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A‘bstract-4 proteinase was copurlfied~with finus pinea isocltrate Iyase its proteoiytic action, conslstitig of-isocitrate 
lyase irreversible inactivation and the appearance of enzyme forms with lower M,s, became evident when Mg’+ was 
removed from pure preparations or when EDTA or SDS was added This action was greatly reduced by Mn2+ or 
oxalate, and partially by PMSF, but not by several other protease inhibitors. Some data suggest that the proteolytic 
activity may be adsorbed on lsocltrate lyase. A model for lsocltrate lyase inactivation, involving Mg’ + dissociation, 1s 
proposed. 

INTRODUCTION 

Isocitrate lyase (ICLt, three-D,-isocitrate-glyoxylate 
lyase, EC 4.1.3.1) becomes mcreasmgly unstable in the 
course of purification [l, 21 and purified ICL prep- 
arations from various sources are highly unstable during 
storage [l-S] In general, the lower the storage tempera- 
ture, the slower 1s the rate of enzyme mactlvatlon Cl, 2,4, 
83 ICL thermal sensitivity has been widely investigated 
[S-13]. In some cases Mg2+ [3, 131 and other dlvalent 
cations [3] protect against heat mactlvatlon, while m 
others oxalate provides protection but magnesium does 
not [S, lo] ICL instability in crude extracts [14, 15-J as 
well as its decline in uluo [ 13, 161 have been attributed to 
proteolysis. There 1s direct evidence that protemases are 
responsible for the more [17, 181 or less [ 191 selective 
inactivation of ICL in crude extracts of oil-rich seeds. 

Proteases have been found to contaminate highly pun- 
fied preparations of several enzymes [20] and are some- 
times absorbed on the target enzyme [21, 221. We have 
previously reported that the use of PMSF during the 
purification procedure and the shortening of the time of 
germination eliminate both the fragmentalon of the ICL 
elution pattern from Sephadex G-150 [7] and the ap- 
pearance of multtple enzyme forms differing in electric 
charge and heat stability [13]. 

This paper provides the first evidence for proteolytlc 
activity copurified with Pmus prnea ICL. Repeated treat- 
ment with PMSF during purification, though it can 
abolish proteolytic artifacts, was evidently not sufficient 
to prevent the subsequent appearance of PMSF-sensitive 
proteolytlc contaminants, as has also pointed out m ref. 
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[ZO]. Our data suggest that the proteolytlc activity may 
be tightly adsorbed to ICL and thus may copurlfy with it 
m an inactive, PMSF-resistant complex. These findings 
may explain ICL’s instability during storage as well as its 
selective decline VI uluo. If so, the protemase would play a 
major role m ICL’s regulation and Mg*+ dissociation 
might be directly involved in this process 

RESULTSANDDISCUSSION 

ICL was always completely stable in the presence of 
6mM Mg2’ at temperatures up to 45” but became 
markedly unstable followmg Mg2 + removal (Fig. 1) The 
addition of 6 mM MgCl, after various incubation times 
only partially reactivated the enzyme (Table 1) but stop- 
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Fig 1 Stab&y of Ptnus ICL at 45” after various treatments 

Two different preparations from the final purification steps were 

desalted with 50 mM Tns-HCl, pH 7 5 (see Expenmental) and 

various reagents were added Sephacryl S-300 pool plus x 6 

mM MgCI,, 0 6 mM oxalate, 0 5 mM EDTA (molar ratlo 

ICL to EDTA = 1 3000), n 0 02% (w/v) SDS (molar ratio ICL 

to SDS = 1 400), 0 no addition. Octyl Sepharose pool plus n 5 

mM EDTA (molar ratlo = 1 3000), A 0 02% SDS (molar ratio 

= 1 400), 0 no ad&ion For clarity, only the control (6 mM 

MgCl,) of Sephacryl S-300 pool ( x ) 1s shown Actlvlty IS 
expressed as per cent of zero-time activity of each sample 
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Table 1 ICL reactlvatlon by MgCI, 

Enzyme activity (% control) 

Time of Sephacryl S-300 Octyl-Sepharose 

mcubatlon -_--- ~______ 

at 45 Control Control 

(hr) (‘2 m Eig 1) t MgCI, ( l m Fig I) + &al, 
-----____ 

0 1000 1573 1000 1556 

05 77 0 1167 870 1333 

1 66 7 88 9 806 944 

2 38 9 694 63 9 88 9 

3 27 8 61 I 500 83 3 

4 22 2 570 444 810 
_____ 

After dltkrent tunes of mcubatlon at 45.‘, 6 mM MgCl, was added to 
controls, from which MgCI, was removed by gel-filtration, and their 

actlvltres were measured after IO mm of further mcubatlon. The actlvlty 

of the reactivated enzyme remamed unchanged from 5 mm up to 5 hr 

after MgCl, addltlon 

ped the mactrvatton process The degree of reactivation 
was time dependent and purer preparattons were re- 
activated to a greater extent (Table 1) EDTA. an Mg’ ’ 
sequestermg agent, produced the same result as ion re- 
moval by gel filtration (Fig I), the effect was propor- 
tional to EDTA concentration 

Under these condittons, the ICL subunit was cleaved 
mto at least two smaller pepttdes (Figs 2 b, c and 3 b, c), 
impfymg proteofyttc breakdown The higher temperature 
enhanced both inactivation and proteolyvis The degree 
of macttvation also followed the enzyme elutron-pattern 
from S-300, suggesting so that the protemase may be 
adsorbed on the enzyme, rather than bemg copurrfied 
with it because of a similarity of then M,s Comparable 

Fig 2 Results of SDS-PAGE of Sephacryl S-300 fractions after 

5 hr treatments as m Fig 1 (a) control (6 mM MgCl, x m Fig I), 

(b) no addition (C\ m Fig l),(c) 5 mM EDTA (1 I m Fig 1). (d) 

6 mM oxalate (L> m Fig l), (e) 0 02% SDS (.L m Fig I) The gel 

1s shown with Its electrophoretlc orlgm at the top of the figure 
SDS-PAGE ha, performed as described under E\perlmental 

dnd developed with sllvcr stammg 

results obtamed with ICL re-chromatographed on 
Sephacryl S-300 serve to support this supposition. The 
rate of mactivatton was not affected by 0 I to 1 mM 
DTT, but was 50% faster m the presence of 0.1 to 1% 
Trrton X-100 Mtxmg the stable Mg-enzyme with unst- 
able fractions yielded stable fractions with average actrvi- 
ties ICL mactivatton was faster after prolonged storage 
of the purified enzyme (e g 15-30 days) On storage there 
might be reactrvation of a PMSF-sensrttve protemase 
and/or some slow (proteolytic?) event which leads to a 
‘metastable’ form of ICL Fmally, both mactrvatron rate 
and proteolysrs were enhanced at advanced times (14-19 
days) of seed germmatron. 

Protewusr rnhhtors 

Of the protease mhtbitors, chymostatta, pepstatm A, 
T.1, E-64, and leupeptm failed to prevent both ICL 
inactivatton and proteolysrs pOHMB and NEM qmckly 
mactrvated ICL (a-SH enzyme) and had no effect on 
enzyme breakdown. PMSF partially slowed down the 
rate of ICL mactrvation but its effect on proteolvsrs was 
not clear It is to be noted that PMSF must be dissolved 
m ethanol or tso-propanol and both of these compounds 
were found to acceferate (Z-30%) the rate of ICI. m- 
actrvatron Moreover, the degree of reacttvatron of Mg’* 
addrtron was rrn&ected by the presence uf these m- 
fribrrors CWr?bU?rng r&Z pr@emase r&rbr&?s rn P-arrous 
ways had no effect 

Proteolysrs was quite limited (Figs 2 b, c and 3 b, c) and 
raptdly reached a plateau (same electrophoretic patterns 
after 5 or 24 hr)., suggestmg the generation of a protein 
which cannot be further degraded. Gel chromatography 
on Sephadex G-50 of ICL treated as m Fig 2b or c 
showed (m addition to a mam poorly active peak) the 
appearance of two low -M, pepttdes, of LYZ M, 5500 
and 2500, whose amounts were L’U 7714% and 
lo-22% of total recovered proteins, respectively On the 
other hand, the same chromatography of ‘contol’ ICL 
(treated as m Fig 2a) yielded a smgle ICL-active peak 
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Fig 3 SDS-PAGE patterns obtained by scanning at 620 nm the gel of Fig 2 (m the same order), stamed with 
Coomassie Brdhant Blue R-250 In (b) and (c), the same three enzyme forms appeared; 1.e the native subunit (M, 
66 000) and two mmor peptides (ca M, 63 500 and 60 OOO), m (e) there are also two addItIonal forms (ca M, 45 000 
and 33000). M, were determmed by comparison with standards of known M, as reported elsewhere 1271 The 

abscissa refers to the distance of protein migration from the top (-) of the gel (9 cm total length) 

This confirmed the results of SDS-PAGE and suggested 
that only few peptide bonds were cleaved by the pro- 
teinase 

Proteinase assay 

The amount of the proteolytic contaminant was very 
low It could not be measured with the usual assays for 
protemases and was below the sensitivity of sliver stain- 
mg after SDS-PAGE By using immobilized /I-gluco- 
sidase-labelled casein as substrate, we found that the 
activity of the proteolytlc contaminant, in 50mM Tris 
pH 7.5, was the same as 2-3 ng trypsin or 15-20 ng 
papain under the same conditions. The weight ratlo 
between trypsm-hke activity and ICL was approx 
1: 400 000. This acitivity was not affected by proteinase 
inhibitors (alone or m various combinations), 1 mM 
EDTA, 6 mM MgCl,, or 6 mM MnCl,, NlCl,, CaCl,, 
BaCl,. It was about 50% lower in the presence of 1 mM 
PMSF and 30% higher m 1% Triton X-100 or 0 02% 
SDS. 

Enzyme denaturation 

We also found that after treatment with 0.02405% 
SDS, ICL underwent a more extensive proteolysis, even 
m the presence of Mg’+. The enzyme was rapidly in- 
activated (Fig. 1) due to denaturation and at least three 
secondary forms, whose amounts continued to mcrease 
for at least 24 hr, were detected by SDS-PAGE (Figs 2e 
and 3e), starting 5 hr after incubation at 45”. In this case, 
the appearance of secondary forms was completely aboh- 
shed by 1 mM PMSF 

Model for degradation 

ICL requires Mg *+ for activity [23]. As 1s the case for 
other enzymes from which ions [24] or coenzyme [25] 

have been removed, Mg’+ removal may alter ICL’s 
conformation, yielding a protein more susceptible to 
proteolysls as suggested by the following model: 

ICL-Me (resatant, partially 
active form) 

tJ Me2 +(dtvalent cation) 

ICL-Mg % ICL + Mg2+ 

(native, fully active (susceptible, less active form) 
enzyme) 1 Proteolysls 

Inactive, 
degraded enzyme 

As m other metallo-proteins [26], divalent ions might 
mamtam in a ‘tight’ state a loop between two domains of 
ICL, while Ion dlssoclatlon would render a specific pep- 
tide bond accessible to the protemase, m line with the 
hmlted proteolysls observed under such conditions. On 
the other hand, ICL unfoldmg by SDS would render 
other peptlde bonds susceptible to proteolysls. 

Thus, Mg ” dlssoclatlon would be the rate-hmitmg 
step m the Irreversible Inactivation of ICL and the 
enzyme’s stability may depend on both the strength with 
which the Ion is retained and the concentration of Mg2+ 
m the medmm In this view, the apparent saturation of 
proteolysls might also reflect the presence of ICL forms 
which bmd Mg2 + with different affimtles. Proteolysis 
was more marked m the presence of EDTA (Figs 2c and 
3c), probably because EDTA is more effective than gel 
filtration m removing Mg z + from ICL. The model 1s also 
supported by the findmg that Mn2+, Nl’+, Ca2+, and 
Bazf, by replacing Mg’+, reduced the degree of ICL 
inactivatlon with efficlencles (Table 2) proportional to 
their affimtles towards ICL [7] and that oxalate (a 
glyoxylate analogue) also provided protection (Figs 2d, 
3d and Table 2), probably by maintainmg ICL m the 
native stable conformation 
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Table 2 ICL stab&y m the presence of various com- 

pounds 

Reagent Apparent K, % residual actlvtty 

added (mM) after 5 hr at 45- 

MnCI, 04 88 

NICI, 20 81 

CaCI, 80 78 

BaC1, 63 

Oxalate 002 91 

Reagents were added to Sephacryl S-300 fractions 
lmmedlately after MgCI, removal by gel-filtration, at a 

final concentration of 6 mM ICL actlvlty IS expressed as 

% of that of the respective controls measured Immediate- 

ly after Ion or oxalate addition K, values are tdken from 

ref [7] and [27] Ba I’ does not mhlblt ICL 

Some data suggest the extstence of mteracttons (prob- 

ably hydrophobic) between ICL and protemase. In fact: 

(I) both the degree of inactivation and proteolysis were 
milder wtth ICL purified by octyl-Sepharose chromato- 
graphy than with the enzyme re-chromatographed on 
Sephacryl S-300 or on DEAE-Sephacel. (In hydrophobic 
chromatography ICL elutton is preceded by exhaustive 
washmg with 3@40% ethylene glycol [27].) (ii) In the 
presence of 1% Triton X-100 ICL mactivation was faster 
and the proteolytic activity was slightly higher (in) 
PMSF had a clear effect only when proteolysis was 
promoted by ICL denaturation with SDS The ICL- 
protemase mteractions might ‘mask’, at least partially, 
the protemase active-site which would become easily 
accessible to the inhibitor followmg the action of the 
amomc detergent 

EXPERIMENTAL 

Materds Chemicals were obtained as reported elsewhere 

[27] PMSF was supplied by Boehrmger and Sigma, Chymo- 

stam, pepstatm A, soybean trypsin mhlbltor, leupeptm heml- 

sulphate (synthetic), p-chloromercunbenzolc acid, N-ethylmal- 
elmlde, casem (punfied powder), P-glucosldase (EC 3 2 1 21), p- 

mtrophenyl-/I-o-glucopyranoslde were obtained from Sigma, E- 

64 protease mhlbltor, N-EN-(L-3-trans-carboxyoxlrane-2- 

carbonyl)-L-leucyll-agmatme was obtained from Boehrmger, 
CNBr-Sepharose and Sephadex G-50 Superfine from Phar- 

macia 

Enzyme pur~jcat~on. ICL was purified as previously described 

[27], usually at the day 8 of seed germmation, m the presence of 

1 mM PMSF and 6 mM MgCI, The last two steps of the 

purification procedure (gel filtration on Sephacryl S-300 and 

hydrophobic-mteractlon chromatography on octyl-Sepharose) 

yrelded fractions with purlties about YO-95% and higher than 

95%, respectively 1271, ICL and proteins were assayed as de- 
scribed elsewhere [27] 

Enzyme ~nactwatmn Mg*+ was removed by gel tiltratIon on 

Sephadex G-25 disposable columns (Pharmacla) eqmhbrated 
and eluted with 50 mM Tns-HCI, pH 7 5 Instead of dlalyas, we 

used gel filtration because we needed a fast, efficient desalting 

EDTA was added directly to the samples (desalted with 50 mM 

Trls-HCI, pH 7 5 plus 6 mM MgCl,) from a stock soln 

(100 mM) For the mactlvatlon studies, protem concentration 

was adjusted by dllutlon with 50mM Trls-HCl, pH 7 5 as 

needed Protease mhlbltors were added (from stock soln 100 
x concentrated) about 20 mm before MgZi removal or EDTA 

addltron, at the followmg final concentration PMSF and 

pOHMB 1 mM, NEM, T 1, and E-64- 0 1 mM. chymostatm, 

pepstatm A, dnd leupeptm 0 01 mM. 

Sephadev G-50 chromatogruphv Gel chromatography was 

carried out on a 1 6 x 54 cm Sephadex G-50 Superfine column 
equlhbrlated and eluted with 50 mM Trls-HCl pH 7.5, 100 mM 

NaCl, 6 mM MgCi,, I mM DTT, 0 I mM EDTA, at a flow rate 

of 15 mljhr The effluent protems were momtored at 280 nm 

Applied sample vols were about 1 ml 

Protetnaae assq Proteolytlc acttvlty was assayed by the 

method with Sepharose-coupled casem labeiled with B-glucosl- 

dase, accordmg to rcf LZS]. 0 2 g lmmoblhzed substrate protein 

were mcubated with 1 ml sample or standard solns (trypsm or 

papam) or buffer (blanks). dt 45 for 1 hr and then filtered 1 ml 
of filtrate wds assayed for /&glucosldase actlvlty by mlxmg with 

I ml (2 mg/ml) p-mtrophenyl-B-D-glucopyranoslde in 1 M Na- 

PI buffer, pH 5 0, mcubatmg at 37’ for 1 hr. and readmg absor- 

bance at 410 nm Appropriate blanks (1 ml sample incubated 

wlthout the hubstrafe complex) were assayed for /$glucosldase 

m the same way Proteolytic activity IS expressed by reference to 

known amounts of trypsm or papam 

Hectrophoresrs SDS-PAGE was carned out m 0 1 M Imlda- 
zole buffer (pH 7 0), 0 1% SDS, dccordmg to ref [29], 4-20% 

acrylamlde gradient gels were used All samples were prepared 

by mcubatlon with 1% SDS and 1% 2-mercaptoethanol, at loo” 

for 4 mm Gels were stdmed with Coomassle Bnlhant Blue R- 

250 or by sliver stammg accordmg to ref [_30] 
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