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Physical, Chemical, and Biochemical Studies with -

- Isolated Chloroplasts and Purified'Enzymeé
by

A. M. El-Badry

”Abstract,

_ |
| Fruétosefl;6—d1phosphatase (E.C. 3.1.3.11) has been
isolated, purified, and crystallized, from préviouSiy
isolétéd'épihach éhloroplaSts. The.effectS'of'various
vanions, cations; and sulfhydryl reagéht”weré‘tested, and
vactivatioﬁ’by MS++,iglycine,.HCO§, and sdlfhydryl reagent
'_ié déscribéd;_ The purifiéd enzyme 1is Qery specific for
.fructoéé—1;6—diphosphate and does not attack sedoheptulose- |
1;7—diphosphate. The 826 value of the eﬁzyme was 7.7, ermlb
whicﬁ the,mo1ecu1ar'weight of the enzymé-was-estimated:as E
140,000. | |

:. _Quenéhing studies of theviﬁtrinsic‘fluorescence.dhe.to
the tryptophan residues in fruétose?l,6—dithSphataseﬂéhpwed
that:the'cdnformation of'the‘éhzymé is affectéd by the sub-
'stfate fructosé—l;6—aiphosphate and'possibly byuthe proddct
fructose—6—ph§sphate.- The‘fluorescent probe 1—aniliﬁo—8—
 nabhtha1ehé sulfonate (ANS) binds to some hydrophobic region.
“oﬁ;theténzymé.__Howevef;'its extrinSicbfluorescence is not
:sensitiQe to the éohformational changejof the enzyme_induced
by added'ligandé. Depolarizétion-fluorescence studiés

revegled conformationallchangé dué to thé’binding bf the

a
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substrate, the allosteric affector and theedivalent cation
Mg+¥; v v _

Y irradiation of fructose 1,6- diphosphatase was found
to damage the catalytic activity of the enzyme The substrate
fructoSe—l,6—d1phosphate protected the site_from damage} ‘Mg++
" and ffuctose—l,G—diphosphate in the presence-of magnesium
ion protectedvthe'site to a lesser extent."The aliosteric
'function of the'enZyme was also damaged'by’§4irfadiationf
Mg ATP protected the allosteric site from y-irradiation damage.

Mg+t

.or anionic ATP resulted in partial protection of the
site. .‘
;Ribﬁlose—l;S-diphoSphate carboxylase has been isolated-
_ from-previoosly isolated'spinach'chloroplasts by a procedﬁre
_whichffacilitates simultaneous isolation of'several photo-
synthetic enzymes. The purificatioﬁ.andistorage pfocedufé
_gives;a5stable enzyme.T:The'enzyme activitylis‘enhanced uo
to 180% by nearly physiological levéls of fructose-l,6-
diphosphate when Mg++ 1s in the:fange of 1 to 10“mM;- |
An:aikaline; magnesium ion'dependent'ihofganic'pyro—_v
'fphosbhataSe has been isolated from previously isolated
vspinachzchloroplasts, The activity of the enzyme'Was :
increased»looffold, with'aju2%.yieid, upon pufification froﬁ'
tﬁe total soluble'chlorOplast_enzymes. The pH obtihum for
the enzyme shifts from 9.0 at‘5 mM Mg++.t0'7.0'at 40 mM Mg*t.
The Substrate for the reaction appears to‘be Mg pyrophosphate,
and anionic perphosphate is an effectiVe inhibitor. There
seems to be also an activating effect of Mg*+ ion onethe_
enzyme at pH 7. No other cation.substitutes for.Mgf+rioh
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in activating ‘the hydrolysis of pyrophosphate.. Among anions
tested, only F caused severe inhibition | The enzyme is

inactive towards fructose l 6- diphosphate thiamine pyro-
’ phosphate, ATP, and ADP. The possibility that'this enzyme
.is subJect to metabolic regulation is discussed in relation
“to an indicated role of pyrophosphate in the regulation of
photosynthetic carbon reduction »

| Nitroxide free radicals were found to inhibit CO2 fixa-
tion by isolated chloroplasts The inhibitory potency of
these radicals depended on the polarity of‘the.substituent'
on'the'ring;v Compounds‘containing free carboxyl;groups wene
poor inhibitors. A'hydroxyl'or'an amidevgroup on the ring

-was optimal for 1nhibition of CO fixation.' The size of

2
the ring seemed not to influence the potency of the compounds
as inhibitors of CO2 fixation " The presence of a double |
bond in the ring reduced the effectiveness of the compound
as an inhibitor. All of_the nitroxide free radicals which
were'effective inhibitors‘of CO2'fixation’Were'shown also to
bevgood Hill oxidants.‘ ‘As in the case of co, fixation, the
_ability of ‘the radical to act ‘as a H111 oxidant is a function
__of its ability to penetrate the 1ipoprotein membrane of the
chloroplasts :

The radica1s1exerted their action by acting as electron
acceptors in the electron transport chain. The effect of
CQ2 fixation is hence a consequence.of the‘action oftthe
radical”on'the electron transport chain. The radical'is’

reduced by the chloroplast either in the chloroplast or, out—

side the chloroplasts by a reducing substanbe which 1eaks
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out the ¢hloroplast upon illuminat»io'n. -A}nal.ysis ‘bof reduc-
tion of the,fadical by‘measuring the height of the EPR

signé.l '$Iho'ws that réduction outside the chloroplasts and
déactivation of the compound du‘e. to bi’ndihg to a macromolecule
'o.rvﬁapé:r:'t.i'cle are two mechanisms to ‘exp-la:‘.m .the decay and

leveling off of the EPR signal.
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Chapter I

FRUCTOSE-1, 6~-DIPHOSPHATASE FROM SPINACH CHLOROPLASTS:

" PURIFICATION, CRYSTALLIZATION AND SOME PROPERTIES

A. INTRODUCTION . .

The eﬁzyme fructose-1 G-Aiphoéphatase (D—fruetese#I 6-diph05phate
Al-phosphohydrolase EC 3 1.3. ll) ‘catalyzes the hydrolys1s of fructose 1,6-
dlphosphate.'

,Fruetoee—l,6—diphe5phate'———g—-—-4. Fructoee-Gephosphate +

inorganic phbephate

Fructose-1,6-diphosphatase (FDPase) is an important enzyme in the
regulation of glucoﬁeogenesis‘in mammalian andvmicroﬁiai systems . _The"
inhibitioe'of-mammelian and bacterial FDPase by adenosine 5' phosphate
(AMP) Suggeste allosteric regﬁlations-s. Mehdicind EE.él; have shown
_that FDPése is inhibited by a specific mitochondrial enéyme.systemg.
Nakashima et éi.lo 1 have altered the catalytic properties’of rabbit
'liver and rabbit kidney fructose dlphosphatase by treatlng these enzymes
w1th‘coenzyme.A or acyl carrier proteln from E. ggli.v This treatment
increased the activity at the neutral pH several fold’and sﬁifted
the pH optima from pPH 8.8 to pH 7.5 in the presence of Mg f.

Hydroly51s of fructose- 1 6—d1phosphate (Fru -1,6~-P )* to fructose—6—
,phosphate is also an important reaction durlng the fixation of carbon |
. dioxide ih photosynethetic syetems. It has been suggested that activity
of FDPése_in'photesynthetic Chiorella cells is subject tovregulationlz;

‘*Abbreviations: FDPase, fructosefl,6-diphosphatase} Fru-1,6fP2, fructose-

1,6-diphosphate; EDTA, ethylene diamine tetraacetic acid.’
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R
That-is; a1though FDPase is active during'the éﬁotbéynthefic fixation
dfiéérbaﬁ dioxide, its éctivity appéaré to decréaég-markedly when Chlorella
cellé gfé transferred t& ﬁon;phétbsynthetic éonditiéns by turhing.off
thg lfght5  This suggests light_éctivation of.FDP;sévenzyme: the activétion'
»épbears to aecay after about 2 min of dérknessf  R
"Mdfrisl3 found that the'activity of partially‘purified FDPasé from

spinaéh'chlbroplasts is inhibited by magnesium pyrophosphate'(Mngoj),

' MgATP=ahd MgADP at concentrations of 1 to 3 mM. The degree of -inhibition

by all these inhibitors decreases with increasing concentrations of

Mg and substrate (Fru-l,6fP2)._ MgP

20: and MgADP- are approximately

equally effective inhibitors; both are less effective than MgATP .
FDPase is a widely distributed enzyme in living systems. It has
been isolated from many mammalian sources including rabbit liverl4,'rabbit'

15-17 - 19,20

muscle - ~ ', rabbit kidneyls, swine kidney and rat tissues>l. The

‘enzyme has also been isolated from a variety of microbial systems including

, 24

Diétydstelium'discoideumzz, Candida utilis® ,, Polysphondylium_ggllidumzs,

vconfi:med by Latzko and Gibbs3

— —————

o S .2 . e 28
Pseudomonas saccharqphila26, E. coli 7, and Acinetobacter sp. .
'FDPase has also been isolated from some’plant'SOurces. These inciude

castor beah endosperm and leaf29'30

. havy bean3l aﬁd_wheat embrYos32.
Racker and Schroeder isolated an aklaline FDPase which they.cléimed'could
have little role in the reductive pentose phosphate cycle due to its

' - ’ : a3
apparent . localization outside the chloroplast33. Smillie 4 has further

: investigéted the localization of FDPase and found that most of the

~enzymic activity is localized in the chloroplast. This finding was

5. In this paper we report a method for

the pﬁrification-and,crYstallizatiqn of fructbsefl,6—diphosphatase from

'spinACh chloroplasts. Some of thevproperties and characteristics of the




enzyme are also reported.

B. _MATERIALS AND METHst

lé"Chemicals.' Fruétbse—i,6-diého$phate, fruétose46—phosphate,
nribuloée—l)5—diphosphate,zq1uéose-l—phbsphate; giucosé-6—phosphate}
ribﬁloéé—s—phosphate}:AMP,'AbP,'ATP, NADP, sorbitoi,'z;N'morpholino
efhane sﬂifonic aciad, deoeribonucléaée}‘fibonucléasn, phosphoglucose
isnmernse‘nnd glucose—6-§h05phate-dehydrogenasefwefeIObtained either from
Cal Bionhem'or f?bm Sigma Chemical Co. Tetrasodium pyrophosphate was
from Allied Chemicals. All‘inorgénin sélts were analytical reagénts. 'DEAE—
cellulose (Celiex-D) and phosphoceiiuloée (ceilex—?) were obtained from 1
Biorad‘#éb.

| 'IBdth'bEAE—cellulose.and phnsphocellulose.were further purified by
suspenaing in water and decanting the fines. HFor every 40 to éO g of
the absorbent, one liter of 1~N:NaOH was aaaé¢, fo11owed after 15 min
by'iiQO ml of i N HCl. _The'acidic/suséension'isifiltéred on a Buchner
funnel and.rinsed with a little watér. The'resiéne nas;agéin'suSPended
v in.l liter of 1 N NaOH and after 15 min is filtéred again and washed until
“the efflﬁent is neutral with distilled water;

'Tne free DEAE;cellulose base wasvthen.equiiibrated with a solution
of ofoé M'tris—HCl, pH 7.4, containing 0.0bi M:EDTA. vThe buffer was changed
severalftimes until pH 7.4rwas'achieved. »Tnevadsérbent was stored (at
4°)'inva'30;50% suspenéion in t;is—ﬁci, 0.05 M('pH.7.4.‘

@he sodium salt of phosﬁhocellulose wasvconvérfed to the acid form
for stntage’by équilibrating it with 2 N HCi for 3 h. The resin was then
washéd on a Bucnner funnel until the éffluentlié nearly neutral. A 30-
50%‘su§pension of the_acia form of phosphoéelinlése was titrated with

1N NaOH‘to pH 8. After 30 min of stirring, the pH was réadjusted and
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the-material was allowed to settle; then it was'tesuspended in 1 liter.
of 0.05 M tris-HCl, pH 8.0. The pH was checked and adjusted for a week
‘before use..

21‘Assay of ehzymic activity. ‘The enzyme_D—frdctose~l,6-diphosphatase'

was éssafed by.the determinatioh of NADPH'producedx wheh'the FDPase reaetion.
isV'coupled w1th the enzymatlc reactlons of phosphogiucose isomerase |
(E.C.S. 3 1.9) and glucose- 6—phosphate dehydrogenase (E c.1.1.1. 49)
The latter reaction requlres NADP ' and NADPH produced by»thls reactlon '
is‘difeotlyhproportional to the quahtity‘of frdotose—6-phosphate_produced
by’the FDPase reaotion. The'measufement>of change in optical absorption_
at 340 hm is used to estimate the quantity of NADPH formed. The reaction
mixture (1.0 ml) contained tris-HCl buffer, o‘;ova,' pH 8.7; MgCl,, S m;
-ethylene'diamihe tetraacetic acid, dipotassium salt (EDTA),'Z mM;
fructose—l,6—diphosphate, 1 mM}‘NAbP+ (sodium salt), O;Z'mM; phosphoglucose
iSomefase; 5 ﬁg;‘glucose-Gfphoéphate dehydrogehase; 1.5'ug; and FDPase
in the range of 0;01'to 0.02 uhitQ’ Thé'temperatu;e’was;22°,. 6ne unit
of’enZYQe activity is defined as ‘the amount‘of‘ehzyme activity catalyzing
the h&dtolysis offl umole of fructose-1,6—diphosphate'to_frpctoseeé-'
phosphate:and inorganic phosphate‘per minute and specific activity is
expressed ae ﬁnits_per mg ofvprotein. |

_ﬂFor studying the substrate specificity of FDPase, the hydrolysis :
of:the sugar phosphates was assayed by the direct determination of inorganic
~phosphate feleased in the enzymic reaction hy'the procedure of.Fiske
. and SdbbaRow36'37. The,ihcubation mixture klml) contained:triseHCl

vbuffér,'0.0S M, pH 8.7; MgCl_, 5 mM; EDTA 2 mM, the sugar phosphate

2’

v'tested 1 mM, and enzyme in an amount suff1c1ent to release 0.05 to O. l
mM of 1norgan1c phosphate in 10 min at- 22° The reaction was Stopped

vby the addltlon of 5NH SO for the phosphate determlnatlon The

2




unit of enzyme activity was expressed in terms of micromoles of inorganic

phosphate formed uhde: these conditions.

* 3~ Determination of protein. Protein concentration was determined

spectrophotometrically by meééuting the absorption at 280 nm or by using the
Lowry method of proteinvdetermination38. ‘Bovine serum albumin was used

as the standard in each of the two methods.

4- Disc gel electrophoresis. The method of Davi$-39 was used to

anélee for the hémbgénéity of the enzyme at the different stages of
the purification procedure. Cross-linked polyacrYlémide gel at pH 8.4
was used. Samples of 10-20 ul containing 50 to 100 ug of protein'were.v |

used. all reagents used in the procedure were obtained from Canalco..

5->Determination,of molecular weight. The sedimentation velocity
- method aeSCfibed>by Chervehka4o was used for the'détermination of 820

value of the enzyme. The run was performed using an An-D rotor at '

59,780 rpm.

6- Isolétionvof §pinach_ferredoxin; Spinach ferredoxin was isolated
and purified by a procedure whiéh involved acetone fractionation, éccording
to San Pietro énd’Lang41, followed by chrqmatography'on DEAE-cellulose
5ased on the meﬁhod of‘Lovenberg gghgl;fz. Its'qﬁanfifative determination

- was based on the spectrum of the purified material.

7—‘M§thods of reducing ferredoxin.

'(a)"Réductibn by iliuminated'Chloropiaéts. Ferredoxin can be reduced
in the'btésence of'chloroplasf.particie; and light42. Chloroélésts were
isoléted by the méthod of'Jénsen and Bassham43. # 200 1l of the chloro-
plast slurry (containing 6.4 mg chlofdphyll) in 0.05 g_t:is—HCl,va 7.4,

was added under nitrogen to a 1 ml tris-HCl1l, pH 7.4, solution containing



-3 ﬁg;of purified ferredoxin. Thé tubelwaé irfadiatéd qnder.ihtehSe light
fdfjsgmiﬁ; The redﬁCtion'ofvfexredoxin'Qasfheaéuredvépécﬁrdpﬁotdmetrically'
ati420:nm>b§ the uée of:Cary Model 14 spectrophoiowétef.b Ferredoxin
phoﬁoreduction by illuﬁinated chloroplasts was stéblé; and ferridoxin
couldlbé‘largely reoxidized by NADP even after a'conéiderable period

in the dark.’

(b) Reduction by hydrogen. Tagawa and’Arnoﬁ44 showed that molecular
hydiogen can reduce ferrédoxin'in the dark if the enzyme hydrogenase

from C. pasteurionum is present. The bacterial hydrogenase was isolated -

by'the.fOIIOWihg method45.' Thirty grams of a frozen cell paste of C.

pasteurianum was thawed overnight and suspended in water with the aid

of. a mégﬁétic,sﬁirrer to a final volume of.about 200 ml. Small amounts

- of debxﬁfibdnuclease and ribonuclease were added'to obﬁain a free-flowing
suspension; fifty-ml aliquots of this Suspensiohvwere subjected.tQ
sonication for 10 min‘by‘the_Bibgonik. Cell debris was removed by a
is—min centrifugation at 36,000 k g. The supernatant was then heated

for 10 h;n'at 60° under hydrdgeh. " The preéipitate was centrifuged off,

and tr_ig .‘supernatannt was dialyzed against 0.05 M t;ris buffer at pH 7.4.

. The Crdde enzyme was dialyzed befdre use:to minimize'the le&el of inorganic
phosphéte presént in thé enzyme preparation. Feiredoxin was reduced

by buhbiing hydfogen through tubes containing the ferridoxin solution
and'tﬁeibacterial hydrogenase. Spectrophotdmetric evidence wasvthe criterién

for ferredoxin reduction.

(c) Chemical reduction. To 1 ml solution of 0.05 M tris-HC1l, pH
7.4, containing 3 mg/ml of ferredoxin was added 30 pl of 0.05 M sodium
dithionite under nitrogen. Ferredoxin reduced b& this method was reversibly

oxidized to a large extent with.oxygen. Bleaching of ferredoxin was
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also reversible upon exposure to oxygen. The reduced. ferredoxin solution
was,dialyzed:against 0.05 M tris-HCi buffer, pH 7;4, before_use. Deter-

mination of the reduction was carried out spectrophotometrically.
C. . I_SOLATION OF THE ENZYME‘ D-FRUCTOSE—l,6—DIPHOSPHATASE

Frﬁdtose—l,6-diphosphataée waé'purified by the following method:

1- Source of ‘the enzyme. .Field-grown,'réiativély young, spinach
- leaves were harvested and iﬁmediately'stored overtcruéhed ice in poly-
ethylene bags in'large ice chests. The leaves were deribbed'and'washed

with ice-cold water and were dried between two sponges. The deribbed

leaves were then chopped and divided into 50-g batches.

2- Isolation of chloroplasts. Each 50-g batch was homogenized
for 5 to 8 sec in a Waring blendor with 200 ml of solution A43 {(containing

_Sorbitol; 0.33 M; NaNO,, 0.002 M; EDTA (dipotassium salt), 0.002 M;

3’
, 0.001 M; KH

sodium isoascorbate, 0.02 M; MnCl PO,, 0.0005 M; 2-N-

2
morpholinoethane sulfonic acid, 0.05 M, adjusted with NaOH to pH 6.1

2

and NaCl,v0.0Z Mjf" The.blendor;te was then forced through six layers
of‘cheese¢io£h tq strain.éuﬁ fibrbds.maferial;

Thevhomogenété was-éentrifuged at 2000 x gffor 3 min. The.supernatant
was decanted and each pellet‘was suspended in 10 ml bf "basic buffér"v
(0.05 M tris-HCl buffer (pH 7.4) - 0.002 M dithiothreitol - 0.0002 M

'EDTA - 0.001 M MgCL,). - o
A 3-'S§nicati6n. The chloroplast suspension in basié buffer.was
sonicétéd for 30 sec in batches of 50 ml, using the Biosonik (Model
BPI, Brbnwill'Scientific Co.,’RQchester, N. Y.) at 0°.
‘The sonicated suspension was centrifuged at 36,000 x'g for 2 h

and the suspension was saved as the crude enzyme preparation(I).

41?Acetone'fractiOnation, -Acetone was added to the crude eﬁzyme



'fractfen to a concentration of 30%. The acetone héd been precooled

in the freeZer at -14° and was added to the:crude.enzyme soiution slowly
while stirrihg at 4°. . The enzyme in 30% acetohe_was allowed to stand

- ih:thé ééid reom (4°) for 30 min, and the>mixtureiuas centrifuged at
13,zoo'x»g fer 4 min.'The supernatant wes eoilectedfendithe:acetone

‘ceneehtratidn in the supernatant Was brought to 75%5‘ The  enzyme ih

75% ecetohe was allowed to stand in the freezerfat ?l4° for 1-2 h. A

copious precipitate formed and settled toward the bottom of the container.

The upper. layer ef 75% acetone solution was decanted..‘The lower layer
conteining the precipitated enzYme.and some ether'proteinshwus then
centrifuged for i min at 5000 x g and the pellets were epllected.
Thekgreyish—uhite precipitate was‘susﬁehded.in:the smallest'poesible
_volume of ba51c buffer and was dialyzed against cold ‘water (4°) for
4 h. Then 1t was dlalyzed against basic buffer twice for 8 h each time.
1The dialyzed mixture was centrifuged in the SOrvall, at 36,000

X g _for_lO min, and the superhatant (II) was saved.

5-;DEAE—cellulose ceiumh.' A DEAE-cellulose coluﬁn.wae prepered

ane pre-equilibrated with 0.05 M tris-HC1 (pﬁ'?.4); ,Thezeupernatant-

(11) was.applied to the column and the column waSIWashed'with 0.0S‘M
trischl buffer (pH 7.4). FDPase did.net_stickfte‘the DEAE~cellulose
_under theee.conditions and most of the activity_passed‘down the - column

.1n the 0 05 M trls-HCl (pH 7.4) elutlng buffer. Thié step is a very
~useful’ purlflcatlon step since a considerable number of protelns were
bound to'the DEAE-cellulose and were therefore removed'frqm the FDPase

solutionv(III).

‘

' 6~ Ammonium sulfate fractionation. The protein eluted from the
DEAE-cellulose column (ITI) was subjected to ammonium sulfate

\




fractiqnation, Enzyme -grade ammonium sulfate, previously crushed into
a pdwder'by a_mortar and pestle, was added siowly to the enzYme solution
while StirrinQL The pH of the mixture was maintained at about pH 7

using ammonium hydroxide solution and pH paper as indicator; The precipitate

'formed'ét 45% ammonium sulfate saturation wasvcentrifuged'at 13,200 x g

for'lormin'and_was discarded. Ammonium'sulfate powder was added to
the supefhatant to a concentration of 60% saturation and the precipitate

was collected by centrifugation at 13,200 x g for 10 min and was dissolved .

" in basic buffer (IV).

7-. Phosphocellulose column. Fraction (IV) wa$~dialyzed againsf
0.05 M tris-HC1 buffer (pH 8.0) for 6 h. It was then applied to a
cellulose-phosphate column'that has been pre-equilibrated with 0.05
M tris-HCl buffer (pH 8'0)f After loading the column with the ehzyme,
the column Qas'washed‘with 0.05 M tris-HC1 buffer, pH 8.0, until no
protein'was coming out in the washing buffer. The coluﬁn was then e;uted
with 10-3 M.fructdse—l,G-diphosphate in 0.05 M tris-HC1l, pH 8.0. The
fractiOné'COﬁtaining FDPase were pdoled.and'were dialyzed against a
ééturatea‘sélutioh of ammonium sulfate preadjuséed with ammonium
hydroxide to pH 8.0 (using'pHydriQn paper).’ The protein precipitated
in the dialysiSftubing and the suspension mixed with it was removed

f:om'the dialysis tubes and the precipitéte was collected by centrifugation

at 36,000 x g for 20 min and was dissolved in "basic buffer" (V).

8- Chiomatogrqphyﬁon Séghadex G-100 column. In most preparations’

fraction (V) protein was homogeneous and no further purification was

needed. However, in one of our preparations a trace of a contaminating

protein Was‘observed by polyacrylamide disc gel electrophoresis. In

- this caséjfraction V was chromatographed on a sephadex G-100 column .
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~whiCh‘wa§’préequilibrated witﬁ tris-HC1 buffer,‘pH 8.0, and was elutéd
With the same buffer. The fractions containiné FDPase were pooled and
' ‘were‘coﬁcentrated in the same manner as deScribed_fqr fhe protein elpted
from thé'phqsphd-cellulose columh v1). ‘The spe¢ific éctivity of the

homogeneous protein at this’stage was 21.1 units per mg protein (Table I).

é?:Crystéliizafioh of FbPase. The cdncéntratiQh of protéin in
_l:ml of fiéction (VI) was adjustéditb 7 mg/ml ih;a Euffer coﬁtaihing
tfis—Hci, 0.1 M, pH-8.0,»andvmagnesium chloride, 10 mM. The'solﬁtion
was then fitrated with a”cold (455 Saﬁuratéd solution ofvammbnium sulfate
until a slight turbidity was observed. The solu;ion'was'allowed to

warm to room temperature where the turbidity disappeared. It was then

centrifuged at 36,000 x g for 10 min and the clear supernatant was cooled
Ve .

7 to cold\rppm temperature grgdually_by élacing the tpbe'containiné the
solution in a'beaker containing water at fOOm,temperature and placing

- this agéembly in.the cold room (4°C). The tgbe was then tfanéferred

to an ice'bﬁckép full of crushed ice and was kept there on ice for a

few days.l The crystalline enzyme wa$ obtained fVII).F The énzyme in

its crystalline state was not stable for over a mon£h in cryStallization
suspensién. However, redissolving the'enzymg in basic'bufferﬂand storing
ﬁhevsoiﬁtion at 0°C kept the.enzyme activity.Staﬁle for over six months.
D. HOMOGENEITY ANDl MbLECULAR WEIGHT OF FDPASE

Fféctions (V) and (VI) were examined for their protein homogeneity
using disk gel glecfrophorgsis. Both fracfionsvcontained only.oné major -
band. ‘in one run the phosphocellulose éluaté (fractiqn V)_Cdntained
another minor band which was eliminated from éel-filtration on a

Sephadek G-100 column.
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TABLE I..

PURIFICATION OF SPINACH CHLOROPLAST FRUCTOSE-1,6-DIPHOSPHATASE

Protein. : Spécifié activity Yield
Fraction i Concentration '_(units/mg protein) (%)
(mg/m1) ' '
I Soniéété "supernatarﬁt 10 L - 0.02 . 100
IT Acetone fraction 21 o 0.68 | 60
I1I DEAﬁ'qdlumn | 1.5 o 3.3 49
v 45-60%:ammoniuﬁ -
‘sulfate fraction 20 | | 8.2 73
v Phospho-cellulbse
column. - 22 20.3 58

VI Sephadex G-100

column 21 21.1 - 52
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,Pléte 1. Crystals of Fructose-1l,6-diphosphatase as seen by the

. phase contrast microscope.
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~ Sedimentation rates data gave an s, value of 7.7. Assuming a -

20
sphéricai protein with a . partial spécific volume:df:6.725-cm; the' molecular
Qeight of the érotein was estimated_to’be 140;000,- This value makes
spinach qﬁ}oroplast foaSe not much differentvffomfthé,mammalién FDPase14
in.moleqﬁlgr Weight.v Therenzyme‘is somewhat 1argef'th§n the Candida

utilis FDPase which is feported to have a vélﬁe'of 100,600.24

E. EFFECT Of MAGNEsIUM ToN CONCENTRATION ON THE pH 6PTIMUM'OF.FDPASﬁ

In thelstudy‘of effect'of Mg++ concentratiép on the pH optimﬁm
of chloroplasf FDPase, Mg++ concéntrétions §f 5 to 40 mM were_usedlénd
’ VtherpHnofvthe enzymic reactibnvwaslvéfied from'pH‘S.O.to‘pH'9;St‘" At
lower conbentration of magn¢sium_(l mM and 5 mM)‘ﬁhe'pH oétimum is around
8.5 (Fig;ll). As the_Mg++ cdhcentratioh in the aésay mixturé increases
- the pH optim@m shifts towards the neutral pﬁ»and.ét 40:mM'M§+f ion
conéeﬁtratidn the pH optimum is at pH 7. Our fesglts ;ré'similaf ;o'
bthose of Pfeiss gg;gl;%6 obtained with paftially pﬁrified FDPase from
spinachAChléroplasts and arevaléo similér to the fesults obtained with>
purified rabbit liver FDPase’’. | |

Th;'éossible regulatory-significance'of'thisjshift is appafent.n
Howevef,:the obser&aﬁion with the rabbit liver enz?me'that dinitfo_
phenyiation4 /49 causes similar éhifts in the pH optima of thé»enzymé
suggeéts-that the'éctionléf Mgff is to bléck sdme néga£ive charges.near
_ the acﬁive site which renders the active site mﬁre»accéssiblé to.the
ﬁegatiﬁely.éharged substrate (fructoserl,6-dipho§phate‘or its magnesium
salt). At.the neutral pH the'énzyme conformation is such that the negative
charges are copcentrated'near the active site; thus ﬁore Mg++ concen-.
traﬁion ié needed to neutraiize these charges in order to make the

active site more accessible to the negatively‘charged substrate. As -




Flg 1. Effect _o'fv _Mg++ 'conce’ntra‘t;ion' von., ﬁhé"pH_ opbt;.i'iluum:of‘ be';sg-.
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the‘pﬁ Shiftebto the‘alkaline pPH the-eni?me>eonformatien changes and
eonsequentlytthe negative cnarges_becoﬁe remote frdm the site; thus
the‘Mg++:cencentration needed for marimum activity'ie much lower than
that'requiredaat the neutral pH. |

|  Another.exPlanationffor:the shift df'pH'optiha,as e'functien ofb

. )l

ng++ concentratlon is based on the chelate association constant for
the Mg | "and the ionic Fru-1, 6—P2. McGilveryso'calculated that a solution,
1 m4 in each of Fru 1, 6—P and MgCl W1th sodlum salts to brlng the ionic
strength to  0.077 (at 25° at pH 7), is’ expected to contain 19% as
If the pH.was'raised so as

Mg Fru—l,G-P 2, and 3% Mg H Fru—1,6—P

2 2

"to‘completely ionize Fru—l,G—Pz, the concentration of the chelate would.

»etillbenly'represent 26% of the total Fru-1,6-P_

9 It is apparent from

these calculations'that:the aetivitytof FDPase_cannot be explained in

‘ terms df aetion'of the Mg++ on the substrate; es it is the case in some
other enzymes such as chloroplast inorganie‘pyrophosphataseSI. The

great ehift in enzymic_activity-depending on'the:pH_and Mg++ concentration
excludesﬂdr’minimizee this assumption. 1In addition, we were not able
to-obtain_significant inhibition of chloronlast'FDPase by.increasing v

the concentration of the anionic Fru-l,G-Pz._ Fig. 2 shows that Mg++

has a direct effect oneFDPase. The sigﬁoidal snape of the curve of

the dependence‘of activity ekoDPase.Qn Mg++‘concentration'showe that,

Cat both.hréh and low pH (pH 7.0 and 8.7) the responSevef enzymic activity
to Mg+f eoneentration is sigmoidal at iow Mg++‘cencentrations. - Such
behaviertmay be interpreted as allosteric effect of Mg++ on FnPase;

F.. EFFECT OF CATIONS ON E_‘DPASE AC‘TIVITYF

Several other cations. were tested for thelr p0551b1e activation

of the enzyme. Mg was by and large thevmostkectivating of all
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cations tested. Mn  partially replaced Mg = as the divalent cation
required for the catalytic hydrolysis of FDP by the enzyme. All other

cations tested exhibited no activating effect on FDPase (Table II). No

activity fdr'the hydrolysis of sedoheptulose-1,7-diphosphate, fructose-1- .

phosphate, or ribuioée—l,s—diphosphate was induced by the presence 6f

++ 4+ ++ '
. Zn , Mn or Ca .. The lack of activity of chloroplast FDPase towards

the hydfolysis_of SDP in the presence of Mgf+fhad suggested the possible

activation by other divalent cation in the assay mixture.  No study
, SR ' e i1 L
of the antagonism or synergism between any of the metal ions and Mg

was ‘carried out.

G. EFFECT OF ANIONS_ON'fHE ACTIVITY OF FRUC?OSE—I,ééDIPHOSPHATASE
The effect of anions on. the éctivity of FDPase'wés carried out
in assay mixtures S mM in magesium ion.. The sodium sal£ of the anions
desiteé wére usedvthroughout this experiment. The~con¢entrationé of
the aniéns'were varied from 5 to 40 mM at pﬁ 8.7. .None‘of the anions .
tesﬁed”(E-' clL, Br:»l‘i-so;- and HPOZ-) had annytimulating or
inhibifory:effeét on the énzymé._ The laék’of inhibitioh by Ehe"F_ibn
of FbPésé may provide anoéher éiece pf-evidence for fhé idea that the
»aétion bf.Mg++ is*oq.thé ethme and not on the substrate. The solu-

bility.producf of MgF,_, is very low. This low solubility product of

2
Mng hasfresulted in the_ihhibition of enzymes which require the
magnesium salt of the ligand acting as substrate.. An example of such
enzymeé is chloroplast inorganic pyrophosphatase which requires the

magnesium salt of pyrophosphate as the substrate. Pyrophosphatase was

' ' ' ; ++
inhibited by the fluoride ion due to the unavailability of Mg  in the

réactiontmixture. This was not the case with FDPase. Thus there may be
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TABLE II

EFFECT OF CATIONS ON. FRUCTOSE-1,6-DIPHOSPHATASE ACTIVITY

N

~ Cation _;71» ’ - nmoles ‘of Pi released per ml* per:min

5 . 10 - . 20" . 40 mM cation

++

Mgt 18 17 .. . 163 .. 15.5

++

++

Zn 2.5 20 . 1.0 - . 0.05

re®t . o5 0.5 0.2 - . 0.05

++

™t 15 14 o5 0o 0.2

++

Ni . 1.0 - 0.8 3 ' 0.3 o 0.05 -

++

Au . 0.4 0.2 0. o0.05

ca™ o 10 0.5 - . 0.5 0.08

wa* 15 10 . 10 - 15

* 'Contair_ii'ng_ 1 ug of fraction VI protein
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a stfﬁng bindingkﬁetwesn msgnesium_and the enzyme and a direct effect
- of Mgff‘oﬁ FDPase, changihg its cqnformation ints.one which is active
towards fhe-hydrolysis vsf Frué1,6—P2.
H. ACTI&AT;@N OF FDPASE BY GLYCINE

Glysihevwas fo@nd to_sctivate FDfase tssards_ths hydrolysisiof'
FDP as'shéwniin'fig. 3. The activity of ;hé'epzyme is increased by’
about'SO%;_ Ths activatioﬁ‘by glycine is not;magnesium dependent. _The

giYcine'aCtivation of the isolated enzyme raises the possibility of

- the regulation of FDPaSe'by glycine’ig vivo. The diversion of carbon from -

the carbon reduction éyéle to the synthesis of amino acids and proteins
may be regulated at the FDPase point;153v We have no. simple explanation

. of a mechanism of this activation. However, it appears that a balance,

in favor of increased amount of soluble glycine results in the activation .

of FDPase and an increase in fhe flow of F6P to the'syﬁthesis of amino
acids;. fhe'participation of glycine as a regulat&ry substéhce wasvfurther
subsfanfiated When it wasffoﬁnd that glyCine'séiivatesvasd enhances

the carboﬁ dioxidevfixatiqﬁ by isolated.chldroplasts in a parallel way

to its activation to FDPase. >4

I. ACTIVATION os FDPASE BY BiCARsONATE

Bicarbonate which is the substrate.fqr the enzyme ribulose-1,5-
diphosphatescarboxylsse fE.C. 4.1.1.39) (whiéh satAIYZss the fixstion
o_f.cd2 using therfive—carbOn sugai diphosphate RuDP.and resulting in
the production of PGA), the first enéymic reaction in the carbon reductiod
cycle'wasifound to.be én sctivator of spinach‘chioroplast FbPase. This
findingimight suggest that carbon'didﬁide notvoniy'acts as the substrate

for RuDPase but also as the activator for some enzymes'involved in the
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Fig. 3; 'Acti§aﬁion of FDPase SyfgIYCine, biééﬁbénéte; aﬁd;dithio£hr¢otoi;.’
as"anﬁnctiOnbbf céncéntratioﬁ of»;ﬁe actovatoerf': - 7 ' ;
. Q’;Ci» giyéine>' B v 2
l-—u -bicafrbén'at__:e‘b -

.:94-5 ',dithiqtﬁreotol

. o ~ @--@  control

&
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cycle; This'regulatoryvmechanism may prove to be an_important one and
needs to be studied fﬁrther.
3. ACTIVATION OF FDPASE BY rEnREDole AND SULFHYDR?L»REAGENTS
Buchanan et al.55 >6 claimed that reduced ferredox1n act 1vates
the‘enZyme:FDPase. Our results do not confirm'this finding. ‘Reduced
ferredoxin,'dithiothreotol andkglutathion were found to act as pro-
tective agents against the ox1dation of the enzyme s sulfhydryl groups.
We have no. ev1dence of direct-activation of the enzyme by . ferredoxin.
The use of 111uminated chloroplasts resulted in the reduction of
ferredoxin, but this system was not suitable for the assay of FDPase
actiVity.' The chloroplast suspen51on contributed a high background

1eve1 of 1norgan1c phosphate, and also conta"ned a considerable level

of FDPase act1v1ty. ThlS 1nterfered w1th the'determinatlon of inorganic

:phOSphate;by the,Fishe-SuhbaRow‘methodh .

Thefuse ot hydrogen'redﬁction catalfzed hyIbacterial.hydrooenase.
has the'drawback of interference due to;high level:of‘bacterial'FDPaSe
activitp. 'Because of lack of kinetic.and‘other data on the interaction
of FDPase s from the two sources,‘spinach chloroplasts and c. pasterianum,,
it was nOtVPOSSlble to obtain conclusive results;

» BecauSe of these.difficqlties we turned to chemical reduction..

- Reduction by dithionite proved to<;e)an efficientimethod for reducing
ferredoxin. Unfortunatelp,vthe presence of hydrosulfite ion.interfered
with the activity of FDPase. 'Therefore a method was devised to achieve
redﬁction_Of ferredoxin and eliminate the excess hydrosulfite ion and
its oxidation products trom the medium. Ferredoxin was,mixed'with sodiumg

dithionite under nitrogen in a closed system. The resulting reduced

! ferredoxin was then transferred to a dialysis tubing and dialysis‘was



carried out.undef nitrpgeg with changé of buffer'(0:05 M tris, pH 7.4)
every 3 h}:for a total of four changes. ihe dialysis was done at ooC.
keduced ferredoxin was.ihtiOduééd‘iﬁto the assay‘mixture jusﬁ prior

#6 the introduction.of FDPase. The reaction was allowed to pfoceed

for iO min, then was stopped by adding 0.1 ml of SO%Itriéhloroacetic
acid. ‘The'precipitaté wés'centrifugea out, and fhe'inorganic phosphate
» produced“in the enzymatic reaction was deterﬁined'by thevFiske-Subbang

method. 36’?7

{Fig; 4 shows thatng++ cOnéentraﬁion.did not affect the relative
amount of activation adhieVed_in the preéence of 100 Hg of ferredoxin
in a 1-ml assay mixture. We }1ad'expectea that reduced ferredoxin may
replécé Mg++ in:biocking the negativé éharges near fhé'actiQe sit'e;.~
thus, at:iower Mg+f condenﬁrationé'a greéter-amouht éf aétiVation would
be expected. Oﬁr resulté;'ﬁowevér, ao not confifﬁ this éséﬁmption”and

.we obtained relatiVéiy the same degree of actiVatiép (about 10%) at
all levéls-bf Mg++ tested. Sithiotheitol followea a similar pattérn
of activation with thé relatiQe dégree of activa;ion at lower magnesium

' . ey
concentration (5-10 mM) about double that obtained at 40 m¥ Mg~ ..

The activation of FDPase by ferrédoxin'and DTT 'as a function of

pH (Fig. 5) shows that the mechanism of activation of FDPase by sulfhydryl

reagents is different from that obtained_by ferredoxin aﬁvlower pH values
(pH 6.5—7.5) tﬁe aétivation of the enzyme by sulfhydryl reagénts wasA

| more than 100% of the éctivity in the absence of the -SH reagent.while
at higher pH the activation was much smaller. Ferredoxin, on the other

hand, gave almost a constant small amount of activation at pH 6 to 9.5).

This finding induced us to study the effect of mixing ferredoxin and

dithiothei§01 and Table III shows that the effect is additive, which



Fig. 4.
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Activﬁtion.gf fDPase by glycine, bicérbonate,‘dithiothreotol; and
férredo#id as a fun;tién of magnesium’ion'concentrAtioﬁ.

l&;f) ’10-3.M glycineﬁ‘

o--0 1073x bicarb’onaﬁé

o--8 10>

M dithiothreotol
0~-0 100 ug ferredoxin

®--0  control
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Fig. 5. Effect of pH on the activation of FDPase by DTT and ferredoxin.
0--0 - control (1 Ug enzyme, no ferredoxin or DTT)
’ D--0 1 ug enzyme + 100 ug ferredoxin

O-~-N 1 Ug enzyme + 10—-3 M DTT -
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TABLE IIT .
THE ACTIVATION OF FDPASE- BY CHEMICALLY REDUCED FERREDOXIN AND DTT

1

Inorganié-phosphate liberated/ml* per min

(nmoles)
Compiete, | - | ':. 24.6
- Ferredoxin ' , o 23 '
- prT . ‘ - 21
- Ferredoxin and DTT _ | : i.‘18.5
’ - FDPase | - | 0.05
- FDP . o -  o.04

* Containing 1 ug of fraction VI protein
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-reinforces our previous assumption that the mechanism of action of -~

ferredoxin and sulfhydryl reagents on FDPase are different.

K. ACTIVATION OF FDPASE BY AMMONIUM SULFATE

In the purification process activation of spinach chloroplast FDPase

' was observed upon treatment with ammonium sulfate. This activation

was unobﬁainable if‘amﬁohium sulfate was used for.fréctionaﬁion before
the use of -acetone fraétionation.. This may suggest the presence of

én acetone-extractable»inhibitor of the enzyme'which_may.mask the acti-
vation 6f'the-en2yme,  The.na£ure-of'this inhibitof is undér study.

It may be that acetone reéults inﬁdiséociatibn of ‘an enzyme inhibitor
complex - freeing a site for amhonium sulfate to act on theienzyme as

an activator. Concentrates of the 75% acetone supernatant obtained during

. the purification of the FDPase was inﬁibitory to the purifiéd enzyme.

L. SPECIFICITY OF FDPASE

‘Spinéch'chloroplast fructoSe—l,6-diphosphatase is highly specific

for fructose-1,6-diphosphate.. The enzyme failed to attack sedoheptulose-1, -

7-diphosphate, ribulose-1,5-diphosphate, fructose-6-phosphate, fructose-l-

phosphate, glucose-l-phosphate, glucose-6-phosphate, ribulose-5-

_phosphate; pyrophosphate, AMP, ADP or ATP. Changing the cation in the

., ++ S = ++ ++ : . '
assay mixture from Mg toZn , Mn or Ca and/or changing the pH
to neutral pH (pH 7) did not induce any enzymic éctivity towards
sedoheptulose-1,7-diphosphate, ribulose-1,5-diphosphate or fructose-l-

phosphate.

M. DISCUSSION
The properties of the chloroplast FDPase, including its pH optima

shift with Mg and its activation by glycine and by carbonate ion, are.

-
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additional evidence that the chloroplast enzyme, like FDPase from many
other tissues, plays an important regulatory role_ihféarbon metabQiism

in chloroplasts. This role ‘was indicated earlier’Z by kinetic studies

of . Chloreila.pyrenoidOSa photosynthesizing in the presence of»lécozk
aﬁd"32Pflébe1ed phdsphate; in Which»rapid changes in>1évels of'ﬁfuctose;
1,6—diphqspﬂéte and fructosg-G—phosphatevaccodpanied.£he lighf to dark
énd dark-light transition and the addition of several chemicals which
produced éeneral'regulétor.effects. |

In view of the similar evidence from in vivo studies that the conver-

sion of sedoheptulose-1,7-diphosphate to sedoheptulose-7-phosphate is

also'requlatedlz, it is interesting that the purified FDPase did not

cbnveftvSedoheptulosé—l,7—diphosphate to its monopﬁosphate, 'Preseht

evidence does not permit us to decide whether two separate enzymes are

presept‘in the'éhloropiasts for the hydrolysis of these two sugar diphosphates
or the isolated enzyme has lost its capacity to convert sedoheptulose |
diphosphaté, either through lability or because of lack of conditions
necessary for activation of this funcﬁion.

Kinetic studies Qf the properties of the enzyme isolated by the
procedures in this report provide additional strong evidence for the
ailosteric properties of this enzyme53._ We have found no evidence for
a large éctivation Of the énzYmé by'reduced ferredoxin at ahy'pH'of-

55,56

++ o, . . ' L .
Mg . ion concentration studied. However, Buchanan et al. who reported

such activation by reduced ferredoxin, also reported a requirement for

--a protein factor of low molecular weight. Since we have not isolated

such a factor, our experimental results are not necessarily in disagree-
ment with those reports, in which no specific activity of the enzyme

was given.
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Chapter II
4FLUORESCENCE:STUDIES WITH CHLOROPLAST FRUCTOSE-1,6-DIPHOSPHATASE

A. INTRODUCTION

Enzfmic action is generally associated with conférmational'change

.of the prbteinwcatalyzing the séecific reaction..'This.chénge coﬁld be
affected eitheflﬁy the:substiate oxr by the allosﬁericvaffeétbrl’z."
’ Fluorescence teéhniqués‘aré véfy useful in revealing facets of
coﬂfdrmational'changés and dynamics.’ They'ére heipfﬁl iﬁ measuring

distances between groups on protéins,vdétermining the extent of flexibility

of a protein, and measuring the rate of very rapid conformation transitions.

In addition,’thevdegree of polarity of sites on the protein'can be
ﬁeasured using probes such as l;anilino-B—naphthAlene sulfonate (ANS)»in
‘a highly polar environment3. |

Inlthis'repbft we'haQe investigated thelconférmétional change of
f;uctoSé—l,6—ai§hosphatasé, isolated from spinaéh chioroplaéts, induced
by the sﬁbstrate fructose-l,6—aipﬁosphate, the produét fructose-6-
phosphate;-and thé divalent metal ion required forvthe enéymic catalysis,
Mg++. .Iﬁ addition, conformatidnai changes caused by thé allosteric
affectors, ADP, ATP, and inorganic pyrophosphate,'werg_alsoVstudied.'

_In these studies'ﬁe-have used thé techniques of quenching:fluores—
éence'and_depolarization fluorescence. Two types Ef fluorescence were
investigatéd: The intrinsic fluorescence of the enzyme FDPase resulting
from the presence of tryptophan and tyro;iné residﬁes in the protein,

and the extrinsic fluorescence induced in the presence of ANS.

~
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B. MATERIALS AND METHODS

1-.Chemicals.- Fruétose—l,6—dipﬁosphate? fructbsefG—phosphate, ATP,
ADP, AMP énd d&clic AMP we:e_h;ghést pﬁ}ity‘products obtainéa from Cal
Biochem,-'Tet#asodium.pyfophosphate.was obtained from'Allied ChemicalS;
Trizma baée,.feagent grade, was obtained from‘sigﬁa‘cﬁemical Company.’
_ Magnesiumich}ofide,‘MgC12‘6H20 was obtainea froﬁ_J,_T, Baker Chémicél
Co; _g_AcetYiiLftonéine'ethyl ester, Grade 1[ and E_Acetyl—L-tfyptophan

ethyl.estér; Grade 1, were obtained from Cyclo Chemical Co.

'2-‘Préparation of eniyme.’ THe.enzyme was prepared from Spin;ch chloro-
plast as Aes¢;ibed by El-dery4 and the homogeneous protein had a specific
activity of'about 20 units/mg protein.

Protein concentratioﬁ was determined'speCtréphotometricaily by
_measuringithe ébéorptioh at 280 nm or by usihg:tﬁe Lowry'method of protein
-determinations; Bovine serum aibumin was ﬁsed as the standard in each
of the two methods.

The enéymé,was aséayéd by.coqplingvthe FbPase reaction with that
6f'glucosé ph¢$p£ate isomeraée‘aha glucose—6;phosphate.dehydfogéhase,
and thé.NADPH prqduced in the reaction was measuréa speétrophotometrically

at 340 nm4.

3~ Ihsﬁrumentaﬁion |

Twﬁ.spectrophotofluorimeters,wefe'used in this iﬁvestigatioh#
(1) A‘moaifiéd Aminco*Bowman spectrophotofluorimeter with an improved
detéctiéﬁ system'and (2) a'Hitachi MPF-2A fluorimeter.

The AﬁihcofBowﬁan fluorimétér had the standard optical éystem with
Xenon‘lgmpﬁinciuding the power supply. In the cell.com?artmenﬁ a tuning

fork (from American Time Company) was mounted; it was oSeillating at



-40-

200 cycle/sécav A driving unit for tﬁe fork produéed'simulﬁéneously.a
réfeféncé signél which was.uSed for the phase sénsitive measuring systemn.
An RCA 6199 ‘end-on tube was mounted in a Princeton Applled Research
(PAR) photomultlpller hou51ng. A photometrlc preampllfler (PAR) RIM221
was in the'Same housing near the_photomuitiplier{ The load resistor of -
the photqﬁﬁitiplier céuld be sélétﬁed externaili._»The.sighal from the
preamplifier'went into a PARIJR-4 lock-in émplifier. " The output'was
attached to a“Hewlett—Packard X-Y recorder with time base. *The versa-
tility Qf'this instrumént with the possibility of expanding the:scale,
shifting the.base line, chobsihg different time constant and bptimizihg
the"signal—tb-noise‘rétio in differént stages of the deteéting.system .
made it suitable for fluorescénﬁe quenching experiments and for kinetic
measuréments; In additioﬂ, the fesponse cuse of fhe RCA 6199 with an
S-11 characteristic showed that this photomultiplier itself works_és a
cut-off filter for‘suppressing scattered lightRfrom the excitation of
the protein fluorescence. Thé spectra reported in this paper afe uncor-
rected for monochrométor transm1551on.and for photomultlpller respoﬁse.

We used the well de51gned optlcal systenm of the Hitachi MPF- 2A
fluorimeter with two Beckman polarizers to determine the polarizatiéh
speétra. :With an S-20 response photomuitiplier, thé cofrection'curve

in the region of the intrinsic protein fluorescence was very flat;’

‘therefore, nearly "true" fluorescence spectra were recorded, and used to o o

detefminevthe peak position of the fluorescence.

FDP and F6P had a slight absorption iﬁ the'exqiting wavelength
.fegion;_due to this.absorption the fluorescence was corrected acéoraing
to the formula §f Farsters,.which was approximated in our case to the

following eqﬁation: |

Fluorescence (corrected) = Fluorescence (measured) (1 + %*)
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whe?e.pD,i§ £he éptical densit& of FDP or F6P at the exciting waveiength(
To acéo@nt for the'sma;l dilution effect by adding substrate and
inhibitpfs,£§1the enZyme solution,:we measured first the decreasejofvthe
flqorescence_by'édding.the‘;amevamouﬁtbof bUffér soiution.
| C.' INVRINSIC FLUGHESCENCE
The'iﬁtrinsic fluorescence spectrumiof the enzyme measured with
MPF*ZA._(fiQ. 1) shows tﬁaﬁIthe»peakvfludfeSCence occurs at 337 nm and
is:independent of the'éxcitatiéanavéléngth; ‘fhis demdnstratés that
‘most of fhe flﬁoréécénce is dué‘to tryptdphan‘émiSSion, which occurs
normally'between 332 if the residue is in non—pqlar'éﬁvironment to 342
in polat‘eﬁvirqnment} and that about half of the.tryptophan residues
‘see a péiar and the pthers have a nén-polar'énvifpnmént. This sﬁggests
'jfhatvsoﬁé’rQSidues are equsedjto the. aqueous environment. That none
Mfér littlevflﬁorespenCe can be éeen'frém tyrosine residues arises from
the fact £hat very.efficiént quenching.mechanisms"existIfOr tyrosine.
Some of'fheéé quenching mechéniéms briéinate;in‘the interaction with the
micrbenﬁirénﬁent df the'proteih7. Thé:efficiency of energy transfer
frdm tfroéine to‘fryﬁtophén haé.beén shown,ﬁafter.some cont:oversiél
invesfigations, to be as high as 0.568. Tryptophan fluoreécence in proteins
cah inérease»or decrease by binding with ofher ﬁolecﬁies depending on
the loéalféhvirénﬁental change of the emitting'séeéies. There are many
diffe:enttquenching mechanisms for tryptophan fluorescence, and it seems
that not oné of them is AOmihaht in prbteins. For iﬁstahce, proton donation
from -COOH ;nd NH; groups, etc., electron ejection in the exéited:stafe
fo eléctrbtnegative'grouPs in thé heighborhoodAof thé indole ring, changes
in the iptersysfgmvcrbssing, intermoie;ularvelectron transfer; hydrogen

bonding'and so on (for literature survey see 7 and 9). This complicated
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sitﬁétion.makes it'difficﬁlt to make specific.statements ﬁpon detecting
.somé?chan§é$ in_the fluorescence intensity of eﬁzYﬁés by biﬁding'of.
substrates and inhibitors. If there are tryptophan'residués in thevactive
ceﬁter,'fﬁeﬁ.this can'Be quenched direétly by biﬁdiﬁg §f the substrates.
Figs. 2 aﬁdvj show the actiVétioh and'fluéréscenéé;speétra of FDPase
with and without FDP and F6P and we see that in bdthUCASes'decrééSekof'
flporescenCe_intenéity occurs. To decide if'this’qéenéhiné was the result
df‘airect £f§p£opﬁan4FbP; FGP'intera¢£idﬁ wéiinvesfigatéd the fluorescence
of the éuﬁétdnée N—écetyl_tryptdphan amide;:and weifound that bothAFDP.
and F6P are weak sensitizefﬁ of the t;yptophan esﬁef émide fluorescence.
This éuggeéés that the decréase of fluofescenée infenéities is  the reshlt_
of confé#ﬁatiénal chanée of the enzyme. | Do

Figs; 4.and S show fhe quenching of.the eniyme fluoreséeﬂce ag
a funetion of FDé'gndeGP cohcéntrétiohs ?espéctively; These curvesiéan
be used tb giﬁe a kind of averaged binaing_constant. Beéause the number
of active;siﬁes on this FDPése ié nsf.known, we aésume as'approximatioh
- that the differeﬁt1§ctive'stieé5aré*iﬁdepehdent'of each other And_that
bindiﬂg tb.éach site produces the same amount oquﬁenching._ We then
havé | | |

[B] v[s] =K
- [BS]

where {ésl fepresents tﬁe concentration of biﬁding siﬁés bbunaed with

subStrate-S and [B] is the concentration of free sifes. Iﬁ addition,

we'have | |

(B ] = [BS] + (8]

total

If all.the binding’sites“are occupied we get maximal quenching,

h
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Fig. 2.v Quenéhing_of fluorescénce'and éctivatién spectra of FDPase by FDP.
;-f?;‘:‘ Fluorescence spectfum_of FDPase ﬁofvﬁctivation at 290 nm
-_— Fluoréscéncg'spectrum of FDPase +'$ mM ?DP for activafion
. at 250 nm
. o .;,5,;."A¢tivation épeqt;ﬁm'of FDPase foi_fluorescence ét 340 nm
- ;}ff'.Activation spectrum of FDPase + 5 mM FﬁP for fluorescence

at 340 nm
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Fig. 3. Quenching of fluorescence and activation spectra of FDPase by F6P o

L4

'Fluorescence spectrum of FDPase for activation at 290 nm
-Flﬁoréséence'spectrum of FDPase + 5 mM F6P for activation

--at5290>nm

Activation spectrum of FDPaée_for fiuéfescence’at 340 nm

3

bActivation spectrum of'FDPése’+ 5 mM F6P for'fluorescence

- at 340 nm

.
|
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Fig. 4.‘ Quéhching of fluorescence és a function of Ep? éoﬁcentrgtion.
D;AU “Fluoreséenée of FDPase so1ution in_O;OSIM tris-HC1, pﬁ 8.7
. at 22°, as a function of FDP éonCentration |
e O--0 “F1uorescence-Qf FDPase Solutidn ip 0.05IM tris—HCi,va 8.7,

"in.the presence of 5 mM MgCl2
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Fig.‘S;. Quenching of fluorescence as a fuhcfion of_?é? cbncentration.:
O-ftf Fluorescence of fDPase so;utionbiﬁ 0.05 M tris-HC1 at

© 22°, as a function.qf F6P concentration’
o ‘O~;b.. Fluore#cence of FDPase solution in’ 0.05 M tris-HCI,

pH 8.7, in the presence of 5 mM MgCl2 a

i
X
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fmax' qtherw1se we have f = fmax ﬁ;————j and with the help of the
. total :
above equations
£ _i.f[S]'fmax
4 K-+ [S]
L - _ "fmax’
Thus we see that for [S] = K, f ='”2 .

'And this relationship can be used for determining K. For FDP half of

.." . . ..' " ++. R ‘~.‘ . .
the maximal quenching in presence of Mg is achieved for [S] = 3.8 x

=3

10 ° M = K.

For F6P we get K ='2.2>x 10_3 M.

These binding constants are very low and suggest that these

molecules are held to the enzyme with weak forceé 1ike dipole—dipole,

dipole-charge, or hydrogen bonding interactions. These low binding
constants could explain the slow kinetics exhibited by FDPase.
The difference in Quenéhing of FDPase by FDP and F6P makes it

poséible to:follow the kinetics of conversion of FDP to F6P by fluores-

' cence intensity measured as a function of time. Fig. 6 demonstrates

that thé f1uorescencé kinetics correspond to the kineticslaetéfmined
by fqlloWing the reduction of NADP as described in the Methods section.
_  The.temperature depéndénce_bf the fluorescence of FDPése is
presented iﬁ,Fig.A7. " In presence of magénsium ion;the curve is very
smooth, suggeSting th#t_no strucfural change occﬁrs_in the investigated

temperature tange. It seems that there are minor local structural

vchanges in‘thé‘case of FDPase in the absence of magensium ions at 22°C,

: A \ . L ' v
suggesting that there are binding sites for Mg on the_enzyme that
produce local stability.

The pH dependence is shown in Fig. 8. Probably a strong structural
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Kihetics of the enzymafic hydrolysis of FDP as measured by change
in fihorescence-intensity as a fﬁnction of time. The enzymic
solution contained 5 mM MgCl, in tris-HCl buffer, pH 8.7; the

reaction was measured at 22°.
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Fig. 7. Temperature_depéndence of FDPase inttinsic_fluoreséencé.
D;+c1"Enzyme solution in 5 mM tris-HC1l, pH 8.7
St O--O_ Enzyme solution in 5 mM tris-HC1, pH 8;7, in’the_

' o+
presence of 5 mM Mg +
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Fig. 8. pH dependence of FDPase
o--0--0 Enzyme solution
0--0--0 Enzyme solution

Cat 22°

O~--O-- Enzyme solution

at 22°
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ihtrinsic fluorescence. -
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transifionvproduCes the minimum in the fiuoréscence,vérsué pH curve at

pH 7. FDééée exhibits'vefy'ldw‘activity at pH 7 énd magnesiﬁm ion con-

centration (S]mM):ié pH 8.5. This optimum shiftsvtolﬁhebneutréi pHvas.‘

the Mg++ cpnéentrétion in the medium inéreéses_td 40 mM4. The structurél:

change‘at pﬁ 7 could be'respohsible“for the low'aétivity §een at pH.7.
Althcsﬁgh the pK of imidazole rin:g in histidine is 6.0, £he PK of

imidazole is 6.9; oné.might expeét_the pK of imidaZole ring in the

side chain pf'a protein to have a pK of,cloée to 7; thus the iohization

of the imidazole may be the cause for the strong'quenching observed,

around pH_?,'éf the fluorescence intensity of the enzyme FDPase.

. In Figs. 9 and io we preseht'the activation-and fluorescence spectfé‘
of_the.énZYme witthDP-and ATP present.’ The’narrowingvof the_activatioﬁ
-spectrum'is-a,result-of the stroﬁg.overlap of—AD?,an&_ATP absérptién with
the-absorption of FDPase. This o&erlap in absorétion makes it vefy
difficult ﬁé.draw any quantitative conclusions about the effect of ADP
and ATP on-tﬁe fluorescence of the*énzyme. Tovobfain information about
the interactiqn.of these molecules With-FbPase, wé,measured the fluOrescence

polarization where only ratios of intensities are important and no correction

of the absorption overlap needs to be done.

b. EXTRINSIC FLUORESCENCE

| 'Anéﬁher method §f investiéating the interaction of ATP, ADP and
' AMP with the enzyme was made by labeling the enz?me‘with'a fluorescence
dye like ANs.where no absorption overlap exists. In Fig. 11 Qevdembn—
strate tﬁat ANS was bound by the enzyme in a nonépolar region. ANS in
aqueoué and'polar enﬁifonment'has a Yery low quéntum yiéld,_but in non-

polar, hydrophobic environment this yield is high. The activation and




- Fig. 9.
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Quenchihg of fl‘uérescence and activation spectra of FDPase by ADP.

— Fluorescence spectrum for activation at 290 nm

: ——--—- Fluorescence spectrum in the presence of 5 mM ADP for

"activation at 290 nm
«= ®=  Activation s_péctrum_ for fluorescence at 340 nm
-- == - Activation spectrum in the presence of 5 mM ADP for

fluorescence at 340 nm
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 Fig. 10. Quenching of fiﬁoteséence ahd éctivati9n sééctfa of‘FDPase byfATP.
"'--F?‘  Fluorescénce.épéct:um fér activétidﬁ'ai ?90 nm
————Qj.vFluofescenéé.spectrﬁm in fhg preséﬁ§é 6f $ ﬁM ATR for
'actiVation'at.ZQO nm 7
; _ é-A—-, ;Activatioﬁ spectrum for fluoreégence ét 340 nmi
-— -- :.Activation spectrum.ih_the presence'ofvs thAT§ fo£

. fluorescence at 340 nm
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Extrinsic fluorescencé.of the eﬁzyme induced by ANS.

o= . e Fluorescence spectrum of ANS for activation at 403

» — Activation spectrum of ANS for fluorescence at 510

Fluorescence spectrum of ANS for activation at 403

in the presence of 1.2 x 107> M'fDPasé_

Activatioﬁ spectrum of the enzyme for fluorescence
in the presence of 1.2 x 1070 M FDPasé
Fluorescence spectrum of ANS for actiQation at 403
preseﬁce of 2.4 x 10-5 M FDPése

Activation spectrum of ANS‘for fluotescence at 510

presence of 2.4 x 10'5'M FDPase

nm
nm
nm
at 510 nm
nm in the
nm in the
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fluorgéceﬁég'speétra of ANS in the buffer éIdne'éhdwsvémall-intensities.
but by the éddition:of the enzyme,'thébfluoréscéhCé inéréaées.and the
_ peaks“gjé_Sﬁiftéa,"Theféiis_aVSaturation in fluoréécencé intensity
~ when ali ANS bindin§ sites are occuéied (Fig. 12).:v | |

We were‘unéble fo show quéhdhing‘of thejFDPas¢¥ANS fluoreséence by
adaing FbP, ;g'?GP, ADP'and_ AT?.. This su’ggest_s»that thé.conformaticénal change
due to bihdiﬁg of any of these.ligandsidoes not affeét the hydrophobic
enviotnméht ofvthe ANSfin the protein. Hoﬁéver, we found soﬁe.sensitization
of the pxétein-ANS.complex fluorescence by_Mg++vin agreement with the
bresultsv65téihedLin the study of tﬁe-temperature dependenée éleDPase
fluprescénce'in:the preégnce of Mg++;‘ We conclude that-there is magne-
sium protéin ihteracfion. 
E: DEPCLARLZATION‘FLUOREscéNcE

' Thé interprétatioh:oftthevflubréscénce poiarizatioh spectra is very
difficulﬁ. . The p:oblem starts with the fact that £he electronic structﬁre
of the tranSition around 280 ‘nm iﬁvtryptophén is.no£ Weli.understood} The
poia:izgtibn spectrum of'tryptoﬁhan'a16nelo‘§h6WS tw§'maxima at 270 nm
and at 305 nm;_at 290 nm there is a minimum. Webefrexplains this behavior
by assuming_a special geometrical relationship of the'enérgy surfaces of
two excitéa:singlet states, éo that the 270 and 305 nm peaks'ariée frqm
oné singiéﬁ'state énd.the 290 nm minimuﬁ from the ofhe:. Thé very
uﬁﬁsual obsérvatioﬁ that the polarization factor varies withfthe fluores-
Cenée wévéléngth‘suggests that both singlet states contribute tbjthe
fluoreséénce7.' | |

»Thé-ihtrinsic'factors'influenqing the polarization arg'the gedmétrical

 relationship between absorbing and emitting transition moments, modified



-568~

@

Fig. 12, Fluore5cenc¢>sp§ctrum for activation at 403 nm of 1.2 x 10 0 M.

; . FDPase in the presence of:

=== . 0.05 mM ANS

e esemes 0,1 mM ANS
0.15 mM ANS

—— 0.2 mM ANS

-— 0.25 mM ANS
— ¢ — 0.3 mM ANS
i
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5y its enyironmeni. ’Thé extrinsic factors égntributiﬁg to the depdlarf
'iéation a?e rotatién of the transition dipoles bétweéh’absorption_and
.emissidh‘énd eneréylfransfer mechanisms; If w;s shown by Wébef that
tryptophah.éxcitgd iﬁ the'long wavelength edge of’the.ébsorptién band
'isfnot able to pafticipate in energy tranSferlqg"A'éhahge inhthe
polarizatibn fbr' 295 nm repreéents chénggvin ﬁhé environment’or local
rotation of the fluofesceht.tryptbphén rééidues.  FDPase as a whdie is
toqbbigfaha rotates too slbwiyvfof.éontributing_to dep&larization (Fig.
13) . Energy transfer betwéeh’tr9p£bphan residues'in'pfotéiné was never
dembnétfétéd;.so-é”chahge'in.tﬁé polafi2ation'belbw 295 nﬁ'répresents
change in the environmeht of the tryptophan'reéidﬁes or chénée in energy
transfer:of tyrosine to tryptophan. Figs.'14 tq_20 show tﬁe polarization

spectra of FDPase with FDP, F6P, ATP, ADP, PPi, AMP and cyclic AMP.

In all the polarization spectra the region 290-300 nm stays unchanged

by biﬁding of different molecules except FDP (Fig. 14). FD? has the
strongest effect in the 300-310 nﬁ rééion."The intefactibn of the fluo-
vrescént trfétophan residues withvneighbbfing gréups Changes.dfasﬁicéliy by
conforma£iopa1 change; that is‘also shown by tﬁé7different p values
around 270 ﬁm. The gebmetrical deforqafion probably turns thé angle
of the energy donating tyroSiné residues with the‘engfgy acceptihQ
tryptophan_molecules in a faQorablé direction for’energy transfer.

fGP-has a small'éffect on the polarization'spectra (Fig. 15). The
inhibitoré.ATP, ADP and PPi show big deviatiéns in-the P values at ;hort o
wavelengths, suggesting changes in the energy tfansfer from tyrosiné to
ﬁryptophén; AMP ahd cyclic AMP are not inhibitors ofAspinach.chloropiasts

_FDPase and as can be seen from Figs. 19 and 20 they do not affect the

polarization at shorter wavelenghts; there are only deviations around
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Fig{ 13. The polarization, P, of FDPase as a function of the viscosity-

. _of .the surrounding medium.
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Fig. 714‘..' Effect of E.'DP'on the f_:L»ﬁdres.AcAe'rvxce p_olari'za_tiéh_sgéctﬁﬁn of FDP"asé

ivn’tris--HVClv, PH 8.7, at 22°. | - | : B
— 'Enzymé' (1.2 x lb-s-M) ‘ N ' o !
.o --_:"j-‘-i- -Ehzymev. in the ‘presence of 5 mM FDi? :

— '+ = Enzyme in the presence of 5 mM FDP + 5 mM Mg
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‘Fig. 15.

Effeét of F6P on fluorescence-pblérizatioh spectrum_of»FDPasexin

. =75-

_tfis-HCl{'pHE8.7, at 22°.‘ o .

Enzyme (1.2 X 107> M)

' Enzyme in the,presehée of 5 mM F6P

Enzyme in the preserice of 5 mM F6P and 5 mM Mg ﬁ:
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Fig. 16. : Eff_e_ct“ of ATP: on'fluo;:esc;ence polari.zatio.n: of FDPase in tris-HC1,
. pH 8.7, at 220, o
—-— .. Enzyme (1.2 X 107> m)

-;v-'— .Enzyn'_te ih‘ the pre#enée of 5 mM ATP -

— < — Enzyme in the presence of 5 mM ATP and 5 mM M_g++
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E"f_fe_ét_v of ADP on. fluorescence po],arizatiorx_ bf FDPase in ti:i_s-HCl,V

- pH 8.7, at 22°.

— Enzyme (1.2 X 107> M)

’-v'-.'_j-_-« Enzﬁe_ in the_pré_sénce_ of 5 mM ADP

- == *.—— Enzyme in the presence of 5 mM ADP and 5 mM Mg '~

- m S . - o R i
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Fig. 18. Efféqf:'of_PPi on fluorescence pola;i"i"z'étion' of FDPase in tris-HCI,

pH 8.7, at 22°.
"—— Enzyme (1.2 X 19_5 M)
. - - - - Enzyme in the presencé of 5 mM PPi\

Y : . ' ' ++
— ¢ — Enzyme in the presence of 5 mM PPi and 5 mM Mg
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Fig 19. Efféc£ of cyélié AMP dn.,f‘l‘u‘oz"es.cence pblariéatioﬁ_.of'FDPase_ in
| trls—HCL PH 8'.:7, at 220..; | | :
"""— .-Enzyme (1.2 ><1o"5 M)
... - L i-_‘v_ - Enzyme ‘iﬁ the presence of 5 mM cAMP .

= * — Enzyme in the presence of 5 mM cAMP and 5 mM Mg
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Fig. 20. Effect of AMP on fluorescence pola‘t_ization of FDPase in tris-HCl,"
pH 8.7, at 22°.
. L TN
_— Enzyme (1.2 X 10 ~ M)

' -- --  Enzyme in the presence of 5 mM AMP

' ' . ' 4+
= ¢ — Enzyme in the presence of 5 mM AMP and 5 mM Mg
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Fig. 21. Dependence of fluorescence on FDPase concentration.
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31Q nm: It seems that cyclic AMP and AMP are bound to the enzyme’
_ producing environmental change of the tryptophan residues near the allo-
steriC'siteyjbut they do not produce ‘a conformational change of the enzyme

as a whole..

F. MIXED QUENCHING EXPERIMENTS

.To study:ths sites of fluorescence quénshing by.different ligands
on the eﬁzYmé FDPase, an experiment was designed Qhefé the quenching by
one ligapd Qas:studied in the presencé‘of another'atva éonééntiation which
results .in thé maximum "quenching saturating cbnéeﬁtratiéh."vahé results
can. be concluded as follows: |

: (1? The’fluorescencenof an FDPase solution»which-hss reaéhed its
| quehching’satﬁrationvby F6P Qas’furthér quenchedvbY'FDP.f This indicates
that the site of.quencﬁing of thé substrate is not the saﬁé as that of
‘the product; -Presumaply the’produqt leaves thé site soon after its
formation}tand it exhibits its queﬁchiﬁ% of the enzymic'fludrescénce ét
- a site»different from that of the substrate.

(2)‘fhis assumption is further substantiated 5y observing thét ths
fluorescence of an enzyme which has teached_its qheﬂching saturatioﬁ by
"FDvaas further quenched by F6P. | |

(3) A more interesting obser?ation is that theifluorescencs-of an
enéyme sbiution containing a high concentration (20 mM) sf-the alibsteric‘
affector, pyrophosphate, was quenched in an_identiéal manner to an enzymic
'SOlutioﬁ untreated with pyréphosphate. This is a diiéct snd simpleAmethdd
to detérﬁine the type of inhibit;oh eihibited by a ligand on the_enzyme.vt
It is clear iq our case that PPi“binds and exerts its ihhibitbry effect |
on FDPass at a diffe;ent site from the catalytic site, that is, PPi is

an allosteric affector of spinach chloroplast FDPase.
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Y-RAY EFFECT ON THE CATALYTIC AND ALLOSTERIC SITES AND ON THE
: : it :

CONFORMATION OF CHLOROPLAST FRUCTOSE-1,6-DIPHOSPHATASE

A. INTRODUCTION

Ethm¢s are.bidldgicalrcatalysts which not oﬁly mediate biochemical
reaétions.butkaiso control and regulate the levels and concentrations of
different métabolites in the living cell. Radiation'éffect on enzymes
_therefofe ﬁay be achieved bf'altering their catalytic activity, their
response to their allosteric affedtors, orvboth.._This effect could be due
fo direqt:efféct on the catalytié or allosteric site or due to éhange
in the générhl cbnformatiohvéf the protein. Pihi and coﬁorkérs -
studied X;fay modification of aspartaté transcarbaﬁylase,‘phosphorYIase b
_and‘rabbif liver FDPase and their results indicate that the allOsterié-
function§ of these enzymes were much more senéitivé to‘radiatiqh.damage
thah'weré their cétalytic acﬁivitiés. This may suggest that rédiation
damage-ﬁas greater effect on the.regulafory siteS-than on their catalytic
ractivity 4.

Spina¢h chloroplast fructose—i,6—diphosphatase (E.C. 3.1.3.11)
catalyzes the.hydrolysis of f;u~l,§-P2‘produéea iﬁ the c§rb§ﬂ redﬁction
cycle bf photoSynthésis to Fru-6-P and inorganic_phdsphaﬁe.v Baséham |
and qbworkerss suggested that FDPase in photosynﬁhetic Chlbrella.cells
"iS'sﬁbject to light activation. In this report we investigated the
diréctveffé¢t of y-irradiation én the catalytic and allosteric functions

of spinacﬁ dhloroplast fructose-1,6-diphosphatase.
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' B. MATERIALS AND METHODS

léfcﬁéhicals. ‘Fructose-l,6¥diphbsphate; fructose~6-phosphate, AMP,

‘aDp, ATP;'thsphoglucdsé isomeraseﬁand glhcoSe—GfphbSphéte déhydrogénase' '

were obtainéd;frbmkcal Biochem. Tetrasodium pyrophosphate was erm Allied -

ChémiCals;y‘

j2-;Preé§;$tipn of enzyme. The enzyme was_éfépafed from spinach’:
chlofoplast és.described'by El—Bédfys andrthe homoéehebus‘proteiﬁ'hadJ
a spécifi¢ aétivity'of_ébout 20 units/mg of protein.

‘Prptéin éOnéentration was.determinéd sPeétréphotémetrically by'
'measufing the absorption at 280 nm or by-using_thé Lowry method”of protein
:determinafiqnj. 'Boviné.serum albumiﬁ.was used asvtﬁé standard in each
of fhe tﬁéuﬁéfhods."The enzyme was aSSaY¢d by‘édnplinglthé FDPasé feaction
Qithvﬁﬁatlbf.phbsphog;UCosé'isoherase'and'glugﬁseQGfphpsphéte‘dehydrogenase
and the NADPH’prodﬁced in the reaction Qés measurea'speétropﬁotohetfically

at 340 '6,

3~ Irradiation of the enzyme. Enzyme solutibns-Were irradiated

in Pyrex glass tubeé, Svmm iﬁrdiameter, in th§ preéeﬁée of air at 0°.
The“tﬁbes_'weré placed vertically iﬁ a double.waILvSfainless steel saﬁple
cup surrdunded by cruéhéd ice. The samples were then irradiated in a

- custom made coﬁalt-GO sourcevwhich features radial.a;;angeméﬁt of

16 60Cové1eﬁen£s (slugs C6nt§ining the i#otope in éiemeﬁtalvarm);in

a hbrizon£al plane. The circular arrays can be'varied_in diameter to
chaﬁge:thé intensity\within certain limits.' In these experiments the
cifcie diameter was.6 inches. Theisoﬁrce has ah automatic moving‘étage
'on'which‘the-‘sapple»cup tréVelsbsideways and'upiinto;the’cénter,of the

field. The stage provides automatic rotation of the sample cup about
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‘the .vertical center axis. The 2000 curie, 0Co, Y-ray source emission

was‘at'a'ratevof 2.0 megarads (¥15%) per h.

C. ' RESULTS -

1- Effeetvof irradiatioh‘dn the catalytic function of chloroplast
FDPase. As seen in Fig. l,hy-ray>irradiation affected the cataiytic'
activitybof the enzyme FDPase. We.have not_observed any activation of
'the catalYtic.activity at iower doses of irradiation as wae observed with
thehrahhit'liver ehzymé3f The effect was only damaging to. the catalytic
activity c'f"the enzyme with an ED_, = 250 kilera‘ds»..‘

'To'determine the nature Qf the radiation_damage to the ehzyme;'that
is, whether the effect is on the general cenformatien of the enzyme or
directly.on’the active site, an experiment was.deeigned.in which the
enryme was irradiated in the presence of the euhstrate fructose-1,6-
diphosphate (2.mM), the divalent ion required by'the.enzyme, magnesium
ion (S_mM), or'in.the presence of hoth. n

Fig. 1 shows that Fru-1,6-P_ was most effective in protecting the

2
catalytie aetivity'ofzthe_enZYme. _Fru-l,G—P2 and ﬁagnesium together_

' followed in effectivehess. However, magnesium alone'had the least effect
on protectlng the active site of the enzyme.' Fru—l 6- P2 blnds to the
_sxte tlghtly and is not hydrolyzed in. the" absence of the dlvalent ion .
magne51um. FDP therefore prov1des the greatest amount‘of protectlon.

from.radiatlon damage to the site. ‘Magne51um lon_holds the enzyme in

a conformation which is less sensitive to radiation damage. In the presence

of,both.magnesium:and% 3? protection of the active site from y-radiation
. . L ' L ' ++ . . L
damage is achieved partidlly due to the effect of Mg directly on the

conformation of the enzyme -and partially due to the protection of FDP
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2

Fig. 1. Effect of irradiation on the catalytic activity of FDPas‘é'..

o--0 - FDPase irradiated in the presence of FDP -

O=-- " FDPasé irradiated in the presence of FDP and magnesium

' 0--0  FDPase irradiated in the presence of magnesium .

0--0 - Enzyme irradiated in the absence _o_f ‘ligands v
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to ﬁh? active site by binding to some functional giéﬁps rendering them
iéss.sensitiVeffo fadiatioﬁ.damaée. -Ffu—i,ﬁf?ziéﬁd'magngsiqm'éffér'léssv
prbtéétibn'tpbfhe active site tﬁan FDP aidﬁe, br@bably'bécause'frﬁ—1,6~P2' L
alpnefin‘the absence of magnesium:binds'to thevenzymé without being
hydrolyZea; ﬁbwéVef, in the-presehce of ﬁagnesium'tﬁevsubstrété iévhydro-

lyzed ahd“thé product leaves the site rendéfiﬁg'it accessible to rédiation 

damage. i

'Itvseéms to us thét ihe deé#eaSé in cétaiytic aétivity of chloroplast
FDPase'is'dﬁe'to both tbe direct démaging éffect of the fadiationuonx
;he activeisite.oﬁ the'énzyme, possibly due td thé‘déstrﬁctibn of some
'fUnctiohél_gfoup; in thé a¢tive site, and to ﬁhe effect of thé_radiation
voﬂ_thglconfofmation'ofvthe enzymé. The direct effect on fhe;éétive site
as segn-ffoﬁ'Fig. lihas more dam;ging‘effeci to:ihe catalytic activity
of FDPase.vThebefféct on thé'éonfofMatiénvﬁéy be dué’to the aestructiéﬁ

of the magnesium binding sites,_preventiﬂg the magnesium from binding o

‘to. the ethﬁe, and thus pﬁeventing the formatién of a catalytically_active

" conformation. - ' . L : L !

2; Effeét of irradiation on the allosteric fuhction of.the enzymé.'
Spinach chlofoélast FDPase is inhibitearby the allosteric effectorﬁf
ATP, AbP,'apd pyrophﬁsphate. fb study the effect of Y-radiation'oh the
aliostéric site)viphiﬁipién by ATP was chosen as tﬁe>§éfahetér for deter-
miningrﬁhe‘éffect of y-rays-on ﬁhe allosteric site of the éhzyme;i;The-- . . > ii
anoste;-ic_'functi_on is defined as thé degree of- inhibition by ATP,
exéfeséed;in percent>qf inhibition of the unirradiated‘enzyme. ’Fig; 2
shows fﬁaf,y-irradiation has damagedithe allostefic site and that the

damage to the active site was essentially prevented in the presence of
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Fig. 2. Effect of y-ray irradiation on the allosteric function §f FDPase.
Of-O  'Enzyﬁe irradiated ih the absence of AT?_and Mg+f and
'tested in the absence of ATP |
0--0 Enéyme irradiated in the presence of ATP and Mg++ and
_.tested for ATP inhibition
! : 'D-—tl Enzyme_irradiated in the piesence>9fbATP only and tested
_for ATP inhibition |
é}f{S‘ Enzyme irradiated in the absence of:ATP:and Mg++vand_

tested for ATP inhibition
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tﬁé allostg?icvaffeqtor ATP and the divalent cationimagnesium. ‘The effect
of ﬁagﬁesiumihe;e.is‘probably a dual effect, partially due fo holainé
thé‘eﬁzyme in a conformation which is resistant to radiation damage and
partially dué‘to its effect on ATP; that is, the'éllosteric affector ,.

M§ ATP= is mo:e effective than'apionic_ATP“in‘protectingvthe"allosteric

site from y-irradiation damage.

D. DISCUSSION

RadiatiOn effect on chldroplaét‘FDPéSévWas‘séen to be due to ihree
types of éffécts.

'(l) ihe'éffect on ﬁhe catalytic site of the enéyme ié probably due
to the destruction of some functional groups in_the éctive site. These
' groups could.be involved in the binding-of the éubstrate to the enzymé
.or in the h?&rolysis of the phosphate‘grouP at tﬁé C-l position of the
substrate. This‘direct effect on fhe chemical nature'of'thé activevsige
résultedvin the greatest damage ﬁo the catalytic';ctivitybof the.enzyme;

"(2) The second ‘effect of the Y—irradiation on the enzyme'we'ihterpret'“
as an effect on the conformation of the enzyme. This effect.could be due
to the bfeakage of somé disulfide bonés or othe; boﬁds responsible for
the general>geometry and cohformatign of the eﬁéyﬁe.' More likely though,
this éffgct is due at least partially tovthé destrucﬁiop of ﬁhé magnesium
binding sites on thé enzyme. The deéﬁrucp}on of these Qites.makes the
enzyme~uné£ie to change to a éénformation,which is févorablé to the

catalytic'hydrolysis of Fru-1,6-P, in the presence of magnesium. This

2
effect épuld be thought of as an effect on the catalytic function of

the enzyme due to unfavorable conformation. It can also be explained

as an éffeét_on the site of binding of the allosteric activator, the
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divalent cation magnesium.

o f(3):The third type of effect is an effect on the allosteric ‘site of

the enzyme{:.This effect is mostly due to the destruction of the binding .

sites to which the allosteric inhibitor ATP binds to the allosteric site.

: The effect on the gllosteric site does not seem to be as gfeat as
the effect §n the’catalytic site, as seen from cdméaring the slopes oé
the doségevfééponse curves in Fig;-2, HoWéVer, this is probabl§ dué to
thé sens;tivity_of the. catalytic sife tb the effecg;on the conformation
of the én#Yﬁe causedbby radiation damage, while tﬁé Allosteric site is

not'afféqted as much by the deformation in the enzyme conformation.
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- STUDIES WITH RIBULOSE-1,5-DIPHOSPHATE CARBOXYLASE
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Chapter IV

RIBULOSE—l;SfDIPHQSPHATE_CARBOXYLASE FROM SPINACH CHLOROPLASTS:

AN IMPROVED PURIFICATION METHOD AND EFFECTS OF FRUCTOSE-1,6-DIPHOSPHATE

" A.  INTRODUCTION

) The_éhzyme'ribulosé—l;S-diphosphate carboxylase, RuDPCase* [3-phospho-
D—glycerate>carb6xylase gdimerizinq), EC 4.1.1.39] catalyzes the fixation
of carbon dioxiae,‘in the carbon reduction cy¢ie,_withﬂribulésé—l,s-
diphosphgte fo form two idehtical molecules of 3-phospho;ﬁ—giycerate.. :

Codber and Filmerl have shown that the active species utilized

3¢ Deuterium incorporation experiments

by RuDPCase is CO

, and not HCO

carried out Sy Mullhofer and'Ro;é2IShowéd that deuterium and CO2 becéme

affixed to:carbon atom that was originally the C—é position of ribulose

diphosphate. This finding indicates that the cleavage occurs at the

Cc-2 - C-3 bond of the tibu}ose diphosphate during‘the garboxflation reaction."
The reaction is essentially irreversible® and the enzyme is highly

specific for ﬁuDP, which cannot be replaced by ribulosé-S—phosphate,_ _

ribose-l,S;aiphosphate; ribulose-i-phbsphate or xylose-l,5—diphésphate4’5.

Paulsen and Lane6 have shown>tha£ orthophosphéte and sulfate inhibit

the carboxylation reaction competitively with respect té-ribulosé.diphosphafé.

They also‘reportéd that 3—phosphoglycér§te inhibits éompetitively with

respéct»to_HCO and non-competitively with respect to ribulose-1,5-

3

vdiphoéphate, while ribulose-1,5-diphosphate inhibits at concentrations

greéter than 7 x 10-4 M. Rutner and Lane7 showed that the enzyme is

- composed of two distinct kinds of non-covalently linked polypeptide chains

* Abbreviations: RuDPCase, ribulose-l,5-diphosphate carboxylase.
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Which‘differ in molecular weight and amino aéid éohpositioh;

 Bassham aﬁd-coworkers8 have found thét the pH optimum of RuDPCasé
shiffé fovphysiological'pH with the increase of Mg++ cbncéntration-in "
the assay mi#fure. ThisAmay provide a mechanism of regu1ation of the

enzyme in vivo.

Bassham and coworkers using Chlorella pyrenoidosa cells9 and isolated
dhlorpplastslo and employingvsteady—state_photosyhthetic conditions showed

. that uponlgoing from'light to dark, the rate of CO_, fixation decreased

2

almost immediately. This decrease has occurred in the presence of

sufficient amount of ATP, RuDP ‘and HC03 When the Chldrella cells and

the spinach chloroplasts were illuminated an increase in the rate was
in effect within a very short time. Bassham has explained the. loss of
CO2 fixation upon transition to the dark and its increase upon illumination

as light activation of RuDPCase.

'Wildman and Criddle11 claimed activation 6f RuDPCase in crﬁde extracts

. of Rhoddépirillum rubrum,vsdme-marine algae,vénd‘leaves of higher plaﬂfs_,
upon é#éosure to light at 325 nm. They have:ext;acted a-liéﬁt acti-

» va#ing factor (LAF) from chloroplastS'of tqmato‘leévesAusing cold absolute.

méthanél. Purified toﬁato enzyme did not reépbnd to light; however,

activation of the pu;ified enzyme was échieved in the preséncé of LAFlz.

Sucﬁ indiciatibné of activation'may explain the discrepancies between

the 16& activities of RuDPCasg found in crude.extracts and the higﬁ C02

- fixation rate observed in isolated ghloroplasfs and intact leaves.:

The enzyme RuDPCase has' been isolatédvfrom many sources: Hydro-.

) o ' ' , 13 e :
genomonas eutropha and Hydrogenomonas facilis ~, Rhodospirillum rubrum1

anthhédopseudomonas spheroidesls, Chlorella ellipsoideal6, rice leaves17
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and tomato leavéslz. Several méthbds of isolation have also'been‘repbrted
for spinabh leaf RuDPCase4'5'6’18. Howéver, the_enéyme isolatéd by these
.-methods is reported to bebunstable in the purified form.
In this papef we,report‘a method for the isﬁlation of RuDﬁCase
of considerable stability. The enzyme isolaﬁed fioﬁ.spinach chloropiasts
vby ou? methéd is stable for over six months. in_gddition, our'procedurev'
provides a:@éaps for isolating large quantitiés of the enzyﬁe which was
not feaﬁibie before6 and which is needed fof'kineticbstudies. RuDPCase -
isélated by our hethod has al;ovhigher specific acgivitylthaﬁ‘pfeviou51y
feported4f6. Alsoyiwe.report‘the stimﬁlation by ffuctose—l,6—diphos§hate

at a concentration close to the probable physiological level.

B. MATERIALS AND METHODS

1~ Chemicals. Fructoée*l,G—diphoéphaté ahd ribulose-1,5-diphosphate

were puréhased from Sigma. Commercial RuD? was in the dibarium form
and.was converted té the sodium salt by treatment with'Bio—Rex»?b, sodium
form (obtained'from Biorad Labs). Sorbitol and Zfﬁ—morpholinoethane
sulfoninacid were»froﬁ Cal Biochem. All inorgaﬁic SAIts Were‘analyficai
ieagents;7DEAE-cellulose (Ceilex—D) was frbm Biorad‘Labs.' It was furthér
purified:bf su#pending in water and aécantingrthevfines; For every 40

to 80 grams of the aﬁsogbent;Al liter of 1 N NaOH was added,vféllowed
after 1$ ﬁih by 1100 ml of 1 N HCl. The acidic guspension was filtered
on.a'Buchne; funhel and rinsed with é little water. The résidue,was._r

- again sﬁspénded in 1 liter of NaOH and after 15 min is filtéred again_"
-and washed, until thé effluent was neutral, with distilled water. The
free DEAE-cellulose was éhen equilibrated with 0.05 M solution of-Q.d5

M tris-HC1, pH 7.4, containing 0.00§ M EDTA. The buffer was changed
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several times ﬁntil pH 7.4 was écﬁieVed. Thé adsorbent was stéréd at

4°c in‘a»30f50% suspeﬁsion in tris-HC1, 0.05 M, pH 7.4. Sephédex G-100
was obtained fxom'Pha:macia-fine Chemicals. Glyceraldehyde-3-phosphate
-dehydrogenase (E.é.l.zll.iz)j 3;phosphoglycératé kinase (E.c.z.7.2.35 and
a'-glycerbphbsphaté.dehydfpgenése—triose phosphafe‘isomérasebkE.C.1.1.99.5)

from_éal Biochem.

2-.Assay of enzymic activi;y;: The enzyme was assaYed speétrophoto-
metriballyvin a coupled’eniymétic reaction. Théfreéction ﬁikturev(l ml)
contained;' fris-HCl, pH 8.0, 0.1 M; NADH, 0.12va;-glutathione, 5 mM}
glyceraldehyde~3—phosphate dehydrogenase, 0.25 mé; 3~pﬁosphog1yceréte
kinase, 5 ug; a-glycerophosphate dehydrogenase—t;iosé phosphate isomerase,

125 ug; RuDP, 0.5 mM; ATP, 12 mM; MgCl,, 10 mM; KHCO,, 75 mM; and 10-20 1g

3
of RuDPCase. In this method of assay for each micromole of RuDP cleaved
4 micromoles of NADH are oxidized; this can be followed spectrophotometrically
at 340 nm.
ol - : R 14
Assay of enzymic activity using radioactive KH CO3 was also used.
The‘ébmpleté assay mixture (0.5 ml) contained trisQHCI, pH 8, 0.1 M;

RuDP, 0.7 mM; x4

C03, 0.5 mM (30.C/mdle); MgClz, 10 mM; and 50 ug of
RuDPCase. Thé assay mixture was incubated at 25° for 10 min and wés
stdpped'by the intréduction of 0.05 ml of glacial acetic acid. " The
mi;ture was‘thén spétted on (va 3 inches) pieces of'Whatman No. 1 filter

paper and was counted after drying in a stream of hot air, using a pair

of large Geiger-Mliller tubes with thin windows.-

3- Determination of protein. Protein concentration was'determined
by measuring its absorption at 280 nm or by using the Lowry nmethod of

19 | . e
protein determination ~. Bovine serum albumin was used as the standa{d

in each of the two methods.

It -



-106-

.»4- Disc.gel electrophoresis. The method of DaQidzo was uééd to
analyze féf,the homogeniety of thé protein at thé different stages of
purificatioﬁ. Crbss~1inked polyacrylamide géi aﬁ'pﬁ 8.4 was used. Samples
of 10—20'uivcontaining SO—IOOYﬁg of protein were qsed. All reagents |

used in the procedure: were obtained from Canalco.

C. ISOLATION OF RIBULOSE-1,5-DIPHOSPHATE CARBOXYLASE
Spinach chloroplast RuDPCase was purified by the following method:

1- Source of the enzyme.  Field grown, telativeiy young spinach

leaves wéfe-harvested and immediately stored over crushed ice in polYethylene
bags in lérge icé‘chests. The leavés were deribbéd and washéd with ice-
cold water and were dried between two sponges. .The deribbed leaves were
then chopped and divided into 50 g batches. | |

2- Isolation of chloroplasts. ' Each 50-g batch was homogehized

for 5 to 8 sec in a Waring Blendor with 200 ml of solution A2l (cbntaining

Sorbitol, 0.33 M; NaNO3, o;ooz M; EDTA (dipotassium salt), 0.002 M; sodium

isoascorbate, 0.002 M; MnCl , 0.001 M; KH_PO,, 0 0005 M; 2—N-morpholinoethané

2 4
sulfonlc ac1d 0.05, adjusted w1th NaOH to pH 6.1, and NaCl, 0.02 M)

The blendorate was then forced through six layers of cheesecloth to strain
" out fibrous material.

The'homogenate'was centrifuged at 2000 x g.fér 3 min. The superﬁatant
ﬁas décahted_and each pellet was suspended in lo.ml of "basic buffer“
[0.b5 M tris-HCl buffer (pH 7.4) - 0.002 M dithidthréitol - 0.0062 M EDTA -
0.001 M M§C12]. |

3- éonicafion; The chloroplast suspensioﬁ in basic buffer was
sonicated fdr 30 seé in batches of 50 @%; using the Biosonik (Model BPI,'

Bronwill Scientific Co., Rochester, N,;Y.) at 0°.
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- The sonicated suspension was centrifuged at 36,000 x g for 2 h-
and thé.Supernatant was saved as the crude enzyme preparation (I). .

4- Acetone fractionation. Acetone was added to the crude enzyme

fraction to;g'ébncentratibn of 30%. The a¢eton¢ had”been preéooledrin
‘thé freééér’aﬁ.;l4f and;wasiadded tofthe'crude éhzymé solution slowly -
while stiffing at 4°C. The enzyme in 30% acefone:QAS'élldwed to ‘stand
in:thé cold rqomv(4°) for 30 min and the mixture)was céntrifuged at 13200
X g‘for 4Jmiﬁ. ’Tﬁe Sﬁperngfént wéé brﬁﬁght‘tq 75%.:'Thé enzyme in 75%
aéetoﬁe was éiidWed to stand in the freezér at -14° for 1-2 h. A‘cdpious_
precipitaté,formed and séttléd.towafd-thé bottom of the ;ontéiner. The
-upper layer of 75% acetone solution was decanted. The lower layér coﬁtaining
_ﬁhe precipifated énzymé and some oﬁhér proteins wa§'then éentrifuged
for.l miﬁvét 5000 x g and‘the‘pellets'Were collectéd.‘_

The"éteyish-white precipitéte was Suspendéd in_the'émalleSt possible
~ volume 6fvbasic'buffér_and was dialyzed againéé coldfwater (4°) for 4 .
h. Then»if'was dialyzedlagainét basic buffer tWiqe'for 8 h each time.

The dialyZed mixture was céhtrifuged’ih the Sorvall atv36,000 x.g.
for iO'min’and.the supernatant (II) was saved. |

5- DEAE-cellulose column. A DEAE-cellulose column was prepared

and prgequilibrated with Q.OS‘M tris-HC1l (pH 7;45.‘ The supernatanﬁA(Ii)
was applied;to-tﬁé.column and the.colgmn was washed with 0.0S’Mbtris;

. Hci buffer (pH_7.4). RuDPCase did not.stick to ‘the DEAE—ce;lulose under
thesé.vcbhditions'and most of the activity passed down the column in 
the O;OSvMufris—HCl (pH 7.45 eluting buffer. A considerable degree of
purifiéation was aéhieved by this step since a great deal of.protein

‘other than RuDPCase was removed from the enzyme solution (III).



-108--

_6-‘Ammonium SQlfate fractionation. The broteih eluted ffom the DEAE_
cellulbse‘céiumn‘(III) was subjected to aﬁmonium’sulfate fractiohation.
Eﬁéyme-gradé ammonium sulfate, previously pbwdered by a mortar and pestle,
was added“siowly to the‘énzyme solution with sti:ring. The pH of the -
mi%éﬁfe'ﬁaé mainfained at about pH 7 using ammonijum hydroxide solution
and pa paper as indicator. The prééipitafe'formed at 30% ammonium sulfate
saturatidﬁ was centrifhged at 13,200 x g‘fof 10 min'and wés’disdarded.
Ammonium;suifate poﬁdér was added to the supernatantvto a cohcentration

.Of 40% saturation énd‘thévprecigitatebwaszéolleCted by centrifugation.'
_at 13,200 x g for 10 min and wés dissoived in a astorage buffer" cdntaining

, pH 8, 0.1 M; and MgClz, 0.005 M (IV).

tris-HCl, pH 8, 0.1 M; KHCO,

7f Sephadex G-100 column. A Sephadex G*lOO columh was'prepared_‘

and wasApre—equilibrated with'the'"storage buffer”". Fraction (IV) érbtein
was appliéd'to the cblumn and was eluted with-the same buffer. Tubes
conﬁaining RuDPCase activity.were pooled and thé protein was concentrated
by dialyzing against a saturated solution of ammonium sulfate pré—adjusted
Qithvammoniﬁm hydfoxide to pH 8 (using pHydrion paper). The protein
precipitated in fhe dialysis tubing énd the suspénsibn mixed witﬁ it

was remo&ed from thé dialysis tubes and the precipitate was collectea

by centrifugation at 36,000 x g for 20 min and was dissolved in basic

buffer and was dialyZed against storage buffer twice for 8 h each v).

. D. HOMOGENEITY OF RUDPCASE

"Fractions (IV) and (V) were examined for protein homogeneitywv Fraction

(IV) contained one major band of protein and minor traces of two other

bands. Fraction (V), however, was homogeneous and showed only one band

of prdtein which is RuDPCase.
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TABLE I

..PURIFICKTION OF SPINACH CHLOROPLAST RIBULOSE—l,S%DIPHOSPHATE CARBOXYLASE

‘Fraction - Protein concentration Specific activity Yield

(mg/mi) ' . (ﬁhits/mg protein) (%)

I Sonicate supernatant - 10 o 0.51  ' 100
11 Aceton¢ fraction 21  ‘ S 1.30 -89
III DEAE-cellulose column 7.5 - 2.20 60

IV 30-40% ammonium sulfate
fraction 12 o . 2.75 | 38

V Sephadex G-100 column 15 3,32 o 27
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V _E. EFFECT OF FDP ON THE ACTIVITY OF RUDPCASE

Fructose-l 6—d1phosphate (Fru 1,6-P ) whlch is- the substrate for
the enzymevfructose—l,6-d1phosphatase (EC3.1.3.11).1n “the photosynthetrc
carbon redﬁction'cycle, was-found to have an activating or'Inhibiting _
effect-on the enzyme RuDPCase, dependlng on both the concentratlon of'
FDP and magne51um 1on in the assay mixture. Flg. 1 shows that Fru—l 6-P2

increased the RuDPCase activity by 180% at 1 mM magnesium and at an

Fru—l,G?PZ”conoentrationlof 0.4 mM. At;hiéher concentrations of Fru-1,6-P

~ the activating effect on the enzyme disappears, and no inhibitory effect

on the enzyme is seen if the magnesium ion concentration in the assay
mixture is low (1'mMY. As the magne51um ‘ion concentratlon increases:

the activatlng effect of Fru—l 6-P on the act1v1ty of RuDPCase decreases.

2

Thelactivation by 0.4 mM Fru-1,6-P2 at 1 mM is more than twice that

L ‘ ++ . v : a
achieved at 5 mM Mg and approximately six times that achieved at 10

mM magnesiun'ion. At 40 mM magne51um Fru—l 6- P becomes 1nh1b1tory at
all levels of FDP concentratlons.- |

Thehcurve for ﬁubPCaSe aotivity vs. Fruel,G-P2 concentration is
siightIy sIgnoidaI in nature. The sigmoidal,natnre_of the;curvefislmore'

apparent at highervconcentrations of magnesium, especially at 10 mM (Fig.

1). At 40’mM magnesium, FDP becomes inhibitory at:all concentrations.

These observations may indicate an allosteric effeot of Fru-1,6-P, on

2
RnDPCase22.

F. DISCUSSION
The 1solatlon procedure reported here can be easily adapted to
the isolatlon of larger quantities, and is convenient for simultaneous

isolation of some other chloroplast enzymes, such as FDPase23 and pyro-

' phosphatase24. The use of bicarbonate during ‘the enzyme preparation

and in the storage buffer leads to greater enzyme act1v1ty and stablllty.

2




Fig. 1. Effeci.:. _o_f >EDP on the activ’i_'ty.'o'f' Rgbpéase-. at ,Aiffereﬁt |
) ma_tgnééium lev.é'ls.. o -
SR
-0 5 mM Mg“_
| D—-D 10 mu mgtt

O--0 40 mM Mg



-2-

300 |-

_ I
Q9
O
2.

(%) ALIAILOY 3AILV13Y

mM FDP

XBL 7012-4304

Figure IV-1"

~



_;13-

That’_Fru—l,G-P2 exhibits activation and inhibition of RuDPCase aétivity

may indicate an interaction between two requlated steps of the ‘carbon
reduction cycle. Thus we see an effect of FIUfl)ﬁ-PZ on'thé'activity

oszuDPCése, while there is an activating effect by bicarbonate on the
activity of ffuctdse?l,6-diphosphatase23. The reactions catalyzed by

these two-enzymes are_cbnsidered'to'bé coritrol points in the carbon
» ol 9,25-27 . I :

- reduction cycle. Interaction between the substrate of each of

' these enzymes with the activity of the other may prove to be an important

aspect ofArégulation'of.photdsynthetic carbon metabolism;

The level of Fru—1,6-P2

in Chlorella pytenoidosa phbtosynthesizing

under.steady-staté conditions has been estimated at 0.1 mM25, There

is evidence that the level of Mgf+ ions in the 6shotically—responding

28. Thus the

' space of spinaéh chloroplasts may be as High as .16 mM
: ” o v : + .
activation of RuDPCase by 0.4 mM FDP at 1 mM or 5 mM Mg +, or by 0.6

mM FDP at 10 mM Mg +, is not far from physiological 1levels.
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CHAPTER V

CHLOROPLAST INORGANIC PYROPHOSPHATASE

PURIFICATION AND PROPERTIES OF THE ENZYME
A. INTRQDUCTION_

Enzymes which hydrolyze inorganic pyrophosphate (PP )ﬁ"
to orthophosphate have been found to be widely distributed
in animal,_plant, and bacter;al systems1_18.' However, the
enzyme, obtained from previously iSolated chloropiaSts, is
required for studiee'of the'possiole rolevof this'reaction‘
.inbphotoSynthesis. For example, if cthroolast pyrophospnataSe
activity is subject to metabolic regulation, thisecontrol
'might be effected by a different meane in the-photosynthetie
system{ﬁhen in_other metabollc systems. This is the,case '

19,20 ye report here the finding

for fructose diphosphatase
of alkaline pyrophosphatase activity in previously 1solated
spinach Chloroplaets, methods of purificatidn and characteriza-
tionvof the'enzyme, and the dependence.of its activityfon

Mg++ ion concentration and pH. Simmons and Butler2?

found
that maize leaves contaln alkalilne inorganic'pyrophdsphaﬁase
activity,lwith a specific requirement for Mg++ and‘a pH

‘optimum between 8 and 9.
B. MATERIALS AND METHODS

1. Chemicals. Tetrasodium pyrophosphate, Allied
Chemical AMP ADP ATP, TPP, p—nitrophenylphosphate, Cal

'Biochem, grade-A, fructose-l,6ediphosphate, sodium salt,
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Sigma Chemical Co. All inorganic salts wéré-analyticél

reagents.i_

2. EnZyme assay. The enzymétic hydrélysi$4of inéréanic
pyrbphosbhate was determined 1n a i ml rééctidﬁvmixturé
_contalning 2 mM tetrasodium pyrophosphate, 50 mM Tris buffer
(pH"7-9);f51to'uo m MgCl,, 5 mM EDTA, and the required
:amqunﬁ of the'enzymé for obtaining a détectab1e amouht of.
Orthophosphate- The reabtiéﬁ'was stbpped by the introduction
of O.llml_df'SO% trichloroacetic acid in aqueous solution
and'thé'prdtein waS-spUn>dowh. Aliquoté_éf,tﬁe supernatant
‘were'uséd’fbr analyzing the releasedvorthophosphaté by the
method of Fiske and Subbarow-1222,

3. Protein determination. In the process of'enzyme

purification, in order to determine thefspeéific activity
of the enzymé, protein determinations were carried out using
UV-aBsOrption aﬁ 280 nm for preliminaryiestimatiOn.“-The_
_LdWry23 méthod'of protein determihatibn'waé used for more
precise:reéulté. Bovine serum albﬁmin-waé;used as the

standard in each of the two methods. -

C. RESULTS

"1('.Isolation of the enzyme inorganic_pyrophOSphatase.
Spinach chloroplast lnorganic pyrophosphatase (PPase) was

Esolated using the followingmethod:

a. Source of the enzyme
Field—grown spinach‘léaves were harvested and‘

immediately stored over ice in'polyethyléhe bags in large
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ice chests. The’leaves Wereideribbed'andeashed with ice-
‘cold nater’and were dried"betWeen'tWO sbongés The deribbed
'leaves were then chopped and divided into 50 gram batches

b}' Isolation of chloroplasts

Each 50 gram batch was homogenized for 8 sec in a‘
Waring blendor with 200 ml of solution AZM (containing :
0.33 M sorbitol 0.002 M- NaNO3, 0. 002 M EDTA (dipotassium
salt), 0.002 M Na isoascorbate, 0. 001 M Mnc12, 0.001 M

‘MgC1l 0. 0005 M KH POH’ 0. 05 M [2 N Morpholinoethane sulfonic

23
acid] adjusted with NaOH.to-pH 6.1, and 0.02 M NaCl. The
blendorate was then forced‘through‘sixllayers of cloth to )
strain out fibrous material‘ﬁ |

The homogenate was centrifuged at 2000 x g for 3 min.
‘The supernatant was decanted and each pellet was suspended
_in 10 mlvof "basic buffer" [0.05 M Tris buffer, pH,7.4,
0.002 M.dithiolthreotol (DTT), 0;0002_M EbTA, and 0.001 M
MgC1,1. e IR |

pc.‘ Sonication

The chloroplast suspension was sonicated for 30 sec
in batches of 50 ml, using the Biosonik (Model BPI, Bronwill
'Scientific Co., Rochester, N. Y ) at 0°c. ‘ |

The sonicated suspension was centrifuged at 36 000 x g .

:for 2 hours and the suspension was saved as the crude enzyme'

preparation (1).

d. Acetone fractionation
Acetone was added to the enzyme to a concentration
of 30%. The acetone had'been precooled in the freezer at

1"

d

a
1
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_-1“°G and'waS’addedbto.the»crude enzyme solution slole.
while stirring at bec. The enzyme in 30% acetone was allowed
to stand in the cold room (M°C) for 30 min and the mixture
was centrifuged at l35200_xvg for 4 min._ The‘supernatant was
: collectedfand the acetone-concentratiOn indtne supernatant
was‘broughtitov75%; -The enzyme in 75% acetone.was allowed to
j stand'in}tne freeaer at 414°C for 1 to-2_hours.. A copius
f precipitate formed and settled toward the.bottom of the
_container; ‘The upper layerxof.75% acetone solution was
decanted,‘IThe lower layer containing,the_precipitatedvenzyme
andrsomedother proteins was then_Centrifuged for l»min,at
5000 x g and the pellets were collected. |

The greylsh-white precipitate was_suspended.in,the !
smallest possible uolume of basic buffer and was dialyzede
against'coid water (l4°C) for H’hours}' Then‘it Was dialyFed
_against'basiC”buffer twice, for 8rhours‘each’time ’

The dialyzed mixture was centrifuged in the Sorvallm at
:36 000 x g for 10 min, and the supernatant (II) was saved

. First DEAE-cellulose column

A DEAE—cellulose'column was prepared and pre-
equilibrated with 0.05 M tris-HC1, pH 7. The supernatant was
appliedbto'the column and the column was washed‘with O}Oé M
.tris HC1 (pH 7.4) buffer until no more protein was found in
the eluate Then the column was eluted with a buffer
_ containing OQIS'M tris—HCl'anan.28_M NéCl_(pH'7.u) (III).

f.  Second DEAE column

The protein eluted from the first column (III) was

diluted to bring the salt concentration down to 0. 05 M and

it I . o .|
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'was"'applied to a DEAE column’vthat.'-hadﬂ been :e'q’uilibra_ted with
0.05 M t'.r‘.i's'-HCl, PH 7. Avg'rad'ient of 0. os"m Na’ci' ana’-%

0. 05 M tris buffer (pH 7.4) to 0. 15 M tris HCl and 0 5 M
NaCl (pH 7.4) was used for elution, and fractions that
contained pyrophosphatase,activity were pooled (IV).

| 'The'specific activity of the'purified.enzyme (IV):was
increased 100 fold (see Table I) as compared with the total

soluble chloroplast protein (1).

2. Stabilization of pyrophosphatase:activity;_'Among
'the sulfhydryl reagents used,leTrhad thelgreatest stabiliz-
ing'efféct'on‘the enZyme~t Glutathione at a‘comparable'
molarity (0. 002 M) also had a good stabilizing effect |
nThe enzyme is very stable in tris HC1 buffer at a pH of 6 to
| 9.5. EDTA is needed at a concentration of 0 0002 M to
stabilize pyrophosphatase activity. EDTA at the relatively
high concentration of. 0. 002 M was - tolerated by pyrophosphatase
vThe high concentration of EDTA was~essential as a bacterio— |
static agent in the storage solution'g Among all bacterlcidal
.and bacteriostatic agents tested, EDTA at 0.002 M was the

most satisfactory Pyrophosphatase activity remained

unchanged for two months in 0. OS M tris buffer, pH 6 2, 0.002 M'

VEDTA 0. 002 M DTT at O°C However, pyrophosphatase activ1ty

was not decreased after heating for 20 min at 60°cC.

3. Effect of substrate concentration on the activity

IOf pyrophosphatase at different Mg++ ion concentra-

-tions and the corresponding pH optima. This experi?

'ment was designed to study the substrate effect at two dif-
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TABLE I

Purification’of Spinach Chlordplast Inorganic 

"nydphoSphataée

A unit of . enzyme activity is that amount which
will hydrolyze 1 umole of PP1 per min in the descrlbed assay.

‘ Eraction Protein Specific Activity Yield

~mg/ml  units/mg protein %

I Soniéaté supernatant | 10 o | 12 100

II”ACetoné fraction-  ' 20 - 230 :'“ : | 57

., III First DEAE-cellulose 10 520  4g
~column _ ' - : | ,

viV oecond DEAE—cellulose: 6 1230 . 42

column
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‘ ferent Mg ion concentrations These were Mg + concentra—

tions of 5 mM at pH 9 and HO mM at pH 7. The enzyme concentra—

tion was constant and the only variable in this experiment

was the concentration of the substrate inorganic pyrophosphate.

. It was. found that pyrophosphatase was inhibited by the sub-
;strate at_higher concentrations (Fig. 1). At 5 mM Mg

concentratiOn andva’9,'the optimum pyrophosphate concentra—.

~tion for'maximum pyrophosphatase'activityuwas 5 mM. ‘At pH

7 and'hi'gherng"'+ concentration, the optimum substrate concen-

tration'uas also 5 mM; however, only slightdinhibition'of |

perphosphatase'actiVity was observed at higher suhstrate

concentrations.’ This observation cOuid”be‘taken tobindicate

. that Mg++~exerts'an effect'on‘the substrate. Maénesium5

. pyrdphosphate'may:be the specific”substrate for the enzyme

'and anionic pyrophosphate itself an inhibitor - Thus the

higher magnesium concentration would result in the availability

of a higher concentration‘of the specific substrate magnesium

pyrophosnhate and therefore would counteract the effect:of'

.the competitive inhibitor anionic inorganic pyrophosphate.

ﬁ.r Effect of Mg++ on the pH optimum of pyrophosphatase.
In st#inng-the'effect of Mg++ ion.on the pH optimum for
‘inorganic7pyrophosphatase activity, Mg++ concentrations of
5 mM to 40 mM were used and the pH of the reaction mixture
was varied from pH 7 to 9. 5 Figure 2 shows the shift of
‘two pH‘units from an optimum of pH 9 at a magnesium ion -
concentration of 5 mM to an optimum of pH 7 at 40 mM Mg
The effect of Mg ++ 1on on pH optimum could be due to one or

both of‘the foilowing.factors:

;o




. Figure 1.
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':Effect of pyrophosphate concentrations on pyro—
}}phosphatase activity at two levels of magnesium_

'}iion concentration, 5 mM Mg (o————o) and. 40 mM'

: ++

Mg (A————A) concentrations. Assays were,

"carried out in 1 ml of assay mixture containing

) 40 mug of Fraction IV protein._4:
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Effect of magnesium ion concentration on pH optimum;

Assays were carrled out in 1 ml assay mixture

'containing UO mug of Fraction IV proteln

‘toe-4eo; 5 mM Mgtt D———%j 10 mM Mgt t

20 mM Mg f;tand»Af++eAé:uo m Mgt

I * . S AR T A TR
| o : e : .
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~a. The effect of M_g++ is on the substrate. That is,
:the'substrate for the enzyme’is’not free pynophosphate'anion,
but magnesium pyrophosphate. | - | }'_ | f f
b. Magnesium ion exerts its effect directly on the

++

enzyme}. That is, Mg alters the conformation.or the ionic

properties of the active site of‘the!enzyme pyrophosphatase.
The'direction of the shift in pH optimumfseems‘to favor the
asSumption that Mg++ affects the enzymevas‘wellvas the sub-
strate{'gOne explanation could be that Mg++ helps cover some
negative chafges'near-the active site at pH 7 which interfere
. with the accessibility of the active site to the substrate.
If,'at pH 9, the conformation of the enzyme has changed so-
'Athat the negative charges are removed'from the vicinity of
the active site, Mg++ would be needed only to make the
.specific substrate, magnesium pyrophosphate. Thus, theSe
results.suggest that Mg exerts its effect on both substrate
and enzyme. | - - | |

The effect of 1ower concentrations of magnesium ion on
. the pyrophosphatase activity was determined in an assay
mixture containing 2 mM tetrasodium pyrophosphate, 50 mM
Tris-buffer at pH 9 in the absence of EDTA. However, 5 mM
of EDTA was found to have no effect on the enzyme activity
~-at all levels. of magnesium ion concentration. The sigmoidal
' dependence of enzyme activity on low concentrations of Mg++
ion'(Fig. 3) provides evidence of an ailosteric effect of

25. -

.Mg*+ 1on on the activity of the enzyme Anionic'pyro—
phosphate may - have also contributed to the sigmoidal shape

+
of the,curve at low Mg ion concentrations,

bEi



' Figure 3.
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| Effect of lower concentrations of magnesium ion
on the activity of pyrophosphatase. Assays
~were carried out in 1 ml mixtures containihg»

40 mug of Fraction IV protein.

S Y SO

i
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‘5. 7Effect-of'cations-on pyrophosphatase activity., Anong
the 12 cations (Table II) tested, only Mg** markedly stimulated

the activity of the .enzyme pyrophosphatase, Au +, Fef+f,

cott, Ni**, cd**, and cat?t had 'no activating effect at " low
concentration and an inhibitory one’ at higher concentrations.
No activities for hydrolysis of ATP, ADP, or TPP were B
induced'by’presence of Zn A or Mn + ionsﬁas Was found’for
pyrophosphatase from yeast26. None of the cations tested
could replace or match the activating effect of Mg \ad on

pyrophosphate

6. Effect of anions on the actiwity of.pyrophosphatase.

In testingffor'the effect of.anions'on'the'actiiity of pyfb-
phos'phatase,'Mg"'i+ was always present at a concentration of

5 mM. The'pH.of'the'reaction medium (0.05 M tris-HC1l) was

9 and pyrophOSphate was'present.in sufficient amounts (2 mM)
to yieldfdetectable quantitiesfof'inOrganic orthophOSphate‘ |
product; Thehanionstf,vBr—g c1, 17, Soz, and HPOvaere‘:
tested individually at a concentration of 5 mM. Oniy'F‘ was
found to_have an inhibitory effect on the'enzyme in the
presence of Mg'' (Table III). The effect of F~ may be due
_to'prevention of Mg++ ion activation of the pyrophosphatase
c enzyme due to the low solnbility product of MgF2; ' The
fluoride inhibition was striking

7. Specificity of pyrophosphatase. In order to deter-

{ mine the specificity of pyrophosphatase, different potential
substrates were_ incubated with the enzyme at pH 9 and in the
presencenOf 5 mM Mg++; The reaction was run_at room tempera-
“ture for 20 min. Pyrophosphatase was found to be very |

I

|
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TABLE II

Effect of Cations on Pyrophosphatase Activity"

mumoles of Pi'Released/ml*/min

Ca

Cation - . . _ . L '
. 5 mM cation 10 mM cation 20 mM cation 40 mM cation
Mgt 3¢ 32.5 30 26
mntt 2.1 1.5 1.5 1.5
zntt 2.75 2.0 1.0 - 1.0
pettt 0.5 0.4 0.25 'o{os
cot™ 1.6 1.1 1.5 1.6
Nttt 1.25 1.0 - 1.25 1.0
autt 0.53 0.5 1.0 1.0
catt 1.0 1.0 1.0 C1.s
ot 1.5 1.0 0.75 1.25

- - : :
Containing 40 mpg fraction IV protein.
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" PABIE IIT

Effect on Anions on PyrophoSphatasebActivity

mumoles of Pi released/ml*/min

Anion . _ ' '
' - .5 mM anion 10 mM anion 20 mM anion: 40 mM anion

o 3.85 | 3.5 1.25 0.5

ci’ ' _31.5" ~ 29.5 : 30.0 27.0\ _ o
Br.  31.5 28.0 27.0 ~ s0.0
T sls 28.0 27.0 . 29.5 | -WL

SO 26.5 .  25.0 27.25 = 23.0

4 .

Containing 40 mpug fraction IV protein.
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-speéifictfor inorganic pyrophosphate; Whenttestéd at pH 9

~and 5 mM.Mg++; pyrophosphatasé was inactiVe’thafd-fructose—
1 6;d1phos§hate, ATP, ADP,»th;aminé pyrophosphate, ahd_'afa—’
nitrOphenylphosphate | | v ‘

8. Effect of inhibitors of CO., fixation on the activity

2
'.of pyrgphospbatase. In studyingAthe effect_of

sévéral'inhibitOrs of CO, fixation on*pyfophoéphatasé‘
éctivity,-optimum,conditions for enzyme activity were_employéd
(pH 9, Mg-""+ concentration of 5 mM, 4 mM'pyrophosphate) and

the reaction was run at room temperature. - Vitamin KS’

caprylic acld, and the natural spinach inhibitor (factor B)S1

were tested. Vitamin K5’ caprylic acid, and the spinach

‘Jﬁice factor Showéd no inhibitbry‘effect on the pyrophosphatase
activity. AMP, ADP, ard ATP in the presence of Mg'' fail to
exert any inhibitory effect on catalytid.actiVityTof the

énzyme towards pyrophosphate in contrast to the enzymeifrom

E. eo1112, B

'D. DISCUSSION

-Thebfinding of Mg++ dependeht, inorganic pyrophosphatase
in previouély isolated spinach chloropléSts.supports the
proposal that the iéVel of PPi inside the chloroplasts 1is

controlled within the chloroplasts. The dependence of the

++

pH optimum on Mg' ' level in the range of 5 mM to 4o mM shows

some similarity to the behavior of fructose-1, 6= diphosphatase20

(E. C 3. 1 3.10) and of ribulose diphosphate carboxylase27

(E.C. 4.1.1.39), both of which exhibit Mg ** dependent shifts

in pH optima over about the same range of pH and Mg tt

i, . §

|
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~concentration. The abSolute changeAin activi£ies;with.pH
and Mg++vébncentfatidn are différentvfbr éabﬁibf'tﬁe'thfee
'énzymes. _ | | |

‘It has been.suggested that the_mechanism of 1ight—dark
regulatiohwa diphoéphataée and cérquylase enZymeé of thé
‘ cérbdn'réduction cycle might dependﬁoh chéngesvih“Mg++ |
ion cbﬁéentrainn ahdleffesulting from light4pumping'of
ions through the thylakoid membranes, leading td'a'higher
pH and‘Mg++’10n'conCentration in the stroma regioﬁ of the
chl¢ropiasts 1n.the'light28. Light—induced*pumping of
these ions in chloroplasts has been fepoftéd29; But unfor-
’tunately'ihformation about the possible changes induéed‘in

the stroma region of intact chloroplasts is not available.

If the suggested mechaniSm'is'coréct, and if pyrophosphatase -

is regulated, then a similar mechanism might be responsible
for pyrdphosphataéevregulatidn{ OthefwiSe, ﬁﬁé.Mg++4pH |
dépéndenCé”might be an indiéatibﬁ”of'other; m6ré specific
allosteric pfoperties. In any event; any regulation of
pyrophééphataSé in chlordplasts'wduld'be'effécted by a
'différentfmechanismvthan that found ih Othér systems,lsince
the acti&ity of the enzyme in chloroplasts is unaffected by
ATP, ADP, or AMP. | '

Iﬁorganic‘pyrophosphate added to a suspension of

isolafed'spinach chloroplaéts stimulates the photosynthetiC« 

- 24,30
2

tion of factors isolated from spinach leaves depends on the

reduction of CO . The inhibitory effects on such fixa-

ratio df added pyrophosphate to addedvfactors3l,v The level
of 32

1l

P-labeled pyrophosphate in Chlorella pyrencidosa which -
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have;beenbphotosynthesiZing in the presencehof_32P—labeled‘
' inorganic phOSphate changes'suddenly during the transition
from light to dark32;‘and'a1sovin the 1ight upon the
addition of fatty acids_Which'are;knoWn to cause changes in
thecactivity’Of regulated enzymes'of.the carbon reduction
cycle and inhibition of photophosphorylation33.' Furthermore,
the addition of - octanoic acid causes a transient increase
in pyrophosphate at the same time that the.level of ATP
declineSfand while the synthesis of carbohydrates and PPi
in‘the chioroplasts must be presumed to decrease. |
Therpresence of PPi in the green tissue at levels
comparable to those of other metabolites suggests that the
-activity.of inorganic pyrophosphatase may'he'limited, and
thus possihly subject"to regulation. The rise in PP, level,
along with the inactivation of two regulated enzymes,
fructose diphosphatase and phosphoribulokinase, upon addi--
tion of octanoic acid also suggests pyrophosphatase regula-"
‘tion. Since Pfi itself appears to affect_other biochemical
activities, control of its level.through‘the action of a
reguiated pyrophosphatase could be part of,a feedback control,
from'carhohydrate synthesis to CO2 fixation rate,»or through
the distribution of carbon fiXed by the carbon reduction
_cycle to nOn-carbohydrate biosynthesis,.’ o o
it seems likely that properties of pyrophosphatase.y
enzyme‘in some tropical grasses (maize, Sugar cane, etc.)

34

which contain a special 002 fixing pathway may be different

- from properties of the enzyme in spinach and the maJority of
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green plants which doAnot'contaanthis'Spe¢ial}pathway.  Such

‘a difference would be due to the fact that PP, is formed in
one step of that sPécialVpathWay,-dUrihg]the pyruvate in-
_ _ 35 - Y .

organic phosphate dikinase réaction_ .. Nevertheless, the

'propertiés-of the purified enzyme isolated.from,spinach

‘chloroplésts are similar in some respects to prOpertiés
T 7 v i
described for pyrophosphatase activity in a homogenate of

maize leaves20,
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' ELECTRON PARAMAGNETIC RESONANCE STUDY OF‘THE
INTERACTION OF NITROXIDE RADICALS WITH

SPINACH CHLOROPLASTS
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CHAPTER VI

INTERACTION OF NITROXIDE RADICALS WITH THE ELECTRON TRANSPORT
CHAIN IN PHOTOSYNTHESIS: RELATION OF STRUCTURE TO ACTIVITY
AND ELECTRON PARAMAGNETIC RESONANCE STUDY OF THE MECHANISM

OF ACTION

A. Introduction .

‘Nitroxide free.radicals are uSeful labels in studying
molecularIStructure andvbiologiCal function. They possess
’_great‘sensitivity to changes in the'local_environment and an
g.ability to monitor very'rapid'molecular motiOn-in addition
to monopolizing-the role of‘probing‘tnevenvironment with

1- 5. Nitroxide radicals

»their electron paramagnetic signals
have been used to probe the conformational changes at specific
sites of biological macromolecules, as their EPR spectra
provide 1nformation aboutvthe'rotational freedom at the |

2’3; Thus information is obtained about

sites in question
the local viscosity at a site and the changes of this viscosity
with cnange in conformation. Nitroxide free radlcals'have
Avbeen usedito prove conformational changes'in proteins and

nucleic acidsl_8 and for studying the deformations of nerVev

95 10.' Furthermore; the radicals

membranes during excitation’
have tne'special property of being equally useful in
optically.transparent as well as optically»opaque solutions?.
In this chapter we_have studied the interaction of
nitroxidegradicals with isolated chloroplasts and theveffect

of the radical structure on the potency'of the nitroxide ;
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radicals as Hill oxidants and as inhibitors of CO,

fixation.

B. MATERIALS AND METHODS

i.’ Isoiatidn'of'chlérdplasts. Young'spina¢h'plants'
were obtained from a nearby férm,‘ahd the'leaves wére
immediatély cﬁilled on ice and kept on ice until use. The
sbinach‘ﬁsed for some éxperiménts was grde in growth
chamberSIUﬁderrlight conditions simulating ah eight—hour
déy and sixtéethour night at a temperature of 155C.

-Chlbfoplasts were.isolated either by the method of |
Jensen_and‘Basshamll'br by a modification of this méthod
using sucrose-tricine buffér.-‘In the method of Jenseﬁ and
- Bassham, ééch of three sblutiohs'uséd in the iSOIation'aﬁd
aséay of chloropléstsvbontéined"the foliéwing: 0.33 M .

Sorbitol, 0.002 M NaNO,, 0.002 M EDTA (dipotassium salt),

3’
0.002 M isoascorbate (added just before use to avoid its

5> 0.001 M MgCl,, and 0.0005 M

oxidation), 0.001 M MnCl
KHQPou( ) | |

~ In addition, solution A contained 0.02 M NaCl and 0.05
M MES, adjusted with NaOH'to pH 6.1; solution B contained
0.02 M NaCl and 0.05 M HEPES, adjusted with NaOH to pH 6.7;

solutidn C contained 0.005 M Na,P .10 H,0 (added just

207 |
before use) and 0.05 M HEPES, adjusted with NaOH to pH 7.6.

All solutions were stored at 4°C.

Solution D, which 1s used in the alternate method to

1

that of Jensen and Bassham, contained'O.SFM sucrose and 0.1

M tricine, pH 7.6.
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‘5The procedure fof making‘Chloroplasts can be summarized

as follows: ”tén gramé'bf spihachzleévés'Wéré'Washéd, the
"midribs Wefe removed, and the blades were siicéd With a 
scalpéi‘on a:glass platé;]_Thééé'Slices ahdﬂ30 m1 Qf'cold‘_
soln. A'(H?)’Were placed in a semimicro Mdnel hombgéniziné
Vesselsbn avwaring-bleﬁdor and blended for‘5,séc at high
speed.-_The slurrvaas'filfered'uﬁder'miidjbréésure througﬁ
six layers of éheeéécloth‘(42;threads‘per 1hqh),‘and the
résultingvjuice was'centfifuged.for 50 sec at éCOO.xvg.

The peiletAwas suspended‘in_solh.‘B at 0°C;'to give-a suspén—

sion which contained about 2 mg chlorophyll/ml. This suspen- -

sion was.uséd within two hours, to'ass'ay‘CO2 fixation,

_oxygen evolution, or radical decay. Soln. D was used in
place of solns. A, B, and C, in an alternate method using

the same procedures described above.

~ 2. Assay of ﬁhdtoSynthétié raté.u:Spinach chloroplasts

wéfeféssayed>for the rate of'photOSyntheSis in the presence

of various additions és desc‘ribed';")'r"e's}'ious’ly.11"12 A

typicailexperiment starts with the injection of 25 ul of

. chloroplasts susﬁended in soln. B to'each of‘sévefal 154m1.
round-bbftom flaské stoppered with serum caﬁs énd containing
usovﬁl'ofvsoln. C. The flasks are mountéd on a.shaking

rack and illuminated from below in a 20°C bath as described

11. The chloroplasts in the swirling flasks are

14 1abeled bicarbonate is added

-beere
- preilluminated for 5 min;

and photosynthesis 1is allowed to continue for another 5

minutes. The reaction is terminated by the addition of 4.5 ml
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. ofhnethanol'tO'each!flask. |
| In’orderlto'measure the:tOtal 1MC fiied;by isolated{.

chloroplaSts;Van aliquot'of‘the"chloroplastfmethanol nixture
is'spotted‘on‘a piece'of filter'paper; treated with"acetic
'acid, dried,'and its radioactivity measured 1in a'gas—flow
~ counter. From the known:counter‘efficiency'and the specific’
activity of the L4 used,-’the ar.n_ount of CO, fixed in the
5-minute period 1is calculated, :_A' |

The amount of chlorophyll present is determined by
extraCting an aliquot of‘the'Chloroplast suspension in
soln. B with 80% acetone and measuring its absorption at
665 and 649 nm, as described previously13{o'

‘The rate of photosynthesis (umoles f1xed per mg
chlorophyll/hr) is calculated from the chlorophyll content
and the CO, fixation data.

2
3.’ Measurement of photosynthetic product distribution

An aliquot of 500 ul of each chlorOplast—methanol suspension
was‘spotted on_chlomatographic paper and subjected to two—
dimensional elution in-phenol/acetic acid/water and_butanol/}
prOpionicuacid/water.solvent systems as described elsewherelu.'
lehé spots were detected by'autoradiography and were

counted1semiautomatica11y by a gas+flow'counting device.d

‘H.» Measurement of oxygenrevolution. Oxygen evolution
measurements were carried out with a Pickett—type,.Teflon-'
covered stationary rate electrodels. This electrode is:
suitable for measuring rates of photosynthesis on aliquots

of a pretreated suspension of chloroplasts. A silver/silver

:
i
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dﬁlégidé';éféréﬁcé_éiectfode ﬁas'USéd in é’bﬁfféréd eléctro;
._iyfé_sOlutidn containing 0.5 M KC1 and 0;5‘& KHCO3;'-A
platinum electrode was at -0.6 v with respect to the
Ag/AgCl electrode. A Bell and Howell projgétor'with a 300 W
tungsten,iam§ was used aé.thé_light sdurqefv Thé 1ight Qaé‘
.péSsed'through'SainCthiametef plane—conﬁéx_lensés,vthén H
lﬁhrodgh IRvand-UV'filters (Corning 1-69 and 3-T4 filtérs);
Chlofépiast'samples contaihing 0.2 mg of chldrophyli/ml»
were suspénded iﬁ solnf C. Soln.'C was‘a1so uséd as thé
circﬁlatingfmedium'(Fig_ 1). ‘The détéCtién_circuit was an

16

adaptationvfrom that of Myérs and Graham

S.LfEPRTMeésurements. EPR measurementsvwére\méde

"using a:Variah E—3 spectrométér. An aquébus‘Sample cell.was
uéed; thé’EPR cavity containing thé éeil'was illﬁhinated.by
light from a projection lamp (115 V). To study decay of
the signal, EPR spectra were taken repeatédly‘at two-
mihute:iﬁtervals; alternatively, the magnetic field of

the specfrometér was set on the first peék of the spectrﬁm

and the decay with time was recorded directly.
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 Figure 1. A diagram of the oxygen'électrodé assembly for
-"“méasufing the rates of dxygen“eVolution on

aliquots of pretreated chloroplast suspension.
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6. ;The radicals.

CONH2

5

IX

,HOOC—CHzf?~CH2-QH2-N—CH2-CO2H
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| .5;2;5;S—Tetramethyl—34Carbamid6pyridine—l—oxyl'(I);vH
'.é,2,S;S;Tetramethyl—31CarbamidopyrroIidine—l;oXyl'(II);I
2,2;5,S—Tetramethy143écarboxypyrrolidineAl—okyl'(III) were
prepared‘as'described'by Rotzantzev and»Krinitzkaya17.
‘ 2 2,6, 6 Tetramethylpiperidine l-oxyl (IV) was synthesized

by the method of E. G. Rozantzev and Neiman18 ' |

2, 2 6 ,6- Tetramethyl 4~ oxopiperidine l-oxyl (V) was
synthesized as reported by Rozantzev19

N N'—Bis(l-oxyl 2,2,5, 5 tetramethylpyrroline 3- carboxy)-
.l,2—diaminoethane'(IX) and N,N'-Bis(l—oxy1,2,2,5,5-tetramethyl—
pyrrolinef3—carboxy)ethylenediamine—N,N'—diaceticvacid were
synthesized as described by‘Ferruti'et‘al.zo.

The synthesis of compound VI, VII VIII AND XI will be

reported elsewhere

o 7."F1ashlamp system.» Xenon flashes were produced from

a Model L 391 flash lamp system manufactured by ILC Co. ‘
This system affords a choice of 15 flash durations, from 20’
micronseconds to 7.5 milliseconds, as well as timing circuits
and switches allowing the discharge of four different
capacities through the same flash lamp at preselected

fintervals.
C. RESULTS AND DISCUSSION

1. Relation of nitroxide radical structure to inhibitory

2
'effect of the radicals on CO2 fixation rate, chloroplasts

'"*Ji'n effect on the rate of CO fixation., To study the

isolated in sorbitol buffer were used Table I shows the

effect of eleven radicals on the. rate of CO2 fixation by
f . "
b o _ | \
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TABLE I )
B! N
o,

"Effect of Nitroxide Radicals on the Rate of
: Fixationfby Isolated Chloroplasts (5 min exposure)

.Radicals' ~ Rate (umoles

Contrél | o 143 o ' o v _;
“ 1, .._ - o 8 | ; ‘V ‘1>'25
I | T s
s 93 . 35
W R 7 SRR 92
v oy Y
v S N 85
 -VI1_V 1) B 37
VIII o 55 S |  6?
IX o 1  - | -115 _  .- | . ‘ 0
x 7 128 n
Soxo w626

Concentration of radical = 10_6 M, Chl content = 0.05 mg/
flask, total volume with each flask = 0.5 ml Soln. C. -
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chloroplasts. It is evident from these data that inhibitory
power'is'inversely'related‘to polarity of the cOmpound.v
Théhchloroplast,membrane, like other membranes, is composed

.of lipopfoteins21; 'The membrane and the aqueous solution:

-external to the chloroplasts may be thought of as a two- phase

ystem in which hydrophilic solutes will tend to collect [
in the aqueous phase (except where active- transport phenomena
are involved). but 1ipophilic (or hydrophobic) solutes will
tend to_partition into the membrane phase. Thus for a
compoundbto_penetrate the membrane it must have a partition
,'coefficient faVOring its solubilization by components of
the'membfane.' It.is noisurprise;'then, that compounds.which
ppsSéss'é,fréé'carboxyiic;group (such as III, VII, VIII, X,
“and XI)vare relatively”poor inhibitors. Among theSe compounds
containing a free carboxylic group, inhibition of the 002
fixation rate 1is’ clearly a function of the ratio of the size
of the nonpolar'moiety'to the number of free.carboxyl:gPOups.-

Thus compound VIII, which has a 1arger_lipid-soluble'moiety,'

is a better COz—fixation inhibitor thanhcompound VII, although-

the latter possesses similar structural features. A similar
'comparison can be made between biradicals X and XI. Both
biradicals possess two carbox&lic groups, but the hydrophobic
mdietyiin radical Xl is relatively larger than that in radical
X, and correspondingly the inhibition of CO2 fixation
'.exhibited by radical XI is greater than that exhibited by

' radical X. -Compound‘III, containing a free acid group on’

the saturated_s-membered ring, causes a 35% inhibition of

‘ | : o f

.}
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CO2‘Iixation; amidation'of the.acidImoiety°(compound II)Ir
increases the 1nhibitory power of the compound yielding
‘95% 1nhibition. Compounds such as IV V. and VI whlch
vpossess structural features favorable to permeation through
the lipoprotein membrane of the chloroplasts, are potent
inhibitorS-of the COo, fixation rate.- Among the nitroxide'
radicals tested-for inhibition of COé’fiXatiOn the size
of the ring containing the nitroxide group did not appear
to be a critical factor; five membered- ring radicals w1th
structuralifeatures‘favorable to permeation were just as.
effective as inhibitors as were Six—membered—ring compounds
possessing similar féatdres{- Compounds III and V are'good
examples. A close look'atvCOé fixation rates also reveals
that the-presence of ‘an unsaturation in the ring greatly’
decreases the capacity.of the'radical to'inhibit:CO2 fixation;u
this 1is apparent in comparing radicals I and II. This may
also explain the poor inhibitory potency of:compound IX;
which possess no. polar functional groups and thus shouldvbe
able to permeate the_membrane. p | ‘

The data in Table II indicate that the presence of the
ditertiary butyl nitroxide'function is essential for |
v fixation. The ditertiary butyl amine

2
_group'is,not inhibitory. Thus, either the molecules do not

inhibition of CO

.penetrate the'chloroplast membrane or the nitroxide group

is essential for the effect.

2. Irreversibility of inhibltion of 002 fixation

by the nitroxide radicals. In an experiment
4

designed to determine whether the nitroxide_group is a-




TABLE II

Effect of Amines (and Corresponding Nitroxides) on- 14

co.

.2
(5 min exposure)

Compound Rate (umoles C/mg Chl/hr) ' Inhibition (%)

Control | T | . -
I | 76 | - 29

T IR | 63 - - 41

v 3 o o

VIII - | A | .65

> . 103 | 4

CONH | w04 3

|
it

Fixatiqn'bz;Chlordpiasts_V

- =¢S1-~
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TABLE II (continued)

14

~  “Compound © - . . Rate (umoles-

HO

OC._NHC -C-0-C_H. T N S L

N
1
H

Concentration of radical = 1070 M, Chl content % 0.05 mg/flask, total

 _volume each flask = 0.5 ml Soln. C. g

C/mg Chl/hr) Inhibition (%) ~ . =

. —€ST-
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photosynthestat (reversible inhibition) or a photosynthet-
ocidétfirreverSible inhibition) chloroplasts,Were treated
withfradical'III (a poor inhibitor of CO2'fiXation)'or,

| radical:Vf(a‘potentfinhibitOrVof Coé'fixation) at a concentra-
_tionzofflof6 M. The chloroplasts”were then illuminated for
ten minutes in the absence of 002; washed with solution C, and
centrifuged for one minute at 2000 X g 'These-chloroplasts
which were- washed after treatment with the radical, along
with control chloroplasts not treated with 1nhibitor but
illuminated -and - washed in a similar manner, were then assayed
LU

2 fixation rate by a second incubation with H CO3 in

the“light for five minutes. (A standard control in which -

ffor co,

chloroplasts not treated with inhibitor were assayed for

Cco fixation without preillumination or: washlng, was also

2
run.) Thezresults shown in Table III indicate that the
inhibitory power of these compounds is irreversible (i.e.
.is not removed by washing) and provide\additional evidence
for the dependence of inhibitory activ1ty on the permeability
'of'the chloroplast-membrane to the compounds tested. Com- |
, pound III which exhibits only a weak inhibitory act1v1ty
toward unwashed chloroplasts (see e.g. Table 1), is a
vrela?ively potent inhibitor o;f‘._CO2 fixation when the integrity
of the chloroplast membrane‘is alteredvthrough_illumination,
washing, and additional centrifugatlon

3. Relationship of radical structure to function as

»agHill-oxidant. -To study the.potency of.the
nitroxide radicals as Hill'oxidants,-three-monoradicals and

two biradicals were used (Table IV and Fig. 2). The
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TABLE III

Effect of Washing on the Rate of‘luco, Fikation'by'Isolated

Chloroplasts (5 min exposure) in the Presence and Absence

of Radicals

Radical Rate‘(ﬁmoles.qu/mg_Chl/hr)‘ Inhibition
Control - | 133 -
Chloroplasts washed | : : 3
with Soln. C o 73 M6
III | o 26 64
v | | 2 97
Concentration of radical = 10~ -6

: M, Chl content = 0.05 mg/flask,
" total volume each flask‘ 0.5 ml Soln C

Chloroplasts were illuminated for 5 min in the presence of
" the radical, then were spun down at 2000 x g for 50 sec,
washed with Soln. C, and again. cenErifuged for 50 sec and
' -used for determining the rate of CO fixation o
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TABLE IV

Effect of Nitroxide Radicals on Initial O Evolution Rate (with Picket Electrode)

(15 min Contact with Radical in the Dark Before Test)

- L _ '-_picomoles 02.EVolved/30_sec | Increase in Rate of O2 Evolution
.~ Compound T o , :
‘ . ~(in 1 g Electrode Chamber) - (umoles/mg Chl. min)
~ Comtrol . . 9.67 - . - SR

~9gT-

v - _:“ ) ,t’ 5?-28:,3 - S -f-476.if7
wor a2 o 35
X tf_’_ 138 361
K Fe(CH)s o 3835 S 2858 |
IX + K. Fe(CN)s*- S0 soa1323 o 3506
Vo KFe(CNg . RERIE 3350
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Rétes‘of'oxygen‘eVOlutidn measﬁfed'on aliquots

of chlofoplast suspensidns pretreated with

different:hitroxide'rédidals. The measdfements

bwere carried out on ChlorOplastbsamples cohtain—

'ing-0.2‘mg 6f_ch16rophyll/ml.°"These'were

Suspénded in Soln. C which was also used as the

" circulation medium. Radicals were premixed with

the chloroplasts in the dark and were then

'injected into the samplé compartment of the O2

detection assembly and were allowed to stand in

" the sample chamber in the dark for 15 min until
' a stable base line was obtained.. The light was

| turned on for 30.sec and the rates were followed

by‘regbrding with a strip chart récorder.
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radicals nere premixed with thevchloroplests in the dark

and were then injected’into.the‘samplepoompsrtment of the

dOé detection assemoly‘énd were allowed to stand in:thehsémple
chamber in the dark for 15 min until a stable base line was

| ohtalned;'iOur data forVOXygen'evolﬁtion sdggest that‘theA
structural requirements for a snocessfulhﬂill oxidant are
similar to those required in a potent inhibitor of co, |
fixation. Permeahillty of the_chloroplast'membréne'tO'the
radical is the most important”factor. This can be seen 1f

we compare radical V which 1s better ablento”penetrate the
membrane than radlcals oontaining’free carboxyl groups.

The biradlcal X and the non- radical XIT trigger much less
oxygen evolution than does the monoradical V. It also appears
that the‘ex1stence of an unsaturatlon in the radical ring
rendefs-the‘radiosl less active as a Hill oxidant. The
radical I, which contains no free carboxyllo_group, has as
low a potency for Hill oxidation as the monoradical VIIT
which_does possess a freelcarboxylic group. Both‘hiradicals
-tested for oxygen evolution (see'Table IV)’were-poorvHill
oxidants;_and_they both;contain unsaturation in the ring
containing the radicsl.' Our data also lndicate thatnthe
'amount'of oxygen'evolution triggered by:the-nitroxide radicels.

probably doesnot depend on the size of the ring.

4, Effect of ferricyanide on oxygen evolution triggered

"pl the radical. Ferricyanide in quantities equimolar

to thoSefof the radicals tested was used as a control in
_oxygen evolution experiments, since it 1is one of the best

Hill oxldants known.verrricyanide proved to be more potent
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as a Hill oxidant than were most of the radicals tested in
'these experiments-(Fig. 3 and Table‘IV). However, the -
radical’Vtwas almost twice'as?effective_in_Hill ox1dation
as was K Fe(CN)6 'This again may indicate the'importance
.:of penetration into the chloroplast membrane Ferricyanide

is known to be a very good Hill oxidant22

» yet 1t triggers
less oxygen evolution than does the radical v, presumably
'Abecause the chloroplast‘membrane presents avpermeability
barrier ‘to ferricyanide as contraSted'to'the facilityfof.:
penetration of the membrane by the radical V. | |
When&ferricyanide and the radical V are mixed together
and tested for their combined effect on oxygen evolution, the
1évé1ipr_ﬁ111 Oxidation observed is'greaterhthan thatffor
'K3Fe(CN)6 alone but less than would be expected from the -
“sum of“the effects of each compound'tested individually
»However when ferricyanide is mixed with the biradical IX
the interaction is such ‘that observed oxygen evolution is.
much lower‘than that seen for either the biradical or . ferri-
v*cyanide alone These results might suggest that ferrlcyanide
interacts with the radicals to form complexes of very low
membraneﬂsolubility. The complex containing monoradical and‘
ferricyanide ion may slowly dissociate to 1its components:
(thus freeing them to penetrate the membrane) due to deple-
tion of the radical'from the medium~through uptake bv,the
chloroplaSQs. The complex between ferricyanide and biradical,
on the'other hand, may haVe such a 1ow'dissociation constant

that, once the complex is formed, virtually no dissociation
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Effect of ferriCyanide on the rate of oxygen

»f E evolution triggered by the radlcals, ferricyanide

va'--_f--:aLnd a mixture of both the radlcals and ferri- ,3

'cyanide. Conditions are the same as in Figure 2.
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ocCﬁrs'j EPR study of the interaction between the blradlcal

IX and ferricyanide shows that there is interactlon between

the biradical and ferricyanide.- This interaction results

in the chahge of relative peak height of the fiVe line spectrum
as seen in Fig. U and 5. | -

5. Interaction of the nitroxide radicals w1th chloro-

Qlasts " When chloroplasts were pretreated with .
nitroxide radicals in the dark and then placed in the EPR
cavity (also 1n the dark) there was a very small, insignifi+
cant decay Qf'the'mcnoradical signal,‘and some essentially'
'insignificant changes in the five-line signai of the bi—
radicalhaiso occurred. If the chloroplasts were illumihated
in the EPR cavity through the grid of the cavity, the decay
of the monoradical signal was enhanced and all three peaks
cohtinued to decrease with time until they'reached a plateau
(Fig. 6-8). This plateau in the decay;cf’the radical was
'aChieyedhat differeht‘levels Of'decay; depending on the type
and cchcentration'of the'radiCal, the age of the chicrcplasts
and on the suspending medium, as we will discuss below.

Upon 1ilumihating chloroplasts pretreated with biradical IX
the bddfngmbered peaks (1;3 and 5)'increased in height;

' however; a decrease in the 1ntehsity of the even-numbered
peaks (2'and ) was observed (Fig. 10-12) implicating the

) reduCticnhof one haif of the biradical or binding of the

radical to a membrane or a macromolecule resulting’in |

slcwer exchange between the two halves of the biradical.

The presence‘of ferricyanide did not seem to alter the |

mode of decay of the monoradical V (Fig. 9). However, the



Figure .'-l
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EPR spectrum of the biradical IX in solution C.
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Figure 5.  EPR spectrum of biradical IX in the presence of . =

o »_a‘n.:equimoia'r. quantity of potassium If'_err*j'_c_y'an'i'de".
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' Figur'e' 6; - EPR ’spe"ct.rt.u'n of 'radical V in solﬁtibn C. -
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) ',Figufé:7t“
| ' . ‘311ght 1n the presence of chloroplasts containing |

- .j-_" .

Decay of the EPR signal of radical \'A 1n the

0.2 mg chlorophyll/ml Spectrum was taken every

'“:2 minutes.

"170-e. 3  tL” . ‘?Tv:',7 7(_1"7rij7f'“ 7,':v \j
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Figure 8.

S

‘Decay of the EPR signal of radical II. The

. ‘magnéticvfiéld of the EPR spectrometér:wés

- fixed on the first peak and the decay of the

'signéllupOn illumination-invthé preéendé'of

~chloroplasts was followed as a function of time.

Lo
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Figare 9

‘Decay of EPR signal of radical V in the presence

‘présénce'of chloroplaSts.> Spéctrum was taken

=178~

of equimolar quantity of ferricyanide in the

éVery 2 minutes.

W
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Decay of EPR signal of biradical IX upon

r'illumination in’ the presence of chloroplastsii

spectrum'takenrevery 2 minutesii The-odd

-'numbered peaks 1ncrease in height while the

Veven numbered ones - decrease. ,ff
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Pigure 11,

- L178-

Change of the five 1line signal of biradical IX

- into a 3 1line signal upon continued illumination

in(the‘pfésencéfdf:chloroplasté.: All peaks

. start to.decrease until a 3 line Spéctrum;is

obtained.
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" Figure 12.

. =180~

Increase‘ofbintensity_of the_firsﬁ'péak.of the

five line speétrum'of biradi9a1,IX upon

111um1nationfin'therpresencé @f;chquoplast;

‘The field was fixed on the first peak and the

change with time was'reéorded}
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biradicaliIX'Changed its mode of decay,slightlyJas seen_in h
Fig. 13 and 14. | I
6. Effect of ‘the integrity of ‘the chloroplasts on

decay of the radical spin_ signal The first question

to.come to mind was whether the decay of the radical spin o
sygnal was associated with the intricate organization of ‘the
chloroplasts. To answer ‘this question an experiment was
designed in which intact chloroplasts pretreated with the
”monoradical I or the biradical IX were compared with a
similar preparation of chloroplasts which had been prediluted
fivefold with water in order to disrupt the chloroplasts by
'osmotic shock. The results showed that the decay of the
radical does notdepend on the integrity of the chloroplast
_smembrane o o ‘_-' S 0 l o

Ty Determination of the site of decay of ‘the radical.

: In order to establish the site of reduction of the nitroxide

radical and whether the radical is associated with the

chloroplasts or dissolved in the suspending medium, pretreated

chloroplast suspensions each containing.one_of'the_radicals,

: were-allowed to shake 1in round-bottom flasks forllo min under -
'cdnditions of~intense illumination‘in a water bath atd20°b.
.‘Thebchloroplastsuwere then‘centrifuged‘to separate them from
‘the supernatant and the EPR signal was taken for both the

' supernatant and pellet (after washing and resuspending the
bpellet in Soln. C). It was clear from this experiment that
the bulk of the radical was in the suspending medium; however,

- weaker intensities of EPR signals were detécted in the
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Figufé‘l3;> Change in signal of biradical IX in the presence:
"~ of ferricyanide and chloroplasts. The fifst

"changés'are_incréase of intensity of all peaks.
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Figure 14,

-185-

Change in signal of biradical IX in the pfesenCe_
of ferricyanide. 'Cbntinuédiilluminationvof'the |
radical.undér the’samé conditions as in Figure 13

fésults in the‘déééy of signallsimilar tb that

of the biradical in the ébsence of ferricyanide.
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chloroplasts. The weak signals associated with the chloro-

'plasts»were.obseryed with radical II, IV and V and to a
much lesser degree with'allvothers;' Thisylack,of signal'
‘could'bepdue to the'decay of_the small amounts'of:radical
assOCiatedfwithrthe chloroplasts or duekto the'failure of
significant quantities of these.radicals:to enter the
"_chloroplaSts because of'unfavorable partitioning One must
also note that the volume of chloroplasts is about 1/50 of

that of the suspending medium.

8. Effect of the age of chloroplasts on the decay of o

‘ the radical signal. Chloroplast age was found"to}
affect thefrate of decay of the EPR signal of the‘radiCal~
Freshly prepared chloroplasts were much more efficient in
.reducing the radical. - The’ rate of reducing the radical
Fig. 15, showsbthatithe_rate of reducing,the radical»by:
freshly prepared‘chloroplasts is much fasterhthan the rate
ofﬁreductionicaused by 12-hours.oldIChloroplasts. The

percentage of the signal_reduced at the plateau waSIalso

’higher in the case'of the freshly prepared’chlorOplasts than

in. the case of the 12 hours old chloroplasts

9. Effect of the chloroplast suspension medium on the

decay of the radical signal Three radicals were

chosen-for this:study, these were»radical'l, V,and'VIII,
Chloroplasts prepared by the Jensen and BaSSham method, in
sucrose,tricine huffer, werevtreated with each of these
' radicalS'separately. The treated suspension was placed in

the aqueous solution cell which was inserted into the EPR

W
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"Figurefls.  Effect of chloroplast age on the decay of the

signal of radical.II,';"' freshly prepared

~_ chloroplasts, ___ .~ 12 hrs old chloroplasts.
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cavity in the dark ' The”magnetic field of the'EPR'spectro—
meter was fixed on the first peak and the decay of each
radical on illumination of the cavity was observed. As-we'
see 1n:Figures 16-18, theususpending medium is an important,_
‘factor in studying the interaction of the nitroxide radicals
i with chloroplasts; It séems as though the'sucrOSe—tricine;'
. suspending medium slows -down the decay of the radical,
perhaps due to limitation of the rate of diffusion of a
reducing intermediate which leaks out of the chloroplasts in
the light to interact with the radicals chemically, physically,
or both, rendering the spin signalvless intense. 'This can
‘be documented by the fact that the kinetics of decay of the
| monoradiCal V are relatively'insensitive to the'suspendingv
‘medium,'but ‘the kinetics of decay of'the two other radicals
differ significantly depending on the suspending medium

10. Effect of preillumination of the" chloroplasts on

" ‘the decay‘of the radical. Whenva suspension of

ChlorOplaSts,in Sorbitol-buffer (Soln. C)'was‘preilluminated
‘with ten Xenon flashes (6 joules, 2 x 1076 sec at 2 sec
intervals) and then the preilluminated chloroplasts were
'”bmixed with the biradical IX in the dark and the EPR signal

was measured in the dark, the result was a complete destruc—-

: tion of the five line signal of the biradical to a very weak
three—line ‘signal (Fig. 19). This adds further evidence _.
to support our hypothesis that an intermediate diffuses out

- of the'chloroplastsiinto the suspending medium in the* |
"preSencelof light to interact with the radical and_thatfl

' independently of the.presence or absenceyof light such
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Figure 16. Effect of suspending medium on the decay of

radical VII,

in solution D, ;5-—— in

solutioh.C.,-
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Figuré 17. Effect of sgspénding-medium'on thé décay of

radical V;‘.' in solution D, ----- in -

solution c.



© GHEG-80L 18X

09 st og

f1-9 auanbLy

.A._c_ve_v. INIL

I _ 1

-194-

- v — — o — — — — —— —— o e m—. w— e — o w——— e — = - ——

LHOIZH ¥V3d 3AILVI3Y

(%)



-195-

'Figuré118. Effect of suspending mediﬁm on ‘the décay of

radical I,

in solution D, —-——- in

SOIQtion C.
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Eigﬁréiig; Efféct of preillumination on the'decay of
- biradical IX. Chloroplasts were pfeilluminatéd
with ten xenon flashes (6 Jouiés, 2 10'6 sec
at 2 sec 1ntervéls). The biradical was inﬁroduced

in the dark and the speétrum was taken in the dark.
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inte#action:results in the»destruction of the:signal,_

11}‘”Effecﬁ’of the coricentration of the radical on the

j'dééay'of'the s1gna1.' The radicél v was used for
theseISfudies;'uThrée concentrations, 1 xilo;s; 1 x 10f6; and
5~x 1077 M;.Were empIOyéd;”'The'fadical'was mixed with
chloropiasts (contaiﬁing’O.Q mg chlbfbphyll/ml soln. C) in
the dark'and.then'the chloroplast suspensibnvwaé placed in
thé EPR cavity and was illuminated for a period of one.h¢ur.,
"~ Figure QOtshowé that the rate of decéy df tﬁe fadiCal decreases
as concentration of the radical is increased. |

In view of these results we conclude that we must be

dealing with two competitive bchgssés,.one beingvthe‘destruC—
tion of the radical and the other'béing'thé'abiiity of the
rédicél to reach its site of action. The usé,of-lowér
‘initial concentrations of the radical reéulté in its
essentiailyfcomplete destruction:before any significant amount
reaches the site of action. If the initial'COncentration is
increased, a significant amount of the radical can reach the
" site 6f action beforé thé radical is destroyed. Apbarently
the destruction of. the radical takes blace chief1y outside
the_chloroplést while the primary Site‘of action (biocheﬁical
lesion) of the radical is inside the chloroplast. This idea
is subsfantiated by‘allowing.the signal from chlofoplasts

6

pretreated with the radical V (1of M) to reach a plateau and

then adding another aliquot of the same radical or a second

6

radical VIII (at concentration of 1 x iO- M). The‘héight

of the new spin.peak'appearing after the addition.of the



Figufe'QO. Effect of the concentration of radical v on' ﬁ

its rate of decay upon illumination in the

: presence of chloroplasts.
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.second.radical continued'to'deCrease;untilxit reaChed'a
‘plateau at a level which is higher than the original
'plateau reached by the radical Vlalone (Fig.;21, 22), This
indicates that the destruction cf‘radicél V'by'illuminated..
.chlorOplastsfhas stopped, probablyghecause the:radical has
‘bypassed the destructive site and’reaChed a:site'which is%
cdmpartmentalized'in such a manner‘that no destruction ofi
. the radical is possible. ‘(Alternatively,_stabiiization of
the radical may‘be due to'its binding to a 1arger mole¢u1e
which protects it>from déstruction ) However, the potential
ability of the chloroplasts to destroy the radical is still
. operative, as - is apparent from the initial decay of the |
: .signal.upon the introduction of a new radical to‘the system,
The néw plateau is-higher;‘probably because a'fraction of
the secondarily introduced radical has reached a si ite at
.which it bypasses the destruction mechanism. For»example,
gby binding to sdme macromolecule or partitioning into.a site
which 1s inaccessible to the reducing agent the radical

becomes protected from reduction.

12. Restoration of the EPR signal. Attempts to restore

the EPR signal by pretreating chloroplasts with a radical
and then turning the lights off” after illumination for
‘,varying periods of time failed to restore the EPR signal'
.significantly -— that 1is, only a very small amount of
restoration was_achieved. lt is possible that the plateau

occurring in EPR signal decay may be due to the fact that'

at the site of action the radical is undergoing an oxidation- -

N
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s ]F_i"g'u-r‘é'- '2'i1;-_.:":E';ffé(.:_t of bi‘ntr,'oducvtfiovn of a second ’Quanti_fy of
o ,_'.r'adivc"a_l V on the decay of the s_'ignva'i after 1t
" has 'ré‘ac’héd 1its plateau . (Both first and second
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- Figure 22.

(10”
by 107

. =205~

o S

.Effect:of_in;rbduétidn of_é réd1¢a1'VIII,f’

6 M) on the decay of the signal obtained -
6 M-of_radicai \' aftérfa'piatéau_has:

"been’achieVed.‘
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reduction reaction in which it accepts electrons from an
. intermediate in the electron transport chain and donates them
_to another.intermediate in the chainf The occurrence of a
plateau.uould in»this‘case be due‘to'the achievement,of a
steady;state situation‘where:the.rate of reductiOn of the
radical'is equal.to theffAte of its'oxidation.: Experiments
to verify this idea were conducted by illuminating the )
chloroplasts for much longer times (2-& hrs) This illumina—
tion resulted in partial to full restoration of the EPR
signal after its initial decay. This maygbe explained by'
the failure of’the'reductiVe'mechanisms of the'chloroplasts
to operate for the duration of illumination while the oxi-
dation step continues to function | Addition of ferricyanide
to the pretreated chloroplasts speeded the restoration of
the signal which indicates that the radical probably
acts at a step before ferricyanide in thevelectron transport
~chain, or that ferricyanideCSpeeds thevrate of reoxidation
‘of the reduced radical by accepting electrons from this reduced
- form of the radical directly or indirectly.

13}1 Effect of the radicals on the photosynthetic product

distribution. Although all evidence points to the.
ffact that the primary site of action (biochemical lesion) of

the'radicals‘involves the electron transport system of photo-
‘syntheSis, we have attempted also to determine theleffect of

the radicals on the photosynthetic'productvdistributiOn of |

"the different intermedaites in the carbon reduction cycle

Two experiments were carried out, One.involved determination ‘
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of the kinetics'of 1uC incorporation‘into’various inter-
mediates of the cycle within 10 min ofCO2 fixation in the
_presence of the radical V;"This'experiment shows that'the'
inhibition of CO, fixation as well as the inhibition of

2
'formation of'different'lu

C-labeled intermediates in the
carbon reduction cycle occurred with no delay in time

(Fig 23-30) The second experiment was carried out using
three radicals of different inhibitory potencies (Table V)
‘The results show an indifferent (1.e., non-specific) type

of inhibition which suggests that the carbon reduction cycle'
is not the biochemical leSion of the nitroxide radicals.
'Instead the inhibition appears to be a consequent step to
the primary effect on the electron transport system. The
radical III which is a ‘poor inhibitor,'showed a 51milar
fpattern of inhibition when 1ts access to the site of action‘
was faCilitated by washing theichloroplasts with soln. C and
' pelleting them by centrifuging at 2000 x g for 1 minute
_(Table VI). o . | |

14, Effect of dichlorophenyl dimethyl urea (DCMU) on

" the decay of the EPR signal of the‘radical;‘ Upon

'illumination the EPR signal of radical V was found to decay
at a much lower rate in the presence of DCMU than'in.it51
absence. - This may indicate that there are more than one site
ofvreduction of the radical; and that - DCMU blocks some of- |
these sites resulting in a lower rate ofvreduction of the
radicalv thus allowing more radical to bypass the reduction,

mechanism as indicated by the fact that the plateau (Fig 31)

1s reached at a higher intensity of the original signal




. ;209; ‘

lFigure'23 Effect of radicals II and V on the 002 fixation‘

fx_7~rate by 1solated chloroplasts
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Figure 2“ Effect of radical II on the rate of formation of
dihydroxyacetone phosphate by isolated chloro-

”-]_ plasts.-
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Figure 26. Effect of radical II on the rate of formation

of‘fruétdsé+6ephosbhate'by isolatéd'chlorbplasts.
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| Figure 27. Effect of radical II on the rate of formation of

=z -pentOSé ;mono.pho'sipha'tes "by_ "is'élat‘ed _ chlorop:la»"sts_.' -
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Figure 28. Effect of radical II on the rate of formation

- 6f-phoSphqglyCerid'acid by~is¢la€édfchloropiééts.‘ 
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‘Pigure 29. Effect of radical II on the rate of formation

~ of héxoéét_nono'pho’sph‘ates by isoiatedvchl_oropla'sts.
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Figure 30 Effect of radical II on the formation o"f.' starch
v.and other macromolecules during pho’tésynthesis f

by isolated chloroplasts.
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TABLE V

| of the Carbon Reduction Cycle Intermediates

" Effect of the Nitroxide Radicals on thé'Formation

umoles/mg Chl

 Starch and Othér

0.096  O,85h

0:113

Radical . | o | '
B Diphosphates HMP F6P PMP . DHAP _PGA Glycolate- Macromolecules B
VIII 0.176 0.309 0.107 0.0477 0.316 2,u2d 0.097 0,198
VI 0.112 0.111 0.094 0.0183 0.115 0,045 ©0.0099 '._'0.002
v 0.048 - 0.055 0.017 0.004 0.041 0.243  0.005 0.001
Control 0.621 0.430 0.175 1.59  0.225

-Gl¢C~



TABLE VI

- Effect of a Weak Inhibitor of CO Fixation on the Formation of the Carbon Reduction Cycle ;

Intermediates

Radical was incubated with chloroplasts in the light for 5 minutes. Chloroplasts were
spun down at 2000 x g for ?8 sec, washed with Soln. C and centrifuged at 2000 X g for
50 sec, then used for the CO fixation rate experiment _

umoles/mg CHl

tRa@ical | | S o _ o L Stéreﬁ“ara Other
Diphosphates ‘HMP - F6P PMP DHAP~ PGAf. Glyco;ate ﬁacremo}ecules.
L 0.089 0.138 '.0.651 o."Olé 02130200 'o'.so3‘8_. ) . Q,.oo'3'u
‘zgg‘s‘ggé) 0.138 . o. 330 0.109 . 0. 0b2 | ot..,iu51 | 0.854 .0_'138 o "ko..‘1._7.5.’
- fggggg%ed) - 0.621 o‘;_'.ujo', 9;175‘:}'0.."_096 C0.854 1.59 0225 o 0113

-9z2=
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. Figure. 31 .

o re227-
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15. Studies with the nitroxide radical of diphenyl

~ urea. Upon finding that DCMU inhibits the reduc-
ti.ornm of vradicai \4 by isolated ch1c>r-ep1asts, we tr'ied to combine
the_nitrexide function with the structufal features of DCMU
in one,molecuieQ ~An éttempt was made to synthesize the
nitroxide of DCMU, but we'failed to detect the formation of
this nitroxide. The nitroxide.radical of_diphenyl urea was
-fmore stabie and it wes“synthesized by treating diphenyl urea
with‘hydrogen peroxide in thevpresenee efbcatalytic amounts‘of
phosphotungestic acid in ethanol-water (9:1) solution. The
" product had the ESR spectrum shown in.Fig; 32. However, we,'
were unabie to isolate the preduct in a crystalline form, in
’addition to the short lifetime of this nitroxide in solution,

thus no quantitative data were possible.

VG &
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» Figure 32: ESRvspectrum of diphenyl_’Aurea nitroxid_e radical.
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'D:.‘CONCLUSION‘

We conclude from our results hat ‘the nitrox1de radicals

exert their action as photosynthetic inhibitors on the elec~
tron transport chain at arpoint before that at which ferri-

cyanidefion.acts. The action of nitroxide ions as COéf

fixation inhibitors 1is a secondary effect to their action on-

the electron transport chain, which 1s the true_biochemical._

lesion. 'This is,apparent‘from their indifferentﬁtype of
action (non-specific) on the product distribution of the

| Calvin'cycle'and on glycolate formation.. Our ‘evidence for

‘-their effect on the photosynthetic electron transport chain

is further strengthened fromvthe oxygen evolution data.
Compounds:which possess the features required for a potent
H11l oxidant are also succeSSful Cbzefixation.inhibitors.
In order to exert their effect at theFSite of'action,
nitroxide'radicals must reach that sitebe penetrating the
chloroplast membrane. Chloroplast membranes, like other
biological membranes, are composed of lipoproteins. vThus,

to penetrate this membrane a compound mustdpossess a

partitionkcoefficient between the aqueous medium surrounding.

the chloroplast and the lipoprotein composing the chloroplast

membrane favoring the latter. This clearly is the case;
hydrophilic compounds possessing free carboxyl groups were.

shown to be poor Hill o..ldants as well as poor CO,-fixatlion

2
inhibitors. Among these compounds containing an ionizable

L
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grdqp, thé ratio_of the size of the lipophilic moiety of the
molécule to the number of carboxyl grogps,was diréctly (
prbportiohal to their potency for inhibition of photésynthesis.
Compdunds which contain structural featureé favoring their
sélubilizatibn in the 1ipoproteinatious chloroplast membrane
were exéeiient photbsyhthétic inhibitors. We have alsov
>obéerVed,fhat the size of the nitroxidé radical ring exerts
no effect on the inhibitory power of the radical; and that |
the présénce-of a double ﬁond in the ring renders the radical
ineffective as 'a phdtosynthetic inhibitor. This may be due
‘to facilitation of a detoxication_mechanism Working on the
'doublé bond analogous to those obsefved in microsomal
‘oxidation of compounds containing unsaturations. |

Sincé the acticn of the nitroxide radical depends on the
'accessibiiity of thé active site to the radical through
bféaching the mémbrane,'a delay 1n permeation would onlyr
result in the‘depletion'of the radical by one of the '"sites
of loss," that 1s, storage, elimination, or chemical inacti-
vation of the radical®3. The most likely site of loss in
~our case would be chemical inactivation by a réducing agent
Which iS'produced by the chloroplast in the light and which
-diffuses‘out to the medium surrounding the chloroplasts where
the reducﬁion of the radical takes place. This is evident
from the kinetics of the EPR signal deday which indicate
‘that radicals which exhibit potent photosynthetic inhibition
‘reach their site fastef and thus bypasé degradation through

inactivationj on the othér hand, poor photosynthetic inhibitors
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are inactivated (as observed from the decay of the EPR;Signalj
'sobﬁ'after-iliuminapioh of”thé:prétreéted'éhloroplasts;f-'
Aﬁothér_béSéiblé mechanism of ihactivation;is through bihding
to nonfungtiOnal proteins or other macromdiéculés'ﬁhefé the".
radicél»iéjéombletEiy iﬁmdbiiized;'resulting in partial loss
_of'the Sighal, as seén in the'réductiph of ihtensity of all
three lines of the EPR signal of the monoradicals tésted.

 In the;casé of Bifadicalé the increase in fhe 1ntehsity éf_
the odd—nﬁmbéred‘linéS‘and the decrease in‘intensity bf

: thé’eveh-humbéred lines of thé_five—liné‘spectrum'may indicate
'\immobilizétion'thfdugh'bindingktb a macromolecule. 'Thgé the
birédicél'becomés 1éss,flékible'and th§ disténce Bétween'fhé
radical béptérs is inéreaSéd;‘résulting_ih.slow exchange |
_between the two radiéai céhters'and'ccnséguently in the

diSappéarénce of'fhe interpolated\spectral lines which are

absént_on_the monoradical spectra. The rate of exchange is.

dendtéd ble,.and thé.frequencyISeparation_Qf the hyperfine
splitting fdr lanis A(= 43 MH#).' Slow ekchapgé impiiés»
‘J/A'{ i énd fast exchange corresponds to J/A > 1. As more
fadical ié bound to our,hypotheticai maCroholeculé (or |
particle, for ﬁhat mattéf), J is decreased,,reéulting ini
aASmallérbvalue of J/A. Continued decrease in the value of o
.1§%££ (where n is the total'humber'of.rédiCal moleculéé,:both‘.
those bound to the macromolecule and those freé_in the 
aqueous‘phasé surrdunding the chlofoplast)‘aé more.biradicél
moleculeé bind to the macromolecule will eventually result

in the complete disappearancé of the interpolatéd Sbéctral

W
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lines arising from interaction of the two L'N nuclei occupy-
ing aifférént Zeeman 1evéls; thése»lineé-aré absent in the
monoradicél épéctrum. Oﬁr'data Show that'both'méchanisms,
the reduction of the radical and the deactivation, by
_bihding_té'é macromblécuie, contribute to the loss of the
spin sighal.’ 'If chloroplasts pretreated with biradical are
i1luminated in the EPR éaVit.y‘, a shift from the five-line
spécﬁrﬁm to the fhree—liﬁe spectrum is observéd, with §n
increase in the intensity of the three monoradical lines.
This favors the binding mechanism propbséd above.. Continued
'1lluminatibn, howévér,_results in the. eventual decrease of
the thréé—line signal which was originally derived from the
five-line signal of the biradical. This indicates that the
'réducfiVe mécﬁanism is bperative at a much lower level when
the radical is bound to the macromolecule. To eliminate the
~time élémént and avoid complications in'inférpréting'the
résults;dﬁé'té aging of the chloroplasts, an experiment in
Whicﬁ.the untreated chloroplast suspénsion was illuminéfed
wiﬁh high intenéity flashes for a short time (as described
in théiMethods séction) was carriéd out. The fesults showed
that 1if the réductivé me;hanism is allowed to work before
thé radical is given the timé to bind to the maéromolecule,
the reduction of the biradical to yield a Véry low—inténsity
threé—line signal occurs much mbre rapidly. It is clear
that préillumihation of the chloroplasts with high-intensity
- 1ight resulted in the production of an abundant quantity of

the reducing factor which acted on thé radical at a faster
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rate than the rate of binding of the radical to the macro=
molecule The rate of diffusion of the reducing factor into
the suspending medium around the chloroplasts depends on the
composition of that medium Sucrose-tricine medlum retards'
the diffusion of the reducing factor while Sorbitol type 7
buffer facilitates ‘its diffusion. The remaining.fraction of
the radical which bypasses inactivation reeches the‘active
site where it acts as a Hill okidant'resulting in the
evolution of 0,. A secondary effect of this ‘action is the -
inhibition of CO2 fixation by the carbon reduction cycle
uNitroxide.radicals act not as electron acceptors, and their
reduced form may act as electron donors, as is evidents
from the"restorationvof the’signal by continued illumination.
.,Our date»suggest that ferricyanide ion ' forms a complex Qf'
varying stability wilth nitroxide compounds. This complex
renders. the radiCallless able to penetrate the membrane

and reSults'in a'decrease of the potency'of'the radical as

H111 oxidant.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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