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Physical, Chemical, and Biochemical Studies with

Isolated Chloroplasts and PurifiedbEnzymes
by

. A. M. El-Badry

" 'Abstract

Fructose-1,6-diphosphatase (E.C. 3.1.3.11) has been
isolated, purified, and crystallized, from previously
isolétéd épinach chloroplasts. The effects of various
anions, cations, and sulfhydryl reagent weré tested, and
éctivation'by Mg++,‘g1ycine, HCOS, and sﬁlfhydryl reagent
is désqribéd; The purifiéd,enzyme is Qery specific for
Afrﬁctosé—l,6—d1phosphaté and dbes not attack sedoheptulose—
1,7—diphosphate."The 826 value of the enzyme was 7.7, from
which the molecular weight of the enzyme was estimated as

140,000.

'.Qﬁenéhing studiles of the'ihtrinsic_fluoréscencé due to
the tryptophan residues in fructose—l,64diphosphatase showed
that'the-conformation of the énzymé is affected by the sub-
strate fructose—l,G;diphosphate and possibly by”the proddct
fructoée-6fphosphate.» The fluorescent probe l—aniliﬁo—S— '
nabhthaleﬁe sulfonat¢ (ANS) binds to some hydrophobic reglon.
'on'thé enzyme. However, its extrinsic fluorescence is not
'sensitiQe to the éonformational change of the enzyme induced
by added ligands. Depolarization fluorescence studies

revealedvconformational changé dﬁé to thé binding of the

Jf\



substrate, the allosteric affector and thehdivalent cation
Mg++: | | |

SY=- irradiation of fructose 1,6- diphosphatase was found
to damage the catalytic activity of the enzyme The substrate
fructose-l;6—diphosphate protected the site from damage. Mg++
;,and fructose;1,6—diphosphate in the presence of magnesium
ion protected the site to a lesser extent. fThe allosteric
function of the enzyme was also damaged by y-irradiation.

Mg AT? protected the allosteric site from y-irradiation damage.
Mg++ Qn_anionic ATP resulted in partial protection of the
site. -.

:Ribulose—l,5—diphdsphate carboxylase has been isolated
from previously isolated spinach chloroplasts by a procedure
~which'facilitates simultaneous,isolation of'several photo-
synthetic enzymes. The purification and:storage pfocedure
.gives a‘stahle enzyme."The enzyme activity is enhanced U0
to 180% by nearly physiological levels of fructose-1,6-
diphosphate when Mg++ is in the fange of 1 to 10 mM.
| An alkaline, magnesium ion dependent'inorganic pyro-
phosphataSe has been isolated from previously isolated
spinach chloroplasts The activity.of the enzyme was .
increased 100 -fold, with a 427 yield upon purification from
the total soluble chloroplast enzymes. The pH optimum for -
the enzyme shifts from 9.0 at 5 mM Mg'' to 7.0 at 40 mM Mg'*
The substrate for the reaction appears to be Mg pyrophosphate,
and anionic pyrophosphate is an effectiVe inhibitor, There

' seems to be also an activating effect of Mg** 1on on the

enzyme at pH 7. No other cation substitutes for Mg++.ion

<
.
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in activating the hydrolysis of pyrophosphate.: Among anions
tested only F caused severe inhibition The enzyme 1is
inactive towards fructose 1,6~ diphosphate, thiamine pyro-
phdsphate, 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 inhibit tory potency of
these radicals depended on the polarity of the substituent:
on the ring. Compounds containing free carboxyl groups uere
poor inhibitors. A hydroxyl or an amide group on the. ring
was optimal for inhibition of_CO2 fixation. The size of .
the’ring'seemed not to influence”the‘potency of the compounds
as inhibitors of 002 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
‘be good Hill oxidants. ‘As in the case of CO2 fixation, the
vability of the radical to act as a Hill oxidant is a function
v of 1ts ability'to penetrate the'lipoprotein membrane of the
chloroplasts. | | |

The radicals exerted their action by acting as electron

acceptors in the electron transport chain. The effect of
CO2 fixation is hence a consequence of the action of‘the
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 substance whlch leaks
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out the chloroplast upon illumination. Analysis of reduc-
tion of the fa’dical by measuring the height of the EPR |
signél‘Sho‘ws that reduction outside the chloroplasts and
Adéacti\‘/ation of the compound due to binding to a macromolecule
_or é pérticl’e are two mechanisms to exp'laviA'ri the décay and

leveling off of the EPR signal.



ACKNOWLEDGMENT

Abdrinévthe'course of this,@brk,lmany individuélé_have pfoQided me
with éooperatidn and encourageﬁent."lt is impossible to mentibn each by
name. .Myfghanks aﬁd abpreciation are extended to.all of tﬁem}

Pfofessof Melvin Calvin, my thesis advisor, Qas especially helpful
in all faéegé‘of this wﬁrk. He has provided me with brilliant suggestions
and stimulating discussion.l He alwa?s encouraged me and without his help
this work would not have been possible. | |

Dr. James A. Bassham and Dr. Melvin P. Klein provided me with
stimulating discussion and guidance when ﬁeeded.

Dr. Héns Steffen helped me in the fluorescence studies with
FDPase.

My tﬁénks fo the many hands that helped in'harvestingvﬁhe spinach
and in isblatihg the huge quantities of chléroplasts.needed for this
work. | N

This.work was done under the auspices of the U.S. Atomic Energy

Commission.



"PART I

STUDIES WITH FRUCTOSE—l,64DIPHOSPHATASE',



Chapter I

FRUCTOSE-l,6—DIPHOSPHATASEvFROM SPINACH CHLOROPLASTS:

.'PURIFICATION,'CRYSTALLIZATION'AND SOME PROPERTIES

A. INTRODUCTION

Tﬁe enzyme fructose—l,G-Aiphosphatase.(D—fructqs¢-1,6-diphosphate
l-phosphohydfolase EC 3.1.3.11) catalyzes the hydrolysis of f?uctose-l,6-
diphosphate. '

Fructose-1,6-diphosphate M. | Fructose-6-phosphate +

inorganic phosphate

Fructose-l;64diphosphatase (FDPase) is an important enzyme in the
regulation of gluconeogenesis in mammalian and microbial systemsl-4; The
inhibition of mammalian and bacterial FDPase_ﬁy adenosine'S' phosphate
(AMP) suggests allosteric regulations_e. Meﬁdicino EE.él; have shown

. that FDPase is inhibited by a specific mitochondrialienzyme systemg.

Nakashima et al.lo'l1

have altered the catalytic properties of rabbit
liver and:¥abbit:kidney fructose diphosphatase by ifeéting these enzymes
with coenzyme. 2 of acyl carrier prétein from E. Eéli'. This tréatment
increased the activity at the neutral pH several fold and shifted
the pH optima ffom PH 8.8 to pH 7.5 in the presence‘of Mg++.

Hydrolysis of fructose—;,G-diphqsphate (Fru-l,6—P2)* to fructése-6-
phosphate is also an important reaction-dufing the fixation of carbon
. dioxide in photosynethetic systems. It has been suggested that activity

of FDPase in photosynthetic Chlorella cells is subject to regulationlz.

. *Abbreviations: FDPase, fructosefl,6-diphospha£ase; Fru-1,6-P fructose-

2’
1,6=diphosphate; EDTA, ethylene diamine tetraacetic acid. |



That is,valthough FDPase is active during the phdtoéynthetic fixation
of';arbon dioxide, its activity appears to decreasé markedly when Chlorella
cells.are transferred to non;phatosynthetic éonditibns by tu;ning off

the light.. This suggests light activation of FDP;se enzyme: the #ctivation
épbearé to decay after about 2 min of dérkness.' -

. 'MorriS?3 found that the activity of partially‘purified FDPase from
spinaéh chloropl;sts is inhibited by magnesium pyrophosphate (Mngoj),
MgATP=and MgADP_ at concentrations of 1 to 3 mM, Thé,degree of inhibition
by all these inhibitoré decreases with ihc?easing concentrations of

++ : ' - :
Mg and substrate (Fru-l,6-P2).' MgP and MgADP are approximately

2%7
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 -

=17
muscle15 1 , rabbit kidneyla, swine kidney1

9,20

. . 2
and rat tissues l. The

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

23'24, Polysphondylium pallidumzs,

X . . . 2 . ‘q
Dictyostelium discoideum 2, Candida utilis

Pseudomonas saccharophi1a26, E. c01127, and Acinetobacter _2328.

FDPase has also been isolated from some plant sources. These include
castor bean endosperm and leaf29'3o, navy bean31 and wheat embrYos32.
Racker and Schroeder isolated an aklaline FDPase which they claimed could

have little role in the reductive pentose phosphate cycle due to its

apparent. localization outside the chloroplast33. Smillie34 hac further

investigéted the localization of FDPase and found that most of the

enzymic activity is localized in the chloroplast. This finding was

confirmed by Latzko and Gibbs35. In this paper we report a method for

the phrification and crystallization of fructose-1,6-diphosphatase from

"spinach chloroplasts. Some of the‘properties and characteristics of the




enzyme are also reported.

B. MATERIALS AND METHdDS

1- Chemicals. Frudtésé—l,G—diphosphate, frﬁctose—G—phosphate,
ribﬁloée—l,5—&iphosphate, qlucbse—l-phosphate, glucose—6—phosphate}
ribulose-s-phosphate, AMP, ADP, ATP, NADP, sorbitol, 2-N morpholino
ethane sulfonic acid, deoxyribonuclease, ribonucleaée, phosphoglucose
isomerése and glucose-6-phosphate dehydrogenase‘were obtained either from
Cal Biochem or ffom Sigma Chemical Co. Tetrasodium pyrophosphate was
from Allied Chemicals. All inorganic salts were analytical reagents. .DEAE-
cellulose (Celiex—D) and phosphoceilulose (Cellex~P) were obtained from
BioradhLéb.

Both bEAE-cellﬁlose.and phésphocelluloseAwere further purified by
suspending in water and decanting the fines. For‘eyery 40 to 80 g of .,
the absorbent,_one liter of 1 N NaOH was added, followed after 15 min
by ilOO ml of 1 N HCl. The acidic suspensionAisvfiltered on a Buchner
funnel and rinsed with a little water.AThe residue Qaslagain suspended

in 1 liter of 1 N NaOH and after 15 min is filitered again and washed until

‘the effluent is neutral with distilled water.

- Tﬁe free DEAE-cellulose base Qas then'equiiibrated with a solution
of O;OE'M tris—HCl, pH 7.4, containing 0.001 MiEDTA. ‘The buffer was changed
several:times until pH 7.4 was achieved. The adsorbent was stored (at
4°) ip.a'30;50% suspengion in t;ié-ﬁCl, 0.05 M( pPH 7.4.

The sodium salt of phosphocellulose was converted to the acid form

for storage by equilibrating it with 2 N HCl for 3 h. The resin was then

washed on a Buchner funnel until the effluent is nearly neutral. A 30-

50% suspension of the acid form of phosphocellulose was titrated with

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

‘before use.

2- Assay of enzymic activity. The enzyme D-fructose-1l,6~-diphosphatase

was aésaYed by the detérminatioh of NADPH produced, when the FDPase reaction
is 'cduéled with the enzymatic reactiqns of phosphoglucose isomerase
(E;C.5.3;1;9) and glucose-6-phosphate dehydrogenase (E,C;l;1;1.49).'
The latter reaction requires NADP+, and NADPH'produced by this reaction
is directly proportional to the quantity of fructose-6~phosphate produced
by the FDPase reaction. The measurement of change in optical absorption
at 340 nm is used to estiﬁate the quantity of NADPH formed. The reaction
mixture (1.0 ml) contained tris-HCl buffer, oA;o's'AM, pH 8.7; MgCl,, 5 mM;
ethylene diamine tetraacetic acid, dipotéssium éalt (EDTA) , 2 mM;
fructose—l,G-aiphosphate, 1 mM; NAbP+ (sodium salt), 0;2 mM; phosphoglucose
isomerase, 5 Ug; glucose-6-phosphate dehydrogenase, 1.5 Lg; and FDPase
in the range of 0.01 to 0.02 unit. The temperature'Was 22°.. One unit
of enzyﬁe activity is defined as the'am@unt of enzyme activity catalyzing
the h&drblysis'df'l Hmole of fructose-1,6-diphosphate to fructose-6-
phosphate and inorganic phosphate‘per minute and specific activity is
expressed as Qnits,per mg o; protein.

.For studying the substrate specificity of FDPase, the hydrolysis
ﬁf_;be sugar phosphales was assayed by the direct determination of inorganic
phosphate released in the enzymic reaction by the procedure of Fiske

36,37

and SubbaRow . The incubation mixture (lml) contéined tris-HC1l

buffer, 0.05 M, pH 8.7; MgCl

2! 5 mM; EDTA, 2 mM, the sugar phosphate

" tested, 1 mM, and énzyme in an amount sufficient to release 0.05 to 0.1
mM of inorganic phosphate in 10 min at 22°. The reactidn was stopped

'by the addition of 5 N H SO4 for the phosphate determination. ‘The

2

-



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

phosphate formed under these conditions.

© 3~ Determination of protein. Protein concentration was determined

spectrophotometrically by measuring the absorption at 280 nm or by using the
Lowry method of protein determination38. Bovine serum albumin was used

as the standard in each of the two methods.

4- Disc gel electrophoresis. THe method of Davis 39 was used to

analee for £he homogeneity of the enzyme at the different stages‘of

the purifidation procedure. Cross-linked pélyacrylamide gel at pH 8.4
was used. Samples of 10-20 ul.containing 50 toA100 Hg of protein were -
used. All reagents used in the procedure wére obtained from Canalco. |

5- Determination of molecular weight. The sedimentation velocity

- method described by Chervenka40 was used for the determination of 820
value of the enzyme. The run was performed using an An-D rotor at
59,780 rpm.

6~ Isolation of spinach ferredoxin. Spinach ferredoxin was isolated .

and purified by a procedure which involved acetone fractionation, according
to San Pietro and Lang41, followed by chromatography on DEAE-cellulose
based on the method of Lovenberg et al.42. Its quantitative determination

was based on the spectrum of the purified material.

7- Methods of reducing ferredoxin.

(a) Reduction by illuminated chloroplasts. Ferredoxin can be reduced

. ’ 4 '
in the presence of chloroplast. particles and light 2. Chloroplasts were
isolated by the method of Jensen and Bassham43. A 200 ul of the chloro-
plast slurry (containing 0.4 mg chlorophyll) ih,0.0S-g_tris—HCI, pPH 7.4,

was added under nitrogen to a 1 ml tris-HC1l, pH 7.4, solution containing



-

-3 ﬁg\of purified ferredoxin. The tube was irradiated under intense light
fof 5 min. The reduction of ferredoxin was measured épectrophotometrically
atA420-nm by the uge of Cary Model 14 spectrophotométer.' Ferredoxin
photoreduct;on by illuminated chloroplasts was stable, and ferridoxin
could be largely reoxidiéed by NADP even after a'conéiderable period
1n the dark.

(b) Reduction by hydrogen. Tagawa and'Arnori44 showed that molecular

hydrogen can reduce ferredoxin in the dark if the enzyme hydrogenase

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

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

pasteurianum was thawed overnight and suspended in water with the aid

of a magnetic stirrer to a final volume of about 200 ml. Small amounts

of deoxyribonuclease and ribonuclease were added to obtain a free~-flowing
suspension. Fifty-ml aliquots of this suspengion.were subjected to
sonication for 10 min by the_Biogonik. Cell debris was removed by a

15-min centrifugation at 36,000 x g. The supernatant was then heated

for 10 min at 60° under hydrogen. The precipitate was centrifuged off,

and thelsupernataﬁt was dialyzéd against 0.05 M tris buffer at éH 7.4,

. The crude enzyme was dialyzed befdre use tovminimize the level of inorganic’
phosphgte presént in the enzyme preparation. Ferredoxin was reduced

by bubbling hydrogenbthrough tubes containing the ferridéxin solution

and tﬁe\bacterial hydrogenase. Spectrophotometric evidence was the criterién
for fe?reéoxin reduction. |

(c) Chemical reduction. To 1 ml solution of 0.05 M tris-HCl, pH

7.4, containing 3 mg/ml of ferredoxin was added 30 ul of 0.05 M sodium
dithionite under nitrogen. Ferredoxin reduced by this method was reversibly

oxidized to a large extent with'oxygen. Bleaching of ferredoxin was




also reversible upon exposure to oxygen. The reduced ferredoxin solution
was dialyzed against 0.05 M tris-HC1 buffer, pH 7.4, before use. Deter-

mination of the reduction was carried out spectrophotometrically.
C. ISOLATION OF THE ENZYME D-FRUCTOSE-1l,6-DIPHOSPHATASE

Fructose-l,6—diphosphataée was purified by the following method: -

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

»

. leaves were harvested and immediately'stored over crushed 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 weré_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;

sodium isbascorbate, 0.02 M; MnClz, 0.001 M; KH2P04, 0.0005 M; 2-N-
m§rpholinoethéne sulfonic acid, 0.05 M, adjusted Qith NaOH to pH 6.1
and NéCl, 0.02 MS, The blendor;te was then forced through six layers
of cheesecloth to strain out fibrous maierial;

The thogenété was éentrifuged at 2000 x g for 3 min. The supernatant
was decanted and each pellet.was suspended in 10 ml of "basic buffer"l
(0.05 M tris-HC1l buffer (pH 7.4) - 0.002 M dithiothreitol - 0.0002 M
EDTA - 0.001 M MgCL,). | |

3- Sonication. The chloroplast suspension in basic buffer.was
sonicated for 30 sec in batches of 50 ml, using the Biosonik (Model
BPI, Brénwill Scientific Co., Rochester, N. Y.) at 0°. -

The sonicated suspension was cehtrifuged at 36,000 x g for 2 h
and the suspension was saved as Lhe crude enzymeApreparation(;).

4- Acetone fractionation. Acetone was added to the crude eﬁzyme
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fraction to a concentration of 30%. The acetone had been precooled

in gﬁe freezer at -14° and was added to the crude enzyme solution slowly
while stirring at 4°. . The enzyme in 30% acetone was allowed to stand

in the éoid room (4°) for 30 min, and the mixture was centrifuged at
13,200 X g for 4 min. The supernatant wés qollected and the acetone
concentration in the supernatant was Brought to 75%. The enzyme in

75% acetone was allowed to stand in the freezer at 414° for 1-2 h. A

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

The upper layer of 75% acetone solution was decanted. The lower layer
containing the precipitated enzyme and soﬁe other proteins was then
centrifuged for i min at 5000 x g and the pellets were collected.
the greyisﬁ—white precipitate was suspended in the smallest possible
. volume of basic buffer and'was dialyzed against cold water (4°) fér
"4 h. Then itkwas dialyzed against basic buffer twice for 8 h each time.
The diélyzed mixture was centrifuged in the Sorvall, at 36,006
x g for 10 min, and the supernatant (II) was saved.

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

and pre-equilibrated with 0.05 M tris~HCl (pH 7.4). The supernatant
(II) was apélied to the.column.and the column wés washed with 0.05 M
tris~HC1l buffer (pH 7.4). FDPase did not stick to the DEAE-cellulose
‘under these>¢onditions and most of the activity passed down the column
in thé«O.bS M tris-HC1l (pH:7.4) gluting buffer. Tﬁié step is a very
useful purification step éince a considerable number of proteins were
bound to the DEAE-cellulose and were therefore removéa from the FDPase

solution (III).

¢

6- Ammonium sulfate fractionation. The protein eluted from the

DEAE-cellulose column (III) was subjected to ammonium sulfate




fractioﬂétion. Enzyme grade ammonium sulfate, previously érushed into
a_pbwde; by a mortar and pestle; was added slowly to the enzyme solution
while stifrihg. The pH of the mi#fure was maintained at about pH 7

using ammonium hydroxide solution and pH paper as indicator; The precipitate
formed at 45% ammoniﬁm sulfate saturation was centfifuged at 13,200 # g

for loimin‘and was discarded. Ammonium sulfate powder was added to

the supernafant to atconcentration'of 60%‘saturation and the precipitate

was collécted by centrifugation at 13,200 x g for ld min and was dissolved

in bagié buffer (1IV).

7- Phosphocellulose column. Fraction (IV) was dialyzed against

0.05 M tris-HCl buffer (pH 8.0) for 6 h. It was then applied to a
celluiose-phosphate column that has been pre-equilibrated.with 0.05‘

M tris;HCI buffer (pH 8.0). After loading the column with the enzyme,

the column-&as washed with 0.05 M tris-HC1l buffer, pH 8.0, until no
protein was coming out in the washing buffer. The column was then eluted
with 107> M fructose-1,6-diphosphate in 0.05 M tris-HC1l, pH 8.0. The
fractions containing FDPase were pooled.and were dialyzed against a
saturated.sélutioﬁ of ammonium sulfate preadjusﬁéd with ammonium
hydroxid; to pﬁ 8.0 (usingvaydrioh paper}). The profein precipitatéd

in the dialysis tubing and tﬁe suspension mixed wiﬁh it was removed

from the dialysis tubes and the precipitate was collected by centrifugation

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

8- Chromatography on Sephadex G-100 column. In most preparations
fraction (V) protein was homogeneous and no further purification was
needed. However, in one of our preparations a tréce of a contaminating
protein was nbsefved by polyacrylamide disc gel electrophoresis. In

this case,fraction V was chromatographed on a sephadex G-100 column
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which was preequilibrated with tris-HC1l buffer, pH:B.O, and was eluted
with the same buffer. The fractions containing FDPasé were pooled and
were concentrated in the same manner as described for Ehe prdtein eluted
from the phospho-cellulose column (VI). The specific activity of the
homogeneous protein at this sﬁage was‘2l.l units per mg protéin (Téble I).

9- Crystallization of FDPase. The concentration of protein in

‘ ( o _
1 ml of fraction (VI) was adjusted to 7 mg/ml in a buffer containing

tris-HCl, 0.1 M, pH 8.0, and magnesium chloride, 10 mM. The solution
was then titrated with a cold (4°) saturated solution of ammonium sulfate
unéii a slight turbidity was observed. The solu;ion was allowed to‘
warm to room.temperatufe where the turbidity disappeared. It was then
centrifgged at 36,000 x g for 10 min and the clear supernafant was cooled
. to cold room temperature gradually by placing the tube containing the
solution in a beakgr containing water at room temperature and placing
this aésembly in the cold room (4°C). The tube was then transferred

to an ice bucket full of crushed ice and was kept tﬁere on ice for a

few days. The crystalline enzyme was obtained (VII). The enzyme in

its crysﬁailine state was not stable for over a mohfh in crystallization
suspension. However, redissolving the enzyme in‘basic.buffer and storing

the solution at 0°C kept the enzyme acﬁivity stable for over six months.
D. HOMOGENEITY AND MOLECULAR WEIGHT OF FDPASE

Fréctions V) aﬁd (VI) were examined for their protein homogeneity
using disk gel electrophoresis. Both fraction; contained only one major
band. Ip one run ﬁhe phosphocellulose éluate (fraction V) éontained
another minor band which was eliminated from éel filtration on a

Sephadex G-100 column.
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TABLE I .

PURIFICATION OF SPINACH CHLOROPLAST FRUCTOSE-l,6'f~DiPHOSPHATASE

N Protein. : Specific activity Yield
Fraction Concentration ' (units/mg-brotein) o (®)
(mg/ml)
I Soniééte supernatant 10 ' 0.02 - ‘ | 100
IT Acetone fraction 21 " 0.68 60
ITT DEAE column 1.5 s 49
v 45—60%'ammonium
sulfate fraction 20 | 8.2 4 73
\' Phospho—cellulbse
column 22 20.3 s

VI Sephadex G-100

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

A‘ﬂphase contrast microscope.
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.‘Sedimentation rates data gave an 820 value of 7.7. Assuming a
spherical protein with a partial specific volume of 0.725 cm, the molecular
weight of the protein was estimated to be 140,000. This value makes
spinach chloroplast FDPase not much different from the mammalian FDPase14
in molecular weight. The enzyme is somewhat larger than the Candida

utilis FDPase which is reported to have a value of 100,000.24

E. EFFECT OF MAGNESIUM ION CONCENTRATION ON THE pH OPTIMUM OF FDPASE
In the study of effect of Mg++ concentration on the pH optimum
of chloroplast FDPase, Mg++ concentrations of 5 to 40 mM were used and
the pH of the enzymic reaction was varied from pH 6.0 to pH 9.5. At
lower concentration of magnesium (1 mM and 5 mM) the pH optimum is around
8.5 (Fig. 1). As the Mg++ concentration in the assay mixture increases
the pH optimum shifts towards the neutral pH and at 40 mM Mg++ ion
concentration the pH optimum is at pH 7. Our results are similar to
those of Preiss gg_gl;?s obtained with partially purified FDPase from
spinach chloroplasts and are also similar to the results obtained with
purified rabbit liver FDPase47.
The possible regulatory‘significance of this shift is apparent.
However, the observation with the rabbit liver enzyme that dinitro-

phenylation48’49

causes similar shifts in the pH optima of the enzyme
suggests that the action of Mg++ is to block some nega;ive charges near

the active site which renders the active site more accessible to the
negatively charged substrate (fructose-1,6-diphosphate or its magnesium
salt). At the neutral pH the enzyme conformation is such that the negative
charges are concentrated near the active site; thus more Mg++ concen-

tration is needed to neutralize these charges in order to make the

active site more accessible to the negatively charged substrate. As
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Fig. 1. Effect of Mg++ concentrat;.ioxi on the pH optimum of FDPase.
0--0 1 mM Mg T |

0--0 5 mMMg
o-=¢ 10 mM Mg**
o0 20 m Mg

®--@ 40 mu Mg'T
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the'gﬁ shifts_to thelalkaline pPH the»enzyme'conformation changes and
bohsequehﬁly.the negative cﬁarges become remote from the site; thus
‘ the.Mg++ éoncgntration needed for maximum activity is much lower than
that required.at fhe neutral pH.

| Another explanation for the shift of'pH optima as a function of
Mg++'qoﬁcentratiqn is based on the chelate association constant for
t:helMg+.v+ and the ionic Fru-1,6-P2. McGilveryso'caléuléted that a solution,
; mM in each of Frﬁ-l,ﬁ-P2 and MgCl2 with sodiﬁm saits to bring the ionic
strength to 0.677 (at 25° at pﬁ 7), is expéctéd td contain 19% as
Mg Fru-l,6-P;2, and 3% Mg H Fru-l,G-P; . If tﬁe pé»wés raised so as

to completely ionize Fru-1,6-P_, the concentration of the chelate would

2

still only represent 26% of the total Fru-1,6-P_.. It is apparent from

2
these calculations'that the activify-of FDPaée cannot be explained in

' terms of action of the Mg++ on the substrate, as it is the case in some
other enzymes such as chloroplast inorganic.pyrophosphataseSI. The

great shift in enzymic activity depending on thebpﬁland Mg++ concentration
exc;udes:or'minimizes this assumption. 1In addiﬁion, we were not able
to-oﬁtain_significant inhibition of chloroélastvFDPase by increésing

' ' ++
the concentration of the anionic Fru-1,6-P,. Fig. 2 shows that Mg

2
has a direct effect on FDPase. The sigmoidal shape of the curve of
: ' " . . :
the dependence of activity of FDPase on Mg  concentration shows that
at both‘high and low pH ‘(pH 7.0 and 8.7) the response of enzymic activity

++ . ++ L '
to Mg concentration is sigmoidal at low Mg concentrations. Such

behavior may be interpreted as allosteric effect of Mg on FDPase.52

F. EFFECT OF CATIONS ON FDPASE ACTIVITY
Sevefal other cations were tested for their possible activation

of the enzyme. Mg @ was by and large the most activating of all
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Fig. 2. Dependence of FDPase activity on Mg ion concentration.
O-~-0 pH 8.7

_A-—A pH 7.0
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cgtiohs.tésted. Mn++ partially replaced M§+f as the divalent cation
required.fot thé catalYtic'hydrolysis of FDP by the enzyme. All other
cations teéfed exhibited no activating effect on FDPase (Table II). No
ac£ivity for the hydrolysis of sedoheptulose-l,7-diphospﬁate, fructose-1-
phosphate, or ribuioée—l,s-diphosphate was induced'by the presence df
Z‘Zn++, Mn++lor C§+f. The lack of activity of chlorqpiastAFDPase'towards
the hydrol?sis of SDP in the presence of Mgf+,had suggested fhe possible
activation by other aivalent'cation in the assay qixture.- No  study
' ++

“of the antagonism or synergism between any of the metal ions and Mg

was carried out.

G. EFFECT OF ANIONS ON 'TEE ACTIVITY OF FRUCTOSE-I ,G-DIPHOSP}iATASE
Thé effect of ahions én the éctivity of FDPase wés carried out
in aséaf.mixtures S mM in magesium ion. The sodiﬁm sal£ of the anions
aesired-were used throughout this experiment. The concentrations of
the anions were varied from S to 40 hM at pH 8.7. None of the anioéns
tested (F , C1°, Br: 1, SOZ_ and HPOZ—) had any:stimulating or
inhibiﬁory:effect on the enzyme. The lack of inhibition by the F ion
of FDPgsé may provide anoéher éiece of evidence for the idea that the
;étion qf Mg+f is on the enzyme an& not on the substrate. The solu-
bility p;oducf of MgF2 is very low. Thié low solubility product of
MgFé has resulted in the inhibition.of enzymes'ﬁhigh require the
mégnesium salt of‘the ;igand aéting as substrate. An exémplé of SUCh'
enzymes is thoroplast inorganic pyrophosphataée wﬁich requiies the
magneéium>salt of pyrophosphﬁte as the substrate. Pyrophosphatase was
inﬁibited by tﬁe fluoridelion due to the upgvailability of Mg'lh'+ in the

réaction'mixture. 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

Cation ’ . | nmoies of ?i reieased ber_ml; per min
5 10 20 40 mM cation
mgtt 18 17 16.3 . 15.5
Mn' " 8.6 8.5 7 | 5
zn'" - 2.5 2.0 - ll.q o 0.05
re’t N 0.5 0.5 0.2 0.05
cott . f 1.5 1.4 | 0.5 . 0.2
MY 1o 0.8 o3 0.05
A" ‘¥~44 0.4 0.2 :" 0.1 0.05
™t - 10 s o5  0.08
ca*? - 1.5 1.0 . . 1.0 *f 'i.s

* Contaiﬁing 1 yg of fraction VI protein
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a strdng binding between magnesium and the enzyme and a direct effect
++ s . . s : : .
of Mg on FDPase, changing its conformation into one which is active

towards the hydrolysis of Fru—l,6—P2.

H. AéTIi(AT;QN OF FDPASE BY GLYCINE

' GlYéihe-was found tolactivéte FDPase towards the hgdroly;iékpf )
?ﬁP as shown in Fig. 3. The activity of the enéymé is increased by
ébout SO%'. Thé activation by giycine is not magncsium dependent. The

glycine activation of the isolated enzyme raises the possibility of

- the regulation of FDPase by glycine in vivo. The diversion of carbon from °

the carbon reduction cyéle to the synthesis of amino acids and protéins
may-be'régulated at thefFDPase point; 33 We have no.simple explanation

. of a ﬁechanism 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 the flow of FéP to the synthesis of amino
acids. The participation of glycine as a regulatory substénce was further
subs£an£iated when it was found that glycine aé;ivates and enhances

the carbon dioxide fixation by iéolated.chldroplasté in a parallel way

to its activation to FDPase. >4

I. ACTIVATION Oé‘ FDPASE BY BICARBONATE

Bicarbonate which is the substrate for the enzyme ribulose-1,5-
‘dipﬁosphate'carboxyIASE (E.C. 4.1.1.39) (which catalyzes the fixation
of Cdz uging the-five—carbon sugaf diphosphate RuDP ;nd resulting in
the production of PGA), the first enzymic reaction in the carbon reduction
cycle'was:found to bé an'activator of spinaqh chioroplast FDPase. This
finding:might suggest that carbon Qidxide not only acts as the substrate

for RuDPase but also as the activator for some enzymes involved in the
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Fig. 3. Activafion of FDPase by glycine, bicarbonate, and dithiothreotol,
as a fﬁnctibn of céncentration of the actovaéor{
O0--0  glycine |
_l-,-;,-’ll bicarbonate
0--0- dithiothreotol

0--0 . control
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cycle. This regulatory mechanism may prove togbe_an,important.one and
needs to be 'studied further.
J. ACTIVATION OF FDPASE .BY FERREDOXIN AND SULFHYDRYL REAGENTS

55, 56

Buchanan et al. claimed that reduced ferredoxin activates

the enzyme FDPase. Our results do not confirm this finding. Reduced

.ferredox1n, dithiothreotol and glutathion were found to act as pro-

' tective agents agalnst the ox1dation of the. enzyme 's sulfhydryl groups.

We have no. ev1dence of direct activation of ‘the enzyme by . ferredoxin.
The use of 1lluminated chloroplasts resulted ‘in the reduction of

ferredoxin, but this system was not suitable for the assay of FDPase

.

activity. The chloroplast suspenSion contributed a high background

level of 1norgan1c phosphate,_and also conf

/ g . v

of FDPase act1v1ty. This 1nterfered w1th the'determinatlon of inorganicf

5\

The use of hydrogen reduction catalyzed by bacterial hydrogenase~

v

has the drawback of 1nterference due- to high level of bacterial ‘FDPase

'activ1ty. " Because of lack of kinetic and other data on the interaction

of‘FDPase's from the two sources,:spinach-chloroplasts and‘C pasterianum(:i
it‘was.not"possible'tolobtain conclusive results;ﬂ. ’

: BecauSe of these}difficulties we turned~to-chemical reduction.b
Reduction by dithionite proved to be -an efficient’method for reducxng
ferredoxin, Unfortunately, the presence of hydrosulfite 1on 1nterfered
with the act1v1ty of FDPase. 'Therefore a method was dev1sed‘to achreye
reduction.of ferredoxin and eliminate»the excess hydrosulfite ion and
its oxidation products fron the medium. Ferredoxin_nas,mixedfwith sodiun-
dithionite under- nitrogen in a'closed system. The resultiné reduced

ferredoxin was then transferred to a dialysis tubing and dialysis was
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carried out undef nitrpgeﬁ with change of buffer (0.05 M tris, pH 7.4)
every 3.h,xfor a total of four changes. The'dialysis was done at 0°C.
ﬁeduced ferredoxin. was introduced igto the assay'mixtﬁre just prior
to the introductionvof FDPase. The reaction was allowed to proceed
for iO min, then was stopped.by adding 0.1 ml of 50% trichloroacetic
acid. The precipitaté was centrifuged out, andlfhe inorganic phosphate
produced in the enzymatic reaction was determined by the Fiske-Subbawa
method. 36'3? |

'Figl 4 shows that'Mg++ concengraﬁion did not affect the relative
amognt of activation achieved in the presence of 100 yg of ferredoxin
in a 1-ml assay mixture. We had expecﬁed that reduced ferredoxin may
replacé Mg++ in‘blocking the negative charges near the active site;
thus, atAlower Mg++ conéenﬁrations a greater amount of activation would
be expected. Our results; however, do not confirm this assﬁmption and
we obtained relatively the same degree of activation (about 10%) at
all 1levels of Mg++ tested. Dithiotheitol followed a similar pattern
of activation with thé relati?e degree of activaﬁion at lower magnesium
concentration (5-10 mM) about double that obtained at 40 mM Mg++.

'The acﬁivation of FDPase by ferredoxin and DTT as a fuhction of
pH (Fig. 5) shows that the mechanism of ac;ivation of FDPase by sulfhydryl
reaqénts is different from that obtaiﬁed by ferredpxin at lower.pH values
(pH 6.5—7.5) the aétivation of the enzyme by sulfhydryl reagénts was
more than 100% of the activity in the absence of the -SH reagent while
at higher pH the activation was much smaller. Ferredoxin, on the other
hand, ga?e 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

dithiotheitol and Table III shows that the effect is additive, which
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Fig‘. 4. Acti#étion pf fDPase by glycine, bic;arbonaté, dithiothreotol',‘ and
fe>rredoxin. as a function of magnesium ion concentrétio‘n-l.
A--A ‘10-3 M g.]'.ycineA |
0--0 .‘19'3 M bicarbonate
. @--8 1072 M dithiothreotol
0--0 . 100 ug ferredoxin

"y control
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Fig. 5. Effect of pH on the activation of FDPase by DTT and ferredoxin.
0--0 control (1 Hg enzyme, no ferredoxin or DTT)
’ O--0 1 ug enzyme + 100 g ferredoxin

OD--N 1 Ug enzyme + 1073 M DIT
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TABLE IIT
THE ACTIVATION OF FDPASE BY CHEMICALLY REDUCED FERREDOXIN AND DTT |

Inorganic phosphate liberated/ml* per min

(nmoles)
Complete . ) o 24.6
- Ferredoxin : - 23 ‘
- DTT ' | 21
- Ferredoxin and DTT : 18.5
! - FDPase ) | | : 0.05

- FDP ‘ ' ' : ' 0.04

* 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 sgingch chlofoplast FDPase
was observed upon treatment with ammonium sulfate. This activation
was unobtainable if ammonium suifate was used for;fractionation before
the use of'acetoné fraCtiénation. This may sugéest the presence of
an acetone extractable inhibitor of the enzyme which may mask the acti—.
vation éf the enzyme. 'The nature of this inhibitor is undér study.
It ﬁay be that acetone results in aiséociation of an enzyme inhibitor
complex freeing a site for amﬁonium sulfate to act on the enzyme as
an activator. Qonceﬂtrafes of the 75% acetone supernatant obtainea during

. the purification of the FDPase was inhibitory to the purified enzyme.

L. SPE&IFICITY OF FDPASE

.Spinach chloroplast fructQée~1,é—diphosphatase is highly specific.
for fructose;l,6-aipho§phate. The enzyme failed to attack sedoheptulose-l,
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
assay mixture from Mg++ fo Zn++, Mn++ or Ca++ and/or changing the PH
to neﬁtral pH (pH 7) did ho; induce any énzymic activity towards |
sedoheptulose—i,7-diphosphate, ribuiose-l,S—diphosphate or fructose-1l-

phosphate.

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

. . ++ . . . . - o . ‘
shift with Mg and its activation by glycine and by carbonate ion, are
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Mg . ion concentration studied. However, Buchanan et al.
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additi;nal evidence that the chloroplast enzyme, like FDPase.from many
other tissués;.plays an important regulatory roléuin carbon metabolism
in chloropiasts. This role was indicated earlier12 by kinetic sfudies:
of . Chlorella pyrenoidésa photosynthesizing in the presence ofll4CO

2
and 32Pflabelea phosphate, in which rapid.changes in leyels of fructose-

1,6—diphqsphate and fructose-G-phosphate accompanied the light to dark
and darkhlight transition and the addition of several chemicals which
produced general regulator 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

' : . 2 ... " o ,
also regulated1 , it is interesting that the purified FDPase did not

conveft'sedoheptulose-l,7-diphosphate to its monophosphate. Present

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

prese@t’in'the chléroplasts for the hydrolysié of these two sugar diphosphates
or the isqlated enzyme has lost its capacity to convert sedoheptulose |
diphosphaté, either through lability or because of lack of conditions'
necessary for activation of this func£ion.

Kinetic studies qf the properties of the enzyme isolated by the
procedurés iﬁ this report provide additional strong evidence for the-
allosteric properties of this enzyme53. We have found no evidence for
a large‘éctivation of the énzymé by reduced ferredoxin at any pH of .
. 55,56

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
FLUORESCENCE STUDIES WITH CHLOROPLAST FRUCTOSE-1l,6-DIPHOSPHATASE

A. INTRODUCTION

Enzymic action is generally associated with conformational change

of thé protein catalyzing the specific reaction. This change could be .
14

affected eiéher by tﬁe(substfate or by the alléstefic affectorl 2.

Fluo:escenée techniqués are very useful in revealing facets_of
conformational changes and dynamics. They are helpful iﬁ measuring
.distances between groups on proteins, determining the éxtent of flexibility
of a protein, and measuring'the rate of very rébid conformation transitions.
In addition, the degree of polarity of sites on the protein can be
measured using probes such as.l;anilino—s—naphthélene sulfonate (ANS) in
a highly polar envirohmentB.

In this report we have investigated the conformational change of
fructose-~1,6-diphosphatase, isolated from spinaéh chloroplaéts, induced
by the sdbstrate fructose-1,6-diphosphate, the product fructose-6-
phosphateéland thé divalent metal ion required for the enzymic catalysis,
Mg++. .Ih addition, conformational changes caused by the allosteric
affectors, ADP, ATP, and inorganic pyrophosphate, were also studied.

In these studies we have used the techniques of quenching fluores-
" cence and:depolarization fluorescence. Two typeéiof fluorescence were
investigatéd: Ehe intrinsic fluorescence of the enzyme FDPase resulting

from the presence of tryptophan and tyrosine residues in the protein,

and the extrinsic fluorescence induced in the presence of ANS.
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 B. MATERIALS AND METHODS

1- éhémicals. Fruétose—i,6-diphosphate; fructosefﬁ-phosphate, ATP,-
ADP, AMP and cyclic AMP we:e.higbest pufity producfs ébtained from Cal
Biochem. Tgt#asodium pyrophosphateAwas obtained f;pm Allied éhemicals;
Trizha baSe,_feagent grade, was obtained frqm Sigma Cﬁemical Company.
. 0 was obtainea from J. T. Baker Chemicél

2
Co. g_Acetyl—L-tyroéine'ethyl ester, Grade 1, and E_ACetyl—L—tryptophan

Magnesium_chloride, MgC1256H

ethyl ester, Grade 1, were obtained from Cyclo Chemical Co.

2- Preparation of enzyme.: The enzyme was prepared‘from spinach chloro-

plast as described by El-Badry4 and the homogeneous protein had a specific

activity of'about 20 units/mg protein.

x

Protein concentration was determined spectrophotometricélly by

.measuring the absorption at 280 nm or by using:the Lowry method of protein

determinations. Bovine serum aibumin was used as the standard in each
of the tﬁo methods.
The enzyme‘was aséayed by'coqpling‘theAFDPase reaction with that
of glucose phpsphate isomerase and glucose—6—phosphaﬁe dehydrogéhase,
and the NADPH produced in the reaction was measuréavspeétroéhotometrically
. . _

at 340 nm .,

'3- Instrumentation

Two.spectrophotoflhoriméters'were used in ‘this invéstiégtioné
(1) A‘mOAifiéd Aminéo—Bowman spectrophqtdfluoiimefer wi;hAan improved
detéctiéh system and (2) a Hitachi MPF-ZA'fluoriﬁeter.

Tﬁe,Amincd-Bowman fiuorimétér had the standard-optitaliéystem with
Xenon 1$mp'including the power supply. In the cell compartmgnﬁ a tﬁning

fork.(ftovamerican Time‘Compény) was mounted; it was oscillating. at
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200 cycle/sec. A driving unit for the fork produced simultaneously a

reference signal which was used for the phase sensitive measuring systemn.

An RCA 6199 end-on tube wés mounted in a Princeton Applied Research
(PAR) photomultiplier ﬁousing. A photometric preamplifier (PAR) RIM221
' ﬁas in the.samé housing near the photomultiplier. The load resistor of
the photomultiplier could be sélected externally. ‘The signal from the
preamplifier went into a PAR JB-4 lock-in Amplifier, The output was
attached té a Hewlett-Packard X-Y recorder with time base. The versa-
tility of this instrument with the possibility of expanding the scale,
shifting the'base line, choosing different time constant and optimizihg
the signal-to-noise ratio in different stages of the detecting system
made it sﬁitable for fluorescence quenching experiments and for kinetic
measurements. In addition, the response curve of the RCA 6199 with an
S-11 characteristic showed that this photomultiplier itself works as a

A}

cut-off filter for suppfessing scattered light from the excitation of

the protein fluorescence. The spectra reported in this paper are uncor-

rected for monochromator transmission and for photomultiplier response.
ﬁe used the well designed optical system of fhe'Hitachi MPF-2A

fluorimeter with two Beckman polarizers to determine the polarizatioﬂ'

spectra.r With an S-20 response photomultiplier, the correction curve

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

therefore, nearly "true" fluorescence speétra were recorded, and used to

detefmine ;he peak position of the fluorescence.

FDP and F6P had a slight absorption in the exciting wavelength
region; due to this absorption the fluorescence was corrected according
to the formula éf Farsters, thch was approximated ih our case to the
following eqﬁation:

X D
Fluorescence (corrected) = Fluorescence (measured) (1 + %—)
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where_pD_iéAthe<optical density of FDP or F6P at the exciting wavelength.
To account for the small dilution effect by adding substrate and
inhibitgrs,tp‘the ehiyme solution, we measured first the decrease of the

fluorescéncelby adding the same amount of buffer solution.

€. INTRINSIC FLUORESCENCE

The.i;triﬁsic fluorescence spectrum of the enzyme measured with
MPF-2A.’(Fi§.:1) shows tﬁ;ththe peak fluofescence occurs at 337 nm and
is;independent of théregcitation w;velength; fhis demonstrates that
most of the flﬁoreécence is due to tryptophan emisgion, which occurs
normally bétween 332 if the residue is in noé—polarfénvironment to 342
in polar environment, and that about half of.the fryptophan residues

‘see a polar and the others have a non-polar environment. This suggests

‘that some residues are exposed to the aqueous environment. That none

e s e . . .
, or little fluorescence can be seen from tyrosine residues arises from

the féct £hét very efficiéht quenching'mechanisms‘exist for tyrosine.

Some of'tﬁeée quenching mechanisms oriéinate.in tﬁe.interaqtion &ith the
microenvironment of the protein7. Thé efficienéy of energj transfer

from ty£¢§ine to fryétophén has been sho@n, afterASOme controve;siél
invesfigations, to be as higﬁ as 0.560. Tryptophan‘fluoregcence in proteins
can increase' or decreasg by binding with ofher holecﬁies depending on

the loéalfenvironmental change of the emittiné'séeéies. There are many
différenfiquendhing mechanisms for tryptophan fluorescence, and i; seems

that not one of them is dominant in prbteins. For instance, proton donation

+
3

to electrbrnegative'groups in the neighborhood of the indole ring, changes

from -COOH and NH, groups, etc., electron ejection in the excited state

in the intersystem crossing, intermolecular,electron transfer, hydrogen

- bonding and so on (for literature survey see 7 and 9). This complicated
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Fig. 1. Intrinsic fluorescence spectrum of chloroplast fructose-1,
6-diphosphatase measured with Hitachi (Perkin-Elmer) MPF-2A

.fluorestence spectrophotometer.
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situation makes it difficﬁlt to méke specific statements upon detecting
some changég in the fluorescence intensity of enzyﬁés by binding of
substrates and inhibifqrs. If there are tryptophan‘residues in the'active
center, then.this.can 5e quenched directly by bindihg_pf the'sﬁbstrates.
Figs.'2'ahd 3 show the activation.énd fluoresceﬁcéfspeétra of FDPase

with and without FDP and F6P and we see that in both cases decrease of
’ ’ . N . . . !

fluorescence intensity occurs. To decide if this quenching was the result

6f‘directvtffptophan4FDP, F6P interacfidn we'inQestigéted the fluorescence
of the subStﬁnée N—écetylAtryptophan amidé{,and we fpﬁnd that both‘FDP‘
and F6P are weak sensit;zers of the tryptophan estef_gmide fluorescence.
This suggeSts that thé decrease of fluorescenée infensities is . the result
.of confétmational change of the enzyme.

Figs; 4 and 5 show the quenching of the enzyme fluorescence aé
a function of FDP'and‘fGP concentrations respectively. These curves can
be used té give a kind of averaged binding constant. Because the number.
of active sites‘on £his FDPase is nbf known, we assume #s approximation
-that the different active sties are.iﬁdependent §f eéch'other and that
binding téleach site produces the same amount of quenching. We then

have

[B] Is]
[BS]

= K

where [BS] represents the concentration of binding sites bounded with-
substrate S and [B] is the concentration of free sites. In addition,
we  have

(B ] = [BS] + [B]

total

If all the binding sites are occupied we get maximal quenching,
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Fig. 2. Quéﬁéhing of fluorescénce and éctivation spéct:a of FDPase by FDP.
-F+;4' Fluorescénce(spectrum of'FDPasé for éctivation at 290 nm -
—_— FluoréscénchSPectrum of FDPase + 5 mM FDP for activation
. at 250 nm
‘ - -ff-A'Activation speqtrtm of FDP;ge for_fluofescence ét 340 nm
- %;f; Activation spectrum of FDPase + 5 mM FDP for fluorescence

.. at 340 nm
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Fig. 3. Queﬁcﬁiné of f;ﬁo;escenée and abtiQation gpectga of FDPage by F6P .

' A 'fluorescenéé spectrum of FDPasg for aétivation at 290 ﬁm

;_——fi  F1uorescence séectrum of FDPase + 5 mM F6P for activation
-at 290 nm

- - - Aqtivation spectrum of FDPase for flﬁdréscence at 340 nm

- f‘- ‘Activation spectrum of fDPése + 5 mM F6P for'fluorescence

at 340 nm
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Fig. 4. Quénchiné of fluorescence és a function of FDP concentraﬁion.
D;fd ..FluoreSéence of FDPase solution in'O;QS M tris-HCl, pH 8;7
at 22°, as a function of FDP ¢oncentration |
’ 0—-0"‘fluorescence Qf FDPase soluﬁién in 0.0S'M tris-HCl, pH 8.7,

in the presence of 5 mM MgCl2
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Fig. 5. QuenChing of fluorescence as a function of_?6§ concentration.
D-?Cf Fluorescénce of fDPase solution in 0.05 M tris—HCl at
22°, as a function of F6P concentration
s . . 0=-=0 .-Fluorescence of FDPase solution in-0.05 M tris-HCI,

pH 877, in the presence of 5 mM MgCl2
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“[BS) .

£, otherwis: = ith t |
max’ otherwise we have f = max [B ] and with the help of the
total
above equations
£ _(.fIS] fmax
S K+ [S)
Thus we see that for [S] = K, f£ ;A'gax .

And thié‘rélationship éan be used-for determining K; For FDP half of
the maximél(quenéhiné in pfesence of Mg++ is achiebéd for [s] = 3.8 x
' 10 M = K.i | |

ForyféP we get K = 2.2 x 10—3 M.

Thé;é ﬁindihg constants.are very low'and suggeSf that these
Wolecules éfé held to the.eﬂzyme with weék férceg ;ike dipole-dipole;
diéo;e—éhafge; or hydrogen b§nding interactions. _Thesé low binding
constants éoﬁld explaih the sloQ kinetics exhibited by FDPése.

The difference in quenching of FDPase by FDP and F6P makes it
possible toifollow the kinetics of cpnveréion‘of'FDP to F6P by fluores-
cence intensity measured as a function of time. .Fig. 6 demonstrates
that the fluorescencé kinetics correspond to the kinetics determined
by fpllowing the reduction of NADP as described iﬁ the Methodé section.

. Thé~tempefature aepéndence 6f the fluorescence of FDPase is
preéented_in-Fig. 7. 1In presence of magensium ionﬁtﬁe curve is very:
smooth, suggesting th#t no structural change occurs in tﬁe'investigated
teméerature ;ange. It seems that there are minor lo;al structural |
changeS‘in'ﬁhé case of FDPase in the absence of mggensium ions ét 22°C,”
suggéstiqg;that there are binding sites for Mg++‘on the enzyme that

_prodﬁce'iocal stability.

The pH dependence is shown in Fig. 8. Probably a strong structural
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Kiﬂetics of the enzymatic hydrolysis of FDP as measured by change
in fluorescence intensity as a function 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 intrinsiclfluoreséence.

D;-C]‘fEnzyme solution in 5 mM tris-HCl, pH 8.7
’ 0--0 Enzyme solution in 5 mM tris-HCl, pH 8.7, in the

' ++
presence of 5 mM Mg

PRSI
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Fig. 8. ?H dependence of FDPase
D;¥D--D 'Enzyme solution
0--0--0 Enzyme solution
at 22°
A;-A--A Enzyme solution

at 22°
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intrinsic fluorescence.
in tris-HCl, pH 8.7, at 22°

in tris~HCl in the presence of 5 mM MgC12
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transifionlprbduces the minimum in the fluoreécencéiversus pH curve at
pPH 7. FDéaée exhibits very low~activity at pH'7 and magnesium ion con-
centration kS mM) is pH 8.5. This optimum shifts to.the neutral pH as
the Mg++ cpnéentration in the mediuﬁ increases to 40 mM4. The structural
cbange at pH 7 could be'responsible for the low activity seen at pH 7.

Although the pK éf imidazole ring in histidine is 6.0, the pK of
imidazole is 6.9;'oné might expect the ?K of‘imidaZOie ring in the |
side chain of'a protein to have a pK of close to 7; thus the iohization
of the imidazole may be the cause for the strong. quenching observed,
around pH 7, of the fluorescence intensity of the enzyme FDPase.

In Figs. 9:and iO we preseht.the activation and fluorescence spectra‘
of the énzyme with.ADP and ATP present; TheAharrowing'of the activation
spectrum is -a.result of the strong overlap of ADP and ATP absérpﬁion.with
the absorption of FD?ase. This overlap in absorééion makes it very
difficult}fd draw any quantitative conclusions about the effect of ADP

and ATP on the fluorescence of the enzyme. To obtain information about

the interaction of these molecules with FDPase, we measured the fluorescence |

polarization where only ratios of intensities are important and no correction

of the absorption overlap needs to be done.

15. EXTRINSIC FLUORESCENCE
Anéther method of investigating theAinteraction of ATP, ADF and
AMP with the enzyme was made by labeling thebenzyme-with a fluorescence
dye like ANS where no absorption overlap exists. In Fig. 11 we demon¥
strate tﬁat ANS was bound by the enzyme in a non;polar region. ANS in
aqueoué andApolar enVifonment has a very low quéntum yiéld, but in noh-
. ) '

polar, hydrophobic environment this yield is high. The activation and
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Fig. 9. QuénChihg of fluorescence and activation spectra of FDPase by ADP.
— "~ Fluorescence spectrum for activation at -290 nm
L — . Fluorescence spectrum in the presence of 5 mM ADP for
activation at 290. nm
' -?“";' Activation spectrum for fluoreéscence at 340 nm
== —-- - Activation spectrum in the presence of 5 mM'ADP for

fluorescence at 340 nm
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Fig. 10. .QuenCﬁing of fluorésﬁence andlactivation spectra ofIFDPase by ATP.
:'--?' 'Fluorescénce.spectrum for activation at 290 nm
A Fluorescence spectrum in the presencé’of 5 hM ATP for.
* activation at 290 nm
’ _ - o .Activation spectrum for fluorescence at 340 nm
-= -f" Activation spectrum in the presgnce-df 5 mM ATP for

" £luorescence at 340 nm
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Fig. 11.

Extrinsic fluorescence of the enzyme induced by ANS.

Fluorescence spectrum of ANS for activation at 403
Activation spectrum of ANS for fiuorescence at 510
Fluorescence spectrum of ANS for activation at 403
in the presence of 1.2 x 10-5 M FDPase

Activation spectrum of the enzymeAfor fluorescence

> M FDPase

in‘the presence of 1.2 x 10
Fluorescence spectrum of ANS for activation at 403
presence of 2.4 x 10_5 M'FDpése:

Activation spectrum of ANS'for fluérescence at 510

presence of 2.4 x 10‘-5 M FDPase

nm

at 510 nm

nm in the

nm in the
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fiuoxgsceﬂcelspectra of ANS invthe buffer éléne shéws ;mall'intensities,
but by thé %ddition.of the enzyme, the fiuorescénée inqréases4and the

. peaks aré shiftéa. Thefe.is_a saturation.in fluoreécencé intensity

whén ali ANS binding sites are occupiéd (Fig. 12).: |

| ~We were unable to show quénching of the FDPase-ANS flﬁoreséence by
adding FﬁP} ?éP, ADP and ATP. This suggests that the conformational change'
.due to bihding of any of these ligands does nét affect the hydrophobic
enviornmépt of the ANS in the protein. However, we found some'sensitization
of the pxéfein—ANS complex fluorescence by Mg++,in agréement with the
results oﬁtéined in the study of the.temperature depéndenée of FDPase
flupfescénce'in'the presence of Mg++. We conclude that there is magne-

sium protein interaction.

E. D?POLAR];ZATION FLUORESCENCE

Thé interpretatioh of the: fluorescence éoiarization spéctra is Qery
difficulﬁ. . The problem starts with the fact that the electronic structure
of the transition around 280 nm in tryptophén is not well understood. The
poiarizgtion SPEétrum of tryptophan alénelo shows'tﬁo.maxima at 270 nm
and at 305 nm;,at 290 nm there. is a minimum; Weber explains this behavior
by assumiﬁg_a special geometrical relationship of the‘enérgy surfaces of
two gxcitea singlet states, so that the 270 and 305 nm peaks‘arise from
one singiéffstaté ahd the 290 nm minimuﬁ from the ofhe;. The very
unusual pﬁsérvatioﬁ that thé.polarization factor varies withltﬁe fluores-
. cence wévéléngth suggests that both singlet states contribute to the
flu§res§en§é7.

AThe ihtrinsié factors influencing theApolarization are'the.geametrical

relationship between absorbing and emitting. transition moments, modified
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Fig. 12. Fl};'xores'_cence spectrum for act;ivati'on
FDPase in _thg presence of:
— 0.05 mM ANS
"esesee. 0.1 mM ANS
—_— 0.15 mM ANS
_ 0.2 mM ANS
- - 0.25 mM ANS

—_— . — 0.3 mM ANS

at 403 nm of 1.2 x 10°° M
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by i;s environment, Thé extrinsic factors cgntributiﬁg to the depolar-
-ization are fotatién of the transition dipoles between absorption and
emission én& eneréy transfer mechanisms; It was shown by Weber that
tryptophan excited in the long wavelength edge of the absorption band

is not able to pafticipate in energy transfer10

. A éhange in»fhe
polarizatiqn for 295 nm represents changg.in fhé’environment or local
rotation of the Eluofescent.tryptophan residueé. FDPase as a whole is
too bigféhd rotates too slowly for contributing to depdlérizafion (Fig.
13). Energy.transfer between trYpEophan residues'in'proteins wés never
dembnstrated;'so’a change in thé polarization below 295 nm represents
change in~the environment of the trfptophan rgsidﬁes‘or change in energy
transfer:of tyrosine to tryptophan. Figs. 14 to 20 show tﬁe poiarization

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

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

by binding of different molecules except FDP (Fig. 14). FDP has the
strongest effect in the 300-310 nm region. Thgﬂinteraction‘;f the fluo-
rescént tryétophan residues with neighboring groups_changes drasticaliy by
conformational change; that is also shown by thgfdiffe;ent p values

around 270:nm. The‘geometrical deforqafion probably tﬁrns the angle

of the energy donating tyrosine residués with the'energy accepting
tryptopﬁanAmolecuies in a faQorable direction for energy transfer.

'F6P -has a.small éffect on the polarization spectra (Fig. 15). The
inhibitorstTP, ADP and PPi show big deviatiéns in the p values at ;hort
wavelengths, suggesting changes in the energy transfer from tyrosiné to
tryptophén. AMP and cyclic AMP are not inhibitors of spinach chloroplasts

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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S ‘ , |
Fig. 14. Effect of FDP on the fluorescence polarization spectrum of FDPase
in-tris-ﬁCl, pH 8.7, at 22°,

Enzyme (1.2 x 10'-5 M)

. --'=-  Enzyme in the presence of 5 mM FDP

|
© =+ —— Enzyme in the presence of'S mM FDP + 5 mM Mg l
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Fig. 15. Effé@fjof FepP 6n fluorescence-polarization spectrum of FDPase ih,
tris-ﬁcl{ pH 8.7, ;t 22°;

--—— Enzyme (1.2 X 10 > M)

—f;-¥ ' Enzyme in the presehce 6f 5 mM FéP

—= = — Enzyme in the presence of 5 mM F6P and 5 mM Mg .
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Fig. 16. Effeqt' of ATP. on-fluor‘escence polarization of FDPase in tris-HC1,
pH 8.7, at 22°.

I -5

—_— Enzyme (1.2 X 10 ~ M)

— e _Enzyme in the presence of 5 mM ATP

oo ' , ++
=+ — Enzyme in the presence of 5 mM ATP and 5 mM Mg
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Fig. 17. Effect of AbP on fluorescence polarizatioq of FDPase in tris-HC1,:
| pH 8.7, at 22°. ' |

—- Enzyme (1.2 X 10-5 M)

"""‘ Enzyme in the presence of 5 mM ADP

: ; ++
— ¢ — Enzyme in the presence of 5 mM ADP and 5 mM Mg -

U] . } . ) i
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j on fluorescence pola;i‘éat':ion' of FDPase in tris-HCI,

‘pH 8.7, at 22°.

Fig. 18. Effect of PP

-———- - Enzyme (1.2 X 19-5 M)
N -- -~ Enzyme in the presence of 5 mM PP, -

L , ++
~— s — Enzyme in the presence of 5 mM PPi and 5 mM Mg
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Fig. 19. Efféct of cyclic AMP on fluorescence polarization of FDPase in
tris;-Hcl, PH 8.7, at 22_°..
_— .Erizym‘e (1.2 x 107> M)

. .-- -- Enzyme in 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 Qf AMP on fluorescence polarization of FDPase in tris—HClv,
pH 8.7, at 22°.
' -5
—_— Enzyme (1.2 X 10 ~ M)

* - - Enzyme in the presence of 5 mM AMP
. . N

—= ¢+ — 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 site, but they do not produce a conformational change of the enzyme

as a whole.

F'. MIXED QUENQHING EXPERIMENTS

To study‘thé sites of fluorescence quenching by‘different ligands
on the ehzyme FDPase, an experiment was designed wheré the quenching by
one ligand was studied in the presence of another a£ a concentration which
results in the maximum "quenching saturating concentration." The results
can be concluded as follows: |

(1) The fluorescence of an FDPase solution which has reached its
quenching saturation by F6P was further quenched by FDP. This indicates
thét the site of quencﬁing of the substrate is not the same as that of
the product. Presumaply the product leaves the site soon after its
formation; and it exhibits its quenching of the enzymic fluorescence at
a site diffgrent f;om that of the substrate.

{(2) This assumption is further substantiated by observing that the
fluorescence of an - -enzyme which has ;eached ité queﬁching saturation by
FDP was further quenched by FéP.

{(3) A more interesting'observation is . that the fluorescence of an
enzyme solution containing a high concentration (20 mM) of the allosgeric
affector, pyrophosphate, was quenched in an identical manner to an enzymic
‘solution untreated with pyrophosphate. This is a direct and simple method
to determine the type of inhibition e;hibited by a ligand on the. enzyme.
It is clear iq our case that PPi.binds and exerts its inhibitory effect
on FDPase at a different site from the catalytic site, that is, PPi is

an allosteric affector of spinach chloroplast FDPase.
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Chapter III

Y-RAY EFFECT ON THE CATALYTIC AND ALLOSTERIC SITES AND ON THE

CONFORMATION OF CHLOROPLAST FRUCTOSE-1,6-DIPHOSPHATASE

A. INTRODUCTION

Ehzymes are biologicallcatalysts which not only mediate biochemical
reactions‘but;also control and regulate the levels and concentrations of
differeht metabolites in the living cell. Radiation effect on enzymes
therefore may 5¢ achieved bf altering thei; catalytic activity, their
response t§ their allosteric affectors, or both. . This effect coﬁld be due
to direqt effect on the catalytic'or‘allosteric site or due to change
in the general conformation of the protein. Pihl and coworkers
studied X-ray moaification of aspartaté tféﬁscarbamylase, phosphorylase b
and rabbit liver FDPase and their results indicate that the allosteric
functions of these enzymes were much more sengiﬁive to radiation damage
than weré their cata;ytic activities. This may sugéest that r;diation
damage. has greater,effect on the regqulatory sites than on their catalytic
-activity 4.

Spinéch chloroplast fructose-1,6-diphosphatase (E.C. 3.1.3.11)

catalyzes the hydrolysis of Fru-~1l,6-P

2 produced in the carbon reduction

cycle of photosynthésis to Fru-6-P and inorganic phosphaﬁe. Bassham -
and ¢oworkerss suggested that FDPase in photosynthetié Chlorella cells
is subjec; to light activation. In this réport we investigated the
direct‘effeét of y-irradiation on the catalytic and allosteric functions

of spinaéh chloroplast fructose-1,6-diphosphatase.
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-B. MATERIALS AND METHODS

ADP, ATP, phosphoglucose isomerase and glucose—6—phosphate dehydrogenase

-

were obtainedAfrom Cal Biochem. Tetrasodium pyrophosphate was from Allied

Chemicals. .

2- Preparétion of enzyme. The enzyme was prépared from spinagh
chloropiast as described by El—Bgdry6 and the hompgeneéus protein had
a specific activity of about 20 units/mg of protein.

Protein éoncentration was determined sPectrbphotometrically by
measuring the absorbtion at 280 nm or by using the Lowry method of protein
determination7. Bovine serum albumin‘was used as thé étandard in each
of the twé»methods. The eniyme was assayed by édupling‘the FDPase reaction
with that of phosphoglucose isomerase and glucose-6-phosphate dehydrogenase

and the NADPH produced in the reaction was measured'spectrophotometrically

at 340 nm6..

3~ Irradiation of the enzyme. Enzyme solutions were irradiated

in Pyrex glass tubes, 5 mm in diameter, in the preseﬁce of air at 0°.

The tubes were placed vertically in a double wall:sfainless steel sample
cup surrounded by crushed ice. The samples were then irradiated in a
éustom made cobalt-60 source which feétures radial arrangemen£ of

16 oCo elements (slués ¢ontaining the is§topa in élemental fnrmj_in

a horizontal plane. The circular arrays can be varied in diameter to
change the intensity within certain limits. In these experiments the
circle diameter was 6 inches. The'soﬁrce has an automatic moving stage
on which.the sample cup travels sideways and up intoithe'center of the

field. The stage provides automatic rotation of the sample cup about



~93-

: o O - e
the vertical center axis. The 2000 curie, OCo, Y-ray source emission

was at a rate of 2.0 megarads (+15%) per h.
C. RESULTS

1- Effect of irradiation on the catalytic function of chloroplast

FDPase. vAé seen in'Fig. 1, y-ray irradiation affected the catalytic
activity‘of the enzyme FDPase. We have notvobservéd any activation of
the catalytic activity at lower doses of irradiation as was observed with
the rabbit liver enzyme3; The effect was only damaging to the catalytic
activity of the enzyme wi£h an Eoso': 250 kilorads. |

To determineﬁthe nature of thé radiation damage to the enzyme; tﬁat
is, whether the effect is on the general cdnformafion of the enzyme or |
directly_én the a¢tive site, an experiment was designed in which the
enzyme was irradiated in the presence of the suﬁstréte fructose-1,6-
diphosphate (2 mM), the divalent ion required by the enzyme, magnesium
ion (5 mM), or in the presence of Soth. |

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

2

; catalytic activity of the enzyme. Fru-1,6-P_ and magnesium together.

2
followed inyeffectiveness. 'However, magnesium aloqe had the least effect

on protecting the active site of fhe enzyme. F?u;l,G—P2 binds to the
4siteitigﬁtly and is not hydrolyzed in. the absence of the divalept ioﬁ~
magnesium. FDP therefore provides the.greatest amaunt of pfotectionf

from radiétion damage to the site. Magneéium ion holds the enzyme in

a conformation‘which is less sensitive to radiation aamage. In the presenée
6f.both:magnesium and-fBP protection of the active site from Y-rédiatioh

‘ ' ++ »
damage is achieved partially 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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Fig. 1. Effect of irradiation on tﬁe
b--b - FDPase irradiated in
Z}-?ZS .FDPase irradiated in
0--0 ‘_FDPase irr;aiated in

0--0 Enzyme irradiated in

¢atalYtic activity'of:FDPase.

the presende of FDP :

the pre§encelbf FDP and magnesium
the presence of»hagnesiﬁm

the absence pf ligands
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to the active site by binding to some functional groups rendering them

less sensitive to radiation damage. Fru-1,6-P2

proteétion to the active site than FDP alone, probably because Fru—l,G—P2

and magnesium offer less

alone in the absence of magnesium binds to the enzyme without being
hydrolyzed; however, in the presence of magnesium the substrate is hydro-
lyzed ahd the product leaves the site rendering it accessible to radiation

damage. . v . ' . !

It seems to us that the decrease in cataiytic éctivity of chloroplast

FDPase is due to both the direct damaging effect of the radiation on
;he active'site of the enzyme, possibly due to the destruction of some
funétionél'groups in the active site, and to'éhe effect of the radiation
on the conférmation of‘the enzyme. The direct effect on the‘active site
as seen from Fig. 1 has more damaging effect to‘thé catalytic‘activity

of FDPaée..The effect on the conformation may be due to the destruction
of the magnesium‘binding sites, preventing the magnesium’from binding

‘to. the enzyﬁe, and thus preventing the formation of a catalytically active

"conformation.

2- Effect of irradiation on the allosteric function of the enzyme.

Spinach chloroplast FDPase is inhibited by the ailo;teric effectors, -
ATP, ADP, and pyrophosphate. To study the effect of Y—ra&iation.on the
aliostéric'site, inhibition by ATP wasiéhosen as the éafametér for deter;
mining fhe effect of yY-rays on the allosteric site of the éhzyme.':The-
allosteric functi§n is defingd as the degree of inhibition by ATP,
expressed ip percent of inhibition of the unirradiated enzyme. Fig; 2
shows that y-irradiation has damaged the allos;efic 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 functioh of FDPase.
Of—Or 'Enzyme irradiated in the ab#enCe of ATP and Mg++ and
.tested in the absence of ATP |
0--0 ' Enzyme irradiated in the presence of AIP and Mg++ and
| tested for ATP inhibition
! p--0 » Enzyme irradiated in the presencekof_ATP only and tested
- for ATP inhibition
O--0  Enzyme irradiated in the absence of-ATP and Mg++ and.

tested for ATP inhibition
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the allostg?ic'affector ATP and the divalent cation'magnesium. "The effect
of magﬁesium_here is:probably a dual effect, partially due to holaing

.thé eﬂzyme in a conformation which is resistant to radiation damage and
partially.dué to its effect on ATP; that is, the:allosteric affector~

Mé ATP= is more effective than anionic ATP in_protecting the allosteric

site from y-irradiation damage.

D. DISCUSSION

Radiation effect on chloroplast FDPase wasvseen to be due to three
types of effects.

(1) The‘éffect on the catalyfic site of the enéyme ig probably due
to the destruction of some functional groups in the 5ctive site. These
groups could be involved in the binding of the substrate to the enzyme
.or in the hfarolysis of the phosphate group at tﬁe é-l position of the
substrate. This.direct effect on the chemical nature of the active site
resulted in the greatest damage to the catalytic activity‘of the ehzyme.

k'(é) The second effeét'of the Y—irradiatioh on the enzyme we ihterpret _
as an effect on the ;onformatioh of the enzyme. This effect could be due
to the bféakage of some disulfide bqnds or other bonas responsible for
the generaligeometry and conformation of the eﬁzyﬁe. More 1likely though,
this effeét is due at least partially to thé destruction of the magnesium
binding sites on the enzyme. The des£ruction bf these sites makes the
enzyme dnéble to'chanqe to a conformation which is févorable to the
catalytic hydrolysis of Fru-l,6—P2 in the presence of magnesium. This
effect ésuld be thought of as an effect on the catalytic function of
-the enzyme.due to unfavorable conformation. I£ can also be explained

as an effeét on the site of binding of the allosteric activator, the
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divalenﬁ cétion magnesium.

(3)‘The third type of effect is an effecﬁ on the allosteric site of
the enzYme{ .This effect is mostly dué to the destruction pf the bind%ng
sites to which the allosteric inhibitor ATP binds to the allosteric siﬁe.

The effect on the allosteric site does no£.sééﬁ to be as great as’
the effect on the catalytic site, as seen from comparing the slopes of
the dosage‘résponse curves in Fig. 2. However, this is probably due to
the sensitivify of the catalytic site to the effe¢£ én the~confqrmation
of the enéjﬁe caused by radiation damage, while thé allosteric site is

not affected as much by the deformation in the enzyme conformation.
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Chapter IV

RIBULOSE-1, 5-DIPHOSPHATE CARBOXYLASE FROM SPINACH CHLOROPLASTS:

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

A.~ INTROﬁUCTION

, The enzyme ribulose-1,5~diphosphate carboxylase,'RuDPCase* [3-phospho-
D-glycerate carboxylase (dimerizing), EC 4.1.1.39] catalyzes the fixation
of carbon dioxide, in the carbon reduction cycie, with ribulose-1,5-

diphosphate to form two identical molecules of 3-phospho-D-glycerate.

quper and Filmerl have shown that the active Species utilized

by RuDPCase is CO2 and not HCO3 . Deuterium incorporation experiments

carried out by Mullhofer énd Rééez‘Showed that deuterium and CO2 became
affixed to carbon atom that was originally the C-2 position of ribulose
diphosphate. This finding indicatés that the cleavage occurs at the
C-2 - C-3 bond of the ribulose diphosphate duringAthe'carboxylation réaction,‘
The reaction is essehtially irreversible3 and the enzyme is highly |
specific for RuDP, which cannot be repléced by ribulose~-5-phosphate,
ribose-1,5~diphosphate, ribulose-l—bhosphate or xylose-l,5—diphosphate4'5.
Paulsen and Lane6 have shown that orthophosphate and sulfate inhibit

the carboxylation reaction competitively with respect to ribulose diphosphafe.

They also reported that 3-phosphoglycerate inhibits competitively with

3

diphosphate, while ribulose-1,5-diphosphate inhibits at concentratiohs

respect to HCO_, and non-competitively with respect to ribulose-1,5=

greater 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-1,5-diphosphate carboxylase.
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which'differ in molecular weight and amino acid composition.

:Bassﬁam and coworkerss'have‘found thét the pH optimum of RuDPCase
shifts to physiological pH with the increase of Mg++ concéntration in
the assay mixture. ThisAmay provide a mechanism of régulation of the
enzyme iﬁ.XiXS-

Bassham and coworkers using Chlorella pyrenoidosa cells9 and isolated

6hloroplastslo and employing steady-state photosyhthetic'conditions showed

that upon going from light to dark, the rate of CQ2 fixation decreased

almost immediately. This decrease has occurred in the presence of

sufficient.amount of ATP, RuDP and HCOs. When the Chldrella cells and

the spinéch chloroplasts were illuminated an increase in the rate was

in effect within a very short time. Bassham has explained the loss of
Coz.fixation upon transition to the dark and its ipcrease upon illuminatioﬁ
as light activation of RuDPCase.

‘Wildman and Criddlell claimed activation of RuDPCase in crude extracts

of Rhodospirillum rubrum, some marine algae, and leaves of higher plants

upon éxposure to light at 325 nm. They have extracted a light acti-
vating factor (LAF) from chloroplasts pf tqmato‘leaves using cold absolute
methanql. Purified toﬁato enzyme did not reépond to light; however,
activation of the purifiéd enzyme was échieyed in the preséncé of LAF12.
Such inéiciatidné of activation may explain the diéérepancies betweeh'
the low activities of RubPCase found in crude extracts and the high CO2
fixation rate observed in isolated Fhloroplasts and intact leaves.

The enzyme RuDPCase has been isolated from many sources: Hydro-.

‘ ‘ N 13 ,
genomonas eutropha and Hydrogenomonas facilis =, Rhodospirillum rubrum1

and thdopseudomonas spheroidesls, Chlorella ellipsoideal6, rice leavesl7
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and tomato leaves . Several methods of isolation have also been reported
ey . 4,5,6,18 .

for spinach leaf RuDPCase . However, the enzyme isolated by these

methods is reported to be unstable in the purified form.

In this paper we report a method for the isolation of RuDPCase

of considerable stability. The enzyme isolated from spinach chloroplasts -

‘by our method is stable for over six months. in addition, our procedure
provides a ﬁeans for isolating large quantitiés of the enzyme which was
not fea#ible before6 and which is needed for kinetic‘studies. RuD?Case
isolated by our method has also higher specific acti&ity than previously
reported ’6; Alsp, we report the stimulation by fructose—l,6—diphosphate'

at a concentration close to the probablé physiological level.

B.. MATERIALS AND METHODS

1- Chemicals. Fructose—i,G—diphosphaté and ribulose-1,5-diphosphate
were purchased from Sigma. Commercial RuDP was in the dibarium form
and‘was converted to the sodium salt by treatment with Bio-Rex 76, sodium
form (obtained from Biorad Labs). Sorbitol and Z-N—morpholinoethane
sulfonic acid were from Cal Biochem. ‘All inorgaﬁic salts were analyticai
reagents. DEAE-cellulose (Cellex-D) was from Biorad Labs. It was further
purified by suspending in water and decanting.the fines. For every 40
to 80 grams of the aﬁsorbent,.l liter of 1 N NaCH was.added, followed
after 15 min by 1100 mi of 1 N HCl. The acidic suspunsion was filtered
on a Buchner funﬁel and rinsed with a little water. The residue was
- again suspgnded in 1 litér of NaOH and after 15 min is filtered again .
and washed, until the effluent was neutral, with distilled water. The
free DEAE¥ce11ulose was then equilibrated with 0.05 M solution of 0.05

M tris~-HCl, pH 7.4, containing 0.001 M EDTA. The buffer was changed

, .
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several tiﬁés until pH 7.4 was achieved. The adsorbent was'stored at

4°C in.aA3O—50% suspeﬂsion in,tris—HCl,‘0.0S M, pH 7.4. Sephadex G-100
was obtained from Pﬁa:macia—fine Chemicals.. Glyceraldehyde-3-phosphate
~dehYdrog¢nase‘(E.é.1.2.1.12); 3-phosphoglycerate kinase (E.C.2.7.2.3) and
a'—glycerophosphaté dehydrogenase-triose phosphate igomerase (E.C.1.1.99.5)
from Cal Biochemn.

2- Assay of enzymic activity. The enzyme was assayed spectrophoto-

metrically in a coupled enzymatic reaction. The reaction mixture (1 ml)
contained: tris-HCl, pH 8.0, 0.1 M; NADH, 0.l2va;-§lutathione, 5 mM;
glyceraldehyde-3-phosphate dehydrogenase, 0.25 mg; 3-phosphoglycerate
kinase, 5 Ug; o-glycerophosphate dehydrogenase-triose phosphate isomerase,

10 mM; KHCO_, 75 mM; and 10-20 ug

25 ug; RuDP, 0.5 mM; ATP, 12 mM; MgCl,, )

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.

ASsay of enzymic activity using radioactive KH14CO3 was also used.

/

The‘éomplete asséy mixture (0.5 mi) éontainéd tris-HC1l, pH 8, 0.1 M;
RuDP, 0.7 m; xnl4c03, 0.5 mM (30 C/mole); MgCl,, 10 mM; and 50 kg of
RuDPCase. The assay mixture was incubated at 25° for 10 min and was
stdpped’by the introduction of 0.05 ml of glacial acetic acid. The
mixture was then spottéd on (2 x 3 inches) pieces of Whatman No. 1 filter
paper ;ﬁd was counted after drying in a stream of hot air, using a pair

of large Geiger-Milller tubes with thin windows.

3- Determination of protein. Protein concentration was determined

by meaSuring its absorption at 280 nm or by using the Lowry method of
U - B .
protein determination’ . Bovine serum albumin was used as the -standard

in each of the two methods.
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“4- Disc'gel electrophoresis. The method of Da&id20 was uscd to
analyze for the homogeniety of thé protein at thé different stages of
purificatioh. Crbss-linked polyacrylamide gel at'pH 8.4 was used. Samples
of 10-20 uyl containing 50-100 ﬁg of protein were qsed. All reagents

used in the procedure were obtained from Canalco.

C. ISOLATION OF RIBULOSE-l,S—DIPHOSPHATE CARBOXYLASE
Spinach c¢hloroplast RubDPCase was purified by the following method:

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

leaves were harvested and immediately stored over crushed ice in polyethylene
bags in large icé chests. The leavés 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 Azl {containing

Sorbitol, 0.33 M; NaNO

isoascorbate, 0.002 M; MnClz, 0.001 M; KH

3’ 0.002 M;. EDTA (dipotassium salt), 0.002 M; sodium
2PO4, 0.0005 M; 2-N-morpholinoethane
sulfonic acid, 0.05, adjusted with NaOH to pH 6.1, and NaCl, 0.02 M).
The blendorate was then forced through six layers of cheesecloth to stfain
out fibrous material.

The homogenate was centrifuged at 2000 x g for 3 min. The supernaﬁant
was decanted and each pellet was suspended in lo‘ml of "basic buffer"
(0.05 M tris-HC1 buffer {pH 7.4) - 0.002 M dithiothréitol - 0.0002 M EDTA -
0.001 M MgClZ]. “

3~ Sonicafion. The chloroplast suspension in basic buffer was

sonicated for 30 sec in batches of 50 m;J 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 the.supernatant was saved as the érude'enzyme preparation (I).

4- Acetone fractionation. Acetone was added to the crude enzyme
fractioﬁ to a concentration of 30%. The acetone haa.been precooled in
the freezer at -14° andbwas added to the crgde eﬁzyme solution slowly
while stifring at 4°C. The enzyme in 30% acetone Qas allowed to stand
in the cbid room (4°) for 30 min and the mixture was centrifuged at 13200
x g for 4 min. Tﬁe supernatant was brought to 75%.» The enzyme in 75%
acetone was allowed to stand in the.freezer at -14° for 1-2 h. A copious

t

precipitate formed and settled toward the bottom of the container. The
upper layer of 75% acetone solution was decan;ed. The lowér layer containing-
the precipitated enzymé and some other proteins was then centrifuged
for 1 miﬂ‘at 5000 x g and the pellets were collected.

The greyish-white Precipitate was suspended in the smallest possible
volume of basic buffer and was dialyzed against cold water (4°) for 4
h.AThen it was dialyzed against basic buffer tﬁice for 8 h each time.

The dialyzed mixture was cehtrifuged in the.Sorvall at 36,000 x g

for 10 min and the supernatant (II) was saved.

5~ DEAE-cellulose co;umn.‘ A DEAE—éellulose célumn Qas preéared
and preequiiibrated with 0.05 M tris-HC1 (pH 7.4). The supernatant (II)
was applied to the column and the colgmn was washed with 0.05 M tris-
HC1 buffer>(pH 7.4). RuDPCase did not stick to the DEAE-ce}lulose under
these conditions and most of the activity passed down the column in
the 0.05 M tris~HCl (pH 7.4) eluting buffer. A considerable degree of
purifiéation was achieved by.this step since a great deal of protein

other than RuDPCase was removed from the enzyme solution (III).
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' 6- Ammonium sulfate fractionation. The protein eluted from the DEAE-
cellulose_coiumn (III)’was subjected to ammonium‘sulfate fractionation.
Eﬁzyme-grade'ammonium sulfate, previously powdered by a mortar and pestle,
was added slowly to the enzyme solution with stirring. The pH of the
mi#ture was mainfained at abqut pH 7 using ammonium hydroxide solution
and PH paper as indicator. The precipitate formed at 30% ammonium sulfate
saturation was centrifﬁged at 13,200 x g for 10 min and was discarded.
Ammonium sulfate powder was added to the supernatant to a concentration
of 40% saturation and the precigitate was collected by centrifugation
at 13,200 x g for 10 min and was dissolved in a "storage buffer" coqtaining

tris-HC1l, pH 8, 0.1 M; KHCO,, pH 8, 0.1 M; and MgClz, 0.005 M (IV).

3
7f Sephadex G-100 column. A Sephadex G-100 column was prepared

and was‘pre—equilibrated with the "storage buffer”. Fraction (IV) protein
was applied to the column and was eluted with-the same buffer. Tubes
containing RuDPCase activity were pooled'and the protein was concentrated
by dialyzing against a saturated solution of ammonium sulfate pre-adjusted
with ammonium hydroxide ‘to pH 8 (using pHydrion paper). The protein
precipitated in fhe dialysis tubing and the suspension mixed with it

was removea from the dialysis tubes and the precipitate was collected

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 homogeneity. 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 protein which is RuDPCase.
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TABLE I

PURIFICATION OF SPINACH CHLOROPLAST RIBULOSE—l,S*DIPHOSPHATE CARBOXYLASE

Fraction Protein concentration Specific éctivity Yield

(ng/ml) . (units/mg protein) (%)

I Sonicate supernatant 10 . 0.51 100

II Acetone fraction 21 - o - 1.30 89

‘ III DEAE—ceiiﬁlose column 7.5 2.20 60

IV 30-40% ammonium sulfate
fraction _ 12 2.75 38

V Sephadéx G-100 column 15 : 3.32 27
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E. EFFECT OF FDP ON THE ACTIVITY OF RUDPCASE

Fruéédéeél,6—diphosphate (Fru-1,6-P2) which is the substraté for
the enzyme fructose-1,6-diphosphatase (EC3.1.3.11) in the photosynthetic
carbén reduction cycle, was found to have an acﬁivatihg or inhibiting
efféct'on‘the enzyme RuDPCase, depending on both the concentration of
FDP and m;gnesiuﬁ ion in the assay mixture. Fig. 1 shows that Fru—l,'6—.P2

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

Fru-1,6-P_ concentration of 0.4 mM. At highér concentrations of Fru-1,6-P

2 2

the activating effect on the enzyme disappears,.and no inhibitory effect
on the enzyme is seen if the hagnesium ion cqncentration in the assay
mixture is lo& (1 mM). As the magnesium ion concentration increases

the activating effect of Ffu—l,é—P

2

The activation by 0.4 mM Fru-1,6-P_ at 1 mM is more than twice that

2
. ++ . . ’
achieved at 5 mM Mg and approximately six times that achieved at 10

mM magnesium ion. At 40 mM magnesium Fru-1l,6-P_ becomes inhibitory at

2
all levels of FDP eonéentrations.

The curve for ﬁuDPCase activity vs. Fru-l,G-P2 concentration is
slightly sigmoidal in nature. The sigmoidal,néture of the curve is more
apparent at higher concentrations of magnesiﬁm,,especially at 10 li(Fig.
1). At 40 mM magnesium, FDP becomes inhibitory at all concentrations.
These obse;vations may indicate an ai}osteric effégt of Fru—1,6-P2 on
RuDPCasé22.

F. DISCUSSION

The isolation procedure reported here can be easily ad;pted to
tbe isoiation of larger quantities, and is conyeniént fo; simultaneous
isblation-of some other chloroplast enzymes, such as FDPase23 ana pyro-

phosphatase24. The use of bicarbonate during the enzyme preparation

and in the storage buffer leads to greater enzyme activity and stability.

)

on the activity of RuDPCase decreases.

%
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Fig. 1. Effect of FDP on the activity of RuDPCase at different
magnésium levels.

. ++
0--0 1 mM Mg

-0 5mMMg't

+
D--0 10 mM Mg''

O--0 40 mM Mg T
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That Fru-1,6-P, exhibits activation and inhibition of RuDPCase activity

2

méy indicate an interaction-between two requlated steps of the carbon

on the acfivity

i

reduction cycle. Thus we see an effect of Fru-1,6-P,

of RuDPCase, while there is an activating effect by bicarbonate on the
activity of fructose—l,6—diphosphatase23. The,reactiohs catalyzed by
these two enzymes are considered to be control points in the carbon

" " 9,25-27 . :
reduction cycle. Interaction between the substrate of each of
these enzymes with the activity of the other may p;bve to be an important
aspect of regulation of photosynthetic carbon»metabolism.
in Chlorella pyrenoidosa photosynthesizing

under steady-state conditions has been estimated at 0.1 mM25.' There

The level of Fru-1,6-P2

. + . :
is evidence that the level of Mg * ions in the osmotically-responding
space of spinach chloroplasts may be as high as 16 mMzB. Thus the

' . ++
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 levels.
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PART III

STUDIES WITH INORGANIC PYROPHOSPHATASE
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CHAPTER V

 CHLOROPLAST INORGANIC PYROPHOSPHATASE,

PURIFICATION AND PROPERTIES OF THE ENZYME
A. INTRODUCTION

Ehzymes which hydrolyze inorganic pyrophosphaéé.(PPi)}”
to orthophosphate have been found to be widely distributed

1-18 However, the

in animai, plaht; and bacterial systems
enzyme, obtained from pfeviously isolated chloroplasts, 1is
required for studies of the possible role of this reaction

in photdsynthesis. For example, if chloroplast pyrophosphatase
activity is subject to metabolic regulation, this control
'might be effected by a different means in the photosynthetic
system~than in other metabolic systems. This is the case '

19’20, We report here the finding

for fructose diphosphatase
of alkaline pyrophosphatase activity in previously isolated
spinach chloroplaéts, methods of purification and characteriza-
tion of the enzyme, and the dependence of its activity 6n

20

Mg++ ion concentration and pH. Simmons and Butler found

that'maize leaves contaln alkaline inorganic pyrophdsphatase

activity, with 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-1l,6-diphosphate, sodium salt,
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Sigﬁé Cnemical Co. All inorganic salts weré;analytical
reagents.

2. Enzyme assay. The enzymatic hydrolysis of inorganic

pyrophosphate was determined in a 1 ml reaction mixture
containing 2 mM tetrasodium pyrophosphate, 50 mM Tris buffer

(pH 7-9), 5 to 4O mM MgCl,, 5 mM EDTA, and the required

2
vamount of the enzyme for obtaining a detectable amount of
orthophosphate. Tho reaction was stopped by the introduction
“of 0.1 ml of SO% trichloroacstic acid in aqueous solution

and the orotein was spun down. Aliquots of tne supernatant
were»used for analyzing the released orthophosphate by the
method of Fiske and Subbarow>'>22,

3. Protein determination. In the process of enzyme

purification, in order to determine the specific actiVity~
of the enzyme, proteln determinations were carried out using
UV. absorption at 280 nm for preliminary estimation. The

23

Lowry method of proteln determination was used for more

precise results. Bovine serum albumin was used as the

standard in each of the two methods.
C. RESULTS

1. .Isolation‘of the enzyme inorganic pyrophosphatase.

Spinach_chloroplast inorganic pyrophosphatase (PPase) was:
tsolated using the following method:

a. Source of the enzyme

Field-grown spinach leaves were harvested and '!

immediatsly stofed,over ice 1n polyethylene bags in large
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ice ¢hests. The leaves were deribbed and washed with ice-
cold water and were dried between tWo spongés The deribbed
leaves were then chopped and divided 1nto 50 -gram batches.

b. Isolation of chloroplasts

Each 50—gram batch was homogenized*for 8 sec in a

24

Waring blendor with 200 ml of solution A (éontaining

0.002 M EDTA (dipotassium

0.33 M sqrbitol, 0.002 M NaNO3,
salt), 0.002 M Na isoascorbate, 0.001 M MnCl,, 0.001-M
MgCl,, 0.0005 M Kﬁzpou, 0.05 M [2-N-Morpholinoethane sulfonic

acid] adjusted with NaOH to pH 6.1, and 0.02 M NaCl. The
blendorate was then forced through six layers of cloth to
'strain out fibrous material. |

The homogenate was centrifuged at 2000 X g ford3 min.
The sub@rnatant was decanted and each pellet was suspended
in 10 ml of "basic buffer" [0.05 M Tris buffer, pH 7.4,
0.002 M dithiolthrebtol (DTT), 0.0002 M EﬁTA, and 0.001 M
MgCl,]. o , - | :

C. Sonication
‘The chloroplast suspension was sonicated for 30 sec
in bafches of 50 ml, using the Biosonik (Model BPI, Bronwill
‘Screntific 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 (I).

d. Acetone fractionation
Acetone was added to the ‘enzyme to a concentration

of 30%. The acetone had been precooléd in the freezer at
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-140¢ and.was added to the'crude enzyme'sélution slowly

while stirring at 4°C. The enzyme in 30% acetone was allowed
~ to stand in the cold room (4°C) for 30 min and the mixture

‘ waé centrifuged et’l3,200 x g for 4 min. The superhatént was
cdllectedland the acetonechncentration in the supernatant
was broughﬁ to 75%. The enzyme in 75% acetone was allowed to
~stand in the freezer at -14°C fof 1 to 2 hours. A coplus
precibitate formed and seﬁtled toward the bottom of the
contalner. .The upper layer of 75% acetone solution was‘
decanted. 'The lower layer eontaining the precipitated enzyme
and somelether proteins was then centrifuged for 1 min at
5000 x g end the pellets were collected.

- The greylsh-white precipitate wes suspended. in the
emallest possible volume of basic buffer and was dialyzed
against cold water (4°C) for U nhours. Then 16 was dialyged
against basic buffer twice, for 8 hours eaehltime.

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

é. First-DEAE-cellulose column

A DEAE- cellulose column was prepared and pre-
equilibrated with 0.05 M tris-HC1l, pH 7. The supernatant was
applied to the column and the column was washed with 0.056 M
Atris-HCl.(pH 7.4) buffer until no more protein was found in

_the_eluate. "Then the column was eluted with a buffer.
‘containing 0.15 M tris-HC1l and 0.28 M NaCl (pH 7.4) (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



-120-

'was'applied to a DEAE columnrthat hadtbeeﬁ equilibrated wlth
0.05 M tris-HCl, pH 7. A gradient of 0.05 M NaCl and
0.05 M tris buffer (pH 7.4) to 0.15 M tris-HCI and 0.5 M
" NaCl (pH 7.4) was used for elution, and fraotions,that
_ contained pyrophosphatase aotivity were pooled (IV);‘

The specific activity of the'purified-enzyme (IV) was
increased 100- fold (see Table 1) as compared with the total
soluble chloroplast protein (I).

2. Stabilization of pyrophosphatase activity. Among

the sulfhydryl reagents used, DTT had the greatest stabiliz-
ing effect on the enzyme. Glutathione at a comparable
molarity (0.002 M) also had a good stabilizing effect. _
‘The‘enzyme is very stable in tris-HCl buffer at a pH of'6:to
9.5. EDTA is.needed at a cohcentration of 0.0002.M to
stabilize pyrophosphatase activity. EDTA at‘the relatively
hlgh concentration of 0.002 M was tolerated by pyrophosphatase.
The higﬁ conoentration of EDTA was essential as a bacterio- A
statlc agent in the storage solution. Among all bacterioidal
‘and bacteriostatic agents tested, EDTA at 0.002 M was the

most satisfactory. Pyrophosphatase activity remained

unchanged. for two months in 0.05 M tris buffer, pH 6.2, 0.002 M

EDTA, 0.002 M DTT at 0°C. However, pyrophosphatase activity
was not decreased after heating for 20 min at 60°C.

3. Effect of substrate concentration on the .activity

of erophosphatase 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 Chloroplast Inorganic

' erOQhosphataée

A unit of eﬁzyme activity is that amount which
will hydrolyze 1 umole of PPi per min in the described assay.

Protein Specific Activity Yield

_fFractiop mg/ml units/mg protein %

I Sonicate supernatant 10 12 100

II Acetone fractionA 20 - 230 » 57

III First DEAE-cellulose 10 | 520 | 49
‘column _ _ C :

IV Second DEAE-cellulose 6 ' '1230 42

column
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'feréhthg++ ion concentrations. These were Mg+f concentra-
tions of ‘5 mM at pH 9 and‘QO mM at bH 7. The enzyme concentra-
tion was_conStant and the only variable in'this‘expériment

was tﬁe condentration of the substrate 1noréanic pyrophosphate.
It was_found that pyrophosphataée was 1hhibited by the sub-
éfraté at'higﬁér‘concenérations (F1g. 1. At 5 mM Mg’ '
conéentrétion and pH 9, the optimum pyrophosphate concentra-
tion gor méximum pyrophosbhatase activity was 5 mM; At pH

7 and'highér Mg++ concentration, the optimum substrate concen-
tration'wés élso 5 /mM; however, only slight inhibition of
pyrophosphataseAactiVity was observed at higher substrate
concentrations.” This observation COuid'be taken to indicate
that Mg*t exerts an effeCt'oﬁ the substrate. Magnesium
pyrophbsphate may be the specific substrate for the enzyme

and anlonic pyrophosphate itself an inhibitor. Thus the
higher magnesium concentration would result in the availability
of a higher concentration of the specific substrate magnesium
pyrophésphgte and thérefore would counteracf the effect of

.the competitive inhibitor anionic inorganie pyrophosphate.

H. - Effect of Mg++ on the pH optimum of pyrophosphatase.

In studying-the‘effect of Mg'* ion on the pH optimum for
1n0rgahic pyrophosphatase activity, Mg++ concentrations of
5 mM to 40 mM were uséd and the pH ofvthe réaction mixture
was varied from pH 7 to 9.5. Figure 2 shows the shift of
4two pH units from an optimum of pH 9 at a magnesium ion
_concehtration bf 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 following factors:
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"Effect of pyfophosphaté concénfrations on pyro-

"phosphatasé activity at two lévéls of magnesium g

ion concentration, 5 mM Mg++ (o——0) and 40 mM
Mg++ (A-Q——A) cohcéntrations. Assays were
carried out in 1 ml of assay mixture containing

4o mﬁg of Fraction IV protein;"
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mM PPy in Assay
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Effect of magnesium ion concentration on pH optimum.

Assays were carried out in 1 ml assay mixture

‘containing 40 mpg of Fraction IV protein.

t.o—0, 10 mm Mett

o, 20 mM Mg'*; and a——a, 40 mM Mgtt.
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“a., _The effect of Mg++ is on.the substrate. That ié,
theAsubstrate for the enzyme is not freé pyréphpsphate anicn,
but magnesium pyrophosphate. |

b. Magnesium ion exerts its effect directly on the

enzyme. . That 1is, Mg++

alters the coqformation.or the ionic
properties of the active site of the'enzyme pyrophosphatase.
The direction of the shift in pH optimum seems to favor the
assumption that Mg++ affecfs the enzyme as well as the sub-
strate. One explanation could be that Mg++ helps cover some
negative chafges near the active site at pH 7 which interfere
. Wwith the accessibility of the active site to the substrate.
if, at pH 9, the conformation of the enzyme hés changed so
.thét the negative charges are removed from the vicinity of
the acfive site, Mg++ would be needed Qﬂly to make the
speciflc substrate, ﬁagnesium pyrophosphate. Thus, these
results suggest that Mg't ekerté its effect on both substrate
and enzyme.

The effect of lower concentrations of magnesium ion on
. the pyrophosphétase acﬁi?ity was determined in an assay
mixture containing 2 mM tetrasodium pyrophosphate, 50 mM
Tris bpffer at pH 9 in the absence of EDTA. However, 5 mM
of EDTA wés found to have no effect on the enzyme activity
at all levels. of magnesium ion concentration. The sigmoidal
depéndence of enzyme activity on low concentrations of Mg++
ion (Fig. 3) provides evidence of an ailosteric effect of

Mgt+ ion on the activity of the cnzyme25' Anionic pyro-
phosphate may have also contributed to the sigmoidal shape

o ++ ; .
of the curve at low Mg ion concentrations.



" Figure 3.
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Effect of lower concentrations of magnesium ion

on the activity of pyrbphosphatase. Assays

‘were carried out in. 1 ml mixtures COntainihg

40 mpg of Fraction IV protein.
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Figure V-3
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‘5. Effect of cations on pyrophosphatase activity. Among

the 12 cations (Table II) tested, only Mg++ markedly stimulated

: : : +++
the activity of the enzyme pyrophosphatase, Auf+, Fe )

cott, N1TF, ca’’, and ca'’ had no activating effect at low -

concentration and an inhibitory one at'higher concentrations.
No activities for hydrolysis of ATP, ADP, or TPP were -
1nduced~by presence of Zn++ or Mn++ ions as was found for

26

pyrophosphatase from yeast None of the cations tested

could replace or match the activating effect of Mgt on
pyrophosphate.

6. Efféct of anions on the activity of pyrophosphatase.

In testing for the effect of anions on the activity of pyfo—
phosphatasé,Mg++ was always present at a concentration of

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

9 and pyrophosphate was‘present in sufficient amounts (2 mM)
to yield détectable quantities of inorganic orthophosphate:
product. The anions F°, Br, C17, I, soz, and HPoz,were
tested individually at a concentration of 5 mM. Only F~ was
found to have an inhibitory effect on the enzyme in the
presence of Mg++ (Table III). The effeét of F~ may be due
to prevention of Mg++ ion‘activation of the pyrophosphatase

enzyme due to the low solubility product of MgF The

2.’
fluoride inhibition was étriking.

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

presence of 5 mM Mg++. The reaction was run at room tempera-

"ture for 20 min. Pyrophosphatase was found to be very

y
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TABLE II

Effect of Cations on PerphOsﬁhatase Activity

. 'mﬁmoles of Pi Released/ml*/min
Cation - . _ - .

: 5 mM cation 10 mM cation 20 mM cation 40 mM cation
Mgt 34 | 32.5 30 26
Mot 2.1 1.5 1.5 C1.s
zn™t  2.75 2.0 1.0 1.0
pet 0.5 0.4 ~0.25 0.05
cott 1.6 1.1 1.5 1.6
N1t 1.25 10 1.25 1.0
autt 0.53 0.5 | 1.0 1.0
catt 1.0 1.0 1.0 | 1.5

cat* 15 1.0 0.75 1.8

*Containing 40 mpg fraction IV protein.
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- TABIE TIT

,Effect on Anlons on Pyrophosphatase Activity

mpmoles of Pi released/ml*/min

Anion .
-5 mM anion 10 mM anion 20 mM anion 40 mM anion
F ~ 3.85 3.5 1.25 0.5
c1 31.5 ~29.5 30.0 27.0
Br . 31.5 28.0 27.0 30.0
I | - 31.5 28.0 27.0. 29.5
SO, 26.5 25.0 27.25 23.0

* .
Containing 40 mug fraction IV protein.
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specific for inorganic pyrophosphate. When tested at pH 9
and 5 mM Mgv , pyrophosphatase was inactive toward fructose-
1,6-diphosphate, ATP, ADP, thiamine pyrophosphate, and pégg;-
‘nitrophenylphosphate ' o

8. Effect of inhibitors of CO fixation on the activity

2
" 'of pyrophosphatase. In studying the effect of

several inhibitors of CO, fixation on pyrophosphatase

2
activity, optimum conditions for enzyme activity were employed

(pH 9, Mg+-+ concentration of 5 mM, 4 mM pyrophosphate) and
the reaction was run at room temperature. Vitamin K5,
caprylic acid, and the natural spinach inhibitor%(factor B)3l

were tested. Vitamin K., caprylic acid, and the spinach

_ 5’
Juice factor showed no inhibitory effect on the pyrophosphatase

activity. AMP, ADP, and ATP in the presence of Mgt fail to

exert any inhibitory effect on catalytic activity of the

enzyme towards pyrophosphate in contrast to the enzyme‘from

CE. colil?,

D. DISCUSSION

-Thevfinding of Mg++ dependent, inorganic pyrophosphatase
in previously isolated spinach chloroplasts supports the
proposal that the level of PPi inside the chloroplasts is
~controlled within the chloroplasts. The dependence of the
pH optimum on Mg++ level in the range of 5 mM to 40 mM shows
some similarity to the behavior of f‘ructose-—l,6-diphosphatase20
(E.C;d3.1.3.10) and of ribulose diphosphate carhoxylase27
(E.c.ju.i.1.39), both of which exhibit.Mg++ dependent shifts
in pH optima over about the same range of pH.and Mg++

1, Ty
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concentration. The absolute changeAin activities with pH
and Mg'*.+ concentration are different for each of the three
enzymes.

"It has been suggested that the mechanism of light-dark
regulation of'dipho§phatase and carboxylase enzymes bf the
carbon reduction cycle might depend on changes in'Mg++
ion coﬁcentration and bHvreSulting from light-pumping of
ions thrbugh the thylakoid membranes, ieading to a higher
pH and Mg++ 10n concentration in the stroma region of the
chloropiasts in the light28. Light-induced pumping of
these ions in chloroplasts has been reportedzg, but unfor-
tunately information about the possible changes induced in
the stroma region of intact chloroplésts is not available.
If the suggested mechanism 1s corect, and if pyrophosphatase
is régulated, then a similar mechanism might be responsible
for pyrophosphataée regulation. Othefwise, the Mg++-pH |
dépéndence might be an indication‘of'other, more specific
allosteric properties. In any event, any regulation of
pyrbphosphataSe in chloroplasts would be effected by a
différent mechanism than that found in other systems, since
the acti&ity of the enzyme 1n chloroplasts 1s unaffected by
ATP, ADP, or AMP. ‘

Inorganic pyrophosphate added to a suspension of
isolated spinach'chloroplasts stimulates the bhotosynthetic
reduction of Cd22u’30. The inhibitory‘éffects on such fixa-
tion of factors isolated from splnach leaves depends on the

ratio of added pyrophosphate to added factors3l. The 1level

of'32P—1abeled pyrophosphate 1n éhlorella pyrenoidosa which
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havé;béen photésynthesiZiné in the presence of 32P—labeled
1norganic phoSphaté'changes suddenly during the transition
from light to dark32; and also in the light ﬁpon the
addition of fatty acids which are known to cause'chénges in
the:activity of regulated enzymes'ofvthe carbon reduction
éycle and inhibition of photophosphorylétion33. Furphermore,
the addifion of octanoic acid causes a transient_increase.

in pyrophOspﬁate at the same time that the level of ATP
declihesfand while the synthesis of carbohydrates and PP1

iﬁ the chloroplasts must be presumed to decrease.

Thé'presencé of PP, in the green tissue at levels

i
comparable to those of other metabolites suggests that the
~activity of inorganic pyrophésphatase may ‘be limited; and
thus possibly subject to regulation. The rise 1n‘PPi level,
along with the 1nactivatiop of two regulated enzymes,
fructoéé”diphosphatase and phosphoribulokinase, upon addi--
tion of octanoic acid also suggests pyrophosphatase reguia—
tion. Since Efi itself éppears to affect other blochemical
activities, control of its level through the actidn'of a
regulated-byrophosphatase could be part of:a feedback control,
-‘frdm carbohydrate synthesis to 002 fixatibn'rate, or through
the distribution of cérbon fixed by the carbon reduction
cycle to non-carbohydrate biosynthesi55 |

it seems likely that properties of pyrophosphatasev
enzyme in sbme tropical grasses (maize, sugar cane, etc.)

34

which contain a special CO, fixing pathway> ' may be different

from,properties of the enzymé in spinach anq the majority of
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greeén plants,which do not contain this special pathway. Such

‘a difference would be due to the fact that PP, is formed in

i
one step of that Special pathway, duringfthe pyruvate 1in-
organic phosphate dikinase reaction35._ Névertheléss; the

properties of the purified enzyme isolated from spinach
chloroplasts are similar in some respects to prbpertiés
described for pyrbphosphatase activity in a homogenate of

maize.léaves2o.
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"PART "IV

- 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

t

Nitroxide free radicals are useful labels iﬁ studying
molecular structure and blological funcfion. They possess
great_séqsitivity to chahges in the}local;environment and an
ability'to monitor véry rapid molecular motion in addition
to monopd}izing the role of probing4the environment with
'their electron paramagnetic signalsl—s. Nitroxide radicals
havevbeen used to probe the conformational chaﬁges ét specific
sites of blological macromoleéules,'as their EPR spectra
provide information about the fotational freedom at the

2,3

sites in question Thus information is obtained about

the local viscosity at a site and the changes of~thisfviscosity
with change in conformation. Nitroxide free radicals have
~ been used to prove conformational changes in proteins and

1-8

nucleic .acids and for studying the deformations of nerve

membranes during excitatibn9;lo. Furthermore, the radicals
have t@e special property of being equally useful in
opﬁically transparent as well as optically opaque solutionsz.
In this chapter we have studied the interaction of}
nitrox;dg‘radicals with isolated chloroplasts and the effect

. of the radical structure on the potendy of the nitroxide )
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radicals as Hill oxidants and as inhibitors of co, fixation.

B; MATERIALS AND METHODS

1. Isolation of chloroplasts. Young spinach plants

were obtained from a nearby:farm, and the‘leaves were
immediateiy chilled on ice and kept on ice until use. The
séinach.used for some experiments was grown in growth
chambere ﬁﬁderllight conditioﬁs simulating eh eight-hour
day and sixteen—hour night at a temperature of 15°C.
Chloroplasts were isolated either by the method of
Jensen and Bassham11 or by a modification of this.method
using sucrose-tricine buffer. In the method of Jensen and
. Bassham, eech of three solutions used in the isolation ahd
assay of chloroblasts contained the following: 0.33 M

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

3,
0.002 M 1soascorbate (added Jjust before use to avoid its
, and 0.0005 M

oxidation), 0.001 M MnCl,, 0.001 M MgCl

2° 2
KH2POu. |
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;

solution C contained 0.005 M Na,P .10 H2O (added‘just

297
before use) and 0.05 M HEPES, adjusted with NaOH to pH 7.6.
All seiﬁtions were stored at 4°C. '

Soiutioh D,:whiCh is used in the alternate method to
that of Jensen and Bassham, contained'O.S'M sucrose and 0.1

M triecine, pH T7.6.
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"The procedure for making'chloroplasts éan be summarized
as follows: ten grams of spinach leaves wére washed, the
‘midribs were removed, and the blades were glicéd with a
scalpéi on a glass platé. These slices and 30 ml of cold
soln. A (4°) were pléced in a semimicro Monel homogénizing
vessel on a Waring blendor and blended for 5 sec at high
speed. '-Thé slurry waslfiltered under mild pAr'essur-e throngh
six layers of cheesecloth (42 threads per inch), and the
resulting Julce was centfifuged for 50 sec at éOOO X g.

The pellet'was suspended in soln. B at 0°C, to give a suspen-

sion which contained aboﬁt 2 mg éhlorophyll/ml; This suspen- -

° fixation,

.oxygen evolution, or radical decay. Soln. D was uséd in

sion was used within two hours, to assay CO

place of solns. A, B, and C, in an alternate method using
thé same procedures described above.

2. Assay of photosynthetic raté.' Spinach chloropilasts

were assayed for the rate of photosynthesis in the presence

11,12,

of various additions as described previously.
typical experiment starts with the injection of 25 pl of

. chloroplasts susbended in soln. B to 'each of séveral 15-ml
round—boftom flasks stoppered with serum cabs and containing
450 ﬁl of soln. C. The flasks are méunted on a shaking

rack and illuminated from below in a 20°C bath as described
beforell. The chloroplasts in the swirling flasks are

140 _1abeled bicarbonate is added

- preilluminated for 5 min;
and photosynthésis is allowed to continue for another 5

minutes. The reaction is terminated by the addition of 4.5 ml
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of ﬁétﬁaﬁol to eachvflask.

In"ordér to measure the total 1Uc fiiedkby isolated{'
chloroplésts,‘an aliquot of the chlordplast—methanol ﬁixture
is.spotted dh a piece of filter paper, treated with acefic
acid, d£ied, and its radioactivity measured in a gas-flow
counter.‘ From the known counﬁer'efficiency and the specific
activity of the 1'C used, the amount of CO, fixed in the
5-minute period 1s calculated. . |

Thevamount 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 6“9'nm, as described previous1y13}

'ThéAraté of photosynthésis (ﬁmolés fixéd pér mg
chlorophyll/hr) is calculatéd from the chlorophyll content

and the CO, fixation data.

2
3. Measurement of photosynthetic product distribution.

An aliquot of 500 ﬁl of eaqh chioroplast-methanol suspension
was‘spotted'dn ch;omatogfaphic paper and subjected to two-
dimensiohal elution in phenol/acetic acid/water and butahol/'
propionic acid/watér solvent systems as described elsewhefelu
| _Thé Spots wére detected by'autoradiography and were

coﬁntedZSemiautbmatically by a gas-flowAcodnting device.

‘u. Measurement of oxygen'evolution. Oxygen evolution

measurements were carried out with a Pickett-type, Teflon-
covered stationary rate electrodels. This electrode is
Suitable for measuring rates of photoéynthesis on aliquots

of a pretreated suspension of chloroplasts. A silver/silver
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chls;ide'féferéncé,electrode was used in s'bufféréd eléctro—
lyte solution containing 0.5 M KC1 and 0.5 M KHCO;. A
platinum electrode was at -0.6 v with respect to the

Ag/AgCl electrode. A Bell and Howell projector with a 300 W
tungsten lamp was uséd as the light sourqe{‘ The light Qas
passed through 8-inch-diameter plane—convéx‘lenses, thén
through IR and UV filters (Corning 1-69 and 3-74 filters).
Chloroplast samples containlng 0.2 mg of chlorophyll/ml

were suspended in soln. C. Soln. C was also used as the

circulating medium (Fig. 1). The detection circuit was an
A 1 ,
adaptation from that of Myers and GrahamlG.

5.'fEPRfMeasurements. EPR measurements wére méde

"using a Varian E-3 spéctrométér. An aqueous sample cell was
used; thé'EPR cavity containing thé ceil was illuminated by
light from a projection lamp (115 V). To study decay of

the signal, EPR spectra weré taken repeatedly at two-
minute iﬁtervals; alternatively, thé magnetic field of

the spectrometer was set on the first peék of the spectrum

and the decay with time was recorded directly.
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Figure 1. A diagram of the oxygen electrode assembly for
| _measuring the rates of oxygen evolution on

aliquots of pretreated chloroplaet suspension.
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6. .The radicals.

HOOC-CH
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-N-CH
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'é,2,5,S—Tetraméthy1-3-Carbamidopyridine-i—oxyl (1),
2,2,5,5-Tetramethyl-3-Carbamidopyrrolidine-l-oxyl (II),
2,2,5,S—Tetraméthyl?3—Carboxypyrrolidine-l—oxy1 (III) were
prépéréd’as déscribed by Rotzantzev and Krinitzkaya17y
2,2,6,6-Tetramethylpiperidine-l-oxyl (IV) was synthesﬂzed
by the method of E. G. Rozantzev and Neiman18. _
2,2,6,6—Tétramethy1—U-oxopipéfidine—l-oxyl (V) was
synthésiéed as réported by Rozantzevlg.
N,N'-Bis(l-oxyle2,2,5,S-tetramethylpyrroliné—3-carboxy)-
1,2-diaminoethane (IX) and N,N'-Bis(l-oxyl,2,2,5,5-tetramethyl-

pyrfoline—3-carboxy)ethylenediamine-N,N'—diacetic acid were
20

syhthésizéd as described by Ferruti et al.”".
Thé synthesis of compoﬁnd VI, VII, VIII AND XI will be
répoftéd elsewhere.

7. 'Flashiamp sxstéme Xenon flashés were producéd from

a Modél L-391 flash lamp system manufactured by ILC Co.
This-systém affords a choice of 15 flash durations, from 20
micrbnséconds to 7.5 milliSeconds, as well as timing circuits
and switches allowing thé‘d;scharge of'fouf different
capacities through the same flash lamp at preselected

intervals.

C. RESULTS AND DISCUSSION

1. Relation of nitroxide radical structuré to inhibitory

s, effect on the rat‘e'of'CO’2 fixation. To study the

effect of the radicals on CO2 fixation rate, chloroplasts
isolated in sorbitol buffer Were used. ‘Tablé I shows the

effect of eleven radicals on the rate of CO2 fixation by

I
. t
1
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. TABLE I

Effect of Nitroxide Radicals on the Rate of 1'Co,_

Fixation by Isolated Chloroplasts (5 min exposure)

Radicals .”.Rate (umoles 1L‘C/x‘ng Chl/hr) | Inhibition (%)

Control | . 1&3"' o -
1 | | 108 . 25
I B 7 . 95
III o t93. | 35
IV 12 | R 92
v 4 o 97

vioo a1 . 85
 -VII“" o 90 iy

VIII _ : ‘ 55 ' ' 62
IX ' . 115 . - 20
X - 128 | 11

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
powér is inversely related to polarity of the compound.
The_chléroplast,mémbrane, like other membfanés, is composéd
Adf lipoproteinszl. The membfane and the aqueoﬁs solﬁtion'
extérnél to the chloroplasts may be thought of as a‘two—phasé
system in Which hydrophilic solutes will tend to collect

An the,aqdeous phase (except where activé-transport phenoména
are involved) . but lipophiliq‘(or hydrophdbic) solutes will
tend to partition into the membrane phase. Thds for.a
compound-to penetrate the membrane i1t must have a partition
coéfficient favoring its solubilizat;on by components of

thé mémbrané. It is né surprisé, thén, that compounds which
possess a fréé“carbokylic.groﬁp (such as III, VII, VIII, X,
and Xi) aré rélativély poor inhibitors. Among these compounds
conta;hing a free carboxylic group,'inhibition of thé CO2
fixation rate 1is cléarly a function of the ratio of the size
of the nonpolar molety to the number of free carbdxyl'groups.
Thus cdmpound VIII, which has a larger lipid-soluble moiety,

is a better CO,-fixation inhibitor than'compound VII, although

2
the latter possesses similar structural features. A similar
comparisén can be made between biradicals X and XI. Both
biradicals possess two carboxylic groups, but the hydrophobic
mdiety in radical XI is relatively larger than that in radical
X, and-corfespondingly the 1nhibitioh of CO2 fixation
exhibited by radical XI 1is greater than that'exhibitéd by

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

the saturated S—mémbered ring, causes a 35% inhibition of

!
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CO, fixation; amidation of the acid moiety (compourd II)

2
increaséS’thé inhibifory power of the compound,Ayiélding

' 95% inhibition. Compounds such as IV, V and VI which
pdssess'structural featurés favorablé.tofbérmeation through
théilipbprotein membrané of the chloroplasts, are potent
inhibitors of the CO, fixation rate. Among the nitroxide
radicals testéd for inhibition of CO fixafion the size

2

of the ring containing the nitroxide group did not appear
to be a critical factor; five-membered- ring radicals with
structuralrfeatures'favorable to permeation were just as
efféctiye as inhibitors as were six-memberedfring compounds
posséssipg similar féafdres.' Compounds III and V aré.gqod
examplés. A close look at €O, fixation rates also reveals
that thé préséndé of an unsaturation in thé ring gréatly
décréasés the capacity of the radical to inhibit COé fixation;_
this 1s apparént in comparing radicals I and II. This may
also ekblain the poor inhibitory potency bflcompound IX,
Whicr possess no. polar functional groups.and thus should be
able to pérmégte the membraﬁé. o '

The data in Table IT indicate that the presence of the
ditertiary butyl nitroxidé'funcfion is essential for

2
~group 1is not inhibitory. Thus, either the molecules do not

inhibitién of CO fixatién. The ditertiary butyl amine

penetrate the chloroplast membrané or the nitroxide group
1s essential for the effect.

2. Irreversibility of inhibition of CO. fixation

2
by the nitroxide radicals. In an experiment‘

designed to determine whether the nitroxide group is a
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" TABLE II _
e e 14

" Effect of Amines (and Corresponding‘Nitfoxides) on_
‘ (5 min exposure)

Compound ‘ Rate (umolés luC/mg Chl/hr) Inhibition (%)

Control . S 107 f | | -

S 76 - 29
IT | - | 63 | ' B
v o 3 Y

VIIT ~ 37 - 65

>(__j;comiz o 103 Y
Lx o | .
CONH,, 104 | - 3

, | 110 ' | 0

coéjFixation'by'Chiordpiasts_

-¢ST-



TABLE II (continued)

. ".Compound o "-Rate_(ﬁmoléS”lyC/mg Chl/hr) ’"Inhibition (%) -
. 0 '
HOOC -NH24C:>@ 0-C_H -
'>t?i]< e 101 6
N .
- H
Concentration of radical = lO"SAM,‘Chl content = 0.05 mg/flask, total

volume each flask = 0.5 ml Soln. C. - o

%

-£91-
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.photosynthestat (reversible inhibition) or a photosynthet—
ocidél(irreversible inhibition) chloroplasts were treated
with radical III (a poor inhibitor of CO, fixation) or.
radical V (a potent inhibitor of CO

tion of 10_6

5 fixation) at a concentra-

M. The chloroplasts were then illuminated for
'ten minutes in the absence of COZ; 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 inhibitor but
illuminated and - washed in a similar manner, were then assayed
14

> fixation rate by a second incubation with H CO3 in

the 1light for five minutes. (A standard control, in which

‘for €O,

chloroplasts not treated with inhibitor were assayed for

CO2 fixation without preillumination or washlng, was also
run.) The.results ‘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 activity on the permeability
" of ‘the chloroplast membrane to the compounds tested. Com-
~pound III, which exhibits only a weak 1nhib1tory act1v1ty
toward unwashed chlorOplasts (see e.g. Table I), is a
relatively potent 1nhibitor 0f<002 fixation when the integrity
of the chloroplast membrane 1is altered through illumination,
washing, and additional centrifugation.

3. " Relationship of radical structure to fnnction as

'@ Hill oxidant. To study theipotency of.the
nitroxide radicals as Hill oxidants,~threeAmonoradicals and

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

Effect of Washing on thé Rate of 1uCO;, Fikation by Isolated

Chloropiasts (5 min exposure) in the Presence and Absence

of Radicals

Radical Rate (umoles 14 /mg Chl/hr) I‘nhiAbition
Coﬁtrol 133 ) " -
Chloroplasts washed ‘ _
with Soln. C 73 NS
ITI A - 26 | ey
v 2 o
Concentration of radical -6

10 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 centrifuged for 50 sec and
‘used for determinlng the rate of 1“002 fixation.



-

TABLE IV

Effect of Nitroxide Radicals on Initial O, Evolution Rate (with Picket Eléctrode) N

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

T picomoles 02 Evolved/30 sec Increase in Raté 6f 02“Evolution
Compound , : : ‘ o i ' :
(in 1 uf Electrode Chamber) (umcles/mg Chl.min)
Control 9.67 ‘ - -
I | 13.98 | A 43.1.
v - ~ 57.28 ' - 476.1
VIII ' 13.52 | - - 38.5
IX : 13.28 - 36.1
A X - : 13.39 . ‘ 37.2
KyFe (CH) g | © o383 . 286.8
IX + K3Fe(CN)6 . ‘ - 13.23 35.6

V4 KgFe(CN)g 43,17 | - 335.0

-96T-~



Figure 2.
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Rates of oxygen'evolution measured on aliquots

'of chloroplast suspensions pretreated with

"different nitroxide rédicals. The measurements

were carried out on chloroplast samples contain-
ing 0.2 mg of chlorophyll/ml. These were

suspénded in Soln. C which was also used as the

-ecirculation medium. Radicals were premixed with

the éhloroplasts in the dark and wére then

" injected into the sample compartment of the 0,

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

turnéd on for 30 sec and the rates were follbwed

by'reqording with a strip éhart récorder.
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radicals were premixed with the chlorbplésts in the dark

and wéré then iﬁjécted 1nto‘the sample compartment of the

‘02 detéction assémbly and were allowed to stand in théisample
chamber in the dark for 15 min until a stable base line was
oﬁtainéd. Our data for oxygen evolution sﬁggest that the
structurai requirements for a successful Hill oxidant are
similar to those required in a potent inhibitor of CO2
fixation.' Perméability of the chloroplast membrane to the
radical»is thé most important'factof. This can be Seén if
we cbmparé radical V which 1s better able to penetrate the
membrane than radicals containing free carboxyl gr@ups.

The biradical X and the non—radical XII trigger much less
oxygén erlution than doés'thé monoradical V. It also appears
that tﬁe éiisténcé of an unsaturation in fhe radical ring
renders the radical less active as a Hill oxidant. The
radical I, which contains no free carboxylic group, has as
low a potency for Hill oxidation as the monoradical VIII
which does possess a free carboxylic group. Both biradicals
tested for oxygen evolution (see Table IV) were poor Hill
oxidants, and théy bbth contain unsaturation in the ring
contaihing the radical. Our data also indicate thaf the
amount of oxygen‘evolution triggered by'the-nitroxide radicéls
probably doesnot dépénd on the size of thé ring.

4, Effect of ferricyanide on oxygen évolution triggered

by the radical. Ferricyanide in quantities equimolar

to those of the radicals tésted was uséd as a control in
dxygen evolution experiments, since it is oné of the best

Hill oxidants kndwn. Ferricyanide pfovéd 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 V was almost twice as effective in Hil1l oxidation
~as was Ker(CN)G. This again ﬁay indicate the importance
of penetration into the chloroplast membrane. Ferricyanide
is known'to be a very good Hill okidantzz;‘yet it triggers
less OXygen evolution than does the radical v, presumably
because the chloroplast'membrane presents a permeability
barrier to ferricyanide as contrasted to the facility of ;
penetratioh of the membrane by the radical V.

When }erricyanide and the radical V are mixed togethef
and tested for their combined effect on oxygen evolution, the
1évé150f Hill oxidation observed is greater than that for
'K3Fe(CN)6 alone but less than would be expected from the
sum of the effects of each compound tested individually.
Howevef, when ferricyanide 1is 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-
‘»cyanide‘aione. These results might suggest that ferrilcyanide
interacts with the radicals to form cdmplexes.of very low
membrane solubility. The complex coptaining monoradical and
ferricyanide ion may slowly dlssvclate to 1ts components
(thus'freeing them to penetrate the membrane) due to deple-
tion of‘the radical from the medium through uptake by the
chloropiests. The compiex between ferricyanide and biradical,

on the other hand, may have such a low dissociation constant

that, once the complex is formed, virtually no dissociation

§t
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'Effect of ferricyanide on the rate of oxygen

e?blution triggered by the radicals, ferricyanide

.and a mixture of both the radicals and ferri-

cyanide. Conditions are the same as in Figure 2.
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oceurs, EPﬁ'study of the interaction between the biradiéai

IX and ferricyanide shows that there is.ihteraction‘betweeﬁ

the biradical and ferficyanide. This interaction resulté

in the éhahge of relative peak height of thé five line spectrum
as seen in Fig. 4 and 5.

5. Interaction of the'nitroxide'radicais with chloro-

"Qiasts. When chloroplasts were pretreated with
nitroxide radicals in tﬁe dark and then placed in thé-EPR
cavity (also in the dark) there was a very small, insighifi-
v
cant decay of the monoradical signal, and some éssentially
insignificant changes in the five-line signal of the bi-
radical also 0ccurréd. If the’chloroplasfs wére illuminated
in the EPR cavity through the grid of the cavity, the decay
of the monoradical signal was enhanced and all threé peaks
continued to decrease with time until they reached a plateau
(Fig. 6-8). This plateau in the decay of the radical was
achieyedAat différent levels of decay; depehding on the type
and cqncentration of the radical, the age of the chloroplasts
and on the suspending medium, as we will discuss bélow.

Upon iiluminating chloroplasts pretreated with biradical IX
fhe odd-numberéd peaks (1;3 and 5) increased in height;

" however, a decrease in the intehsity of the evenQnumbered
peaks (2 and 4) was observed (Fig. 10-12) implicating the
reductionvof one half of the biradical or binding of the
radical to a membrane or a macromolecule resulting in
slower exchange'betweén the two halvéS'of the biradical.

. The preéénce‘of férrigyanide did not seem to alter the

mode of decay of the monoradical V {Fig.IQ). However, the

v
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_EPR spectrum of the biradical IX in solution C.
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Figure 5.
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EPR spectrum of biradical IX in the presenée of

anequimolar quantity of potassiﬁm ferricyanidé.
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Figure 6. . EPR spectrum of radical V in solution C.
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Figure 7.
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Decay of the EPR signal of radical V in the

light in the presence of chloroplasts containing

0.2 mg chlorophyll/ml. Spectrum was taken every

2 minutes.
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Figure 8.
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Decay of the EPR signal of radical II. The
‘magnetic field of the EPR spectrometer was

 fixed on the first peak and the decay of the

signal upon illumination in the presence of

chloroplasts was followed as a function of time .
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Décay of EPR signal of :adicai V in thé presence
of équimolar quahtity’of férriCyanidé'in the
présénce of chloroplasts. Spéctrum was taken

every 2 minutes.
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Figure 10.
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Decay of EPR signal of'biradical IX upon

11lumination in the presence of chloroplasts

spectrum taken every 2 minutes. The odd

- numbered peaks increase in height while the

even numbered ones decrease. .
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Change of the five line signal of biradical IX

‘into a 3'11ne signal upon continuéd illumination

in the presence of chloroplasts. All peaks

' start to decrease until a 3 line spectrum is

obtalned.
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Figure 12.
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Increase of intensity of the first peak of the

_five line spectrum of biradical IX upon

illumination in the presence of chloroplast.
The field was fixed on the first peak and the

ghange with time was reéorded.
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biradical IX changed its mode of decay slightly as seen in
Fig 13 and 14,
6. Effect of the 1ntegrity 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‘
signal was aesociated with the intricate,organization of the
chlorOplasts. To answer'this question, an experiment was
designed.in which ihtact'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 chioroplasts by
osmotic shock. The results showed that the decay of the
radical_does‘notdepend on the integrity of the chloroplast
.membrahe. | | | |

7. 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 assoclated with the
chloroplasts or dissolved in the suspending medium, pretreated
chloropiast suspensionsAeach containing one of'the radicals
were allowed to shake in round-bottom flasks for 10 min under
conditions of intense illumination in a water bath at 20°C.
Theichloroplasts were then centrifuged to separate them from
7the_supernatant and the EPR signal was‘taken for both the

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

.weaker 1ntensities of EPR signals were detected in the

v
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Change in signal-of biradical IX in the presence

- of ferricyahidé and chloroplasts. The first

Changés are increase of 1ntensity of all peaks.
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Figure 14,
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" Change 1in signal of biradical IX in the presence

of ferricyanide. Continuédfillumination of the
radical.undér the same conditions as in Figure 13

results in the décay of signal’similar to that

~of the biradical in the absence of-ferricyanide.



~NHCHoCHoHN-C_ - -

6 +K.3Fe(CN)5' 6

YT T YTy YT Yy rryrfryrrr ey rrrrer ey ey '---1'--v'|-v--rrv—v-'-vvvl'v---r-rv—v—r_v-'-._'vvﬁ—-['vrv‘ﬁ—f-.

T DT Y EeT 1 Ll O N NI Y 1 T PO T+
3340 3360 3380
XBL 7012-4939
Figure 6-14

~-981-~



-187-

chloroplasts. The weak slgnals associated with the chloro--

plasts werée observed with radical II, IV and V and to a
much lesser degree with all others. This lack of slgnal
'could be.due to the decay of the small amounts of radical
associated'with_the chloroplasts or due to the failure of
significant quantities of these radicals to enter the
chloroplasts because of unfavorable partitioning. One must
also note that the‘volpme of chloroplasts 1s about 1/50 of
that of the suspending medium. .

8. Effect of the‘age'Of ChlorOplasts on tHeAdecay'of

the radical signal. Chloroplast age was found to

affect the rate of decay of the EPR slgnal of the radical.
Freshly prepared chloroplastS'were much,more efficient in
.reducing the radical. The rate of reducing the radical,
Fig. 15, shows’that the rate of reducing the radical by
freshly prepared chloroplasts is much faster than the rate
of . reduction ‘caused by l2-hours old chloroplasts. The

percentage of the.slgnal reduced at the plateau was also

higher in the case'of the freshly prepared chloroplasts than

in_thelcase ofvthe 12-hours old chloroplasts.

9. Effect of tﬁe'chloroplast suspension medium on ‘the

a decay of the radical signal. Three radicals were

chosen for this study; these were radical I, V and VIII.
Chloroplasts prepared by the Jensen ahd Bassham method, in
sucrose tricine buffer, were treated with each of these
radicals~separately. The treated suspension was placed in

the aqueous solution cell which was insertedlinto the EPR
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" Figure 15. Effect of chlordplast'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 spéctro—
mete; Waslfixed on the first peak and the decay of each
radical.on illﬁmination of thé cavity was obsérvéd. As we
see in Figﬁrés 16—18; the suspénding medium is an important
factor in studying the interaction of the nitroxidé radicals
with chloroplasts. It seems as though the sﬁcrose—tricine
Suspending medium slows down the décay of the radical,
perhaps due to limitation of the rate of diffusion 6f a
reducing intefmédiaté which leaks out ofAthé chloroplasts in
the light to interact wlth the radicals chemlcally, physically,
or both, rendéring the spin signal less intense. This can
be documented by .the fact that the kinetics of decay of the
monoradical V are relatively insensitive to the suspending
'médium, but thé kinétics of decay of the two other radicals
différ significantly dépending on thé suspending médium.

10. ’Efféct'of preiilumination of the chloroplasts on

" 'the decay of the radical. When a suspénsion of

chloroplasts in Sorbitol buffer (Soln. C) was préilluminated
6

with ten Xenon flashes (6 joules, 2 x 10™° sec at 2 sec
1ntefvals) and then the preilluminatéd chloroplasts were
mixed with the biradical IX in the dark and the EPR signal
was méasured in‘thé dark, -the result was a compléte destruc-
| tion of the five-line signal of the biradical to a véry weak
three-line signal (Fig. 19). This adds further evidence

to support our hypqthesis that an intermediate diffuses out
of the chloroplasts'into the suspending medium in the
presence of light to interact with the radical and that

independently of thé presence or absence.of light such

' .
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'Figuré 16.'/Efféct of suspending medium on the decay of

radical VII, - in solution D, ————- in

solution. C..
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"Figuré"l?;. Effect of spgpépding‘medium on the décay of

radical V, in solution D, -—-—-—- in -

solution C.
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Figuré'18. Effect of sqspepding mediﬁm on the décay of

radical I,

in solution D, —---- in

solﬁtion'C.
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"Figﬁrérié{ Effect of preillumination on theidécay of
biradical IX. Chloroplasts wéré pfeilluminated
with ten xenon flashes (6 joules, 2 x 10-6 sec
at 2 sec intérvals). The biradical was introduced

in fhe dark and the spectrum was taken in the dark.

4:"
4,
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iInteraction results in the destruction of the signal.

11. Effect of the concentration of the radical on the

"dééa&‘df'ﬁhe s1gna1. The radical V was‘used for
these studies. Three concentrations, 1 x ;0’5; 1 x 10—6, and
5 x 'ZI.O_7 M, were employed. .The radical was mixed wifh
chloropiasts (containing'0.2 mg chlorophyll/ml soln. C) in
the dark and then the chloroplast suspension was placed in
the EPR cavity and was illuminated for a period of one hour.
Figure 20 shows that the rate of decay of the radical decreases
as concentration of ﬁhe radical is increased. |

In viéw of these résults we conclude that we must be
dealing with two competitive processes, one being the destruc-
"tion of the radical and the other béing the ability of the
rédicél to réach its site of action. The use of lowér
initial concentrations of the radical results in its
essentially complete 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 of action beforé thé radical is destroyed. Apparently
the destruction of the radical takes place chiefly outside
the chloroplést while the primary site of action (biochemical
lesion) of the radical is insidé'the chloroplast. This idea
is subétantiated by allowing the signal from chloroplasts

6

pretreated with the radical V (107° 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 10°° M). The height

of the new spin peak appearing after the addition of the
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Figure 20. Effect of the concentration of radical V on

its rate'ofAdeCay upon 1illumination in the

~Aprésénce of chloroplasts.
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second radiecal continued to decrease until it reached a
plateau at'a_level rhich is higher thanlthe original
'pIateau reached by the radical V alone (Fig;'2l, 22). This
indfcates that the destruction of radical V by illuminated
chloroplasts has stooped, probably because the:radical has
bypassed the destructlve site and reached a'site which isi
cgmpartmentalized in such a manner that no destruction ofl>
the radical is possible (Alternatively,‘stabilizatJon of
the radical may'be due to 'its binding to a larger molecule
which protects 1t‘from destruction.) However, the potential
ability of the chloroplasts to destroy the radical is still
operative, as 1s apparent from the,initial‘decay of the-
signal ﬁpon the introduction of a‘new radical to.the system.
The new plateau is hlgher,]probably because a fraction of
_the secondarily introduced radical has reached a site at
_wﬁich‘it bypasses the destrﬁction mechanism. For example,
‘by binding to some macromolecule or'bartitioning 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 radlcal
.and then turning the lights off ‘after 1llumination for
}varying periods of time failed to restore the EPR signal
significantly -- that is, only a very small amount of

. restoration was.achieved. It is possible that the plateau
occurring in EPR signal decay may be due to the fact thatA

at the site of action the radical_is undergoing an oxidation-
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'Figuré‘él, Effect of 1n£roduction of a second quantity of.

radical V on the decay of the signal after it

has réachéd its plateau. (Both first and second

6

additions were at 10~ M.)
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- Figure 22.
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| Effect of introduction of é radical VIII

6‘ﬂ) on the’décay of the signal obtained

6

(107
by 10™° M of radical V after a plateau has

been achievéd.
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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 chain The occurrence of a
plateau would in this case be due to the achievement of a
steady-state situation where.the.rate of reduction of the
radical is equal to the rate of its oxidation. Experiments
to verify this idea were conducted by illuminating the )
chloroplasts'for much longer times (2-4 hrs). This illumina-
tion resulted in partial to full restoration:of the EPR
signaliafter 1ts initial decay. This may be explained by

the fallure of the reductive mechanlsms of the chloroplasts
to operate for the duration of illumination while the oxi-
dation step continueslto 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 the electron transport
chain, or that ferricyanide speeds the rate of reoxidation

of the reduced radical by accepting electrons from this reduced

form of thc radical directly or indirectly.

13;:‘Effect of the radicals on the photosynthetic product

“distribution. Although all evidence points to the

fact that the primary site of action (biochemical lesion) of

the radicals involves the electron transport system of photo-
synthéSis; we have attempted also to'determine the‘effect,of

the radicals on the photosynthetic product distribution 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 1l‘C incorporation into:various inter-
mediates of the cycle within 10 min of CO, fixation in the
'presence of the‘radical V. This experiment shows that the
1nhibition'of CQ2 fixation as well as the inhibition of
formation of different 1uC—,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 lesiorn 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 1inhibitor, showed a similar
pattern of inhibition when its access to the site of action
was facilitated by washing the chloroplasts with soln. C and
pelleting»them by centrifuging at 2000 x g for 1 minute
(Table VI). '
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 presente of DCMU than in Its
absence. ' This may indicate that there are more than one site
of reduction of the radical; and that DCMU blocks some of-
these sites resulting in a lower rate‘ef reduetion of the
radical, 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.
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Figuré'23.g.Efféct'of:radicals IT and V on the CO2 fixation

-raté by isolated dhlofOplasts,
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Figuré 24, Effect of radical II on the rate of formation of
dihydroxyacétoné phosphate byiisolatéd bhloro—

plasts.
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' Figure 25. Effect of radical II on the rate of formation

of pho'sphoglycér'aldéhydé by 1solated chloroplasts.
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' Figure 26. Effect of radical II on the rate of formation

of fruc_to_sé-6-_phosphate- by isolatéd chloroplasts.
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Figure 27. Effect of radical II on the rate of formation of

pen'tosé monophosphates AbyA isolated chloroplasts.
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"Figuré,ZB. Effect of radical II on the rate of formation

of phosphoglyceric acid by isolatéd'chloroplasts{
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Figure 29. Effect of radicél II on the raté of formation

of'hexosemonophOSphates by isolated chloroplasts.
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Figure'30, Effect of radical II on the ermation of'starch
and other macromolecules during photosynthesis

by isolated chloroplasts.
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'TABLE V

'Effect of the Nitroxide Radlcals on the Formation

" of the Carbon Reductibn‘Cycle Intermediates:

umoles/mg Chl

Radical | Starch and Other
; Diphosphates HMP F6P PMP - DHAP _.PGA Glycolate~ Macromolecules;i
VIII 0.176 0.309 0.107 0.0477 0.316 2.420 0.097 0.198
VI 0.112 0.111 0.09“ - 0.0183 Q.115 0;0”5 “0.0099 0.002
v 0.048 0.055 0.017 0.004 0.041 0.243. 0.005 0.001
.Control 0.621 0.530 0.175‘ 0.096 0.854 0.225 C.113

1.59

-sZ¢Z-
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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.

spun down at 2000 x g for
50 sec, then used for the

it

ChlofeplaSts were

sec, washed with Soln. C and centr*fuged at 2000 x g for
CO fixation rate experiment

ﬁmoles/mg Chl

RaQical . , : Sﬁareh.and Other
Diphosphates HMP F6P PMP DHAP  PGA Glycolete Macromolecules
_ .
IIT 0.089 0.138 0.051 0.013 0.213 0.200 0.038 0.003 !
Control | , :
(washed) 0.138 0.330 0.109’ 0.042 0.451 0.854 0.138 0.175
Control ¢ 65 0.430 . 0.175 1.59 = 0.225 0.113

(unwashed)

0.096

0.854
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-Effect of DCMU on the decay of radical V upon

i1llumination in the preséncéfofAchioroplasts.
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15. Studles with the nitroxide radical of diphenyl

urea. Upon finding that DCMU inhibits the réduc-
fion of radical \4 by 1solatéd chloroplasts, we triéd to combine
the'nitrbxide function with the structural features of DCMU
in one:molecu1e; ..An attempt was n@de to synthesize the
hitroxide of DCMU, but we failed to detect the formation of
this nitroxide. The nitroxide radical of diphenyl urea was
'mqre stable and 1t was synthesized by treating diphenyl urea
with‘hjdrogen peroxide in the presence of‘catalytic amounts of
phosphotungestic acid in ethanol-water (9:1) solution. The
. product had the ESR spectrum shown in Fig: 32. However, we,'
wére unable to isolate the product in'a cfystalline fbrm, in
addition to the short 1lifetime of this nitroxide in solution;

thus no quantitative data were possible.

1G4
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. Figure 32: ESR spectrum of dipheriyl"urea nitroxide radical.
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'D. CONCLUSION

We cohclude from our results that the nitroxide radicals
exert their acﬁion as photosynthetic inhibitors on the elec-
tron transport chain at a point beforefthat at vwhich ferri-
cyanide ion acts. The action of nitroxide ions as CO,-
fixation inhibitors is a secondary effect to their action on
the electron transport chain,'which is the trué biochemical .
lesion. This is apparent from their indifferent type of

action (non-specific) on the broduct distriﬁution of the

~ Calvin cycle and on glycolate formation. Our evidence for

" -their effect on the photosynthetic electron transport chain |

is further étrengthened from the oxygen evolution data.
Compounds which possegs the featureé required for a botent
H11l oxidant are also successful CO,=fixation. inhibitors.

In order to exert their effect at ﬁhe site of action,
nitroxide radicals must reach that Site‘by penetrating the
chlopoplaét membrane . Chloroplést membranes, like other
biological membranes, are composéd of lipoproteins. Thus,
to penetrate this membrané a compound must possess a

partitipn.coefficient between the aqueous medium surrounding

the chloroplast and theAlipoprotéin composing ﬁhe chloroplast

membrane favoring the latter. This cleafly 1s the case;
hydrophiiic compounds possessing free carboxyl groups were
shown to be poor Hill bhldants as well as poor Cozéfixation

inhibitors. Among these compounds containing an_ionizable

279
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gro@p, thé ratio of the size of the lipophilic moiety of the
molécule to the number of carboxyl grogps was directly
pfoportioﬁal to their potency for inhibition of photosynthesis.
Compounds which contain structural features favoring their
sélubilization in the lipoproteinatious chloroplast membrane
were excellent photbsynthetic iﬁhibitors. -We have also
observed fhat the size of the nitroxide radical ring exerts

no éffécf on the inhibitory power of the radical; and that

the présénce of a double bond in the ring renders the radical

ineffective as a photosynthetic inhibitor. This may be due

‘to facilitation of a detoxication mechanism working on the

'doublé bond analogous to those observed in microsomal

oxidation of ;ompounds containing unéaturations.

Sincé the action of the nitroxide radical depends on the
accessibiiity of thé active site to the radical through
bréachipg the mémbrane, a delay in perméation would only'
result in the depletion of the radical by one of the '"sites
of loss," that 1s, storage, elimination, or chemical inacti-

vation of the radical23. The most likely site of loss in

_our case would be chemical ilnactivation by a reducing agent

which 18 produced by the chloroplast in the light and which

diffuses out to the medium surrounding the chloroplasts where

‘the reduction of the radical takes place. This is evident

from the kinetics of the EPR signal decay which indicate

. that radicals which exhibit potent photosynthetic inhibition

reach théir site faster and thus bypasé degradation through

lnactivation; on the other hand, poor photosynthetic inhibitors
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are inactivated (as observed from the décay!of the EPR signal)
sobh‘after illumination of the prétfeated chloroplasts.
Anothér(pbssiblé mechanism of inactivation is through binding
to nonfunétiohal proteins.or othér macromoleculéS’where the
radical is completely ihmobiiized, resulting in partial loss
of the signal, as seen 1in the réductioh of 1ntehsity.of all
three iinés of the EPR signal of the monoradicals tested.

In the case of biradicals the increase in the intensity of
thé odd-nﬁmbéred'linés'and the decrease in intensity of

: the~even-ﬁumbered lines of the five-line spectrum may indicate
" immobilization through binding to a macromolecule. Thus the
‘biradical becomes less. flexible and the distance between the
rédical éeptérs is increaséd, résulting iﬁ slow exchange
-bétwéén thé two radical céhters and consequéntly in the
disappéarénce of the interpolated spectral lines which are
absént on the monoradical spectra. The rate of exchange is.
denotéd by J,'and thé.frequenéy separation of the hyperfine

splitting for 14

N is A(= 43 MH,). Slow exchange implies
J/A < 1l and fast exchange corresponds to J/A.> 1l. As more
radical is bound to our hypothetical macromolecule (or |
particle, for that mattér), J 1s decreased, resulting in

a smaller value of J/A. -Continued decrease in the value of

" EJ/A

n (where n is the total number of radical moleculés, both

those bound to the macromolecule and those fréé_in the
aqueous'phase surrdunding the chloroplast) as more biradical
moleculés bind to the macromoléculé will eventually result

in the;compléte disappearancé of the interpolatéd spéctral

b1
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llines arising from intefaction of the two th nuclei occupy-
ing aifférént Zééman levéls; thése lines aré absént in the |
monoradical spéctrum. Our data show that both méchanisms,
thé rédﬁction of thé radical and thé deactivation; by
.bihding to a macromolécule, contribute to the loss of the
spin signal. If chloroplasts prétreatéd with biradical are
11luminated in the EPR cavity, a shift from the five-line
spécﬁrﬁm to the thrée-line spectrum 1is observéd, with &n
1ncréase in éhé 1nténsity of the three monoradical lines.
This favors the binding mechanism proposed above. Continued
'~illhm1nation, howévér, results in the eventual decrease of
_thé'thréé—line'signal which was originally derived from the !

five-line signal of the biradical. This indicates that the

s e e,

'réductive méchanism is operative at a much lower level when
thé radical is bound to the macromoleculé. To eliminate the
time élémént and avoid complications in intérpreting the
results due to aging of the chloroplasts, an éxperiment in
whicﬁ the untreated chloroplast suspénsibn was 1lluminated
with high intensity flashes for a short time (as described
-in the_Methods séction) was carried out. The results showed
that 1if the réductivé mechanism is allowed to work before
thé radical is givén the timé to bind to the maéromolecule,
the reduction of the biradical to yield a very low-intensity
threé—line signal occurs much mére rapidly. It is clear
that préillumihation of the chloroplasts with high-intensity
light resulted in the production of an abundant quantity of

the reducing factor which acted on the radical at a faster
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rate thén the rate of binding of the radical to the macro-
moledule. Thé rate of diffusion of the reducing factor into
the susbending médium around thé chloroplasﬁs depénds}on the
domposifion of that medium.. Sucrose—triciné'médiﬁm retards
the diffusion of the reducing factor while Sorbitolftypé
bufféb facilitates ité diffusion. Thé remaining fraction of
‘the radical which bypasses inactivation reaches the active
site where 1t acts as a Hill oxidant resulting in the
evolution of O,. A secondary effect of this action is the
inhibition of CO2 fixatidn by the carbon reduction cycle.‘

- Nitroxide radicals act not as electron acceptors, and their

reduced form may act as electron donors, as 1s evident

from thé'réstoration of the 31gha1 by continuéd’illumination.

_Our data suggést that férricyanide ion. forms a cdmpléx of
varying stability with nitroxidé compounds .  This complex
rénders< thé radical less able to penetrafe the membrane
and reSults 1n_avdécreasé of the potency of the radical as

Hill oxidant.

. . o ,
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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, méethod, 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.









