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---The development of acid pluxpbatase (3.1.3.2) and isocitritase (isocitrate lyase, 4.1.3.1) activities 
in cotyledons daring ths early growth of seedhn@ was exam&d. Enzyme production in sedlin@ growing 
normallywascompared~~~~~whoscg bysupply- 
ing them wlth various concentrations of azetidine-2uuboxylic acid. This imino acid is a potent analogue of 
proline whi& by eiikcti~ly replacing prolix r&dues in protein, lads to altered protein molecules puesaing 
~bio~~~~~~. However,matmentwiththeanatoguadidnotdecxpascphosphatastor~~~ 
production and so these enzymes an presumed to arise in cotyledons by tbe activation of preformed macro- 
molccuks, e.g. zymogcns, and not by de nooyo synthesis from amino acids. 

INTRODUCTION 

TIa activities of many enzymes markedIy itxxease during the first few days of seed germination 
and growth. For some hydrolytic enzymes, increased activity may be detected during the 
initial phase of water imbibition that precedes radicle growth, These early increases of activity 
occur within cotyledon or endosperm tissue and are associated with the onset of catabolism of 
seed storage compounds. Under normal growth conditions the activities of individual 
enzymes may continue to increase for several days as shown by Young and Varner’ for 
amylase and an ATF-hydrolysing phosphatase present in pea cotyledons. These workers 
also showed that the development of the two enzyme activities was considerably curtailed 
when germinating peas were supplied with either chloramphenicol, a potent inhibitor of 
protein synthesis effective at a stage subsequent to the formation of aminoacyl-soluble RNA 
complexes, orp-fluorophenylalanine, one of the most useful synthetic amino acid analogues. 
These observations indicated that, even in cotyledons where protein degradation is predomin- 
ant, de no~o synthesis of protein from amino acids must occur to yield additional enzyme 
molecules; the alternative possibility that enzyme production in cotyledons is due to an 
activation of latent protein molecules, e.g. by partial proteolysis of zymogen-type molecules, 
seemed unlikely for the two enzymes studied. 

In the present investigation the production of an acid phosphatase, exhibiting a pH 
optimum of 6-O with pnitrophenyl phosphate as substrate,2 and of isocitritase (r&ocitrate 
glyoxylate-lyase) has been followed during the germination of several seed species. The 
development of enzyme activities in normal seedlings was compared with that occurring in 
seedlings whose growth had been inhibited to different extents by treatment with various 
concentrations of axetidine-2-carboxylic acid. This imino acid, the lower homologue of 
proline and a natural product characteristic of many liliaceous species, appears to be among 
the most effective analogues yet described; it can replace the proline residues of protein almost 

l On sabbatical leave from Division of Biological sdences, University of Illinois, Chicago, Illinois. 

1 J. L. YOUNG and J. E. V-, Arch. Biocluvn. B&&s. 84,71(1959). 
2 D. SFBNCER, Aust. .I. B&i. Sci. 10, 302 (1954). 
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completely when protein is synthesized in the presence of appropriate concentrations of 
analogue.’ The resulting abnormal protein molecules lead to growth inhibitions that are 
more marked than those observed with comparable concentrations oft-fluorophenylalanine. 

The positions at whtch proline residues occur in protein molecules constitute one factor 
determining the tertiary structure of these molecules because these sites arc associated with 
breaks in the a-helical structure and with changes in the direction. i.e. bending, of the poly- 
peptide chain. Since the spatial configuration of proline and azetidine-2-carboxylic acid 
differ slightly. progressive m~~di~cation of the tertiary structure of proteins may be predicted 
as the degree of prohne replacement by analogue residues is increased. Eventually the con- 
formations of protein molecules may be so changed that they will no longer be able to exhibit 
enzymic properties. 71 herefore, if the increase in the activity of a particuklr enzyme in normal 
cotyledons is dependent upon de ww synthesis from amino acids. then reduced or negligible 
activity should develop in seedlings grown in the presence of highly inhibitory concentrations 
of ~etidine-~-carboxylic acid. This reasoning when applied to the experimental results cited 
later has led to the conclusion that both the acid phosphatase and isocitritase under investi- 
gation form examples of enzymes whose production is dependent upon the conversion of 
latent. preformed precursors into catalytically active protein specie\. 

RESULTS 

The phosphatase activity of all the types of seedling studied increased progressively during 
the first four days of seedling growth. The first determinatjons of phosphatase in cotyledons 
were made between 18 and 24 hr after commencement of booking and. during the subsequent 
growth period to the 92-95hr stage, the activity in cotyledons increased about S-fold for 
mung beans ~P~~~s~~ll~ u~rrus Roxb.1. about g-fold for cucumbers (C441wmis .wtiws L.) and 
about ‘jr-fold for peas (Pisunt mtiwnz L.). The corresponding increase observed for cotyledons 
of sunflower ~~ei~a4lt~us uttt1t4~1s L.) between the 24 and 73 hr growth stags ~3s about g-fold. 
These increases refer to phosphatase activity present in a fixed number of cotyledons; If the 
activities are expressed per unit of cotyledon dry weight. then the increases tend to be slightly 

TABLE I. AC~DPHOSPHATASEACTIVSTIESOFCOTYLEWMOFMU~~BEANSEEDLIY~~S(~RI)~ IXGNMV.SAI.LI 
AVo IN THF PRESENC F. Ok AZ~T~DLNF-~_(-ARB~~Ll~ AC‘10 

Analogue supplied Radicle Phospbtase activity+ dier groa th for 
,_- ---‘._-...__, growth ._-. .._-- ._.-. .._ _ ___ -----_ 
mg;lOOsReds mg:g seed\ ( I’,, control) lghr 42 hr 66 hr 93 hr 
_-_._. __ _ _ - _ _ _ _ . .-- -- _ . - .-- . . ..- .-_ _._ __._ 

0 0 101) 77171) 2171226) 311t416) 390(%X9) 
0.75 017 60 loo(94) 201t2273 310(3b7) 3?2(463) 
IT.5 0.33 32 98690) 267(274) 346{377) 4W453) 
3.0 0.67 I4 103(1~~ 276C??l) 35~380) -188(563) 

Dataexprcssed as pgp-mtrophenol formed per hr in standard reaction mixture: Ftgures in parentheses 
refer to activuy calculated per g dry u t. tissue homogenired to yield enzyme preparatton 

* 30 pairs of cotyledons were homogenized m 16 ml butfer and. after centrifuging, suprnatant (dii. x lo), 
@5 ml. used as phosphatase preparation, was added to 0.8 ml p-nitrophenyl phosphate [0+5 M) and 2.7 ml 
buffer (pH 6.0) to give the reaction mixture. 

t Value\ arc mean\ of two borate experiments. 

) L. FOWIXN. J. t:rp. Boru,~.r 14, 387 ( 1963). 
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larger because seedling growth is accompanied by breakdown and translocation of cotyla 
donous materials leading to lowered dry weights (see Tables l-4). 

TABLE 2 Acm PHOSPHATASB A- OF CDlWEDONS OF CU- SEEDLlNos alowlNc3 mlRMALa.Y 

ANDINTHE PIWSENCE OF UFZUNNR-2 -cARBoxyLIC ACID 

Analoglle supplied Radicle Phcephatase activity after growth for 
p growth , c -I 
mg/lOOseeda m&seed (%control) 20hr 44hr 68hr 93 hr 

0 
1 

i.33 100 3X60) 132(290) 257(632) 33OCw 
57 35(67) 150(314) 236(614) 3ww 

f 0.67 1.33 31 15 31(59) 37(78) 153(338) 112Cw 235(552) 282(636) 
214w4) 283(603) 

5 1.67 12 3X65) 132Q.91) 249@3) - 

20 pain of cotyledons wwe homom in 16 ml but% to yield supematant phosphatase prepamtion. 
Other conditions as in Table 1. 

When axetidine-2-carboxylic acid was supplied to the seeds, the growth of mung bean and 
cucumber was nearly totally inhibited at the highest concentrations used. The slight radicle 
growth recorded, i.e. 14 per cent and 12 per cent of the normal for mung bean and cucumber 
respectively, is thought to represent the early growth, perhaps primarily by cell expansion, of 
the embryonic root that occurs before appreciable azetidine-2-carboxylic acid becomes 
incorporated in newly-synthesized protein molecules. This growth occurred within the first 
24 hr, and most seedlings in batches receiving these treatments subsequently made little or no 
further growth. The limited quantity of azetidine-2-carboxylic acid available meant that the 
treatments of pea and sunflower seeds were restricted to lower concentrations so that each 
treatment could still involve 100 seeds, although each batch weighed considerably more than 
those of mung bean and cucumber. Reference to Tables l-4 shows that acid phosphatase 
activity developed in the cotyledons of all seedlings and that the increases of activity observed 
during various time periods were unaffected even when severe growth inhibition resulted from 
axetidina2-carboxylic acid treatment. 

TABU 3. ACID PHOSPHATASE A- OF anYLEDONS OF PFA !JEJiDLlNDS OROWINCi NORMALLY AND 

W’IHEPRESENCSOF AZETIDINE-2-CARBO~C ACID 

Arlaloglle supplied Radicle Phosphatase activity after growth for 
p growth 

.4 I ‘\ 
mg/lOOwed3 mg/gsesd (%control) 18hr 42hr 68 hr 92br 

: 
0 100 54(m) 4x16) 257(99) 356u40) 
0.07 83 68(26) 97(38) 240@1) 311(131) 

4 0.13 72 so(m) 243(97) 377(149) 
8 0.27 59 2% 6604) 22ys6) 344036) 

10 pain of cotyledons were homogenkd in 20 ml buffer to yield Bupematant phosphatase preparation. 
other conditions as in Table 1. 
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TABLET. ACID PHOSPHATASE ACTIVITIES OF COMEDONS OF SUNFLOWER SEEDLlh'GS 

OROWINGNORhlALLYANDINTHEPRESENCEOFAZETIDINE-k4RBOXYLlCAClD 

Analogue supplied 
(-2 -__ Radicle Phosphatase activity after growth for 

mg/lOO mglg seed growth 
seed3 C.?:, control) 24 hr 49 hr 73 hr 

0 0 100 19(15) 76(68) 169(161) 
1 0.10 82 19(16) 76(61) 18X159) 
2 0.21 70 33(18) 66(H) 166t153) 
4 042 51 3OC4) 61(U) 159(139) 

2Opairsofcotyledons homogenizedin 16ml buffer to yield supernatant phosphatase 
preparation. Other conditions as in Table I. 

In contrast, Table 5 shows that the production ofacid phosphatase activity in the radicles. 
where growth must be associated with in situ synthesis of new cellular protein, was consider- 
ably reduced when mung bean seeds were treated with azetidine-2-carbnxylic acid. 

TABLE 5. ACID PHOSPHATASP AC~VITIESOFRADICLESOFMUNC~ BEAN SEEDLINGS C~RO~ISG 

NORMALLY \ND IUTHE PRESFNCEOFAZETIDINE-%CARBU?0LLIC ACID 

Trcatmcnt 

Seedling growth fhr) 
- -_ -. -. _’ . -_. _ 

42 66 90 

_~_____.__ -. -. .- . ..---._ __ __ _. _ ._ 

Water : 
g fresh wt. (60 radicles) 
Phosphatase activity 

Azetidine-2-carboxylate (1.5 
mg/ 100 seeds) : 

g fresh wt. (60 radicles) 
Phosphatase activity 

1.91 4.06 6.27 
126 324 CO2 

0.92 I .Sh I.64 
56 18’ ‘),? _- 

Enzyme activitks expressed as pgp-nitrophenol formed per hr in standard reaction 
mixture.* 

* 60 radicles were homogenized in 16 ml buffer to yield supernatant phosphatase 
preparation. Other conditions as in Table 1. 

Development of Isocitritase Acthit)* 

The development of isocitritase activity during the early growth of seedlings of pumpkin 
(Curcurbitapepo L.) is illustrated in Table 6. In untreated seedlings. a rapid rise in the enzyme 
activity present in cotyledons occurred between the third and fifth days of growth. A similar 
increase in activity was observed for cotyledons of seedlings receiving four different con- 
centrations of azetidine-2carboxylic acid, the highest of which produced severe inhibition of 
rndicle growth. 
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TABLE 6. I.WXlRlTm ACI~V~TIBS OF COTYUDONS OF PUMFXIN SERDLINOS OROWING NORMALLY 
ANDINTHR PRFsaNcE OF AzETrDrNli-2 -cARBoxYLlc Acm 

Analogue supplied Radicle 
m growth Isocitritase activity after growth for 

* \ 
control) 48 hr 62hr 7ohr 86hr 95 hr 112hr 

0 0 loo 54 144 112 158 216 376 

1E 
@25 

: :; 
148 MO 2O9 350 

@5 - 14 ‘55 
26.4 :::: 23 47 - 151 gg 1 
52.8 11 - 158 - lss - 324 

Data expressed as ~8 glyoxylate formed per hr in standard reaction mixture.* 

* lOpairsofcotyledons~homoeeniadin20mlbufferand,afterctntrifueing,euptrnatant 
(1 ml) was added to other components (see Experimental section). 

Results obtained with cucumber seedlings, although considerably less detailed, confhmed 
the fact that isocitritase production in cotyledons is unaffected by the presence of growth- 
inhibitory concentrations of azetidine-2-carboxylate (see Table 7). 

T-7. ~XTIRITAS~ ACIIVIWS OF COTYLEDONS OF 
CUCUMRRR ~UNOS OROWINQ NORMALLY NQY IN THE 

PRP.¶EN(X OF AZETIDlNB2 -cARB0xYLxc ACID 

Analogue supplied Isocitrita8eactivity 
r A 

\ Radiclc after growth for 
nG/G/ z , 

(y=I) 62hr 

L \ 
95hr 

0 0 100 58 1 O.33 57 54 2 
4 1.33 15 62 87 

40pairS0fc0@kdonswereho~in#)mlbuEer 
to yield supematant isocitritase prepuation. Other con- 
ditions as in Table 6. 

DISCUSSION 

Previously, growth inhibition of seedlings caused by treatment with azetidine2carboxylic 
acid was shown to be correlated with the degree to which the imino acid replaced normal 
proline residues in newly-synthesized protein molecules.3 If the view is accepted that these 
altered protein molecules cannot be endowed with normal catalytic activities, then the experi- 
mental data given in Tables 14 and 6 and 7 must mean that both the acid phosphatase and 
isocitritase studied are examples of cotyledonous enzymes whose activation during the fhst 
few days of seedling growth is not dependent upon denovo biosynthesis from precursor amino 
acids. 

The only previous study describing the effect of an amino acid analogue upon higher plant 
enzymes seems to be that of Young and Varner l mentioned previously. Many similar exam- 
ples are encountered in studies involving animal or microbial systems. p-Fluorophenylalanine 
and &Zthienylalanine, both analogues of phenylalanine, and ethionine and selenomethionine, 
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two methionine analogues, are among the most widely investigated substances. In favourable 
circumstances, high percentage replacements of the normal amino acid by analogue have been 
observed to occur in particular enzyme molecules. e.g. in ,8-galactosidase, cxopenicillinase 
and a-amylase (see reviews-‘,‘). Replacement of phenylalanine residues in the two latter 
enzymes of bacteria by the I’-fluoro derivative leads to lowered cnz>me act i\ ities. However. 
incorporation of these analogueb frequently does not seriously impair the catalytic properties 
of enzymes. For example, p-gnlactosidase of Escherithiu coli retained full enzymic activity 
when at least 95 per cent of its phenylalanine residues were replaced by ,ti-2-thienylalaninc:’ 
similarly, the replacement of one-third of the methionine residue+ of bacterial r-amylasc by 
ethioninc left the enzyme activity unimpaired.’ 

Richmond .F suggests that the effectiveness of an analogue in decreasing the activity of an 
enzyme may depend upon the following factors: (a) the degree to which the analogue dilfers 
structurally from the natural amino acid, (h) whether a residue situated at the actike centre is 
replaced, and (c) whether a residue involved in maintaining the tertiary structure ofthe enzyme 
is implicated. The different bond angles encountered in the heteroclclic ring structures of 
proline and azetidine-Z-carboxylic acid provide the underlymg reason for predicting that 
changes in protein tertiary structure will be associated with the incorporation ofthis analogue 8 
and that the abnormal proteins resulting will be ineffective as enzymes. The analogues 
discussed in the previous paragraph are unhkely to cause any fundamental alteration in 
tertiary structure and therefore are less likely to affect enzyme activities. III those cakes where 
significant reductions of activity were observed, analogue residues probably \vere introduced 
at positions in the enzyme molecules that form part of the actike aitc. 

The nature of the prccurbors that yield actihc acid phosphatase and isocitritase molecules 
are not known. Presumably. since the present experiments indicate that elaboration from 
unbound amino acids is not involved, the precursors must caid as relati\ ely high molecular- 
weight polymers. One suggestion is that they are proteins of the trypsinogcn type. The 
precursors then would have molecular weights slightly higher than those of the active enzymes 
and the increase in the activity of an enzyme could bc ascribed to the fission of a peptide 
fragment, that originally masked the active centre, by the action of specific proteascs. A 
simpler explanation of the increase in enzyme activity without new synthesis muy be based 
upon a transition of protein from an insoluble to a soluble, active form. Protein is kno\\n to 
exist as particulate inclusions in the cells of many dormant seeds of which the best known are 
perhaps the aleurone grains of cereals. In this highly-conjugated form. protein can possess 
little enzymic capacity; however. these grains gradually disappear during growth ofthe seed 
and this solubilization process may lead to the formation of many catalytically active cntitics. 

Alternate explanations for the lack of effect of azetidine-2-carboxylic acid upon the 
development of enzyme activity may be advanced. One would require that isocitritnse and 
acid phosphatase do not contain proline residues but this seems very improbable: each dimer 
molecule ofalkaline phosphatase from Escherichia c&is known to contain 36 proline residues. 
A second would assume that proline residues occur in the enzyme molecules at positions 
remote from the active centres and therefore changes of tertiary structure following unaioguc 
incorporation may not alter their catalytic properties. llnfortunately this type of uncertainty 
is encountered in all amino acid analogue work until very detailed information is av;li1&1e 

4 H. K. KING. Science Progress 49, 703 (1961). 
5 M. H. RICHMOND. Butt. Rev. 26. 398 (1962). 
6 J. JANECM and H. V. RICKFNBERG. BmAm. et Bioph_ys. .4cru 81, 108 (1964). 
7 A. Y~SHIDA and M. YAHASAKI. B&him. et Biophys. Acta 34,158 (1959). 
J L. FOWDEN and M. H. RICH~IOND. Biochim. rt Bioply. .4cta 71,459 (1963). 
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concerning the entire conformation of an enzyme molecule in relation to its amino acid 
sequence. Again the closest comparison possible would seem to be with the phosphatase of 
E. coli whose activity is reduced when molecules of 3,rldehydroproline replaced the normal 
proline residues (Neale and T&rams). Finally it is possible that, although the enzyme 
molecules are synthesized Lnovo, residues of azetidine-2-carboxylic acid are not incorporated 
into these proteins. The present evidence cannot refute this view but, since replacement of 
proline by azetidine-2-carboxylic acid has been observed in a number of very different systems 
synthesizing protein, it would appear improbable. 

The present suggestion that the acid phosphatase under investigation is formed by the 
activation of a preformed protein differs from the conclusion of Young and Vamer l regarding 
the phosphatase of peas. However, there is no certainty that the same enzyme was under 
investigation because Roberts lo has shown that the phosphatase activity of wheat plants may 
consist of a complex of different enzymes showing quite similar substrate specificities. Until 
more details are available concerning individual enzymes of this complex, the two investi- 
gations should not be considered to have produced mutually contradictory results. 

One rather surprising physiological fact emerges from this investigation, namely that the 
development of enzyme activities in cotyledons of seedlings apparently continues unimpaired 
even though the growth of radicles ultimately may become greatly inhibited. Water imbi- 
bition and the onset of the germination process trigger off processes in the cotyledons, which, 
once started, do not seem to be co-ordinated with the growth of the embryo. 

EXPERIMENTAL 

Plant materials. Acid phosphatase activity was determined in seeds of mung bean (green 
variety), pea (var. Laxton’s superb), cucumber (Carter’s var. Best-of-All), and suntlower 
(Carter’s). Isocitritase studies used cucumber and pumpkin (Carter’s var. King of the 
Mammoth) seed. 

Growth of seedlings. Batches of seed were soaked at 26” for 18 hr either in water or in 
L-azetidine-2-carboxylic acid solutions. The volume of liquid was limited so that complete 
uptake was effected in this time. The seedlings were then planted in moistened vermiculite 
maintained at 26” in the dark until harvested for enxymic activity determinations. 

Badicle fresh weights were determined after 72 hr growth and these were used as an index 
of the growth inhibition caused by ax&dine-2-carboxylic acid. The degree of inhibition 
produced by the imino acid is known to vary between species being dependent in part upon 
the endogenous amounts of free proline present in different types of seed.3 

Enzyme assays. Normally, enzymic activities were determined in extracts of cotyledons 
removed from seedlings at different stages of development. Isocitritase activity is known to be 
negligible in tissues having low fat contents l1 and therefore no determinations were made with 
radicles of cucumber or pumpkin. Acid phosphatase activity was determined occasionally in 
radicles detached from mung bean seedlings. 

Assay of acidphosphatase. Cotyledons were macerated for 2 min in ice-cold 0.05 M KH 
phthalate-KOH buffer (pH 6.0) using a Nalco homogenizer (Measuring and Scientific 
Equipment Ltd., London). The slurry was squeezed through muslin and centrifuged at 2” 
for 30 min at 12,ooOg. Acid phosphatase activities were determined using the clear supematant 
fractions obtained. 
gS.Niz,umaadH. ~,Froc. Intern. Gong. Bkxhem. N.Y. (1964). 

10 D. W. A. Rom?ms, J. Blol. Chem. 219,711(1956). 
11 W. D. CARpEEprw and H. BEWWS, P&m Physiol. 34,403 (1959). 

12 
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The reaction mixtures contained: 0.8 ml p-nitrophenyl phosphate solution (O-05 M. 
pH 6.0), 05 ml supernatant fraction (diluted x 10). and 2.7 ml KH phthalate-KOH buffer 
(0*05M, pH 6-O). Normally, phosphatase activity was allowed to proceed at 30’ for 1 hr; the 
rate ofp-nitrophenol production was constant over this period. Enzyme action was stopped 
bythe addition of 0.1 N NaOH (6 ml). p-Nitrophenol formation was determined by mea- 
suring extinctions at 450 rnp and comparing them with a standard ct)lour curve obtained 
using a Unicam S.P. 1400 spectrophotometer. 

Assq of isocifritusr. Cotyledons were macerated in ice-cold O-05 M KHIPOJ--K?HPO, 
buffer (pH 7.5) and a supernatant fraction was prepared as above. 

The reaction mixtures contained: O-6 ml sodium Dr_-isocitrate (0.01 M), 0.3 ml MgC13 
(0.1 M). O-3 ml reduced glutathione (O-05 M). 1 ml supernatant fraction. 3 ml K phosphate 
buffer (0.2 M, pH 7.5), and water to a final volume of 9 ml. When older seedlings were used. 
the supernatant was diluted x 3 or x 4 before use. The amounts of reaction occurring at 30” 
after 30. 45, 60. 75 and 100 min was determined by withdrnwing l-5 ml portions from the 
mixtures for determination of glyoxylic acid production. In this way a mcnn reaction rate was 
determined for each preparation from the gradients of graphs relating glyoxylate production 
with ttme. 

The quantity of glyoxylate produced was determined after pipetting the 1*5-ml samples 
into 0.6 ml of 1000,, (wjv) trichloroacetic acid solution to terminate the enzymic reaction. 
Dinitrophenylhydrazine (0.1 :‘,in2 N HCl, 1.2 ml) was added to each sample and the mixtures 
were kept for 30 mm to complete the formation of the dinitrophenylhydrazone derivative of 
glvoxylic acid. Finally. 2.5 N NaOH (3 ml) was added and. after clarifying by centrifuging. 
glyoxylic acid production wa\ calculated from measurements of extinctions at 445 m/L after 
comparison with a standard colour curw. 

A~kr~a~l~~~~,?~e~~rs-Tlds work was supported by an apparatus grant from the Central Research Fund of the 
UnivcrGty of London. 


