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ABSTRACT

Previously, C Baysdorfer and JM Robinson (1985 Plant Physiol 77:
318-320) demonstrated that, in a reconstituted spinach chloroplast sys-
tem, NADP photoreduction functioning at most maximal rate and reduc-
tant demand, was the successful competitor with NO,~ photoreduction
for reduced ferredoxin. This resulted in a repression of NO,™ reduction
until all NADP available had been almost totally reduced. Further
experiments, employing isolated, intact spinach leaf plastids and soybean
leaf mesophyll cells, were conducted to examine competition for reductant
between CO, and NO,~ photoassimilation, in situ. In isolated, intact
plastid preparations, regardless of whether the demand for reductant by
CO; photoassimilation was high (5 millimolar ‘CO;’) with rates of CO,
fixation in the range 40 to 90 micromoles CO; fixed per hour per
milligram chlorophyll, low (0.5 millimolar ‘CQ,’) with rates in the range
S to 8 micromoles CO; per hour per milligram chlorophyll, or zero (no
“C0O»’), NO,~ photoreduction displayed equal rates in the range of 8 to
22 micromoles per hour per milligram chlorophyll. In the absence of
“CO2’, but in the presence of saturating white light, 3-phosphoglycerate
photoreduction at rates of 82 to 127 micromoles per hour per milligram
chlorophyll did not repress, and occasionally stimulated concomitant
rates of NO;~ reduction which ranged from 23.4 to 38.5. Conversely, in
plastid preparations, NO,™ at levels of 50 to 100 micromolar, stimulated
plastid CO, fixation when ‘CO,’ was saturating with respect to carbox-
ylation. Further, levels of NO,™ in the range 250 to 2500 micromolar,
stimulated soybean leaf mesophyll cell net CO, fixation as much as 1.5-
fold if ‘CO;’ was saturating with respect to CO, fixation. It appeared
likely that, in high light in vivo, CO, and NO,~ photoassimilatory
processes are not forced to intercompete for reduced ferredoxin in the
intact chloroplast.

Higher plant chloroplasts simultaneously photoreduce and
photoassimilate both CO, and NO,™ into photosynthate employ-
ing reducing equivalents (NADPH, Fdrd') and ATP derived from

! Abbreviations: Fdrd, Fd reduced; PPRC, pentose phosphate reduc-
tive cycle; CO,, CO, gas dissolved in solution; HCO;™, bicarbonate;
‘CO;’, CO, plus HCO;™; RuBP, ribulose-1,5-bisP; 3-PGA or PGA, 3-
phosphoglycerate; FBP, fructose-1,6-bisP; GAP, glyceraldehyde-3-P;
DHAP, dihydroxyacetone-P; triose-P, GAP plus DHAP; a-KG, a-keto-
glutarate; Fd, total ferredoxin (oxidized plus reduced); Fdox, Fd oxidized;
FNR, ferredoxin-NADP reductase; GAPase, NADP-glyceraldehyde-3-P
dehyrogenase; NiR, nitrite reductase; GS, glutamine synthetase; GO-
GAT, glutamate synthase (glutamine oxoglutarate aminotransferase);
TPS, total photosynthesis; N fed or inorganic N fed, NO;~ plus NH*
levels (mM) incorporated into modified Hoagland nutrient solutions.

the photolysis of H,O and transmitted by subsequent photosyn-
thetic electron transport (2, 4, 32). Twelve mol of NADPH (24
mol of Fdrd) and 18 mol of ATP are required for the assimilation
of 6 mol of CO, to 1 mol of glucose with the concomitant
regeneration of 6 mol of RuBP in the PPRC (4) Reduced
thioredoxin, resulting from the ferredoxin-thioredoxin reductase
catalyzed transfer of electrons from Fdrd to oxidized thioredoxin,
is employed for the reductive activation of PPRC enzymes such
as FBP (C-1) phosphatase (4). However, the total magnitude of
the stoichiometry for the Fdrd requirement for the sum of the
plastid enzyme activations remains unknown (4).

Chloroplast reductive assimilation of 1 mol of NO,~, results
first in formation of NH,* (catalyzed by NiR), followed by the
amidation of Glu to form Gln (catalyzed by GS), and finally
followed by the transamination of the amide NH,* of GIn to a-
KG (catalyzed by GOGAT) to beget 2 mol of Glu (a net gain of
1 mol Glu) (2, 32). Since both NiR and GOGAT require Fdrd
as reductant (2, 13), the assimilation of 1 mol of NO,™ to gain
an additional mol of Glu requires 8 mol of Fdrd and 1 mol of
ATP (2). In C-3 plants, the GS and GOGAT system also appears
to assimilate the NH,4* released by glycine decarboxylase during
photorespiratory metabolism (32). Since rates of photorespira-
tion are reputed to attain values as high as 50 umol CO, and
NH,* released/h-mg Chl, then the magnitude of the total re-
quirement for Fdrd for total NO,™ plus NH,* assimilation in the
plastid also may be much higher than has been predicted (4, 32).

In leaves the magnitude of total CO, assimilation is 5 to 20
times higher than the magnitude of light dependent NO,™ reduc-
tion reflecting that there are greater total amounts of enzyme
molecules associated with the assimilation of carbon compared
with those enzymes which catalyzed the assimilation NO,™ (2).
Based on demands for reductant, plastid electron transport activ-
ity supports more carbon than nitrogen assimilation. For exam-
ple the enzyme, FNR, the tightly bound terminal enzyme in the
photosynthetic electron transport chain (which is directly adja-
cent to the Fdox reducing site), delivers NADPH at rates of 300
to 400 pmol/h - mg Chl (minimal rates of 600-800 for Fdrd-Fdox
recycling). These rates are more than sufficient to support total
carbon assimilation (e.g. GAPase) (27). NiR, a stromal enzyme,
usually exhibits rates in the range of 10 to 25 umol NO, /h.-mg
Chl, and the maximal required Fdrd-Fdox recycling rate to
support total ‘throughput’ of NO,™ for a net gain in Glu would
be only 200 gmol/h-mg Chl.

A shortage of Fd (i.e. Fdrd), or a preferential allocation of
Fdrd to FNR over NiR, could produce, in the plastid, a compe-
tition for Fdrd between CO, and NO,~ assimilation. Indeed,
there is evidence for competitiveness between photosynthetic
carbon and nitrogen assimilation in intact plant leaves and cells
as well as in isolated chloroplast systems. Rather recent studies,
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which employed intact leaves of Bush Bean (20) or intact Sce-
nedesmus cells (11), both indicated that the light-dependent
assimilation of NO,™ was repressed during concomitant net CO,
photoassimilation. Also, in order to derive maximal NO,™ pho-
toreduction in isolated, intact, pea leaf chloroplasts, Anderson
and Done (1) found it necessary to employ the inhibitor DL-
glyceraldehyde in order to eliminate PPRC activity.

Baysdorfer and Robinson (3, 28) employed a reconstituted
spinach leaf chloroplast system (purified stromal fraction, plastid
lamellae, and saturating Fd, NADP, and NO,"), and found that
the photoreduction of NADP at very high rates, completely
repressed concurrent NO,~ reduction until almost 90% of the
supplied NADP had been reduced. At that point, NO,™ reduction
commenced at maximal rates. Since Fd had been supplied in
amounts saturating both to FNR and NiR, the results suggested
that there was a preferential allocation of Fdrd to FNR bound
to the lamellae until nearly all the NADP had been converted to
NADPH, whereupon Fdrd was released to support NiR catalysis
in the stromal fraction (3, 28).

However, in contradiction to the foregoing examples (3, 11,
20), there are studies which suggest that plastid carbon and
nitrogen photoassimilatory processes do not intercompete for
reductant, in vivo. An important observation is that the concen-
tration of Fd has been measured and found to be as high as 2
mM (25). At least in high light, there should be levels of Fdrd
sufficient to be saturating with respect to all of the Fdrd requiring
processes in the chloroplast (2, 4, 25). Further, Grant and Canvin
(7) observed that in preparations of intact spinach leaf plastids,
NO,™ photoreduction rate was the same regardless of whether or
not there was simultaneous CO, assimilation. Also, reports from
several laboratories indicated that the net photoassimilation of
CO,, in isolated leaf mesophyll cells, was actually accelerated
during the concomitant assimilation of NO;~ (28) and NH,* (19,
28, 33). Concurrently, inorganic nitrogen assimilation was in no
way repressed, and often was stimulated (19, 28, 33). Further-
more, Plaut et al. (21), employing a reconstituted spinach plastid
system (stromal and lamellae fractions), found that intermediates
generated during CO, assimilation, e.g. DHAP and fructose-6-P,
enhanced the rate of light dependent NO,~ photoreduction,
ostensibly through an activation of NiR.

A reality of whole plant growth is that plant leaf tissues from
grain crops (e.g. soybean), often may derive as much as 40 to
100% of the newly acquired reduced nitrogen (amino acids)
during light dependent (Fdrd and ATP dependent) assimilation
(23, 24). These observations (23, 24) imply that competition
between chloroplast carbon and nitrogen photoassimilation, were
it to occur, would limit the magnitude of the gain in a-amino
nitrogen. This could be counterproductive to plant growth and
grain development, and the fact remains that increased levels of
NO;~ and NH,*, fed to intact plants in the range 9 to 36 mm,
usually simultaneously will enhance both net CO, fixation and
the assimilation of NO;~ and NH,~ (28).

The main purpose of the studies described in this report has
been to positively define whether or not there is competition
between CO, photoassimilation and NO,~ photoreduction for
plastid reductant (Fdrd). The approach has been one of exami-
nation, both in preparations of isolated intact spinach leaf plas-
tids and soybean leaf mesophyll cells, of the process of NO,~
photoreduction during points in time in which the demands for
reductant by CO, or 3-PGA photoassimilation are either absent,
minimal (e.g. rate-limiting CO,), or maximal (e.g. saturating
CO,). I have observed, both in preparations of isolated intact
spinach leaf plastids and isolated intact soybean leaf mesophyll
cells, maintained in high (saturating) light, at 25°C, and with
varying reductant demand by CO, assimilation from none to
very maximal, that there was not visible mutual competition for
reductant between CO, and NO,~ reductive assimilation. In fact,
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isolated spinach plastid preparations fixing CO, in high light,
occasionally displayed a stimulation of light dependent NO,~
reduction, ostensibly caused by the presence of CO, photoassi-
milation. Additionally, in isolated spinach plastids and in soy-
bean leaf mesophyll cells, NO,™ reduction often appeared to
significantly stimulate both total and net CO, photoassimilation.
The implications of these mutual stimulations are discussed
briefly.

MATERIALS AND METHODS

Plant Material. Leaf samples and isolates of intact chloroplasts
were prepared from leaves of 20 to 30 d old, growth chamber
propagated Spinacia oleracea cv Wisconsin Bloomsdale, or cv
Wisconsin Dark Green. Trifoliolate samples, as well as prepara-
tions of isolated intact leaf mesophyll cells, were prepared from
Glycine max (L.) Merr. cv Amsoy and cv Williams. Plants were
propagated from emergence in growth chambers on a 12 h light-
12 h dark cycle, 25°C constant, 65% RH, and 650 xE/m?-s
incident energy upon the upper foliage. Each growth chamber
was fitted with 24, 2.44 m, 210 W Sylvania VHO? or Westing-
house SHO fluorescent bulbs mixed with 10, 60 W incandescent
bulbs.

Spinach and soybean plants were propagated in vermiculite
held in 15.24 cm plastic pots, and each pot was surface irrigated
twice daily with a modified Hoagland solution previously de-
scribed (27). Incorporated in the nutrient solution were levels of
inorganic N optimal for normal growth in the form of Ca(NO;), -
4 H,0, 3.33 mMm and NH,NO;, 1.67 mM; the ratio NO;:NH,*
was 5:1 or 8.33 mM:1.67 mM. For comparative purposes, in some
experiments, a second set of plants were irrigated with a growth
superoptimal level of inorganic N in the form of Ca(NO),-4
H;0, 5 mMm; NH,NO;, 6 mM; KNO;, 7 mM; and Mg (NOs),-
6H,0, 3.5 mM. In this latter case, the ratio of NO;:NH,* was
also 5:1 or 30 mM NO;™:6 mMm NH,*.

Net and TPS and Nitrite Levels in Intact Leaves. Soybean
plant leaves were numbered acropetally, from the first leaves,
and leaves numbered 3 and 4 were selected for measurements
from each of 5 uniform test plants for gas exchange. Leaves 3
and 4 were from a second set of 5 test plants (identical to the
first set of 5) were excised, pooled, placed in liquid N,, and
subsequently lyophilized. For spinach plants, the identical pro-
cedures were employed for testing except that two of the most
mature leaves in the rosette configuration were selected for the
samples; pools from 5 plants per set were employed as in the
studies with soybean plants.

Foliar net phostosynthesis, as well as photo- and dark respira-
tion were estimated, using the previously described methods (27),
so that total photosynthesis could be calculated (27).

Leaves were sampled in the dark or light in the growth cham-
ber, excised leaf blades were immediately inserted into liquid N,
(in beakers) into pools of 5 leaves (15 leaflets) or 5 spinach leaves
per sample. The leaf samples were homogenized and lyophilized
according to previously described methods (27).

Tissue NO,~ was extracted and quantitated from pools (50 mg
per sample) of homogenized soybean or spinach leaf samples
employing the methods described by Scholl ez al. (29). To recover
at least 70 to 73% of 70 nmol of standard NaNO, included with
the 50 mg of lyophilized tissue, it was necessary to employ the
heat step, as well as the addition of phenazine methosulfate and
zinc acetate just subsequent to the heat step described by Scholl
et al. (29). Prior to, and subsequent to lyophilization, leaf blades
were weighed so that fresh and dry weight could be determined.

2 Mention of a trademark, proprietary product or vendor does not -
constitute a guarantee or warranty of the product by the United States
Department of Agriculture, and does not imply its approval to the
exculsion of other products or vendors that may also be suitable.
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This facilitated the computation of the volume of H,O in the
tissue, and the expression of leaf NO,™ as a uM concentration.

Spinach Leaf Chloroplast Isolation. Intact spinach leaf chlo-
roplasts were prepared, plastid Chl was isolated and quantitated,
and plastid intactness was estimated employing previously de-
scribed methods (25, 26). In this report, Chl amounts reported
in reaction mixtures (Fig. legends) will be that associated with
only the intact plastids.

Soybean Leaf Mesophyll Cell Isolation. Mesophyll cells were
isolated from trifoliolates, numbered acropetally, 3, 4, 5, and 6,
from 25 to 30 d old soybean plants (cv Amsoy) grown in the
pots irrigated with the optimal N nutrient media described above
(10 mM N). Isolated intact mesophyll leaf cells were prepared
mechanically employing methods described by Oliver et al. (18).
Cells were isolated in the absence of inorganic N in the isolation
and resuspension media which were otherwise identical with that
employed by Oliver et al. (18). However, to increase the rapidity
of cell isolation, rather than allowing the cells to settle out of the
suspending and washing solutions (18), centrifugation (50 g/1.5
min) was employed, both for removal of cells from the initial
homogenization medium and from the cell washing medium.
This facilitated an isolation of cells requiring only 20 to 30 min
Jjust prior to measurement of cell CO, and NO,~ photoreduction.
Estimated by the Evans Blue cell exclusion technique (18), cell
intactness ranged from 60 to 70%. v

Chl was extracted from 0.1 ml of final cell resuspension added
t0 9.9 ml of 100% methanol, centrifuged at 1000g/3 min, and
the resulting supernatant was spectrophotometrically analyzed at
650 and 665 nm. The relationships developed by MacKinney
(14) were employed to compute Chl.

Simultaneous CO, Photofixation and NO,~ Reduction in Plas-
tids and Cells. In preparations of isolated, intact spinach leaf as
well as isolated, intact soybean leaf mesophyll cells, simultaneous
“CO, photoassimilation and light dependent NO,~ reduction
(NO,™ disappearance) was monitored employing modifications
of the methods described by Miflin (16) and Reed and Canvin
(24).

Isolated spinach leaf chloroplasts (from Wisconsin Blooms-
dale) were incubated to 10 min dark followed by 30 min light
(1000 wE/m?.s) in reaction mixtures, containing, in 3.00 ml, 50
mM Tricine (pH 8.1); 330 mm sorbitol; 2 mm diK EDTA; 1 mm
MgCl;; 1 mM MnCl,; 0.25 mM Pi; 1500 units catalase (Sigma-
Thymol free); either 0.5 or 5.33 mM “"*CO,’ (10 xCi-'*C); and 0
to 1 mMm NaNOQ,. Plastids (those totally intact) were equivalent
to 7 to 24 ug Chl. Mixtures were maintained at 25°C.

Intact soybean leaf mesophyll cells were incubated in the dark-
light and temperature regimes identical to those used for the
spinach leaf plastids, except that the cells were aerated, at 1 to 2
ml/min with streams of 20% 0,/80% N.. Isolated mesophyll
leaf cells were incubated in reaction mixtures containing in 3.5
ml, 50 mm Hepes (pH 7.8); 330 mm sorbitol; 2 mM DiK EDTA,
1 mMm CaCl,; 1 mm MgCl,; | mM MnCl; 0.5 mm Pi; either 0,
0.55, or 5.5 mMm ‘"“CO,’ (10 uCi-'*C); 0 to 0.5 mm NaNO,; and
cells (those totally intact) equivalent to 30 ug Chl.

Samples (0.5 ml) were withdrawn from the mixtures initially,
and at 10 min intervals, and combined with 0.5 ml 1 M zinc
acetate; reaction termination was instantaneous. Subsequently,
consecutive time-course terminated samples were agitated to
remix plastids and cells, 25 or 50 ul samples were combined with
S ul of 12 N HCI in 12 ml scintillation vials, unincorporated
“CO, was allowed to escape, 5.0 ml scintillation cocktail was
added to the vial, and the time-course of '“CO, incorporation
into acid stable products was determined with scintillation spec-
trometry. Counting efficiency was estimated by including 0.01
uCi of standard ['*C]glycolate in designated time-course samples.
Subsequent to '“CO, photofixation measurements, 0.7 ml of
each zinc acetate time course terminate was centrifuged at ap-
proximately 12,000g/5 min in a Beckman Microfuge 12. Result-
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ing supernatants were measured for NO,~ employing the meth-
ods described by Miflin (16) with some modifications. An aliquot
of the supernatants (known to contain approximately 15 nmol
NaNOQO,) were combined with pure H,O to a volume of 0.5 ml,
and to this mixture was added 0.25 ml 1% sulfanilimide (in 3 N
HCl, w/v), and 0.25 ml, 0.02% N-(1-napthyl-)ethylene-diamine
dihydrochloride (final volume of assay mixture, 1.0 ml). To
ensure maximum color development, 10 min was allowed prior
to reading the samples spectrophotometrically at 540 nm; read-
ings were quantitated against standard curves in the range of 0
to 25 nmol NO,™. The components of the plastid or mesophyll
cell preparation or reaction mixtures, e.g. sorbitol, EDTA, etc.,
did not influence the standard NO,™ curves, relative to the curve
for which standard NO,™ amounts were prepared in pure H,O.

Simultaneous 3-PGA and NO,~ Photoreduction in Plastids.
Since NO,~ is oxidized to NO;~ by strong acid, it was necessary
to further modify procedures associated with time-course meas-
urements of concomitant 3-PGA and NO,~ photoreduction
preparations of isolated, intact spinach leaf plastids. These meas-
urements were made with plastids isolated from the variety,
Wisconsin Dark Green.

Light dependent disappearance of 3-PGA was monitored ac-

" cording to the methods outlined by Latzko and Gibbs (12), but

several modifications were employed. Except as noted, reaction
mixtures and conditions for monitoring the simultaneous pho-
toreduction of 3-PGA and NO,™ (disappearance) were identical
with those employed to determine isolated plastid CO, fixation.
In all cases, ‘CO;,’ was rigorously excluded, and in its place, the
mixtures contained, in 5 ml: 1 mm 3-PGA; 0.6 mm ADP; 0.25
mM Pi; 0.5 mM each NaNO,™, Glu, and «-KG; and 2500 units
catalase. Plastid Chl reported represents that which is associated
with intact plastids. At reaction initiation, and at subsequent
time intervals, two consecutive 600 ul aliquots were removed
(per time point). The first aliquot, for use in 3-PGA determina-
tion, was rapidly added to 60 ul of 61% HCIO, to make a final
concentration of 5.6% perchlorate. The second aliquot (600 pl),
for NO,~ determination, was rapidly added to 40 ul of 12 N
NaOH to bring the mixtures to 0.75 M NaOH.

For determination of 3-PGA, 500 ul aliquot of perchlorate
extract was added to 500 ul of glass distilled H,O along with 100
ul of 1 M Mes (acid form), and the pH of this mixture was
titrated, with 5 M KOH, to 6.8 to 7.2; the H* ion step was
monitored with pH electrode. The resulting K-perchlorate sedi-
ment was removed by centrifugation at 1000g/10 min in poly-
ethylene conical centrifuge tubes. The final volume of the clear
reaction mixture extract was 3.0 ml, and 3-PGA was estimated
in 200 or 500 ul aliquots of this mixture. The presence of NO,~,
Glu, Gln, and/or «-KG did not influence the assays for 3-PGA
which were determined enzymically (12).

Nitrite disappearance was determined in the NaOH treated
samples. The samples were frozen and thawed, placed in 1.5 ml
conical tubes, and centrifuged at 9000g/5 min on a Beckman
model B Microfuge. One hundred ul of the resulting supernatant
was combined with 0.9 ml pure H,O, 1 ml of 1% sulfanilimide
(in 3 N HCI), 1 ml of 0.02% naphthalenediamine dihydrochlo-
ride, the resulting mixture was vortexed and 30 min was allowed
for complete color development. Subsequently, 2 ml of H,O was
supplied, the solution remixed, and the color was quantitated
spectrophotometrically at 540 nm. Absorbance readings were
compared to a comparably prepared standard curve which ad-
hered to Beer’s Law in the range 10 to 100 nmol NaNO,. It was
found that no other components of the reaction mixtures, e.g. 3-
PGA, Glu, Gln, or a-KG, produced a color change with the
sulfanilimide-naphthalenediamine reagent. Indeed, NaNO,
standards could be prepared in H,O only, in 50 mMm Tricine (pH
8.1), or in the plastid reaction mixtures containing all metabolites
and identical standard curves could be obtained. Additionally,
there was no loss or gain of NO,™ in dark held plastid reaction



CO,; AND NO,~ PHOTOREDUCTION IN PLASTIDS

mixtures, and the presence of plastids in the strong base did not
influence the 540 nm absorbance maximum of the sulfanilimide-
naphthalenediamine color complex.

RESULTS

Nitrite Levels in Vivo and Foliar CO, Photoassimilation.
Spinach and Soybean Leaves. Because NO,™, at levels as low as
0.2 mM, often mediates inhibition of photosynthetic carbon
metabolism in plastid isolates (6, 7, 15, 22), it was necessary to
measure in leaves, those levels of NO,~ which are physiologically
normal. It was then possible to study the simultaneous photore-
duction of NO,™ and assimilation of CO, in plastid isolates
employing NO,~ concentrations which were physiologically re-
alistic.

Soybean and spinach plants were fertilized with nutrient so-
lutions containing either NO;~ plus NH,* fed in concentrations
either optimal (8.3 mM NO;™) or superoptimal (30 mM NO;™)
with respect to growth. This was done in order to observe whether
or not plants would accumulate higher NO,~ levels and, should
that be the case, whether or not foliar CO, photoassimilatory
rates would be unaffected, inhibited, or enhanced. Thirty-six mm
total N fed proved to be just on the threshold of that amount
which inhibited both soybean and spinach plant growth (data
not shown).

In soybean (Fig. 1A), the average foliar level (complete trifol-
iates) of NO,™ in the dark was approximately 185 uM, regardless
of the concentration of the N fed to the whole plants, and during
the illumination period, the level (presumed steady state) dimin-
ished to 125 to 135 uM, reflecting the photoreduction of NO,™.
There was a slight increase, but never any decrease in TPS rate
in the 36 compared with the 10 mMm N fed plants.

The mature leaves of spinach plants fed the higher N level,
displayed both in the light and in the dark, an approximately 2-
fold higher NO,~ concentration when compared with the foliage
of the optimal N fed plants (Fig. 1B). For example, in 10 and 36
mM N fed plants, the foliar level of NO,™ prior to illumination
was, respectively, approximately 40 and 80 uM; during illumi-
nation levels diminished, respectively, to 35 and 65 uM. Reflec-
tions of light dependent NO,™ reduction was most pronounced
in the higher N level fed plants. However, regardless of the
increase in NO,™, brought on by the increased N nutrition, TPS
was the same in both treatments (Fig. 1B), and, as in the case of
soybean, TPS was never inhibited in the highest N fed plants.

Lack of Repression of NO,™ Reduction by Plastid and Leaf
Mesophyll Cell Carbon Assimilation. Properties of Isolated Plas-
tid and Cell NO,~ Photoreduction. Light dependent disappear-
ance of NO,™ in intact spinach plastid isolates displayed maximal
velocity in high white light (1000 wE/m.2s), 25°C, and with
levels of NO,™ in the range 100 to 200 uM, while ¥2 V., or lower
rates were observed with approximately 50 um NO,™ (Fig. 2B).
Employing 100 to 200 uM NO,™ in mixtures with plastid isolates
prepared from the spinach leaves of the variety Wisconsin Dark
Green, maximal velocities of NO,~ reduction, varied from 6.1
to 15.2 umol reduced/h-mg Chl (Figs. 2, 3). However, in plastid
isolates from the variety Wisconsin Bloomsdale, maximal rates
were routinely as high as 23.4 to 38.5 (100-500 um NO,") (Fig.
5). The reason for these varietal differences is not known.

Maximal velocities of NO,™ reduction in soybean mesophyll
cell preparation from leaf tissue pools, comprised of the third
through the sixth trifoliolate leaflets (var. Amsoy and Williams)
routinely displayed maximal light dependent rates of NO,™ re-
duction of 5 to 22 umol/h-mg Chl (250-2500 um NO,") (Fig.
4B and data not shown). On a routine basis, cell preparations
from var Amsoy exhibited the highest rates of NO,~ photoreduc-
tion, although isolates from var Williams occasionally displayed
rates as high as 22.
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FiG. 1. Foliar levels of NO,™ in dark held or illuminated leaves and
net CO, photoassimilation rates in the same leaves of soybean (A) and
spinach (B) plants growth in vermiculite pots irrigated with levels of
NO;~ plus NH,* either just optimal (10 mM), or superoptimal (36 mm),
with respect to plant growth. TPS rates are expressed as umol CO,
assimilated/h-dm?.

In all cases the dark rate of NO,™ reduction was quite minimal
or nonexistent when compared with subsequent light dependent
rate (Figs. 3-5). Certainly, in some cases it was clear that there
was a rather low, but measurable linear dark NO,™ reduction
rate, ostensibly due to the starch degradative dependent, dark
reduction of Fdox in the chloroplast (Figs. 3, 4; Ref. 10).

In the light, it was certainly clear that NO,~ disappearance in
plastid isolates was dependent upon the photolytic cleavage of
H,O. For example, in one experiment not shown, the rate of
light dependent, NO,~ dependent, O, evolution in plastid prep-
arations held in the absence of exogenous CO,, and with 0.4 mM
NaNO,, was 36.8 umol/h-mg Chl while the concomitant disap-
pearance of NO,™ proceeded at a rate of 24.6. The ratio of O,
photoevolved:NO,™ reduced was 36.8:24.6 or 1.5:1.0 which re-
flected the transfer of 6 mol-equivalents of electrons from 3.0
mol H;O to 1.0 mol NO,™ (to form 1 mol NH,*).

Simultaneous CO, Photofixation and NO, Reduction. The
approach to the examination, in high light, of the possible
competition for reductant between carbon and nitrogen pho-
toassimilation in chloroplasts has been principally that of manip-
ulating the demands by CO, photofixation and NO,™ photore-
duction for photolytically generated reductant (Fdrd). This was
done by varying both the concentrations of ‘CO,’ and NO,™ in
the plastid reaction mixtures in order to simultaneously establish



680
A. PLASTID CO, PHOTOFIXATION AS A
FUNCTION OF NO, CONCENTRATION.

g 75 .

:: 5.05 mM CO2 :

Z 70- .,."’I\.

: N

S 65- I\ e 5.715.7 MIN
I 60 - Q0

‘; } 0+ 5.7 MIN
£

2 55-

a

~ 50-

<< 1

4 7

% 104 01.56 mM *CO,":

/2] S

< S 5 5.7+ 15.7 MIN
o 54 0 00 TTERme——e .

3 g—o

< 0-5.7 MIN

'__l 0i r T T T T

g 0 100 200

E S UM NO,

ROBINSON

Plant Physiol. Vol. 80, 1986
B. PLASTID NOE PHOTOREDUCTION AS A
FUNCTION OF '002' LEVEL (0—+6.5 MIN).

48.2 uM NO,;:
5- {__i/—//’”’l

o . :

T 1T/—T" T

201

102 uM NOé:
151
104

4 /\n\i

0- T T

\
~

3

20198 uM NO;;
151
I 104

~
4 5
0 05 10 45 50
mM “CO2'

REDUCED/h-mg CHL (100% INTACT)

HMMOL

FIG. 2. Properties of plastid CO; and NO;™ photoassimilation. A, Rates of CO, photoassimilation as a function of NO,~ in the plastid reaction
mixture at average time intervals of 0 to 5.7 min or 5.7 to 15.7 min with ‘CO,’ either rate-limiting or saturating with respect to total CO,
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h-mg Chl.

the rates of both processes. The experiment displayed in Figure
2 shows the results of simultaneously monitoring both CO,
photofixation and NO,™ reduction rate in isolated intact spinach
leaf chloroplasts with conditions set where either (a) one or the
other processes were absent, or (b) both processes were function-
ing at low rates, or (c) where one process was functioning at a
low rate while the other process was functioning at a maximal
rate, or (d) where both processes were functioning at maximal
rates.

In the results in Figure 2A, the rates of CO, fixation were
monitored at ‘CO,’ levels both rate-limiting (0.5 mm) and satu-
rating (5.0 mm). Additionally, at each ‘CO;’ level, CO, fixation
rate was measured as a function of NO,™ reduction at levels of
NaNO, either absent, rate-limiting (50 uM), or saturating (100~
200 uMm) with respect to light dependent NO,~ disappearance
(plastid NiR). Conversely, in Figure 2B, NO,™ reduction rates
were expressed as a function of either the absence, minimal, or
maximal CO, photofixation (‘CO;’ level), and rates of NO,~
reduction were measured with NO,™ levels either rate-limiting or
saturating with respect to plastid NiR.

The results (Fig. 2, A and B) made it clear that regardless of
whether or not CO, photofixation was absent, functioning at a
minimal rate (rate-limiting ‘CO;’) or functioning at a maximal
rate (saturating ‘CO;’), concurrent NO,~ photoreduction was not
repressed, and in some cases it was actually slightly enhanced
(Fig. 2B; Fig. 3, Experiment Two). For example, when maximal
rates of CO, fixation were 65 to 70 umol/h mg Chl (saturating
‘C0Oy’), then when initial NO,™ concentrations were saturating
with respect to plastid NO,~ reduction, the rates of NO,™ reduc-

tion concurrent with CO,™ assimilation were, when compared to
NO;™ reduction in the absence of CO, photoassimilation, either
unaffected or slightly enhanced (Fig. 2, A and B). Additionally,
when NO,™ reduction rate was limited by the amount of NO,~
present, then when CO, fixation rate increased, by increasing
‘COz’ level, NO;™ reduction rate was also slightly increased (Fig.
2B).

In a separate set of experiments displayed in Figure 3, and
where NO,™ concentration was initially approximately 200 uM,
time-course kinetics for CO, fixation and concomitant NO,~
reduction are shown for isolated intact spinach plastids. Nitrite
is saturating with respect to NO,™ reduction, and CO, is either
rate-limiting or saturating with respect to CO, photofixation.
Again, it was clear that, over time in the light, and regardless of
reductant demand by carbon assimilation, there was no inhibi-
tion of NO,™ photoreduction while there was concurrent carbon
assimilation. Indeed, in some cases, as reflected in Figure 3,
Experiment Two, NO,™ reduction was stimulated during the first
20 min in the presence of CO, photofixation.

In soybean leaf cell isolates (Fig. 4B) it was also clear that,
regardless of the magnitude of net CO, assimilation, light de-
pendent NO,~ reduction was not affected by the presence of
concurrent carbon assimilation. The rate of NO,™ photoreduc-
tion remained approximately 20 to 22 when the net CO, assim-
ilation rate increased by a factor of more than 10-fold by increas-
ing the ‘CO;’ from rate-limiting to saturating.

3-PGA and NO,~ Photoreduction in Plastid Isolates. To better
examine the potential for competitiveness between NO,~ reduc-
tion and plastid carbon photoassimilation, the major reductive
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F1G. 3. Time course kinetics of CO, photoassimilation and (where
applicable) concomitant NO,~ photoreduction in preparations of intact
plastids at levels of ‘CO,’ rate-limiting or saturating with respect to CO,
photoassimilation, and with saturating NO,~. Experiments One and Two
represented two separate experimental periods, but within each experi-
ment CO, photofixation and NO,™ reduction were simultaneously mon-
itored. In Experiments One and Two: intact plastids were present in the
mixtures equivalent to, respectively, 46.5 ug Chl and 20.8 ug Chl.
Standard deviations about the means for quantities of CO, fixed at each
consecutive time point were in the range of +0.2 to 0.7 umol CO; fixed/
mg Chl for treatments at 5.3 mm ‘CO,’, and +0.02 for treatments at 0.5
mM ‘CO7’. For NO,™~ disappearance, time-course point standard devia-
tions ranged from +0.03 to 0.12 pmol NO, /mg Chl. Numerical values
recorded on the time-course traces represent the rates in approximately
the first 10 min of illumination, of total CO, photofixation or NO,~
photoreduction, as gumol/h-mg Chl. For CO, photofixation rates, at both
high and low ‘CO;’, standard deviations about the means were, respec-
tively, £0.5 to 1.0 gmol/h-mg Chl, and for NO,~ photoreduction rates,
deviations were +0.2 to 1.0 umol/h-mg Chl.

step of the PPRC, i.e. 3-PGA reduction (3-PGA kinase and
GAPase) was poised against NO,~ reduction (NiR) as well as the
two other steps in the plastid nitrogen assimilatory pathway (GS
and GOGAT). Intact plastid preparations, when supplied with
3-PGA, in the absence of ‘CO,’, and in the presence of ADP and
Pi, displayed average rates of light dependent 3-PGA disappear-
ance in the range of 120 to 127 umol/h-mg Chl when NO,~ was
absent (Fig. 5). Although when supplied at 0.5 mm, NO,™ me-
diated some mild inhibition of 3-PGA reduction (20-35%),
plastid preparations were fed NaNO,~ at that level to ensure
complete saturation of plastid NiR with NO,~ (Fig. 5 and data
not shown). Chloroplast NO,~ photoreduction was monitored in
the absence or presence of 3-PGA photoreduction, and it was
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clear that NO,™ photoreduction either was unaffected or that the
rate was slightly enhanced in the presence of ongoing 3-PGA
photoreduction (Fig. 5 and data not shown).

Since it has been established that Glu and «-KG are rapidly
transported across the chloroplast envelope into the plastid
stromal compartment (8), and that these intermediates are sub-
sequently metabolized in the assimilation of NH,* in the stromal
compartment via GS and GOGAT (2, 32), these intermediates
were supplied along with NO,~ to the plastids. However, neither
Glu, nor Glu plus a-KG, enhanced nor inhibited NO,™ reduction
rates beyond those rates observed in the absence of those inter-
mediates (data not shown). This same result occurred independ-
ent of the presence or absence of 3-PGA reduction (data not
shown). For example, in one experiment the rate of plastid NO,~
photoreduction with only NO,™ present (0.5 mM) was 24.6 umol/
h-mg Chl. In the presence of Glu plus a-KG (each at 0.5 mm)
the rate was 23.4. With 1 mm 3-PGA, NO,~, and Glu plus a-
KG, the rate was 26.3; the concurrent rate of 3-PGA reduction
was 102.1.

The Influence of NO,™ upon CO, Assimilation. Soybean Leaf
Mesophyll Cell Isolates. Nitrite stimulated soybean leaf cell net
CO; fixation 1.3- to 1.5-fold when present in a concentration
range from 0.25 to 2.5 mM (Fig. 4A and data not shown). The
stimulation of CO, fixation was most predominant when the
‘CO;’ level was saturating with respect to CO, assimilation (Fig.
4A; compare the stimulations of net CO, fixation by NO,™~ at
high compared with low ‘CO,’):

Spinach Leaf Plastid Isolates. In contrast to the influence of
NO,~ upon soybean mesophyll cell CO, assimilation, NO,™ at
levels as low as 200 uM may cause an inhibition of intact plastid
isolate CO, photoassimilation (Figs. 2A, 3). I found, as others
have (6, 7, 15, 22), that levels of 500 to 1000 uM NO,~ mediated
50 to 70% inhibition of intact plastid isolated CO, photofixation,
even when reaction mixture pH was maintained at 8.1 (data not
shown). Since it was clear that levels of NO,™ in vivo do not rise
above 200 uM, then in experiments with plastid isolates, I only
used NO,™ at levels of 200 uM or lower (Figs. 1A, 2). However,
in some instances even 200 uM NO,~ was slightly inhibitory to
plastid CO, fixation (Fig. 3), and the NO,™ mediated inhibition
of CO; fixation often was most severe when ‘CO;’ level was rate-
determining to carbon assimilation. For example, the results in
Figure 2A show that in the period 5.7 to 15.7 min, 200 uM NO,~
mediated 4% inhibition of CO, photofixation at high ‘CO;’
compared with 40% inhibition at low ‘CO,’.

At lower, more physiological levels of NO,™, e.g. 50 to 100 uM
NO,~ was slightly stimulatory with respect to CO, assimilation
and, similar to the situation with soybean leaf cells, this stimu-
lation was most pronounced when the ‘CO;’ level was saturating
(e.g. 5.0 mM). For example, plastid isolates, incubated with high
‘CO,” and 50 uMm NO,~, displayed 1.2-fold stimulation of CO,
photoassimilation rate in the first 5 to 6 min of the light period.
Although lower in magnitude, this stimulation still was apparent
in the subsequent 5.7 to 15.7 min period of illumination (Fig.
2A).

DISCUSSION

Absence of Competition for Reductant. The results in Figures
2 to 5 clearly indicated that in high light, and regardless of
whether CO, or NO,™ was rate-determining or saturating, re-
spectively, to plastid carboxylation and NO,™ reduction, there
was no apparent competition for Fdrd at sites where it was
required. In contrast, Baysdorfer and Robinson (3, 28), employ-
ing a reconstituted spinach leaf chloroplast system (recombined
stromal and lamellae fractions) illuminated with saturating white
light, found that the terminal enzyme of photosynthetic electron
transport (FNR) demanded Fdrd until almost 90% of the avail-
able NADP had reduced. At that point, Fdrd became available
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to the NiR in the stromal fraction, and NO,~
observed to proceed at maximal velocities.

It could be surmised that in the reconstituted chloroplast
systems the affinity of FNR for Fdrd was much greater than that
of NiR for this reductant. Indeed, the K,, of Fd (presumably
Fdrd) for highly purified FNR has been estimated to be as low
as 0.33 uM (30), while the K,, of NiR for that protein reductant
was estimated to be 10 to as high as 70 uM (13). However, C
Baysdorfer and JM Robinson (unpublished data) observed that
the K,, of Fd for both FNR and NiR in the lamellae-stromal
system was approximately 1 to 5 uM. Therefore, since we (3, 28)
employed the Fd in our reconstituted plastid systems in saturat-
ing amounts with respect to both FNR, bound to the lamellae,
and NiR, soluble in the stromal fraction, it seemed very unlikely
that the results derived from the reconstituted system could be
explained on the basis of there being a higher affinity of FNR
than NiR for Fdrd. Why did the reconstituted plastid systems
reflect a competition in high light between FNR and NiR for
Fdrd when the intact systems did not?

Obviously, since in the preparations of intact plastids and
isolated mesophyll cells, CO, and NO,™ assimilation processes
in no way appeared to be mutually exclusive (Figs. 2-5), it must
be concluded that in both spinach and soybean leaf plastids there
was sufficient Fdrd available in vivo (25). Furthermore, if the
experiments with the reconstituted plastid systems (3, 28) are
compared with the data presented in this report (Figs. 2-5), then
I must conclude that there is a mechanism for allocation of Fdrd
to NiR which was functional in intact plastids cells, but which
was nonfunctional in the reconstituted plastid systems (3, 25).
Presently, I must conclude that this mechanism could involve:
(a) the binding of molecules of NiR to the Fdox reducing sites,

reduction was
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or (b) there may be electron transport systems which are special-
ized in delivering Fdrd to NiR, and in the reconstituted chloro-
plast system (3, 28), these electron transport chains were inacti-
vated. In that reconstructed system (3, 28), NiR could only draw
on Fdrd that was being alloted to FNR. When NADP was no
longer available, Fdrd was released from the lamellae to NiR in
the stromal fraction, and NO,~ reduction could proceed. Cur-
rently these hypotheses are under investigation.

Artifacts Caused by NO,~ Toxicity. It is unfortunate that NO,~
may mediate inhibition of CO, fixation in intact plastid isolates,
because this situation could lead to an erroneous conclusion.
Since inhibition of chloroplast CO, assimilation was usually
proportional to the level of NO,~ (Fig. 2; Ref. 15), it could be
concluded that NiR was the more successful competitor for Fdrd
in the intact plastid. Certainly this could not be the case. It must
be noted that plastid NO,™ reduction was saturated with respect
to NiR activity at NO,™ levels of approximately 100 um (Fig.
2B), and this level of the anion actually slightly stimulated plastid
CO, assimilation (Fig. 2A). Also, a 200 uM, NO,~ is usually more
than saturating with respect to plastid NiR; that level of the
anion is just on the threshold of slight inhibition with respect to
CO, fixation (Figs. 2A, 3). Additionally, in the results displayed
in Figure 3, 200 uM NO,~ was visibly repressive to CO, fixation
only in the initial 10 min of illumination; during the subsequent
20 min, sensitivity to the anion was only barely visible. I con-
cluded that NO,™ assimilation was not repressing carbon assim-
ilation due to successful competition for Fdrd.

Several mechanisms of inhibition appear to be associated with
NO,™ toxicity at sites associated with plastid carbon assimilation.
(a) Everson (6) observed that even at levels as low as 200 uM,
NO-~ mediated inhibition of carbonic anhydrase. In correlation
with that observation, he demonstrated that the inhibition of
CO; photofixation could be relieved by increasing the ‘CO,’ level
in the reaction mixtures. (b) Purczeld et al. (22) related the
inhibition of plastid photosynthesis by NO,™~ to the prevention
of the light dependent alkalization of the plastid stromal com-
partment mediated by an increased level of H* ions. This was
caused by the dissociation of HNO, which had concentrated in
the stromal compartment; the acid form had diffused from the
reaction mixture across the plastid outer envelope. Prevention
of stromal akalization resulted in loss of activation of FBP (C-1)
phosphatase and other rate-determining PPRC enzymes. (c) En-
zyme sulfhydryl groups may interact with nitrite to form nitro-
thiol groups (5) with the result that the active site on an enzyme
such as GAPase, which is an -SH group, was blocked (17).

Because I often observed that increased ‘CO.’ level almost
completely removed NO,™ mediated inhibition of CO, fixation
(Fig. 2A), and because there often was observed a slight inhibition
of PGA reduction (Fig. 5), I have to conclude that inhibition by
NO,~ was mixed, i.e. at several sites. Certainly carbonic anhy-
drase, PGA kinase, and GAPase appeared to be possible sites of
inhibition in the isolated intact chloroplasts, and it is feasible
that all of the above cited mechanisms of inhibition are involved.
Of cource, to avoid the strongest inhibitions by NO,™, and at the
same time to examine its assimilation, it was necessary to main-
tain the anion’s concentration below 200 uM (Fig. 2A). In reality,
NO,™ is not toxic with respect to carbon metabolism in leaf
tissues, probably because levels of that anion are present below
200 uMm (Fig. 1) and, also, because that anion appears to be
sequestered in a microbody with nitrate reductase (31). Within
this microbody, NO,~ may be transported across the plastid
envelope and into the chloroplast stromal at some controlled
rate (31) and, additionally, it may be transported to, and stored
in, the cell vacuole. Klepper et al. (9) found that NO,™ could be
vacuum infiltrated into leaf tissues to the extent that the anion
attained concentrations as high as 1 mMm, apparently without
detrimental effect upon carbon assimilation. Also, when isolates
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of soybean leaf mesophyll cells were incubated with NaNO, at
concentrations in the range of 250 uM to 2.5 mM, they displayed
enhanced, and not repressed, rates of net CO, fixation (Fig. 4A,
data not shown); 5 mM NO,™ caused no inhibition of photosyn-
thesis in isolates of spinach leaf cells (34). Indeed, it also must
be concluded that the leaf mesophyll cell is able to control NO,~
concentrations so that toxicity by the anion is prevented.

Stimulation of Carbon Assimilation by Inorganic N Assimila-
tion. When NO,™ was present in the spinach plastid preparations
at 50 to 100 M, CO, fixation rate was stimulated significantly, if
‘CO;’ concentration was saturating with respect to carboxylation
(Fig. 2A). Similarly, if ‘CO,’ level was high, soybean leaf meso-
phyll cell net CO, assimilation was stimulated by NO,™ at levels
in the range of 250 to 2500 uM (Fig. 4A). The results of our
previous study (28) also indicated that soybean mesophyll cell
isolates displayed maximal stimulation of net CO, fixation rate
by both NH,* and NO;~ when ‘CO;’ level was high. Woo and
Canvin (34) found no stimulation of net CO, fixation by NO,;~
in isolates of spinach mesophyll cells. However, this same con-
sortium (33) using spinach cells, as well as Paul et al. (19)
employing poppy leaf cells, also found that NH,* mediated
significant stimulations of net CO, fixation when ‘CO,’ concen-
trations were saturating. Because in all leaf cell preparations that
have been tested (19, 28, 33), NH,* always mediated a stimula-
tion of CO, fixation, I must conclude that there was a metabolic
interaction of plastid NH,* assimilation with plastid carbon
assimilation that resulted in the stimulation of CO, fixation rate.
Also, I conclude that since NO;~ and NO,™ (Figs. 2A, 4A) are
converted to NH,*, then the mechanism of stimulation of CO,
fixation mediated by those anions must be synonymous to that
mechanism of stimulation related to NH,* or its assimilation.
What remains an enigma is that there was little or no stimulation
of CO, assimilation by inorganic nitrogen assimilation unless the
plastid system sensed that a maximal or near maximal plastid
carboxylation activity was present (high ‘CO;,’) (Figs. 2A, 4A).
The exact mechanism and control of this stimulation is under
investigation.

However, the identity of the carbon assimilatory enzymes that
are stimulated by the onset of inorganic nitrogen assimilation is
becoming more certain. For example, the increase in photosyn-
thetic rate in C-3 plant leaves, attributable to increased NO;~
and NH,*, has been found to be correlated with an increase in
the total specific activities of important rate-determining PPCR
enzyme activities, e.g. RuBP carboxylase and FBP (C-1) phos-
phatase. Importantly, both the total and specific activities of
anaplerotic pathway enzymes including pyruvate kinase and
phosphoenolpyruvate carboxylase are increased in response to
increasing NO;~ and NH,* (19, 28).

The resultant impact of inorganic nitrogen assimilation upon
carbon metabolism in photosynthetic tissues is extremely impor-
tant to the understanding of photosynthate partitioning controls.
The work of Paul et al. (19) as well as studies done in this
laboratory (28), have made it clear that in higher plant leaves,
the onset of inorganic nitrogen assimilation, concomitant with
photosynthic carbon assimilation, elicits a shift in the direction
of the flow of carbon skeletons away from the synthesis of starch
(28), and toward the syntheses of products in the anaplerotic
pathway (e.g. pyruvate) (19, 28). The rather important final
result is that there are significant increases in the magnitudes of
the rates of syntheses of organic acids such as malate and citrate
as well as those of amino acids such as Ala, Asp, and GIn (19).
These increases in amino and organic acid syntheses were attrib-
utable, at least in part, to increases in the rate of net and total
CO, assimilation (19, 28).

Influence of CO, Assimilation upon NO,~ Reduction. Inter-
mediates of nitrogen ‘throughput’, such as Glu and «-KG, did
not serve to mediate any stimulation of plastid NiR activity
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(“Results™). Also, apparently GS and GOGAT in no way rate-
limited the total activity expressed by plastid NiR (“Results”).

On the other hand, in some experiments, plastid NO,~ pho-
toreduction was stimulated during CO, fixation or 3-PGA re-
duction (Figs. 2B; 3, Experiment Two; 5B). This may relate to
whether or not plastid NiR is fully activated by one or more
carbon flow intermediates. Miflin (16) found that NO,™ reduc-
tion in isolates of intact spinach plastids was significantly stim-
ulated by 100 uM levels of either phosphoenolpyruvate, pyruvate,
or a combination of 3-PGA plus FBP. Furthermore, Plaut et al.
(21) observed, using a reconstituted spinach leaf chloroplast
system, that the stimulation of NO,~ photoreduction, ostensibly
caused by CO, assimilation, was caused by DHAP or fructose-6-
P, generated during PPRC activity. In regard to the data pre-
sented in this report, I must conclude that if carbon metabolite
effectors are required to fully activate NiR, then, in situations
where CO, assimilation appeared to be required for full activity
of NiR (Figs. 3, Experiment Two; 5B; ref. 21), a pool of the
metabolite effector would have had to be synthesized in the early
stages of the light period prior to NiR stimulation.

It is not clear why the stimulation of NO,~ reduction by CO,
fixation was variable in magnitude, and, in some cases, totally
absent (e.g. Figs. 3, Experiment One; 4B). It is conceivable that
there are situations in which the enzyme would be fully activated
even in the darkened intact plastid isolates. This would result if
there was available to NiR, prior to the light period, a sufficient
pool of an activator compound, e.g. DHAP. Certainly the deg-
radation of starch in the chloroplast has been shown to produce
triose-P as well as Fdrd (10). Active starch degradation could
result in a pool of the positive effector (e.g. DHAP and fructose-
6-P) that would activate NiR even in the dark.
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