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SUMMARY

Isacitrate lyvase is tormed in Azofobacter vinelandit during growth on acetate.
Reported requirements of isocitrate lyase for Mg?+ and cysteine have heen con-
firmed, bu! EDTA could replace cysteine for activation, and did so more efficiently.
This ubviates the serious interference by cysteire in glyoxylic acid measurement.
Isocitrate lyase has a half-maximum velocity at R.6-10-% M threo-ns-isocitrate
and is not inhibited by high DL-isocitrate concentration (up to 8 mM).
Triosephosphate dehydrogenase has been identified in ammonium sulphate
fractions of crude extracts of Azotobacter. This enzyme is also activated by EDTA
more efficiently than by cysteine.
It is concluded that these activations by cysteine and EDTA are the result of
binding of inhibitory heavy metals in the assay medium, The possible nature of
such metals is discussed.

INTRODUCTION

During stvdies of oxygen toxicity on enzymes concerned in oxidative pathways in
Azotobacter vinelandii, suitable conditions for assay of isocitrate lyase (La-isocitrate
glyoxylate lyase EC 4.1.3.1) and triosephosphate dehydrogenase (p-glyceraldehyde
3-phospoate : NAD oxidoreductase, EC 1.2.1.12) were sought.

Isocitrate lyase catalyses the reversible cleavage of isocitric acid to glyoxylic
acid and succinic acid. and has been demonstrated previously in extracts of acetate-
grown A. vinelandi and A. agile'. Requircments for a divalent metai ion and thiol
compounds for maximal activity have been reported?—, SM1TH AxD GUNSALUSY found
that glutathione was slightly less active than equimolar cysteine in meeting the
latter requirement. A similar thiol requirement for activaticn of triosephosphate
dehydrogenase from mammalian systems has been reported®®, though SEGAL AND
Boyer? showed that muscle enzyme could be activated successfully by EDTA in
place of cysteine.

" Present address: Microbiology Unit, Department of Biochemistry, University of Oxford,
Oxford {Great Britain).
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Because thiol comnpounds would complicate studies with gaseous oxvgen, these
finding~ have bLeen examined for Azotobaccer enzvmes. Serious disadvantages in the
use of cysteine for isocitrate lyase activation have been demonstrated.

METHODS
Bacteriological

For preparation of estraco coniqainng isocitrate lvase, a strain of Azofobacler
vinelandii designated 5 wis used®. 4. vinelandii O was used for preparation of trio-
sephosphate dehydrogenase. Cultures were preserved by vacuum-drying? and carried
on M6 agar medium!? for broth inoculation. Larger quantities of cells for preparation
of cell-free extracts were grown on acetate medium, of the following composition,
per 1: Na acctate, 20 g; KH,PO,, 0.15 g; Na,HPO, 12 H,0, o.15 g; Mgs0,-7» H0,
0.2 g, CaS0O,-2 H,0, 0.05 g; Na,MaO  ~aony v EIVIA ron complex, o.015 g; NaCl,
o.I g; CuS0,-5 H,0, 0.4 mg; MnSOQ, -4 HO, 2.0 mg. Zn>30,-7 H,O, 0.8 mx: H,BO,,
2.4 mg; with the extract from autoclaving 12.5 g of peeled potate in 25 g of water
for 40 min at 5 lb/inZ Sterilisation was by heat, with the phosphates sterilised
separately to prevent precipitation. Ino uia weie 5% volumes of culture grown on
nitrogen-deficient sucrose medium (Mz22) (see ref. 8). With acetate as carbon source,
alkali was produced and the pH was checked pericdically during growth and re-
turned to neutral by the addition of sterile HCL

Cultures were grown in 20-1 Pyrex jars under forced aeration at controlled
temperature. Cells were harvested after 36 h growth by centrifugation with a Servall
madel SS-1, with continuous-flow attachment, and stored at --z0°.

Extracts containing triosephosphate dehvdrogenase were obtained from cells
grown on Mz22.

Preparation of cell-free extracts

Cell-free extracts were obtained by alumina grinding of frozen cellstl. The
ground cell material was suspended in 0.015 M phosphate bufier (pH 7.0) ar a rate
corresponding to 1 g wet weight of cells per 20 mi of buffer, and centrifuged first
for 10 min at 4000 X g to remove alumina particles and cell aebris, and then for
10 min at 20000 x g. The supernatant was used for enzyme assay and contained
approx. 3 mg of protein/ml. These operations were carried cut at or below 37.

Reagents

Distilled water used throughout was deionised on Bio-Deminrolit resin (Permutit
Co.) to a specific conductance of 0.1 gmhofcm. The alumina used for preparation of
cell-free extracts was Aloxite-600 {The Carborundum Co., Manchester), which had
been washed with c.o1 M EDTA (pH 8.0}, rinsed several times with deionised water,
and dried at Bo°.

Biochemicals were obtained trom the following sources: crystalline lysozyme and
oxaloacetic acid, from Nutritional Biochern®:als Corporation; NAD and NADP from
Sigma Chemical Co.; Na,-threo-nsts-isocitrate from Fluka Chemische Fabrik, glyox-
ylic acid monohydrate, irom Light and Co. ; and glyceraldchyde 1-bromide 3-phosphate
dioxane oxonium salt, from California Foundation for Biochemical Research.
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Analvtical

Isocitrate lyase activity was determined by measurement of glvoxyvlic acid
formation by the method of McFADDEN AND HowEgs®, which involves colorimetry
of the 1,5-diphenvl-formazan carboxylic acid formed on oxidation of glyoxvlic acid
phenylhydrazone with K l'e[CN),. To ensure reproducibility of results, time of
heating was carefully standardised at 5 min. A reference sample of glyoxylic acid
monohvdrate was gy.5 %, purc by titrimetric assayl2.

pL-Isocitric acid was gG9%, pure, as shown by NADP reduction with a crude
preparation of isocitric dchydrogenase from acetate-grown A. vinelandii. NADP
reduction was followed at 340 mu in a Beckman-DU spectrophotometer, with cell
compartment at 30°. The procedure followed that of KORNBERG!, with .06 M Tris
buffer {(pH 7.5) replacing phosphate.

In the initial experiments, the assay system for isocitrate Iyase was similar to
that desctibed by SMiTH ARD GuxsaLus®, carried out in Thunberg tubes, or in flasks
attached to the manometers of a Warburg respirometer. The final volume was
3. i, with nitrogen as the gas phase throughout. Reaction was started by addition
of isocitrate from the side arm after temperature equilibration at 30°, and stopped
with ©.2 ml of 809, (w/v) {richloroacetic acid. After protein was removed by cen-
irifugation, an aliquot of the supernatant was analysed for glyoxylic acid. Controls
to which substrate was added after trichloroacetic acid addition contained negligible
amounts of glyoxyiate.

Triosephosphate dehydrogenase was assayed by observation of NAD reduc-
tion at 340 mu. The assay system follows the procedure of KrReBs®, which uses
cvsteine as activator. The purity of commercial pL-glyceraldehyde 3.-phosphate
1-bromide dioxane oxonium salt was determined with Azotobacter enzyme; it assayed
at L79%;,.

Trioscphosphate dehvdrogenase was prepared from 6 g wet weight of sucrose-
g1rown cells, which were ground for 20 min with 15 g of alumina. The ground material
was taken up in 48 ml of 0.03 M pyrophosphate buffer (pH 8.7), containing 2.5 ml
of 0.01 M nicotinamide, and centrifuged for 12 min at 7000 x g. Enzyme was
partially purified from the supernatant by ammonium sulphate fractionation,
most activity being precipitated between 0.6 and 0.8 saturation. The enzyme was
stable for at least 3 months at  20° Further purification was not undertaken,
sirce activity could be satisfactorily determined without observable reoxidation of
NADH,.

Pratein was meacured by the method of LowRy ef al 1% with crystalline lvsozvire
as standard.

Chromatography

Keto acids were converted into their 2.4-dinitrophenylhydrazones? and separated
by ascending chromatography on Whatman No. 4 paper. Solvents were butanol-
ethunol-water (70:10:20}*® and isopropanol-ammonium hydroxide-water (100:5:
10)18. For colour development of :.ots, dried papers were dipped in 29, NaOH in
90%, ethanol. Markers were prepared from pure glyoxylic, pyruvic, oxaloacetic and
a-ketoglutaric acids!s,
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RESULTS
Isocitrate lyase

Glyoxvlic acid formation was verified by paper chromatography of the keto
acirl produced. R« values of the derivative from the reaction mixture and its colour
reaction with ethanolic NaOH were the same as those of authentic glyoxyhc acid

2, 4-intirophlieny thyvdrazone.
Thoa o

The spectrum of the unknown dinitrephicucthydrazone confirme.d the identity
of the keto acid. It showed a maximum at 450 My in aqueous alkali, while the ratio
of the absorbancies at 490 mp and 530 mye was 1.84. The spectra ot the pyruvic
and a-ketoglutaric acid denvatives show a platcau between these wavelengths, with
a ratio approximating unity*, while authentic glvoxvlic acid dinitrophenvlhyvdrazone
has a ratio of 1.g.

The semi-specific analytical method of McFapnes ann Howes!® ofters further
evidence for glyoxylic acid formation, as it 1s specific for aldehydes’. The spectrum
of the derivative formed from authentic glvoxylic acid was the same as that formed
from the reaction product, showing a maximum at 520 g,

The reverse reaciion of formation of isocitric acid from glyoxyhe acid and
succinic acikd was readily demonstrated?, though chromatography failed to detect
succinic acid after the isucitrate lvase reaction. [t scems reasonable to conclude that
succinic acid was formed during reaction and further metabolised by the unpurified
extract.

Isocitrate lyase activity of unpuriped extracts was comparable to that reported
previously for similar extracts of acetate-grown A. vinelandii and A. agie' and of
Psewdomonas aeruginosa®. The highest activity obtained was 10 ganoles of glyoxvlic
acid produced per mg of protein per h, though aciiviiy declined slightly with storage.
After 6 months at —20° in 0.015 M phusphate buffer (pH 7.0) cell-free extracts
retained 75%, of their initial activity. Sucrose-grown cells showed neglgible iso-
citrate lyase activity.

Ackivation with cysteine and EDT A

The activation of Azotobacter isocitrate lyase by a range of cysteine or EDTA
concentrations is shown in Fig. 1. Cysteine is less effective than EDTA, both in

P\, EDTA

-]

MmGies glyoaylate (A

" .

"y

[+] A0

0 <0

Arnoles octivator /3mi
Fig. 1. The effect of cysteine and EDTA on isocitrate lyase activity of 4. sinelandis S extracts.
Eauh Thunherg tubce contained (in gmolesj3.o ml final volume) : Tris buffer (pH 7.6) 200; MpCl,,
£: EDTA or neutralised cysteine hvdrocidarile, as indicated; Nay-pr-isocitrate. in wide-arn, 204
plus Azotobacter extract, 1.0 mg. Keaction was for 23 min at 30° after 5 min preincubation.
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230 I. R. KENNEDY, M. ], DILWORTH

terms of concentration required, and in maximum activity reached, The rapid
decrease in lyase activity above 2 mM EDTA is apparently due to inhibition caused
by chelation of Mg2+.

To establish the concentration of Mg?+ required to maintain maximum enzyme
activity in the presence of 0.67 mM EDTA (vhich was .mple for activation), a
saturation curve for Mg?+ was determined.

Since isocitrate lyase activity was only slightly below maximum in the presence
of equimolar EDTA and Mg3®*. sufficient Mg?* in subsequent enzyme assays was
ensured by use of a 3-fold excess. As can bhe seen from Fig. 2, this did not interfere
with the activating influence of EDTA.

Lpmoles glyoxylic acid/n

1
Jnowes Mg imi

Fig. 2. Isocitrate lyvase activation by Mg*-. Thunberg tubes contained reagents described under
Fig. 1, except: 4. vinelandii extract, 0.5 mg: EDTA, 2 umoles; MgCl,. total as indicated, in final
volume of 3.0 m). Reaction was for 15 min at 30° after 5 min preincubation.

Addition of cysteine to extract maximally activated wvath EDTA did not result
in increased activity; in fact, lower activity was recorded. Activation by EDTA was
apparently rapid, for tubes were incubated for only 5 niin before reaction was
started. Incubation of extract with EDTA in the presence of Mg?*+ in Tris buffer
for periods up to 6 h before starting reaction did not result in any significant change
in activity. The pattern of activation of Azotobacter isacitrate lyase did not change
with time, EDTA still being superior to cysteine in activation after 6-months’ sto-
rage at —20°. The mechanism of both EDTA and cysteine activation was apparently
the same,

When protein concentration was decreased from 1.0 mgf{3 ml to o.12 mg/3 ml
and EDTA concentration reduced to 0.067 mM, isocitrate lyase activity was only
74% of that obtained with 0.67 InM EDTA. This indicates that EDTA activation
was dependent on its final concentration in the assay medium, and not on a stoichio-
metric relationship with the amount of protein.

Effect of pH

The eftect ot pH on 1socitrate lyase activity is shown in Fig. 3. Maximum
aviivity occurred between pH 7.6 and 8.0 in 6.066 M Tris buffer. This corresponds

closely to the optimum of pH 7.7 observed with an extract from Pseudomonas sndi-
goferats.

Biochim. Biophys. Acla, 67 (1963) 226239
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Fig. 3. pH depeadence of isocitrate lyase. FThunbere tubes contained (in pgmolesf3.o m! final
volume}: Teis buffer, zoo; MgCl,, 6: EDTA, 2; Nag-or-isoaitrate, :o; plus . virclandii extract,
.o mg. Reaction was for 10 min at jo® after 5 min preincubation,

Protein concentration

When sufficient EDTA or cysteine was added to achieve maximum activity of
isocitrate lyase, glyoxylic acid formation with varying levels of Azotobacter extract
was as shown in Fig. 4.

The plot for the series with EDTA activation is quite linear and, unlike that
with cysteine, passes through the origin on cxtrapolation. At low protein concen-
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Fig. 4. Isocitrate lvase activity with increasing concentration of Azotobacter extract. Thunberg

tubes contained (in pmoles/3.0 ml final volume:: Tris buffcc (pH 7.8), 200; Mgl'l;, 6; Nay-pi-

isocitrate, in side-arm, 15; (O— (. EDTA 2; @—@, vysteine hydrochloride, 13. Reaction was

continued for 1z min at 30" after 15 min preincubation with 4. virefandii extract added as
indicited.

trations, cysteine has occasionally proved slightly supziior to EDTA (sce Table II),
suggesting that under these conditions it exerts some undefined activation. In cont-
parison to the EDTA effect at higher protein levels (Fig. 4), such an effect appears
to be very slight.

Biockim. Biophys. Acla, 63 (1963) 220—239



232 [. R. KEXXEDY, M. J. DILWORTH

Givoxviate reaction wit)s thiols

The depression of isocitrate lyase activity with higher levels of cysteine (Fig. 1)
was unlikely to be caused by inhibition consequent upon Mg?- binding. as occurred
with EDDTA, for cysteine has only low affinity for Mg?* (log K less than 4). In
addition, the lower activity sbscerved during activalion with EDTA plus cysteine,
rather than EDTA alone, suggested some interference by cysteine. Reaction between
cysteine and glvoxylic acid is now well substantiated?®**, and we have also observed
rapid reaction between glyoxylic acid and cysteine at neutral pH.

Glyoxylic acid could not be detected after a 1.5 mM solution was incubated for
30 min at 30 with a 10 mM solution of cysteine in 67 mM Tris buffer (pH 7.8) when
the analytical method of FRIEDEMANY ann HAUGEX?® was used (without solvent
extraction), With the method of McFADDEN AXD Howes!'2, the recovery of glyoxylic
acid with heating tiroe in phenylhydrazine hydrochloride at pH 1 was as shown in
Fig. 5. The control series also shown in Fig. 5 contained no cysteine.

0.

o
N

o
7

Abso-hancy - 520 my
g
T

IS 5 30 5 5
Time of heating (min)
Fig. 5 Glvoxylic acid recovery from reysteine complex with heating time. Glyvoxylate was in-
cubated at 307 for 30 min in solution containing (in gmoles/6.0 ml): Tris buffer (pH 7.8) 1000;
EDTA, 4. cvsteine hadrachlonide, 100 glvoxvylic acid, 9. A control contained no cysteine. Colour
preduced was as shown when o 165 ml samples were analysed with phenylhydrazine hydro-
chlotide’? by Leating for variable time at g5°. C-- ), plus cysteine; @— @, control.

Greatest colour development was obtained where heating was omitted and the
sample incubated with phenvibydrazine hydrochloride at room temperature for
20 min. This emphasizes the need (o careful standardisation of heating time, or its
complete omission, in agreement with the conclusions of Krax ‘v et al.'? for a
method using essentially the same principle. Though it is obvious that heating
releases glyoxylic acid from its complex with cysteine, the rate of decomposition of
glvoxvlic acid phenylhydrazone to yield a product which is not oxidised to the
formazan maXes this method impracticable for the determination of glyoxylic acid
after incubation with cysteine.

Percentage loss of 1 mM glyoxvlic acid incubated with the saine riunge of cysteine
concentrations as used for activation of isocitrate lyase (Fig. 1) is shown in Table I,
These results suggest that cysteine, at sufficiently high concentrations, is as complete
an activator as EDTA, and that discrepancies between the two result from inter-
action betwnen glyoxylic acid and cvsteine.

Biochéim. Biophys. Actu, 67 {1963) 226-239



ISOCITRATE LYASE AND TRIOSEPHOSPHATE DEHYDROGENASE 233

TABILE L

EFFECT OF CYSTEINLE CONCENTRATION ON »53aY OF GLYOXYLIU ACID
WITH PHENYLHYDRAZINE BYL ROCHLORIDE

Conditions of assay: 1 mM glyoxvlic acid was incubated at 3 with cysteine (57 20 min in 200 mM
Tris buffer (pH 7.8); 2 mM Mgty o7 mM EDTA, liual volame 3.0 ml Glyoxvlate in o.24-ml

samoles was assaved immeaorbartelv!® with 2ommia hewting rima.
Cystesne-T1CE 1 . Decreuse
fpeate s fo oml ) stIze e )
led 0336 [$)
K (IR ] 9
18] o 3y 13
13 o gl 2]
20 . gy 13
30 a3l 38
40 a.339 37

When glutathione was tested for interaction with glyoxylic acid in the systems
described above, no interfering effect could be found. Glyoxylic acid recovery with
2,4-dinitrophenvlhydrazine® or phenylhydrazine'® was the same as that in control
mixtures to which no glutathione had been added. Glutathione has been reported
to react with carbor 15%; however, any compound formed here must have been
easily dissociabie.

Activily with ime

Spectrophotometric assayv mcthods {or i~ iteate lyase depondent on the forma-
tion of compounds of glyoxvlic acid with semicarbazide (absorbing at 252 mg, see
ref. 24), and with phenyl-hydrazine hydrochloride {absorbing at 324 my, see ref. 23),
show short lag periuds before significant changes in absorbancy occur, probably due
to slow reaction between glyoxvlate and the reagents.

With Azotobacter enzyme, and with direct chemical assay of givoxylic acid
formation, the time course of isocitrate lyase reaction was as shown in Fig. 6. The
line cf best fit, by the method of least-squares. passes almost directly through
the origin.
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Fig. 6. Linearity of isocitrate lyase reaction with time, Warburg flasks contained (in pmolesf
3.0 mi final vol.. ue): Tris buffer {pH 7.6} zo0; MgC),. 6: EDTA, :: Naj-nr-isocitrate (side-arm).
30; plus 4. vinelandti extract, .78 mg. Reactrion was started aftes su a0iil preincubation at 30°
and stopped at the times indicated.

Hiochim. Biophkys. Acta, 67 (1963) 226- 230



234 I. R. KENNEDY, M. J. DILWORTH

The effect of substrate concentration

The substrate of P. fndigofera isocitrate lyasc has been reported as Dy(-t)-
isocitrate!®, though other workers?.® considered the 14(4-)-form as the active isomer
for isacitrate lyase from other microbes. pL-Isocitric acid was exactly half as active
as the single isomer for isocitrate lyase, indicating that only one form was meta-
bolised and confirming that the inactive form produced no inhibition®® In this
paper we have followed the nomenclature of VICKERY??, who recently suggested an
unequivocal system to resolve the present confused position. The Enzyme Com-
mission has rccommended that isocitrate lyase (formerly isocitritase) be known
systematically as Ly-isocitrate glvoxylate lyase. This should be superseded by threo-
De-tsocitrate glvoxvlate lyase to agree with the nomenclature of VicKery?®® for the
natural isocitric acids.

The reaction rate curve for saturation of A. vinelandii isocitrate lyase with
threo-v -isocitrate is shown in Fig. 7, and conforms with MICHAELIS-MEXNTEN

{
|

Aamoles
giynayiote formed
o}

1 - 3
mM Threo -0y - isocitrote

KrnvB.6-107%M
_‘_—/ N ] . . . N N N
0T 8T T o 5w W 20 25 30
4
‘|
Fig. 7. Evaluation of Kp, for isocitrate lyase. Thunberg tubes contained (in gmeolesf6.0 mil final
volume): Tris butfer (pH 7.6} 400; MgCl,, 12; EDTA, 4: threo-py-tsocitrate {as Na,-pi-form in
side-arm), as indicated; plus 4. vinclandii cxtract, 0.15 mg protein. Tubes were preincubated
at 3o0* for 10 min and the reaction stopped at 7 min by addition of 0.4 ml of 809, trichloroacetic
acid. Results shown are single analyses on duplicated levels ot substrate.

kinetics. A LINEWEAVER-BURK® double reciprocal plot of the rate of glyoxylic
acid formation wersks the threo n,-isocitiale concentration was linear, and extra-
polated to a Ky of 8.6-1073 M. This lies within the range of K, values previously
reported of 4.5 107 M (see ref. 2) and 5-1073 M (see ref. 28). Purified yeast enzyme
required 1.2 -10°3 M "‘14{4)-isocitrate’” for half-maximum activity3,

A report that jsocitrate lvase from P. fndigofera was inhibited by concentrations
of "'Dg{ i-)-isocitrate’” greater than 8.10-*M, or of bDL-isocitrate of 1.6-10* M
(see ref. 18), was not in agreemeni with the present results. Because it was at first
suspected that this inhibition was the result of thiol reaction with glyoxylic acid at
higher concentrations of isocitrate, and hence of glvoxylate, rates of reaction with
either cysteine or EDTA as activators were followed. At low protein concentration
{40 ug/ml) with low glyoxvlic acid production, activation by cysteine and EDTA
was closely similar. As shown in Table II, no inhibition was observed at concentra-

Biochim. Biophys. Acta, 6 (1963} 226~239
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TABLE I1

LEFFECT OF DL-ISOCITRATE CONCENTRATION UN ISOCITRATE LYASE ACTIVITY
N 1. vineland:i EXTRACT

Conditions of assay were as described in Fig. 7 except: 1. sinelandii extract, .24 my proicip;
reaction was for 12 minn b.o-mi inal volume.
CGovorvlic acid formeld
oL-feagitrate fymakes ) mi )
(BMIJNN‘) s = me
g3 mM omtane o4y mM ENT A

o.1o Gyl 0,091
.30 0133 o 168
I.50 V. 240 o 204
3.00 0.242 0.1ty
5,00 o242 torzhy
8.00 o 240 6 228

tions of pL-isocitrate up to 8-310 * M. Clearly the ininsiion observed™ is not due
to a reaction of this type, especially as glutathivne was used for activation. It there-
fore appears that substrate inhibition is not a general property of isocitrate lyase.

Triosephosphate dehydrogenase

The presence of this enzyme in A. v¥nelar dii has been interred from indirect
evidence by MORTENsSON, HaMILTON AND WiLson®. Althougle direct reduction of
NAD did not occur in an extract with added fructose diphosphate and aldolase

0.6|-

o.af /
: s
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-
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° 1 2 3 4

Time {min)

Fig, 8. The effect of cysteine znd ENTA on NAD reducticn by tricecphusphate dehydrogena=n

from A. vimelandii. Each cuvette contained (in umales/o.8 ml final volume); sodiutn pyrophos-

phatc (pH 8.5} 18; sodium arsenate (ptf 8.5) 4.2, pr-glyceraldehyde 3-phosphate, 0.38; NAD,

0.25: enzyme, 0.23 mg protein. Reaction was initiated by the addition of mixed glyceraldehyde

3-phosphatcfarsenate reagent. Temperature 30°. §—@. with 0.8 ymole EDTA (pH 8.5); O--O.

with 3.5 gmoles cystcine hydrochloride {pH 8.5}; B—@l. witht 0.25 ymole NADP replacing NAD
and 0.8 ymole EDTA (pH 8.5); J—( ), no additions.
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230 I. R. KENNEDY, M. J. DILWORTH

(EC 4.1.2.7), NADH, oxidation could be demonstrated in such systerns. Substantial
NAD reduction has been achieved with partially punfied enzyme from A. vinelandii.
As shown in Fig. 8, 1 mM EDTA was slightly better for activation of NAD reduction
by glyceraldehyde 3-phosphate and Azotobacter extract than 3.5 mM cysteine.
SrGaL axD Boyer? had noted a similar superiority of EDTA over cvsteine for
activation of triosephosphate dehydrogenase from muscle. Pyrophosphate gave
greater aciivity than did Tris of the same pH and molarity (22.5 mM) and maximum
activity was obtained at pH g.o. Unlike the preparation of SkcaL axn Bovewr?,
Tris buffer did uot allow a long:r period of lincar absorbancy change. NADP was
not reduced in the system.

The glvceraldehyde 3-phosphate concentration for half-maximum reaction
velocity was estimated®? at 5.3-10-3 M at pH g.0 and 30°.

An attempt was made to activate the enzyme with cysteine, and then wo remove
the excess by dialysis. z ml of enzyme (4.6 mg of protein) were treated with 0.05 ml
of & 3 M cysteine hydrochloride at pH 7.2 for 2 h at o° in a Thunberg tube under
nitrogen. The enzyme was guickly transferred to dialysis tubing {(EDTA washed)
and dialysed with stirring against 1 1 of deinnised water in an anaerobic Filmer jar
filled with nitrogen and containiag an oxygen absorbent. After 18 I dialvsis, tae
enzyme was removed and assayed without cysteine. No increase in activity above
the untreated enzyme could be demonstrated, although the dialysed enzyme could
be reactivated by cysteine to an activity identical with that found after the initial
cysteine activation.

This result indicates that there is a requirement for complexing reagent in the
medium during enzyme action, and points to the possibility that the activation was

concerned with a protective effect of cysteine azainst other components of the
reaction mixture.

DISCUSSION

In agreement wirth previous findings (see KORKBERGH® for review), isocitrate lyase
has again proved adaptive to growth on acetate. During growth on sucrnse, which
does not require net synthesis of dicarboxyvlic acids, no isocitrate lyase activity was
detected.

The finding that EDTA is an efficient activator of isocitrate lyase assumes
special significance becausc ot the scrious interference in assay by cysteine. Reac-
tions of the type occurring between glyoxvlic acid and cysteine are now well docu-
mented. The ease of reaction between cysteine and ketones at neutral pH and room
temperature has been noted®. Glyoxylic acid and cysteine yield a substance which
only reacts with phenylhydrazine at 100°, and forms a thiazolidine quite different
from the normal hydrazone formed in the absence of cysteine®®, thus explaining in-
compiete recoveries of glyoxylate. The seriousness of the reaction between glyoxylic
acid and cvsteine has recently been related to the assay of isocitrate lyase?.

The formation of a cysteine-glyouxylate complex may be considered to produce
two results: {a) an apparent lowering of activity dependent on recovery of glyoxylate,
which will be a function of the time ¢f enzyme assay used, and the degree of hydro-
lysis in the analytical method (a satisfactory method for hydrolysis of the complex
should obviate difficulties ccused by its formation®); (b) a lowering of activity
d2pending on the extent of removal of cysteine by glyoxylate. During the course of
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enzymic reaction. a continuously decreasing cysteine concentration may be expected
to make the determination of absolute activity difficult.

It is therefore inadvisable to use <ysteine for isocitrate lvase activation. Glu-
tathione is apparently a suitable substitute, but EDTA has the advantage of
not being autoxidisable, and should therefuie allow aerobic assay of isocitrate
lyase.

The implicit assumption in cvsteine and glutathione activation of isocitrate
lyase has beem a speciiic effect of their —SH group on the enzyme molecule. By
contrast, EDTA does not possess such a group. It would thercfore appear that ex-
planations irvolving cysteine in reduction of enzymic -SH groups are improbable
in comparison with one involving binding of hcavy-metal ions from the enzyme.
The non-additivity of the cysteine and EDTA effects is supporting evidence tor the
similarity of their action.

Stimulation by metal-chelating substances has been shown for a wide range
of enzymes. DFPase (EC 3.8.2.1) is activated by 2.2°-dipyridyP2, K--activated
aldchvde dehydrogenase (EC 1.2.1.5) by thiols, histidine and EDTA®, and ¢s-
aconitic decarboxvlase (EC 4.1.1.6) by cuvsteine], EDTA and 3-hvdroxyvquinoline??.
Chelation of inhibitorv metals has been suggested as the mechanism of activation
by EDTA of muscle triosephosphate debvdrogeiase (EC 1.2.1.12)7, heart-muscle
oxidase preparations?® and phusphoglucomutase (EC 2.7.5.1)36.37,

Purified veast isocitrate fvase is inhibited by 'ow concentrations of Cu?t, Cd®~
and Zn?r, while substantial inhibition of isocitrate lyvase occurred in 10°* M p-
chioromercuribenzoate, and this inhibition was 8o reversed by excess cysteine?
This points to the presence of an essential -SH group in the yeast enzyvme, and it is
therefore likely that activation of Azotobacter enzsyme by cysteine and EDTA is
the result of chelation of inhibitory heavy metals bound to it, perhaps to an SH
group. The possibility of other metal-binding sites remains; MILsTEIN preseits
evidence that Zn?' inhibition of phosphuglucemutase is not due to the formation
of a mercaptide and suggests alternative binding sites—amino, imidazolyl, carhoxyl
and phosphate.

The concentration of cysteine required to activate isocitrate Ivase in Azoto-
bacter extracts is condiderably greater than that of EDTA. Allowing for interaction
of glyoxylic acid with cwvsteine, the cuncentration of the thiol required is at least
3 mM, while with EDTA, c.1£ mM produces almost maximum activity. If o metal
ion is responsible for the inactive form of isociirate lyase, it appears that cysteine i3
less efficient in binding this retal.

From the stability constants for complexes between various metal ions and
cither cysteine or EDTA, calculations were made of the ratio of free to bound
metal for a range of ions, making allowance for formation of 1 : 2 chelates between
some metals and cysteine. For o.16 mM ligand (the EDTA concentration giving
maximum activity, sce Tig. 1) and a constant metal-ion level, the equilibrium con-
centration of free Co%~, Fe?=, Nitr, PL?- Zn3t Mpg?+ and Mn** would be greater
with cysteine than with EDTA, while the reverse would be true for Fe’~ and Hg?*-.
It is therefore unlikely that the latter ions are responsible for the inactive form of
isocitrate lyase Of the former, Mg2+, Mn2*, Fe? and Co?* have heen shown to activate
isocitrate lyase?-?.%, making it unlikelv that they are concerned in its inactivation.
Although a stability constant for the Cd?-<ysteine complex is not available, it is
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probably similar to that for the Cd?+—glutathione compiex, in which a lower pro-
portion of metal is bound than in tiie Cd**~EDTA complex.

If thesc idealised chemical data are applicable to the system used for tsocitrate
lyase assay, then, of the cases availabte for comparison, the ions most likely to cause
inactivation are Znz-, Ni%+, Pb?+ and Cd?*. It is possible that Cu®- is also involved.
Although departures from ideality are obvious (in terms of pH, temperature, ionic
strength and other ions), the differences in ratios of free to bound metal for EDTA
and c¢ysteine are so large that some assessment of the relative advantages of these
compounds is possible.

A variation in response can be expected during activation by different chelating
~ubstances, the activating efficiency of which will be a function of the type and
quantities of the contaminants present, and not necessarily a constant property of
the cnzvme. [t is therefore possible that the superinrity of EDTA over cysteine will
not always be observed, although in the majority of cases considered above, EDTA
vemoval of metals should be more complete.
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