )(; M E N T::. 

This investigation was supported by ( ;rant  GM 17bo7-oI (formerly (;M 1-2227q ) 
from the Public Health Service, National Insti tute of (;eneral Medical Sciences. 
( ' . R . B .  w a s  a National Inst i tute of Health Pre-Doctoral  Trainee ((;M oo6o0-10). \Vc 
express our grat i tude to I)r. ,lames R. Brown of the Depar tment  of Chemistry, 
l.:niversitv of Texas at Austin, fl~r his assistance in amino acid analyses. We particu- 
larly thank Mr. Robert  M. Oliver, of the Clayton l :oundation l-~;iochemical Institute,  
for providing the clectr-n photomicrograph used and for his hell)tiff advice on the 
interpretation of data  presented on protein ultrastructure.  The competent  technical 
assistance of ('amille Filip is als.  grateflflly acknt~wledged. 

1¢ 1': 1." 1.~ 1¢ l'~ N (" 1.2 F, 

I A. I'L ( ' nu?~ t ; ,  . / .  l~actrrml., 1o2  (x97  o) . t3 ' ; -  
2 J .  T .  l ) u v v  A.xD ().  X V Y s s , . ] .  Gt'n..Uzcrobiol. ,  24 (19¢~I) 273 .  
3 I ' .  J t ' R I S U U K ,  1'. 1(. A s ' l o . x  a N D  1.. ( )LD,  J.  Hacteriol., 0 3  (I9¢)7) I o 6 9 -  
4 1'. J t : R r S U U K ,  S . .~ IANNIN~;  :\5,'I~ ( ' .  1(. HARRERA,  (;all . .] .  3lzcrobiol.. 14 (19~S)  775 .  
5 I.. ~ ) R x s r v : I x ,  .4m~.  N .  Y . . q c a d .  Sc~., 121 ( 1 9 6 4  ) 3 2 I .  
t~ 1~. J .  | ) A v i s ,  ..l~n2..\'. Y.  Acad. Sci., 121 (196. t )  4 o t .  
7 I ' .  JUR'I"SHI 'K,  ( ' .  1{. |{ARRI:RA AND `%. MANNING,  Ca~l..[. Mi t t .b io l . ,  15 (19~,9) 3 2 r .  
v, 1,;. ( ;OLDP;ERG, .S'co'~t:t', 1.$ 9 ( 1 9 6 3 )  6 0 2 .  
0 -%..~|OORE AND \ ¥ .  H .  %TEIN, in S. P .  ( '(*I.OWICK AND N.  ().  KAI 'LAN,  Methods in l inzvmology, 

\ ' o l .  V I .  A c a d e m i c  P r e s s ,  N e w  Y o r k .  1963 ,  p .  S i g .  
l o  ( ; .  I..  I"LL.~t:~X, Arch. Biochcm. l-tiophys., 82 (1q59) 7 ° . 
I I ( ' .  |4.. \VILI.MS, R .  M. ()IAVER, | | .  R.  HI.'.NN].:'~', J R , ,  1~. |~ . . \ l t~KHERJI-I , :  AXD I.. J .  IO-:~-;D, .]. Hiol. 

( 'hrm.,  2.t2 (1c)67) 8Sq .  
i2  ( ' .  R.  BARRERA AND P. J t : I ~ r s H u K ,  Biochim. Hiot~h),,~. Acta, 1 9 t  (lq(~c)} 103 .  
13 I ' .  A X D R E W S ,  Htochem. ] . ,  9x (19~4)  222 .  
14 |1 .  ||..S.~;Lt:ND, Sci. ToMs, 14 (1967 )  17 . 

I~v,~hzm. t~i, ,phys..qcta. ,_,o ( t o 7  o) 4 1 6  4 2 q  



IS ( )CI 'FRATI :  D F . H ' : I ) R O G F N A S 1 -  O F  AZ()I'()I~;ACTI:b~ 42() 

15 N.  ('ATSI.'.tV{}{}I.AS..-l}~a/. l¢iochcm., 2{} (I{}~,S} .t8{}. 
1() (; .  SIEI~,I';RT, J. "l'~trt*t:¢, l(.  ('. \X'ARNER AND (] .  \W. I". ]'I.AUT, .]. t'~lOl. CThe'DI., 2 2 0  (I9.57)  ¢#}.5. 
17 I'L l:.. JAC:OI~S, 31. JAc'Ot*, I). N. S.'O,',XDI aXt~ 1.. H. I~R.~,DI.V'~', .]. BWl.  ( 'hem.,  "23 (1¢)5e~) 147.  
IS ]~. F.  ('lll.:r~ ..XXl) ( ; .  \V.  1-. l>LAt"r ,  13tochc~mMry, 2 ( i 0 6 3 )  I o 2 3  . 
1¢) 11. ()()FI:H';LI. ANI) ~.|. I£.LIN(;ENI.~ER(;, t¢iockcm. Z . ,  34 ° (I¢)64) 4.1 t .  
- o  .M. |ql.lX¢;l.:Ni~l.:Rc;, I I .  (.;O[.;I~I.;LL ..X>.D ( ; .  \Vv:NSKI.;, l¢ l~ch, .m.Z. ,  34 x (1965 )  I0c.). 
21 J .  J . . ~ I A R R  AXl) M. 31. \\ 'i.:BE),t, . ]  ICY,/. ( 'hem.,  24~ (I()f)~) tO73.  
22 ( ; .  \V.  1'~. ] ' I .At"l ' ,  iI'l l ). 1). I~OVER. l [ .  I .ARI)V \ S t )  K..XlvRI*. '~( 'K. "l'kc l'Jz~ymt.~. Vol .  7. : \ c~td( 'miC 

l ' r c s s ,  N e w  Y o r k ,  -11d. t 'd . ,  1O().{, l). 1o 5. 
23 : \ .  31. S ' l~. : tx. .%. [,Z KIRKXI..~X AXl) J .  11. S I t . : t x ,  t¢i , ,hcmi.~lrv,  ~ (10~7)  3 1 9 .  
2. t 1). l ' .  : \ ' r K t x s ~ ) x .  ilx T.  \V.  ( ;OOl) \VIX.  3lc tab~hc l¢ol, s , , t f ' t t ra tc .  : \ c a ( l c m i t :  l ' r t , s s ,  .Now Y o r k ,  

IOI)•, |). 23- 
-'.5 1 . . q H H o  ..',xt) 11. ()Z..XKL ] .  t¢i,,chcm. "l'okvo, ¢'4 (~O,qSi 4.5. 
20 \V.  1.). I.O'~SVl.:ICl~ :,XD | , ~ . . \ .  ]'I;TI::R.'-;, l¢~,~chcm..]., 40 (~9.5 ~', 7~)-1. 
27 1(. 1:. ('~)~.:,t.\.',', lJtoch~t~tislry, 8 (l(~)()) ~;,'~S. 
"~  R.  1:. ( 't~t.:,tAX, lCtochcm, l~i,,phy.~. Rcs. ( , ,mmt t t t . ,  2~ (t~)~7) " ' ' - .  
2(t . \ .  I'~. ( l lV.X(;  ANI) J .  %. I"RA.XZEN, l l~ , ch :~ l s l ry ,  ,¢, (1(~¢')()) 3 t 7 5  . 
3 ° ( ; .  %H.:t*t.:r~'I', 31. ( ' A R S l O ' r i s  AXD ( ; .  \V.  1';. l~t . .~tI  . .]. 1¢ioI. ( 'hem.,  22~ (1057 )  0 7 7 .  
3 t . l . .XIAR:,~t 'R A.XI~ l ~. l ) o r ' : ,  .[. 3Iol. llt,,l.. 5 ( t t ~ 2 )  lilt). 
32 .%. HARt~A.X ANI~ S. : \ J I . ,  .]. llact~riol, l~-I ( t O S ' )  4 4 3 .  
33 : \ .  I ';.~RXt*EI~; a x I )  \V.  I'~. I'RICI.;R. J R . ,  .]. l~i,,l. (_'k*m.. IS0  ( IO51 ) ~23. 
34 ( ' .  R.  HAI~RI'RA, l-lcctr,/~k,~cttc ldcs,dutt,m , , / the I~ ' ,-  }-[¢-hydr,,xyhtttyric and  l : , c t t r i c  Dchvdro-  

g~lascs  f r , m  Acot ,bac lcr  vt~2~lamltt st~aitt O, . \ l~ts t t , r ' s ,  I ' n i x ' t ' r s i t v  o f  " l ' c x a s  a t  . \ u s t i l~ .  1q()7. 
35 1<. 1". ( '<~t .r~ax, . ] .  Btol.  ('k~m., 243 (10l~N) 2 4 5 4  . 
3f) " l .  A.  ] .ANGAN,  :1eta Chem. S~a~d.,  14 (i<.~:o) ~L~t~. 

liim'h~m. Bi , ,pkys .  Acta,  22o (lO7 o) . t 1 6 - 4 2 9  


