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ABSTRACI

An acld. phosphomonoesterase whlch hyd,rolysed. nlcotlna-

nläe adenlne dlnucleotlde phosphate was lsolated and purlfled

câ" 50-fold from wheat leaves (Trltlcum aestlv!¿F L" vare

Selkirk). The enzyne was not speclflc buc hyd.rolysed

nlcotLnanLde adentne cllnuo1eotlde phosphate preferentlally"

It had optlmum actlvlüy aË pH 5.9 ar:ð. energy of actlvatlon

of 29rO0O cal/mole. It was aotlvated by ethylenecllamlno-

üetraacetlo acld (EDIA) " Klnetlc studles showed. that the

reacülon ¡nechanlsn to be Plng Pong Bl Bl (Cle1and., Blochlm"

Blophys . acta 672 104, 1963) " K¡¡¿¡9 was calculateil as

1,4 x 10*&M. NlcoËlnamlile acl.enlne iLLnuoleotLde phosphate

at concentratlons above 5 x tO-4H shovred Lnhlbltlon" lhe

product orthophosphate was a competltlve lnhlbltor wlth

Kf (pf ) = 1"? x 10-lþI1' No enzyme aotlvlty was for¡nd ln the

ohloroplasts 6

Treaüment wlth kLnlns lnoreased. the enzyme level

eàu ?O% whereas nlcotlnlc acLd and NAÐ treat¡nent decreasecl

the enzyme leveI ca" 20fr"
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APlP

ADP

ATP

NTvIN

NAD

NADP

EDTA

MES

HEPES

P1

Trls

ABBREVTAT]ONS

- acieaoslne monophosphate

- ailenoslne d.lphosphate

* adenoslne trlphosphate

- nlcotlnanlde nononucleotlde

- nlcotlnamld.e adenlne d.lnucleotlde

- nlcoùlnamLde adenlne d.lnucleotlde phosphate

- ethylened.lamLnotetraacetLc acld

2-(N-norphollne) ethane sulphonlc aclil

- N-Z-hydroxyethypLperazlne-N | -2-ethane
sulphonlo acld

lnorgan1o orthophosphate

- Tris (hydroxymethy).) anlnomethane

Acld phosphatase - orthophosphorlc monoester phosphohydrolase
(E.cn Non 3"1 ,3.2)

All the abbrevlatlons of the kLnetlc constants are after
Cleland (1963aì,
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TNTRODUCTION

Pyrldi.ne nucleotlde coenzynes NAD and. NADP are lmportaut

hydrogen carrlers ln l-l-vLng ceIIs. Though these two

coenzynes krave slmllar structure and perforn a slmllar funetlon,

ln most cases they have d.lfferent speclflclty. For example,

the lmportant photosynthesls enzyße photosynthetlc pyrtdLne

nucleotl.d.e reducüase (8.C. No" 1.98.1"1) isolated by

San Pletro and. Lang (1958) reduces only NADP" But many other

enzymes, Ilke the dehyfl¡egenases ancl oxldases found Ln

glycolysls ancl ln the trlcarboxyllc cycle requlre excluslvely

NAD as coenzymeo

Mlshra and hlaygood (1968) reported that wheat leaves

floated on benzlmld-azole and k1netln, whlch could delay

senegcence, sklowed a narked lncrease ln NADP content as well

as in the NTADP,/NåD ra_tl_o.

In lrrcorporatlng lnto the exclsed wheat leaves radloa.ctlve

precursors of NAD such as nlcotlnlc acld (carboxyl- f4C) or

nlcotinamld.e (oarbonyl 14C) and then floatlng the leaves on

water or cytoklnlns, ÏIaygood. et aI (J-969) observed that

benzlmld-azol-e treatment favoured an accumulatlon of radlo-

actlvlty ln ISAÐP, l{heat leaves floated on water accumulated

most of the radloactlvLty ln NAD"

These stuclles suggesü that the senescense of detached

wheat leaves and the effect of cytoklrrlns on senescenÊe



are ctlreotly or lndlrectly cowrected to the ratlo of ühe

concentratlonÊ of NAD and NADP ln wheat leavesu

NAD klnase (8,c" No " 2"?,I,23) whlch phosphorylates

Nå,D to NAÐP (Kornberg, r95o) and the NAÐP-phosphataÊe

(E"cnNo"3"1'3"?lwhl.chhydrolysesNAÐPtoNAD(Kornberg

anct prlcer, lg5o anil Fortl et al, 1962) appear to play

lmportant roles ln regulatlng tbe ratLo of NAD to I{ADP'

Inthf.slnvestlgatlontheNADP-phosphatasewas

purlfled. ancl. the klnetlos, speclflclty and the lntra-

cellar locall,za|Ion of the enzyme v{ere stud"lecL.

The effect of klnetln and. benzlnld.azoLe on the actlvlty

of the enzyne was tested. The changes in NADP-phosphatase

levels tn wheat leaves treated wlth benzlmldazo]e and'

klnetln were also süudLecL'



BEVIEU OF LTTEEATUBE

Three enzynes have been reported to be a.ble to break

dov¡n ¡IADP; (I) nucleotlde pyrophosphatase (Kornberg, l95O),

(2) NAD(P) glycohydrolase (Zatnan et aI, 1953) and (3) l{AÐP-

phosphatase (Kornberg, I95O) 
"

(1) Nucleotlde pyrophosphatase

NucleotLde pyrophosphatase (E "t " No " 3 .6 ,1.9 " ) was

first purlfled. by Kornberg fron potato. It catalyses the

reactlon i

Nf{ÐP + H20 NMN + AÐP (adenoslne 2t u5! dlphosphate)

Thls enzyme le not speclflc. It also cata-lyses the hydrolysls

of the pyrophosphate llnk 1n NAD and coenzyme A (Kornberg,

1950) 
"

(2) Nao(P) glycohydrolase

NAD(P) glycohyd.rorase (8"c. No "3,?."2o6.) catalyses

the hyd.rolysls of NAD(P) wlth the llberatlon of free nlcotLn-

amlde þy cleavage of the nlcotlnamld.e-rl-bose llnkage:

NAD(P) + H20 Nlcotlnanld"e + B-P-P-B-A

(P)

Thls enzyme also catalyses the transfer of the adenoslne

dlphosphate rlbose from Ëhe one pyrlölne group to another"

NAÐ(P) +x Nj.cotlnamlde+X+R-P-P*B-A

(P)

9
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X may be a pyrldLne conpounö related to nlcotlnamlde

(IØplan and Clotti, L956) or an lmldazo1e (Allvasatos

eg ?.¿, J-962; and. Kapoor anct tr{aygood, L964) 
"

ThLs enzyme was fLrst lsolated from nycel la of a

Neurospore (Nason et- al, 1951) " Kapoor anct Waygood {L964\

reporËed the presetlce of thl-s enzJrme ln wheat embryos"

N-AD(P) glycohydrolase acts on both NAÐ and NADP but not

on reduced form6"

(3) NADP-phosphatase

Kornberg (1950) observed that ln the crud.e extract

of potato there was a phosÞhatase capable of breaklng dov,nr

NAÐP to NAÐo Nakanoto (L960) reported the hydrolysls of

NAÐPH by an a}kallne phosphataseo Kuo and Blunrenthal (l-96]-)

purlfled â rron-speolflc phosphomonoesterase fron a Neurospora

whlch showed a low phosphatase activlty agalnst NADP.

Fortl et al (l-962) purlfLed a non-speclflc acld

phosphatase (8.C. No u3,!.3.2") from pea leaveso As thls
phosphatase preferentlally attacked NADP but not the usual

substrates of phosphatase, such as glucose-6-phosphate and

p-glycerophosphate, Fortl et al suggested thaü tt t¡¡as not

the commori acld phosphomonoesterase o

Ðpeçåf I e I t v-.påSe l. --E P-ltgg-pba t$ q e

Acld phosphatase has been reported to attack a wlcie

range of substrates. Though phosphatase 1s generally non-
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speclflc, more than one phosphatase has been reported to
exlst ln one source. Roberts (1956) studled. the heat

sta.bi.llty of the phosphatase actlvlty of wheat Julee towards

16 substrates and found that there was more than one acld
phosphaüase. By the lnhlbltlon data he (1957 and 1963) con-

cluded ùhat the acld phosphatase actlvlty of wheat leaves

was caused by a group of several dl-stlnct enzy'Ínes wlth qulte

narrow substrate speclflcl-tles" The exlstence of nore than

one acld phosphatase ln one souroe has also been studted by

Tsubol et al (1957), Shlnoda (1964), Igarashl and Hollander

(L968) and others. fsubol eü al (L95?) have show:r þ]nat the

phosphatase preparatlon from yeast oould- be separated by

electrophoresLs analysls lnto at least four dlstlngulshable

conpounds, each possesslng closely related catalytlc proper-

tles, The denaturaülon data from surface lnactlvatlon
studles as well as thernal effects also support the evldence

that thls enzyme preparatlon oonslsts of a nunber of slmllar,
but dlstlnct conponents.

The non-spec1f1clty of acld phosphatase need not be

due to the exlstence of a heterogenous enzyme populatlon"

Non-speclflclty of the phosphatase has been reported. for
hlgh1y purlfled enzyme preparatlons (Gordon, 1968, and

Igarashl anit Hollander, 1968) " A hlghly purtfled acld

phosphatase does not hydrolyse dlfferent substra.tes at

the Bame rabe. It always attaoks one or several subsüra.tes
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preferentlally (Kuo and Blumenthal, ]-g6L, Fortl et a}, 1962,

and Gordon, L96Bl.

Effect of Klneüln on the Acld Phosphatase Enzymes

spencer (w6e) studled ihe effect of klnetln on the

growth and acld phosphatase productlon of nucleaÙed ancl

enucl-eated Aoetebqlarla medlterranea' He found that though

the kkretln lncreased the growth rate, the synthesls of acl-d

phosphatase was only sllght1y affected by the presence of

klnetLn,

Locallzatlon of Acld PhosPhatase

Spencer (1968) also studled. the loca1Lzatlon of the

acld. phosphatase of a:-ga Acetåþularla" He lsolated the

chloroplasts by the Eucrose denslty gra-dlent centrlfugatlon

method, He found all the phosphataËe actlvlty ln ühe

cytoplasn and no actLvlty ln the chloroplast fracþf"otÎo

The }lechanlsm of Actlon of Phoephatase

Erigstrom a:rd others (Engstrom, I96L, Sohwargz and'

Ll¡rmann, :,|96:-, and Greenberg and Nachmansohn, 1962) have

denonstraËed the fornatlon of phosphoryl enzyme d-urlng the

actLvl.ty of phosphatase" [rhey recovered ra-dloactlve serlne

phosphate ln hlgh yle1d from the proteln hydrolysates of

enzwe preparatlons t:hat were lncubated wltb lov¡ concen-

tratLon of 32P o" 18O la.be1led phosphate" Schwartz and

Llpmann have suggested that both ester phosphate and'
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orbhophosphate behave as suþstrates and both phosphorylate

the same serlne resldue ln the enzyne, They also h.ave

suggested that hydrolysls ls Just the reversa] of phosphory-

latlon when the enz}¡me ls phosphorylated by orbhophosphate"

When the er;zyme ls phosphorylated by an ester phosphate,

then ln the dephosphorylatlon the water whloh ordlnarlly

ls present tn hlgh concentratlon wlII replace alcohol a.nd

thls results ln the hydrolysls of the phosphoryl enzyneo

(1)

ß)[s"r-o¡l o

L nn 
-o -\'\ 

X-on-a/

They have propoeed the followlng mechantsn fevtne actlon

of phosphatase.

[r"r-o* + -r ff 1 ---. [r"r-o, o

L":.:uFr+ "-l:'o -'- fï-=:=[-oo

ser-on o 2 f ,"t-9+BoH Q):o --.-- [ . -e L_ *n 
-0..,1

** -o ) P-on, -q 
ll

Ser 0+HOH 2 '-o- I *-
++ )P -2

-g'/ ll
0
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In the reactlon (1) the substrate ls botrnd to the

enzyne. The onzpe ls then phosphorylated. at serlne u¡lth

the loss of the suþstltuent aloohollc group by reacülon

(2), In reactlon (3) the resultlng phosphoryl enzyme ls

hydrolysed. by reversal of reactlon (2) to yleld bor.:nd.

orthophosphate. Thle conplex decomposes by reversal of

reactlon (1) to release free enzyme and orthophosphate as

product (reactlon þ) " Thls type of enzyme mechanlsn ls

named by Cleland (L963 a) as Flng Pong BL Bt mechanf.sm'



MAIISBIATS AND $TEIHOÐS

Planüs

Primary Leaves of 8-1I d.ay-old wheat (Trlticum aestLv-um L.

varø Selklrk) whlch had been grov{in ln the green house !ìrere

used as a souroe of I{ADP-phospha.taseo

Chemlcals and Ehzymes

NAÐ, ¡üADP, 2!AI!ÍP, 3 tAFIP, 5rAIttP, 2t31 cyclLc AMP,

3'5N cycllc AFIP, ADP, AfP, aloohol ilehydrogenase, sodlum

i.soascorbate, ethylened.la-mlne tetraacetle acld (EDIA),

klnetln and benzlmidazole were purchased from Slgma Chemlcal

Conpany, St" Louls, ivilssourl. MES, HEPES, protamlne sulphate

were bought from the Calblochemlcal Lab,, Los Angeles,

Callfornlau Nlcotlnlc acld, nlcotlnanld.e were obtalned from

Eastman Organlo Chemlcals, Rochesùer, New York,

Extractlon and Purlflcatlon of NADP-phosphatase

Crude extract: Selklrk wheat leaves were washed and homo-

genlsed. I¡¡1th 1"5 volume of 0.05M Trls-acetate buffer, pH 7"3

contalnlng 0.0O1lT EDTA for flve mlnutes at O-5oC" All
subsequent operatlons were carrled out aE thls temperatüf,€,

The homogenate was squeezed through four layers of cheese-

cloth and centrlfuged for 20 mlnutes aE 201000 x 8o The

supernatant was the crud.e extract.
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Fl¡'st ammg$luq sulphate fractlonatÅon¿ The crude extract

was brought to 25o/o ammonlum sulphate saturatlon by the

addltLon of 1!..4 graros of ammonlum sulphate per 100 nl of

crude extract. The suÊpenslon was stlrred, s1owly for

2hours'Thepreclpltatewasremovedbycentrlfugatlonat
201000 x g for 20 mlnutes. The supernatant was brought to

BOft ammonlum sulphate saturatlon by the addltlon of 39 grams

of ammonlun sulphate per 100 mI of supernatant flutd-" The

preclpltate was renoved by centrlfugatS.on at 20r000 x g for

20 mlnutes and redlssolved ln a volume of 0'05iq flrls-

aoetate buffer, pH ?,3 contalnl-ng 0.001M EDTA. equal to one

half the volume of the lnltla1 crude extraof.

Prota¡nLne sulphate lfeetment: An equal volune of Zft protanlne

sulphate was aclded slowly wlth congtant stlrrlng to the flrst

amnonlum sulphate fra.cülonu The denatured protel-n was

removed by centrlfugatLon at 201000 x g for 10 mlnutes" The

supernatant v,rag dlalysed overnlght agalnst two changes of a

total- of ZO volunes 0,05I'l Trls-acetate buffer, pH 6"0

oontalnlng 0.001s'1 EDrA" The prectpLtate formed durlng

d.la_lysls was removed by centrlfugatLon at 20r000 x g for

10 rnLn.utes andi cllscarded"

Second ammonlum sulphaüe fra-ctlonatlon: The SupernatalLf

fluld- from the protamf.ne sulphate treatnent was brought to

t+5% awnonlum sulphate saturatlon by the ad"di'tlon of 27 "?

grams of anmonlun sulphate per 100 m} of supernatant fluld''
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fhe suspenslon bras gently stlrred for two hours and the

resultlng preclpltate was removed by centrlfugatlon at

201000 x g for 2A nlnutes and dlscarded, The superna-

tant was brought to 65/' anmonlum sulphate saturatlon by

the add.ltlon of 13 n& grams of am¡nonlum sulphaüe per 100

mI of supernatant fluld a:ld stlrred for two hours, The

precipltate was renoved by centrlfugatlon at 20r000 x g

for 20 mlnutes and. redlssolved ln a volume of 0"005M frl-s-
acetate buffer, pH 7.3 contalnLng 0,001þi EDfÁ. and. dlalysed

for 48 hours agalnst 2 changes of the same buffer" The

contents of the dlalysls bag were centrlfuged. to remove

any lnso1uble protelns present o

Spectrophotometrlc Assay of NADP Ëhosphatase

The NAD formed by the actlon of NAÐP-phosphatase on

itlADP was measured enzynatlcally wlth alcohol dehydrogenase

system (Racker, 1955) ln a spectrophotometero The assay

system contalned. Tr1s-acetate buffer pH 6"50 100 umoles;

EDIA 0"1 umol-e; ethanol, 180 umoles; alcohol dehydrogenase

from bakerrs yeast ln excess; enzyme preparatlon 0"1 ml;

and NADP. 0,5 umol-e ln a total volume of 3"0 mI, The

reactlon was started. wLth the addltlon of NADP. The NAD

formed was reduced by the alcohol dehyd.rogenase system to

I{ADH whlch gave a.n lncrease ln absorbance at 340 mu,

SpectrophotometrLc measurements were made on an autonatlc
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recordlng spectrophotometer (Unlcan SP 800), uslng s11l-ca

cuvettes of 1 cm light path*

Assay of NADP Phosphatase by Phosphate Llb_eratlon

In deternlnlng the phosphate llberated, the system

contalned Trls-acetate buffer, pH 6"0, 100 umoles; EIÐA

0"1 umole; and. 0.1 ml enzyme preparaülon ln a total voLune

of 3.0 mlu The reactlon mlxture was lncubated at 3?oC,

The reactlon ¡vas started by the add.ltlon of enzyme prepara-

tlon and stopped by heatlng at I0Oo for two mlnutes.

Orthophosphaüe was determlned by the method of

Waygooil (1948) by measurlng the optlcal denslties of

phosphomolybdate eomplex reduced by ascorþLc acld at 650 üuu

lsolatlon of_ChloropIasts

Chloroplasts were lsoLated by the rlaceratlon tech-

nlquet of l{ache and !üaygood (1969). Solutlon A and B of

Jensen anct Bassham (1966) were used ln the lsolatlon pro-

cedure, both of which contalned 0.33tq sorbltol; 0.0021f NaNO3;

0"002M EDTA; 0"001M MnClt; and 0"0011q $fgC12. Ïn additlon

solu.tion A contaLned 0"05M lfES (Z-(n-¡norpholLno) ethane

sulphonLc acld) adjusted, wlth NaOH to pH 6"1; a:rd 0,021q

NaCl, Solution B contalned 0.05M IIEPES (N-2-hydroxyethy-

p!-perazlne-Nt-2-ethane sulphonlc acld-) ailJusted wlth NaOH

to pH 6.?; and 0,Q}Í{ NaÇlo Ten grams of freshly cut leaves
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were washed and placed ln a glass solvent trough contaln-

lng 25 nl of solutlon A" The leaves were gently laoerated.

with 5 nl-, closely spaced scalpel blades attached to a rubber

stopper, The suspenslon of chloroplasts obtalned ln thls way

was flltered through one l-ayer of Kleenex tlssue and the

filtrate was centrlfuged for 50 seconds at 2000 x g" The

peIlet was resuspended ln the solutlon B and centrlfuged

or¡ a ZOß-6A/" sucrosed grad.Lent for 20 mlnutes at 12r0OO x g
(IEC rotor SB 405) o The chloroplasts were collected anil

used for er;.zyrie actlvlty assaysê

Detached, Ieaf Experlments

Exclsed. leaves ln 5 gram batches vúere washedo drled

with paper towels and floated. for 3 days ln trays whlch

contalned elther 2J0 nl of dlstllled water; n1cot1nlc acLd

1 fO-3r,i) ; nlcotlnamlde ( fO-3ti¡ ; Nâ,D 1 fO-3lt) ; benzimld azoire

(t+,24 x to-4ivt) or ktnetln (g"3 x 1o-5y-l) 
"

The trays were

growth chamber at

llght lntenslüy

Protein determlnatlons !{ere nade by the folln phenol

reagent method of Lowry et al (1951)" Crystalllne bovlne

aIþumln was useil as a standard,

covered wlth Saran wrap and placed ln a

zloT under contlnuous lllu¡nlnatlon at a

of 1500 ft-C"

Probeln Determlnatlon



BESUTTS

PurLf lcatl,qJ}

The purlficatlon process resulted ln approxlmately a

5O-fol-d lncrease of speclflc enzyne aetlv1ty, The total
enzyme unlts of the protamlne sulphate fractlon exceeded

that of the crude extract. Thls was probably due to the

preei.pltatlon of lnhlbltory substance(s) by the protamlne

sulphate, [he over-aI] recovery T^ras 58% and the over-all
purlflcatlon factor 56" A sumr¡ary of the purlflcatlon ls
presented ln îab1e fu

Effe.ct of pH

fhe rate of hydrolysls of N¿IDP by l\-ADP-phosphatase

at dlfferent pH values ls shown ln Flg"l, The enzyme had

Lts optlmal actlvlty at pH J") and. completely lost lts
actlvlty above pH B"

Effect of Temperature

The enzyme actlvlty lncreased from lOoC to lts optlmal

actlvlty at 3?oC" The enzyme actlvlty decreaseil at

temperature above 3?oÇ" The temperature coefflclent QfO

calculated ls approxlinately o,34, From lOoC to 3OoC the

Amhenlus plot of logarlthn of veloclty agalnst the reclprocal
of the absolute temperature shows llnearlty (Flg.2(b))"

14



Frac t lon

Crude extraot

AmmonLum sulphate Z5-BO%

Protamlne sulphate Zfr

Ammonlum sulphate 45-65|/"

TABLE T

PURIFÏCATTON OT' NADP PHOSPHOMONOESTETIASE

One enzyne unlt ls
the foruatlon of I
Speclflc acttvlty

Volurne
(ml)

160

80

115

20

Total
enzyme
unLt s#

deflneil as the amount of enzyme which catalyses
umole of prod.uct ln 5 mlnutes 

"

ls expressecl ln unlts/ng of proteln"

96

89

?,86

56

Total
proteln

(ne)

L920

840

l?,6

18 
"8

Speclflc
act lv1ty*

0"05

o "107
I,37
2"8

Recovery
(%)

100

90

270

58

P
tJt
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From the Arrhenlus equatlon;

n=(&*Ð* z.3o3l.
d(Ë)

E=-slopex2,303R

where f ls the absoluie temperature and R the gas content,

the energy of actlvatlon can be calculaüed from Flg. 2(b) 
"

B - '12-"-97 '-2,381
.E = 

"Sj _- TA 
r- x 2,30j x I,986

105

$ = 29 1000 cal/moJ-e.

Tlme Course of Hydrtolysls of NADP

The tlne course of hydrolysl-s of NAÐP ls shown ln l'1-g,1"

The flgure shows that the hydrolysls began wlth a faster rate

and a.fter four mlnutes lt starteil to approach to equtll-brium.

Therefore, ln the klneti-c studles of thls Lnvestlgatlon only

the reaetlon rates of bhe fi-rst four mlnutes are taken as the

1niflal velocltles 
"

Effect of Enzyme Coneentratlon

From the concentratlon of 0,025 mI to 0"1 nI of enzyne

preparatlon, the enzyne concetltratlon showed a llnear relatlon-
shf.p wlùh reactLon veloclty (ptg"4).
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ÎABLE IT

EFFECT OF IOT{S AND OTIIER COI,TPOUNDS ON I\-AÐP
P HO SPHOMONOESTERASEJ+

Coropounds Concentratlon % eattvtty

IvlgCl2

MnCl2

CoCl.2

FeCl2

NaF

Ioctoacet 1c

ro-5m
lo-4ri

to-4lt
l-o-3iq

to-4u
to-4n

10-l+¡{
IO.3M

to-4u
1o-3m

ro-6m
1o-5iq
ro-4m

to-4¡r
1o-3M

111" 5
110

94.6
8I

80.7
67 "3
87 "5gt+ 

"3

aclcl

3.33
3,33

3 "333.33

3.33
6,66

3.33
3 "33
3.33
3 "33

3 "333,33
3 "33

3 "33
3 "33

x
x

x
x

x
x

X
x

x
x

x
x
x

73
48

75
37 "626 "8

160
t73

x
x

EDTA

* Trls-acetate buffer was used,
0,033M, Phosphate llberatLon

f1-nal conoentratl.on
aÊsayo
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Effect of fons and Qther CompoundF-

The effect of lons and other compounds wlth no pre-
lncubatlon on the NADP-phosphatase actlvlty are shown ln
Table fI"

EDTA lncreased the enzyme acílvtty approxlrnat,ely 60fr

over that of the control. The Lnagneslum ion also sLt.ghtly

lncreased the enzyme actLvlty whlle all other lons tested
were lnhlbltory,

Effegt of, iVlcoËlnlc Ac_1d. NlcotlnAmlde, Benzimldazole
and. Klnetl-n

Nlcotinlc acld" and nlcotlnamlde, precursors of NAD

synthesls (Godavarl, 1966 and Waygood et aI, 1968), had

llttle or no effect on the actlvtty of the NAÐP-phosphatase,

Slmllar1y benzimldazole and klnetln whlch Lnfluence the levels
of NADP l-n the wheat leaves (Utsfrra and l.Jaygoodrl-96S) were

wlthout effect. 'Ihe results are shown ln [able III.

Spec lf lel-tv

The partlaIly purifled NADP-phosphatase ls non-speclflc"
The enzyne was found to be very actlve on ATP. It was less
active on elther 2t, 3E or 5t Ai\iP" The 2t, 3t and. Jt r$8

cyclJ-c At{P were attacked at 2 to 3ft of the rate observed wlth
NADP" NAD was hyd"rolysed. at 3'Á of the rate of NAÐP, Thls

enzyme also hydrolysed glucose-6-phosphate, a very common

substraLe for acld phosphatase, at 5O/" of the rate of NADP,

The suþstrate speciflclty of NAÐP phosphomoneresüerase are

shown ln Table IV.
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TABLE ÏTT

EFFECT OF NICOTINIC ACIÐ, NICOTINAMIÐE, BEI\IZIFIIDAZOLE"|
AND KÏNETIN ON NADP PHOSPHOT{ONESTEBASETS

Conpound s Concentratlon /" lxctlvlty

Nlcoü1nlc ao1d.

Nlcotlnamlde

Klnetln

BenzlmldazoLe

3.r
7"7
L"5
3"1

I"4
7.0
1"4

ôvLA

2x
llx

2x

10-4ttt
to-4vi
10-3tq
10-3H

ro-4&r
1o-3M
1o-3M

ro-6n
ro-6m
ro-5M
ro-5ri

ro-5¡t
1o-5H
to-llm

96 "6g3 
"3

93 "3
9o

95
g3 

"3
93.3

100
100
103
]-06.6

L00
93,3
93,3

tc

x
x

x
x
I(

* TrLs-aceüate buffer (pH ó"0) was usedu flnal concen-
tratlon O"O33NI, Phosphate 1lþeratloll assayo



zt+

TABLE IV

SUBSTBATE SPBCTFICITY OF NADP PHOSPHOT4ONOESTtrRASEJ+

Subsfrate Actlvlty ( nmole s/ 5 nln,')

NAÐP

N.AJ)

ATP

ADP

28 A¡{P

3t AHP

5C AMP

2', 38 cycllc AI{P

3t, 51 cyellc AMP

Gluoo se-6*phosphate

22L

6"6

233

r7 "6
77

55

77

6.6

t+.3

114

+s Beactlon system contalned 500 n¡noles substrate anil
Trls-acetate buffer (pH 6,0), flnal concenüratlon
0,033I.I. Incubatlon temperature was 37o,



fntracellular Local lsatlon
No N1{DP phosphatase actlvlty could

hlghly purlfled chloroplasts lsolated by

technlquer of iïache and. Waygood ( 1969) 
"

results of lntracellular locallsatlon of
esterase 

"
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be found l-n the

the I ]aceratlon

Table V shows the

NADP phosphomono-

TABLE V

ÏNIRACELLULÁ.R LOCALTSATTON OF NADP
PHOSPHOMONOESIEBASE*

tr'ractlon Æme unltslx
-Hxperlment t Experlment 2

Chloroplast sonlcate

Supernatanü

0

7"5

0

I

+Ê

l* ¿s

Spectrophotonetrlc as sâJf o

One enzyme unlt j.s defined as thewhich catalyses the forrnatlon of
J mlnutes,

fect of otlnlc d- Nl
1n ont vels o

ase In ve

amount of enzyme
I um of product ln

ldazole -k, ter-

Detached wheat leaves were fLoated on nlcotlnl_c acld
(to-3itt), nlcot j.namtde (10-3M), I1-AD (to-3U¡, benzj.mld, azole

{4.24 x 1o-41,t), klnetln (g"3 x to-5¡i), and distllled
wafer as descrlbed 1n the method.s for three days, The

treated.leaves were rlnsed severar tlmes wlth dlstl]red
water and the enzymes was extractecl accordlng üo the
d.esorlbed procedureo



TABLE VT

EFFECT OF NICOTINIC ACID, NICOTII\TAMIDE,
KÏNETÏN ON NADP PHOSPHOMONOESTEBASE TN

Treatment

ïmmed lately
detaohed.

l¡rlater

Nlcotlnlc acld

NlcotInamld.e

NÄD

Klnet ln

Benzlmlöazole

Proteln
( melml )

Exp"1

11

9"8

9"5

9"6

10

10 "1

10"2

r+ SpectrophotometrLc

** One enzyme unlt ls
of 1 urnole of NAD

NÐ, BENUIMTÐAZOLE AND
DETACHED WHEAT LBA\ßS'f

Exp"2

lo.2

9,5

9"2

9"0

9.1

g"B

9"8

TotaL
enzyme unlts

(gu)*t*

Exp"l

2"14

2.29

1,6g

3 "].l+
1"44

3,57

2.57

as say o

deflned" as the amount of enzyme whlch catalyses the formatlon
tn 5 mlnutes,

Exp.2

2 "44
2 "28
2.05

2.69

I,72

3 "3?
3 "O3

Speclflc
actlvlty

(W/ne proteLn)

Exp *1

2 "19
2"33

L,?7

3,27

1,44

3,53

2,5r

Exp"2

2.30

2"40

2"2,2

2"89

I,Bg

3 ")8
3 "09

\)
o.\
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lfhe results of the effect of nicotlnlc acld, nlcotf.namlde,

benzlmldazo:-.e, klnetl-n and IIIAD on the levels of NAÐP phospho-

monesterase ln detached wheat leaves are shown Ln Table VIu

fhe levels of NfiDP phosphatase actlvlty decreased 1n the

leaves floabed on NAD and nlcotlnlc acld. The leaves floated
on klnetln and nlcotlnamlde showed an lncrease ln NADP

phosphatase actlvlty"

Effeet of Substrate Concentratlon

The reclprocal plot of I/v versus I/A wlth NAÐP as

varlable substrate glves a stralght 1lne at a low NADP concen-

tratlon (ro-4nr-5 x 1o-4lt)" At concentratj-ons above 5 x to-4til

the plot curves upwards showlng substrate lnhlbttlon
(F1g.5). The K¡qnp calculated. ls 1"1þ x lo-þM.

Effect of Produot Concent-ratl-_qn

The product lnorganlc phosphate Þras found. to be a

competltlve lnh1b1üor of the reactlon (F19.6). The K1(P1)

calculated Ls 1,7 x 1o-4M"

Nå,D up to 10-3M dld. not show any lnhlbLtlon"
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DISCUSSTON

The hydrolysls of NAÐP catalysed by NAÐP-phosphatase

le a two-substrate-two product reactlon.

NADP -NAÐP + li20 NAD + Pl
phosphatase

Cleland. (]-963a) has proposed several mechanlsms whlch

he olasslfLes as Ordered, Random, and Plng Pong Bl Bl mechan-

Lsns for a bl reactant-bL proiluot reactlon" He deflnes the

Ordered B1 Bt mechanlsû! aE a reactlon 1n whlch the two

substrates, A flrst then B must add to the enzy¡ne before any

prod.ucts are released" ft 1s presented gra-phlca1ly as:

a

ï
I

PBA

l1

where P and.

erizyme " Irr

not react ln

(eee EPa) EQ

I are the products ln that order and E Ls

the Band-om BL Bl mechanlsm the subsbrates

obllgatory order Éìnd alternate sequeaces

EA E

the

do

exlsf 
".

3L
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ïn the Plng Pong 81 Bl mechanlsm, one product ls released

þefore the second subetrate ha-$ add"ed to the enzyme and

the eixzyme w111 exLst 1n tu¡o stable forms between whlch l.t

osclllates durlng the reactLon:

E and F deslgnate the two d.lfferent enzyme forms.

The rate equatlon for the Lnltlal feloclty v¡hen both

products P and q are equal to zero are the same for all
three mechanlsms as follow:

vlAB

A

K¡4,+K"B+A.B

Thls can be revrrltten lnto doubLe reclprocal form:

FB
EQ

EA
FP

*= fr,å,+ fu'.Pr
where V1 ls the maxlmum veloclty for the forward reactJ.on

and IÇ and. K6 are Mlchaells constants for A and B respect*

l.vely. When substrate B Ls saturattng the equatlon (2)

transforms lnto:

v=

!=
v

(1)

e)

(3)4a',1,. I
VftÃr I 71
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Flgure 5 shows the reclprocal plot of L/v verËIåE f/
. t{AÐPwlth substrate B saturatlng slnce Lt ls water lnvolvect

ln the hydrolysl.s of NAÐP by NAÐP-phosphatase. The Ilnearlty
of the reolprocaJ- plot at NADF concentratlons lower than

5 x 1O-4u shows tbat the enzyme reactlon follows rate

equatLon (3) 
"

Thts does not d.1stLngulsh whlch of the three ls the

meohanlsm for the hydrolysls of NADPo However these three

mechanlsms can best be dl"stlnguished. by the patterras of the

produot tnhlbltlon (CIeIanAo I96Ja and 1963b).

The rate equatlon for Ordered BL Bl where A and B

are substrates and P and q are products ls as follow:

vrve(AB * ffit
V=

Kr*Kbva + Kbvz* + K'v 2B + v2AB n þttt * fuula nL req Kuq

v'PQ * nnolï * **ur"1 
+ 

vzABP 
+ 

VIBPQ
(4)

K"q Kr"Kuq Ktq ntn KtbK"q

where K¿o Kb, Ifo, and KO are the lflchaells constants for Au

B, Pe and Q respectlvely and K1r, Klb, K1p, and K1q are the

lnhLbltlon constanüs and Kun Ls the equlllbrlun constant

(C1eland. o t963a) "

If B ls saturatlng and the reactÍ.on le followeil wLth

P and. not I present equatlon (4) ln the reclprocal forul

þecones:
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! = å + =-å:- o ( - ¡ - {S)v- vr* qËrr" u#'^r

The flrst product P thus should glve llnear uncompatl-

tlve lnhlbltlon,
If the reactlon 1s followed wLth B saturatlng ln the

presence of Qo but not P the rate equatlon ls:

+=h+ffir*nftrtfrr (6)

The second producü released shoulcl ühus glve llnear coü-

petlülve lnhlbltlono
For the NAÐP-phosphatase reactJ.on the product lnorganlc

phosphate gave competltlve Lnhlþltlon but there vras no

lnhlbltlon by the product NAÐ, ThLs lndlcates that the

NAÐP-phosphatase reactlon does not follo¡v the Ord.erecl Bl 81

mechanlsmo

Cleland (l-963a) has worked. out the rate equatlon and

the product J.nhlbltlon pattern f or the Bandom Bl- Bt reactlon"

He has shown that Lf the reactlon Ls saturated wlth B the

prod-ucts of Random B1 Bl mechanlsm glves noncompetltlve

Lnh1b1t1on, As none of the products of the hyd.rolysls of

NADP glves noncompetlü1ve tnhlbLtLon the posslblll-ty of the

Randon Bl Bl mechanlsn to be the mectranlsm of the Nå,DP-

phosphatase actlon ls excluded.

Ehe rate equaülon for the Plng Pong Bl Bl mechanl-sn

wrlËten ln klnetlc constants ls:
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Kuvd + Çv2B + V'AB +
Kpvra vrPQ

K.q rreq

nontt 
o

req

When B Ls

Q, the equatíon

saturatlng ln the presence

n) ls converted to:

Ko, I
Ë,o,

+ þr+

(7')

ofP buü not

(8)

any lnhlbltLono

Q, buü not P

%vrÆ
Kr."K"q

KaV zBq
Ktq

Thus the flrst prociuct P woulð noü glve

l¡Ihen B ls saturatlng Ln the presenoe of

rate equaülon (7) becomes:

t=L +vv1

L= Ivv1 (e)

Therefore the second product Q woulcl gLve llnear

conpeti.tlve lnhlbltlon wlth an lnhlbltlon constant equal

to K1qø

In the hydrolysls of NADP by NADP-phosphatase, the

prod-uot itIAÐ cloes not show lnhlbltlon þut the other producf

lnorganlo orthophosphate glves 1lnear conpetltlve lnhlbltlono

TtËseresults thus lndlcate that the reactlon mechanlsm ls

Plng Pong B1 Bl ln whj-oh when B (HeO) ls saturatlng,

P(NAD) w111 not shorrl lnhlbltlon but I (ff¡ w111 be a con-

petlülve lnhlbLüor,

o¡ I
Ktq A
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Thus the mechanlsm of the hydrolysls of NAÐP can be

graphloally represented as below:

NAÐ Hzo

E F{H

P3_

F(STAD) s(P

Ehe P5.ng Pong Bl 81 mechanlsm for the NADP-phosphatase

actlon obtal-ned- fron the klnetlc studles agrees vrlth the

mechanLem proposed by Schwartz and Llpnann (1961) for the

actlon of phosphatase" They suggesü ttløt the compound"

hydrolysed Ls flrst bound. üo the enzyne, followed by the

release of an alcoholtc group and the enzyme l-s left phos-

phorylated. The phospþorylated enzyrne then reacts wl-th

water to llberate lnorganlc orthophosphate. By fhe

nornenclature of Cleland. (t963a) , thLs type of meohanlsm

1s actually a Plng Pong 81 BL mechanlsmu

As the concentratlon of N/iÐP 1s lncreased to above

5 x tO-&I{ NADP was found. to be lnhlbltory lnd.lcaËlng that

N*\DP comblnes not only wtth free enzyme form E þuü perhaps

also wLth other forns egn wlütr E(NAÐP) to for¡n an l-nactlve

enzyme-substrate complexu Thls mechanlsm can be represented

by the schematle method of Klng and Altman (]-956) ae

below" Here I\TADP ls shown to react aa a substrate wlth enzyne

forrn E a¡eÖ as an lnhlþltor wlth elther E(NåÐP) or F(NAD)

to form an lnacülve conplex,
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P1

I
E(
F(

NAÐP

I
EPl)

Hzo )

E(NÄDP) "F ( NAD) (Ñeop )
ßì-

B(NADP)-
F( NAD)
r f--

T
NAÐ - 

NAÐP

The rate equatlon of thls meolranlsm can be wrltten
ouü ln rate constanü terms by the neühod, of Klng and

Â,Itman (L956) , and then üransformed lnto kLnetlc constant

terns by the method. of C1eland (I963a), When P and e
are equal to zero and u¡lth the saturatlon of B, thls rate

equatlon for the lnltlal veloclty ls slmpllfled lnto:

J
F

T
I

H2

or

V=

V=

vtA

-

4a+o*Ei
(10)

( 11)

vt
K^ArnÃ=+q

where K1 ls the d.lssoc1atlon oonstant for EA2 (E(NADP)2)"

At hlgh concentratlonsof å or NADP, ühe term þ ln equatlon
A

(IL) becomes negllglble and the lnhlbltlon terr fo-



38

becomes d.omlnant thus expresslng the lnh1bJ-tion, Flgtre

5 flts thls equatlon showlng that the formablon of the

lnactlve conplex eLther E(NADP) 2 or F(NAD) (W.e'Op) 1s tbe

mechanlsm of the i.nhlbltlonu

However ldentlcal rate equatlons can be derlved l"f

the substrate A blnds not wLth EA but wlth F or EQ to form

other lnactlve complexes and. consequently produclng a curve

slmllar to the one shown i.n Flg"5. Therefore frorn F1g"5 al-one

|t ls not posslble to tell whether the NÁ.DP blnds to E(NADP)

or F or Iì(PI) " No further lnvestlgatlon was made to study

the blndlng state of thls t-nhlbltory NADP"

Îlhe purlfled acLd phosphatase 1n thls study ls not

specLflc for NAÐP" However as 1Ù has hlgh actlvlty agalnst

phosphatase as glucose-(-phosphate, 1t dlffers from ühe

common phosphataseo Tt also dlffers from the phosphatase

studLed by Kornberg (LgsO), and Kuo (l.96L) vrhlch attacks

NADP but only at very low rate" The NaDP-phosphatase ln

1;h1s study resembles the l,ifiDP-phosphatase lso]¿rted by

Fortl et al- (l962) fron pea leaves, Botlr acld phosphatases

hydrolyse I'IADP at hlgh ra.tes. The Kuepp value of the acld'

phospha.tase from wheat leaves t¡as 1"4'x 10-tþM ln thls study

and the Ku¡,op value of the a.eld phosphatase from pea leaves

purtfled by Fortl et aI was 3 x 1o-4loi" orthophosphate was

found to be a competJ.Ëlr¡e lnhlbl.tor of both the vsheat leaf
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phosphatase and pea leaf phosphatase6 The K1q(Kf (pf )) B¡aÊ

!"? x to-4m ln thls study"

In purlflcatlon, the totaL NADP-phosphatase actlvltles
vrere lncreased by protaralne sulphate treatnenË, fhus the

protamlne sulphate must have preclpltated ühe natural

lnhlbltLng subsüance(s) ln the extract"

EDIA was an actlvator of the NADP-phospha.tase" All-

the lons except magneslun testeil were found to be lnhlbltory.
Nlcotlnlc acld., the blosynühetLc precursor of NADP

(Godavarl, 1966) and the cytokLnlns benzlmldazole and, klnetln hail

Ilüt1e effect on ühe actlvLty of NADP-phosphafaseo

The exclsed wheat leaves floateil on klnetln and benzl-

ml-d.azole for three d.ays lncreased the speclflc aotlvity of

tb.e NADP-phosphatase about 20f, anõ' tlne leaves floaüed on

nlcotlnlc acld and NAD lost about 20fr ot the speclflc

aotlvlty" fhe results do not explaln the observaülons of

lllshra ancl }üaygood. (1968) tyrat the leaves floated on benzl-

¡oLdazole anil klnetln had an Lnorease of NADP contento AS

the NADP-phosphatase was an actlve enzyme even ln the crude

wheat leaf extraet and. i{lshra and IrJa-}gooct (1968) reported a

falrly constant NAÐ-NADP ratlo 1n fresh leaves, thls lndloates

tlnaþ lt ¡nust be a regulatory factor other than the enzyne

level ttself control-]lng the NAD/NADP ratlo Ln the leaves"

If so the lncrease of N$DP-phosphatase speclflo actlvS.ty

1n vllrg. w111 not necesserl$rcause the decrease of NADP
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content ln vlv-o-" Tt 1s also posslble tln¡aþ the maln NADP

pool after the ]eaves have been floated on the eytoklnlns

ls ln the chloroplasts. Thus the ch,ange of actlvlty of

NA.DP-phosphatage whlch wag not denonstrated !n the chloro-

plaste wlII not affect thls IVADP pool"
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SUT.{IITARY

.å procedure !s d.escrj-bed for the preparatlon of nlcotlna-

mlde ad.enlne dlnucleotS-de phosphate phosphomonoesterase

of wheat leaves (Trttlcr¿lm aestLvu4 L" varo selkf.rk),

purLfted. ca 5o-fold over crude extracü. Inhlbltory

substanoe(s) whlch can be removed by protamlne sulphate

treatment ls founcL ln the crude extracf'

fhe pH optJ.mum fot ætzyme actlvtty ls pH 5"9"

The enzyme has opülmum aetlvtty at 3?o and' energy of

aotlvatlon of 29r000 cal/mo1e'

EthylenedlamLnoteËraacetlo acld ls an aotlvator of the

er,Lzyøe" llaglresiun lon ls sllghtly stlnulatofvo Iodo-

acetlc acld ) fluorlile ) Co+* ) Mn++> Fet+ are lnhlbltory"

The enzyme ls nonspeolflc, but lt hydrolyses nlcotln-

amlde adenlne itlnucleotLde phosphate preferentlally'

Klnetlc studles sholt that the reactlon meohanl-sm to be

Plng Pong BL BL (C1elan¿, Blochlmo Blophys " Lcta 67:

1o&, tg63).

K'gpp ls oaloulated as 1.4 x lO-l+M. NlcotlnarnlcÌe aclenl-ne

dlnucleotlde phosphate at concentratlons aþove 5 x fO-4pt

shows lnhlbltlon,
The produot orthophosphate glves llnear oompetltl"ve

lnhlbltlon wlth Kf (ff ) = 1 o? x 10-4t'lu

2n

3^

l+,

É.
)a

6u

7.

Bo
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9. No enzyme actlvlty 1s for¡rd. ln the chloroplasts.

10. Treatment w1üh klnlns (benzlmld.azoLe and klnetln)

lncreases the enzyme level abcut ZAft, whereas

nlcotlnlc acld and. nlcotlnanlde adenlne cllnucleotlde

treatnent lowers the enzyße levels about 2O"r¿,
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