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Abstract. The illumination of etiolated bean leaves (Phaseolus v2ulgaris) causes an increase
in the activity of succinyl coenzyme A synthetase. Continuous white light or short periods of
red or blue light followed by darkness will induce an increase with the highest activity at about
6 hr after the onset of illumination. Thereafter the activity decreases so that at 12 hr it is
the same .as the initial dark activitv. Treatment with cycloheximide before illumination
prevents the increase in activity. A number of other enzymes have been studied in an attempt
to determine the significance of the transient nature of the changes in succinyl CoA synthetase
activity.

Succin-i coenzvme A has been shown to be a
precursor of porphvrins in animals and bacteria
(1, 6). The tracer studies of Shemin and Kumin
(11) show-ed that duck ervthrocyte preparations
Notuld incorporate label from the carboxvl carbons of
succinate into hemile. Tricarboxvlic acid cycle ac-
tivitv could not be involved in this system since
carbox-l carbonis woould be lost as CO, before reach-
ing a-ketoglutarate dehvdrogenase. Using malonate
inhibition of the tricarboxvlic acid cycle they con-
cluded that 30 to 50 % of succinyl CoA could be
derived directly from succinate, presumably via sllc-
cinvl CoA synthetase. In guinea pig liver mito-
chondria (2) 30 to 60 % of succinvl CoA was
estimated as coming from succinate directly. Incor-
poration of '4C from carboxyl labeled succinate into
chlorophyll has been demonstrated in greening barley
leaves (14) so that succinyl CoA synthetase could
be involved in porphyrin biosynthesis in leaves. For
these reasons it seemed that succinvl CoA svnthetase
could be important dturing the greening of etiolated
leaves and a study of the activity of the enzyme
before anid during illumination would provide infor-
mation on the mechanisms controlling light develop-
ment of the photosynthetic apparatus.

The previotus studies of succinyl CoA synthetase
(E.C. 6.2.1.5 ) from plant sources have been con-
cerned with the preparation of the isolated enzyme,
its substrate and cofactor requirements and the re-
action mechanism (4, 5, 10). In this study we report
upon a light induction of an increase in activity of
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succinvI CoA svntlhetase and the light svstems in-
volved during greening of etiolated bean plaints.

Materials and Methods
Phascolits zuiilgar-is var. Black Valentine (Charter

Seed Company, TwN-in Falls, Idallo. Crop No.
1-04502) wN-as the experimental material. For some
of the later experiments the variety Resistant Asgrow
Valentine (Crop No. 1-5269) were used. Seeds
wTere germinated in the dark at 220 in vermiculite
and the plants used on the sixth or seventh day after
sowN-ing. All treatments were performed on intact
plants hiclh w-ere dehusked before use. Dark han-
dling was performed with the minimum exposure to
dim greeln safety lights.

Cool N-hite fluorescent and incandescent lamps
in a 26° growth chamnber of continuous illumination
gave 900 ft-c at the level of the cotyledons. Colored
light sources used Rohm and Haas cast plexiglass
sheets: blue No. 2424 with white fluorescent lamps
(400-550 mu, peak at 470 m,u); red No. 244 with
red fluorescent lamps (610-720 mp) and far-red
No. V-58015 Nwith incandescent lamps and a 10 cm
barrier of water (710-1000 mu) (3. 1/7). The inci-
dent energies of the various systems were measured
with a standardized Epplev Thermopile attached to
a Vistion-Becker D.C. Breaker Amplifier (Beckmann
Instruments) and are reported in the Results section.

For the enzyme assay 30 to 35 leaf pairs were
ground in a chilled mortar with 15 mM tris'HCl
buffer pH 7.2 and 1 Mmole 2-mercaptoethanol per ml.
For fully greened leaves the value of buffer was
increased. The homogenate was strained through
8 layers of cheesecloth and the residue extracted with
a second volume of solution. This extraction pro-
cedure left negligible succinvl CoA svnthetase (SCS)
activity in the residue. The filtrate was used for
the enzyme assa\ without further treatment.

The assay was based on the hydroxamate method
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of Kaufmann (4). In 2 ml total volume the reagents
were: 60 Mumoles tris HCl buffer pH 7.2; 10 ,moles
MgCl.,; 10n kmoles 2-mercaptoethanol; 980 ,umoles
neutralized hy droxvlamine hy drochloride; 20 pmoles
sodiunm succinate; 5 /Amoles ATP; 0.13 ,umole co-
enzymne A and 0.5 ml enzyme (equivalent to about
1.5 leaf pairs). The reaction was started by the
additioll of the enlzymiie anid w-as carried ouit at 250
for 30 imiii; it was linlear over thlis period. The
reactioni rate was linealra withlin 3-fold inicreases.,< in

the homogeilate volumie use(l froiim bot (lark and
liglht growvn leaves. Mfixe(l homiogenates fromii (lark
anld red liglht treaite(d leaves gave an SCS activity
eclual to the sulii of thle activ ities of the indiv-idual
conmponienits: there was neitlher activation Ior0 inhii-
bition. The reaction %vas stopped 1b thle addition
o,f 2 mil of the ferric clhloride reagent of Lipmann anid
Tuttle (8) ; 5 % FeCl3: 12 % trichloroacetic acid:
3 N HCl (1:1 :1 v/v). Zero timze anid succinate-less
blanks were used. After removal of the precipitated
protein by centrifugation the optical density at 540
m,u of the supernatant was recorded anid converted
to nmoles of succinyl CoA 'by using a standard curve.

Proteini was mleastired using thle Folinl phenol

reagent (9).
WVhen plaints were treated witlh cvcloheximiiide,

15 ml of solution (300 pg/ml) were sprayed on to
the plants of I pan (about 200 seedlings) with an

atomizer.
Otlher enlzymlles Nvere assave(l 1y imeasuring the

clhankge in ol)tical densitv at 34) m, in a Gilford
multiple sample absorbanlce recorder attaclhed to a

Beckman DU monochrol-mator w\ith sample tempera-
ture regulated at 2.50:

Glutantate-oxaloacetate Transa iinasc. 150 Mmiloles
l)otassium phosphate buffer (1pH 7.5) ; 60 Mmoles
potassitmni aspartate; 20 Minioles potassium a-keto-
glutarate; 0.33 eimole NADH; ,umoles NaEDTA;
1.3 utnits malate dehvdrogenase (Sigmia); and enzyme

extract, in a total volunle of ml.
NVAADP-isocit ratc Dehydrogenase. 30 Mmoles

potassium phosplhate buffer (pH 7.5); 0.6 nmole
sodiumiii isocitrate; 0.3 mniole NADP; 0.6 Mmole
MnCl.; andI enzyme extract; in total volume of ml.

.lfalate Dehvdr-ogenlase. 22;5 nmoles potassium
phosplhate b)uffer '(pH 7.5) ; 20 ,tlmoles oxaloacetic
acid, 0.33 Minnole NADH: anid enzyme in a total
voltume of 1 ml.

GlIfcose 6-P Deliydrogenasc. 2 timoles glucose
6-P; 1 niiole glvcylglycine buffer (pH 7.5) ; 1 jumole
NADP; 10 ,umoles MgCV; and enzyme in a total
volume of 1 ml.

Metabolism of added succinvl CoA in the absenice
of added cofacto-s by the honmoggenate was measured
by followiing the chlange in ol)tical density at 232 mn

in. the followi\ng systemi: 30 Mmnoles tris HCl buffer
(pH 7.2) approximnately 2 Lmnoles succinvl CoA
(prepared by the method of Simon and Shemin (12)
4 jLmoles MIgCl2; 4 ptLmoles 2-mercaptoethanol; anid
enzymie in a total volumnle of 1 nml.

The remaining assays were modifications of the
hydroxamate method: a-ketoglutarate dehvdroge-
nase. 100 tmoles tris HCl (pH17.2); 20 txmoles
potassium a-ketoglutarate; 0.13 ,umole coenzyme A;
1 Kumole NAD; 900 ,moles neutralized hydroxyl-
amine; 10 ,umoles 2-mercaptoethanol; and enzyme in
a total of 2 ml.

Pyruivate Dchydrogenasc Systemii. 100 Klimoles
tris HCl (pH /7.2); 50 j1lnoles potassium pyruvate;
0.13 / imole coenzyme A ; I Mmole N,\D; 4.50 moles
neutralize(I li(Iroxylaiine; ) /lIoIC5 MNCl. 10
munoles 2-inercaptoethlanol: 0.2 puuole thiamine p)yr-
phosphate and enzyme in a total of 2 ml.

Acctyl CoA SAnithetasc. 100 fLnloles tris1HC1
buffer (pH 7.8); 20 M0ioles so(dium acetate ; 0.13
Mmiiole coen,zynme A; 10 tnioles ATP; 450 timoles
neutralized hivdroxvlaniiine; 10 juiioles MIgCl.; 10
,unioles 2-niercaptoethanol; andtl enizymle in a total of
2 mil.

These assays were carried out at 250 anid were
stopped after 30 min with the FeCl, reagenit of Lip-
mann and Tuttle (8) and measured as described
above for SCS using tlle appropriate standard curve.
In the a-ketoglntarate dehvdrogenase anid p)yruvate
dehvdrogenase assays NAD was not limitinig since
ani active NADH oxidase was present in the lhomog-
enate.

In all assays, blaniks lackinlg substrate were ruin
in parallel an1d the readings substracted frolmi the
experimental readin,-g.

Results and Discussion

Activity in Dari-k anid Illminiatcd Lcavcs. The
activity of succinvl CoA synthetase in dark grown
leaves increased per leaf pair up to the sixttb day
after sowing, thereafter it decreased slowly (Fig. 1).
This normal dark decrease was less than that in
plants treated with cycloheximide. The change in
activity- in untreated plants after the sixth day was
-1 enzyme unit per hr per leaf pair (here for ease
of expression an enzyme unit is equal to the produc-
tion of 1 nmole succinyl CoA/hr). Cvcloheximide
treated plants showed a change of -7 units per hr
per leaf pair suggesting that in, the dark after 6 days
enzyme synthesis was occurring but that breakdowin
was proceeding at a higiher rate.

When, dark growin plants were tranisferred to
continuous white light SCS activity increased rapidly
to a maximum at 5 to 6 hr followed by a decrease
so that at 12 hr the activity was about the same as
the initial dark level '(Fig. 1). At 20 to 24 hr
activity began to increase linearlv, conicurrent with
the rapid growtth of the leaves anld conltiniued for at
least 40 hr. During this period the specific activity,
(activity/nig protein) remained mor-e or less constant.
(See Fig. 7).

Activity After Brief Jrradiations WVith Colored
L ight. In attempts to characterize the light reac-
tionls involved in the chalnges in enizyme activity
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STEER AND GIBBS - CHANGES IN ETIOLATED BEAN LEAVES BY ILLUMNINATION

HOURS IN WHITE LIGHT
0 8 16 24 32 40 48
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120 144 168 192
HOURS OF GERMINATION

FIG. 1. Succinyl CoA synthetase activity in dark
grown leaves and during continuous white illumination
of etiolated leaves.
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FIG. 2. Succinyl CoA synthetase activity per mg
protein after 10 min red irradiation followed by dark-
ness.
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FIG. 3. Succinyl CoA synthetase activity after 10
min red irradiation followed by darkness. O0O nor-

mal; * x-----x, *-----* sprayed with cycloheximide
(300 4ug per ml) 4 hr before irradiation.

during the first 12 hr of illumination, further experi-
ments were done in which the continuous white light
was replaced by short exposures to colored light.
The activity after 10 min of red light (1160 Kergs/
cm2) followed by darkness is shown in Fig. 2. The
data fall into 3 phases: an initial decrease in activity
followed by an increase, in turn followed at 6 hr by
another decrease to below the initial dark level (see
also Fig. 7). At 6 hr, the enzyme activity equal to
that induced by illumination declined leaving a base
level represented by a specific activity of about 90
nmoles per hr per leaf pair; a similar amount to
that after the initial decrease. A similar resistant
activity is seen in Fig. 3 where cycloheximide treated
plants maintained a level of enzyme activity for 9 hr
equivalent to the post initial decrease activity in
control plants. Cycloheximide treatment abolished
the light induced increase in enzyme activity.

The initial decrease in activity promiioted bv red
irradiation show-ed a limited reversal by far-red
light (Fig. 4). Far-red subsequen-t to red light
produced enzyme activity only marginially lower than
the dark activity after 2 hr. Further irradiations
did not alter the activity from that level; a limited
red/far-red reversal was seen.
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FIG. 4. 1Far-red reversal of the red mediate(d initial
decrease in succinyl CoA synthetase activity in leaves.
Red (R) irradiation ,xas of 3 min duration, far-red
(F) of 2 min.

The energy relationships of the initial decrease
phase are shown in Fig. 5 expressed as activity per

leaf pair rather than protein Eo that changes in pro-

tein induced by the different illumination periods
would not obscure activity changes. The activity
measured at 20 min after the beginning of illumina-
tion shovs that there was a linear response to
irradiation of up to 5 nlin duration. Periods above

imin invoked no greater response. Other experi-
ments showved that the decrease had the same rate
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K ERGS/cm2
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FIG. 5. Succiinyl CoA synthetase activity as a

tion of the amount of red irradiation given. 0-
activity assayed 20 min after the beginning of irn
tion. * activity assayed 6 hr after th
ginning of irradiation.

at 50 as at 220; it appeared to be temperature
pendent within that range.

For conmparison Fig. 5 includes the respon

the red ind(luced increase when SCS activity
assayed at 6 hr after exposure. At low ene
this svstenm showed no response and had a peak
8 min (930 Kergs/cn) irradiation. Illumin
periods of 15 min resulted in activity after
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FIG. 6. Succinyl CoA synthetase activity after 15
min blue irradiation followed by darkness.

being lower than the initial dark level. The time
1800 course of SCS activity after 15 mimi red irradiationi

showed an initial decrease followed by ain increase
to about the dark level at 90 min aind theni a furtlher
gradual decrease so that by 6 hr the activity was
less than the initial dark activity. This, togetlher
with the depressanlt effects on SCS activity of second(
re(l light pulses, suggested that the decrease in
activity after 6 hr m1ay also be effected by light. No
furtlher evidence wNas collected on this phase.

Exposure to 15 min of far-red light induced a
sIall increase in activitv (at a rate of 6.5 nmoles
per hr per mg protein) reaching a imiaxilimuI at 5 hr.
Duiring the phase of increasing SCS activity the
red/far-red relatioinsllip was complex but it seemed
that the rate of increase was that ilndtuced by the
light to which the seedlings were last exposed. This
requiires more experimental evidence.

In response to blue illumination the enzylmie ac-
tivitv showed an increase also (Fig. 6). As after
red the activity had a maximum at 6 hr anid at 12 hr
the activity had fallen to a level e(quivalent to the
initial dark activitv. Far-red subse(quient to blue did

1 6 not alter the enzymne activity during the 60 min lag
phase. Table I illustrates the energy relationships

func- of the blue induction systeml. One huIldred and
----Q thirty-three Kergs per cm2 did Inot produce a re-

radia- spouse as measutred as activity at ; hr but quantities
e be- above that and at least up to 1000 Kergs per cm2

produced a small but increasing magnitude of re-
spoluse. Using the far-red filter ( "-58015m ) wvith the

inde- white fluorescent lanmps used for the blue source no
charge in SCS activity was observed. The blue

se of indtuction was not likely due to irradiation with
was wavelengths betwveen 400 and 550 ni,u.

zrgies While 10 min red irradiation induiced hypocotyl
after hook opening and leaf growth in these experiments
ation neither 15 min far-red nor 15 min blue induced these
6 hr changes; morphologically the plalnts remiiained in the

dark-growxn condition.
In a single experiment with etiolated oat leaves

10 mim of red liglht induced the samiie trend in clhanges
in SCS activity as in bean leaves but the changes
were very small. \Vith pea apices 10 mmi red light
indtuced a doubling of activity by hlr followved by a
decrease, but in this tissuie the initial red decrease
phase did not appear to be present.

Table I. Succivl CoA SAnthetase Activity Aftcr
Differentt Amlounts of Blue Irradiation

Enzyme activity was assayed 5 hr after the begin-
ning of irradiation.

Irradiation Irradiation
time unlits Activity

1nii kcrgs1/cmI2 nIn1aS/es/hr X leC(f p(ir
0 0 626
2 133 611

333 673
10 666 690
15 1000 716
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STEER AND GIBBS- ALA DEHYDRASE IN GREENING BEAN LEAVES

Table II. -En.,viize A,cti-ity of Suibcelluilar Frtactionis 4fter Far Red Irradiation)
Frozeni leaves were homogenized in a blendor with a solution colntaining 700 mM mananitol; 1 m.i Na-EDTA; "

mmi cvsteine; 1 n-mg/ml bovine serum albumin; 10 mm K phosphate buffer (pH 6.5). The homogenate was centrifuged
4000g for 45 sec to precipitate debris. The supernatant was centrifuged at 15,000g for 20 min. The pellet was washed
once with the mannitol medium and was designated the mitochondrial fraction. The supernatant was assayed without
furtlher treatment. Assay methods are described in the Methods section.

Mlim after 15 min of far-red
Enzyme Fraction 0 69 190

mno!cs per hr per mng protein.NADP-isocitrate Mitochondria 0 115 0
dehydrogeniase Supernatant 1664 2070 1411

Glucose-6-P Mitochondria 0 77 0
dehydrogenase Supernatant ..o.111 1185

Glutamic- Mitochondria 863 1156 875
oxaloacetate

transaminase Supernatant 9084 6701 4828
Succinyl CoA Mitochondria 123 106 285

synthetase Supernatant 119 147 238

C/haytges in Other Systemiis. The significance of
the changes in SCS activity is not readily apparent.
The rapid and short-lived increase did not correlate
with known changes in the leaf: For example, with
the rate of chloroplhyll synthesis. In the hope that
a correlation with other systems could be found a
number of enzymes were assayed after treatments
that induced an increase in SCS activity: a-keto-
glutarate dehydrogenase as an enzyme also producing
succinvl CoA: succinyl CoA consunmption in the
absence of added cofactors, possibly catalyzed by
succinyl CoA deacvlase; acetvl CoA synthetase and
pyruvate dehydrogenase complex as systems also
involved in coenzyme A metabolism: glutamate-
oxaloacetate transaminase as a mitochondrial enzyme:
NADP-mediated isocitrate dehydrogenase as a tri-
carboxylic acid cycle enzyme and glucose 6-P dehy-
drogenase as a cvtoplasmic enzyme. None of those
assayed showed an increase in activity during the
first 6 hr. Only one, glutamate-oxaloacetate trans-
aminase, showed any rapid change at all: a fall in
supernatant activitv after 15 min of far-red irradia-
tion (table II). This table shows also that increased
SCS activity was apparent in both particulate and
stupernatant fractions of leaf preparations. After 10
min of red irradiation glutamate-oxaloacetate trans-
aminase, NADP-isocitrate dehydrogenase and malate
dehydrogenase showed no change in activitv during
the subsequent 6 hr. This was also true for a-keto-
glutarate dehydrogenase and the pyruvate dehydro-
genase complex during the first 6 hr of continuous
white illumination but acetyl CoA synthetase showed
a decrease between 4 and 6 hr. Assay of succinvl
CoA consumption by the crude homogenate without
added cofactors showed no change after 15 min of
far-red irradiation.

Fig. 7 shows the specific activity expressed as a
percentage of the initial dark activity of a number
of enzymes during 72 hr of continuous wh,ite illumi-
nation. "Four have the same pattern; glutamate-
oxaloacetate transaminase, NADP-isocitrate dehvdro-

genase, a-ketoglutarate dehydrogenase and the pyru-
vate dehydrogenase systenm. All are concerned in
respiratory metabolism. 8-Aminolevulinic acid de-
hydrase has been included as an enzyme apparently
closely linked with chloroplast development (15).
Both SCS and acetyl CoA synthetase show patterns
of activity different from these 2 groups and from
each other. Apparently, SCS is not solely involved
with the citric acid cycle nor does it have a close
correlation with chloroplast organization as manifest
by b-aminolevulinic acid dehydrase activity.
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FIG. 7. Activity per mg protein of a number of
enzymes during continuous white illumination of leaves
expressed as a percentage of the initial dark activity.
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Enhancemeint of respiratory gas exchanges by
light treatments were always small and the patterns
of response to light was complicated 'by rapidly in-
creasing respiration rate of dark control leaves. For
these reasons it was difficuilt to correlate SCS ac-
tivity and respiratory activitv. A 2-fold increase of
SCS activity was never reflected in a 2-fold increase
of respiration rate. At all times the respiratory
quotient of the bean leaves remained close to unity.

Chlorophyll synthesis in these leaves exhibited a
lag phase of 2 to 3 hr. Thereafter synthesis con-
tinued at a linear rate for 22 hr. During this phase
it is likely that photosynthetic activity commenced
(13, 16) and photosynlthetically fixed carbon utilized
in chlorophyll synthesis. It is interesting to note
that only after 5 hr illumination of bean leavres did
the photosyntlhetic electron pathway inhibitor, 3-(4-
chlorophenyl) -1 -dimethylurea depress chlorophyll
synthesis (7). Before that time the carbon skeletons
for chlorophyll must lhave derived from elsewhere.
It is possible that the increased succinyl CoA syn-
thetase activity durinng the first few hr of illumination
supplies succinyl CoA for chlorophyll synthesis by
the mobilization of a succinate pool. Later the pre-
cursors are from photosynthetically fixed carbon but
this hypothesis remains to be tested. Certainlv the
significance of the transient nature of the changes
in SCS activity await further study.
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